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DARPA: Born From a Surprise
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Eric H
igham

Microwave Journal Technical Editor

The Time Travel feature has historically featured a 
person who was instrumental in the development of the 
electronics industry. As Washington, DC, prepares to host 
the International Microwave Symposium (IMS), we are 
spotlighting an agency that has been involved in much 
of the development of the electronics industry. Coinciden-
tally, this agency, DARPA, was founded in February 1958, 
about six months before the first issue of Microwave 
Journal was published.

On October 4, 1957, the USSR successfully launched 
the first satellite into Earth orbit. The Sputnik launch 
came as a shock to U.S. experts and citizens who expect-
ed the U.S. would be the first to accomplish this scientific 
advancement. The launch also came during the Cold War 
era between the U.S. and the USSR and in addition to 
demonstrating technical superiority, it crystallized fears 
that the USSR could launch nuclear weapons that could 
reach any country in the world. In addition to kicking off 
the “space race,” this “Sputnik surprise” triggered events 
that led to the formation of Advanced Research Projects 
Agency (ARPA). ARPA added a “D” to reflect the defense 
focus and contributions and became DARPA. 

DARPA’s stated mission is to invest in breakthrough 
technologies for national security. Despite a straight-
forward mission statement, DARPA’s remit is both broad 
and well-funded, touching both commercial and defense 
applications with FY2024 funding levels expected to be 
slightly more than $4 billion.

The agency is credited with turning ideas about ballistic 
missile defense and space surveillance technologies into 
the reality of electronically-steered phased arrays in the 
early 1960s. DARPA funded the development of the first 
GaAs FET and then funding from the MIMIC program 
helped push GaAs technology from discrete devices to 
MMICs and helped to develop and establish the entire 
GaAs ecosystem from starting processes through to manu-

facturing and test. The significance of the “D” in DARPA’s 
name was never more evident than with GaAs power 
amplifiers (PAs). Lower volume, high performance defense 
applications gladly used the new GaAs PAs while the sup-
ply chain evolved to the point where it could produce high 
yield, high performance, low-cost amplifiers that enabled 
the wireless revolution.

DARPA was the early driving force behind the develop-
ment of GaN processes and products. Funding for this 
technology has produced a similar trajectory where the 
defense community was an early adopter of products that 
are widely used in commercial applications. DARPA looks 
to advance this technology through a program like NEXT 
that aims to develop nitride transistor technology to en-
able high speed PAs and high output DACs.

However, the interests of DARPA extend well beyond 
solid-state electronics and compound semiconductors. 
The agency claims at least some credit for developments 
ranging from Moderna’s COVID-19 vaccine to weather 
satellites, GPS, drones, stealth technology, speech recogni-
tion, touchscreen displays, voice interfaces, the personal 
computer and the internet. A review of the DARPA website 
shows that their research activities come from six technical 
offices and they currently list 109 topics of interest. So, as 
we have our discussions about new products at IMS and 
perhaps look at old products, it is useful to remember that 
all the past, present and future products probably have 
been or will be touched by DARPA funding.
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Full-Vehicle OTA Testing  
at the Core of the  
Connected Car (R)EVOLUTION
Benoit Derat, Bastian Balk and Jose M. Fortes
Rohde & Schwarz, Munich, Germany

C
onnectivity is at the core of the au-
tomotive technology revolution, 
which will enable not only self-driv-
ing cars but also new services and 

features. However, antennas interact with 
adjacent components and the performance 
of integrated car transceivers must be evalu-
ated in situ. As a consequence, full-vehicle 
over-the-air (OTA) testing has become a 
subject of growing interest in the automo-
tive industry. This article discusses the most 
recognized measurement methodologies, 
their implementation and the rationale be-
hind the metrics of interest.

AUTONOMOUS, CONNECTED AND 

SHARED VEHICLES SHAPE EVOLUTION

A multi-dimensional technological evolu-
tion, or revolution, has moved the automo-
tive industry forward in the past decade and 
is nowhere near completion. A major stir-up 
for the industry happened early in the 2010s 
when electric cars were introduced. These 
vehicles were powerful with enough battery 
autonomy to satisfy a significant segment of 
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Cover Feature
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users. Reinforced by the fast-growing costs of 
fossil fuels and environmental concerns, this 
boosted the race towards carbon neutrality.

Several prominent advancements in con-
nectivity and autonomous driving already 
impact the lives of consumers. When walk-
ing in San Francisco, it is not rare to see a car 
from a fully self-driving ride-hailing service, 
as shown in Figure 1. Also, luxury cars al-
ready feature 31 in. 8K screens in response 
to the needs of premium customers who 
want flawless data quality. These examples 
of technical features may seem different, but 
they are correlated.

As cars become more autonomous, our 
needs stay the same. We connect to the 
internet, chat, watch videos, access data 
or simply entertain ourselves while our self-
driving vehicle takes us to our destination. 
But, how does our vehicle get us to that 
destination safely? It relies on robust and 
intelligent sensing devices like radars and 
lidars, as well as high performance ground 
communication through cellular and non-
cellular services, along with satellite links 
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are underway to harmonize vehicle connectivity test-
ing methodology that could be part of a homologation 
process, eventually. Demand for test equipment and 
solutions is increasing signifi cantly to support these ef-
forts. To address these issues, efforts have focused on 
vehicle-level OTA measurements in the past fi ve years.

WHY FULL-VEHICLE OTA?

The antenna is a key component of every radio com-
munication transceiver. Car antennas are more integrat-
ed, becoming almost invisible for aesthetics, theft pre-
vention or mechanical robustness. Since the antenna 
radiates and receives electromagnetic energy, coupling 
mechanisms between the antenna and the rest of the 
car elements are an unavoidable consequence of tight 
integration. As a result, a car antenna cannot be de-
signed or validated without considering the actual con-
ditions. Figure 2a shows simulated directivity patterns 
for a typical shark fi n antenna mounted on an ideal 
ground plane. Figure 2b shows the same antenna top-
mounted on a commercial vehicle. Both simulations are 
far-fi eld patterns at 1.8 GHz calculated with IMST EM-
PIRE XPU software.1 The peak directivity increases from 
5.7 to 7.3 dBi when the antenna is mounted on the roof 
of the car, indicating the impact of the car/antenna cou-
pling.

This issue involves more than the modifi cation of the 
radiation properties. Each car antenna is part of an RF 
system, so qualifying this system without the antenna 
provides an incomplete, imperfect picture. Conducted 
testing excludes the infl uence of coupling between the 
antenna and the RF boards. It affects the actual opera-
tion of the electronics, which typically sees a matched 
load from the instrumentation instead of the actual an-
tenna impedance. As illustrated in Figure 3, a car has 
multiple RF systems that perturbate each other and 
eventually degrade sensitivity. Similar to what the wire-
less industry adopted more than 20 years ago, major au-
tomotive industry stakeholders see OTA measurements 
in a controlled and repeatable chamber environment 
as the only approach to accurately evaluate embedded 
radio module connectivity performance and integration 
effects. As a benefi t, OTA tests replace expensive prov-
ing ground tests.

for navigation and non-terrestrial network connectivity. 
Connectivity already plays a key role in road safety, with 
e-call functionality deployed and mandatory in multiple 
countries.

Connectivity occupies a vital role in the automotive 
revolution. High performance connectivity in vehicles is 
a differentiator, creating advantageous features for car 
makers. In the future, as the number of connected cars 
increases and embedded RF transceivers perform more 
safety-critical functions, high performance car connec-
tivity will likely become a matter for network operators 
and regulators. As a result of this vision, industry efforts 

 Fig. 2  (a) Shark fi n antenna mounted on an ideal ground 
plane. (b) Shark fi n antenna mounted on a vehicle.
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Fig. 3  Typical car connectivity module integration.
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 be with UWB)

7. Tyre Sensors
 • Bluetooth LE

Digital Map Server
e.g. Here

 Fig. 1  Waymo One Jaguar I-PACE in San Francisco.
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to assess these metrics for all cel-
lular and non-cellular technologies. 
CTIA test plans also define metrics 
and measurement procedures for 
standalone (GNSS) and assisted 
(A-GNSS) location-based services. 
Hardware and software measure-
ment solutions that are compliant 
with CTIA test plans are state-of-
the-art for OTA measurements. This 
is what all “active” system-level 
OTA measurements at the vehicle 
level required: system-level mea-
surements including the transceiver, 
by opposition to the “passive” pure 
antenna measurements.

However, CTIA is primarily fo-
cused on wireless devices like smart-
phones, tablets and laptops. Addi-
tional considerations are required 
when measuring a device under test 
(DUT) as large as a car. These are 
currently not addressed by the CTIA 
“Test Plan for Wireless Over-the-Air 
Performance.”

The 5G Automotive Associa-
tion (5GAA) identified this lack of 
vehicle-level testing guidance and 
worked to produce the “Vehicu-
lar Antenna Test Methodology” 
(VATM) technical report published 
in August 2021.3 Some of the key 
elements of this document include:
• Recommended test environ-

ments: Anechoic chamber, 
shielded chamber with a reflec-
tive ground plane or open area 
test sites

• Base methodology: Direct far-
field probing or near-field mea-
surements accompanied by near-
field to far-field transformation 
with data measured with spheri-
cal, cylindrical or planar scanners 
with final results translated into 
spherical coordinates

• Key active OTA system-level 
metrics

• Required test volume, based on 
the maximum considered vehicle 
size and how to validate it using 
reference antennas

• Measurement methods, includ-
ing options for conventional or 
combinational measurements 
and detailed procedures per 
wireless technology.
The CTIA “Certification Test 

Plan” and recommended practices 
from the 5GAA VATM precisely and 
thoroughly define how vehicle-level 
OTA testing should be performed 

ances is not an open field, yet there 
is a dynamic in the industry to rap-
idly fill the gaps. As cars inherit 
the communication and localiza-
tion functions supported by mo-
bile phones, a cornerstone of full-
vehicle OTA testing can be found 
in the CTIA “Certification Test Plan 
for Wireless Over-the-Air Perfor-
mance.”2 CTIA has defined the key 
metrics characterizing OTA perfor-
mance for wireless devices and put 
together proven methodologies 

A DE FACTO STANDARD?

Standards, technical specifica-
tions or test plans play a critical role 
in guaranteeing a consistent under-
standing of test methodologies and 
interpreting test data. Standards of-
ten originate from a growing market 
need, but long development times 
create situations where the technol-
ogy precedes the standard. This 
describes the full-vehicle OTA mea-
surement standards situation.

The landscape of testing guid-
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ber environments are preferred for 
the reliability and repeatability of 
measurements. Figure 4 illustrates a 
typical setup that meets 5GAA rec-
ommendations. In this type of an-
echoic chamber, the car under test 
is mounted on a pole rotating in azi-
muth at a distance from the fl oor. The 
measurement antenna is attached at 
the tip of a gantry arm, rotating in 
elevation. The combination of the 
two rotations provides a complete 
spherical scanning capability.

As recommended by the 5GAA 
VATM TR, the maximum elevation of 
the gantry, should be at least 120 de-
grees. To minimize test system size, 
anechoic chambers are designed so 
that the arm comes close to the fl oor 
absorbers at this maximum eleva-
tion. Lifting the car enables measure-
ments down to this elevation angle 
with the exact height determined 
from the measurement range length. 
As an example, if the range length 
from the center coordinates at the 
base of the car to the tip of the mea-
surement antenna is 6 m, then going 
down to 120 degree elevation re-
quires a height of at least 6 m times 
cos(60 degrees), or 3 m.

Achieving the proper distance 
from the test probe to the absorb-
ers may require additional height. 
Continuing the previous example 
and assuming that the test system 
measures down to 400 MHz, 1.5 m 
must be added to the previously 
calculated 3 m height. This means 
that the DUT has to be raised above 
the fl oor by about 4.5 m to provide 
absorber tips with enough distance 
at the maximum elevation range. 
The gantry also lifts similarly, as the 
center of rotation of the arm should 
remain in the same plane as the 
center of coordinates, the vehicle 
center projected to the turntable 
surface.

Measurements down to 120 de-
grees in elevation require specifi c 
care in DUT fi xturing. A vehicle can 

for accurate results. In the absence 
of a dedicated international stan-
dard, this combination of docu-
ments is being used as a de facto 
standard by automotive industry 
stakeholders to set the require-
ments of any new full-vehicle OTA 
test system.

However, China has recognized 
the strategic importance of defi n-
ing procedures for full-vehicle OTA 
evaluations in the competitive race 

for connected and autonomous 
cars. In 2022, the National Technical 
Committee for Auto Standardiza-
tion initiated a new work item for a 
local standard using the CTIA and 
5GAA documents as input refer-
ences.4

PRACTICAL IMPLEMENTATION 

OF VEHICLE OTA

Even though 5GAA describes al-
ternative test sites, anechoic cham-

 Fig. 4  Full-vehicle OTA anechoic test 
environment.
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narios that are detailed in the 5GAA 
VATM. As one example, Figure 5
shows communication with a mo-
bile network. Evaluating the cellular 
propagation channels, the most sig-
nifi cant angles of arrival linking a UE 
to a base station are from 60 to 90 
degrees in elevation. However, be-
cause of ground refl ections, signals 
from 90 to 120 degrees of elevation 
are also relevant in an anechoic en-
vironment, particularly to transceiv-
ers located on the sides of the car. 
The antenna radiation performance 
in those directions impacts connec-
tivity and must be qualifi ed.

Satellite communications present 
another interesting use case. The 
region of interest is in a cone look-
ing at elevation angles towards the 
zenith (0 to 60 degrees), as waves are 
coming from the sky. However, good 
GNSS service performance requires 
a good signal-to-noise ratio, so mea-
suring the spatial selectivity of the 
antennas and fi ltering out angles of 
arrival between 60 and 110 degrees 
is critical to minimize the power cap-
tured from poor-quality links coming 
at grazing angles. This is also ad-
dressed in the 5GAA VATM.

Addressing these considerations, 
the 5GAA VATM defi nes associated 
OTA metrics with the partial radi-
ated power (PRP) or partial isotropic 
sensitivity (PIS). These quantities re-
fl ect the overall radiated power or 
sensitivity performance of the DUT 
in the relevant angular regions. As 
an example, PRP is calculated in 
Equation 1 and Equation 2:
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3D model in Figure 4 shows this 
approach with only small pieces 
of the fi xture visible next to the 
wheels.

WHY MEASURE UNDER THE 

FLOOR?

Cars are used on the road, so 
it may appear absurd to measure 
the radiation patterns down to 
“30 degrees below the fl oor.” This 
choice is justifi ed by practical sce-

weigh several tons, so a large metal 
structure is required at the azimuth 
pole to position, lift and rotate the 
car. Metal creates scattering and 
perturbates measurements, so ab-
sorber panels typically hide the 
related structures. However, these 
panels create shadowing effects 
and absorb waves that should be 
measured. To reduce these effects, 
fi xtures minimize the footprint ex-
tending beyond the vehicle. The 

 Fig. 5  Angle of arrival for cellular 
technologies.
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in full-vehicle OTA measurements is 
the size of the DUT. OTA quantities 
should be measured in the far-field. 
Far-field is, ideally, captured at in-
finity, but a practical and common 
approach is to select a measure-
ment range length, R, greater than 
the Rayleigh or Fraunhofer distance 
(FHD). This reasonably approxi-
mates the far-field condition and is 
shown in Equation 3:

( )R D2 3
2

$
m

Where:
D is the antenna radiation aper-

ture
λ is the free-space wavelength.
However, except in canonical 

cases, the exact antenna aperture 
is not known a priori. Since anten-
nas couple with nearby structures, 
the aperture will generally be larg-
er than the antenna element itself. 
At a minimum, D will not be larger 
than the diameter of the minimum 
sphere encompassing the whole 
DUT. This is a workaround that can 
be used with compact devices like 
smartphones. The rationale behind 
the worst-case range length defini-
tion for CTIA OTA testing is based 
on considering D as the maximum 
DUT dimension. However, a large, 
high-end car with a 6 m length, 
supporting 5G NR FR1 communi-
cation up to 7.125 GHz returns a 
calculated D value of 6 m and an 
R of more than 1.7 km. Clearly, full-
vehicle OTA testing requires more 
advanced considerations.

A car is a large device, but the 
integrated antennas are very local-
ized. The car does not behave as 
one big antenna. Even though its 
structure couples to the radiated 
fields from the antenna elements, 
the currents spread over a limited 
region. As an example, the EMPIRE 
XPU simulation presented in Figure 
6 shows the magnitude of electric 
currents over the conducting car 
roof when the shark fin antenna 
from Figure 2a is excited with a 
1.8 GHz signal. The amplitude de-
cays quickly, down by 20 dB within 
20 cm from the feed point, which 
is a little more than a wavelength. 
Standalone shark fin antenna evalu-
ations typically use round metallic 
plates to simulate these close ener-
gy-coupling effects, but using size-

is then the cumulated cuti powers in 
the cuts where the elevation angles 
sweep through the angular region of 
interest. In the case of communicat-
ing to the mobile network, PRP and 
PIS, integrated through the 60 to 120 
degree elevation region, would be 
the quantities of interest.

DEALING WITH LIMITED 

RANGE LENGTH

One of the concerns to address 

Where:
i=0 to p, is the index of an eleva-

tion cut in the EIRP patterns
cuti results from discretized inte-

gration of the total EIRP including 
azimuth and elevation polarizations 
(θ, ϕ) in the θi-plane.

p and q are the total number for 
elevation and azimuth angle intervals, 
respectively. These are calculated 
based on the defined angle range 
of interest and the step size. The PRP 
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limited ground planes, typically a 1 
m diameter disk, for measurements 
down to 600 MHz means only one 
wavelength radius at this frequency.

Also, as demonstrated in the past 
years, FHD may be overkill for cer-
tain OTA tests. If a certain error on 
the measured radiated metrics can 
be tolerated, then a shorter effec-
tive far-fi eld distance can be used. 
Detailed considerations about this 
distance can be found in the relat-
ed ANSI C63 white paper.5 Figure 
7 continues the 6 m range length 
gantry system example and shows 
far-fi eld error boundaries as a func-
tion of D and frequency. This plot 
shows that a 15 percent deviation, 
less than 0.7 dB, allows far-fi eld 
OTA test antenna apertures as large 
as 75 cm at 8 GHz and 1.8 m at 
500 MHz. Combining this fi nding 
with the considerations of Figure 6 
gives confi dence that 5GAA VATM-
type ranges allow true far-fi eld OTA 
measurements of vehicle-integrated 
transceivers.

When performing measurements 
at shorter range lengths, the offset 
between the center of radiation, 
typically at the antenna element 
and the center of the coordinate 
system must be considered. Ignor-
ing this offset can result in large er-
rors in the measured radiated quan-
tities. To mitigate these effects, the 
car can be physically translated in 
the test environment by adding one 
or more linear axes at the turntable 
or processing the test signals for re-
ceive and transmit measurements.6

Another alternative from the 
5GAA VATM to address the limited 
range length involves combining 
passive and active measurements.3

 Fig. 7  Far-fi eld error boundary isolines.
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CONCLUSION

Qualifying the connectivity per-
formance of embedded car mod-
ules requires system-level OTA char-
acterization that includes the vehi-
cle. Without international standards 
covering these measurements, the 
5GAA VATM TR has become the de 
facto standard, particularly to de-
fine test environments. Systems and 
software supporting CTIA’s “Certifi-
cation Test Plan for Wireless Over-
the-Air Performance” are appropri-
ate to execute the related measure-
ments. This paper has provided 
some implementation details on 
the industry-preferred methodolo-
gy using a large anechoic chamber, 
including a distributed-axis spheri-
cal scanner with an elevation range 
of up to 120 degrees. It has shown 
that full-vehicle far-field OTA tests 
can be made in compact 5GAA 
VATM-compatible environments. 
Finally, techniques were introduced 
to enable accurate measurements 
by mitigating the effects of limited 
measurement range length.
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In this scenario, the fields radiated 
by the antennas in the DUT are first 
characterized in magnitude and 
phase with a vector network ana-
lyzer. Near-field to far-field process-
ing is then applied to deduce the 
actual far-field directivity. Finally, an 
OTA test is run with the DUT in the 
same position, utilizing the same 
DUT antenna, but this time cabled 
to the transceiver and transmitting 
or receiving digitally-modulated 

signals. The setup change does 
not affect the propagation of elec-
tromagnetic fields from the mea-
sured scan, assumed to be in the 
near-field to the far-field region. 
The ratio of power in a given direc-
tion between the scanned sphere 
and a sphere at a larger distance 
obtained in the passive antenna 
test can be used to derive the ac-
tual far-field OTA values based on 
the near-field OTA scan.



WHY RICHARDSON RFPD?

ENGAGE WITH OUR EXPERTS

YOUR GLOBAL SOURCE FOR
RF, WIRELESS, IoT & POWER TECHNOLOGIES www.RichardsonRFPD.com  

800.737.6937  |  630.262.6800

Connect with Us

With our global reach and extensive technical capability, we serve our 

customers through component selection and development, technical 

support and world-class logistics and supply chain capabilities.

ACHIEVE SUCCESS
WITH OUR EXPERTS

TECHNICAL CAPABILITY

Our engineers will help you finish your project on 

time and under budget.

FULL SPECTRUM OF PRODUCT SUPPORT 

We cover the entire RF signal chain from data 
converters to antennas.

UTILIZE OUR ECOSYSTEM

Our toolkit spans components to systems, with 
customization and third-party design services.

RF Amplifiers & 

Transistor Lineups
RF Front-
Ends

Automotive 
Antennas

Software Defined

Radio (SDR)
Thin 5G 
mMIMO



Ciao Wireless, Inc.  4 0 0 0  V i a  P e s c a d o r,  C a m a r i l l o ,  C A  9 3 0 1 2

Tel (805) 389-3224    Fax (805) 389-3629    sales@ciaowireless.com

OCTAVE BAND LOW NOISE AMPLIFIERS   
Model No.    Freq (GHz)     Gain (dB) MIN Noise Figure    (dB)     Power -out @ P1-dB     3rd Order ICP    VSWR    
   CA01-2110    0.5-1.0     28    1.0 MAX,    0.7 TYP     +10    MIN      +20    dBm     2.0:1 
   CA12-2110    1.0-2.0     30    1.0 MAX,    0.7 TYP     +10    MIN      +20 dBm     2.0:1 
   CA24-2111    2.0-4.0  29    1.1 MAX,    0.95 TYP     +10    MIN      +20 dBm     2.0:1 
   CA48-2111    4.0-8.0  29    1.3 MAX,    1.0 TYP     +10    MIN      +20 dBm     2.0:1 
   CA812-3111    8.0-12.0     27    1.6 MAX,    1.4 TYP     +10    MIN      +20 dBm     2.0:1 
   CA1218-4111    12.0-18.0     25 1.9 MAX,    1.7 TYP     +10    MIN      +20 dBm     2.0:1
CA1826-2110 18.0-26.5 32 3.0 MAX, 2.5 TYP +10    MIN  +20 dBm  2.0:1 
NARROW BAND LOW NOISE AND MEDIUM POWER AMPLIFIERS
CA01-2111 0.4 - 0.5 28 0.6 MAX, 0.4 TYP +10    MIN  +20 dBm  2.0:1 
CA01-2113 0.8 - 1.0 28 0.6 MAX, 0.4 TYP +10    MIN +20 dBm  2.0:1 
CA12-3117 1.2 - 1.6 25 0.6 MAX, 0.4 TYP +10    MIN +20 dBm  2.0:1 
CA23-3111 2.2 - 2.4 30 0.6 MAX, 0.45 TYP +10    MIN +20 dBm  2.0:1 
CA23-3116 2.7 - 2.9 29 0.7 MAX, 0.5 TYP +10    MIN +20 dBm  2.0:1 
CA34-2110 3.7 - 4.2 28 1.0 MAX, 0.5 TYP +10    MIN +20 dBm  2.0:1 
CA56-3110 5.4 - 5.9 40 1.0 MAX, 0.5 TYP +10    MIN +20 dBm  2.0:1 
CA78-4110 7.25 - 7.75 32 1.2 MAX, 1.0 TYP +10    MIN +20 dBm  2.0:1 
CA910-3110 9.0 - 10.6 25 1.4 MAX, 1.2 TYP +10    MIN +20 dBm  2.0:1 
CA1315-3110 13.75 - 15.4 25 1.6 MAX, 1.4 TYP +10    MIN +20 dBm 2.0:1 
CA12-3114 1.35 - 1.85  30 4.0 MAX, 3.0 TYP +33    MIN +41 dBm 2.0:1
CA34-6116 3.1 - 3.5  40 4.5 MAX, 3.5 TYP +35    MIN +43 dBm 2.0:1 
CA56-5114 5.9 - 6.4 30 5.0 MAX, 4.0 TYP +30    MIN +40 dBm 2.0:1 
CA812-6115 8.0 - 12.0 30 4.5 MAX, 3.5 TYP +30    MIN +40 dBm 2.0:1 
CA812-6116 8.0 - 12.0 30 5.0 MAX, 4.0 TYP +33    MIN +41 dBm 2.0:1 
CA1213-7110 12.2 - 13.25 28 6.0 MAX, 5.5 TYP +33    MIN +42 dBm 2.0:1 
CA1415-7110 14.0 - 15.0 30 5.0 MAX, 4.0 TYP +30    MIN +40 dBm 2.0:1 
CA1722-4110 17.0 - 22.0  25 3.5 MAX, 2.8 TYP +21    MIN +31 dBm 2.0:1 
ULTRA-BROADBAND & MULTI-OCTAVE BAND AMPLIFIERS
Model No. Freq (GHz) Gain (dB) MIN Noise Figure    (dB)    Power -out @ P1-dB 3rd Order ICP  VSWR
CA0102-3111 0.1-2.0  28 1.6 Max, 1.2 TYP +10 MIN  +20 dBm 2.0:1 
CA0106-3111 0.1-6.0  28 1.9 Max, 1.5 TYP +10    MIN  +20 dBm 2.0:1 
CA0108-3110 0.1-8.0  26 2.2 Max, 1.8 TYP +10    MIN  +20 dBm 2.0:1 
CA0108-4112 0.1-8.0  32 3.0 MAX, 1.8 TYP +22    MIN  +32 dBm 2.0:1 
CA02-3112 0.5-2.0  36 4.5 MAX, 2.5 TYP +30    MIN  +40 dBm 2.0:1 
CA26-3110 2.0-6.0  26 2.0 MAX, 1.5 TYP +10    MIN  +20 dBm 2.0:1 
CA26-4114 2.0-6.0  22 5.0 MAX, 3.5 TYP +30    MIN  +40 dBm 2.0:1 
CA618-4112 6.0-18.0  25 5.0 MAX, 3.5 TYP +23    MIN  +33 dBm 2.0:1 
CA618-6114 6.0-18.0  35 5.0 MAX, 3.5 TYP +30    MIN  +40 dBm 2.0:1 
CA218-4116 2.0-18.0  30 3.5 MAX, 2.8 TYP +10    MIN  +20 dBm 2.0:1 
CA218-4110 2.0-18.0  30 5.0 MAX, 3.5 TYP +20    MIN  +30 dBm  2.0:1 
CA218-4112 2.0-18.0  29 5.0 MAX, 3.5 TYP +24    MIN  +34 dBm 2.0:1
LIMITING AMPLIFIERS
Model No. Freq (GHz)  Input Dynamic Range Output Power Range Psat Power Flatness dB VSWR
CLA24-4001 2.0 - 4.0 -28 to +10 dBm +7 to +11 dBm +/- 1.5 MAX 2.0:1 
CLA26-8001 2.0 - 6.0  -50 to +20 dBm +14 to +18 dBm +/- 1.5 MAX 2.0:1 
CLA712-5001 7.0 - 12.4 -21 to +10 dBm +14 to +19 dBm +/- 1.5 MAX 2.0:1 
CLA618-1201 6.0 - 18.0 -50 to +20 dBm +14 to +19 dBm +/- 1.5 MAX 2.0:1
AMPLIFIERS WITH INTEGRATED GAIN ATTENUATION
Model No. Freq (GHz) Gain (dB) MIN  Noise Figure    (dB) Power -out @ P1-dB Gain Attenuation Range VSWR
CA001-2511A 0.025-0.150 21 5.0 MAX, 3.5 TYP +12    MIN  30 dB MIN  2.0:1
CA05-3110A 0.5-5.5  23 2.5 MAX, 1.5 TYP +18    MIN 20 dB MIN  2.0:1
CA56-3110A 5.85-6.425  28 2.5 MAX, 1.5 TYP +16    MIN 22 dB MIN  1.8:1
CA612-4110A 6.0-12.0 24 2.5 MAX, 1.5 TYP +12    MIN 15 dB MIN  1.9:1
CA1315-4110A 13.75-15.4 25 2.2 MAX, 1.6  TYP +16    MIN 20 dB MIN  1.8:1
CA1518-4110A 15.0-18.0  30  3.0 MAX, 2.0 TYP +18    MIN 20 dB MIN  1.85:1
LOW FREQUENCY AMPLIFIERS
Model No. Freq (GHz) Gain (dB) MIN Noise Figure dB Power -out @ P1-dB 3rd Order ICP  VSWR
CA001-2110 0.01-0.10 18 4.0 MAX, 2.2 TYP +10 MIN  +20 dBm 2.0:1
CA001-2211 0.04-0.15 24 3.5 MAX, 2.2 TYP +13 MIN  +23 dBm 2.0:1
CA001-2215 0.04-0.15 23 4.0 MAX, 2.2 TYP +23 MIN  +33 dBm 2.0:1
CA001-3113 0.01-1.0 28 4.0 MAX, 2.8 TYP +17 MIN  +27 dBm 2.0:1
CA002-3114 0.01-2.0 27 4.0 MAX, 2.8 TYP +20 MIN  +30 dBm 2.0:1
CA003-3116 0.01-3.0 18 4.0 MAX, 2.8 TYP +25 MIN  +35 dBm 2.0:1
CA004-3112 0.01-4.0 32 4.0 MAX, 2.8 TYP +15 MIN  +25 dBm 2.0:1

CIAO Wireless can easily modify any of its standard models to meet your "exact" requirements at the Catalog Pricing.

Visit our web site at www.ciaowireless.com for our complete product offering.

OCTAVE BAND LOW NOISE AMPLIFIERS   
Model No. Model No. Freq (GHz)     Gain (dB) MIN Noise Figure    (dB)     Power -out @ P1-dB     3rd Order ICP    VSWR    Freq (GHz)     Gain (dB) MIN Noise Figure    (dB)     Power -out @ P1-dB     3rd Order ICP    VSWR    
 CA01-2110  CA01-2110 0.5-1.0  0.5-1.0     28    28 1.0 MAX,    0.7 TYP     +10    MIN      +20    dBm     2.0:1 1.0 MAX,    0.7 TYP     +10    MIN      +20    dBm     2.0:1 

3.0 MAX, 2.5 TYP 
NARROW BAND LOW NOISE AND MEDIUM POWER AMPLIFIERS

+20 dBm  2.0:1 

3.5 MAX, 2.8 TYP 
ULTRA-BROADBAND & MULTI-OCTAVE BAND AMPLIFIERSULTRA-BROADBAND & MULTI-OCTAVE BAND AMPLIFIERS
Model No. Model No. Freq (GHz) Gain (dB) MIN Noise Figure    (dB)    Power -out @ P1-dB 3rd Order ICP  VSWRFreq (GHz) Gain (dB) MIN Noise Figure    (dB)    Power -out @ P1-dB 3rd Order ICP  VSWR

5.0 MAX, 3.5 TYP 
LIMITING AMPLIFIERS
Model No. Model No. Freq (GHz)  Input Dynamic Range Output Power Range Psat Power Flatness dB VSWRFreq (GHz)  Input Dynamic Range Output Power Range Psat Power Flatness dB VSWR

+/- 1.5 MAX 2.0:1
AMPLIFIERS WITH INTEGRATED GAIN ATTENUATION
Model No. Model No. Freq (GHz) Gain (dB) MIN  Noise Figure    (dB) Power -out @ P1-dB Gain Attenuation Range VSWRFreq (GHz) Gain (dB) MIN  Noise Figure    (dB) Power -out @ P1-dB Gain Attenuation Range VSWR
CA001-2511A 0.025-0.150 CA001-2511A 0.025-0.150 21 5.0 MAX, 3.5 TYP +12    MIN  21 5.0 MAX, 3.5 TYP +12    MIN  30 dB MIN  2.0:130 dB MIN  2.0:1

30  3.0 MAX, 2.0 TYP +18    MIN 
LOW FREQUENCY AMPLIFIERS
Model No. Model No. Freq Freq (GHz) Gain (dB) MIN Noise Figure dB Power -out @ P1-dB 3rd Order ICP  VSWR(GHz) Gain (dB) MIN Noise Figure dB Power -out @ P1-dB 3rd Order ICP  VSWR
CA001-2110 0.01-0.10 CA001-2110 0.01-0.10 18 4.0 MAX, 2.2 TYP +10 MIN  +20 dBm 2.0:1+20 dBm 2.0:1

CIAO Wireless can easily modify any of its standard models to meet your "exact" requirements at the Catalog Pricing.CIAO Wireless can easily modify any of its standard models to meet your "exact" requirements at the Catalog Pricing.

Visit our web site at www.ciaowireless.com for our complete product offering.Visit our web site at www.ciaowireless.com for our complete product offering.



Lower Tier Air and Missile Defense Sensor 

Detects and Engages Complex Target

R
aytheon, an RTX business, recently an-
nounced that its Lower Tier Air and Missile 
Defense Sensor, (LTAMDS) continues to ad-

vance through its U.S. Army test program with another 
successful live fire event. Military leaders from seven na-
tions were on-site to witness the radar’s capabilities and 
performance first-hand.

This was the fourth live fire demonstration for the 
advanced, 360-degree radar known as LTAMDS. The 
series of exercises, increasing in complexity, effectively 
demonstrate the radar’s performance and integration 
with the Integrated Battle Command System (IBCS). 
For this latest live fire, a cruise missile surrogate was 
launched, flying at high altitude, high speed and at a 
long range in an operational environment. LTAMDS 
acquired and tracked the target, passed track data to 
IBCS and LTAMDS guided a PAC-3 Missile Segment En-
hancement missile to intercept.

“The advanced capabilities of LTAMDS outpace the 
global threats of today and tomorrow and allied forces are 

watching its progress in-
tently,” said Tom Laliberty, 
president of Land & Air 
Defense Systems at Ray-
theon. “The solid perfor-
mance of the radar against 
these complex and real-
istic threats validates the 
radar’s design and demon-
strates how this capability 
will transform the air and 
missile defense mission.”

The program achieved significant developmental 
testing milestones in 2023, including the previous air 
breathing threat and ballistic missile live fires and the 
completion of CY23 contractor verification testing. 
Throughout, LTAMDS has met complex test objectives 
and demonstrated initial technical capability within its 
primary sector.

Six LTAMDS radars are currently progressing through 
full sector integration and test activities simultane-
ously at multiple government and Raytheon test sites. 
In 2024, rigorous testing will continue, leading up to 
fielding a 360-degree, full sector capability within the 
calendar year.

LTAMDS is the next generation air and missile de-
fense radar for the U.S. Army. A 360-degree, active 
electronically scanned array radar, powered by Raythe-
on-manufactured GaN, LTAMDS provides dramatically 
more performance against the range of threats, from 
manned and unmanned aircraft to cruise missiles, bal-
listic missiles and hypersonics. 

MWJOURNAL.COM  MAY 2024 41

DefenseNews
Cliff Drubin, Associate Technical Editor
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DARPA Aims to Develop AI, Autonomy 

Applications Warfighters Can Trust

A
n important goal of the Defense Advanced 
Research Projects Agency (DARPA) is de-
veloping artificial intelligence (AI) that is 

trustworthy for the Defense Department (DOD)—par-
ticularly for making life-or-death recommendations to 
warfighters, said Matt Turek, deputy director of DARPA’s 
Information Innovation Office.

“AI, machine learning and autonomy are being used 
by about 70 percent of DARPA’s programs in some form 
or another,” Turek said at a recent Center for Strategic 
and International Studies event.

Another reason AI development is such a priority is 
to prevent an unexpected breakthrough in technology, 
or “strategic surprise,” by adversaries who might also 
be developing advanced capabilities, he said, adding 
that DARPA also aims to create its own strategic sur-
prise.

To accomplish those goals, DARPA is looking for 
transformative capabilities and ideas from industry and 
academia. One of the many ways the agency gets these 
capabilities and ideas is to hold various types of chal-
lenges where teams from the private sector can win 
prizes worth millions of dollars, he said.

An example of that is DARPA’s Artificial Intelligence 
Cyber Challenge, which uses generative AI technolo-
gies, like large language models, to automatically find 
and fix vulnerabilities in open-source software, particu-
larly software that underlies critical infrastructure. Large 
language models involve processing and manipulating 
human language to perform tasks such as secure com-
puter coding, decision-making, speech recognition and 
making predictions.

Turek said a unique feature of this challenge is the 
partnership between DARPA and state-of-the-art large 
language model providers that are participating in the 
challenges, including Google, Microsoft, OpenAI and 
Anthropic. Most likely, large language model improve-
ments will also benefit the commercial sector, as well as 
the DOD. An example of the use of autonomy and of AI 
that DARPA has been testing with the Air Force involves 
its F-16 fighter jets.

UAV (Source: U.S. Air Force)

LTAMDS (Source: RTX)
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XQ-58A EW Capabilities Demonstrated for 

USMC

K
ratos Defense & Security Solutions, Inc. an-
nounced that Kratos Unmanned Systems 
Division has successfully demonstrated the 

ability of the XQ-58A to fly in concert with two F-35 
aircraft and the ability to deliver an integrated elec-
tronic attack (EA) capability on the XQ-58A Valkyrie 
aircraft during a live flight test event at Eglin Air Force 
Base, Fla. The demonstration completes the first phase 
of the U.S. Marine Corps’ Penetrating Affordable Au-
tonomous Collaborative Killer – Portfolio (PAACK-P) 
program. Flight test support was provided by the 40th 
Flight Test Squadron, 96th Test Wing. All flight test ob-
jectives were successfully met.

The demonstration follows the award of a $22.9M 
“Phase 2” contract modification on December 4, 2023 
for additional engineering development and flight test 
demonstrations, and marks a significant milestone in the 
PAACK-P program as the Headquarters Marine Corps 
Aviation Cunningham Group and Advanced Develop-
ment Team, Marine Corps Warfighting Lab, the Office 
of the Undersecretary of Defense for Research and Engi-
neering, the Naval Air Systems Command and Naval Air 
Warfare Center Aircraft Division AIRWorks continue to 

inform MQ-58B 
requi rements 
for the Marine 
A i r - G r o u n d 
Task Force Un-
manned Aerial 
System (UAS) 
Expeditionary 
(MUX) Tactical 

Aircraft for use in a suppression of enemy air defense 
role.

The XQ-58A’s advanced EA payload autonomously 
detected, identified, and geolocated multiple tactically 
relevant targets of interest, transmitted emitter target 
track coordinates to collaborative assets and successfully 
presented non-kinetic electronic attack effects against 
multiple emitters. Flying since 2019, the Kratos XQ-58A 
Valkyrie is a high performance, runway-independent 
tactical UAV capable of long-range flights at high sub-
sonic speeds. The Valkyrie can serve as a loyal wingman, 
conduct single UAS operations or operate in swarms. 
Combining affordability, survivability, long-range, high 
subsonic speeds, maneuverability and ability to carry 
flexible mission kit configurations and mix of lethal weap-
ons from its internal bomb bay and wing stations, the 
XQ-58A provides unmatched operational flexibility at an 
affordable price for multiple DOD customers.

CPI's NEW X-band solid-state RF power transmitter: 
the ultimate solution for your pulsed radar needs. It’s an 
air-cooled, 1.0 kW, X-band solid-state transmitter designed to 
deliver unparalleled performance and reliability.

• Standalone or combined output power available
• Graceful degradation achieved when multiple modules are combined
• Excellent MTBF performance
• Built to withstand harsh environment requirements

CPI’s NEW 
X-Band Solid-State 
RF Power Transmitter

For more information, visit us 
at the IMS Show, Booth #1512

Contact the transmitter experts at CPI: 
ElectronDevices@cpii.com

Communications & Power Industries • Beverly Microwave Division • 150 Sohier Road, Beverly, MA 01915-5536, USA • +1 (978) 922-6000  • www.cpii.com• wwwwww.cpiii.com

Download 
datasheet here

High Efficiency, High-Power

& Compact

F                              

                            

XQ-58A (Source: Kratos)
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bandwidths up to 45 GHz
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cial 5G networks worldwide, and this number is antici-
pated to grow to 450 by 2025, reflecting significant in-
vestments in 5G infrastructure worldwide.

AiP Market Dynamics: Drivers and 

Challenges in 5G and 6G

A
ntenna-in-package (AiP) technology is essen-
tial for high frequency telecommunications, 
as it enables the integration of antennas 

with RF components directly into semiconductor pack-
ages, unlike traditional discrete antennas. This advance-
ment, tailored for mmWave applications and potentially 
extending into the sub-THz spectrum for 6G, promises 
much smaller footprints and enhanced performance.

AiP technology continues to evolve as it drives toward 
higher frequencies. Design choices regarding types of 
antenna elements, substrate technology, materials and 
integration of passive devices are pivotal. Furthermore, 
the maturity of the supply chain and the manufacturing 
scalability are two key areas that should not be over-
looked. These two factors frequently act as a bottleneck 
for the adoption of new technologies, given their cor-
relation with the final product cost. Achieving afford-
ability involves using cost-effective packaging materials 
and processes, along with miniaturization for seamless 
integration into consumer devices such as smartphones. 

Achieving high performance requires the fabrication 
and integration of high gain, broadband mmWave an-
tenna arrays, along with ensuring intra-system electro-
magnetic compatibility. Optimizing equivalent isotropic 
radiated power and ensuring signal and power integ-
rity are crucial aspects as well. Integrating high-quality 
factor passives to co-design active mmWave front-end 
transceiver components further enhances performance, 
while reliability necessitates direct thermal passage 
from the chip to the exterior to dissipate heat from 
power amplifiers. 

Scalability adds another layer of versatility, enabling 
the design of basic modules that can be upscaled to 
meet various applications with different power require-
ments. Addressing all these requirements is essential 
when designing an AiP module for high frequency com-
munication devices. 

Global 5G Connections Surge to 1.76B, 

66 Percent Growth YoY as North America 

Leads Charge

T
he wireless telecommunications industry wit-
nessed a year of unprecedented growth and 
innovation, propelled by the unstoppable 

momentum of 5G technology. In 2023, adoption of 5G 
connections accelerated, reaching 1.76 billion globally 
by adding 700 million, according to 5G Americas and 
data from Omdia.

Chris Pearson, president of 5G Americas said, “The 
wireless telecommunications industry stands at the cusp 
of a new era, driven by innovation, collaboration and a 
shared vision for a connected future. With fixed wire-
less access continuing to drive consumer broadband 
demand, new technology milestones are advancing un-
paralleled connectivity experiences worldwide.”

North America emerged as a trailblazer in 5G adop-
tion, with connections in the region comprising 29 per-
cent of all North American connections by the end of 
2023. Notably, the region experienced a staggering 64 
percent YoY growth in 5G connections, adding 77 mil-
lion new connections to its network. By the end of 2023, 
North American 5G connections totaled 197 million.

Latin America also witnessed substantial progress 
in both 4G LTE and 5G connections, with LTE connec-
tions reaching 582 million by the close of 2023, adding 
40 million new connections YoY. Moreover, the region 
embraced the 5G revolution, with 39 million 5G con-
nections established by year-end, setting the stage for 
further expansion in the years to come.

Looking ahead, Omdia forecasts paint a picture of 
the telecommunications landscape we can expect to 
see throughout this decade. Global 5G connections are 
projected to skyrocket to 7.9 billion by 2028, with North 
America forecasted to boast an impressive 700 million 
5G connections by the same year.

5G data traffic is expected to be 76 percent of all 
technology data traffic as it reaches a staggering 2.6 
billion TB (or 2600 EB), with all technology data traffic 
reaching 3.4 billion TB (or 3400 EB) by 2028, reflecting 
the exponential growth trajectory of 5G connectivity.

While 5G technology continues to dominate head-
lines, the IoT ecosystem remains a vital component of 
the digital revolution. Currently, global IoT subscrip-
tions stand at 3.1 billion, complemented by 6.6 billion 
smartphone subscriptions. Forecasts suggest that IoT 
subscriptions will reach 4.5 billion, while smartphone 
subscriptions will surge to 7.4 billion by 2026, highlight-
ing the evolving nature of connectivity and the intercon-
nectedness of our digital world.

Globally, the number of deployed 5G networks 
shows strength compared to 4G LTE deployments, and 
in the case of North America, almost matches 4G LTE 
networks deployed. Currently, there are 314 commer-

Visit mwjournal.com for more commercial market news.

CommercialMarket
Cliff Drubin, Associate Technical Editor
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AiP (Source: IDTechEx)
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The AiP market is directly linked to the 5G mmWave 
and future 6G markets, as AiP is expected to be used 
in all 5G mmWave-based stations and 5G-enabled 
electronics like smartphones. While 5G technology is 
progressively being commercialized worldwide, the pri-
mary focus remains on mid-band (sub-6 GHz) deploy-
ments. IDTechEx reports that less than 10 percent of 
commercialized or pre-commercialized 5G services as 
of now are based on the mmWave frequency band. 
This is partly due to the challenges faced by mmWave 
deployment, as higher frequency signals are prone to 
attenuation in the air and are highly susceptible to ob-
stacles in accordance with the laws of physics.

Telco operators prioritize creating cost-effective 
networks by maximizing coverage with minimal base 
stations. However, due to the shorter propagation dis-
tances of mmWave, approximately 10x more mmWave 
stations are required compared to 4G low/mid-band 
stations to cover the same area. As a result, national 5G 
coverage predominantly relies on low/mid-band and 
sub-6 GHz bands. IDTechEx anticipates that mmWave 
bands will mainly serve data-intensive hotspots like 
crowded stadiums, supporting critical applications such 
as streaming and uploading of high-definition videos.

Looking ahead, 6G, the next generation of tele-
communication technology, promises even greater ad-
vancements than 5G mmWave. Operating beyond 100 

GHz and toward the THz spectrum, 6G is expected to 
offer Tbps data rates, microsecond-level latency and 
extensive network dependability. Its capabilities extend 
beyond connectivity to areas such as energy harvesting, 
sensing, imaging and precise positioning. However, 6G 
will face greater challenges compared to 5G mmWave 
in both technology development and market penetra-
tion, given its even higher frequencies. Overcoming 
these hurdles will necessitate the development of inno-
vative technological solutions, including advancements 
in packaging technologies for antennas to minimize sig-
nal transmission issues. Additionally, there is a crucial 
need for stronger market identification of future appli-
cations to drive the adoption of 6G technologies. This 
entails not only identifying killer applications but also 
fostering the ecosystem necessary for their successful 
implementation.

IDTechEx’s market report, “Antenna-in-Package (AiP) 
for 5G and 6G 2024-2034: Technologies, Trends, Mar-
kets,” delves into AiP technologies for 5G mmWave 
and 6G, focusing on various substrate types and pack-
aging methods. It also explores antenna integration for 
beyond 100 GHz applications, showcasing case stud-
ies and addressing challenges. Drawing on IDTechEx’s 
expertise, the report offers valuable insights into the 
evolving landscape of antenna packaging for future 
generations of wireless technology. 
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Ka / V / E-Band  
GaN MMIC Power

• NPA2001-DE  |  26.5-29.5 GHz  |  35 W
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MERGERS & ACQUISITIONS
STI-CO® Industries LLC, a provider of RF antenna so-
lutions, announced a strategic merger with Commu-
nication Power Companies (CPC), an Addison Capi-
tal Partners portfolio company. CPC designs custom 
broadband power amplifiers for the defense and medi-
cal markets. STI-CO is a renowned antenna, filter and 
custom cable design company serving the defense, rail, 
homeland security and transportation markets. 

GaAs Labs LLC announced the sale of its portfolio com-
pany, Mission Microwave Technologies LLC, a provid-
er of GaN-based solid state power amplifiers and block 
up-converters, to the satellite communications market 
to an affiliate of J.F. Lehman Company (JFLCO). The 
long-standing partnership between industry veterans 
John and Susan Ocampo of GaAs Labs and the Mission 
team saw the company grow significantly as it expand-
ed its portfolio of microwave and mmWave products to 
support critical ground-based, airborne, maritime and 
space-based applications for government and com-
mercial customers. Utilizing its unique power combin-
ing technology and integrated systems design, Mission 
provides the industry’s most efficient, lightweight and 
compact high-power systems.

Infinite Electronics, a global portfolio of leading in-
stock connectivity solution brands, announced that it 
has signed a definitive agreement to sell its KP Perfor-
mance Antennas and RadioWaves businesses to Alive 
Telecommunications, a global supplier of communica-
tions equipment, systems and services. The transaction 
was scheduled to close approximately on April 1, 2024. 

VIAVI Solutions and Spirent Communications plc, a 
global provider of automated test and assurance solu-
tions for networks, cybersecurity and positioning, an-
nounced an agreement on the terms of a cash offer for 
Spirent, which the Spirent board intends to unanimously 
recommend. Under the terms of the acquisition, Spirent 
Shareholders will receive 172.5 pence per Spirent share 
in cash (the acquisition price). Spirent Shareholders will 
also receive a special dividend of 2.5 pence per Spi-
rent share in lieu of a final dividend for the year, which 
ended December 31, 2023.

COLLABORATIONS
Ansys announced a collaboration with NVIDIA to de-
velop next-generation simulation solutions powered by 
accelerated computing and generative AI. The expand-
ed collaboration will fuse cutting-edge technologies 
to advance 6G technologies, supercharge Ansys solv-
ers via NVIDIA GPUs, integrate NVIDIA AI into Ansys 
software offerings, develop physics-based digital twins 
and customize large language models developed with 

NVIDIA AI foundry services. Ansys recently joined the 
AOUSD to strengthen data interoperability and deliver 
enhanced graphics and visual rendering to its portfolio. 
Ansys has already connected Ansys AVxcelerate Auton-
omy™ to NVIDIA DRIVE Sim, powered by the NVIDIA 
Omniverse platform, and plans to investigate additional 
integrations across the portfolio.

Mercury Mission Systems International SA announced 
that it will advance the manufacturing of defense tech-
nologies in Switzerland in collaboration with Lockheed 
Martin. This project is a direct result of the offset pro-
gram between Lockheed Martin and the Swiss gov-
ernment as part of Switzerland’s purchase of the F-35 
Lightning II. Under two initial engineering development 
agreements, Mercury will begin manufacturing several 
embedded computing technologies at its production 
facility in Geneva. 

Telesat and ThinKom Solutions Inc. announced an ex-
panded development partnership to certify ThinKom’s 
ThinAir® Ka2517 antenna for the Telesat Lightspeed 
low earth orbit (LEO) satellite network. The multi-year 
agreement calls for the organizations to cooperate on 
the integration and certification of the Ka2517 antenna 
with an airborne modem to enable communications 
across the Telesat Lightspeed Ka-Band LEO network. 
Telesat estimates that its enterprise-class constella-
tion, paired with the Ka2517 antenna, will deliver over 
1 Gbps to the aircraft. Telesat Lightspeed can dynami-
cally allocate multiple Gbps of capacity to areas with 
high demand. 

Teramount announced that it is collaborating with Glo-
balFoundries (GF) to address the challenge of connect-
ing fibers to Silicon Photonics (SiPh) chips, to meet the 
ever-growing bandwidth demands and power challeng-
es in datacom and telecom applications. As part of this 
collaboration, Teramount integrates its Universal Pho-
tonic Coupler solution with GF’s 45CLO SiPh platform, 
GF FotonixTM, to provide a scalable fiber packaging 
solution to customers who want to utilize high speed 
optical connectivity for applications like AI/ML and data 
centers. This collaboration will enable deeper integra-
tion of optics into semiconductors through a variety of 
innovative packaging technologies which provide scal-
ability of bandwidth, power and latency performance 
to future generations of advanced computing applica-
tions.

ACHIEVEMENTS
Analog Devices Inc. announced U.S. Food and Drug 
Administration (FDA) 510(k) clearance and the com-
mercial launch of the Sensinel™ Cardiopulmonary Man-
agement (CPM) System. The compact, wearable device 
is a non-invasive, remote management system that 
captures cardiopulmonary measurements for chronic 
disease management, such as heart failure. It is the first 
FDA clearance the company has received in its 59-year 

For up-to-date news briefs, visit mwjournal.comFor More
Information

Around the Circuit
Barbara Walsh, Multimedia Staff Editor
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satellite communications industry evolves into a multi-
orbit, multi-network ecosystem.

CONTRACTS

Raytheon, an RTX business, was awarded a $1.2 bil-
lion contract to supply Germany with Patriot® air and 
missile defense systems. These new Patriot systems will 
augment Germany’s existing air defense infrastructure. 
The scope of the contract includes the most current 
Patriot Configuration 3+ radars, launchers, command 
and control stations, associated spares and support. 
Patriot is the backbone of air defense for 19 countries, 
including Germany, the U.S. and Ukraine. The formida-
ble, combat-proven performance of Patriot continues 
to demonstrate its effectiveness against the most ad-
vanced and complex threats.

Boeing received a $439.6 million contract to build the 
12th Wideband Global SATCOM (WGS) communica-
tions satellite for U.S. Space Force’s Space Systems 
Command. The WGS constellation delivers vital high-ca-
pacity, secure and resilient communications capabilities 
to the U.S. military and its allies. The WGS’s responsive, 
steerable, high-capacity beams provide assured connec-
tivity via the Protected Tactical Enterprise Service ground 
system and enhanced anti-jam communications by com-
bining the U.S. military’s jam-resistant Protected Tactical 
Waveform with antenna nulling in the Ka-Band.

Sivers Semiconductors AB announced that its subsid-
iary Sivers Wireless has signed a third product devel-

history. More than 6 million Americans are living with 
heart failure today, and this number is estimated to rise 
to nearly 8 million by 2030. Heart failure currently costs 
Americans approximately $30 billion each year, and this 
is expected to rise to almost $70 billion by 2030.

Hughes Network Systems LLC announced that the Re-
publican Center of Space Communication (RCSC), a 
subsidiary of the Ministry of Digital Development, has 
chosen the Hughes JUPITER™ System ground platform 
to help close the digital divide in Kazakhstan. Hughes 
will supply JUPITER System equipment to more than 
200 villages throughout the country, helping communi-
ties access broadband internet connectivity and e-gov-
ernment services through the Digital Kazakhstan pro-
gram. The contract will be fulfilled through TIMIR LLP. 

Flat panel satellite antenna company Kymeta announced 
the U.S. Patent and Trademark Office awarded Kymeta 
Corporation two U.S. patents. The first patent is related 
to the cooperation of a SD-WAN edge appliance and a 
satellite terminal, enabling users to engage in concurrent 
or switched satellite and cellular communications. The 
second patent is related to an electronically-steered ar-
ray antenna operating across multiple satellite networks 
in multiple modes (e.g., concurrent mode, switched 
mode, etc.). These achievements demonstrate Kymeta’s 
continued thought leadership in the marketplace as the 
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Prior to Ansys, she served in a number of finance, transfor-
mation and leadership roles at FIS, Worldpay and Vantiv.

REP APPOINTMENTS

EZ Form Cable announced the establishment of key 
partnerships with renowned manufacturing rep orga-
nizations, Summit Technical Sales for the Northern 
California territory and Staffco for the Midwest ter-
ritory. These strategic alliances aim to bolster market 
presence for the full range of EZ Form Cable products 
across designated territories. The agreements solidify 
EZ Form Cable’s commitment to delivering innovative 
cable solutions while expanding its footprint in the in-
dustry. 

Richardson Electronics Ltd. announced a global dis-
tribution agreement with Ideal Power for products in-
cluding the discrete B-TRAN™ device and SymCool™ 

power module. Ideal Power is pioneering the develop-
ment and commercialization of the highly efficient and 
broadly patented B-TRAN™ bidirectional semiconduc-
tor power switch. Ideal Power utilizes an asset-light 
business model, leveraging the large investment al-
ready made in silicon processing, distribution, demand 
creation and support infrastructure. This business mod-
el allows the company to focus on further developing 
its disruptive B-TRAN™ technology while minimizing 
capital requirements.

opment agreement with its lead European Satellite 
Company. This new contract, valued at USD $4,73 mil-
lion, covers the development of next-generation, pro-
duction-ready beamformer chipsets during 2024 and 
2025. The agreement is expected to move to volume 
manufacturing in Q4 2025. These beamformers are 
advanced versions, with new features and capabilities, 
of the existing beamformers that were originally devel-
oped for this customer as a part of the first develop-
ment agreement signed in December 2020 and are in 
mass production today.

PEOPLE

Ansys announced that finance veteran 
Rachel Pyles became the company’s 
new chief financial officer. Pyles re-
placed Nicole Anasenes, who previ-
ously announced her planned depar-
ture from Ansys to focus on advisory 
and board work. Anasenes will remain 
with the company as a strategic advis-
er until June 2024 to ensure a 	S Rachel Pyles

smooth transition. Pyles joined Ansys 
in early 2023 as the vice president of strategic finance, 
running financial planning and analysis for the company. 

Around the Circuit





Waste Figure and Waste Factor: 
New Metrics for Evaluating 
Power Efficiency in Any Circuit 
or Cascade
Theodore (Ted) S. Rappaport, Mingjun Ying and Dipankar Shakya
NYU WIRELESS, Tandon School of Engineering, New York University, Brooklyn, N.Y.

T
oday, there is a great need for en-
suring the energy-efficient design 
of circuits and systems, yet the elec-
trical engineering field has lacked a 

clear, well-defined, unified key performance 
indicator (KPI) for quantifying the power ef-
ficiency of any device or cascade of devices 
or systems. The industry has such a metric 
for quantifying additive noise along a cas-
cade and this is known as the noise factor (F) 
or noise figure (NF) when expressed in dB. 
This standardized approach to quantifying 
additive noise now dons the specification 
sheets of virtually all receiving devices or re-
ceivers and is used as a key figure of merit 
(FoM) in the research and design communi-
ties when creating new devices or exploring 
system concepts. 

This article develops a FoM for the com-
parison of wasted power along a cascade. 
This new FoM, called the power waste fac-
tor, or simply the waste factor (W) or the 
waste figure (WF) expressed in dB, is derived 
using a similar mathematical modeling ap-
proach taken by Harald Friis in 1944 to cre-
ate noise figure. This article will show that 
the waste figure is a useful FoM for compar-
ing and contrasting the power efficiency of 
any circuit or cascade of circuits or systems. 
Just as noise figure characterizes the addi-

tive noise of a cascade, waste figure char-
acterizes the additive wasted power along a 
cascade. Waste figure is a handy metric to 
determine and compare consumed power 
along a cascade and is useful in identifying 
design choices that optimize power con-
sumption while providing a measure of the 
power efficiency of any circuit or cascade. 
In an era where energy efficiency is more 
important than ever, the waste factor and 
waste figure are new metrics for accom-
plishing power-efficient circuits and system 
designs. The waste factor (W), also called 
waste figure (WF) defined as WF (dB) = 10 
log (W), merely requires knowledge of the 
device efficiency and device gain. Following 
the mathematical modeling approach taken 
by Harald Friis where he developed noise 
figure,1 this article offers a standardized 
framework for evaluating power consump-
tion in any wired or wireless device, system 
or network. This framework may have utility 
in standards bodies to reduce global power 
consumption.

The waste figure provides a simple ana-
lytical formulation and mathematical model 
for the additive power wasted along virtu-
ally any cascade. As shown here, W enables 
extremely general analysis, with applica-
tion to circuits, transceivers, channels and 
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which are used to evaluate additive 
noise and additive wasted power in 
any circuit or cascade, respectively.

Noise Factor (F): Quantifying 
Additive Noise in Cascades

Noise factor (F) defines the ad-
ditive noise along a cascade which 
causes degradation of SNR along 
the cascade. The noise factor, F, was 
defined by Harald Friis in 19441 as 
the ratio of the input SNR to output 
SNR, where F=SNRi/SNRo. When 
F is expressed in dB terms, it is re-
ferred to as the noise figure, where 
a value of 0 dB indicates that no 
added noise and no degradation 
in SNR occurs along a device or a 
cascade of devices. Friis’ formula is 
widely used to calculate the overall 
F of cascaded devices, where each 
device has its own individual F and 
power gain, G. Once the total F is 
calculated for a cascade, it can be 
used to determine the overall noise 
power contribution of the entire 
cascade.

Friis was interested in modeling 
how the input noise level would 
be amplified and intensified in a 
receiver and created a mathemati-
cal model that considered the ad-
ditional noise power contributed 
by components moving from the 
source (input) to the sink (detector). 
He was aware that there existed a 
nominal input thermal noise level 
to the cascade of kTB that could 
be measured as well as an output 
noise level that could be measured. 
Thermal white noise power is de-
fined by: N=kTB, where N is the 
noise power available at the output 
of a thermal noise source, k=1.380× 

10-23 J/K is Boltzmann’s constant, T 
is the temperature in Kelvin and B 
is the noise bandwidth in Hz. At the 
input of a cascade, Friis was able to 
turn a signal on and off that could 
be added to the noise and detected 
at the output of the cascade. In this 
manner, he was able to adjust and 
measure the SNR at the input to the 
cascade relative to the output of the 
cascade. Since he had control of the 
cascade input signal power level 
and could measure the noise power 
at the output of the cascade rela-
tive to the signal and noise powers 
at the input, he defined noise figure 
relative to the input noise power of 
the cascade as shown in Equation 1:

waste figure may be used in circuit 
design to indicate the most power-
efficient cascades while illuminating 
the most critical components that 
dominate power consumption and 
thus energy efficiency.

As shown subsequently, waste 
factor denotes the total power con-
sumed by a circuit or cascade, di-
vided by the signal power out of the 
circuit or cascade, and represents a 
new way to consider wasted power 
or power efficiency along a cascade. 
By definition, W is always greater 
than or equal to 1, where W=1 
(WF=0 dB) denotes an optimally 
power-efficient circuit or cascade, 
where all the power consumed by 
the circuit or cascade is found to be 
in the usable signal output power. 
Conversely, if W equals infinity, it 
means there is no power output 
delivered from the cascade while 
power is being consumed (e.g., a 
dummy load). The article shows that 
waste factor is the inverse of power 
efficiency in standard passive circuit 
theory and the inverse of the origi-
nal definition of total power added 
efficiency (PAE) for DC-powered 
amplifiers.12 The waste factor may 
be used to readily quantify the to-
tal wasted power and efficiency of a 
cascade of matched, linear devices.

Examples will be shown to illus-
trate how waste figure can charac-
terize the power efficiency of various 
types of cascades, including a cas-
cade of a TX, a propagation channel 
and a RX, a homodyne transmitter, 
and even a data center (we show 
here how W offers improvement 
over a popular data center power 
efficiency metric). These examples 
allow engineers to make simple ap-
proximations regarding the impact 
and placement of power-efficient 
components in a radio network op-
erating in a lossy channel. The virtue 
of using W is that a standard metric 
may now be used to demonstrate in-
tuitive design choices. This will allow 
engineers to conduct power efficien-
cy studies on a circuit or cascade, or 
any type of source-to-sink link.

FUNDAMENTALS OF NOISE 
FIGURE (NF) AND WASTE 
FIGURE (WF)

This section shows the duality 
between the derivations of noise 
figure (NF) and waste figure (WF), 

data centers. Virtually anything that 
forms a cascade of devices or sys-
tems for information flow may be 
characterized and quantified by W. 
Using the mathematical formulation 
of W in circuit and system analysis, 
it becomes possible to character-
ize specific power efficiency perfor-
mance levels while gaining insight 
into design approaches that assure 
minimal power consumption. Fur-
thermore, W allows a standardized 
way to interpret and analyze power 
consumption in any device or cas-
cade, making it a powerful analysis 
tool as well as the basis of a learning 
model for artificial intelligence (AI) 
and machine learning (ML) design 
and control for optimized power ef-
ficiency. While some authors have 
recently applied the waste figure to 
analyze the power efficiency and to 
make design tradeoffs in unmanned 
aerial vehicle (UAV) cellular infra-
structure systems,2 millimeter wave 
wireless network3 phase shifters in 
sub-THz phased arrays and data 
centers,4 the waste figure remains 
relatively unknown and undiscov-
ered. However, it offers a standard 
FoM for evaluating the power effi-
ciency of any circuit or cascade.

This paper introduces the math-
ematical derivation of the waste fig-
ure and shows that its mathematical 
basis is strikingly similar to noise fig-
ure. The definition of waste figure is 
a simple and powerful metric based 
on the efficiency (η) and gain (G) of 
the various elements of a cascade. 
While the power efficiency may be 
referred to either the input or out-
put signal power of the cascade, it is 
most sensible to consider the waste 
factor as related to the signal out-
put power of a device or cascade, 
Psignal,out. The result of the waste fig-
ure for a cascade will be derived and 
it will be shown that the mathemati-
cal expressions for the waste figure 
of a cascaded system have a nearly 
identical form to Friis’ original noise 
figure expression. The canonical re-
sults when deriving the waste figure 
for a passive load will be shown, 
which yields mathematically similar 
results as compared to the noise fig-
ure as well as key results when using 
W to analyze the power efficiency of 
a transmitter (TX)-receiver (RX) link 
with a lossy channel as part of the 
cascade. It will be shown that the 
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From Equation 1, F for a cascaded system with 
matched loads is given by Equation 2, where the first 
component F1 is closest to the source, (e.g., the anten-
na or front-end of a RX). Friis found Equation 2 simply 
by systematically applying Equation 1 at each succes-
sive stage in a cascade realizing that each component 
had output noise No which included an additive noise 
component related to F.
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In Equation 2, Fi represents the noise factor of the ith 
device and 
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represents the power gain of the ith device (linear, not in 
dB). For a given noise input power, Ni and noise output 
power, No, Friis showed that F (defined in Equation 1) 
was directly related to the additive noise contributed by 
the device or cascade alone as defined in Equation 3:
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From Equation 3, it is clear that (F-1)GNi represents 
the additive noise power contributed by the compo-
nent or cascade, above and beyond the input noise 
power and as referred to the input. F = 1 (0 dB) means 
there is no additional noise power contributed by the 
cascade other than what was applied to the input and 
then amplified with ideal noiseless amplifiers.

Waste Factor (W): A New Metric for the Analysis and 
Comparison of Power Efficiency

Waste factor (W) or waste figure (WF in dB) charac-
terizes the power efficiency of a cascaded system by 
modeling the power wasted (e.g., power consumed 
but not delivered as output power) in each of the com-
ponents along a cascade. Like the mathematical mod-
eling method used by Friis to derive noise figure, the 
power wasted by a device or cascade may be analyzed 
by modeling the progressive useful signal power trans-
ferred along a cascade relative to the total power con-
sumed by the components of the cascade. The deriva-
tion of the waste figure assumes that all power that is 
not transferred along the cascade as signal output is 
simply “wasted power” since such wasted power is not 
being passed along the cascade to the next stage as a 
useful signal.

This is a new way of defining power efficiency. In 
this way, it becomes clear that instead of additive noise 
being accumulated at each stage of a cascade as in 
noise figure, the amount of wasted power (e.g., power 
not delivered in the signal to the successive stage) from 
each of the components accumulates from the input to 
the output. Since it is easy and customary to measure 
the power consumption of an entire cascade of devices 
(e.g., the total power consumed by a system) and also 
easy to measure the signal power at the output in watts 
(e.g., Pout = GPin), the waste factor is defined relative 
to the output of a device or cascade and is given by 
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with all the power consumed by the 
cascade found in the output signal 
power. Similarly, W = infi nity means 
all the power is wasted in the cas-
cade, with no output signal power. 
Such formulation provides an intui-
tive way to understand power waste 
at each stage of the cascade and al-
lows engineers to use W to compare 
the power effi ciency of different de-
vices and systems in a new way, just 
as noise fi gure did for noise analysis 
80 years ago.

WASTE FACTOR DERIVATION: 
SUPERPOSITION FOR POWER 
CONSUMPTION

The mathematical basis of waste 
factor and waste fi gure was derived 
originally by Murdock and Rappa-
port5,6,7,14 by noting that the power 
consumption of any device in a cir-
cuit or system may be decomposed 
into four distinct power consump-
tion components which may be 
summed together to determine 
the total consumed power of any 
device or network. The four power 
components include (i) the signal 
path power delivered to the output 
by a device on the signal path within 
a circuit or cascade (e.g., the output 
signal power that is delivered to the 
sink), (ii) the power consumed by a 
device which is on the signal path 
(e.g., a component on the cascade), 
but which is not provided in the out-
put signal path (this is called the ad-
ditive “wasted” power of a compo-
nent, since as described previously, 
the component is on the cascade 
but such power is not delivered to 
the output signal of the device), (iii) 
all other power that is consumed by 
components that are not on the sig-
nal path or which are not associated 
with a device on the signal-path 
cascade and (iv) the signal power 
delivered to the input of the device 

In Equation 5, Wi represents the 
waste factor of the ith device and 

( )
G Input Power P

Output Power P
i

in

out
= ^ h

represents the power gain of the ith
device (linear, not in dB) and the Nth
device is the closest device to the 
information sink (e.g., the output of 
the cascade). Note the mathemati-
cal similarity between Equation 2 
and Equation 5, except Equation 
2 increases from source to sink and 
Equation 5 increases from sink to 
source.

For a given signal input power to 
a cascade, Pin, and cascade signal 
output power, Pout, W is a FoM that 
represents a measure of total addi-
tive power that is wasted (e.g., not 
part of the delivered signal power) 
at the output of a cascade. W quan-
tifi es the amount of consumed pow-
er that is wasted (e.g., consumed 
power that is not found in the out-
put signal power) relative to the 
total signal power delivered at the 
output of the cascade, independent 
of the signal power applied at the 
input of the cascade (see Equations 
8 and Equation 9). Thus, W defi nes 
a relationship between added wast-
ed power of a device or cascade, 
vis à vis the delivered signal power 
in a similar way that Friis defi ned in 
Equation 3. This is shown in Equa-
tion 6:
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From Equation 6, it is clear that 
(W - 1)Pout represents the total ad-
ditive wasted power contributed 
by a component or by all the com-
ponents within the cascade and is 
conveniently referred to the output. 
W=1 (0 dB) means there is no wasted 
power contributed by a component 
or by the cascade and the cascade 
has perfect 100 percent effi ciency 

Equation 4:
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Where:
ηw = waste factor effi ciency and 

it equals 1/W
Pconsumed = total power con-

sumed by the device or cascade
Pout = output signal power
Pnon-signal = total consumed pow-

er minus the signal power delivered 
to the output, which is the wasted 
power of the device.

As mentioned previously, the 
waste factor for an active compo-
nent is the inverse of the total PAE, 
a key metric for assessing power 
amplifi er effi ciency as shown by A. 
A. Sweet.12 The original PAE metric 
quantifi es how effectively an RF am-
plifi er with a DC power supply trans-
forms the total consumed power, 
encompassing both the DC power 
supply and RF input power, into RF 
output power and is defi ned as12 

P P
PAE P

P P
#

consumed DC RF,in

out RF,out1

+
= = ^ h

Inspection of Equation 4 (also see 
Equation 11) shows PAE#1  is identi-
cal to the reciprocal of W. In 1993, 
Walker13 introduced a second defi -
nition of PAE, given as 

PAE
P

P P
2 , ,#

DC

RF out RF in
=

-

which is now widely regarded as the 
industry standard for evaluating the 
effi ciency of RF power amplifi ers. 
It is easy to show from Equation 4 
that W is related to PAE#2 such that 

PAE
W

P

P

G
1

1 1
1,

2#
DC

RF in
= + -d bn l< F

which is nearly identical to PAE#1

when gain is large.
Similar to how Friis defi ned noise 

fi gure as NF = 10log10(F) (dB), the 
waste fi gure is defi ned as WF =
10log10(W) (dB). It was shown3,4,7,14 

and derived previously that the 
waste factor of a cascade is ex-
pressed as Equation 5:

+ +
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+
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W
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 Fig. 1  Power decomposition of a cascaded communication system or device.5-7
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or cascade by a source that is connected to the input. 
Figure 1 and Table 1 describe the four types of power 
that make up any circuit or system.

The non-path powers are not considered in the deri-
vation of waste figure since these components are not 
found in a cascade along a signal path, just as noise fig-
ure does not consider non-path components as noise 
contributors. However, the total power consumption of 
both the signal path and non-path components is easily 
found using W and the power components of Table 1 
using upcoming Equation 9. While waste figure charac-
terizes a device or cascade on a signal path, the basic 
principles of power superposition and waste factor may 
be useful in analyzing non-path wasted power and pow-
er consumption using similar mathematical models and 
new figures of merit. It may be that non-path powers 
include the quiescent power drain of cascaded compo-
nents that are in a sleep/off state or for the case when 
impedances are high-Z or greatly mismatched. This re-
mains an open area for definition and usage.

In the development of noise figure, the output power 
of the input source was due to thermal noise at the re-
ceiver input. For waste figure, the output power of a sig-
nal source is the signal input power to the cascade or de-
vice. When considering the four power sources of Table 
1, it becomes clear that for any cascade or device along 
the signal path, which will be called a “system,” the total 
power consumed by just the system carrying the signal 
(Pconsumed), is equal to the total power consumed by the 
system, including the input signal power, minus the input 
signal power to the system, in order to refer W to the out-
put of the system alone, regardless of input signal levels 
(assuming linearity). This is expressed in Equation 7:

P ( )P P P 7,consumed source out non signalsystem added- +=
- -

where Psystem-added  is the signal power added by the 
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TABLE 1

SUPERPOSITION OF POWER SOURCES IN 
ELECTRONIC  

NETWORK SYSTEMS

Type Symbol Description

Signal 
output 
power

Psignal

Power of signal delivered to the device/
cascade output (e.g., power amplifier 
output delivered to a matched load).

Non-signal 
path power

Pnon-signal

Power consumed by a device or circuit 
on the cascade path to facilitate signal 

transfer in the cascade (e.g., wasted 
power drawn by an active amplifier on 

the signal path).

Non-path 
power

Pnon-path

Power consumption of components 
that do not contribute to the signal 
and are not along the signal path 

cascade (e.g., oscillators,  
displays, cooling elements, etc.). 

Source 
power 

(Input signal 
power)

Psource,out

Power of the signal that comes from 
the output of the source and which is 

the input power signal of the device or 
cascaded communication system. At 
each step, this power coming in from 
the source is multiplied by the gain of 
the stages, yielding the signal power 

output, Psignal. 
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a device or cascade) and the total 
power consumed by the device or 
cascade are related to W by Equa-
tion 12 and Equation 13:

( )

P P

P W

1
1

1 12

non signal signal
w

signal

h
= -

= -

-
b
^ h

l

( )

P P

P WP1 1 131

consumed signal non signal

signal
w

signalh

= + =

+ - =

-
P

b l: D
Fundamentally, Equation 4 and 

Equation 10 show that W is defined 
as the inverse of efficiency.3-7 Defin-
ing the waste factor in this manner 
provides a FoM that may be used 
for any device or cascade and re-
lates the waste factor to additive 
wasted power, just as noise figure 
did for additive noise power. This is 
shown in Equation 14.

=

( )W P
P

P

P P

P
P P

1
14

signal

consumed

w

signal

signal non signal

delivered

delivered wasted

h
= = =

+ +-

Because W characterizes the use-
ful signal power delivered to the 
output of any device or cascade rel-
ative to the entire power consumed 
along the device or cascade, it is 
most sensibly calculated referred 
to the output. Employing the con-
cept of waste factor allows one to 
quantify power dissipation within a 
device (e.g., wasted power, since 
some power is not contained in the 
signal that is carried forward) which 
from Equations 13 and 14 and Table 
1 can be expressed in Equation 15:

( )

W

W

P P P

GP

1

1 15,

wasted

source out

non signal signal= = -

= -

-

^
^

h
h

It is clear from Equation 15 that 
the input power to the cascade, 
(e.g., Psource,out) is not required to 
be known when using W, since W 
is a characteristic of the cascade 
or circuit, unrelated to input or 
output signal powers, as the cas-
cade is assumed to be linear and 
matched. When a device along the 
cascade is turned off (e.g., Psignal 
= 0 or Psource,out = 0), W is still de-
fined for a device or cascade, just as 
Friis was able to turn off the input 
signal power and still define F for a 
cascade, even when F = SNRi/SNRo 
was infinite or undefined.

The formulation of W for a cas-

definition of efficiency when relating 
output power to input power 

Power Input
Power Output

h =d n
In the special case of active com-

ponents powered by a DC source, 
W is equal to

 
P

P P ,DC source out

signal

+

which is equal to the reciprocal of 
PAE#1 12 as shown in Equation 11 
from Equation 8:

( )

W P
P

P

P P

P

P P P

P

P P P P

P
P P

PAE
1

11#

,

,

active
signal

consumed

signal

signal non signal

signal

signal DC system added

signal

signal DC signal source out

signal

DC source out

1

= =
+

=

+ -
=

+ - -
=

+
=

-

-
^

^

h

h

RF, microwave and circuit engi-
neers characterize amplifiers using 
PAE.10-13 While Equation 11 shows 
total PAE12 (PAE#1) is the inverse 
of the waste factor for the case of 
an amplifier that uses a DC power 
supply, a more customary defini-
tion for PAE,13

 ,PAE
P

P P
# , ,

DC

RF out RF in2
=

-

is easily shown to be related to W as: 

,W
PAE P

P

G
1

1 1
1

#

,

DC

RF in

2= + -d bn l< F

which is nearly identical to Equation 
11 when G is large. To consider the 
power wasted along a cascade of 
active devices, the reader can use 
Equation 5 which is proved in Equa-
tions 22 to 24 by simply using 
W

PAE

1
#1= to characterize power 

efficiency and power consumption 
using the waste factor of a cascade, 
similar to how noise factor is used to 
quantify additive noise and SNR 
degradation for a cascade.

It should be clear that waste 
factor efficiency accounts for the 
proportion of signal power output 
when compared to the total power 
consumed, on the signal path cas-
cade where the total power con-
sumed includes both output sig-
nal power and all non-signal (e.g., 
wasted) power, independent of 
the input to the device or cascade. 
From Equations 4, 8 and 10, it can 
be seen from superposition that 
Pnon-signal (additive wasted power in 

system and the signal output power 
of the system is Psignal = Psource,out + 
Psystem-added. From Equation 7, the 
total power consumption of the 
system along the signal path, inde-
pendent of the input signal power, 
Psource,out, is given by the superposi-
tion of Equation 7 and is shown in 
Equation 8:

P+P

P P P+ +

+

=

P-P

P P

P W

+

( )

P

8

,

, ,

consumed system added non signal source out

signal source out non signal source out

signal non signal

signal

=

=

=

- -

-

-

The use of W in Equation 6 and 
Equation 8 provides a convenient 
method to compute the total and 
wasted power consumed by a de-
vice or cascade. Using Equation 8 
and then by including the non-path 
powers, Pnon-path, contributed by 
all components that are off the sig-
nal cascade (such as displays, heat 
sinks, power supplies, etc.), the total 
power consumption of any system 
may be found as shown in Equation 
9 using superposition of all power 
types in Table 1:7,14

( )

P P P P

P W P

9

,consumed total signal non signal non path

signal non path

= + +

= +

- -

-

The only factors that must be 
known for every device on the signal 
path along the chain of a cascaded 
network are gain and efficiency. Gain 
has the standard definition for the 
signal path components in the cas-
cade that carry information to later 
stages of the cascade and the ef-
ficiency is defined as the reciprocal 
of the waste factor (W) in Equation 4. 
These two formulations are shown in 
Equation 10:

( )

( ) ( )
( )

( )

Gain G Input Power P
Output Power P

WF W P

P

P P

P

1

10

in

out

efficiency w
consumed
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h

=

= =

=
+

-

Z

[

\

]]]]]]]]]]]
]]]]]]]]]]]

As noted earlier, the waste factor 
efficiency, wh , as defined in Equa-
tion 4 and Equation 10, is the recip-
rocal of W. For passive devices, 1/W 
= wh is identical to the traditional 
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nal) by device 1, itself. When Psource,out (the input signal 
power) is subtracted from the total consumed power 
using Equations 7, 16 and 17, the standalone power 
consumption of device 1 is defi ned by Equation 18:

( )WP P P 18,, ,consumed Network in in1 2 11= -
-

Applying the same approach to device 2, the stand-
alone power consumption of device 2 is defi ned in 
Equation 19:

W WP P P P- = -= ( )P 19, ,,consumed Network out in signal in2 2 22 2-

Intuitively, the total power consumption of the cas-
caded system of the two devices is the sum of power 
consumed by each device alone and the power input to 
the system and this is shown in Equation 20.

P+PP + )(20=P , , ,total in consumed Network consumed Network1 1 2- -

Also, the output signal power of the cascade is shown 
in Equation 21:

( )P P G P 21,signal out in2 2= =

It follows from Equation 18 and Equation 19 that the 
total power consumption of the cascade can be shown 
in Equation 22:

( )

W W

W
W

P P P P

P P

G P

1

1
22

,

,

, ,total in consumed Network consumed Network

in signal

signal

1 1 2

2

1

1 2

2
2

= + +

= - +

= +
-

- -

^
d ^

h
h n

caded system as shown in Equation 5 is proved using 
the simple cascade of two devices shown in Figure 2.

Using Figure 2, the waste factor for the cascade signal 
path (where Pnon-path  from auxiliary components is neglect-
ed since they are not on the cascade) can be calculated as 
illustrated using a cascade of two devices. First, the total 
power consumed at the output terminal of network 2 can 
be defi ned using Equation 4 or Equation 10 as shown in 
Equation 16:

( )WP P P P 16,,consumed delivered wasted out2 1 2= + =

Then, the power consumed at the output terminal of 
network 1 can be defi ned in Equation 17:

W WP = ( )P 17=P ,, ,consumed out in1 1 21 1

Here, Pconsumed,1 denotes the total power consump-
tion at the output terminal of device 1, which includes 
both the signal power applied to the input as well as the 
additional power consumed and contained in the signal 
that is transmitted to the subsequent device. It also in-
cludes the power wasted (e.g., not contained in the sig-

 Fig. 2  A general cascaded communication system with a 
pair of devices.
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Since Equation 22 is of the same form as Equation 
13 and Equation 8, the power waste factor for the cas-
caded system of Figure 2 is given by Equation 23:

( )W W
W

G
1

23,1 2 2
2

1= +
-d ^ h n

From Equation 23, W for a cascaded system with N 
devices may be generalized in Equation 24:
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Note the approach and mathematics are strikingly 
similar to the cascaded noise factor in Equation 2,1 ex-
cept W is referred to the output and is generally most 
impacted by the component closest to the Nth compo-
nent closest to the sink.5-7

The wasted power of the cascade when there is a 
continual signal flow can be determined based on ei-
ther the output power as in Equations 6, 8, 12 and 15 or 
based on the input source power and the gain of each 
stage as in Equation 25, but a signal flow to the output 
is not required to define W.

( )WP P G P1 25,non signal wasted i
N

i source out1P= = -
=-

^ h
In Equation 25, W is the waste factor for the entire 

cascade and Gi is the gain of ith  stage, with i = 1 denot-
ing the stage closest to the source and N is the number 
of cascaded components.

HANDLING TIME-VARYING POWER STATES 

WHEN USING WASTE FACTOR

In a cascaded system, the components often exhibit 
dynamic behavior of varying power efficiency, leading 
to temporal variations in the waste factor. Amplifier ef-
ficiency levels may change above their quiescent power 
consumption levels over time when a signal of varying 
magnitude is applied or different devices, systems or 
chains are turned on and off at different times or for 
different functions to conserve power, etc. To account 
for these fluctuations, it is practical to calculate the aver-
age waste factor of each device over a designated time 
interval or averaged over all the finite power states. 
This can be mathematically described using the time 
average, which is simply the integral of the time-varying 
waste factor over an observation interval. Just like with 
the noise factor, a time-averaged waste factor may be 
used, denoted as 

__
W in Equation 26:

( )W W or W WT dt N
1 1 26t

T

ii

N

0
= = |#

Where:
T represents the selected period over which the av-

erage is taken, presumably over all operating states
Wt  denotes the instantaneous waste factor at time t
Wi  represents each of the finite number of power 

states
In this calculation, there are N states and the duration 

of each state is considered in the average. This formula-
tion provides a time-averaged measure of the waste fac-
tor to capture an average value of the dynamic nature of 
the power consumption and efficiency. For on/off com-
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ponents (e.g., amplifiers) with static/
quiescent power, when a state is “off” 
during an observed epoch, the static 
power of such components may be 
treated as non-signal power (Pnon-sig-
nal), although it may be more useful to 
consider these “turned-off” devices 
as contributing to non-path power 
rather than using Equation 26 since 
the “turned off” components do not 
carry signal power across a cascade 
when in the off state. This is an open 
research area ripe for discovery and 
definition of convention. 

ANALOGIES BETWEEN WASTE 

FACTOR AND NOISE FACTOR

The analogous mathematical 
formulation of F and W is imme-
diately apparent from the above 
text. However, there are important 
characteristics of each metric to 
keep in mind. Since noise figure is a 
measure of the additive noise from 
a source that results in the degra-
dation of SNR caused by the com-
ponents in a cascaded system, it 
quantifies the amount of total noise 
added to the signal referred to the 
input of the cascade. Therefore, F 
increases when observed from de-
vice 1 (closest to the source) to N 
(closest to the sink). On the other 
hand, W is a measure of the addi-
tive wasted power consumed by a 
cascaded system and quantifies the 
amount of power consumed and 
wasted by the cascade compared to 
the total signal power that is trans-

TABLE 2

WASTE FACTOR AND NOISE FACTOR COMPARISONS

Aspect Waste Factor Noise Factor

Definition

W: Indicates the amount of power 
wasted in a device or cascade 

when referred to the signal output 
power. η

w 
is

 
the

 
inverse of W, and is 

denoted as waste factor efficiency.

F: Indicates the amount of additive 
noise power from the device or 
cascade referred to as the input. 

Reference 
port

Referenced to the output of a 
device or cascade.

Referenced to the input of a device 
or cascade.

Interpretation 
of value

W = 1 (WF = 0 dB) indicates all 
power consumed by a device or 

cascade is delivered as the signal 
output and no power is wasted. 

Greater W means greater additive 
power waste and less energy 

efficiency.

F = 1 (NF = 0 dB) indicates there 
is no additive noise in a device or 

cascade and there is no degradation 
in SNR at the output. Greater F 

means greater additive noise and 
SNR degradation.

Utility

Used to analyze the power 
consumed and wasted and overall 

power efficiency of cascaded 
networks and devices.

Widely used in industry to analyze 
and quantify the additive noise in 
cascaded networks and devices.

Application

For any cascaded linear system 
or electronic device with a source 
and a sink including channels of 
all types (not limited to receiver 

chains).

For any cascaded linear system or 
electronic device, primarily used in 

receiver chains.

Passive 
component

W is equal to the loss of the passive 
component or channel (W = L).

F is equal to the loss of the passive 
component (F = L).

Key 
observations

W of a cascade is generally 
dominated by W of the component 

closest to the sink. A high gain 
efficient amplifier at the cascade 
output maintains a small W and 
good power efficiency of entire 
cascade. When channel loss is 

greater than RX gain, channel loss 
dominates the system waste factor 

of the link. Increase RX gain and 
reduce TX W (e.g., increase TX WF 
efficiency) to overcome the power 

lost in the channel.

F of a cascade is generally 
dominated by F of the component 
closest to the source. A high gain 

LNA closest to the source (antenna) 
maintains a small F and little SNR 

degradation throughout the entire 
signal chain of a receiver.
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attenuator are equal, which directly 
relates the power ratio to the square 
of the voltage ratio. Treating this at-
tenuator as the ith stage of the cas-
cade, the output power is shown in 
Equation 28 as:

( )P G P 28sig atten sigi i 1
=

-

The power wasted by the attenu-
ator (e.g., not provided in the signal 
output) is defi ned in Equation 29:

( )

P P P

G P1 29

non sig sig sig

atten sig

i i i

i

1

1

= -

= -

- -

-
^ h

Where:
Psigi is the total signal power de-

livered by the ith  stage to the (i +1)th
stage

Pnon-sigi is the signal power used 
by the ith  stage component but not 
delivered as signal power

Based on the defi nition of W 
in Equations 4, 10 or 14, W for a 
passive attenuator is computed in 
Equation 30 as:

( )

W P
P

G P

G P G P

G L

1

30

,
atten

signal out

consumed

atten sig

atten sig atten sig

atten atten
1

i

i i

1

1 1

=

=
+ -

= =-

-

- -
^ h

Note the duality between attenu-
ators using the waste factor and the 
noise factor. Waste factor, repre-
sented by Watten = Latten, quantifi es 
the wasted power expended in the 
attenuator, while noise factor Fatten
= Latten quantifi es the degradation 
of the SNR due to additive noise.

new metric that provides a measure 
of the additive wasted power of a 
system and the energy effi ciency of 
a system. Both metrics are impor-
tant for circuits and communication 
systems, but as shown later in this 
article, W has further applications 
for understanding power effi ciency 
in computing and processing, as 
well as communication systems. 
With the increasing importance of 
energy effi ciency for our planet, W 
can be a useful metric for enabling 
the design of a wide range of green-
er systems.

APPLICATIONS OF WASTE 

FACTOR IN DEVICES AND 

SYSTEMS

Waste Factor for a Passive Device

Consider applying the waste factor 
to an attenuating stage like the pas-
sive attenuator shown in Figure 3.

The gain of the attenuator is de-
fi ned as the output power divided 
by the input power as shown in 
Equation 27:

( )G P
P

V

V
L 27atten

in

out

i

i
atten

1
2

2
1= = =

-

-

Where:
Vi-1 is the input voltage of the at-

tenuator
Vi is the output voltage of this at-

tenuator
L is the loss of this component 

(L > 1)
This assumes that the impedance 

at the input and the output of the 

ported to the output. Since W is de-
fi ned as the ratio of the total power 
consumed by the cascade to the 
signal output power, W is referred 
to the output and increases (e.g., ef-
fi ciency decreases) when observed 
from device N (closest to the sink) 
to device 1 (closest to the source).

A larger value of W signifi es more 
power wasted. The value of W is al-
ways equal to or greater than 1, with 
W = 1 signifying that all power sup-
plied to a component or cascaded 
network is fully utilized in the signal 
output. This is the optimal condition 
with no power wasted. W equal to 
infi nity indicates that no power is 
contributed to the signal output and 
all power is squandered (e.g., a per-
fect dummy load or a completely 
lossy channel). Some comparisons 
in the utility and scope of F and W 
in communication systems are sum-
marized in Table 2.

In conclusion, both F and W are 
useful in the analysis of communica-
tion systems. F is a well-established 
metric that provides a measure of 
the additive noise of a system and 
the degradation of the SNR. W is a 

 Fig. 3  Passive attenuator circuit 
diagram.
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Notably, unlike electrical devices, 
a wireless channel does not have a 
non-path power component (Pnon-
path), making it like a passive at-
tenuator. Therefore, the waste fac-
tor for a channel (Wchan) is equiva-
lent to that of a passive attenuator 
(Wchan=Lchan).

Waste Factor for a Homodyne 
Transmitter

The section presents a waste fac-
tor application example to compare 
two cascaded systems with differ-
ent components. We compare the 
power effi ciency of two different 
homodyne transmitters, each with 
matched load termination at the 
antenna. Figure 4 shows the ho-
modyne transmitter block diagram.

Table 3 illustrates the application 
of the waste factor (W) and the value 
of W for a cascade as described in 
Equation 5 and Equation 13 to eval-
uate the impact of overall energy ef-
fi ciency using different components 
in a homodyne transmitter system.

Table 3 and Figure 4 are illustra-

plied as input pow-
er at the receiver, 
PRX. Consequent-
ly, the non-signal 
power Pnon-signal,i
within the chan-
nel represents the 
amount of transmit-
ted power not suc-
cessfully received 
out of the channel 
(e.g., channel loss 
or path loss) which 
is additive wasted power of the 
channel which is a component of the 
cascade between source and sink 
and this can be formulated as Equa-
tion 34:

( )

P G P1

34
, ,non signal i chan signal i 1= - -- ^ h

where (1-Gchan) quantifi es the 
proportion of the signal power lost 
due to various factors such as atten-
uation, scattering and absorption. 
Multiplying (1-Gchan) by Psignal,i-1 
yields the amount of power dis-
sipated during transmission and 
is the power lost or wasted in the 
channel. The waste factor for the 
channel can readily be calculated 
using Equation 34 to get the results 
of Equation 35:5-7

P+G P

( )

W P

P P

P

G

G L

1

1 35

,

,

, ,

,

, signal i

chan
signal i

signal i non signal i

signal i

chan signal i chan

chan
chan

1 1

=
+

=
-

= =

- -

-

^ h

Waste Factor for a Communication 
Channel

In a communication system, the 
concept of waste factor (W) pro-
vides valuable insights into compre-
hensively understanding the power 
effi ciency of the data transmission 
process through a lossy channel.5-7 

Any type of channel, whether wire-
less, wired, optical, etc., plays a vital 
role in the overall power effi ciency 
of an end-to-end communication 
link. Consider a scenario where the 
power transmitted from the source 
is denoted as PTX and the power 
received at the receiver is PRX. Con-
sider a lossy channel with a loss 
(e.g., L = 1/attenuation) given by 
Equation 31:

( )L P
P

31chan
RX

TX=

Also, the channel gain can be ex-
pressed as the reciprocal of loss as 
shown in Equation 32:

( )G P
P

L 32chan
TX

RX
chan
1= = -

Assuming the ith stage of a cas-
caded system represents the chan-
nel, then the signal power out of the 
channel, Psignal,i, is derived in Equa-
tion 33:

( )P G P 33, ,signal i chan signal i 1= -

Here Psignal,i-1  corresponds to 
the output power of the transmitter 
PTX, Psignal,i equates to the signal 
power out of the channel and is ap-

 Fig. 4  Homodyne transmitter with a matched load.
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RX components as well as the inher-
ent loss of a channel, is defined as 
Wsys. Using Equation 5 or Equation 
24, Wsys is given by Equation 36 as:

+ ( )

W

W
G

W
G G
W1

36
1

sys

RX
RX

chan

RX chan

TX

=

+
- -^ ^h h

From Equation 35, it is clear that 
Wchan=Lchan and when the receiver 
gain, GRX, is substantially less than 
the loss of the channel, Lchan, which 
is typical for wireless links, Wsys in 
Equation 36 then simplifies to Equa-
tion 37:5,6,7

( )W
G

L W
37sys

RX

chan TX#
.

Equation 37 implies that to 
achieve a smaller Wsys value, which 
is indicative of a more power-effi-
cient end-to-end system, it is es-
sential to have high-gain receivers, 
and transmitters with high power 
efficiency.

The key result of Equation 37 may 
be written in dB as Equation 38:

( )

WF dB L dB

W dB G dB 38
sys chan

TX RX

c +

-^

^

^

^

h

h

h

h

Equation 38 shows that the stra-
tegic configuration of power-effi-
cient TX output components and 
high-gain receivers minimizes en-
ergy waste over any channel, opti-
mizing the system energy efficiency. 
The simplicity of the system depict-
ed in Figure 5 underscores the need 
for certain components to be prop-
erly designed for greater power ef-
ficiency to have the greatest impact 
on the overall minimization of pow-
er waste and offers a framework for 
understanding mobile system pow-
er consumption for individual users.

Now investigate how waste fig-
ure varies for different communica-
tion systems comprising a simplified 
TX, a lossy channel and a RX. The 
assessment considers the system 
architecture of Figure 5 while vary-
ing system gain and efficiency at 
each stage as shown in Table 4. 
This comparison enables an intui-
tive understanding of how changes 
in system gain and efficiency impact 
the overall energy efficiency of the 
communication system in Figure 5.

The different cases in Table 4 il-
lustrate that when the channel loss 
increases, as seen between Case 

thest from the sink have much less 
impact on overall power efficiency. 
Case 3 shows how a baseband am-
plifier that is much more power ef-
ficient achieves only a slightly lower 
W of 3.39 (5.30 dB) compared to 
Case 4, which uses an identical RF 
amplifier but a much less efficient 
baseband amplifier. Case 4 has only 
0.09 dB poorer energy efficiency 
with a W of 3.46 (5.39 dB). While 
these observations are intuitive, 
waste factor allows  precise quantifi-
cation and comparison.

These examples illustrate the im-
portance of optimizing power effi-
ciency in the components closest to 
the sink to reduce waste and enhance 
system efficiency. These examples 
also show how waste factor may assist 
researchers and engineers in creating 
energy-efficient component technol-
ogies and system designs.

Waste Factor for a Communication 
System with a Channel

Figure 5 shows a system with a 
channel that is easily treated as a 
cascaded system. Note that P1 is 
the power from the TX, P2 is the 
power out of the channel and into 
the RX, and WTX and WRX represent 
the waste factors of the TX cas-
cade and RX cascade (not shown), 
respectively. Note that the channel 
may be wireless, wired, acoustical, 
optical, etc. and may have multiple 
users/links.

The total waste factor for the cas-
caded system, including the TX and 

tive for how to use W to characterize 
energy efficiency based on the se-
lection of different components. Us-
ing Case 1 as an example, the waste 
factor of the homodyne transmitter 
based on component parameters in 
Table 3 is calculated using Equation 
5 or Equation 24 and W = 1/ wh :

+= +.
/ .

.
/ .

. .

W

dB
0 52

1
100

1 0 25 1
100 0 25
1 0 14 1

2 20 3 42

Case1 #

- -

= =

^ ^h h

Example 1 in Table 3 compares 
Case 1 and Case 2 to show how 
components with different efficien-
cies impact W of the cascade using 
Equation 5 or Equation 24. It can 
be seen that Case 1, with a more 
efficient RF amplifier, results in a 
lower W of 2.20 (3.42 dB), signify-
ing better power efficiency and less 
wasted power than Case 2, which 
uses a less efficient RF amplifier and 
yields a larger W of 4.12 (6.15 dB) 
for the cascade. Example 1 shows 
that almost twice as much power 
is wasted in Case 2 (e.g., 6.15 dB – 
3.42 dB = 2.73 dB) which is roughly 
the proportion of efficiencies of the 
two different final amplifiers. The 
above example shows that amplifier 
efficiency closest to the sink domi-
nates the overall waste figure of the 
cascade.

In Example 2 of Table 3, Cases 3 
and 4 are considered. Here, again, 
overall W, as computed in Equation 
5 or Equation 24, is impacted by 
specific components, but for this ex-
ample, we see that components far-

TABLE 3

COMPARATIVE ANALYSIS OF W IN HOMODYNE TRANSMITTERS

 Example 1 Component Gain (Factor) Efficiency (ηw) W (WF)

Case 1

RF amplifier 20 dB (100) 52%

2.20 (3.42 dB)Mixer  -6 dB (0.25) 25%

BB amplifier 13 dB (20) 14%

Case 2

RF amplifier  20 dB (100) 26%

4.12 (6.15 dB)Mixer   -6 dB (0.25) 25%

BB amplifier 13 dB (20) 14%

 Example 2 Component Gain Efficiency (ηw) W (WF)

Case 3

RF amplifier 20 dB (100) 30%

3.39 (5.30 dB)Mixer  -6 dB (0.25) 35%

BB amplifier 13 dB (20) 52%

Case 4

RF amplifier  20 dB (100) 30%

3.46 (5.39 dB)Mixer   -6 dB (0.25) 35%

BB amplifier 13 dB (20) 26%
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The IT industry defi nes PUE as 
the ratio between the summation 
of the amount of energy consumed 
by IT equipment and the energy 
consumed by auxiliary equipment 
for data operations, compared to 
just the IT equipment energy us-
age. As shown in Equation 39, the 
IT equipment includes network-
ing equipment that is on the signal 
path, (e.g., switches, routers, fi re-
walls, etc.) as well as components 
that do not transfer data but that 
are vital to data processing and 
thus may be considered as being on 
the cascade (using the waste factor 
model of Figure 1) but as not con-
tributing (e.g., wasted power in the 
transport of information in servers, 
storage systems, etc.). The energy 
consumption of auxiliary equipment 
includes cooling, lighting and non-
network devices that do not carry 
data center information, etc., and 
are similar to non-path components 
in the waste factor model (e.g. see 
Equation 9)4,8

( )

Total IT energy
Total data center energy

PUE

P

P P
39

IT

IT aux

=

=
+

Since a data center provides in-
formation (e.g., data) from a source 
to a sink in its operation, the waste 
factor can be applied to gain new 
and vital insights to optimize the 
data center power effi ciency. W can 
be applied to a data center if cer-
tain assumptions are made about 
how and where the signal power is 
transferred. Assuming that Equa-
tion 39 defi nes P

IT
 as the power 

consumed by the IT equipment, 
(e.g., signal path power and wasted 
power on the signal path) and P

aux

is the auxiliary equipment power 
consumption, then Equation 39 
may be recast in terms of W. This 
use of W considers only the pow-
ers consumed and delivered from a 
source to a sink within a data center 
while treating P

aux
 as off-path power 

that is not involved in the computa-
tion of W per Equation 9. Total data 
center power consumption is then 
computed through the sum of sig-
nal-path and non-path powers.

In the data transmission or pro-
cessing within a data center, the 
major power consumption is attrib-
uted to servers, network switches 

reduction in the 
waste factor, indi-
cating that Case 
5 uses energy 10 
times more effec-
tively than Case 3.

The conclusion 
from these observa-
tions is that if a low-
er loss channel is 

not available, increasing the RX gain 
has a signifi cant impact on reducing 
waste. Additionally, improving the 
effi ciency of the TX is also a vital way 
to make the system more power ef-
fi cient. The waste fi gure theory was 
fi rst tested for the power consump-
tion tradeoff between a single hop 
communication system versus a relay 
system, whereby operating regions 
were found that indicated which ar-
chitecture was more power effi cient 
to use for an end user.7

Waste Factor Applied to Data 
Centers

Data centers are one of the larg-
est consumers of power today. The 
information technology (IT) fi eld has 
established the power usage effec-
tiveness (PUE) FoM.8 Employing the 
PUE to determine the power usage 
of non-IT components in relation 
to servers in a data center offers a 
straightforward approach to asso-
ciating non-IT power consumption 
with the power consumed by server 
operations.

1 and Case 2, the waste fi gure in-
creases by a similar amount (e.g, the 
channel loss dominates power effi -
ciency). Case 3 shows that making 
the RX more effi cient (e.g., increas-
ing its effi ciency by 25% from 0.8 to 
1), does not signifi cantly affect the 
waste fi gure, reducing it by only 
0.02 dB. However, in Case 4, when 
the TX effi ciency is improved (e.g. 
doubled) from 0.5 to 1 with all other 
parameters the same as in Case 3, 
there is a noticeable decrease of 3 
dB in the waste fi gure, which is equal 
to the increase in TX effi ciency. This 
design saves half the consumed 
power for the same link quality. Case 
5 uses the setup of Case 3 with the 
RX system gain increased from 60 to 
70 dB. This saves much more power 
with the waste fi gure dropping by 
10 dB. Comparing Case 5 and Case 
3, Case 5 is vastly more energy ef-
fi cient. By increasing the RX system 
gain, Case 5 needs only one-tenth 
the TX power compared to Case 3 
for the same cascade output power. 
This effi ciency is shown by a 10 dB 

TABLE 4

COMPARATIVE ANALYSIS OF WASTE FIGURE IN FIGURE 5

 Example 1 Component Gain (dB) W (ηw
-1) Wsys (dB)

Case 1

Transmitter 61 2

13.27Channel -70 70 dB

Receiver 60 1.25

Case 2

Transmitter 61 2

23.03Channel -80 80 dB

Receiver 60 1.25

Case 3

Transmitter 61 2

23.01Channel -80 80 dB

Receiver 60 1

Case 4

Transmitter 61 1

20.00Channel -80 80 dB

Receiver 60 1

Case 5

Transmitter 61 2

13.22Channel -80 80 dB

Receiver 70 1

 Fig. 5  A communication system including a channel.
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From Equation 39 and Equation 43, the data center’s 
total IT power consumption (e.g., analogous to total 
power consumed by the cascade) can be rewritten in 
terms of PUE and the useful and wasted powers on the 
signal path as Equation 44:

( )P PUE
P

P P1 44inf infIT
aux

o non o= - = + -

Now, just as in previous sections, based on Equa-
tions 14, 43 and 44, the waste factor of the data center 
(ignoring auxiliary power similar to ignoring off-path 
power) can be defined as Equation 45:

( )( )W P
P P

P PUE
P

1 45
inf

inf inf

inf
w

o

o non o

o

aux1
h= =

+
= -

- -

The total power consumption for the data center, like 
the approach in Equation 9, can then be calculated by con-
sidering the data center as a single system that has signal 
path components, with some that carry information and 
some that do not, as well as auxiliary non-path compo-
nents. Using Equation 45, Equation 9 and the definition of 
PUE, the total consumed power is defined in Equation 46:

( )

WP P P
PUE
P

P

P P P
1

46

, inf

inf inf

consumed total o aux
aux

aux

o non o aux

= + =
-

+

= ++ -

^ h

The interpretation for W in Equation 46 is intuitive as it 
is for circuits or communication systems and relates W to 
PUE, an existing FoM in data centers. However, this inter-
pretation requires a finer definition of components that 
map to Figure 1, and this approach enables a better un-
derstanding of the power efficiency of the data transport. 

The example in Figure 6 shows how waste figure 
applied to a data center provides a more detailed un-
derstanding of power efficiency compared to the com-
monly utilized PUE metric in data center evaluations. 
Consider two data centers with equal PUE values but 
with different architectures.

The example of Figure 6 assumes that Data Center 
A is a larger facility with more equipment and a higher 

and computing equipment, while additional power con-
sumption is associated with cooling systems, power dis-
tribution units (PDUs) and other auxiliary equipment. Ac-
cording to findings,9 servers and networking equipment 
account for about 60 to 70 percent of the overall power 
consumption in a data center. Cooling systems contrib-
ute about 30 to 40 percent of the total power consump-
tion, while the remainder is consumed by power distribu-
tion units (PDUs) and other auxiliary equipment.

To break down the information path power consump-
tion of the data center, the total data center information 
path power consumption is modeled in Equation 40:

( )P P P P 40inf infconsumed IT o non o= = + -

where Pinfo is the sum of all powers of each com-
ponent that is used for carrying information or data in 
the system. The information path power is the network 
within the data center (e.g., Prouter, Pswitch, Pfirewall) and 
other network equipment that carry information. This is 
similar to the previous definition of signal powers stem-
ming from components on the cascade and it is defined 
in Equation 41:

( )P P P P 41info router switch firewall= + +

and Pnon-info is defined as the power used by the oth-
er IT-critical components that process the data but that 
are not directly involved in data transmission (e.g., Ppro-
cessor, Pmemory, Pstorage, PNIC).This is similar to the previ-
ous definition of the non-signal or wasted power of cas-
caded signal path components. The power consumed 
by the non-info components is shown in Equation 42:

( )P P P P P 42infnon o processor memory storage NIC= + + +-

where NIC represents the network interface cards.
Using this dichotomy to represent a data center in terms 

of a fine-grain consideration of components, Equation 40 
may be used to recast PUE, as defined in Equation 39, as 
Equation 43:

( )PUE P P
P P P

43
inf inf

inf inf

o non o

o non o aux

+
+ +

=
-

-
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identical PUEs. This effi ciency is mea-
sured by comparing the amount of 
power used directly for carrying and 
processing information in the system 
to the overall power consumption. 
The PUE metric, although standard 
in the industry, does not capture the 
detailed energy usage of specifi c 
equipment and their relative power 
waste along the signal path, which 
is the ultimate job of a data center. 
It is worth noting that this result is 
somewhat analogous in Reference 3 
where wider bandwidth THz channels 
are more power effi cient on a per bit 
basis than narrower millimeter wave 
channels. The waste factor offers a 
more detailed perspective by con-
sidering the function and effi ciency of 
individual components, which may be 
defi ned with their own W values. This 
analysis demonstrates the potential 
benefi ts of adopting the waste fac-
tor as a metric for evaluating energy 
effi ciency in complex infrastructures 
such as data centers. Utilizing W as 
an effi ciency metric can provide new 
insights into optimizing power con-
sumption across various systems in-
volving a source and a sink.

CONCLUSIONS AND FUTURE 

DIRECTIONS

The waste factor (W) or waste 
fi gure (WF in dB) is a new fi gure of 
merit for quantifying power effi cien-
cy and offers a useful advancement 
in the fi eld of electrical engineering 
and system design. By providing a 
standardized metric for power con-

B, which allocates Pinfo,B = 60 kWh of 
power for information transmission 
components, Pnon-info,B = 30 kWh for 
non-data transmission components 
and Paux,B = 75 kWh for auxiliary 
equipment. This example has been 
specifi cally chosen to ensure the 
PUE values for each data center are 
identical (e.g., PUE would indicate 
they are equally energy effi cient).
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where PUEA and PUEB denote 
the PUE of Data Center A and Data 
Center B, respectively.

Now, using Equation 45, W for 
the data centers can be calculated:
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By evaluating the waste factors, 
WA and WB, it is apparent that Data 
Center A is about 20 percent more 
effi cient in its energy use in trans-
porting data, even though both have 

total energy consumption. Con-
versely, Data Center B is smaller 
and uses less total energy. Assum-
ing both data centers have identical 
PUEs and comparing total energy 
use, it might seem that Data Center 
B is more effi cient. However, PUE, 
like waste factor, is designed to de-
termine relative or proportionate 
energy effi ciency without respect to 
actual consumption levels.8,9 Waste 
factor, with its focus on power wast-
ed on the path that transfers data, 
provides a better measure of the 
power effi ciency of these two data 
centers since their ultimate mis-
sion is to transfer data in a network. 
Table 5 shows a comparison of the 
power consumption on PUE for 
both data centers.

For Data Center A, the power al-
location is as follows: Pinfo,A = 140 
kWh for information transmission, 
Pnon-info,A = 40 kWh for non-data 
transmission components and Paux,A
= 150 kWh for auxiliary equipment. 
In comparison, consider Data Center 

 Fig. 6  Illustrative comparison of two 
data centers.

Data Center A

Data Center B
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structure, millime-
ter wave wireless 
networks and data 
centers under-
scores its versatility 
and relevance in 
contemporary en-
gineering challeng-
es. As the demand 
for energy-efficient 

solutions continues to grow, the 
waste factor offers promise as a stan-
dard analysis tool for enabling green 
communications and sustainable 
technology development. Its adop-
tion as an industry standard could 
drive significant improvements in the 
energy efficiency of future electronic 
devices and systems. The waste fac-
tor not only complements existing 
metrics such as the total PAE in am-
plifier design or PUE in data center 
design but also enriches the toolkit 
available to engineers for design-
ing systems that are not only high-
performing but also environmentally 
responsible. Future work may open 
new areas of application of the waste 
factor in both academic research and 
industry practice with the develop-
ment of standardized measurement 
and reporting guidelines and appli-
cations of waste factor to other types 
of systems or devices. Additionally, 
further exploration of potential appli-
cations, such as in the use of AI and 
ML algorithms for power-efficient 
design, could lead to more innova-
tive solutions and advancements in 
energy efficiency.

sumption, it becomes possible for 
designers and researchers to have 
a common approach to quantify-
ing power efficiency. This article has 
shown how the mathematical formu-
lation is similar to the historical ap-
proach used to create the noise factor 
(F), yet W has much broader applica-
tions to systems of all types. The waste 
factor enables electrical engineers 
and circuit designers to quantify and 
minimize power waste in any circuity 
or cascade of devices or systems. This 
paper has demonstrated the founda-
tional principles of the waste factor, 
its mathematical derivation and its 
practical applications across various 
scenarios, including passive devices, 
wireless channels, communication 
systems and data centers. More ap-
plications are possible.

Waste factor provides an intuitive 
understanding and mathematical 
formulation of power consumption 
within cascaded systems and allows 
for the optimization of designs in a 
manner that was previously chal-
lenging due to the lack of a unified 
metric. Moreover, the application of 
waste factor in emerging and criti-
cal areas such as UAV cellular infra-

TABLE 5

DATA CENTER POWER CONSUMPTION AND 
PUE COMPARISON WITH W

Data 
Center

Pinfo 
(kWh)

Pnon-info 
(kWh)

Paux 
(kWh)

PUE W

A 140 40 150 1.833 1.286

B 60 30 75 1.833 1.5
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T
he growing demand and complex-
ity of advanced microwave systems 
are changing the paradigms of 
microwave system production, es-

pecially for array-based radar and commu-
nication systems. One of the key outcomes 
of this paradigm shift is that OPEX and the 
time required for testing modern microwave 
systems are tracking with the increased com-
plexity of these systems. Previously, long cal-
ibration times for S-parameters, power and 
noise, as well as error-prone and time-con-
suming and labor-intensive testing, did not 
dominate microwave system costs. Howev-
er, time and expense have now become a 
major hurdle for production testing in many 
system applications. Much of that time and 
expense is spent during test equipment cali-
bration and test system setup. This article 
explores trends in advanced microwave sys-
tem production, focusing on system quality 
and performance testing. It introduces how 
advanced automation and calibration tech-
nologies can reduce time, enhance reliabil-
ity, repeatability and accuracy, along with 
minimizing operator error in microwave sys-
tem testing.

HOW RADAR AND COMMUNICATION 

TECHNOLOGY TRENDS IMPACT 

MICROWAVE TEST

Radar and communications antenna sys-
tems have become indispensable for mili-
tary, government, public safety, civilian and 
industrial applications. Wireless communica-
tion, sensing and networking are now ubiq-
uitous. This popularity and increased adop-
tion have increased competition and the rate 
of innovation and advancement. These wire-
less communication and sensing systems 

have seen a shift toward higher frequencies, 
larger operating bandwidths, direct digital 
synthesis/conversion and the development 
of advanced/active antenna systems (AAS). 
Evolution in wireless communication and 
sensing has been instrumental in enhancing 
the performance of these systems and en-
abling new techniques that provide superior 
utility for various applications.

However, these advancements bring an 
increase in complexity, especially with the 
move to higher frequencies and bandwidths, 
along with increased system port counts to 
enable advanced beamforming and MIMO 
functionality. These design and production is-
sues have largely been addressed, but some 
challenges remain. These remaining chal-
lenges revolve around calibration times for 
S-parameters, power and noise, as well as 
minimizing human error during the fixturing 
and interconnect process.

Current test system calibration and setup 
procedures for wireless applications support 
the cost and yield expectations of the busi-
ness model for those applications. However, 
with pressure on government and capital ex-
penditures, coupled with a desire to reduce 
design cycles in all applications, system test-
ing is under more scrutiny. Many emerging 
wireless communication and sensing systems 
have tens of ports and a single interconnect 
misalignment or calibration mishap can result 
in failures. This concern is exacerbated as 
wireless systems evolve to be more complex, 
have more ports and operate at higher fre-
quencies and greater bandwidths.

Electronic calibration (eCal) technology 
was developed to help minimize user cali-
bration error, reduce calibration time and 
enhance calibration repeatability. However, 
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connector densities for high port-
count systems. A drawback of the 
blind mate connectors is connec-
tor alignment during insertion has 
a significant impact on the electri-
cal performance of the connector. 
Blind mate connectors can have 
comparable performance and be as 
reliable and repeatable as threaded 
connectors if they are inserted with 
the proper alignment and force. 
However, this is difficult to do con-
sistently without automation.

EMBRACING AUTOMATION 

TO ADDRESS SYSTEM TEST 

CHALLENGES

A solution to these test challeng-
es involves automated systems that 
minimize operator error, shorten 
calibration times, enhance calibra-
tion repeatability and accelerate 
test fixturing and interconnect while 
improving repeatability and reliabil-
ity. This implies a fully-automated 
calibration system handling large 
multi-port devices under test (DUTs) 
and test equipment, automated 
fixturing and interconnect systems. 
This system could also include ro-
botics for handling and alignment. 
While such a system is possible, a 
more economical, faster and sim-
pler solution may be a modular 
system with custom components to 
accommodate specific DUT require-
ments. The diversity of DUT needs, 
manufacturing processes and ad-
ditional test criteria prioritize cus-
tomized fixture and handling fea-
tures and automation that reduces 
test time and enhances reliability. 
These advantages may offset the 
cost of customization. Properly de-
signed automation systems can dra-
matically enhance testing through-
put and reduce the cost per test.

The Next Stage of Microwave Test 
Calibration

Reducing interconnect cycling 
during the calibration process, espe-
cially with vector network analyzers 
(VNAs), is a key enabler for automat-
ed RF testing. Traditionally, RF cali-
bration of VNAs requires connecting 
calibration standards to the appro-
priate DUT and VNA ports, often in 
sequence, which minimizes operator 
error and improves software control. 
eCal, a two-decade-old advance-
ment of this calibration technique, 

are the most common RF test in-
terconnect method and these con-
nector types require precise torque 
for proper RF connection. They are 
reliable and repeatable if connect-
ed to specifications, but variations 
in torque and threading techniques 
can lead to interconnect electrical 
performance variations. A big issue 
with threaded interconnects is the 
time required to make the connec-
tion and the possibility of improper 
torque. Many systems now use non-
threaded coaxial interconnects like 
probe systems and blind mate con-
nectors. Probe systems require pre-
cise positioners and this becomes a 
challenge with the number of ports 
requiring testing in emerging sys-
tems. Hence, automation and fixtur-
ing become important to efficiently 
probe-test high port-count systems.

Blind mate connectors, often re-
garded as unreliable with poor re-
peatability, are now incorporated 
because of their rapid connect/
disconnect capabilities and small 
profile. The small connector profile 
enables smaller pitches and higher 

the technology was not designed to 
tackle emerging systems with high 
port-counts. eCal improves cali-
bration standards for S-parameter 
testing but different standards and 
methods are often needed for pow-
er and noise testing calibrations. A 
power sensor is needed for power 
calibrations and these sensors must 
be metrology grade and each port 
that needs power calibration must 
be tested. Similarly, additional noise 
calibration features, like a noise 
source or the ability to present a de-
sired characteristic impedance are 
required to extract noise parameters.

Traditionally, S-parameter, power 
and noise calibrations were per-
formed separately. These calibra-
tions often required separate test 
setups, standards and interconnects. 
This creates a challenge in harmo-
nizing test results, often requiring 
different personnel addressing test 
devices, test equipment and data.

A significant factor causing test 
setup errors is connecting, discon-
necting and cycling the intercon-
nects. Threaded coaxial connectors 
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operator error by reducing the num-
ber of connections between the cal-
ibration system and the DUT. This 
stage could be automated, further 
reducing handling and interconnect 
errors.

An inline calibration system for 
systems with many ports may be 
costly and complex. Cost and com-
plexity can be reduced with a solu-
tion consisting of a modular ap-
proach with small single-port or 
multi-port inline calibration units. 
These units can provide the re-
quired calibration standards for the 
DUT and test equipment port-count 
needs. More compact and modular 
inline calibration units can be placed 
close to the DUT ports, reducing the 
interconnect length between the 
two systems. For example, an inline 
calibration unit can be placed on the 
coaxial interconnect of a probe sys-
tem. Probe heads are typically char-
acterized from the interconnect to 
the probe tip and this de-embedded 
data can be programmed into the 
VNA. An inline calibration unit at the 
coaxial port of the probe head allows 
for calibration to the probe tip and 
the probe can be arranged for ease 
and speed of testing. Compact and 
modular inline calibration devices 
also enable direct connection to DUT 
ports without additional support or 
fi xturing. This, in turn, enables very 
compact automated systems with 
short interconnects.

The next evolution of this calibra-
tion technique is to include power 
sensing and a noise source in the 
inline calibration system. This would 
allow for small-signal S-parameters, 
power and noise calibration and 
testing to be done with one setup. 
It would also eliminate the need to 
cycle interconnects with the DUT. 
This technique would harmonize the 
results of small-signal S-parameters 
and large signal power measure-
ments. Since the test equipment and 
DUT will see impedance standards, 
the corrected noise fi gure can easily 
be determined from the extracted 
noise parameters. The corrected 
noise fi gure is more useful than the 
nominal scalar noise fi gure that is 
typically measured. Extracting the 
noise fi gure with known and vari-
able source impedance results in a 
source-pull noise fi gure and a noise 
parameter plot. This plot includes 

There are several methods to 
automate RF calibration. Robotic 
systems can properly connect and 
disconnect calibration standards, 
including an eCal, and then con-
nect cables to the DUT. High RF 
port counts would require a very 
sophisticated robotic system and 
this would not eliminate the poten-
tial for interconnect cycling error. In 
addition, the test system would still 
change as the calibration connec-
tions and test leads were cycled.

To minimize these concerns, the 
DUT must have a single connection 
and the calibration standards must 
connect directly to the test equip-
ment. This approach requires an 
integrated calibration system or a 
standalone calibration system that 
accommodates a suffi ciently high 
port-count and allows the test sig-
nals to pass through the calibra-
tion standard. This would require 
one connection between the DUT 
and the calibration system and one 
connection between the calibration 
system and the VNA. This inline cali-
bration feature has many advantag-
es, including reducing the chance of 

incorporates calibration standards 
into a unit that includes some elec-
tronic control, software and data al-
lowing for coordination with a VNA. 
An eCal, which must be factory-cal-
ibrated periodically, communicates 
data from various calibration states 
to the VNA. The eCal switches be-
tween standards, meaning the op-
erator only needs to connect and 
disconnect the eCal module for the 
calibration and then connect the test 
cables to the DUT. eCal systems are 
typically only used for S-parameter 
calibration. Figure 1 shows an exam-
ple of an inline calibration module.

 Fig. 1  Single-path inline calibration 
module.
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the robotic system so that it only 
needs to consider a range of toler-
ances along specifi c axes. In robot-
ics applications, limiting the num-
ber of axes of movement results 
in simpler and less costly develop-
ments. Single-axis robotic systems 
can be easily developed to accom-
modate tolerances as low as 10s of 
micrometers. Greater precision can 
be achieved at higher costs and 
development time. Figure 2 shows 
an example of an automated fi xture 
with robotic interconnect and han-
dling features for a high frequency 
module that includes thermal envi-
ronmental controls.

Robotic interconnect systems for 
coaxial interconnect can solve the 
challenges of reliability and repeat-
ability in blind mate connectors. 
These systems are well-suited to 
probe technologies like probe heads 
and pogo pins or pogo probes. 
Practical tests have demonstrated 
that robotic systems can achieve 
similar, or better, levels of repeat-
ability and reliability with blind mate 
coaxial connectors when compared 
with precision-threaded coaxial con-
nectors installed by an experienced 
operator. Figure 3 shows the setup 
for this experiment. The vectorial 
differences of the S-parameters are 
captured using this test setup and 
compared over frequency. After a 
reference measurement is made, the 
connection is cycled and another set 
of measurements is made. The pro-
cess was repeated for 200 cycles and 
the complex difference is then com-
puted and the magnitude, in dB, of 
that complex difference is analyzed. 
Figure 4 shows the S-parameter re-
sults.

A repeatability value of -50 dB 

for different test stations, operators 
or the time required to perform tra-
ditional multi-domain testing.

Automation Accelerates Test and 
Eliminates Operator Error

The next challenge is automating 
part and material handling, along 
with interconnect. These are two 
separate challenges that have many 
closely related dependencies. How 
a part or material is handled and 
how accurately it can be placed in-
fl uences the required tolerances of 
an automated interconnect system. 
Generalized robotic systems that 
use artifi cial intelligence and ma-
chine learning systems to ensure ac-
curate and reliable connections over 
a wide range of tolerances are pos-
sible. However, these systems are 
costly and require substantial de-
velopment resources and a long de-
velopment cycle. For many applica-
tions, it may be more effi cient to use 
a precision part or material handling 
system that uses alignment features 
like a cassette or plate. Alignment 
features for part handling simplify 

the nominal noise fi gure, along with 
noise fi gure performance in response 
to a varying source impedance. This 
plot allows the user to determine 
DUT sensitivity varying antenna im-
pedance and this can be valuable for 
active/advanced antenna systems.

Including S-parameters, power 
and noise into a single inline calibra-
tion standard in the test leads be-
tween the DUT and test equipment 
helps eliminate interconnect error 
and could dramatically decrease 
the calibration and testing time per 
DUT. In some cases, S-parameter, 
power and noise calibration testing 
are done at different test stations by 
different operators or as part of a se-
ries of calibrations and tests. An in-
line calibration unit with S-parame-
ter, power and noise calibration and 
testing features would allow these 
tests to be done in a single location 
and under virtually the same condi-
tions. This can help eliminate test-
ing variances that could cause false 
failures or false passes for DUTs by 
establishing a consistent baseline 
that eliminates the need to account 

 Fig. 2  Automated fi xture with 
robotic interconnect and handling 
features. Source: ATE Systems Inc.
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is generally acceptable and com-
parable with threaded coaxial con-
nectors of a comparable size and 
engagement method. This metric is 
possible using a robotic interconnect 
technique with blind mate connec-
tors. The data from this experiment 
showed a worst-case repeatability 
better than -60 dB and a worst-case 
transmission phase repeatability of 
0.17 degrees. To achieve this level 
of reliability and repeatability using 
automation requires precision align-
ment in all axes, including depth of 
insertion and insertion force. Per-
forming such a feat over many cycles 
is typically challenging, if not impos-
sible, for a human operator.

A complete fi xture for communi-

 Fig. 3  Test setup using a robotic actuator.
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 Fig. 4  S-parameter repeatability results.
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with optimally-designed cable 
management, shielding and envi-
ronmental controls that ensure the 
desired testing environment to a 
high level of reliability and repeat-
ability. Achieving the same perfor-
mance and capability from a test 
system that relies on human opera-
tors would be much more diffi cult. 
The automated system minimizes 
the interconnect lengths between 
the test equipment and the DUT. 
This is critical for the dynamic range 
of high frequency test systems that 
have high conductive and dielectric 
losses in coaxial transmission lines.

However, some considerations 
must be addressed to enable a high 
degree of automation. With inline 
calibration technology available, 
test designers must include APIs 
and other software tools for inline 
calibration in the test process pro-
gramming. While this will likely in-
volve a learning curve, it should not 
be signifi cantly different from the 
learning curve associated with an 
eCal system. A custom automated 
test rack and fi xture with robotic 
handling and interconnect for a 
microwave radar board is shown in 
Figure 5. The key interconnect and 
calibration elements are in a shield-
ing box that enhances the overall 
test fi delity in noisy production and 
test environments.

The most cost- and time-effi cient 
approach to automated part/ma-
terial handling and interconnect 
would include a custom test fi xture 
that enables automatic interconnect 
engagement. Such a system would 

er test systems, production equip-
ment and electrical systems that 
could interfere with the quality and 
repeatability of the testing.

DESIGNING FOR INLINE 

CALIBRATION AND TEST 

AUTOMATION

With automated fi xturing and 
interconnect engagement comple-
menting inline calibration technol-
ogy, it is possible to design com-
pletely automated test systems 

cations and radar/sensing systems 
requires more than RF intercon-
nects. These systems typically re-
quire interconnects for digital I/O, 
DC/AC power, bias voltages and 
currents, analog I/O and potentially, 
other test ports and features. All 
these electrical stimuli and signals, 
along with thermal and other envi-
ronmental conditions must be ac-
counted for during testing. In many 
cases, the DUTs require shielding, 
depending on the proximity of oth-

 Fig. 5  Automated test rack and 
fi xture with robotic handling and 
interconnect. Source: ATE Systems Inc.
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benefit from a precision-machined 
housing as the carrier for the inter-
connect. To minimize interconnect 
tolerances for laminated parts such 
as PCBs, the carrier must include 
some type of precision guides for 
surface-mount connectors that are 
“floated” during the reflow process. 
Achieving a tolerance of a few thou-
sandths of an inch in the DUT inter-
connect position requires precision 
alignment throughout the produc-
tion process. If these features are 
not already included, they must be 
developed. Though modern blind 
mate interconnects, such as G3PO, 
can have pitches on the order of 
tens of millimeters, it may be nec-
essary to increase the pitch of the 
connector ports to allow them to 
comply with the robotic intercon-
nect engagement system require-
ments. With these constraints, it is 
advisable to consider automated 
testing during the part and material 
development process to minimize 
the automated system develop-
ment effort, cost and time.

CONCLUSION

The accelerating advancement 
of communications and sensing/
radar technology, along with the 
heightened pressures this evolu-
tion is placing on production tests, 
are strengthening the argument for 
additional automation in RF calibra-
tion and testing. There are clear 
advantages to automating RF com-
munication and sensing calibration 
and testing for many applications 
where test throughput and yield are 
critical metrics. The value of test au-
tomation increases with the value of 
the DUT, as errors during calibration 
and testing can result in parts be-
ing passed or failed at much higher 
rates with human operators than 
with properly designed automation. 
Though systems that are complex 
enough to warrant this degree of 
automation have traditionally been 
used only for military, government, 
space and aerospace applications, 
there is a growing need for en-
hanced testing automation for New 
Space communication and sensing 
systems and AAS applications, such 
as satellite-to-user terminals and 
5G/6G communications. 
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T
he concept of using RF energy to 
heat materials is not new. Bell Tele-
phone Laboratories was issued a 
patent in 1937 that addressed an 

invention that would uniformly heat a mass 
through dielectric loss in response to a high-
power RF signal.1 This method, called di-
electric heating, has proven useful for ma-
terials that are poor electrical conductors. A 
similar technique, called induction heating, 
is used in materials that are good electrical 
conductors.

In induction heating, an electromagnetic 
(EM) field created by an RF source excites 
electrical currents in the material that lie 
within the EM field of the inductor. Because 
the material will have resistance, these cur-
rents heat the object. The amount of heat 
generated depends on the magnitude of 
the induced currents, the resistance of the 
material and the duration of the magnetic 
field.

In dielectric heating, materials with poor 
electrical conduction are placed in a varying 
RF EM field. Typically, these systems will have 
two metal plates that serve as electrodes and 
the material between these two plates forms 
a capacitor. The heat results from electrical 
losses in the dielectric material forming the 
capacitor. The advantage of dielectric heat-

ing is that the dielectric is uniform, resulting 
in uniform heating throughout the object. In 
the specific case of materials containing wa-
ter, the RF generator creates an alternating 
electric field between the two electrodes. 
The polar water molecules in the material 
will reorient in response to the varying polar-
ity of the electric field and the friction result-
ing from this molecular movement results 
in heat. This is the basis for the microwave 
oven, which was developed just after World 
War II in 1945.

Given the heritage of industrial RF heat-
ing applications and microwave ovens, 
these early models derived the RF energy 
required for heating from tube-based sourc-
es. Tubes will generate the necessary RF 
power, but they have disadvantages. The 
tubes are physically large, meaning single 
application points for the heating systems. 
EM wave interference can easily lead to hot 
and cold spots within the heating chamber 
as waves interfere constructively and de-
structively. The tubes typically operate from 
extremely high voltages and the tube is an 
emissive technology, meaning that an elec-
tron beam is generated from the source and 
amplified, limiting the lifespan of the tube. 
As these applications evolve, vacuum tubes 
are still widely used as power sources, but 
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tures, chemical bonds in the molecules of the material 
will break and the fragments usually become smaller 
molecules. This is the process used to produce charcoal 
from wood and it has been in use for quite some time. 
Ancient Egyptians are believed to have obtained em-
balming fluid from the pyrolysis of wood.2 New appli-
cations of this process and how GaN is enabling these 
new developments are leading to exciting and innova-
tive opportunities.

Marine vessels, particularly cruise ships, generate 
a lot of carbon-based waste. A 2022 article in Reuters 
estimates that a typical cruise ship will generate more 
than one ton of solid waste every day that it sails.3 With 
cruising exceeding pre-pandemic levels and new ships 
getting even larger, this problem will only get worse. 
While cruise ships are the most obvious example of this 
issue, it exists in all marine vessels.

THE PATH FORWARD

Vow, a Norwegian company devoted to converting 
biomass and waste into other resources and alternative 
energy sources, has partnered with RFHIC through their 
subsidiary, Scanship. The purpose of this partnership is 
to develop an innovative, microwave-assisted pyrolysis 
(MAP) system for waste management. The centerpiece 
of the pyrolysis system is RFHIC’s 30 kW, GaN solid-state 
microwave generator system. The RIK0930K-40TG is a 
full rack-mount system operating from 900 to 930 MHz 
with eight solid-state power amplifier (SSPA) shelves, a 

solid-state solutions are emerging as competitive alter-
natives.

Solid-state semiconductor devices alleviate many of 
the issues of vacuum tubes in RF energy applications. 
The devices themselves are small and voltages can be 
much lower. This means an RF heating device can have 
multiple application points within the heating chamber. 
This provides a much more uniform heating environ-
ment. Unlike the tubes, solid-state devices can be set to 
intermediate output powers and these power levels can 
change over time and in response to sensor feedback 
to provide an optimized heating profile. Most impor-
tantly, the lifespan of a solid-state source is measured in 
years and not cycles.

While consumer-grade microwave ovens remain the 
most attractive applications because of the volume of 
the opportunity, less cost-sensitive industrial applica-
tions are proving to be early adopters of solid-state 
technology for RF heating. The performance of GaN 
devices, particularly power density, in RF heating ap-
plications is giving this technology a competitive edge. 
Solid-state technology, in general and particularly GaN 
technology, is enabling new RF heating applications 
and new performance standards in existing RF heating 
applications.

One of these applications is pyrolysis. Pyrolysis is the 
process of heating an organic material, typically in the 
absence of oxygen, to temperatures above the decom-
position temperature of the material. At these tempera-
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tions. The actual Scanship system, 
containing the RFHIC microwave 
generator is shown in Figure 3b
and the leftover biochar is shown in 
Figure 3c.

MAP System Challenges

In the initial phases of develop-
ing their MAP system, Scanship 
tried using magnetrons as the com-
ponents for microwave generation. 
However, they encountered the fol-
lowing challenges:

Inconsistent and non-uniform 
heating patterns: Magnetrons have 
inherent issues with providing a sta-
ble source of microwave power be-
cause of their diffi culty in providing 
a stable frequency signal. Factors 
such as temperature fl uctuations, 
wear and tear from prolonged use 
and variations in power supply can 
cause unexpected shifts in magne-
tron frequencies. Additionally, due 
to their fi xed resonant structure, 
magnetrons provide limited control 
over both frequency and phase.

In the initial versions of Scan-

total capacity reaches nearly 10,000 
when the crew is included. With oc-
cupancy reaching these levels, the 
effi ciency and capacity of the waste 
management system becomes of 
paramount concern.

THE MICROWAVE-ASSISTED 

PYROLYSIS SYSTEM

A functional diagram of the MAP 
system is shown in Figure 3a. This 
system is part of the complete ship 
waste management system. Bio-
waste is collected and converted 
into pellets, as shown in the upper 
left corner of the diagram in Fig-
ure 3a. From here, the pellets fl ow 
into the reactor where the RFHIC 
microwave generator enables the 
pyrolysis process. Out of the reactor 
comes biochar, a valuable biofuel 
with many industrial uses. Addition-
ally, residual gases that are formed 
during the process are converted 
into electricity or steam for further 
use. The leftover biochar is available 
to be used in many useful applica-

power supply unit, a main control 
unit and a WR975 waveguide output 
port. The rack-mounted system is 
shown in Figure 1.

In addition to cruise ships, Scan-
ship also addresses aquaculture and 
land-based industrial industries. In 
the cruise segment, Scanship has 
ongoing deliveries of waste systems 
for a total of 31 cruise ships that 
have entered service since 2017. 
As an evolution of the technology, 
Scanship has developed a MAP 
system, using the techniques previ-
ously described to convert carbon-
based waste into valuable biofuels 
and energy. Scanship’s system, in-
corporating the RFHIC microwave 
generator, has recently been in-
stalled on the Icon of the Seas. This 
ship, shown in Figure 2, accom-
modates 7600 passengers and the 

 Fig. 1  RFHIC RIK0930K-40TG 30 kW 
system.

 Fig. 2  Royal Caribbean’s Icon of the 
Seas. 

 Fig. 3  (a) Overview of Scanship’s MAP system. (b) The MAP system chamber. (c) 
Biochar produced from the MAP system.

(a)

(b) (c)

Dosing Screw

MicrMicrowave Generator

Pellet Flow

Silo with Pellet

Microwave Guide

Gas and
Char Flow

Charcoal DumpCharcoal Dump

Gas Flow

Water BathWater Bath

Steam Boiler

Reactor

Gas Heater



IN THE 

FIELD IN THE 

LABLAB
OR

Vaunix delivers versatile and 

reliable wireless testing solutions.
Our Lab Brick wireless testing devices are designed to be rugged, lightweight, and 

portable, making them ideal for wireless engineers and technicians who want to create 

fl exible, customized system solutions either in the fi eld or in the lab. For more complex 

handover and MIMO testing, we have developed a series of matrix attenuators that 

bring functionality, reliability and simplicity to your microwave test bench.

To learn more about how we can help you build the perfect microwave 

fi eld kit or test bench visit: vaunix.com

VMA-Q64X8SE

500 to 6000 MHz 64x8 Matrix Attenuator

The VMA-Q64X8SE provides 90 dB of 

attenuation control range from 500 to 6000 

MHz with a step size of 0.1 dB on all 512 

possible path combinations.

DIGITAL ATTENUATORS   |   SIGNAL GENERATORS   |   RF SWITCHES   |   PHASE SHIFTERS   |   USB HUBS   |   POWER DIVIDERS   |   WAVEGUIDE FILTERS   |   HANDOVER TEST SYSTEMS

Visit us at IMS Washington DC, Booth 1109



106   MWJOURNAL.COM  MAY 2024

SpecialReport

expenditures, but it also partially 
offset the magnetron cost savings. 
In addition, Scanship’s MAP sys-
tems are designed to be most useful 
when the cruise ship is at sea, dur-
ing a voyage. A failure of magnetron 
units in the pyrolysis system meant 
that all operations would come to a 
halt until the components could be 
replaced on land. This interruption 
would result in the ship using backup 
systems and this reduces effi ciency 
and increases operating costs. An 
image of a failed magnetron from a 
MAP system is shown in Figure 4.

THE SOLUTION: REPLACE THE 

MAGNETRONS

RFHIC was able to solve the is-
sues Scanship was having with the 
magnetrons by replacing them with 
the RFHIC RIK0930K-40TG micro-
wave generator that uses GaN-on-
SiC solid-state technology for RF 
power amplifi cation. This system of-
fers 30 kW of output power over the 
900 to 930 MHz frequency range. 
The RF PAs in the RIK0930K-40TG 
use RFHIC’s internal GaN-on-SiC 

ship’s MAP system, the magnetrons 
not only failed to uniformly heat the 
organic waste, but they also infl ict-
ed damage to delicate components 
caused by the constantly shifting 
magnetron frequencies. In particu-
lar, the spurious harmonics caused 
electric discharges, which continu-
ously damaged the windows of the 
pyrolysis chamber. In addition to 
creating system damage, these dis-
charges adversely affected the qual-
ity of the biochar and renewable gas 
produced.

High failure rate over time:
Magnetrons typically have short 
lifespans, lasting from 4000 to 6000 
hours of operation. In addition to 
their limited lifespan, the magne-
trons operate at extremely high volt-
ages, often reaching up to 20,000 
volts. Because of these factors, us-
ers frequently found themselves re-
placing malfunctioning magnetron 
units, as well as associated compo-
nents like circulators, diodes and 
launchers.

The need for frequent replace-
ments not only escalated operating 

 Fig. 4  High voltage magnetron 
failure.

process. The system comes fully 
equipped with a three-phase 380 
VAC power supply unit, a control 
module and eight SSPA shelves. 
Figure 5 shows RFHIC’s microwave 
generator installed into Scanship’s 
MAP system.

In addition to the other benefi ts 
mentioned, RFHIC’s RIK0930K-
40TG provides precise digital con-
trol of both frequency and phase. 
This is a feature that cannot be 
matched by magnetrons and this 
allows the Scanship MAP system to 
adjust the operating environment 
depending on the composition of 
the organic waste. The microwave 



Integrate with existing instruments

Many plot types included

Unlimited automation

Ideal benchtop placement

Below deck instrument bays

Shorter wiring

3D DUT positioners

<0.1° absolute resolution

Open Python SW controller

Up to 3 rotation axes

Many sizes & types available

Compact anechoic chambers

18GHz to 330GHz

Modular design

Many sizes & configurations

30cm to 3m far-field

TM

MMWAVE AND SUB-THZ

millibox@milliwavess.com      +1.408.892.9595      millibox.org

More Info

MilliBox
ANTENNA TEST SYSTEMS

MODULAR

COMPACT

AFFORDABLE

Visit
MilliBox at IMS

Booth 705



SpecialReport

cannulas, e. g. for 

medical technology
Semi-rigid coax cables, 

e.g. for measuring  
Lubrication lines

with the microwave generator that 
is part of Scanship’s MAP system.

The RIK0930K-40TG operates 
at 50 V, which is much less than the 
magnetron-based systems that it 
replaces. It boasts an average life-
time of around 50,000 to 100,000 
hours. Each of the eight PA shelves 
incorporates a redundancy feature 
to ensure a smooth and gradual de-
cline in performance. In the event 
of a malfunction occurring in one or 
two shelves, the microwave genera-
tor will continue to function correctly 
until those shelves can be replaced. 
The generator is also equipped with 
hot-swappable power supply units 
which allows the users to replace any 
failed packs even while operating.

generator also achieved more uni-
form and consistent heating pat-
terns, allowing the pyrolysis system 
to process higher volumes of waste 
in a shorter time. These added fea-
tures are enabled by RFHIC’s soft-
ware. Figure 6 shows a represen-
tative display of the software used 

 Fig. 5  RIK0930K-40TG mounted in 
the ship.

THE KEY BENEFITS OF 

RFHIC’S SOLID-STATE GAN 

TECHNOLOGY

Consistent and Uniform Heating 
Patterns

RFHIC’s GaN-based solid-state 
microwave generator produces uni-
form and consistent heating pat-
terns. This feature is essential to 
enabling the pyrolysis process and 

 Fig. 6  Control software for the 
microwave generator.

 Fig. 7  Microwave heat distribution 
model.
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magnetron that was previously used in this application.
In addition to the performance and cost advantages, 

the built-in redundancy feature that the size and weight 
of the GaN amplifi ers allow the microwave generator to 
continue operating in case one of the PA shelves fails. 
This adds fl exibility in both system design and operation. 
This feature signifi cantly reduces system malfunctions, 
which further reduces maintenance and operating costs.

A SUSTAINABLE FUTURE IN MICROWAVE 
PYROLYSIS

The collaboration between RFHIC and Scanship 
represents a signifi cant step forward in waste man-
agement. With RFHIC’s GaN-on-SiC solid-state mi-
crowave technology, Scanship has been able to 
overcome the limitations of conventional magnetron 
systems, paving the way for more effective and envi-
ronmentally friendly waste conversion processes. As 
the world continues to seek cleaner and more sus-
tainable waste treatment solutions, GaN and solid-
state microwave technology serve as a compelling 
enabler for a greener future.

References
1.  J. G. Chaffee, U.S. Patent US2147689A, Web: patents.google.

com/patent/US2147689.
2.  J. Koller, U. Baumer, Y. Kaup, M. Schmid and U. Weser, Ulrich, 

“Analysis of a Pharaonic Embalming Tar,” Nature, October 2003, 
425 (6960): 784. doi:10.1038/425784a. ISSN 1476-4687.

3.  C. Palmer, “Cruise Industry Faces Choppy Seas as It Tries to 
Clean Up Its Act on Climate,” Reuters, July 2022, Web: reuters.
com/business/sustainable-business/cruise-industry-faces-chop-
py-seas-it-tries-clean-up-its-act-climate-2022-07-27/.

effectively heating the carbon-based waste produced 
onboard. Figure 7 shows the heat distribution model at 
915 MHz and 30 kW of output power.

The GaN-based generator maintains much better 
frequency stability than the magnetron-based micro-
wave generator. This prevents the unexpected damage 
to connected components including chamber windows 
that the magnetrons caused. As a result, these improve-
ments in microwave generation enable higher yields of 
biochar and renewable gas from the system using GaN 
PAs. The microwave pyrolysis process described in this 
article can be used to produce various types of renew-
able gasses, including hydrogen, syngas and more.

Increased System Lifetimes and Stability

As mentioned, solid-state amplifi ers have much bet-
ter lifetimes than tube-based amplifi ers. This is cer-
tainly the case for RFHIC’s GaN solid-state microwave 
generator. Figure 8 shows a quantitative comparison 
of the lifetimes, along with the qualitative comparison 
of OPEX for the RFHIC solid-state solution versus the 

 Fig. 8  GaN comparison to magnetrons.
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M
any papers discuss 
the system trade-offs 
and relative merits of 
digital, RF and hybrid 

beamforming.1 Building on prior 
work, this article uses RF-to-ADC 
cascade modeling to show dynam-
ic range (linearity and noise) and 
sample rate trade-offs versus DC 
power consumption in a multichan-
nel system with varying channel 
summation in both the RF and digi-
tal realms. The optimal selection of 
sample rate, ADC effective number 
of bits (ENOB) and RF versus digi-
tal channel combining is weighed 
against DC power consumption. 
The popular Schreier and Walden 
ADC fi gures of merit (FOMs) are 
proposed as extensible to a multi-
channel system to express a single 
system FOM portraying optimal 
dynamic range normalized for DC 
power considerations. The article 
has two parts: Part 1, published in 
the January 2024 edition of Micro-

wave Journal, explains the method 
of modeling the system and Part 2 
analyzes the results and draws con-
clusions from system FOMs.

SYSTEM MODELING RESULTS

The system model results pre-
sented in the following plots consist 
of the attributes and swept variables 
shown in Table 1.

Sweeping RF Channel Summation

The examples in this section use 
a subarray size of 64 channels. The 

horizontal axis in these plots shows 
the model swept from an all-digital 
summation on the left (64-channel 
digital sum, no RF sums) to an all-RF 
summation on the right (no digital 
sum, 64-channel RF sum). In between 
is a blend of digital and analog chan-
nel summations, referred to as hybrid 
beamforming with the RF channel 
summation increasing from left to 
right along the x-axis.

Figure 1 shows the system sensi-
tivity versus the number of RF chan-
nels summed while ADC ENOB is 
varied. Figure 2 shows the system 
spurious-free dynamic range (SFDR) 
versus the number of RF channels 
summed while ADC ENOB is varied 
and Figure 3 shows the system DC 
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TABLE 1
MODEL RESULTS

Merit Attribute Swept Variables

SFDR ADC ENOB;
Blend of RF sum to 
digital sum, always 

totaling 64

Sensitivity

DC Power/Channel

 Fig. 1  System sensitivity versus the 
number of RF channels summed.
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 Fig. 2  System SFDR versus the 
number of RF channels summed.
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power per element versus the num-
ber of RF channels summed with 
the same variation in ADC ENOB. 
The problem is that viewing sensi-
tivity, SFDR and DC power results 
individually does not indicate if it is 
good or bad because performance 
is portrayed separately from power. 
For example, maximum SFDR at the 
lowest possible DC power consump-
tion is the goal, but what confi gura-
tion of ADC ENOB and RF-to-digital 
combining is best? The next section 
is a more useful apples-to-apples 
comparison, as the results show per-

 Fig. 3  Overall DC system power 
per element versus the number of RF 
channels summed.
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 Fig. 4  DC system power from RFFE, 
ADC and digital summation when every 
element is digital.
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are analyzed as these parameters 
are swept. The fi gures in this sec-
tion show the relative percentage 
of power consumed by the RF 
front-end (RFFE), ADC and the digi-
tal summation/interface. Figure 4
represents the digital beamforming 
case, where every element is digital. 
Figure 5 shows the same results for 
a hybrid system architecture that 

sums 16 RF channels and Figure 6 
shows the results for a large RF sub-
array that uses hybrid beamforming 
with 64 RF channels summed.

Unsurprisingly, the results show 
that the contribution of the digital 
interface and summation functions 
become more important as the 
number of digital elements increas-
es. Figure 4 shows a large propor-
tion of the overall power consump-
tion can be attributed to the digital 
interface at the lower bit resolution 
values, but this decreases rapidly as 
bit resolution increases. However, 
for systems with higher RF channel 
summations, the digital interface is 
less signifi cant. Another trend is that 
the RFFE is dominant at low ADC 
bit resolutions, but the ADC is dom-
inant at high ADC bit resolutions. 
These plots show the big impact 
ADC ENOB and the RF-to-digital 
channel summation ratio have on 
DC power consumption.

Normalizing SFDR and Sensitivity

Next, the relative merits of SFDR 
and sensitivity are normalized for 
DC power/channel. This analysis is 
performed for different ADC ENOB 
and RF-to-digital channel summa-
tion schemes. Table 2 lists the swept 
variables and markers on each trace 
for the plots in this section.

The plots of sensitivity (Figure 
1), SFDR (Figure 2) and DC power 
versus RF-to-digital channel sum-
mation (Figure 3) are rearranged to 
better visualize performance trends 

 Fig. 5  DC system power from 
RFFE, ADC and digital summation for a 
medium-sized RF subarray.
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 Fig. 6  DC system power from RFFE, 
ADC and digital summation for a large 
RF subarray.

P
e

rc
e

n
t 

(%
)

4b 6b 10b 12b8b

DC Power Percentage of Total
Hybrid (RF = 64)

100

80

60

40

20

0

ADC ENOB
RFFE ADC Interface

TABLE 2

AGGREGATED RESULTS COMPARISON

Attribute Swept Variable Markers on Each Trace

SFDR; sensitivity
DC power/channel Blend 

of RF-to-digital sum, always 
total = 64

ENOB increasing left to right 
4b to 12b by 2b

SFDR; sensitivity
DC power/channel

ADC ENOB

Blend of RF: digital sum, 
total = 64. 64:1 all-RF sum 

on left, going 32:2, 16:4, 8:8, 
4:16, 2:32, ending 1:64 

all-digital on right

formance with the dynamic range 
normalized for DC power consump-
tion.

Sweeping ADC ENOB

The plots in this section show 
the results of sweeping ADC ENOB 
for combinations of beamforming 
architectures. Trends in DC power 
and performance (SFDR and SENS) 
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Stratum 3, IEEE1588 and SyncE Compliant

fi rst point on the left of the curve to 
an all-digital sum on the right of each 
curve. The advantage of presenting 
the data in this format is that perfor-
mance versus DC power conclusions 
can now be drawn from the plots.

Table 3 summarizes the conclu-
sions from the plots. In general, 
for the same SFDR and sensitivity, 
hybrid beamforming systems em-

curves.
Figure 9 and Figure 10 show the 

same underlying data arranged a 
bit differently. In this case, the traces 
represent ENOB values from 4 to 
12. On each curve, the RF-to-digital 
summation varies along the trace, 
ranging from an all-RF sum as the 

when normalized for DC power. 
Figure 7 and Figure 8 show SFDR 
and sensitivity versus DC power for 
a few fi xed RF-to-digital summation 
examples. The discrete bit resolu-
tion values are shown on the RF =
1 curve and the variation in ENOB 
along the curves remains the same 
for the other RF channel summation 

ApplicationNote

 Fig. 7  SFDR versus DC power/
channel for different RF-to-digital 
summations.
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 Fig. 8  Sensitivity versus DC power/
channel for different RF-to-digital 
summations.

S
E

N
S
 S

ys
te

m
 (
d

B
)

SENS

DC Power/Channel W

–170

–175

–180

–185

–190
0.1 1.0 10.0 100.00

ENOB = 12b

RF = 1
RF = 16
RF = 64

4b

6b

8b
10b

 Fig. 9  SFDR versus DC power/
channel.
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 Fig. 10  Sensitivity versus DC power/
channel.
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TABLE 3

CONCLUSIONS FROM PLOTS

Topic Observation Why? Conclusion

Best RF: 
digital 

summation?

Increasing RF sum 
is benefi cial in 

reducing system 
DC power for the 
same SFDR and 

SENS

Fewer ADCs and 
lower linearity 
are needed at 

RFFE (lower DC 
power)

Use the highest possible RF 
summation that meets beam-

related objectives. There is a rapid 
benefi t with RF subarray sizes of 

RF = 2 to 16, but this slows with a 
subarray with RF > 16

Best ADC 
ENOB?

SFDR and SENS 
versus DC power 
improves rapidly 

going from ENOB 
= 4 to 8, then 

slows

Knee in Figure 7 
to Figure 10 

ENOB = 6 to 8 offers the best 
performance versus DC power 

value
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plots show a performance sweet 
spot when SFDR, sensitivity and DC 
power consumption are evaluated 
together. Diminishing returns ex-
ist as ENOB improves beyond the 

ploying a blend of RF and digital 
beamforming require an ADC with 
a higher ENOB versus an all-digital 
solution. However, these hybrid sys-
tems are more power efficient. The 

knee of the curves and values dete-
riorate fast as ENOB degrades from 
the knee. Is an all-digital solution 
better in any of these situations? 
From a dynamic range efficiency 
perspective where DC power is 
handicapped, no. The benefits of an 
all-digital solution occur in software-
defined beamforming flexibility 
and adaptability but these benefits 
come at the expense of increased 
power consumption.

Table 4 provides a comparison of 
example scenarios with each having 
a different design priority. There is 
no single configuration that satisfies 
all the requirement scenarios. Differ-
ent system objectives drive different 
performance priorities that force 
performance trade-offs with other 
attributes.

*Slightly higher, but better value
Table 5 shows a popular ADC 

ENOB = 8 example assuming prac-
tical IF bandwidths. A designer 
must pay attention to the signal 
level at the ADC, as the linearity of 
most ADCs degrades approaching 
full-scale input. The optimal RF op-
erating level at the ADC increases 
as processing bandwidth increases. 
The ADC cannot be operated to full 
scale, in practice. In Table 5, it is im-
portant to note the limitation of the 
ADC input power and how it varies 
with IF bandwidth.

EVALUATING SYSTEM RESULTS

It is proposed that the Walden 
and Schreier ADC FOMs can be 
used to develop system FOMs to 
compare performance versus power 
trade-offs for RF-to-ADC cascades. 
The goal is to sweep parameters 
and spot the best value perfor-
mance normalized for DC power at 
the system level. In this analysis, the 
FOMs are presented while:
• Varying RF-to-digital summation, 

ranging from all-digital to all-RF
• Varying ADC ENOB, linearity and 

DC power.
The migration from the ADC 

FOMs to the proposed ADC sys-
tem FOMs is shown in Table 6. 
The proposed ADC system FOM 
based on the Walden ADC FOM is 
unchanged. The Schreier FOM can 
be modified by swapping SFDR for 
signal-to-noise and distortion ratio 
(SNDR) to make an FOM that reflects 
two-tone linearity performance.

TABLE 4

SOME COMMON OBJECTIVES

Must-Have 
Objective

Trade-Off
RF:  

Dig Sum
ADC 

ENOB
SFDR 

(dB 1 Hz)
SENS 

(dBm 1 Hz)
DC Power/
Channel (W)

All-digital 
beamforming

High DC 
power

1:64 8.2 127 –185 2

All-digital 
beamforming 
< 1 W/channel

Degraded 
SFDR and 

SENS
1:64 7.2 124 –184 1

All-digital 
beamforming 

~ 0.25 W/
channel

Much 
degraded 
SFDR and 

SENS

1:64 4 112 –180 0.28

Lowest power

Much 
degraded 
SFDR and 

SENS; 
Combo 

of RF and 
digital BF

64:1 
64:1 
64:1

4 
6 
8

101 
109 
116

–173 
–177 
–180

0.057 
0.061* 
0.080

Best possible 
SFDR and 

sensitivity at  
1 W/channel

Combo 
of RF and 
digital BF

64:1 
16:4  
2:32 

12 
10.5 

8

131 
128 
125

-185 
-185 
-184

1 
1 
1
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the system FOM plotted versus the 
RF-to-digital sum ratio.

The phrase “best value” is meant 
in the sense of best performance 
for a given DC power consumption. 
The derived FOMs assist in drawing 
conclusions about this best value be-
cause they normalize performance 
against DC power consumption. 
Sensitivity observations are drawn 
from the Walden-based system FOM 
in Figure 11 and SFDR observations 
are drawn from the Schreier-based 
FOM in Figure 12. Table 7 contains 
some summary observations for 
both performance metrics.

CONCLUSION

Performance-critical applications 
like phased array radar deployments 
strive to find the optimal balance of 
sample rate, dynamic range and 
DC power. Overprioritizing any one 
of these parameters will result in a 
suboptimal and possibly bad solu-
tion. The era of 20 GSPS to 100+ 
GSPS ADC sampling is here, but 
higher sampling comes with a cost 
for DC power consumption and dy-
namic range (ENOB), the other two 
critical performance attributes in the 
FOM triad. High sample rates are 
not a design miracle, but a chosen 
prioritization of sample rate at the 
expense of higher DC power and 
lower ENOB. In many cases, the op-
timal ADC for a phased array system 
will prioritize dynamic range and DC 
power, with a sample rate just high 
enough for frequency planning effi-
ciency and oversampling gain.

High dynamic range, high sample 
rate data converters with ENOB ~8 
are popular choices for phased ar-
ray radar applications because they 

NF + 10Log(IFBW)
T = 290 K
Full Scalesystem,input = input-refer-
enced full scale.

With these assumptions, Fig-
ure 11 shows the proposed ADC 
system FOM developed from the 
Walden FOM where a lower read-
ing is better per the analysis in Table 
6. Figure 12 shows the proposed 
ADC system FOM developed from 
the Schreier FOM where a higher 
reading is better. Both plots show 

Using these proposed ADC sys-
tem FOMs and the relationships 
shown in Equation (1):

SNRsystem = NSDsystem,input–  

Full Scalesystem,input+10Log 

(Fs,Nyq/2) (1)

Where:
NSDsystem,input = -174 dBm/Hz + NF
SFDR (dB) = 2/3 (IIP3 (dBm) – Sensi-
tivity (dBm))
Sensitivity (dBm) = -174 dBm/Hz + 

TABLE 5

REPRESENTATIVE RESULTS WITH ACTUAL PROCESSING BANDWIDTHS

IF 
Bandwidth 
(Processing 

BW)

RF: Dig Sum ADC ENOB
SFDR 
(dB)

SENS 
(dBm)

RF Input 
Level 

for SFDR 
(dBm)

Pre-ADC 
Signal Gain 

(dB)

RF Input 
Level to 

ADC (dBm)

DC Power/
Channel (W)

1 MHz

1:64

8.2 87 –125 –37

15

–22

2
10 MHz 8.2 81 –115 –34 –19

100 MHz 8.2 74 –105 –30 –15

1 GHz 8.2 67 –95 –27 –12

1 MHz

4:16

8.2 84 –124 –40

20

–20

0.6
10 MHz 8.2 77 –114 –37 –17

100 MHz 8.2 71 –104 –34 –14

1 GHz 8.2 64 –94 –30 –10
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TABLE 6

ADC VS. SYSTEM FOM

ADC FOMs ADC System FOM (Proposed) Units What’s Good?

Walden

FOM
W
=

Power

2ENOB f
s,Nyq

ENOB =
SNDR 1.76

6

                               Same

fJ

conv step
Lower is better

ENOB
system

=

SNR
system

1.76

6

Schreier FOM
S
= SNDR +10Log

f
s,Nyq

/2

Power
dB FOM

S
= SFDR +10Log

f
s,Nyq

/2

Power
dB dB Higher is better

 Fig. 11  Proposed Walden-based 
system FOM (lower is better).
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 Fig. 12  Proposed Schreier-based 
system FOM (higher is better).
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offer the best compromise between 
dynamic range and DC power. 
However, designers should be care-
ful how SNDR (ENOB) is defi ned 
and make sure to consider two-tone 
intermodulation performance with 
SNDR. Phased array radar ADCs 
also need high linearity with IP3 re-
quirements typically greater than 22 
dBm. When evaluating SNDR, know 
whether it includes interleave spurs 
and make sure spectral regions are 
not cherry-picked.

A system must have a signifi cant 
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ApplicationNote

RF beamforming in subarrays that 
feed distributed DAC/ADC nodes 
that use digital beamforming. If 
beam attributes allow it, a small 
subarray of RF beamforming in 
front of each ADC helps improve 
performance and lowers DC power. 
RF beamforming is highly recom-

mission-critical requirement to jus-
tify the use of high dynamic range, 
all-digital beamforming because 
this architecture comes at a steep 
DC power penalty. The arrays 
with the best balance of perfor-
mance and DC power use a hybrid 
scheme, which is a combination of 

mended for improving SFDR and 
sensitivity at lower DC power and 
providing blocker mitigation using 
beam null steering. Extra power is 
consumed to achieve the software-
defined adaptability of fully digital 
beamforming.

Over the next five to 10 years, 
all-digital phased arrays will increase 
their technology readiness and viabili-
ty at increasingly better performance. 
To enable this evolution, new state-
of-the-art ADCs will put a greater em-
phasis on reducing DC power while 
maintaining sample rate and ENOB. 
ADC sample rate capability will con-
tinue to push higher, but these de-
velopments may benefit wideband 
applications, like electronic warfare, 
more than phased array applications. 
The phased array market will deter-
mine a sample rate sweet spot, per-
haps in the 10 to 20 GSPS range, then 
the market winners will provide the 
best ENOB at the lowest power.

Reference
1.  P. Saha, “A Quantitative Analysis of the 

Power Advantage of Hybrid Beamform-
ing for Multibeam Phased Array Receiv-
ers,” Analog Devices, Inc.

TABLE 7

SUMMARY OBSERVATIONS

Topic Observations

Sensitivity

The best sensitivity for DC power value occurs at high ADC ENOB (8 to 12) 
and high RF sum levels.

ENOB ~6 has merit at low RF sums where the systems are all or mostly 
digital but decreasing the ENOB value to 4 to 5 is generally worse.

SFDR

SFDR for DC power value is the same for ENOB 6 to 12 when using an all-
digital beamforming network. As the dynamic range increases, DC power 
increases, offsetting each other and holding the FOM constant.

The best SFDR performance for DC power value occurs at ENOB 8 to 12 
and the highest possible RF sum.

ENOB = 6 is okay in an all-digital network, but when the RF sum increases 
to 2 or higher, ENOB 8 to 12 is a better solution.

Over the RF sum range 2 to 8, ENOB 8 to 12 has equal merit.

At RF sum = 16 and above, ENOB 8 fades in preference and ENOB 10 to 
12 is the best choice.

Worse than the sensitivity case, ENOB = 4 to 5 is always bad for SFDR and 
it has the worst value of any scenario.
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Beyond the Bench: Adapting Test and 
Measurement for 6G in the Age of AI

Vincent Kotzsch
NI, Emerson Test & Measurement, Austin, Texas

AA
s the telecommuni-
cations landscape 
gears up for the ad-
vent of 6G technol-

ogy, the role of artifi cial intelligence  
(AI) becomes increasingly indis-
pensable, bringing with it immense 
opportunity for innovation as well as 
major challenges for the wireless in-
dustry. On one hand, AI promises to 
usher in an era of improved mobile 
network effi ciency. However, testing 
AI-integrated devices requires new 
testing methodologies that push 
the boundaries of measurement sci-
ence. On the other hand, as devices 
continue to increase in complex-
ity, meeting time-to-market, qual-
ity and cost objectives will become 
increasingly complex. In this space, 
AI can help acquire more actionable 

insights from measurement data to 
help make business decisions. This 
strategic embrace of AI not only 
ensures seamless integration into 
the dynamic wireless landscape but 
also lays the foundation for future 
breakthroughs, propelling the in-
dustry toward a future defi ned by 
innovation and excellence.

UNDERSTANDING THE 

INTERSECTION BETWEEN AI 

AND 6G TEST

The convergence of AI and test-
ing unfolds through a multifaceted 
lens, encompassing diverse appli-
cations and transformative poten-
tials. However, there are two main 
use cases driving change in the in-
dustry. First, generative AI begins 
to emerge as a tool for accelerating 

design workfl ows, 
optimizing time-
to-market and 
minimizing operat-
ing costs. Second, 
wireless industry 
players are increas-
ingly integrating AI 
into their products, 

leading to an increased device un-
der test (DUT) complexity requiring 
new testing methodologies.

LEVERAGING GENERATIVE AI 

TO BOOST PRODUCTIVITY

As of 2024, wireless connectivity 
has become ubiquitous, reaching 
most households and mobile de-
vices worldwide. This widespread 
adoption signals a shift in industry 
dynamics from a primary focus on 
revenue growth to one centered on 
profi tability and optimization. This 
transition towards optimization has 
propelled discussions surrounding 
the integration of AI in 6G wireless 
technology as industries seek to 
enhance effi ciency and maximize 
returns in this mature market land-
scape. In the context of test and 
measurement, AI-driven solutions 
offer unparalleled opportunities for 
streamlining workfl ows, optimizing 
resource allocation and enhanc-
ing overall operational effi ciency. 
Figure 1 shows a product life cycle 
fl ow, including some of the com-
pounding and confl icting issues 
that pressure this product cycle. Fig. 1  Product development life cycle.
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engineering effi ciency within each 
step of the process. NI has devel-
oped a prototype of a signifi cantly 
optimized workfl ow driven by gen-
erative AI. This approach utilizes an 
AI infrastructure with a chat interface 
to autonomously generate tests and 
sequences based on given require-
ments and datasheets. Automating 
this segment alone could slash the 
time required for design character-
ization from weeks to days. The in-
tegration of tools like generative AI 
marks another signifi cant leap for-
ward, promising to expedite time-
to-market, reduce operating costs, 
enhance leverage and promote re-
usability.

AI-EMBEDDED DEVICES 

INTRODUCE A NEW LEVEL OF 

COMPLEXITY

The integration of AI into 6G 
wireless products ushers in a new 
era of complexity and innovation. 
Unlike their traditional counter-
parts, AI-enhanced DUTs present a 
host of unique challenges that de-
mand innovative solutions to guar-
antee both performance benefi ts 
and trustworthiness. For instance, 
in telecommunications, AI-driven 
network optimization algorithms are 
deployed to enhance spectral ef-
fi ciency and minimize interference, 
thereby elevating overall network 
performance and user experience. 
This widespread adoption of AI 
underscores the pressing need for 
the test and measurement indus-
try to evolve and craft specialized 
solutions tailored to the testing re-
quirements of AI-enhanced DUTs, 
ensuring seamless integration and 
optimal performance in real-world 
scenarios.

As the industry gears up for the 
era of 6G and beyond, complexity 
reaches unprecedented levels as 
devices integrate advanced func-
tionalities and AI-driven intelli-
gence. The dominance of software 
components over hardware further 
amplifi es the demand for frequent 
testing to maintain reliability amidst 
rapid software evolution. The inte-
gration of AI exacerbates this com-
plexity, necessitating rigorous evalu-
ation to guarantee safety and trust-
worthiness. Given the pivotal role of 
these devices across industries, en-

A CASE FOR IMPLEMENTING 

AI IN SEMICONDUCTOR 

WORKFLOWS

Figure 3 shows a simplifi ed ren-
dition of the workfl ow involved 
in characterizing and validating a 
device. The process typically com-
mences with defi ning the desired 
outcomes, which may stem from 
various sources such as design 
specifi cations, product require-
ments or cost and time constraints. 
Engineers then translate these re-
quirements into a comprehensive 
test plan encompassing all neces-
sary tests to evaluate the device 
against the specifi ed criteria. Subse-
quently, they develop and refi ne the 
tests, striving for maximum automa-
tion. This phase often consumes the 
most amount of test time.

Following test development, en-
gineers execute the tests on mul-
tiple devices to assess individual 
performance and device-to-device 
variations. The results are then me-
ticulously analyzed and reported 
with room for refi nement or opti-
mization of tests and sequences as 
needed. Depending on the com-
plexity of the device, this process 
may extend from weeks to months, 
exerting pressure to expedite it to 
accelerate revenue generation.

By leveraging state-of-the-art 
software and hardware tools, like 
NI’s LabVIEW and TestStand, or-
ganizations can signifi cantly boost 

The integration of generative 
AI into design workfl ows marks 
a transformative leap for the in-
dustry. By leveraging AI-driven in-
sights derived from measurement 
data, businesses can unlock un-
precedented levels of productivity 
and competitiveness. Generative 
AI algorithms play a crucial role in 
optimizing the design of intricate 
antenna systems, enabling rapid 
prototyping and iterative refi ne-
ment to meet stringent perfor-
mance requirements. The need to 
realize these benefi ts is becoming 
much more concrete, as evidenced 
by the data points shown in Figure 
2. These two results come from 
internal NI research conducted in 
partnership with the research divi-
sion of the Financial Times Group.1

This strategic convergence not 
only expedites design workfl ows 
but also empowers engineers and 
designers to innovate. In sectors like 
the semiconductor industry, AI-driv-
en design tools revolutionize chip 
layout optimization, yielding higher 
performance and energy effi ciency 
while shortening design cycles. Ul-
timately, the integration of AI into 
design processes presents unparal-
leled opportunities for enhancing 
productivity, effi ciency and innova-
tion, propelling industries toward 
sustained growth and competitive-
ness in the dynamic landscape of 
wireless technology.

 Fig. 2  Findings from an NI 2022 research report.
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 Fig. 3  Simplifi ed device characterization and validation workfl ow.
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suring quality remains paramount, 
prompting new test challenges like 
effi ciently sourcing (the right) data, 
setting up accurate scenarios for 
test and managing the “infi nite test 
space.” Some details of these chal-
lenges are shown in Figure 4.

While the technology of AI ap-
plied to wireless is new and with 
many challenges, addressing them 
allows the wireless industry to ef-
fectively harness the transformative 
power of embedded AI. In applica-
tions where spectrum, energy and 
chip real estate are both fi nite and 
valuable resources, AI can help op-
timize them in next-generation wire-
less devices. This helps pave the 
way for enhanced performance, re-
liability and effi ciency in future wire-
less networks.

SOURCING DATA EFFICIENTLY: 

BALANCING QUANTITY AND 

QUALITY

The integration of AI into test 
and measurement processes stands 
at the forefront of a transformative 
era, poised to redefi ne industry 
standards and methodologies. This 
is particularly true in the realm of 6G 
wireless and beyond. This strate-
gic embrace of AI not only ensures 
seamless integration into the dy-
namic wireless landscape but also 
lays the foundation for future break-
throughs, propelling the industry to-
ward a future defi ned by innovation 
and excellence.

AI algorithms are poised to play 
a pivotal role in revolutionizing test 
management processes, automat-
ing scenario selection, optimizing 
test coverage and mitigating the 
complexities associated with di-
verse use cases and edge condi-
tions. However, testing AI devices 
in the context of 6G applications 
presents formidable challenges, 
particularly in the critical phase of AI 
model training. This phase, essen-
tial for creating robust and reliable 

AI models, encompasses three main 
steps: model design, training and 
validation. While synthetic training 
data generated through simulation 
tools offer some utility, the accu-
racy of this training data hinges on 
the fi delity of the simulation mod-
els. In contrast, real-world training 
datasets, acquired under authen-
tic channel conditions, offer supe-
rior quality but are inherently more 
challenging to obtain due to the 
specialized hardware and software 
required for data recording. Striking 
a balance between these consider-
ations is essential to ensuring the ro-
bustness and reliability of AI models 
tailored for 6G applications.

SCENARIO-BASED TESTING: 

THE FUTURE FOR AI-

EMBEDDED DUTS

Traditional stimulus-response 
testing systems fall short when it 
comes to validating embedded AI 
devices. The challenge lies in the 
unpredictable nature of machine 
learning-trained systems, which 
may exhibit unexpected behavior 
across a broad spectrum of test sce-
narios. Unlike traditional algorithms, 
embedded AI models can be highly 
sensitive to environmental factors 
and system confi gurations, making 
it challenging to identify relevant 
stimulus signals. To address this, 
scenario-based test systems of-
fer a viable alternative, abstracting 
different test conditions into easily 
understandable scenarios with pre-
defi ned parameters and outcomes. 
These scenarios are then dissected 
into concrete test cases for compre-
hensive evaluation. Despite the po-
tential complexity of scenario selec-
tion, leveraging smart techniques 
enables the identifi cation of perti-
nent scenarios, ensuring thorough 
testing of AI devices in the wireless 
space. As the wireless landscape 
continues to evolve, scenario-based 
testing is a promising approach to 

effi ciently validate the performance 
and reliability of embedded AI tech-
nologies.

MANAGING THE INFINITE TEST 

SPACE

The “infi nite test space” refers to 
the vast array of potential scenarios 
and conditions that an AI system 
may encounter in real-world appli-
cations. Unlike traditional software 
testing, where inputs and outputs 
can be exhaustively enumerated, 
AI systems are trained on data and 
may exhibit unexpected behaviors 
when faced with novel situations. 
This means that testing AI involves 
grappling with an expansive and of-
ten unpredictable range of circum-
stances, making it impractical to 
test every possible scenario. Hier-
archical scenario descriptions, cou-
pled with smart scenario reduction 
techniques, are needed to manage 
the complexity of the test and mea-
surement process while maintaining 
the test coverage and ensuring the 
reliability and robustness of an AI-
enhanced DUT.

IMPLICATIONS FOR FUTURE 5G 

& BEYOND DEPLOYMENTS

The integration of AI into wireless 
applications represents a pivotal ad-
vancement, with discussions around 
its role in future standards gaining 
momentum. Notably, the 3rd Gen-
eration Partnership Project (3GPP) 
is actively exploring AI’s integration 
into the forthcoming 5G Advanced 
and 6G standards, a topic of signifi -
cant interest in Release 18 and 19 
discussions. This strategic embrace 
of AI is not merely speculative but 
grounded in pragmatic consider-
ations, driven by the imperative 
to enhance profi tability within the 
wireless industry. Given the scarcity 
of resources such as spectrum, size 
constraints and power consumption 
concerns, even marginal improve-
ments facilitated by AI can yield 
substantial cost savings. AI holds 
the potential to unlock signifi cant 
gains across various fronts, includ-
ing spectral effi ciency, interference 
reduction, chip size optimization 
and power consumption, thereby 
reshaping the landscape of wireless 
technology. Figure 5 shows a base 
station tower and sectors, along 
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 Fig. 4  Embedded, trustworthy AI in 6G.
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be met. These include access to a 
suffi cient quality and quantity of 
training data, the development of 
test systems capable of emulating 
real-world scenarios and the imple-
mentation of robust methodologies 
for navigating the infi nite array of 
testing scenarios.

THE BOTTOM LINE: AI WILL 

REVOLUTIONIZE THE WIRELESS 

SECTOR

The integration of AI into the 
physical layer of 6G devices repre-
sents a monumental leap in wireless 
communication technology, promis-
ing to unlock new possibilities and 
transform industries. However, with 
great innovation come signifi cant 
new challenges, particularly in the 
realm of testing. The industry must 
proactively address the test implica-
tions of AI integration to ensure that 
6G devices deliver on their prom-
ises of ultra-low latency, reliabil-
ity, energy and spectrum effi ciency, 
massive connectivity and blistering 
data rates.

with wireless backhaul links, as an 
example of a network that can ben-
efi t from AI integration.

While AI’s current application pri-
marily targets higher network layers, 
its potential extends to lower layers 
of the protocol stack, presenting a 
burgeoning trend in 6G discourse. 
Research endeavors are actively 
exploring the integration of AI into 
lower layers, recognizing its capac-
ity to improve spectrum and energy 
effi ciency as well as performance. 
However, to realize the promise of 
embedded AI within wireless net-
works, several prerequisites must 

 Fig. 5  Wireless base station tower, 
sectors and backhaul installation.

As we move closer to the era 
of 6G, collaboration, standardiza-
tion and the development of AI-
powered testing solutions will be 
critical. Establishing industry-wide 
standards for testing 6G devices 
with embedded AI is paramount. 
These standards should encom-
pass AI algorithms, AI training and 
corresponding data, as well as per-
formance metrics and testing meth-
odologies, to ensure consistency 
and reliability. Collaboration among 
device manufacturers, network op-
erators and AI experts is essential 
to address the challenges of AI inte-
gration. Sharing best practices and 
insights can lead to more robust 
testing methodologies, as well as 
ensuring interoperability with opti-
mum performance. By addressing 
these challenges head-on, we can 
help ensure that AI-integrated 6G 
devices operate fl awlessly, ushering 
in a new era of connectivity.

Reference
1.  INSIGHTS.NI.COM/DESIGNED-TO-

PERFORM/
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Artificial 
Intelligence In 6G: 
More Than Large-
Language Models

Roger Nichols
Keysight

TT
he late 2022 launch of OpenAI’s ChatGPT 
and subsequent enhancements through 
GPT-4, changed the world’s perception of 
the maturity and potential of artificial in-

telligence (AI). Governments are now writing regula-
tions, industry is developing technology and business 
models and academics are probing the latest research 
topics. Driven by a chatbot built on a large-language 
model (LLM) created by the transformer architecture, 
this tidal wave of activity is hiding many practical AI 
developments that are more relevant to radio systems 
in mobile wireless.

As early as 2019, the ITU-T’s Network 2030 Focus 
Group (FG Network-2030)1 highlighted the necessity 
of AI from the physical to the application layer of the 
6th generation of wireless networks to accommodate 
the demands of realizing their vision. Thus, the 6G vi-
sion has always included AI as a fundamental building 
block and tool. However, LLM’s AI models, trained on 
the vast database of text on the global internet, are not 
the solution for overcoming many technical challenges 
in wireless communications. Since FG Network-2030, 
there have been myriad journal articles, research pa-
pers, technical demonstrations, early standards work 
and commercial solutions illustrating that the intensity 
of this work is focused on machine learning (ML) unre-
lated to LLMs. In most cases, language models will not 
be adequate for wireless and particularly radio tech-
nology. Instead, they will require models trained on 
other sources of data such as radio I/Q pairs, signaling 
traffic  or user (payload) data.

ML-based optimization is the subject of research 
and development at all layers of the wireless network. 
Allow me to examine just a snapshot of the work clos-
est to the physical layer. This includes AI as applied to 
the “air interface.” An excellent early overview2 delin-
eated novel concepts using ML to:
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designing. Rather than becoming 
cynical or worried, I view these as 
technical challenges characteristic 
of any advance in technology that 
our engineering community has 
put to good use time and again. I 
have seen the interesting results of 
ML-designed filters and antennas 
and, while not always practical, they 
change one’s perspective as to how 
to meet the demanding key perfor-
mance indicators of our industry. In 
a demanding technical environment 
like radio systems and wireless com-
munications networks, there is much 
work ahead of us to not only vali-
date models and datasets but also 
to validate and improve the results 
of the AI-optimized behavior and 
designs themselves. The combina-
tion of conventional and AI-enabled 
means of such measurement is an 
intriguing and exciting area of de-
velopment and I am looking forward 
to working to make the most of this 
technology.
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Data and model validation: 

Training AI models requires tremen-
dous amounts of data that fits the 
balance of being “random enough” 
(unbiased, uncorrelated) while also 
being “appropriate enough” (rel-
evant to solving the problem at 
hand). Clean and controlled training 
data has thus become a premium 
commodity. While LLMs can capital-
ize on the vastness of internet data, 
data for solving more specific tech-
nical systems issues is less plentiful 
and often private and proprietary. 
These two words are operative in 
the implications of how the data 
can be used. And, once a dataset 
is available, how does one know 
whether it is adequate, appropriate, 
unbiased and secure? Once a mod-
el is trained, designers learn that the 
model itself requires continuous im-
provements and thus, model valida-
tion has become a critical step.

Standards: Perhaps the most rel-
evant work for wireless is in 3GPP.5 

3GPP started AI standardization dis-
cussions as early as Release-17 with 
RAN3 initial study items6 related 
to data collection and focusing on 
energy saving, load balancing and 
mobility optimization. RAN1, in Re-
lease-18, added an extensive study 
item on using ML for improving 
channel-state information, beam 
management and positioning accu-
racy. Work has progressed to mul-
tiple normative work items in 3GPP 
as part of Release-19, now under-
way.

This all must happen in the con-
text of governments developing as-
sociated policies related to AI tech-
nology. Related headlines include 
European Parliament’s landmark 
law7 related to proper use, security 
and consumer recourse, the U.S. Ex-
ecutive Order on AI Safety and Se-
curity8 and the subsequent founding 
of the U.S. AI Safety Institute.9 Much 
of this policy work is focused on the 
impact of LLMs on the internet and 
other media as well as on the secu-
rity of critical communications and 
compute infrastructure. We can ex-
pect impacts on the deeper techni-
cal uses of AI in unpredictable ways.

For radio engineers, we are al-
ready seeing new approaches to us-
ing AI to not only manage wireless 
communications but even do some 

• Create custom waveform and 
modulation optimized for trans-
ceiver hardware and real-time 
channel conditions

• Design and train transceivers 
themselves based on use-case 
specifics

• Allow these capabilities to moot 
PHY- and MAC-layer standards 
themselves by standardizing only 
how ML would be implemented 
for such bespoke and real-time 
determination of the air interface

• Take steps towards semantic 
communications rather than opti-
mizing only how to transmit bits.
A panel of experts in 20213 were 

asked if AI was already used in con-
temporary commercial wireless and 
the answer was a resounding “yes.” 
AI was already being used in 4G 
and 5G applications including traf-
fic load balancing and signaling 
optimization, MIMO precoding al-
gorithms, energy-use management 
and network planning. The intent is 
to expand the use of ML to drive im-
provements in system behavior that 
have become so complex that con-
ventional solutions are constrained 
by their deterministic one-size-fits-
all mathematical models.

For ML to drive large-scale reli-
able and viable improvements in 
performance, quality of service 
and even quality of experience, the 
challenges we must address fall into 
three categories:

Known weaknesses: The Octo-
ber 2021 issue of IEEE Spectrum4 

featured a cover asking: “Why is AI 
so Dumb?” Charles Q. Choi’s article 
therein described seven “ways AI’s 
fail.” These included brittleness, 
embedded bias, catastrophic for-
getting and perhaps the most chal-
lenging issue: a lack of both “ex-
plainability” and “common sense.” 
I have read about recent progress 
in addressing the former but neu-
ral-network ML suffers from a lack 
of explainability when answers are 
“right” or “wrong.” From an engi-
neering perspective, understanding 
the “whys” is essential to reliable 
and viable solutions. One can see 
“common sense” manifest daily in 
the inanity of AI-generated news 
articles and some of the false and 
ridiculous answers to questions 
posed to LLMs.
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The Emergence of mmWave 
Applications Drives Interconnection 

Development
Pasternack, an Infi nite Brand

Irvine, Calif.

II
n recent years, a surge of 
new applications, along with 
legacy applications, are uti-
lizing the mmWave frequen-

cies. This has been enabled by the 
availability of lower-cost mmWave 
semiconductors and the advent of 
active/advanced antenna system 
(AAS) technologies for communica-
tions and sensing that are viable for 
consumer, commercial and indus-
trial applications. The expansion of 
mmWave technology and applica-
tions is generating new challenges 
with production tests. Traditional 
mmWave test methods have been 
based on labor-intensive manual 
techniques that require relatively 
long unit test times. These new 
applications are creating substan-
tial pressure for modern mmWave 
production and quality tests to be 
performed faster and at lower costs. 
This is causing a shift in the style of 
interconnect used for testing and 
the need for greater levels of auto-
mation.

INCREASING AVAILABILITY OF 

MMWAVE TECHNOLOGY

Before the 2000s, the opportuni-
ties for mmWave technology were 
primarily in defense, government 
or aerospace applications. Some 
satellite communications (satcom) 

applications, like satellite television 
and marine or aerospace commu-
nication platforms, used mmWave, 
but terrestrial wireless communica-
tions applications were still in their 
infancy. During this era, 2G cellular 
speeds were a fraction of a megabit 
per second (Mbps).

After the turn of the century, con-
sumer, commercial and industrial 
wireless communication solutions 
started gaining traction and auto-
motive radar operating in the 24 
GHz band became available. Early 
mmWave automotive radars still 
operate in the 24.0 to 24.25 GHz in-
dustrial, scientifi c and medical (ISM) 
band, which is sometimes referred 
to as narrowband (NB). The NB au-
tomotive radar application is limited 
in use due to the narrow bandwidth 
but is still viable for automotive 
emergency braking and adaptive 
cruise control. Despite the NB na-
ture of 24 GHz automotive appli-
cations, the mmWave spectrum is 
characterized by wider bandwidth 
channels and backhaul applications 
make use of this feature in unli-
censed and licensed bands.

Despite several applications, 
much of this early hardware was 
manufactured in small batches us-
ing manual fabrication, assembly 
and testing techniques. As the 

industry exited the 2000s, mass 
manufacturing of mmWave chipsets 
and integrated circuits (ICs) started 
becoming more commonplace. De-
velopments enabled cheaper and 
more accessible 24 GHz automotive 
radars that were far less expensive 
than the previous mmWave tech-
nology that, largely, served defense 
and government satcom applica-
tions.

In 2009, the WiGig Alliance intro-
duced WiGig, which was designed 
to operate in the 60 GHz band. 
This technology was intended as a 
wireless standard to replace cable 
in home theater and wireless dock-
ing for mobile device applications. 
These applications started becom-
ing popular with the advent of the 
smartphone and 3G. WiGig was 
subsequently absorbed into the 
Wi-Fi Alliance and while there were 
limited launches of WiGig hardware 
and 60 GHz Wi-Fi routers, the stan-
dard did not experience commer-
cial success. Wi-Fi efforts are now 
directed toward lower frequency 
IEEE 802.11ax (Wi-Fi 6) and emerg-
ing Wi-Fi 7 applications. One of the 
culprits for this lack of commercial 
success was likely the higher cost of 
60 GHz WiGig chipsets. The high 
cost of the chipsets discouraged 
designers from integrating 60 GHz 
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other technologies. Figure 2 shows 
a 77 GHz radar block diagram.

MMWAVE TRENDS INFLUENCE 

RF INTERCONNECT

As described, the emergence of 
mmWave technology in non-gov-
ernment applications is happen-
ing quickly. The rapid adoption of 
mmWave technologies into these 
applications relies heavily on the 
development of mmWave chipsets 
and advances in computing and 
simulation software. However, the 
mmWave interconnect ecosystem, 
which has been in place for decades 
in response to existing government 
and satcom requirements, is evolv-
ing to meet the needs of these new 
mmWave applications.

To enable these emerging 
mmWave applications, interconnect 
density is increasing, along with 
operating frequencies. Supporting 
these trends is necessary to meet 
the performance requirements of 
mmWave antenna array applica-
tions and AAS systems that have 
many more signal paths than legacy 
mmWave systems. As described, 
the signal paths in these new archi-
tectures are at lower power levels 
than single-path systems. This en-
ables semiconductor technologies, 
like silicon, GaAs, InP and GaN to 
provide the required performance.

An important performance con-
sideration in these applications is 
thermal dissipation. Conduction 
and dielectric losses are a function 
of frequency, meaning intrinsic loss-
es in a signal path are much higher 
for mmWave frequencies. Using 
multiple signal paths decreases 
the power and dissipation in each 
path. This makes it possible to use 
a distributed thermal management 
approach in an mmWave system 
design that accommodates the in-
creased number of signal paths. 
This approach avoids a high con-
centration of thermal energy in a 
small region and minimizes the ther-
mal design challenges.

In addition to an increase in the 
interconnect volume for devices 
and systems, mmWave intercon-
nects require better tolerances to 
ensure proper connection. The op-
eration of a transmission line and 
the interaction of electromagnetic 

architectures that rely on one high-
power mmWave signal path. Lower-
power ICs provide the desired result 
in conjunction with beamforming ar-
chitectures that utilize antenna driv-
ers. MIMO methods complement 
beamforming architecture to enable 
smaller, more compact mmWave 
antenna systems. This approach 
also benefi ts from the smaller physi-
cal sizes of mmWave antenna ele-
ments.

After 2015, the 3GPP standard 
adopted mmWave spectrum use 
and Ka-Band satcom chipsets be-
came more widely available. In ad-
dition to wireless mobile communi-
cations, fi xed-wireless access (FWA) 
and other satellite broadband appli-
cations that make use of mmWave 
frequencies have emerged. Now, 
a host of mmWave applications, 
such as 5G, satcom, Wi-Fi and 77 
GHz automotive radar, incorporate 
mmWave frequencies and compo-
nents. There is a broad portfolio of 
applications and use cases that are 
benefi ting from the heavy invest-
ment into mmWave chipsets and 

Wi-Fi features into user devices. Fig-
ure 1 shows an E-Band radio block 
diagram and the need for high per-
formance, high frequency, cost-ef-
fective RF components is clear.

In the early 2010s, Ku-Band ICs 
became more readily available 
and the race toward low earth or-
bit (LEO) satellite constellations 
for global broadband began. As 
Ka-Band satcom networks became 
more prevalent, investment and in-
terest in Ka-Band satellite constel-
lations and ground terminals for 
commercial applications increased. 
During this period, mmWave fre-
quencies emerged as a key enabler 
for the 5G vision.

The development of phased ar-
ray antennas and antenna array-re-
lated technologies has been a big 
factor in making mmWave wireless 
applications attractive for consumer, 
commercial and industrial applica-
tions. These technologies and ar-
chitectures require more RF paths, 
but these paths operate at lower 
RF powers. This approach provides 
advantages compared to traditional 

 Fig. 1  71/81 GHz E-Band radio block diagram. Source: Pasternack.
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waves within a transmission medi-
um is a function of frequency. This 
means that the required surface 
fi nish, feature tolerances and size 
of the transmission lines scale with 
frequency. At higher frequencies, 
better fi nishes, machining and tol-
erances on coaxial alignment result 
in the lowest loss and VSWR, along 
with the best conformability for the 
coaxial cable assembly.

Higher frequency interconnects 
must also have better overall align-
ment tolerances than lower frequen-
cy cables to ensure optimal perfor-
mance. For instance, the wavelength 
of a 500 MHz signal is roughly 600 
mm, a 50 GHz signal is 6 mm and a 
150 GHz signal is 2 mm. As a rule of 
thumb, it is recommended to keep 
feature resolution and tolerances 
below one-tenth of a wavelength 
and ideally below one-twentieth of 
the highest operating wavelength. 
For the 500 MHz feature resolution 
just described, tolerances should be 
below 60 mm and ideally, below 30 
mm. At 50 GHz, the resolution/toler-
ances should be below 600 μm and 
ideally below 300 μm.

Within an RF module and an 
AAS, it is possible to use planar 
transmission lines, vias, high fre-
quency mezzanine connectors, sol-
derable coaxial cables and other 
high-density, board-to-board and 
cable-to-board interconnects that 
present a relatively small pitch and 
profi le. However, for test and mea-
surement applications, like proto-
typing and quality control, the types 
of interconnects just described are 
not generally viable. With mmWave 
technology being used in more and 
higher volume applications, long, 

manual processes for prototyping 
and quality testing do not support 
the time and cost requirements. 
The result is a growing use of spring 
probes (pogo pins), coaxial spring 
probes and blind mate connectors, 
as opposed to the legacy standard 
threaded coaxial connectors and 
solderable coaxial cable intercon-
nects. Figure 3 shows a manual 
test probe positioner and ground-
signal-ground probe with a 2.92 
mm coaxial connector interface that 
may be used for mmWave test ap-
plications.

RF port counts are increasing rap-
idly. Systems that have traditionally 
incorporated roughly one to four 
ports are now routinely incorporat-
ing 64 or more ports. This increases 
the urgency of fi nding smaller, low-
er-pitch, high performance inter-
connects for mmWave applications. 
In many cases, fl exible coaxial ca-
ble assemblies that are commonly 
used in test and measurement ap-
plications to accommodate various 
devices under test and test setups 
are not adequate for mmWave ap-
plications. Rigid and semi-rigid co-
axial cable assemblies tend to have 
lower losses and better VSWR than 
comparable fl exible coaxial cables. 
However, skilled technicians must 
shape rigid and semi-rigid coaxial 
cables to properly install these in-
terconnects. Flexible coaxial as-
semblies only require a technician 
to push-fi t or properly thread and 
torque a threaded coaxial connec-
tor. These assemblies do, however, 
require some attention to ensure 
minimal defl ection of the fl ex cable 
during operation or between cali-

brations. Rigid and 
semi-rigid coaxial 
cable assemblies 
generally cannot 
be reworked and 
should be formed 
and left in place. 
Using these cables 
requires some 
planning, along 
with adequate 
tools and exper-
tise in the labora-
tory or test fl oor to 
properly form and 
install the con-
nectors. Figure 4

shows a blind mate coaxial connec-
tor that uses a bullet adapter to con-
nect between two PCBs.

Another solution is to use probes 
and precision positioners to make RF 
connections for prototype and veri-
fi cation/quality testing. Using probe 
interconnects in this way requires 
planning and design to ensure that 
there are enough test points for the 
RF paths. This test setup requires 
complex probe heads and precision 
positioning to connect every test 
point properly and reliably. These 
tests may require several to thou-
sands of test cycles, depending on 
the device or system under test. In 
some cases, it may be necessary to 
probe multiple sides of a device or 
system simultaneously. As an exam-
ple, many transmit-receive modules 
for AAS applications are fabricated 
on planar laminates or ceramic 
boards where the routing may only 
allow probe test points to be on 
the top and bottom. This requires 
dual-sided probing to access all test 
points and typical probe stations/
probe positioners are designed to 
probe only a single side. This may 
require a custom probe station or 
precision probe positioner. Figure 5 
shows a blind mate connector op-
erating from DC to 22 GHz that can 
be used in these applications.

AUTOMATION IS 

INCREASINGLY CRUCIAL

There is a shift away from high-mix, 
low volume mmWave devices and 
systems to much higher volume pro-
duction. Part of this volume increase 
has been enabled by greater levels of 
integration of mmWave technology. 
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 Fig. 4 Blind mate coaxial interconnect.
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very high, the repeatability of blind 
mate connectors and other inser-
tion methods is less so. The speed of 
mating and occupied space advan-
tages of blind mate connections may 
outweigh repeatability concerns. 
The optimum solution is to enhance 
the repeatability of blind mate con-
nections with robotic connection cy-
cling instead of human operators. A 
robotic insertion system will likely en-
sure much better repeatability than 
human operators for spring probes 
and blind mate connections. The 
goal would be to achieve the same 
repeatability as threaded coaxial 
connectors. Using spring probes and 
blind mate connectors with automa-
tion can also reduce the overall test 
time and may reduce the test system 
footprint as robotic systems can be 
designed that require less area than 
human operators need. Faster inter-
connect speeds could result in high-
er throughput that would lower test 
costs and increase the ROI of what 
are becoming increasingly expensive 
test and measurement systems for 
emerging high port count mmWave 
systems.

CONCLUSION

For decades, mmWave tech-
nology was relegated to defense, 
aerospace, space and some back-
haul communications applications. 
To support the insatiable demand 
for data consumption, along with 
mitigating spectrum clutter con-
cerns in the sub-6 GHz telecom 
spectrum, applications are mov-
ing to higher frequencies. The ad-
vent of mmWave 5G applications 
has renewed interest in consumer, 
commercial and industrial mmWave 
communications and sensing. This 
interest is being kindled into a 
roaring fl ame with many new non-
government mmWave applications 
emerging and evolving. Some of 
these applications include 5G FR2, 
802.11ay from 57 to 64 GHz, au-
tomotive radar from 77 to 81 GHz, 
mmWave imaging/radar for secu-
rity and machine learning and new 
space communication and sens-
ing. Each of these new applications 
needs a robust supply chain of in-
terconnect options and will benefi t 
from more automated manufactur-
ing and testing approaches.

ous test setups. Beyond small-signal 
S-parameter testing, there is also a 
need for large-signal S-parameters 
and power, impedance (load-pull) 
and/or noise testing measurements 
in many mmWave systems, espe-
cially TR modules and other active 
RF devices and systems. Tradi-
tional quality/verifi cation testing of 
mmWave devices and systems usu-
ally involves the use of various test 
stations or lines. Naturally, having 
to disconnect, transport and recon-
nect a device or system under test 
in a different location, even within 
the same facility, can result in test 
variations and changes. Consisten-
cy and repeatability concerns result-
ing from the various test domains 
of a given device or system under 
test make harmonizing the results 
of these test domains diffi cult, if 
not impossible. Figure 6 shows a 
precision-calibrated noise source 
module with 2.92 mm coaxial con-
nector interfaces that may be part of 
an mmWave test setup.

Making the test setup fl exible 
enough to perform all the necessary 
quality/verifi cation tests minimizes 
data repeatability concerns. It also 
results in higher test throughput 
and fewer steps with less manual 
intervention. As an example, this 
approach might allow small-signal 
and large-signal S-parameters for a 
transmitter module to be measured 
and the data harmonized with-
out substantial manipulation. This 
would provide a more complete 
analysis of the overall transmitter 
behavior for sensing or communica-
tions applications.

Another outcome of additional 
automation, especially with intercon-
nect, is a dramatic increase in connec-
tion repeatability when compared to 
manual insertion and connection. 
Though the repeatability of properly 
torqued threaded coaxial connec-
tors by a skilled technician may be 

Chipsets and ICs with more integrat-
ed features are available but there 
also has been a shift toward more 
automation and less manual manu-
facturing, assembly and testing. Au-
tomating manufacturing and assem-
bly of RF parts has been an ongoing 
advancement for decades and auto-
mation in this area leverages many of 
the technologies used for high speed 
digital and computing systems. How-
ever, automation of both prototype 
and laboratory RF testing and quality/
verifi cation testing of mmWave com-
ponents and systems has lagged oth-
er automation implementations that 
have realized lower costs and higher 
volumes.

Initial applications have not lent 
themselves to automating mmWave 
tests. Government and defense 
agencies have dominated these ap-
plications and they can accommo-
date the costs and yields of manual 
and time-consuming mmWave test 
strategies. Until the recent upticks 
in volume and cost concerns, there 
has not been substantial pressure to 
develop lower-cost, faster and more 
automated solutions. Additionally, 
government and defense users may 
be more willing to sacrifi ce repeat-
ability and cost in the products to 
meet stringent standards and per-
formance requirements.

Technologies like electronic cali-
bration (e-Cal) have been instru-
mental in making typical small-sig-
nal RF testing more repeatable and 
reliable. However, these technolo-
gies still require interconnect cy-
cling between calibrations. Greater 
emphasis on the repeatability, ac-
curacy and reliability of mmWave 
test systems necessitates more au-
tomation and less manual effort in 
moving mmWave devices and sys-
tems between calibration and vari-

 Fig. 5  Pasternack BMA connector.

 Fig. 6  Calibrated noise source 
module.
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Paving the Way to Terabit Wireless 
Telecommunications
Dr. John Howard, Rana Barsbai and Steve Jalil

Electromagnetic Technology Industries, Inc., Boonton, N.J.

WIRELESS TECHNOLOGY 
TODAY

TT oday, data has become a 
major part of the digital 
existence. The demand 
for faster, more reliable 

and ubiquitous connectivity has 
reached unprecedented heights. 
The U.S., home to around 144,000 
to 145,000 telecom towers, stands 
at the forefront of this digital revolu-
tion. These towers have long been 
the backbone of communication 
networks, facilitating both fixed and 
mobile communications. However, 
now the FCC proposes the national 
fixed broadband standard requir-
ing 100 Mbps for download speeds 
and 20 Mbps for upload speeds. 
To support that standard and to 
continue to enable the demands 
of ubiquitous connectivity, data 
throughput speeds must increase. 
There are various methods to in-
crease wireless telecommunications 
data throughput speeds and this 
section will address several of these 
techniques.

More Channel Bandwidth
It is well known that as the chan-

nel bandwidth increases, the data 
throughput speeds in bits per sec-
ond also increase. Unfortunately, an 
increase in bandwidth also increas-
es the effects of noise. For a con-
stant power output, this increase in 
noise acts to reduce the signal-to-
noise ratio (SNR). This, in turn, re-
duces the modulation index, which 
reduces the data throughput speed. 

The net effect is to reduce the spec-
tral efficiency, meaning the increase 
in data throughput speed is sub-
stantially lower than the bandwidth 
increase would imply. The noise 
power is determined by the formula 
in Equation 1.

N=KTB (1)

Where:
N = Noise power (W)
K = Boltzmann’s constant = 1.381 × 
10-23 W/Hz/K
T = 290 K at room temperature
B = RF carrier bandwidth (Hz)

Incorporate mmWaves
Frequencies from 30 to 300 GHz 

are considered mmWaves. In 5G 
telecommunications technology, 
mmWaves are employed to provide 
high data rates and low latency in 
wireless communication systems. 
However, mmWave signals have 
propagation limitations; they are 
more susceptible to atmospheric 
absorption and scattering1 and 
obstacles like buildings and foli-
age can disrupt propagation. To 
compensate for these limitations, 
networks typically use higher trans-
mission powers and this introduces 
more noise. In these noisy channel 
environments, whether the noise is 
caused by atmospheric absorption, 
scattering, reflections or if signal 
sidelobes are interfering, this noise 
will impair the ability to increase 
data throughput speeds.

Adding to the challenges, ab-

sorption plus scattering caused by 
hydrometeors2,3 in the transmission 
medium depolarizes the transmit-
ted radiation. This effect may se-
verely limit system performance, 
particularly in the case where two 
orthogonal polarizations are used 
as separate communication chan-
nels. Figure 1 shows a plot of the 
atmospheric attenuation of RF 
signals and how this attenuation 
changes with frequency for various 
rainfall rates. This shows the effect 
of absorption and scattering on RF 
signals in varying rain conditions 
and the substantial increase in loss 
per km for the mmWave frequency 
range is clear.

Increase Modulation Indices
Higher modulation indices, like 

64-QAM, 256-QAM or 1024-QAM, 

 Fig. 1  RF signal atmospheric 
attenuation versus frequency.
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 Fig. 2  Gain reduction in MU-MIMO 
system.

1 Beam

2 Beams

4 Beams

this four-beam MIMO beamform-
ing network. The system uses a 20 
MHz channel in a 120-degree sector 
to provide an average of 28 Mbps 
data speed in an urban environment. 
By implementing the four-beam ar-
chitecture shown in Figure 4 in the 
same 120-degree sector and repeat-
ing the same 20 MHz bandwidth for 
each beam, data speeds increased 
by a factor of 10.6 The results of the 
existing network and the ETI network 
are presented in Figure 5.

Earlier, the article discussed the 
signal propagation challenges for 
signals in the mmWave frequency 
range. The reason for going to 
mmWave frequencies was to access 
wider bandwidth channels to obtain 
higher data rates, but the band-
width reuse architecture obviates 
this need. The ETI system addresses 
the signal propagation issues by us-
ing frequencies below 10 GHz. This 
earlier section also discussed how 
absorption plus scattering could 
depolarize orthogonal transmission 
signals. U.S. patent 10,141,640 B2 

of each beam of the communication 
link. This reduction in antenna gain 
reduces the SNR and this will reduce 
the modulation index and decrease 
the data throughput speeds. These 
efforts can quickly create a law of 
diminishing returns situation. Con-
ceptually, the gain reduction expe-
rienced with multiple beams from a 
MU-MIMO antenna system is shown 
in Figure 2.

A SOLUTION

The four methods to increase 
data throughput are all currently 
in use and enable higher data 
throughput rates. However, as dem-
onstrated, there are challenges as-
sociated with each method. This 
section provides an alternative solu-
tion that avoids or minimizes these 
challenges. The previous analysis 
showed that even though an in-
crease in bandwidth increases the 
throughput speeds, it also increases 
the noise. As a result, the modula-
tion index decreases to keep the 
link closed and this reduced spec-
tral effi ciency partially negates the 
benefi t of larger bandwidth for data 
throughput speeds.

The alternative solution that is be-
ing developed maintains the same 
bandwidth in a sector but repeats 

this bandwidth 
multiple times 
within the sector. 
The bandwidth 
reuse scheme be-
haves similarly 
to an increase in 
bandwidth, but it 
does not increase 
the noise of each of 
the beams. The net 
effect is higher data 
throughput speeds 
and higher spectral 
effi ciency. Figure 3
shows a rendering 
of the four-beam 
radiation pattern in 
azimuth and Figure 
4 shows the simple 
architecture of this 
MIMO beamform-
ing network.

Electromagnet-
ics Technology In-
dustries (ETI) has 
built and deployed 

increase data throughput speeds 
but these modulation indices re-
quire high SNRs to reap a substantial 
benefi t from the increase in modula-
tion complexity.4 Table 1 shows an 
example of SNR requirements for 
different modulation schemes and 
coding rates. In addition to the at-
mospheric attenuation of the RF 
signal, there will also be spreading 
loss with distance that will depend 
on the geometry of the transmit/
receive antenna array. The effect of 
these losses will be to reduce the 
received signal while the interfering 
noise increases, reducing the SNR. 
This will decrease the modulation 
index of the system, reducing the 
data throughput speeds.

Implement MU-MIMO

Multi-user MIMO (MU-MIMO) 
is like troposcatter diversity. This 
technique permits separate data 
streams to propagate in parallel. Us-
ing multiple data streams increases 
the data throughput speeds with 
the increase dependent on channel 
conditions.

Creating multiple antenna beams 
to transmit multiple data streams 
means that only a portion of the full 
phased array antenna is used for 
each beam.5 This reduces the EIRP 

TABLE 1

SNR REQUIREMENTS FOR DIFFERENT 
MODULATION SCHEMES AND CODING RATES

REQUIRED BASEBAND SNR
SNR REQUIREMENTS VS. CODING RATE AND MODULATION SCHEME

Modulation Code Rate SNR (dB)

QPSK

1/8 -5.1

1/5 -2.9

1/4 -1.7

1/3 -1.0

1/2 2.0

2/3 4.3

3/4 5.5

4/5 6.2

16-QAM

1/2 7.9

2/3 11.3

3/4 12.2

4/5 12.8

64-QAM

2/3 15.3

3/4 17.5

4/5 18.6

 Fig. 3  Rendering of a simple four-
beam azimuth pattern.

 Fig. 4  Four-beam MIMO 
beamforming network.
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discusses MIMO 
dual-polarization 
scenarios and 
these ideas are 
fundamental to the 
ETI architecture.7

Higher modula-
tion indices were 
shown to increase 
data throughput 
speeds, but this 
increase came with 
the requirement of 
higher system SNR 
values. Achieving 
these higher SNRs 
requires higher 
gain antennas and 
multiple, narrow 
beams. Passive and 
active beamform-
ing networks in azi-
muth and elevation 
can easily enable 
the antenna gain 
and beam char-
acteristics neces-
sary to support the 
higher modulation 
indices.

Finally, the MU-
MIMO section pre-
sented a method 
to increase data 
throughput speeds 

with multiple bit streams transmit-
ted by an antenna array capable of 
generating multiple simultaneous 
beams. When the antenna array 
generates multiple beams, the gain 
of each beam is reduced from the 
gain that would result if all the an-
tenna array radiators were used to 
produce a single beam. To increase 
antenna beam gain, beam shap-
ing networks can be added to the 
beamforming networks mentioned 
previously.

Figure 6 shows a gain plot for a 
23-beam ETI antenna system in a 
90-degree azimuth sector. As the 
plot shows, the sidelobe levels are 
more than 25 dB from the main lobe 
as it is steered in its azimuth angle. 
Figure 6 also shows the gain reduc-
tion at the edges of the 90-degree 
scan from broadside. This gain re-
duction as the beam is scanned 
from broadside can be corrected 
by proprietary and patented tech-
niques.

Figure 7 shows the results of im-
plementing these proprietary and 
patented techniques. From the re-
sults, we see that the sidelobe levels 
have been reduced to more than 38 
dB below the main lobe with con-
stant beamwidth. These sidelobe 
levels remain roughly constant as 
the antenna is scanned along its azi-
muth angle.

Figure 8 shows a second tech-
nique that reduces sidelobe levels 
even more. In this case, the sid-
elobes are more than 50 dB below 
the main lobe. Using this technique 
maintains this sidelobe reduction 
performance over an even broader 
azimuth scan angle. The results of 
Figure 7 and Figure 8 raise the pos-
sibility of using these techniques 
to improve antenna performance 
enough to increase the modulation 
index and improve data throughput 
rates.

TERABIT WIRELESS SOLUTIONS

Enhancing the performance of 
wireless networks involves increas-
ing the capacity and data through-
put speeds provided by wireless 
base station antennas. This can be 
done with multiple radiating lobes 
in both azimuth and elevation to 
effectively cover a designated geo-
graphic volume. Using the propri-
etary and patented sidelobe reduc-
tion techniques described earlier, 
along with the antenna architecture 
that the article describes, allows for 
modulation indices of 256-QAM 
and 1024-QAM. These techniques, 
along with repeating the full band-
width in each beam, can help 
achieve higher capacity and data 
throughput speeds. Figure 9 shows 
a rendering of the radiation pattern 
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 Fig. 5  ETI four-beam system speeds versus the original 
network speeds.
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architecture are interesting. A net-
work using this architecture with the 
32-radio confi guration, 1024-QAM 
modulation and 80 MHz channel 
bandwidth will provide an aggre-
gate speed of 18.4 Tbps from only 
120 telecom towers. To put this into 
perspective, a geographical area of 
348 square miles, roughly the size of 
Lehigh County in Pennsylvania, can 
distribute 128.4 Mbps to 143,000 
households from these 120 towers. 
This is without factoring in a conten-
tion ratio, but this service still fulfi lls 
the U.S. requirements for broad-
band.

CONCLUSION

This article has compared various 
methods currently used through-
out the industry to increase data 
throughput speeds. Each one of 
these methods has advantages and 
disadvantages. To minimize the dis-
advantages of these techniques, the 
article has also presented a simple 
solution based on a cascadable ra-
dio architecture that uses passive 
beamforming networks, along with 
proprietary and patented antenna 
sidelobe techniques. Results show 
that data throughput speeds, even 
in simple cases, can increase sub-
stantially. The benefi t of this tech-
nique is it enables operators to 
meet emerging broadband require-
ments more readily. In the words of 
Leonardo da Vinci, “Simplicity is the 
ultimate sophistication.”
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six beams in elevation.
Table 2 shows the maximum 

speeds available for various channel 
sizes using 1024-QAM modulation 
and Table 3 shows the same data 
for 256-QAM modulation.

The number of radios per anten-
na can change based on the num-
ber of beams that are required. In 
the following example, the network 
again has three antennas, but in this 
case, each antenna has 32 radios. 
The deployment is the same as 
shown in Figure 11, but the radios 
provide four beams in azimuth and 
eight beams in elevation.

Table 4 shows the maximum 
speeds available for various channel 
sizes using 1024-QAM modulation 
in this new radio confi guration and 
Table 5 shows the same data for 
256-QAM modulation.

The practical implications of the 

of an antenna system that employs 
beamforming in the azimuth and el-
evation directions.

Examples of the Technology

Traditional macrocell tower de-
ployments use three 120-degree 
sectors. This fi rst example uses 
three antennas and each antenna 
has 24 radios. Figure 10 shows a 
drawing of the tower that supports 
the antenna and radio infrastructure 
at a wireless base station.

Figure 11 shows the concept of 
the radios housed inside a tower 
for a three-antenna system. For the 
data results that follow, the radios 
generate four beams in azimuth and 

 Fig. 10  Mounting confi guration for 
three-sector base station.

 Fig. 11  Radios housed inside the 
tower.

TABLE 2

MAXIMUM SPEEDS FOR 
1024-QAM MODULATION, 

24-RADIO CONFIGURATION

Channel Size 
(MHz)

Total Maximum 
Speed (Gbps)

80 115

40 57

20 28

TABLE 3

MAXIMUM SPEEDS FOR 
256-QAM MODULATION, 

24-RADIO CONFIGURATION

Channel Size 
(MHz)

Total Maximum 
Speed (Gbps)

80 92

40 46

20 23

TABLE 4

MAXIMUM SPEEDS FOR 
1024-QAM MODULATION, 

32-RADIO CONFIGURATION

Channel Size 
(MHz)

Total Maximum 
Speed (Gbps)

80 153

40 76

20 38

TABLE 5

MAXIMUM SPEEDS FOR 
256-QAM MODULATION, 

32-RADIO CONFIGURATION

Channel Size 
(MHz)

Total Maximum 
Speed (Gbps)

80 122

40 61

20 30
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Python Package Controls AWG DDS 
Multi-Tone Generation

Spectrum Instrumentation
Grosshansdorf, Germany

SS
pectrum Instrumenta-
tion released a new 
direct digital synthesis 
(DDS) fi rmware option 

for the company’s range of versatile 
16-bit arbitrary waveform genera-

tors (AWGs). The AWGs offer output 
rates of up to 1.25 GSPS and band-
widths of up to 400 MHz. The op-
tion allows users to defi ne 23 DDS 
cores per AWG that can be routed 
to the hardware output channels. 

Each DDS core can 
be programmed 
for frequency, am-
plitude, phase, 
frequency slope 
and amplitude 
slope. This enables 
control of lasers 
through acousto-
optic defl ectors 
and acousto-optic 
modulators, as is 
often used in quan-
tum experiments, 
with just a few sim-
ple commands. Us-

ing the abstraction layer of the new 
Python package makes program-
ming the AWG hardware and the 
DDS mode extremely easy. A DDS 
example with 16 superimposed sine 
waves on one channel and the FFT 
is shown in Figure 1.

DIRECT DIGITAL SYNTHESIS

DDS is a method for generat-
ing arbitrary periodic waves from 
a single, fi xed-frequency reference 
clock. It is a technique widely used 
in a variety of signal-generation 
applications. The DDS functionality 
implemented on Spectrum’s AWGs 
is based on the principle of adding 
multiple DDS cores to generate a 
multi-carrier (multi-tone) signal, 
with each carrier having a well-
defi ned frequency, amplitude and 
phase.

 Fig. 1  16 superimposed sine waves and the FFT.
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phase and frequency modulation 
on a carrier.

PYTHON PACKAGE FOR EASY 

CONTROL OF DDS

The Python package is avail-
able through GitHub with a single 
pip command. It allows full control 
of all current Spectrum hardware, 
including digitizers, AWGs, digital 
I/O cards and options, including the 
DDS option. Generating a single 
100 MHz sine wave requires fi ve 
DDS-specifi c single-line commands 
as follows:
dds.reset()
dds[0].amp(0.5)  # 50% output am-
plitude
dds[0].freq(100e6) # 100 MHz signal 
frequency
dds.exec_at_trg()
dds.write_to_card()

In total, there are more than 10 
different core-related functions, as 
well as more than 30 general func-
tions, realized inside the Python 
DDS class. This allows users to read 
all the internal parameters and read 
back all the possible DDS settings.

10 Million DDS Commands Per 
Second

The DDS commands can be sent 
using an extremely fast DMA mode 
into the 4 GB sample memory of the 
AWG. This fast transfer mode allows 
more advanced DDS functions that 
are not implemented in fi rmware as 
intrinsic functions to be performed. 
These include:
• S-shaped frequency/amplitude 

slopes consisting of multiple lin-
ear slope commands. 

• Custom frequency/amplitude 
slopes consisting of multiple lin-
ear slope commands

• AM modulation consisting of 
multiple amplitude change com-
mands

• FM modulation consisting of 
multiple frequency change com-
mands

• FSK modulation consisting of 
multiple frequency change com-
mands.
A simple s-shaped frequency 

slope can be achieved by using mul-
tiple intrinsic linear frequency slope 
functions. The example in Figure 3 
defi nes a command timer of 100 ms 

slope functions to produce extreme-
ly smooth changes to frequency and 
amplitude. Only a few Python com-
mands are necessary to generate a 
sine wave, shown in the top block on 
the left of Figure 2, ramp up the fre-
quency, shown in the middle block, 
and reduce the amplitude, shown in 
the bottom block.

The DDS option provides an 
easy and programmable way for us-
ers to produce trains of waveforms, 
frequency sweeps or fi nely-tunable 
references of various frequencies 
and profi les. Applications that re-
quire the fast frequency switching 
and fi ne frequency tuning that DDS 
offers are widespread. They can 
be found in industrial, medical and 
imaging systems, network analysis 
or even communication technol-
ogy, where data is encoded using 

DDS Mode Application Examples

For years, Spectrum AWGs have 
been successfully used worldwide 
in pioneering quantum research ex-
periments. The fl exibility and fast 
streaming mode of the AWGs en-
ables data to be streamed straight 
from a GPU and allows the control 
of qubits directly from a PC. While 
using an AWG in this way offers full 
control of the generated waveforms, 
large amounts of data need to be 
calculated. This slows the critical 
decision-making loop. In contrast, 
using the versatile multi-tone DDS 
functionality greatly reduces the 
amount of data that must be trans-
ferred, while still maintaining full 
control. All the key functionality re-
quired for quantum research is built 
in. With just a single command, us-
ers can apply intrinsic dynamic linear 

 Fig. 2  DDS command block and response.
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dds[0].freq(20e6)
dds[0].amp(1.0)
dds.trg_src(spcm.SPCM_DDS_TRG_SRC_TIMER)
dds.trg_timer(5.0)
dds.exec_at_trg()

dds[0].freq(20e6)
dds[0].amp(1.0)
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 Fig. 3  DDS command script.
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chased 66xx-series products can be equipped with the 
new fi rmware option by simply performing a fi rmware 
update. Besides the high-level Python package, pro-
gramming can be done using the existing driver SDKs 
that are included in the delivery. Examples are available 
for C, C++, JAVA, C#, MATLAB, LabVIEW and many 
more.

One Python Package for All Spectrum Products

The high-level, object-oriented Python package not 
only supports the DDS mode, but it also supports all 
current Spectrum products and nearly all product fea-
tures and operating modes. This includes digitizer, 
AWG, synchronization, single-shot mode, continuous 
FIFO acquisition, averaging modes, pulse generator 
and DDS options, along with many more. More than 30 
examples and detailed documentation are available on 
how to use the package. Spectrum is constantly improv-
ing Python support and continues to add new examples 
and new features. All 23 of the 66xx AWG series, some 
of which are shown in Figure 4, can be used with the 
DDS option.

Spectrum Instrumentation
Grosshansdorf, Germany
www.spectrum-instrumentation.com

to generate an s-form slope in seven steps where each 
step is 100 ms. The slope goes from 100 to 122 MHz.

Availability and Software Integration

The DDS option is available for the full range of 
M4i.66xx PCIe cards, M4x.66xx PXIe modules, portable 
LXI/Ethernet DN2.66x units and multi-channel desktop 
LXI/Ethernet DN6.66xx products. All previously pur-

 Fig. 4  Examples of the 66xx AWG series.
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MMIC Filter Design Goes Mainstream 
with Web-Based Design Tools

Marki Microwave
Morgan Hill, Calif.

SS
ize, weight and power 
(SWaP) are key consid-
erations in the compo-
nent selection process 

for RF systems. MMIC processes 
have a proven track record as the 
technology platform for high per-
formance components throughout 
the various sub-blocks in the RF 
signal chain. However, MMIC tech-
nology has become a viable option 
for high volume filter development 
only recently. This is largely due to 
the growing importance of size re-
duction.

In an ideal world, filters would 
be selected early in the system 
design phase. These filters can be 
commercial off-the-shelf solutions 
and in some cases, frequency plans 
can be changed to accommodate 
filters available in the market. Un-
fortunately, due to the presence of 
unexpected spurious products that 
may only present themselves dur-
ing testing, a real-world receiver 
will also have several “oh no” fil-
ters. The job of these filters is to 
suppress these unexpected tones. 
For projects where time to market 
is key, this presents a problem as 
these filters will be custom designs 
that require engineering and manu-
facturing lead-times. For this rea-
son, modern custom filter designs 

must be fast-turn designs that are 
right the first time.

In recent years, Marki Microwave 
has developed a novel design flow 
for MMIC filter design including 
standard response types (band-
pass, highpass and lowpass) as well 
as some more advanced concepts 
like notch, reflectionless and con-
figurable filters. Marki Microwave’s 
proprietary design flow has dem-
onstrated a high level of agree-
ment between initial simulations 
and measured results, leading to 
first-pass design success for custom 
filter solutions. This enables rapid 
filter development and reduced 
cycle times. Due to the inherent 
advantages of the MMIC platform, 
these solutions are repeatable from 
unit to unit and wafer to wafer and 
are scalable to high volume.

RECENT MMIC FILTER 

DEVELOPMENTS

MMIC is well suited not only for 
common filter response types but 
also for more advanced concepts. 
Marki Microwave recently released a 
family of varactor diode tunable fil-
ters that allow users to create band-
pass filters with variable center fre-
quencies and percent bandwidths 
through independent analog tuning 
of the highpass and lowpass sides. 

This makes them well-suited for 
adaptive filtering applications such 
as LO tracking. These impedance-
insensitive filters utilize a balanced 
design to feature low return loss in 
both the passband and stopband. 
Table 1 shows the performance re-
sults.

Figure 1 demonstrates the tun-
ing capability of Marki Microwave’s 
MFBT-00003PSM, which features a 
wide center frequency tuning range 
of 8 to 30 GHz. The top chart in Fig-
ure 1 shows the MFBT-00003PSM 
sweeping lowpass and the bottom 
chart shows the MFBT-00003PSM 
sweeping highpass.

FILTER DESIGN TOOLS & 

PRODIGY™ FILTER DESIGNER

Figure 2 shows several filter de-
sign tools that Marki Microwave 
hosts on its website to enable the 
development of accurate fast-turn 
solutions:

LC Filter Design Tool: Uses a 
lumped element model to calculate 
LC filter circuit values for lowpass, 
highpass and bandpass responses, 
using either Chebyshev, Elliptic, 
Butterworth, Bessel or Legendre fil-
ter topologies. It is a great tool to 
see whether a filter is theoretically 
possible. If a filter cannot be real-
ized using this tool, it is unlikely that 
it is a realizable filter.

Microstrip Filter Tool: Provides 
an ideal design of a distributed-
element microstrip filter. This tool 
allows you to design on various 
dielectric substrates, using Cheby-
shev or Butterworth filter types, to 
get a first approximation of a filter 
design. This demonstrates what is 

TABLE 1

MMIC TUNABLE FILTER RESULTS

Center 
Frequency, fc

3 dBc 
Passband

Tuning 
Voltage

Package

MFBT-00001PSM 3.5 to 9.5 GHz 3 to 10 GHz 0 to 16 V 4x4 mm QFN

MFBT-00002PSM 5.5 to 15.5 GHz 4.5 to 16.5 GHz 0 to 16 V 4x4 mm QFN

MFBT-00003PSM 10 to 26 GHz 8 to 30 GHz 0 to 16 V 4x4 mm QFN
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WHAT IS 
PRODIGY?

The LC Filter 
Design Tool and 
Microstrip Filter De-
sign Tools can be 
thought of as calcu-
lators to see what 
is theoretically pos-
sible, whereas Prod-
igy Filter Designer is 
a MMIC fi lter design 
tool that produces a 
real FEM-designed 
fi lter with known 
design variables and size. It uses machine learning to 
calculate real S-parameters nearly instantaneously, 
including all the 3D effects like metal loss, parasitics, 
cross-coupling, etc. Prodigy is powered by HFSS opti-
mization through microwave element surrogate simu-
lation (HOTMESS), which is Marki Microwave’s propri-
etary automated 3D FEM solver. HOTMESS generates 
a set of 3D FEM-validated S-parameters, including 
the physical layout of the fi lter. Marki Microwave uses 
HOTMESS to create databases of known good fi lters 
by fi lter type and fi lter topology. This is the foundation 
of the Prodigy Filter Designer. Prodigy takes the known 
good fi lter designs and uses machine learning algo-
rithms to interpolate between these points to design 
a fi lter based on customer inputs. This idea is shown, 
conceptually, in Figure 3.

Users can select the fi lter best suited to their specifi c 
requirements and input desired center frequency and 
percent bandwidth from the growing list of topologies. 
The S-parameter fi le and die dimensions of their fi lter 
are instantly provided from these inputs. Designers can 
then take that S-parameter fi le and validate the design 
in their system. Prodigy essentially pushes the iterative 
process of specifi cation negotiation to the customer 
without having to involve a Marki engineer, saving 
weeks in the process. Once they are happy with a de-

sign, Marki’s engineers take it from 
there. If a customer desires a fi lter to 
be packaged into a surface-mount 
package, Marki’s engineers can take 
their fi lter design, apply packaging 
effects and send back a validated set 
of S-parameters.

Currently, Prodigy can be used to 
design bandpass fi lters and it will con-
tinue to grow as more topologies and 
fi lter response types are added. Prodi-
gy Filter Designer is currently available 
on www.markimicrowave.com.

Marki Microwave
Morgan Hill, Calif.
www.markimicrowave.com

possible, but results should be verifi ed and optimized 
in 3D EM simulations.

Prodigy Filter Designer: Custom fi lter solutions of-
ten need to be developed quickly to prevent delays. 
The standard fi lter development fl ow is an iterative 
process between a customer and manufacturer on fi lter 
specifi cation negotiations and system validation that 
can take weeks. Marki Microwave developed Prodigy 
Filter Designer to streamline the development fl ow for 
system designers and reduce time to market.

 Fig. 3  Matrix of known good fi lter 
designs generated by HOTMESS.
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 Fig. 2  Marki Microwave’s web-based fi lter design tools.

LC Filter Design Tool

Microstrip Filter 
Design Tool

3D FEM & Machine3D FEM & Machine
Learning Filter Solver

LC Filter Design Tool

Fundamental Filter Design,
Provides the Theoretical
Performance of Various Filters

Microstrip Filter Design Tool

Simple Physical Representation
of a Planar Filter, Provides 
Insight into What is Possible

Prodigy Filter Designer

A Propriety Automated Filter
Design Tool with Excellent
Correlation Between Simulated
and Measured Results

NEW

HOTMESS

A Propriety Automated Filter
Solver that Leverages 3D 
FEM and Machine Learning 
Algorithms

NEW

 Fig. 1  MFBT-00003PSM insertion loss.
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ProtoMat®® Benchtop PCB Prototyping Machine Benchtop PCB Prototyping Machine

What would your day look like tomorrow if you could What would your day look like tomorrow if you could 

cut yourself free from the board house and produce cut yourself free from the board house and produce 

true, industrial quality microwave circuits on any true, industrial quality microwave circuits on any 

substrate right at your desk? LPKF’s ProtoMat substrate right at your desk? LPKF’s ProtoMat 

benchtop prototyping systems are helping thousands benchtop prototyping systems are helping thousands 

of microwave engineers around the world take their of microwave engineers around the world take their 

development time from days and weeks to minutes development time from days and weeks to minutes 

and hours. In today’s race to market, it’s like having and hours. In today’s race to market, it’s like having 

a time machine.a time machine.

www.lpkfusa.com/pcbwww.lpkfusa.com/pcb

1-800-345-LPKF1-800-345-LPKF

“You can’t beat an LPKF system “You can’t beat an LPKF system 
for prototyping. We do up to for prototyping. We do up to 
three iterations of a design three iterations of a design 
within a day.”within a day.”

LPKF ProtoMat UserLPKF ProtoMat User

9:00 AM9:00 AM

Your circuit design isYour circuit design is

done and you’re readydone and you’re ready

to make a prototype.to make a prototype.

10:05 AM10:05 AM

Your first board isYour first board is

ready to test.ready to test.

11:48 AM11:48 AM

Why not try a differentWhy not try a different

approach before youapproach before you

head to lunch?head to lunch?

1:03 PM1:03 PM

Your second board isYour second board is

ready to test.ready to test.

3:14 PM3:14 PM

After a few tweaks,After a few tweaks,

you’re ready to makeyou’re ready to make

your finished board.your finished board.

4:09 PM4:09 PM

Your finished board isYour finished board is

ready to go.ready to go.

5:00 PM5:00 PM

Nice work. You justNice work. You just

shaved weeks off yourshaved weeks off your

development schedule.development schedule.

All in a day’s work

5:00 PM
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Bootstrap Oscillator Delivers
Exceptional Phase Noise Performance

TT
he Quantic Wenzel boot-
strap oscillator is a cut-
ting-edge frequency con-
trol and timing solution 

designed for applications requiring 
ultra-low phase noise performance 
and low g-sensitivity in harsh environ-
ments. Operating between 80 MHz 
and 130 MHz, the bootstrap oscilla-
tor uses two phase-locked oven-con-
trolled crystal oscillators (OCXOs) of 
the same frequency. The innovative 
technology cancels vibration-induced 
phase noise by mechanically and 
electrically aligning the oscillators. 
The result is a highly stable oscilla-
tor assembly with exceptional low g-
sensitivity.

PERFORMANCE 

CHARACTERISTICS

• Frequency Range: Covering any 
fi xed frequency between 80 MHz 

and 130 MHz, the oscillator pro-
vides versatility for diverse appli-
cations.

• Phase Noise Performance: With 
a static phase noise of -188 dBc/
Hz and dynamic phase noise of 
-165 dBc/Hz, the oscillator ensures 
precision in signal generation.

• Vibration Compensation: Offered 
in active and passive versions, the 
oscillator exhibits a sensitivity of 5 
x 10-11/g below 300 Hz offsets and 
5 x 10-12/g above 300 Hz offsets 
with vibration isolation.

• Size and Housing: Housed in 
a 5.86 x 3.7 x 1.18 in. machined 
case, the oscillator meets space 
constraints in airborne, mobile 
and shipboard environments.

• Aging Stability: The bootstrap 
oscillator maintains reliability over 
time, with a typical aging rate of 
±1 x 10-6 in the fi rst year after 30 

days of continuous operation.
• Power Supply Stability: An in-

ternal voltage regulator enhanc-
es power supply line rejection, 
contributing to stable and reli-
able operation.
Established in 1978, Quantic 

Wenzel is a pioneer in ultra-low 
phase frequency control and tim-
ing solutions. The portfolio ex-
tends to advanced frequency 
sources and integrated microwave 
assemblies reaching 30 GHz and 
beyond. These products fi nd ap-
plications in mission-critical mili-
tary, space and commercial envi-
ronments, delivering reliable per-
formance in extreme conditions.

Quantic Wenzel
Austin, Texas
quanticwenzel.com

RF          
JFW           J  

RRF              
JFW                

RF                RF                RRF             
JFW           JFW           JJFW              from

JFW           
Ca    317-887-1340      T    F     877-887-4JFW (4539)

E-ma     a   @jfw          .c m  V      www.jfw          .c m

Test Systems      Programmable Attenuators

Terminations      Fixed Attenuators

Variable Attenuators     RF Switches

Power Dividers     RF Test Accessories





164   5G/6G  MAY 2024

SPECIALFOCUSFOCUS NEW PRODUCTS

COMPLETE ANTENNA 

MEASUREMENT CHAMBER 

SOLUTION 

Copper Mountain 
Technologies’ has 
partnered with Milli-
Box and Eravant to 
offer a complete an-

tenna measurement chamber solution. It 
is a turnkey system for customers need-
ing to make far-field antenna measure-
ments above 18 GHz. The over-the-air 
(OTA) antenna measurement chamber 
solution features a wide array of configu-
rations depending on the user’s anechoic 
chamber requirements, antenna size, de-
sired frequency range and antenna posi-
tioner functionality. The result is an afford-
able and smaller than traditional chamber 
testing solution. Learn more now!
Copper Mountain Technologies 
www.coppermountaintech.com

5G LOW NOISE AMPLIFIER 

Experience un-
matched power and 
precision with Fair-
view Microwave’s 
compact, coaxial 
0.7 dB NF low noise 
amplifier, tailored to 

cover pivotal 5G frequency bands. With 
an operating range from 600 MHz to 4.2 
GHz, our low noise amplifier is a connec-
torized medium power version with SMA 
connectors that is rated at 17 dBm, has a 
21 dB typical gain and is available for 
same-day shipping. Find additional specs 
and data sheets for FMAM1079 at fair-
viewmicrowave.com.
Fairview Microwave 
www.fairviewmicrowave.com

OMT

The OMT is a bi-di-
rectional device 
which allows signals 
to be sent from, or 
received at, the 
rectangular ports via 
an antenna support-
ing dual polarisation 

(at the common port). With models avail-
able from 33 to 220 GHz Flann’s full-band 
OMTs offer the high performance de-
manded by today’s communication sys-
tems in which good polarisation purity and 
isolation are paramount. These instru-
ments have two rectangular ports on adja-
cent faces and a common circular port.
Flann Microwave 
www.flann.com

RACK-MOUNT ATTENUATOR 

Model 50PA-1019-
XX is a 19 in. rack-
mount attenuator 
assembly contain-
ing 50 Ω solid-state 
step attenuators. 

The number of attenuators can be se-
lected from 1 to 8 attenuators. The at-
tenuators have an attenuation range of 0 
to 63 dB by 1 dB steps and operate at 
100 MHz to 40 GHz. It is available with 
SMA female connectors. This attenuator 
assembly can be remotely controlled via 
an Ethernet connection or a serial con-
nection.
JFW Industries 
www.jfwindustries.com

6G SUB-THZ REFERENCE 

ARCHITECTURE

NI’s 6G Sub-THz 
Reference Architec-
ture brings D-Band 
measurement capa-
bility with PXI vector 
signal transceivers 
and Virginia Diodes 

(VDI) frequency extensions. With support 
for Tx and Rx power, power and flatness 
calibration, up to 4 GHz instantaneous 
bandwidth and real-time data streaming 
with an FPGA coprocessor, this solution 
delivers a high-level starting point for 
configuring 6G sub-THz research, proto-
typing and validation applications while 
enabling real-world communication sys-
tem prototyping and validation.
National Instruments (NI) 
www.ni.com

NEX10 5G TERMINATION 

Pasternack’s preci-
sion-engineered 
terminations with a 
NEX10 connector-
ized design is craft-

ed for seamless operation up to 6 GHz. 
With a 50 Ω impedance and a maximum 
input power rating of 5 W, this termina-
tion has an aluminum body and is de-
signed to withstand temperatures be-
tween -40°C and +75°C. Ideal for tele-
communications, broadcast and 
aerospace applications, these termina-
tions ensure reliable signal modulation 
and termination. Download data sheets 
and shop for PE6TR1160 at our website.
Pasternack 
www.pasternack.com.

SOLID-STATE SWITCHES 

Quantic PMI’s port-
folio of RF and mi-
crowave, solid-state 
switches that range 
up to 70 GHz.  Fea-
tures include ultra-
broadband perfor-
mance, ultra-high 

isolation, low loss, ultra-high speed, ul-
tra-low power consumption, SPST - 
SP64T, reflective or absorptive available.  
Options include ultra-low video transient 
models, high input power models, cus-
tom package or form factor can be sup-
plied (usually without a NRE charge), her-
metic sealing, military or space screen-
ing, amplitude and phase matching. 
Form, fit and function designs our spe-
cialty. COTS availability!
Quantic PMI 
www.quanticpmi.com

WIRELESS INSITE® 

The ability to con-
trol the EM propa-
gation environment 
is an important area 
of 6G research. 
Remcom’s Wireless 

InSite® supports the simulation of RF in-
teractions with engineered electromag-
netic surfaces (EES), allowing modeling 
of passive metasurfaces designed to op-
timize wireless communication coverage 
by manipulating how signals propagate 
through a scene. Wireless InSite’s ray-
tracing and EM path processing calcula-
tions enable the prediction of reflections, 
transmissions and diffractions that inter-
act with EES placed within office build-
ings and urban areas.
Remcom 
www.remcom.com

CERAMIC METALLIZATION 

OPTIONS

Remtec Inc. (Can-
ton, Mass.) offers a 
newly expanded 
range of metalized 
thick film ceramic 
substrate material 

options – including Alumina, BeO, BTO, 
Silicon Nitride and AIN. Combined with 
advanced and proprietary screen print-
ing, etching and plating capabilities – 
such as plated copper (PCTF®) and di-
rect bonded copper (DBC) -- Remtec is 
uniquely positioned to be the design 
and production arm for customers re-
quiring single or multilayer ceramic cir-
cuits for SMT modules, hybrid integrated 
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circuits, integrated passives devices, an-
tenna arrays, filters, comb generators, as 
well as optoelectronic and sensor appli-
cations. Contact Remtec’s Business De-
velopment Manager to arrange a free, 
thick-film capabilities presentation.
Remtec Inc. 
www.remtec.com

THERMAL POWER SENSOR 

Discover the R&S®NRP170TWG(N) ther-
mal power sensor, the market’s only NMI-
traceable power sensor for precise D-
Band measurements, covering 110 to 

170 GHz. Engi-
neered for simplicity 
and top perfor-
mance, it integrates 
into any setup. 
Moreover, with fast, 
accurate and stable 

readings, as well as USB/LAN connectiv-
ity, it provides capabilities essential for 
6G R&D and advanced radar applica-
tions, allowing you to measure power 
with confidence and exceed expecta-
tions.
Rohde & Schwarz GmbH & Co. KG 
www.rohde-schwarz.com

ULTRA-LOW PHASE NOISE 

FREQUENCY SYNTHESIZERS

The KSSLO series of 
ultra-low noise fre-
quency synthesizers 
offer unmatched 
phase noise perfor-
mance in a variety of 

frequency bandwidths operating in fre-
quency range 1 and 2 allocations in 5G 
and 6G NR systems and supporting test 
equipment applications.  These products 
are user programmable for dynamic se-
lection of desired TX and or RX channel 
bandwidths within the desired FR alloca-
tion, phase lock to the available external 
master reference of the user system re-
quirement and have extremely low laten-
cy due to the wide loop bandwidth, which 
also allows for wideband frequency mod-
ulation. Frequency selection is by three-
wire SPI control. Phase noise within the 
wide loop bandwidth is typically as low as 
-116 dBc/Hz at 10 KHz and 100 kHz offset 
from the selected frequency when operat-
ing at 26 GHz. The product is housed in 
industry standard 1.25 × 1.25 × 0.5 in. 
package. The operating temperature 
range is from -40°C to +65°C.
Synergy 
www.synergymwave.com

ACE9600 ADVANCED 

CHANNEL EMULATOR

A major design chal-
lenge for 5G non-
terrestrial networks 
is the proper evalua-
tion of electromag-

netic and environmental effects on the 
signal path, including noise, Doppler 
shift, latency and multi-path and fading 
within a laboratory environment. The ex-
plosive growth of low earth orbit satel-
lites has intensified the need for a flexi-
ble, COTS satellite link emulation system 
such as the ACE9600 to emulate the 
wireless path before satellite deploy-
ment. Visit booth 704 at IMS2024 for ad-
ditional information.
Wireless Telecom Group 
www.wirelesstelecomgroup.com
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High-Power Analyzers Enable 
Millimeter Wave Testing
Signal Hound
Battle Ground, Wash.

S
ignal Hound’s SM435 series spec-
trum analyzers and monitoring re-
ceivers are powerful and accurate 
test and measurement tools that 

are designed with premium components. 
A philosophy of innovation inspires all the 
product designs at Signal Hound and these 
latest high frequency analyzers provide all 
the performance and precision needed for 
diverse uses across a wide variety of applica-
tions. Long known for reliable and effi cient 
test and measurement equipment, Signal 
Hound has applied their brand of innovation 
and quality to the latest high-powered de-
vices in the product portfolio. The SM435B 
and SM435C combine extended frequency 
range, real-time operation and extremely 
low phase noise into an accessible device 
that enables spectrum analysis into the 
mmWave space.

The SM435B is a high performance 43.5 
GHz spectrum analyzer and monitoring re-
ceiver with 110 dB of dynamic range and 1 
THz/sec sweep speeds. It offers 160 MHz 
instantaneous bandwidth (IBW) calibrated 
I/Q capture available through block transfer 
of a two-second I/Q buffer over USB 3.0 to 

the PC. The phase noise of the 
SM435B rivals even the most 
expensive spectrum analyz-
ers on the market. This device 
utilizes a sub-octave preselec-
tor that enables exceptional 
sweep speed performance 
from the device. It features 
outstanding dynamic range 

that has been optimized across the entire 
frequency band. This feature is achieved 
with special high-linearity amplifi ers having 
a fl at noise fi gure over 10 dB of gain adjust-
ment. The SM435B excels at a broad range 
of RF test and measurement applications 
that include EMC pre-compliance, phase 
noise characterization, wireless signal char-
acterization, calibration, manufacturing test 
and more. It is an exceptional product that 
provides access to higher frequency analy-
sis capabilities to a broad range of engi-
neers and technicians. Figure 1 shows the 
SM435B analyzer.

To enhance the capabilities of the SM435 
series, Signal Hound also offers the network-
capable SM435C. Utilizing all the perfor-
mance specifi cations of the SM435B, this 
spectrum analyzer adds a 10 Gigabit Ethernet 
SFP+ port, making it an attractive companion 
for remotely located RF data analysis. This 
feature is especially useful for off-site device 
control applications like streaming RF data 
back to a system via ethernet and spectrum 
monitoring in remote areas. Remote interface 
and control capabilities are facilitated using 
SCPI-compatible commands. These de-
vices can be remotely operated by sending 
SCPI commands through a TCP/IP link. The 
SM435C software can connect and interface 
through any VISA implementation or any pro-
gramming language that allows for SOCKET 
programming. In practical use case scenari-
os, SM series products have been utilized 
in nationwide spectrum monitoring systems 
and possess the performance capabilities to 
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 Fig. 1  SM435B real-time spectrum 
analyzer.
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from 24 to 43.5 GHz and centered at 
1.5 GHz. With Option-80 installed, 
users can switch modes between 
spectrum analysis and mmWave 
down-conversion.

Critical performance standards 
differentiate superior RF tools from 
low-grade products. Sweep speed 
is one of those standards. The 
SM435B and SM435C offer ex-
ceptional sweep speeds to enable 
real-time data when it is needed 
most. This component of analysis is 
important in many applications but 
essential for spectrum monitoring. 
Certain situations require broad fre-
quency sweeps while searching for 
a variety of signal characteristics. 
The SM435 series analyzers offer a 
1 THz/sec sweep speed at any of 
its resolution bandwidth settings 
greater than or equal to 30 kHz. 
Covering 1 to 43.5 GHz in just 20 
milliseconds allows for a constant 
sweep of the airwaves. This is due 
to a very agile local oscillator in the 
devices. With a sustained 1 THz/sec 
sweep speed, these powerful spec-
trum analyzers can monitor a 2 GHz 

meet the demands of ongoing fi eld 
use. Factor in the desire to reduce 
the size, weight, power and cost in 
the RF space and the SM435 series 
products become much more effec-
tive and attractive as a fi eld compan-
ion. Figure 2 shows the SM435C in a 
laboratory setting.

Both the SM435B and SM435C 
are available with an Option-80 
confi guration. This option replaces 
the front panel 10 MHz output with 
800 MHz of IF bandwidth selectable 

 Fig. 2  SM435C real-time spectrum 
analyzer with 10 GbE.

span with a 100 percent probability 
of intercept for signals lasting two 
milliseconds or longer.

Next-generation uses for signal 
analysis and monitoring systems 
are ever-expanding. The boundar-
ies of performance continue to be 
pushed. Signal Hound develops 
high performance products to keep 
up with the demand for the power-
ful tools required for this wide-rang-
ing industry. Providing innovative 
tools for RF professionals around 
the globe is an ongoing pursuit for 
the company. Beginning with the 
award-winning BB60 series and 
now with the SM435B and SM435C, 
engineers, technicians and others 
have access to devices to assist in 
further exploration of the RF spec-
trum in standard as well as develop-
ing frequency ranges.

To learn more about the SM435B 
and SM435C real-time spectrum 
analyzers and monitoring receivers, 
visit the Signal Hound website.
Signal Hound 
Battle Ground, Wash. 
signalhound.com
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Rotary Joints Deliver 
High Power to 170 GHz
Eravant, formerly Sage Millimeter Inc.
Torrance, Calif.

A
ntennas with rotary joints are 
widely used in radar systems to 
scan targets, in ground stations to 
track satellites and in radio tele-

scopes to scan the sky. For optimum sys-
tem performance, the rotary joints should 
minimize amplitude and phase variations 
when rotated. Eravant has developed an up-
dated series of rotary joints operating over 
full waveguide bands from 50 to 170 GHz. 
An example of one of these rotary joints is 
shown in Figure 1. With over 360 degrees 
of rotation, members of the SAN series of 

rotary joints limit variations to 
as little as 0.2 dB in amplitude 
and 2.0 degrees in phase, as 
shown in Table 1.

A variety of rotary joints 
have been developed over 
the years, with a relatively 
small set of design strategies 
prevailing due to their consis-
tently favorable results. One 
such design approach uses 
the TE-01 propagation mode 
to pass signals through circular 
waveguides positioned along 
the axis of the rotary joint. The 

TE-01 mode concentrates electromagnetic 
energy away from the waveguide wall. It 
also supports higher power levels than other 
waveguide modes without generating longi-
tudinal currents on waveguide surfaces. By 
avoiding longitudinal currents, TE-01-based 
rotary joints do not require electrical conti-
nuity between the rotating and stationary 
waveguides. The non-contacting electrical 
interfaces provide low insertion loss, good 
impedance matching and excellent ampli-
tude and phase stability.

The SAN series of rotary joints incorpo-
rates the TE-01 design approach and com-
bines it with an improved mode converter 
design. The mode converter employs an 
eight-way signal divider/combiner network 
that feeds a circular array of rectangular 
waveguide ports surrounding a circular 
waveguide section, as shown in Figure 2. 
The symmetry of the mode converter sup-
presses unwanted propagation modes and 
limits the distortion of electromagnetic fi elds 
within the circular waveguide, enabling 
good impedance matching and avoiding 
spurious resonances.

The signal divider/combiner in the mode 
converter is similar to discrete waveguide 
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 Fig. 1  Rotary joint.
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with their E-plane perpendicular to 
the axis of rotation.

All the rotary joints can handle 
up to 250 W of RF power while 
rotating at 60 RPM or more. They 
are constructed from stainless 
steel and gold-plated aluminum 
with UG-385/U or UG-387/U anti-
cocking fl anges on the waveguide 
ports. Typical mid-band insertion 
loss ranges from 1.2 dB for V-Band 
models up to 2.5 dB for W-Band 
versions. For V-Band models, the 
minimum return loss is 12 dB and 
the maximum insertion loss is 3.0 
dB from 50 to 75 GHz. Phase varia-
tion over 360 degrees of rotation is 
typically within ± 1.0 degree for V-
Band models, as shown in Figure 3. 
This level of phase control is roughly 
equivalent to maintaining 0.001 in. 
of end-to-end stability, indicating 
the level of mechanical precision 
built into the rotary joints.

For WR06 versions of the rotary 
joints, the circular mounting fl ange 
on the stationary side measures 
2.5 in. in diameter while the rotat-
ing side of the assembly is 2.0 in. in 
diameter. For the WR10, WR12 and 
WR15 models, the mounting fl ange 
on the stationary side is 3.25 in. in 
diameter while the rotating side of 
the assembly is 2.75 in. in diameter. 
The temperature range of the rotary 
joints is -40°C to +85°C with an en-
vironmental rating of IP40 to reject 
foreign objects larger than 1 mm.

The rotary joints complement 
a wide selection of antennas and 
accessories offered by Eravant, in-
cluding refl ector antennas and lens-
correct horn antennas that are often 
found in scanning radar systems, 
satellite-tracking communication 
links and mobile communication 
systems. In a common radar applica-
tion, a rotary joint is combined with 
a high-sensitivity Doppler radar sen-
sor, a rotating servo mechanism and 
a suitable antenna to scan the terrain 
and detect moving objects such as 
personnel, drones and low-fl ying 
aircraft. For additional information 
see eravant.com/products/antenna-
feeds/waveguide-rotary-joints.

Eravant 
Formerly Sage Millimeter Inc.
Torrance, Calif.
www.eravant.com

feed networks that are often used 
at lower frequencies. The improved 
waveguide network is machined 
into a solid block of metal that sur-
rounds the circular waveguide, 
avoiding the cost and the diffi culty 
of connecting multiple waveguide 
sections. Additionally, the solid-
block network is easily adapted to 
different waveguide bands by me-
chanically scaling the structure.

Confi guration options for the ro-
tary joints include an in-line arrange-
ment for both ports (I/I). Other con-
fi gurations include the L-style (I/R), 
the reversed L-style (R/I) and the U-

style (R/R). L-style ro-
tary joints have one 
right-angle wave-
guide port mount-
ed on the rotating 
end of the assem-
bly. Reversed L-
style models have 
one right-angle 
port mounted on 
the stationary end. 
U-style rotary joints 
have right-angle 
ports on both 
ends. The right-
angle waveguide 
ports are oriented  Fig. 3  V-Band phase performance.
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 Fig. 2  Eight-way signal divider/
combiner network.

TABLE 1
SAN SERIES HIGH-POWER ROTARY JOINTS

Model
Frequency 

Range 
(GHz)

Confi guration
Insertion 
Loss (dB)

Loss 
Variation 

(dB)

Phase 
Variation 

(°)

SAN-06I06I-S1 110 to 170 In-Line 2.5 0.4 4.0

SAN-06I06R-S1 110 to 170 L-Style 2.3 0.4 3.5

SAN-06R06I-S1 110 to 170 L-Reverse 2.3 0.4 3.5

SAN-06R06R-S1 110 to 170 U-Style 2.3 0.4 3.5

SAN-10I10I-S1 75 to 110 In-Line 2.0 0.2 3.0

SAN-10I10R-S1 75 to 110 L-Style 1.7 0.2 2.5

SAN-10R10I-S1 75 to 110 L-Reverse 1.7 0.2 2.5

SAN-10R10R-S1 75 to 110 U-Style 1.7 0.2 2.5

SAN-12I12I-S1 60 to 90 In-Line 1.7 0.2 3.0

SAN-12I12R-S1 60 to 90 L-Style 1.5 0.2 2.5

SAN-12R12I-S1 60 to 90 L-Reverse 1.5 0.2 2.5

SAN-12R12R-S1 60 to 90 U-Style 1.5 0.2 2.5

SAN-15I15I-S1 50 to 75 In-Line 1.5 0.2 2.5

SAN-15I15R-S1 50 to 75 L-Style 1.2 0.2 2.0

SAN-15R15I-S1 50 to 75 L-Reverse 1.2 0.2 2.0

SAN-15R15R-S1 50 to 75 U-Style 1.2 0.2 2.0



Low-Cost Programmable 
Waveguide Attenuator
Flann Microwave
Bodmin, U.K.

B
eing able to change the signal pow-
er of an RF system is a fundamental 
need. There are many reasons why 
it is preferable to attenuate the sig-

nal close to the source. When developing 
and testing a new product, it is often useful 
to bring the input power up slowly to avoid 
damage and to ensure proper characteriza-
tion. When a vector network analyzer is cali-
brated, an absolute standard such as a TRL 
offset enables accurate results. When the 
transmission medium is waveguide, power 
levels may be controlled with a waveguide 
attenuator.

The industry standard defines an attenu-
ation value as a ratio of the input power to 
the output power, expressed in decibels 
(dB). However, to fully specify an attenua-
tor, the user must understand the specific 
requirements of the application. Some of 
the specifications will involve determining:
• Fixed or variable attenuation
• Maximum attenuation range and inser-

tion loss
• Power level
• Frequency range
• Attenuation accuracy
• Phase change.

These specific requirements are com-
bined with requirements for cost, quantity, 
size, mass, environment, integration and 
control to determine the most appropriate 

waveguide attenuator solutions for a par-
ticular application.

The mix of waveguide solutions reflects 
the market segmentation. Automatic test 
and programmability have become impor-
tant test attributes, driven by factors such 
as the growth in data traffic, more sophisti-
cated testing equipment with closed-loop 
feedback, manufacturing advances, evolv-
ing digital control in IoT applications and 
advances in design tools such as finite el-
ement modeling analysis. These test and 
measurement applications are likely to use 
variable attenuators for the continuous at-
tenuation that they can offer.

Flann Microwave believes that future 
market growth for products will come from 
ATE applications and competitive pricing. 
Flann offers standard rotary vane attenua-
tors that deliver high accuracy over a full 
waveguide band. They have a flat attenu-
ation profile versus frequency and have at-
tenuation ranges from 0 dB up to 60 dB. 
This style of attenuator comes in various 
forms with both manual and programmable 
versions for ATE applications. Some ex-
amples of these attenuators are shown in 
Figure 1.

Figure 2 shows a plot of attenuation ver-
sus frequency for the 29625-03 attenuator 
shown as the first device in Figure 1. This 
device operates in the WR-06 waveguide 
frequency band with a flat attenuation re-
sponse over this 110 to 170 GHz range. 
The Flann rotary vane attenuator family is 
capable of operating up to 500 GHz.

While this family of attenuators offers 
excellent performance, some applications 
may require a smaller size with a device that 
is less costly and easier to manufacture. For 
these applications, Flann provides a basic 
variable attenuator. These designs are easy 
to manufacture, compact and low-cost de-
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 Fig. 1  Examples of Flann Microwave rotary vane 
attenuators.
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process requires a compact actuator that would be of 
comparable size to the attenuator. The cost and size 
of these actuators have been prohibitive, but suit-
able actuators are becoming available and Flann is 
re-evaluating the design approach.

Introducing a product suitable for high perfor-
mance ATE applications meant minimizing the dis-
advantages while maintaining the advantages of the 
low-cost versions. To achieve this, Flann designed 
programable/remote attenuation control from a PC 
using a USB interface with power. The attenuation 

range was increased to 50 dB and 
the attenuation flatness was im-
proved to ±10 percent. All this was 
accomplished with an eye toward 
reduced size and moderate cost tar-
gets.

Flann’s new design uses an im-
proved RF design and an absorbing 

material, coupled with a compact actuator. The design 
relies on a thorough understanding of EM waves, aid-
ed by FEM software analysis. Figure 4 shows dashed 
lines that represent modeled results along with the 
measured data represented by the solid lines. The at-
tenuator can be seen to the far right of Figure 1.

Combining the RF design with an actuator having 
a 5 μm resolution enables the specifications shown 
in Table 1. In addition to the performance, the de-
sign uses an element that is entirely retracted from 
the waveguide at the minimum attenuation value. 
This ensures that the insertion loss of the device is 
the only insertion loss of the waveguide as this will 
be an important advantage as frequencies go higher.

Flann Microwave
Bodmin, U.K.
https://fl ann.com

vices. The trade-off with these devices is an attenua-
tion range of 0 to 25 dB or 30 dB and 40 to 60 per-
cent attenuation variation with frequency, along with a 
simple lookup table that varies for every frequency for 
calibration.

The performance of one of these basic attenuators 
is shown in Figure 3. This attenuator is shown in the 
middle of Figure 1. The attenuation flatness and accu-
racy show the performance trade-offs made to reduce 
size and cost. While this performance is not sufficient 
for ATE applications, these attenuators are good solu-
tions to improve mismatches or in “level set” applica-
tions requiring only a single frequency with calibration 
lookup tables.

The applications for this low-cost family are also lim-
ited by the method of changing attenuation. Histori-
cally, devices of this type have used a manual microm-
eter to adjust attenuation. Automating the attenuation 

 Fig. 2  Flann 29625 programmable rotary vane attenuator.
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 Fig. 3  Flann 29020 low-cost calibrated manual variable 
attenuator.
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 Fig. 4  Measured values (solid) overlaid with modeled 
(dashed) values.
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TABLE 1
ATTENUATOR SPECIFICATIONS

Attenuation (dB) -3 -4 -5 -6 -11 -16 -21 -26 -31 -37 -42 -47 -59

± Variation (%) 8.2 8.4 8.7 9.2 9.2 9.3 9.5 8.6 8.0 6.7 6.1 5.7 5.1

± Variation (dB) 0.26 0.36 0.46 0.59 0.98 1.48 2.00 2.27 2.49 2.46 2.54 2.70 3.00



TechBrief

programmable linear actuator mount 
for oscillating radar targets. This set-
up is developed for mmWave and 
sub-THz radar performance testing 
and used during the R&D phase or 
production calibration.

Construction modularity, soft-
ware flexibility and overall afford-
ability have anchored MilliBox in a 
market segment between DIY and 
full built-in solutions. When the ef-
fort of preparing for a test is many 
times higher than executing it, Mil-
liBox brings a new criticality to the 
word accessibility: your setup is at 
your fingertips, always ready when 
you need it.

MilliBox 
San Jose, Calif. 
www.millibox.org 
millibox@milliwavess.com

OTA Your Way

M
illiBox has expanded 
its antenna test sys-
tems capabilities for 
mmWave and sub-

THz OTA measurement. The origi-
nal MBX02, comprising a four-foot 
benchtop anechoic chamber plus 
a GIM01 3D positioner, has been 
augmented with many product vari-
ants. The MBX0x series with 24 in. 
cubes reaches up to 2 m in far field 
and the MBX3x series with 30 in. 
cube units reaches up to 3 m. The 
GIM04 positioner series is now the 
MilliBox standard HV positioner. It is 
available in four sizes with options 
like X-Pol: a third-axis motorized 
polarization controller. Alternative-

ly, the GIM05 series offers a 3-axis 
spherical roll positioner for wider 
unobstructed fields of view and na-
tive spherical data captures. The 
cross-compatibility and modularity 
of these components allow for the 
creation of highly integrated setups 
for every need and budget.

MBX32E is a complete solution, 
featuring an MBX32 chamber and 
a GIM04-300E, which mounts sub-
THz compact Tx and Rx frequency 
extenders close to the measure-
ment points. Mounting the fre-
quency extenders onboard the 3D 
positioner minimizes wiring issues 
for frequencies above 60 GHz.

MBX33R is an accessorized ver-
sion of the MBX33 chamber with 
a GIM04-300X 3-axis positioner. It 
features a target wall with up to nine 
fixed or moving trihedral corner re-
flectors. The LIN04 accessory is a 

When Power Matters

StellantSystems.comTogether, We Can Go Farther.

Stellant now offers 

a complete line of 

TWTs, SSPAs, MPMs, 

Active/Passive and 

Control Components 

for Space, Defense, 

Medical/Scientific and 

Industrial applications.

For more information, 

contact us at sales@

stellantsystems.com.

Traveling-Wave Tubes / 

Amplifiers (TWTs & TWTAs)

Solid-State Power Amplifiers 

(SSPAs)

Microwave Power Modules 

(MPMs)
Active/Passive  & 

Control Components

The ONLY vertically 

integrated Space 

Traveling-Wave Tube 

Amplifier (TWTA) 

supplier in the world.

Visit us in Booth 339 at

International  
Microwave Symposium

June 16–21, 2024 
Washington, DC



Industry Leading Performance!
MLUN-Series "Ultra-Notch" Yig-Tuned Bandreject Filters with 50 dB notch depths at 500 MHz and 60 dB riesMLUN-Series "Ultra-Notch" Yig-Tuned Bandreject Filters with 50 dB notch depths at 500 MHz and 60 dB "Ultra-Notch" Yig-Tuned Bandreject Filters with 50 dB notch depths at 500 MHz and 60 dB

notch depths starting at 2 GHz. Standard models cover the 500 MHz to 2 GHz, 2 to 6 GHz, 6 to 18 GHz and pthsnotch depths starting at 2 GHz. Standard models cover the 500 MHz to 2 GHz, 2 to 6 GHz, 6 to 18 GHz and starting at 2 GHz. Standard models cover the 500 MHz to 2 GHz, 2 to 6 GHz, 6 to 18 GHz and

2 to 18 GHz. Customer specifi ed tuning ranges can be supplied on special order.Hz.2 to 18 GHz. Customer specifi ed tuning ranges can be supplied on special order.Customer specified tuning ranges can be supplied on special order.

Standard model operates over the 0° to +65°C temperature range, with Military versions covering -40° to 85°C 

are available. Al units are available with Analog, 12 bit TTL and 16 bit serial drivers.

Applications include test instruments, wide band receivers, telecom, satcom and military applications.

“Look to the leader in YIG-Tech nol o gy”

www.microlambdawireless.com

Micro Lambda is a ISO 9001:2015 Registered Company

46515 Landing Parkway,  Fremont CA 94538 •  (510)  770-9221 •  sales@microlambdawireless.com

For more information contact Micro Lambda Wireless.

Industry Leading Performance!
MLUN-Series "Ultra-Notch" Yig-Tuned Bandreject Filters with 50 dB notch depths at 500 MHz and 60 dB 

notch depths starting at 2 GHz. Standard models cover the 500 MHz to 2 GHz, 2 to 6 GHz, 6 to 18 GHz and 

2 to 18 GHz. Customer specifi ed tuning ranges can be supplied on special order.

"Ultra-Notch" YIG-Tuned 
Bandreject Filters
50 dB Notch depths at 500 MHz 
60 dB Notch depths at 2 GHz
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IMS2024 General Chairs’ 

Welcome
Scott Barker and Sanjay Raman

II
t is our great honor to welcome 
you to Washington, DC. The last 
time the IEEE MTT-S International 
Microwave Symposium (IMS) was 
held in the U.S. capital  was 1980! 

Much has changed since then for 
both IMS and DC, while some of the 
best parts of both are alive and well. 
In 1980 there were ~1500 attend-
ees, 160 papers and 123 exhibitors; 
today IMS has grown to ~10,000 at-
tendees, ~350 papers and ~550 
exhibitors. Both the Automatic Ra-
dio Frequency Techniques Group 
(ARFTG), first co-located with IMS in 
1979, and the Radio Frequency In-
tegrated Circuits Symposium (RFIC), 
initially launched as the IEEE Micro-
wave and Millimeter-Wave Monolith-
ic Circuit Symposium in 1982, are still 
vibrant components of Microwave 
Week. The Washington, DC, region 
is home to many high technology 
companies, major aerospace and 
defense firms, government science 
and technology agencies and na-
tional laboratories, including the U.S. 
Army and Navy Research Labs, and 
the National Institutes of Standards 
and Technology. 

The area around the Walter E. 
Washington Convention Center, in-
cluding Penn Quarter, Chinatown 
and the Shaw district, is one of 
the most dynamic parts of the city  
with a phenomenal restaurant and 
bar scene, and within 10 blocks of 
the White House and the National 
Mall. Washington, DC, boasts the 
greatest number of completely free 
museums — there are over 40 mu-
seums and attractions in Washing-

ton, DC, that can be visited without 
charge, including the 17 museums 
and galleries that together com-
prise the Smithsonian Institution. It 
is quite convenient to get around 
the city and the region using DC’s 
extensive Metro system, which also 
connects directly to Reagan Nation-
al Airport (DCA) and Dulles Interna-
tional Airport (IAD). 

The IMS2024 program is built 
around thematic areas that highlight 
the symposium’s focus on “Capital-
izing Across the Spectrum.” In ad-
dition to showcasing a broad spec-
trum of engaging technical topics, 
IMS2024 will celebrate the diversity 
of contributions, talents and accom-
plishments across our community’s 
“human spectrum” throughout the 
week. Moreover, the major techni-
cal themes of the conference will 
emphasize the role our host city of 
Washington, DC, has played in sup-
porting the use and management of 
the RF-to-THz spectrum, including: 
Systems and Applications, Aero-
space and Security, Spectrum Co-
existence and Sustainability, each as 
thematic days, and Emerging Tech-
nologies and Directions. The Future 
Directions theme for this year’s IMS 
is Wireless Power Transfer, with a 
bootcamp, workshops and collec-
tion of special, focus and panel ses-
sions on this emerging topic area. 
On Wednesday, we will also be co-
locating with the industry-focused 
FutureG Summit, which we are joint-
ly sponsoring with the IEEE MTT, 
Antennas & Propagation, Com-
munications and Photonics Societ-

ies. We are also continuing forward 
several industry engagement efforts 
introduced in recent years, includ-
ing the industry showcase session 
immediately before the Monday 
plenary session, best industry paper 
awards and session keynotes. This 
year features the Startup Pavilion on 
the exhibit floor, featuring 12+ early 
stage RF/microwave companies, 
mentoring and networking oppor-
tunities and a pitch competition.  

In addition, we are emphasizing 
Diversity, Equity, Inclusion and Be-
longing, cutting across all aspects 
of the symposium. This effort starts 
with the creation of a new Executive 
Committee level position – the Out-
reach and Inclusion Chair. We have 
also started collecting additional 
optional demographic information 
from our attendees so that we are 
able to understand and appreciate 
the great diversity that already ex-
ists within our community, as well 
as identify those areas where we 
need to be more inclusive. In addi-
tion, we have updated our selection 
processes to ensure that our confer-
ence events are representative of 
the diversity of our community. We 
hope this effort will continue into 
the future so that IMS will continue 
to lead the way as the premier inter-
national microwave conference!

We are thrilled to welcome you 
to IMS2024 in Washington, DC, 
for Microwave Week, June 16-21, 
2024. Attendees will have another 
opportunity to experience IMS in 
the capital of the U.S., as IMS will re-
turn to Washington, DC, in 2029! 
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RFIC’24 Overview
Danilo Manstretta
RFIC 2024 General Chair, University of Pavia, Pavia, Italy

OO
n behalf of the Execu-
tive and Steering Com-
mittees, I would like to 
cordially invite you all 
to the 2024 IEEE Ra-

dio Frequency Integrated Circuits 
(RFIC’24) Symposium. The IEEE RFIC 
Symposium is the premier annual fo-
rum focused on presenting the latest 
breakthroughs and research results 
in all areas related to RF, mmWave 
and wireless ICs. The RFIC Sympo-
sium, combined with the Interna-
tional Microwave Symposium (IMS), 
ARFTG and the Industry Exhibition, 
form “IMS Week,” the world’s largest 
RF and microwave technical meeting 
of the year. 

Building on the remarkable suc-
cess of RFIC’23 in San Diego, which 
drew over 900 attendees, this year 
RFIC’24 promises an even more sig-
nificant impact. Set to take place at 
the Walter E. Washington Conven-
tion Center, nestled in the heart 
of Washington, DC, from Sunday 
morning, June 16, through Tuesday 
night, June 18, the event anticipates 
a substantial increase in attendance. 

The RFIC’24 will feature a rich edu-
cational program on Sunday, June 
16, followed by the Plenary Session, 
a welcome reception and the Sym-
posium Showcase, all on Sunday 
night. The RFIC technical sessions will 
be held on Monday and Tuesday in 
three parallel tracks. These sessions 
will cover several technical areas, in-
cluding power amplifiers, RF front-
ends, oscillators, frequency synthesiz-
ers, device modeling, packaging and 
testing technologies. Exciting devel-
opments in artificial intelligence/ma-
chine learning applied to RF circuits, 
D-Band circuits, 3D ICs and inter-
connects, wireline, optical, quantum 
computing and mixed-signal circuits, 
as well as imaging, spectroscopy and 
sensing circuits at RF through THz fre-
quencies, will be explored. The scope 
of the conference includes innova-

tions in IC and system architectures, 
usage models, calibration techniques 
and integration approaches, foster-
ing collaboration between research-
ers and practicing engineers on the 
frontier of RFICs and systems to the 
benefit of all.

RFIC’24’s Sunday program is 
mainly devoted to educational 
events, with 13 RFIC-focused work-
shops and one technical lecture. The 
workshops cover a wide range of 
advanced topics in RFIC technology. 
The technical lecture will be deliv-
ered by Prof. Ali Hajimiri of Caltech 
on “Noise in Oscillators: from Under-
standing to Design.” This 80-min-
ute lecture begins by exploring the 
evolution of noise from device and 
external sources to phase noise. A 
time-varying phase noise model is 
developed, with a discussion on 
its complexities and the insights it 
provides for designing voltage-con-
trolled oscillators (VCOs). The lecture 
also examines the application of this 
model to different types of oscilla-
tors, including LC and ring VCOs, 
and its alignment with the broader 
context of frequency generation.

Following the full day of Sunday 
workshops, the RFIC Plenary Ses-
sion will be held in the evening be-
ginning with conference highlights, 
the presentation of the Student Pa-
per Awards and the Industry Best 
Paper Awards. The RFIC’24 Plenary 
Session will conclude with two vi-
sionary plenary talks: “The 6G Net-
work at the Center” by Peter Vetter, 
President of Nokia’s Bell Labs Core 
Research; and “CMOS Technol-
ogy Evolution for Revolutionary 
Impact” by Prof. Tsu-Jae King Liu 
Dean of the College of Engineering 
of UC Berkeley. Immediately after 
the Plenary Session, the RFIC Re-
ception and Symposium Showcase 
will follow, with highlights from our 
industry showcase and student pa-
per finalists in an engaging social 

and technical event supported by 
RFIC’24 corporate sponsors. The 
showcase will provide authors the 
opportunity to demonstrate their 
work in a lab-like environment for 
close-up discussions.

On Monday and Tuesday, RFIC 
will offer multiple tracks of techni-
cal paper presentations and will of-
fer panel sessions during the lunch 
breaks. Monday’s panel is titled “RF 
and Microwave League of Champi-
ons.” Rather than a traditional panel, 
it will be a quiz show pitting a team of 
academics against a team of industry 
veterans to answer technical riddles 
sourced from RF and microwave his-
tory. Each team will comprise three 
members who will answer as a team 
on questions about RF/microwave 
theory, circuits and systems. This 
event will be an entertaining diver-
sion from the typical technical panel 
and hopefully a great deal of fun for 
participants. The audience is invited 
to participate and support their fa-
vorite team. Tuesday’s RFIC/IMS 
joint panel will discuss “AI in RFIC: 
Opportunities, Threats, and Limita-
tions.” The use of AI has become one 
of the hottest and most controversial 
discussion topics of the moment. A 
panel of experts from both academia 
and industry will debate on the op-
portunities and the potential threats 
posed by AI and how this pervasive 
technology will transform our indus-
try. Following the success of its first 
edition in 2023, RFIC’24 will again 
feature a “chip chatting” session 
dedicated to students. It will offer a 
unique opportunity for students to 
meet and interact with industry lead-
ers and learn about exciting technol-
ogy trends and potential opportuni-
ties for their future careers. All parties 
are welcome to stay chip chatting at 
the RFIC nacho station with free food 
and drinks. Visit the RFIC’24 website 
(http://rfic-ieee.org/) for more details 
and updates. 
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2024 Spring/Summer  
ARFTG Microwave  
Measurement Conference
Dominique Schreurs, Marco Spirito, Mauro Marchetti and Dennis Lewis

WW
e welcome you at 
the 103rd ARFTG 
Microwave Mea-
surement Confer-
ence on June 21, 

2024! The conference theme is “Ad-
vanced measurement techniques for 
next-G communication systems.” 
Papers that will be presented cover 
topics such as measurements for 6G 
and Future-G systems, mmWave 
and sub-THz measurements, char-
acterization of material properties 

and advances in linear and nonlinear 
measurements. Oral technical ses-
sions are presented in a single-track 
format. Extended breaks combine 
an exhibition and interactive forum, 
which provides networking opportu-
nities with vendors and colleagues, 
whether researcher or practitioner. 

The conference is preceded by 
Users’ Forums focusing on nonlin-
ear vector network analyzer and 
on-wafer measurements held on 
Thursday, June 20. ARFTG is also 

Twenty-First Century Solutions for 
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For More Information about

mBend Cables and Cable Assemblies 

Click QR Code

Visit us at iMs 2024 Booth 1621 or online at ‘www.anoison.coM/MBend-caBles/’ 

Anoison Electronics, LLC

www.anoison.com

800.537.0680

intl:+1.607.6667 

iot tiiht spacess someiot tiiht spacess some riihttanilee some straiihtt  httanileeiot tiiht spacess some riihttanilee some straiihtt  some straiihtt

anoison mmend camlesanoison mmend camles are your solutionnare your solutionn

co-sponsoring joint workshops with 
IMS, which are scheduled on 16-17 
June.

If you have an interest in mea-
surements from 1 kHz to 1 THz and 
beyond, be sure to add the 103rd 
ARFTG Conference to your plans in 
Washington, DC, this June. You will 
find our atmosphere to be informal 
and friendly. For further details re-
garding the conference as well as 
the ARFTG programs for students, 
visit www.arftg.org.



 SIX DAYS  THREE CONFERENCES  ONE EXHIBITION

EUROPE’S PREMIER  
MICROWAVE, RF, WIRELESS 

AND RADAR EVENT

THE EUROPEAN
MICROWAVE
EXHIBITION
PARIS EXPO PORTE DE VERSAILLES PARIS, FRANCE
22 – 27 SEPTEMBER 2024 

CALL +44(0) 20 7596 8742 OR VISIT WWW.EUMWEEK.COM

• 10,000 sqm of gross exhibition space

• Around 5,000 attendees

• 1,700 - 2,000 Conference delegates

• In excess of 300 international 
exhibitors (including Asia and US as 
well as Europe)

INTERESTED IN EXHIBITING?
Please contact one of our International Sales Team:

Richard Vaughan,  
International Sales Manager 

rvaughan@horizonhouse.co.uk

Gaston Traboulsi, France 
gtraboulsi@horizonhouse.com

Mike Hallman, USA 
mhallman@horizonhouse.com

Brigitte Beranek, Germany, 
Austria & Switzerland 

bberanek@horizonhouse.com

Katsuhiro Ishii, Japan 
amskatsu@dream.com

Young-Seoh Chinn, Korea 
corres1@jesmedia.com
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The IMS2024 Exhibition
Carl Sheffres
Horizon House Publications, Inc.

TT
he IEEE International Mi-
crowave Symposium (IMS) 
features the largest exhibi-
tion in our industry, show-
casing the world’s leading 

suppliers of products and services. 
Exhibition visitors will have the op-
portunity to see and experience the 
latest technologies and innovations 
available for all of your design re-
quirements. There will be live dem-
onstrations, new product launches 
and plenty of networking.

IMS2023 in San Diego was a 
great success, with nearly 550 
companies exhibiting in 867 booth 
spaces. We expect the IMS2024 ex-
hibition to exceed even those lofty 
numbers, as IMS visits the Walter 
E. Washington Convention Center 
in the nation’s capital for the first 
time in its history. The Mid-Atlantic 
region boasts many RF/microwave 
companies, so the event should at-
tract a large audience of industry 
professionals.

The exhibition will take place in 
halls A and B of the convention cen-
ter. Exhibition hours are Tuesday, 18 
June, from 09:30 to 17:00; Wednes-

day, 19 June, from 09:30 to 18:00; 
and Thursday 20 June from 09:30 
to 15:00. Registration will be in the 
main lobby, convenient to both the 
exhibition and conference meet-
ing rooms. Coffee will be served on 
the exhibition floor each morning 
and Tuesday and Wednesday after-
noons. “Sweet Treat Tuesday” has 
become a welcome staple of the 
exhibition on Tuesday afternoon, 
providing all attendees with an af-
ternoon indulgence.

The annual “Industry Recep-
tion” will take place on Wednesday, 
from 17:00 to 18:00 featuring food 
and beverages in the aisles and at 
participating exhibitors’ booths. 
Wednesday is also the day for free 
exhibition registration. 

Exhibition attendees are encour-
aged to visit the XMA-sponsored 
“game zone” where they can com-
pete to win prizes or just take a 
break. Relaxation and recharge can 
also be found in the three network-
ing lounges spread throughout the 
halls, once again sponsored by Ana-
log Devices.     

The “Startup Pavilion” is a new 

addition for IMS2024. This area will 
feature emerging companies on the 
exhibition floor and in the Micro-
Apps Theater, where they will pres-
ent their technologies and partici-
pate in panel sessions. Come listen 
to and speak with these entrepre-
neurs to find out what’s driving their 
growth strategies and what emerg-
ing markets they are leveraging. 

In addition to the startup ses-
sions, the MicroApps Theater will 
host more than 60 presentations 
from exhibitors, along with the sec-
ond annual “Executive Forum,” 
featuring Corporate Sponsors, in-
cluding Raytheon, and other invited 
industry experts. The 2023 session 
proved to be standing room only, so 
arrive early.  

The IMS exhibition is the place to 
find new ideas, make new relation-
ships and reunite with old friends 
and colleagues. There are only two 
industry events that serve the inter-
national RF/microwave community 
and IMS is one of them. Come to 
Washington, DC, in June and expe-
rience all that the IMS exhibition has 
to offer. 



REGISTER NOW FOR IMS2024

Pack Your 
Bags!

• RF to Optical • Systems Applications • The Human Dimension

Capitalizing Across the Spectrum:
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3H Communication Systems
Filters 

3H Communica-
tion Systems 
product offering 
includes filter 
products from DC 

to 50 GHz. These filters offer cus-
tom designed high performance fil-
ters in the smallest packages on the 
market today. 3H filter products 
support military, space and com-
mercial applications. 3H’s new VHF/
UHF, 8-channel multiplexer with bi-
directional coupler ports offers a fre-
quency range from 5 MHz to 2.0 
GHz with low passband insertion 
loss and sharp co-channel isolation 
and is available in leadless surface 
mount application as well as other 
mounting options and meets Mil- 
Std-202 conditions.
www.3hcommunicationsystems.com

Aaronia AG
SPECTRAN®  

SPECTRAN® V6 
5G has been spe-
cially developed 
for monitoring 
the FR1 and FR2 

bands in 5G networks. With a scan-
ning speed of more than 3 THz/s 
(equivalent to 6 GHz in less than 2 
ms), even the shortest signal inter-
ference or power degradation is de-
tected. Due to its weight and di-
mensions, the V6 5G is ideal for 
measurements in the field and in 
the laboratory. Its price/perfor-
mance ratio and the number of ad-
ditional functions available are sec-
ond to none.
www.aaronia.com

ACE/Accurate Circuit Engineering
Prototype PCBs 

ACE is MIL-
PRF-31032 and 
MIL-PRF-55110 
certified up to 32 

layers, and can build up to 50+ lay-
ers. We are leading experts in RF, 
hybrid PTFE/FR4 and antenna/mi-
crowave technologies.
www.ace-pcb.com

Agile Microwave Technology Inc.
Broadband Low Noise Amplifier

A g i l e M w T ’ s 
broadband low 
noise amplifier 
with 10 W pulsed 
4 W CW RF limit-
er medium power 
amplifier operat-

ing from 0.1 to 20 GHz is offered in 
a compact Module configuration. 
AMT-A0580 provides P1db of +24 
dBm typical with 3 dB typical NF, 
flat small signal gain of 33 dB typi-
cal, flat gain with VSWR of 1.8:1 
typical. Family of these LNAs are 
competitively priced and ship from 
stock or short lead time. AgileMwT 
offers great value with most innova-
tive designs in the industry. 
www.agilemwt.com

Altum RF
Low Noise Amplifier Die

Altum RF’s ARF1206 is a low noise 
amplifier die for E-Band applica-
tions. With 20 dB typical gain and 
2.5 dB noise figure at 71 GHz and 
3.5 dB noise figure at 86 GHz, it is 
suitable for a variety of demanding 
telecommunication and sensing ap-
plications. The part is pre-matched 
to 50 Ω and is ESD protected to sim-
plify handling and assembly. The 
part is RoHS compliant and built 
with the latest manufacturing tech-
niques to optimize for reliability and 
quality control.
www.altumrf.com

Analog Devices
Wideband Multichannel RF 

Digitizers

Analog Devices’ 
ADSY1100-series 
is a family of 
wideband multi-
channel RF digi-
tizers in a 3UVPX 
SOSA™-aligned 

format. The system is built around 
ADI’s next generation “Apollo” 
MXFE™ product (AD9084) featur-
ing DAC sample rates up to 28 
GSPS and ADC sample rates up to 
20 GSPS in a 4 Tx/4 Rx configura-
tion. ADSY1100’s Integrated digital 
signal processing reduces system 
power consumption, while the inte-
grated RF tuner reduces end system 
size and complexity.
www.analog.com

Anoison Electronics
Torque Wrench 

Anoison’s innovative product meets 
the twenty-first-century need for prop-
er torque in VNA connectors and 
adapters. The Micro-NMD is a smaller 
profile NMD interface connector used 
for VNA test cables and VNA port pro-
tection adapters. Its hex 17 mm size 
makes it a perfect fit for the new Micro-
NMD construction. With the increas-
ing demand for smaller NMD connec-
tors in the marketplace, tools like 
torque wrenches are also needed to 
effectively use them.
www.anoison.com

Anokiwave is Now Qorvo 
MARCOM ICs  

Together Anokiwave and Qorvo 
provide the most capable compo-
nents for high performing X-Band 
radars. Silicon quad core beam-
forming ICs feature selectable dual 
Rx beam to support monopulse or 
dual polarization operation. GaN 
T/R FEMs with a range of transmit 
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are available with O/P levels up to 
+33 dBm P1 dBPT and functions in-
cluding detectors, switched/RF by-
pass (TTL), variable gain (digital and 
VVA) or full rack-mount with Ether-
net control. Multiple gain levels 
from 10 dB and up are available, 
typical noise figures in the 3.0 to 5.0 
dB range.
www.ciaowireless.com

Ciao Wireless Inc.
Amplifiers

Standard models 
include units with 
instantaneous 
bandwidths cov-

ering 10 MHz to 6.0 GHz and 24 to 
43 GHz (designs for 52 GHz avail-
able), to support both the uplink/
downlink bands for 5G NR. Designs 

output powers 
complement and 
interface directly 
with the beam-
former ICs. Inde-
pendent phase/
amplitude setting 

at each element is achieved through 
direct SPI control. These ICs are 
widely proven in military and com-
mercial platforms and are available 
today with short lead time.
www.anokiwave.com

Cadence
Computational Software

Cadence enables 
engineers to dras-
tically reduce 
turnaround times 

for product development of the RF 
to mmWave components and inte-
grated systems for 5G/6G, radar 
and other wireless applications. 
Leading AI-enabled computational 
software supports next-generation 
design, analysis and front-to-back 
workflows for III-V, silicon and multi-
fabric heterogenous integration. 
www.cadence.com

Cernexwave
CFA Series Fixed Attenuators 

Cer nexWave ’s 
CFA Series Fixed 
Attenuators are 
offered with an 
attenuation of 1 

to 60 dB and over 30 different wave-
guide bands from 1 to 500 GHz or 
coaxial versions from DC to 110 
GHz in a variety of bandwidths. 
They can be customized to handle 
power levels from 0.5 W to 4 kW 
CW with natural, forced air or oil 
cooled designs. Our Model 
CFA350D030815780-01 has a fre-
quency range of 3.5 to 8.2 GHz with 
an average power handling capabil-
ity of 780 W and 13 kW peak.
www.cernexwave.com
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Communications & Power 
Industries LLC
X-Band Solid-State Transmitter 

CPI Electron De-
vice Business’ 
VSX3696ON is an 
air-cooled 1.0 kW 
X-Band solid-
state transmitter 
optimized for 

pulsed radars. X-Band solid-state 
power transmitters are efficient, 
high-power and compact with prov-
en GaN transistor technology. CPI 
EDB’s VSX3696ON solid-state pow-
er amplifier is rugged, reliable de-
signed for airborne applications. The 
VSX3696ON solid-state transmitter 
is designed for use in radar applica-
tions and covers the 9.1 to 10.0 GHz 
frequency band. This amplifier utiliz-
es GaN transistors to provide high 
gain, high efficiency and excellent 
pulse fidelity. The result is excellent 
AM/PM, phase-noise and spectral 
regrowth performance.
www.cpii.com

Conduct RF
D38999 Cable Assemblies with 

Choice of Connectors

As a cable assem-
bly company first, 
Conduct RF of-
fers a unique so-
lution to your 
supply chain re-

quirements for D38999 assemblies. 
First, they make their own cable. It 
offers industry leading performance, 
and it’s always in stock. Second, 
they’re configuration and assembly 
experts with years of experience. Fi-
nally, they’re capable of terminating 
to all of the industry standard brands 
of D38999 connectors. This means, 
complete capability to deliver 
quickly, and to the highest quality 
standards possible. Look for them 
at IMS ’24. 
www.conductrf.com

COMSOL Inc.
COMSOL Multiphysics®

The COMSOL 
Multiphysics® 
modeling and 
simulation soft-

ware is used in all fields of engineer-
ing, manufacturing and scientific 
research to simulate designs, devic-
es and processes. The platform in-
cludes workspaces for multiphysics 
and single-physics modeling, build-
ing and maintaining custom simula-
tion apps and model and app man-
agement. The apps can be com-
piled into standalone apps via 
COMSOL Compiler™. Add-on 
modules provide specialized func-
tionality for investigating new wire-
less technologies; virtually testing 
and optimizing designs of devices 
such as antennas, waveguides and 
filters; and more.
www.comsol.com

Copper Mountain Technologies
Complete Antenna Measurement 

Chamber Solution 

Copper Mountain 
Technologies’ has 
partnered with 
MilliBox and Era-
vant to offer a 

complete antenna measurement 
chamber solution. It is a turnkey sys-
tem for customers needing to make 
far-field antenna measurements 
above 18 GHz. The over-the-air 
(OTA) antenna measurement cham-
ber solution features a wide array of 
configurations depending on the 
user’s anechoic chamber require-
ments, antenna size, desired fre-
quency range and antenna posi-
tioner functionality. The result is an 
affordable and smaller than tradi-
tional chamber testing solution. 
www.coppermountaintech.com

Crane Aerospace & Electronics
Space Qualified Products

Crane designs 
and manufactures 
high performance 
space qualified 
passive products 
for defense and 
commercial satel-
lite customers. 
We can readily 
meet your specif-

ic space program needs with a se-
lection of pre-qualified products 
that provide proven high-reliability 
design, shorter delivery and re-
duced costs. Products include pow-
er dividers, directional couplers, 
mixers, modulators, iso-dividers/
combiners and beamformers.
www.craneae.com

Empower RF
S-Band GaN Pulsed Amplifier for 

Radar 

The Model 2239 
is a compact, rug-
ged pulsed am-
plifier delivering 
1000 W peak 
power between 

2.9 to 3.5 GHz. Ideal for S-Band ra-
dar systems, it handles pulse widths 
from 1 to 500 μs and duty cycles up 
to 20 percent. Longer pulses al-
lowed at derated power. Utilizing 
GaN technology, the 2240 achieves 
high power and efficiency in an air-
cooled 3U package. Suitable for 19-
in. rack-mount or benchtop use, re-
mote control and diagnostics are 
accessible via Ethernet with a web 
browser or M2M interface.
www.empowerrf.com

Eravant
Frequency Extenders

Frequency-ex-
tendable vector 
network analyzers 
(VNAs) are in-
creasingly vital for 
measuring com-
ponents and an-

tennas at mmWave and sub-THz 
frequencies. The STO series of  
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ONE SOURCE FOR ALL YOUR SPACESCAPE  
CRYSTAL OSCILLATORS

Visit us at IMS Booth 2223 in Washington, DC, June 18-20.       www.q-tech.com

XO MCXOTCXO OCXO

Garlock
WavePro® 

WavePro® is a ceramic-filled PTFE 
dielectric, engineered for use in an-
tennas, lenses and discrete compo-
nents including phase shifters, cou-
plers and more for RF and mmWave 
applications. Its precise formulation 
provides a low loss factor and supe-
rior mechanical and thermal stabili-
ty. It exhibits minimal phase shift 
with frequency and temperature, 
and its highly consistent characteris-
tics within and across panels im-
prove quality control and result in 
higher production yields. Wave-
Pro® is an excellent choice for reli-
able, high performance wireless ap-
plications up to 80 GHz.
www.waveproantenna.com

EZ Form Cable
Cables and Connectors

EZ Form Ca-
ble, a Trexon 
company, is 

an AS9100D certified manufacturer 
of coaxial cable, coaxial cable as-
semblies, RF connectors and coaxial 
delay lines. EZ Form’s RF, microwave 
and mmWave transmission line so-
lutions offer proven performance for 
critical applications in military/aero-
space, cryo/quantum computing, 
telecommunications, medical, in-
strumentation and test.  
www.ezform.com

Flann Microwave
Motorised Linear Attenuator

As the require-
ment for auto-
mated test equip-
ment grows, we 
have re-evaluated 
our offering to ac-
commodate our 
customers’ needs. 

What Flann has achieved is a com-
pact, programmable attenuator at a 
lower cost than our RVAs. It also 
boasts an impressive 0 to 50 dB 
range with an improved ± 10 per-
cent attenuation flatness across the 
whole waveguide band, along with 
a high return loss.
www.flann.com

transmit/receive frequency extend-
ers support bi-directional VNA mea-
surements covering waveguide 
bands from 50 to 330 GHz. Internal 
frequency multipliers generate 
higher frequency RF and LO signals 
from lower frequency outputs pro-
vided by the VNA. Sensitive down-
converters and effective noise filters 
yield dynamic range as high as 120 
dB. Accessories include Proxi-
Flange™ contactless waveguide 
adapters that eliminate the need for 
waveguide screws during tests.
www.eravant.com

ERZIA
Wideband Amplifier

Break through the 
bandwidth barrier 
with this wide-
band amplifier 
from ERZIA that 
operates at up to 

20 GHz while providing an output 
power of 42 dBm and a gain of 51 
dB. The compact, lightweight alumi-
num housing features multiple 
mounting options, making it ideal for 
a variety of demanding applications.
www.erzia.com
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capability. Interfaces available in-
clude C, SC, LC, HN, 7/16, 1 5/8 in. 
and 7/8 in. EIA flanges.
www.insulatedwire.com 

Ironwave Technologies
Non-Blocking Switch Matrix

Ironwave Technologies company in-
troduces Mu-del Electronics’ 16 × 
64 non-blocking switch matrix, 
16MDMS-2600-64NB/49. Designed 
for top performance and versatility, 
this solid-state switch matrix offers 
outstanding features and benefits 
for a wide range of applications. Of-
fering touchscreen and remote in-
terfacing with a frequency range of 

20 MH to 6000 
MHz, 16 inputs 
and 64 outputs, 
this switching ma-
trix is designed to 
serve a wide vari-
ety of applica-
tions. This switch 
matrix also fea-
tures 45 dBm 
minimum isola-

tion and unity gain with a flatness of 
±3 dB.
www.iwtllc.com

JFW Industries
Benchtop Attenuator 

Model 50BA-048-
95 is a 50 Ω 
benchtop attenu-
ator assembly 
containing two 
solid-state step 
attenuators. The 

attenuators have attenuation range of 
0 to 95 dB by 1 dB steps and operate 
from 200 MHz to 8.4 GHz. The atten-
uator can be controlled manually or 
remotely. Its current attenuation set-
ting is displayed on the front panel.
www.jfwindustries.com

JQL Technologies Corp.
Isolators & Circulators 

JQL continues to 
expand their 
product base 
through innova-
tion and launched 

Herotek
Limiter

Herotek offers a 
wide range of 
high-power limit-
ers. Model  

LS00105P200A is a 200 W CW lim-
iter operating from 10 MHz to 500 
MHz with 1 kW peak, 1 microsecond 
pulse width limiting protection. It 
has a low insertion loss of 0.8 dB 
and 2.2:1 VSWR with typical leak-
age of +20 dBm at 200 W CW input. 
This limiter has built-in input and 
output DC blocks. It comes in a her-
metically sealed package with re-
movable connectors for drop-in as-
sembly and designed for both mili-
tary and commercial applications.
www.herotek.com

HYPERLABS
Ultra-Broadband Test and 

Measurement Components

HYPERLABS is a 
leading provider 
of high perfor-
mance, ultra-
broadband test 
and measure-
ment compo-

nents including 63 GHz linear ampli-

Hasco
Low Loss Flexible Cable Series                                           

The HLL150A low loss flexible cable series provided by 
HASCO are armored phase stable against flexure, rated 
up to 40 GHz and are available in a variety of RF connec-
tors and custom lengths designed for production and 
testing environments. This new series of low loss flexible 

cables expands HASCO’s growing selection of low loss, phase stable, con-
formable, ruggedized and low PIM cable assemblies that are in stock and 
ready to ship daily.
 www.hasco-inc.com

Dual Directional Coupler 

Model WMHPDDC-80-1000M-40dB-N from Werbel Mi-
crowave is a dual directional coupler covering 80 MHz 
to 1 GHz. This model features 40 dB coupling factor in 
both forward and reverse. Ships with N Female connec-
tors at all ports.  Custom configurations of dB values and 
connector types are available.  Forward and reverse 
coupled outputs are independently isolated, which 

means that a mismatch on one coupled port will not affect the other.  This 
is useful in amplifier power monitoring applications where a good VSWR 
cannot always be guaranteed at the detector input.
 www.werbelmicrowave.com

fiers. Designed to drive data in 224 
Gbps applications, HYPERLABS 
components offer industry-best 
bandwidth to maintain optimized 
eye patterns. Since 1992, HYPER-
LABS has built a reputation as an 
industry leader in broadband com-
ponent designs including baluns, 
bias tees, DC blocks, power divid-
ers, and more. Visit HYPERLABS at 
IMS booth 1749.
www.hyperlabs.com

Insulated Wire Inc.
Ultra Low-Loss Coaxial Cables and 

Assemblies

Insulated Wire 
Inc. manufactures 
a broad range of 
ultra low-loss co-
axial cable and 
assemblies oper-
ating to 110 GHz. 

Our unique laminated EPTFE di-
electric provides exceptional atten-
uation performance, which trans-
lates to excellent power handling, a 
requirement for various commercial 
and military applications. Primary 
high-power cable types are 2801, 
rated at 1.9 kW at 1 GHz, 4806 able 
to handle 3.2 kW  1 GHz and our 
7506, which offers 10 kW at 1 GHz 
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Krytar
Butler Matrices 

The new Krytar 
butler matrix fam-
ily uses Krytar’s 
high performance 
90- and 180-de-

gree hybrid couplers providing su-
perior phase accuracy, amplitude 
imbalance, stability, high isolation, 
low insertion loss and VSWR and re-
peatability. Offering coverage of 
multiple microwave bands, from 0.5 
to 40 GHz, a Krytar butler matrix is 
the ideal choice for antenna array 
beamforming, 5G NR testing, 
mmWave testing, MIMO testing, 
multipath simulation and perfor-
mance evaluation and many other 
applications.
www.krytar.com

KVG Quartz Crystal Technology 
GmbH
New Website With Outstanding 

Products

Superior products 
deserve superior 
presentation: 
KVG’s new web-
site presents their 

highly stable products with best 
phase noise on the market. The 
newest high-end product of KVG is 
the high performance 100 MHz os-
cillator O-22-ELPN with extraordi-
nary low phase noise of -140 dBc/
Hz at 100 Hz and -190 dBc/Hz noise 
floor. Visit our website and learn 
more about KVG and our products.
www.kvg-gmbh.com

LadyBug Technologies
New Power Sensor Options 

LadyBug Technol-
ogies’ LB5900 se-
ries power sen-
sors with LAN and 
PoE capabilities 
offer fast, accu-
rate and trace-

able measurements. Covering fre-
quencies from 4 kHz to 75 GHz and 
featuring triggering and other ad-
vanced functions, these sensors are
 

a unique design of coaxial isolator 
and circulator in the frequency 27 to 
31 GHz. This design has an integral 
housing with connectors. This de-
vice has extremely low insertion loss 
over the broad band, stable over 
temperature range and almost zero 
RF leakage, makes it ideal for appli-
cations such as space, airborne ter-
minals, man-pack radios and sat-
com-on-the-move.
www.jqltechnologies.com

KR Electronics
Positive Train Control Bandpass 

Filters for Railroad Industry

NIC’s positive 
train control filter 
series, designed 
for the railway in-
dustry, plays a 

critical role in minimizing RF interfer-
ence between ITC and ACSES bands 
within the frequency range of 160 to 
460 MHz. These IP54 and IP67 rated 
filters feature N Type connections and 
handle up to 100 Watts CW power. 
They are available for quick turn deliv-
ery, ensuring reliable railway commu-
nication. Please stop by Booth #433 
for additional information.
www.krfilters.com

Kratos General Microwave
mmWave Control Components and 

Integrated Assemblies 

General Micro-
wave Corpora-
tion is a key part-
ner with major 
OEMs and 
primes, having 
been chosen for 

our broad and comprehensive un-
derstanding of mmWave technolo-
gies. We offer catalog mmWave 
phase and amplitude control mod-
ules, which includes IQ modulators, 
phase shifters, switches, attenua-
tors, as well as custom integrated 
assemblies operating in the 18 to 
50 GHz frequency range. If it’s a 
catalog unit or a highly customized 
mmWave assembly designed spe-
cifically for your high performance 
system needs, contact General Mi-
crowave.
www.kratosmed.com
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MIcable Inc.
Wideband High Accuracy Butler Matrices 

 

MIcable 0.6~7.25 / 0.6~5 / 2.4~7.25 / 24~43 GHz 4×4 
and 8×8 wideband high accuracy butler matrices can 
transfer the signal reciprocally from any of 4 or 8 ports 
to any of the other 4 or 8 ports.  They have unbelievable 
super excellent phase accuracy, amplitude balance, sta-

bility and repeatability over very wide bandwidth. These advantages make 
them ideal for 5G, Wi-Fi 6E/Wi-Fi 7, MIMO testing, signal multipath simu-
lation, antenna array beamforming and IoT, etc. 

Cryogenic Component Solutions

MIcable cryogenic product series provides complete  
connection solutions for cryogenic applications such as 
quantum computers. The products mainly include cryo-
genic cable assemblies, coaxial adapters and fixed at-
tenuators. The components have the advantages of 

small size for high-density arrangement, hermetic seal feature for avoiding 
air inflow and gas leakage, low heat conductivity for minimizing inflow of 
the heat from the high temperature end, as well as excellent electrical 
performance and high working frequency up to 18 GHz.
www.micable.cn

well-suited for tower, satcom and 
manufacturing test applications. Se-
curity options such as military, which 
prevent storage of information in 
the sensor, and for applications that 
require storage of settings or data 
within the sensor, Option SAN that 
securely erases stored data upon 
command.
www.ladybug-tech.com

Logus Microwave
SPDT Manual Toggle Coaxial Switches

High reliability for 
your RF/microwave 
requirements:  
SOC12EMT per-
forms from DC to 

18 GHz with a VSWR of 1.5:1 maxi-
mum, insertion loss of 0.5 dB maxi-
mum isolation of 60 dB minimum 
SOC12EKT performs from DC to 40 
GHz with a VSWR of 2.0:1 maxi-
mum, insertion loss of 0.9 dB maxi-
mum and isolation of 50 dB mini-
mum. Small quantities are available 
from stock.
www.logus.com

LPKF
Direct PCB Laser Processing Systems

The latest LPKF 
ProtoLaser sys-
tems provide di-
rect laser pro-
cessing for flexi-

ble, rigid-flex and rigid RF/microwave 
materials. Advantages of the laser 
technology includes rapid metal re-
moval for fine pitch traces/spacing, 
pristine drilling and cut quality, con-
trolled laser pocket or channel en-
graving and user adjustable settings 
for new materials variations. Sophis-
ticated software allows development 
and on-demand production within 
your lab creating precision devices in 
only minutes.
www.lpkfusa.com

Marki Microwave
Surface-Mount MMIC Tunable Filter 

The MFBT-00003PSM is a surface-
mount MMIC tunable filter for adap-
tive filtering applications. It offers 
separate lowpass and highpass tun-
ing capability, allowing users to 

create bandpass 
filters with vari-
able center fre-
quencies and 
percent band-
widths. Perfor-
mance features 

include low return loss in both the 
passband and stopband, low inser-
tion loss and high stopband rejec-
tion, and high IP3 relative to other 
tunable filters. Available as a 4x4 
mm plastic QFN, it is suited to re-
place much larger switched filter 
banks.
www.markimicrowave.com

Maury Microwave
Characterization Solutions, 

Components and Services

Our mission 
is to give 

our customers confidence in their 
RF through THz measurements and 
models. We accomplish this by pro-
viding best-in-class and fully-proven 
characterization solutions, compo-
nents and services. We help the 
world’s leading manufacturers in the 
wireless technology chain build bet-
ter products and bring them to mar-
ket faster. Visit Maury Microwave at 
IMS2024, booth #704. 
www.maurymw.com

Mician GmbH
µWave Wizard™ Filter Workbench

Filter Workbench is a powerful quasi-auto-
mated filter synthesis add-on to Mician’s re-
nowned µWave Wizard™ product line. Tai-
lored to assist users in designing and optimiz-
ing microwave filters of moderate relative 
bandwidth, Filter Workbench centers around 
a user-generated coupling matrix as input. Its 
intuitive user interface accommodates a di-
verse range of filter topologies, from simple 
waveguide iris filters to intricate cross-cou-
pled combline filters. As a result, Filter Work-

bench provides a complete schematic layout with tiered subcircuits, and as-
sociated goal functions based on filter specifications.
www.mician.com
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X - BAND HP LIMITERS
  
    8-12 GHz, 100 Watt CW, 

              1 KW Peak

.  High power protection    W CW 

   and   KW peak (  microsec pulse 

   width)

.  Very low leakage level (+   dBm typ.)

.  Low insertion loss and VSWR.

.  Ideal for Radar Application

.  Fast recovery time,   Microsec Typ.

.  Built-In DC Block @ input and 

   output.

.  Hermetically sealed module

.  Removable connectors for surface 

   mount installation.

Note:   .  Insertion Loss and VSWR 

                 tested at -   dBm.

Note:   . Limiting threshold level, +ʰ dBm

                 typ @input power which makes

                 insertion loss   dB higher

                 than that @-   dBm.

 Note:  . Power rating derated to 

                   % @   ʱ Deg. C.

 Note ʰ.  Typ. leakage @  W CW 

               +ʲ dBm, @ ʱ W CW +   dBm,

               @    W CW +   dBm.

The Microwave Products Source . . 

Made in U.S.A ISO ʵ   -   ʴ

     Certified

         Typical Performance @ + 25 Deg. C 

          Other Products:  Detectors, 

        Amplifiers,   Switches,  Comb 

     Generators, Impulse Generators, 

                     Multipliers, 

         Integrated Subassemblies 

      Please call for Detailed Brochures

       155 Baytech Drive, San Jose, CA  95134  
  Tel:  (408) 941-8399 .  Fax: (408) 941-8388
                 Email:  Info@herotek.com    
               Website:  www.herotek.com  
                 Visa/Mastercard Accepted

Millibox
Affordable sub-THz OTA Test Setups to 330 GHz

MilliBox, the leader in benchtop mmWave OTA test sys-
tems, has integrated Eravant’s frequency extenders into a 
complete solution. The new MBX32E allows OTA testing 
up to 330 GHz, where coax cabling becomes impractical. 
The test setup includes a benchtop anechoic chamber, a 
programmable 3D positioner and a pair of STO-series 

compact frequency extenders mounted to the positioner and probe. This 
combination is ideal for 6G and sub-THz applications.
www.millibox.org

Mini-Circuits                                                           
Coaxial Filter Passes      

Mini-Circuits’ model ZVBP-40600-K1+ is a coaxial cavity 
bandpass filter with low loss passband of 37.7 to 43.5 
GHz. Typical passband insertion loss is 1.8 dB with typi-
cal passband return loss of 18 dB. Lower stopband re-
jection is typically 88 dB from DC to 36.6 GHz while 

upper stopband rejection is typically 79 dB from 44.6 to 55.0 GHz. The 
RoHS-compliant 50 Ω filter is well suited for cellular 5G n259 and n260 
bands and is equipped with 2.92 mm female coaxial connectors. 

Surface-Mount Filter
Mini-Circuits’ model WSBP-26G+ is a substrate-integrated-
waveguide (SIW) bandpass filter with passband of 25 to 27 
GHz. Passband insertion loss is typically 2.3 dB while pass-
band return loss is typically 12.0 dB. Stopband rejection is 

typically 41 dB or better from DC to 23 GHz and typically 35 dB from 31 to 32 
GHz. Suitable for 5G n258 band applications, the 50 Ω surface-mount filter mea-
sures 1.20 × 0.210 × 0.015 in. (30.54 × 5.33 × 0.38 mm) and weighs 0.35 g.

Signal Generator
Mini-Circuits’ model SSG-44G-RC is a versatile signal 
generator that provides CW and pulsed outputs (as nar-
row as  0.5 μs) from 100 MHz to 44 GHz. It offers signal 
levels from -40 to +17 dBm at a 2.92 mm female output 
connector and can operate in swept frequency and fre-

quency hopped modes. Typical harmonic levels are -30 dBc, with typical 
spurious content of -40 dBc. The compact signal generator, which can be 
controlled via USB or Ethernet bus, includes full software support. 

Variable-Gain Amplifier
Mini-Circuits’ model ZVA-18443VG+ is a coaxial amplifier 
with adjustable gain range of 30 to 47 dB from 18.0 to 43.5 
GHz. Featuring 2.92 mm female input and output connec-
tors, gain can be tuned by analog or TTL control. At mini-
mum gain, typical output power at 1 dB compression is +28 
dBm while at maximum gain the saturated output power is 
typically +31 dBm. Ideal for aerospace/defense, satellite 

and test applications, the amplifier runs on a single +10 to +15 VDC supply. 

LTCC Highpass Filter 
Mini-Circuits’ model HFCN-3052+ is a low-temperature 
cofired-ceramic (LTCC) highpass filter with passband of 
30.5 to 56.2 GHz. Passband insertion loss is typically 1.7 
dB from 30.5 to 45.8 GHz and 2.5 dB to 56.2 GHz. Re-

turn loss is typically 14.1 dB from 30.5 to 45.8 dB and 12.8 dB from 45.8 
to 56.2 GHz. Supplied in a 1206 ceramic form, the filter offers typical rejec-
tion of 21.4 dB from 0.1 to 11.2 GHz and 15 dB from 11.3 to 23.5 GHz. 
                                                                                             www.minicircuits.com
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Molex
Test and Measurement

Molex highlights 
our new high fre-
quency products 
with performance 
up to 110 GHz. 
The newly re-
leased “Cardinal” 

line of high performance cable as-
semblies with Molex’s ruggedized 
armored VNA test cables along with 
standard flex cables are ideal for 
bench top testing. Connector op-
tions include SMA, 3.5 mm, 2.92 
mm, 2.4 mm, 1.85 mm and 1.0 mm 
series. In addition to the cable as-
semblies, Molex’s new high fre-
quency products include precision 
in-series and between-series adapt-
ers as well as their new line of End 
Launch PCB connectors.  
www.molex.com

MPG
Broadband Diplexer

Whether you re-
quire dependable 
signal separation 
for defense ops, 
accurate mea-

surement capabilities for electronic 
warfare or improved signal integrity 
for radar applications, MPG’s  
SPCL-00734 broadband diplexer 
stands ready to meet your most de-
manding requirements. This device 
separates carriers below 5 GHz from 
their harmonics up to 40 GHz and 
prevents the carrier from reflecting 
to the device under test or entering 
the spectrum analyzer. MPG offers 
customizable options to meet your 
size and weight constraints without 
compromising performance.
www.mpgdover.com

Networks International Corp.
Ultra-Low-Profile LC Filters

NIC’s engineering 
expertise in high-
reliability RF prod-
ucts includes low-
profile (< 0.1 in.) 

LC filters that span from 10 MHz to 
11 GHz. These compact high perfor-
mance filters are built on industry-
standard PCBs such as Rogers 4350 

or 4003 and have high selectivity 
with an out-of-band rejection of > 60 
dB. These products can be custom-
ized to meet passband requirements 
from 1 to 100 percent and pass a 
wide range of environmental re-
quirements as well. Please stop by 
Booth #433 for additional informa-
tion.
www.nickc.com

NI
Vector Signal Transceiver

The PXIe-5842 
vector signal 
transceiver com-
bines a vector 
signal analyzer 
and generator 
with a user-pro-

grammable FPGA and high speed 
serial and parallel digital interfaces 
into a single instrument. With fre-
quency coverage from 30 MHz up 
to 26.5 GHz, up to 2 GHz of instan-
taneous bandwidth and exceptional 
RF performance in just 4 PXI slots, 
the PXIe-5842 is a highly versatile 
and capable tool for wireless con-
nectivity, cellular, aerospace and de-
fense and general purpose RF appli-
cations.
www.ni.com

Norden Millimeter
Custom Transceivers

Norden designs 
custom transceiv-
ers for military 
and commercial 
applications in-
cluding airborne, 

UAV and EW. They have “catalog” 
models which provide wideband RF 
and up to 1.5 GHz IF with low phase 
noise. Norden can provide custom 
designs which incorporate temper-
ature compensation, variable gain 
and meet military environmental re-
quirements. Norden also offers 
models in a low SWaP 3U VPX mod-
ule which includes a built in LO. 
Norden engineers utilize proven 
designs to provide low risk, cost-ef-
fective solutions.
www.nordengroup.com

Nxbeam
Power Amplifier MMIC 

Nxbeam expands 
its Ka-Band pow-
er amplifier 

MMIC portfolio with the release of a 
10 W GaN power amplifier.  The 
NPA2040-DE operates from 27.5 to 
31 GHz and provides an average 
saturated output power of 10 W, 31 
percent power added efficiency, 
and 24.5 dB linear gain.  This MMIC 
is ideal for satellite communication 
ground terminals and point-to-point 
communication links and lines up 
perfectly with Nxbeam’s 20 W and 
35 W GaN power amplifier MMICs.
www.nxbeam.com

Passive Plus
Broadband Multilayer Ceramic 

Capacitor

Passive Plus (PPI) has partnered its 
broadband capacitors with its high 
frequency resistors for similar case 
size and footprint to meet your high 
frequency needs. The 01005BB 
case size broadband multilayer ce-
ramic capacitor is complemented 
by the R35-1209BB case size high 
frequency resistor, and the 0201BB 
case size broadband multilayer ce-
ramic capacitor is complemented 
by the R35-2010BB case size high 
frequency resistor. Modelithics 3D 
Modeling Data available on the PPI 
website.
www.passiveplus.com
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grate complex customer specified 
RF and microwave signal chains that 
interface with other VPX RF and 
control cards through a common 
backplane to realize complete sys-
tems, typically for aerospace and 
defense applications.
www.quanticxmw.com

Reactel Inc.
Filters, Multiplexers & Multifunction 

Assemblies 

Reactel will fea-
ture its full line of 
filters, multiplex-
ers and multifunc-
tion assemblies 
covering up to 67 

GHz at IMS2024 in Washington, DC. 
Supporting military, commercial, in-
dustrial and research needs, we can 
design the right unit for you. From 
small, lightweight units suitable for 
flight or portable systems to high 
power units capable of handling up 
to 25 kW, connectorized or surface-
mount, large or small quantities, our 
talented engineers can design a 
unit specifically for your application. 
Visit Reactel in booth 814.
www.reactel.com

Remcom
Impedance Tuner Matching in XFdtd® 

Remcom’s XFdtd is a full-wave elec-
tromagnetic simulation tool that con-
tains an integrated schematic editor 
and circuit solver for comprehensive 
matching network design. Intuitive 
sliders enable rapid manipulation of 
inductor and capacitor values to meet 
design goals and understand the be-
havior of a circuit. In addition, the 
schematic editor allows multi-state 
tuners to be incorporated into full-
wave results and supports optimiza-
tion on system efficiency. Visit Rem-
com’s booth to learn more about 
Remcom’s EM simulation solutions.
www.remcom.com

Piconics Inc.
NbTi Inductors

Piconics Inc. in-
troduced a new 
line of Nobium 
Titanium (NbTi) 
wire air coil induc-

tors for quantum computing appli-
cations. By utilizing NbTi wire the 
coils become superconductors at 
low temperature. The inductors 
range in inductance values of 10 to 
250 nH and offer high frequency 
performance comparable to Picon-
ics other fine wire air coil inductors. 
Typical applications include filters 
and hardware for quantum comput-
ing and other cryogenic applica-
tions. Custom NbTi wound solu-
tions also available.
www.piconics.com

Quantic PMI
Phase Shifters & Bi-Phase Modulators 

Quantic PMI of-
fers the highest 
quality phase 
shifters and bi-
phase modula-
tors for 5G, indus-
trial and military 
applications in 

frequency ranges up to 70 GHz. Fea-
tures include analog and digital con-
trol, fast speed and response time, 
low insertion loss, high phase accu-
racy, small size and standardized 
packaging. Available options are 
surface-mount or connectorized; 
custom packaging; form, fit and 
function designs; connector options; 
hermetic sealing, military or aero-
space screening available. COTS 
availability.
www.quanticpmi.com

Quantic X-Microwave
3U and 6U OpenVPX Card 

Assemblies

Quantic X-Micro-
wave offers 3U 
and 6U OpenVPX 
card assemblies 
leveraging their 

proven modular platform for quick 
turn prototypes and production 
IMAs. We offer the ability to inte-
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RFMW
High Performance 50 Ω, 2.5+ GHz Transformer                                                                                

MiniRF’s MRFXF0589 is a new high performance 50 Ω, 2.5+ GHz transformer in the new “Mini” 
3 × 3.5 mm 4-pin surface mount package. It has excellent return loss, better than 20 dB typical 
across the band, and extremely low insertion loss of 0.5 dB typical. This transformer offers very 
good amplitude match which assists minimizing distortion for signal transfer from balanced to 
unbalanced circuits. MiniRF offers unsurpassed repeatability with 100 percent RF tested 
devices and low-cost manufacturing.

Smiths Planar X RF Filters for X-, Ku- and Ka-Bands 

Smiths Interconnect’s Planar X Series of standard RF filters provide system engineers with high 
performance, compact, light-weight solutions for critical RF filtering in X-Band, Ku-Band and Ka-
Bands. Planar X Series compliments Smiths Interconnect’s broad portfolio of RF/microwave com-
ponents with an off-the-shelf product reducing the lead times of custom designs.

Spectrum Control Powerfilm Chip Attenuator Design Kit

Spectrum Control‘s Powerfilm chip attenuator design kit is ideal for rapid prototyping and devel-
opment. It can significantly accelerate development and prototyping efforts and provide design-
ers a great selection of popular Powerfilm chip attenuators for board-level RF module and sys-
tem designs. The Powerfilm™ PCAAF_W-T9016 kit includes samples of 26 different part num-
bers in the PCAAW and PCAAF families, making it easy for designers to select the component 

appropriate for their design.
                     www.RFMW.com

RF Lambda
600 W, 2 to 6 GHz, EMC Power Amplifier

This wideband EMC power amplifier spans an impressive frequency range of 2 to 6 GHz while 
delivering 600 W of CW output power. This advanced solution is built to provide engineers and 
researchers with a single broadband solution, offering high power-amplified signals over a wide 
frequency range without the need to source several amplifiers. Applications include test and 
measurement, EMC/EMI, wireless commercial communications, aerospace, military as well as 

research such as particle physics.

300 W, 2 to 20 GHz, EMC Power Amplifier
This 300 W CW EMC AC-powered amplifier is optimized to cover a broadband frequency of 2 to 
20 GHz. This unit is packed with comprehensive protection features such as built in temperature 
compensation, automatic -calibration, as well as over current, temperature, VSWR, current imbal-
ance and RF input protection. The unit also supports ethernet control and monitoring. Applica-

tions include test and measurement, EMC/EMI, wireless commercial communications, aerospace, military as well 
as research such as particle physics.

18 to 26 GHz, Hermetically Sealed Power Amplifier
Our ultra-wideband power amplifier spans 18 to 26.5 GHz with 51 dBm output power. The DC-
powered series offers a compact package, easily integrated into RF systems or test setups. Any 
of RF Lambda’s DC amplifiers can be provided in an AC-powered unit (RAMPXXX series). Her-
metic seal, including 100 percent leak testing as per MIL-STD-883, is available for outdoor and 
harsh environments.

1 to 18 GHz, Hermetically Sealed SP2T Switch
RF Lambda’s 1 to 18 GHz SP2T high-power 20 W switch combines robust power handling with 
rapid switching. Ideal for radar or TDD systems, it boasts low 1.8 dB insertion loss and a maxi-
mum 200 ns switching time. The comprehensive range of active RF switches, from SP2T to 
SP160T, supports power handling up to, ensuring longevity without cycle limitations. Perfect for 
sustained, reliable switching in demanding systems.
                                                                                                                                           www.rflambda.com
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Rosenberger
Compact Calibration Kits – for MSO 

and MSOT Calibrations

Compact calibra-
tion kits from 
Rosenberger – 
available in vari-
ous common co-
axial interfaces, 
combine all nec-

essary calibration standards in one 
compact unit, small, easy to handle 
and light weight. The 3-in-1 calibra-
tion kits can be applied for com-
plete MSO calibrations (open – 
short – load) of single port VNAs, 
the 4-in-1 calibration kits can be 
used for complete MSOT calibra-
tions (open – short – load - thru) of 
two or more port vector network an-
alyzers. Rosenberger runs its own 
calibration laboratory accredited and 
controlled by the German accredita-
tion body DAkkS (Deutsche Akkredi-
tierungsstelle) – according to DIN 
EN 17025.
www.rosenberger.com

Saetta Labs
Sapphire Loaded Cavity Oscillators

Saetta Labs is in-
troducing a line of 
‘whispering-gal-
lery’ Sapphire 
Loaded Cavity 
Oscillators (SLCO) 
at X-Band.  These 

SLCOs are pure microwave oscilla-
tors exhibiting unparalleled low 
phase noise of -155 dBc/Hz at 10 
kHz offset (8 GHz).  Melding state of 
the art materials with meticulous en-
gineering they are a complete sub-
system operating free-running or 
locked to an external reference.  8 
GHz, 10 GHz, 10.24 GHz, 12 GHz 
and customer specified.  Visit us at 
IMS booth 344.
www.saettalabs.com

Richardson RFPD
RadioCarbon and RadioThrorium 

Design Accelerators 

Start developing radio projects in 
minutes instead of months. Design 
Accelerators are standardized, off-
the-shelf, hardware development 
platforms that help RF and radio 
product developers reduce risk and 
speed time to market. Each design 
accelerator includes full documen-
tation, open source or licensable 
software and technical support.  De-
sign files of select design accelera-
tors may also be available via li-
cense. RadioCarbon and Radio-
Throrium design accelerators were 
developed by Richardson RFPD to 
support high-power software de-
fined radio, troposcatter, satcom 
and 5G mmWave communications 
applications.
www.richardsonrfpd.com

RLC Electronics
Panel Mount-SMT Filters

RLC Electronics is manufacturing 
200 W cW panel mount-SMT filters. 
This tubular filter, which operates in 
UHF/L-Band, is designed to be pan-
el mounted on one end and board 
mounted on the other end.  The ex-
posed pin is soldered directly to the 
customer’s board, utilizing the 
mounting bracket to establish good 
ground. This saves at the customer 
end on cost and loss (no cables or 
mating connectors required). This 
filter is used in a handheld radio sys-
tem.  Similar designs available in 
higher/lower frequency and power 
combinations.
www.rlcelectronics.com
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cation with a PC over long distances 
using a fiber-optic cable. Designed 
for precision, remotely located, RF 
data analysis, the SM435C is perfect 
for 5G mmWave monitoring and 
analysis, 24 GHz ISM frequency 
monitoring, complete Ka-Band 
spectrum testing and analysis of 
emerging and new high frequency 
RF signals.
www.signalhound.com

Smiths Interconnect
HR TXS Series

Smiths Intercon-
nect has extend-
ed its offering of 
high frequency 
surface-mount 

chip attenuators with the release of 
its HR TXS Series, a small, easy-to-
implement, high-reliability product 
qualified for space and defense ap-
plications. The HR TSX Series is 
qualified to MIL-PRF-55342 and de-
signed to offer excellent broadband 
performance up to 50 GHz, while 

Samtec
Phase & Insertion Loss Stable Cable 

Assemblies  

Samtec’s Nitrowave™ high perfor-
mance microwave cable offers im-
proved phase and amplitude stabil-
ity over flexure. Performance 

is optimized at 
frequencies that 
go beyond tradi-
tional industry tar-
gets to support 
emerging applica-

tions in the aerospace/defense, test 
and measurement and instrumenta-
tion markets. Initial product release 
includes LL043 Series with 2.92 mm, 
2.40 mm and SMA connector end 
options. Additional Nitrowave™ ca-
ble assemblies coming soon.
www.samtec.com

SignalCore
40 GHz RF Down-converter

The SC5319A 
and SC5320A are 

Ka-Band single stage down-con-
verters, with input RF range from 20 
GHz to 40 GHz, external LO fre-
quency range from 10 GHz to 20 
GHz, output IF range from 100 MHz 
to 4 GHz and 3 dB bandwidth of 2 
GHz. These modules feature an in-
ternal synthesized LO, selectable RF 
preamplifier and variable gain con-
trol. As being compact and versatile 
standalone down-converters, they 
are ideal for SISO and MIMO appli-
cations.
www.signalcore.com

Signal Hound
High Performance Spectrum 

Analyzer / Monitoring Receiver

Signal Hound’s 
SM435C is a high 
performance 
spectrum analyz-
er/monitoring re-

ceiver tuning from 100 kHz to 43.5 
GHz. This next-generation SM se-
ries analyzer includes a 10 Gb Ether-
net SFP+ port, enabling communi-
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Stellant Systems
K-Band Quad Space nanoMPM®

Stellant Systems’ 
K-Band Quad 
Space nano-
MPM® is a state-
of-the-art RF 
power amplifier 
for use in satellite 

downlink applications, specifically 
designed to enable the next gener-
ation of software-defined satellites 
utilizing phased-array antennas for 
increased flexibility while on-orbit. 
This product delivers the ultimate 
performance by leveraging the best 
of solid-state and TWT vacuum 
technology. Utilizing a high-gain 
pre-distortion solid-state linearizer, 
wideband high-power mini-TWT 
and proprietary compact nano-
MPM® EPC designs, the B3400H 
series bridges the gap between 
solid-state amplifiers and traditional 
space LCTWTAs.
www.stellantsystems.com

SV Microwave
VITA RF 67 

Amphenol SV Mi-
crowave’s VITA 
67.1, .2 and .3 
product lines are 
the latest addi-
tion to the RF/co-

axial section of the VPX platform. 
These modular solutions include 
contacts, cable assemblies, adapt-
ers and connector backplane and 
plug-in modules that support the 
entire RF signal path of your em-
bedded system. SV’s VITA products 
are designed for side-by-side imple-
mentation with other VITA connec-
tor standards. Visit SV Microwave at 
Booth #905 to learn more about 
their products and capabilities.
www.svmicrowave.com

delivering increased power han-
dling in a small 0604 surface-mount 
package. It allows wider coverage 
than traditional components while 
providing optimized return loss for 
multiple frequency ranges. 
www.smithsinterconnect.com

Southwest Microwave
Flex Cable Connector 

Newest SMI 
product offering 
is 54070-001B, a 
direct solder .047 
SC flex cable con-

nector with a built-in bullet. It com-
bines the SSBB cable receptacle 
with the bullet interface creating a 
single-pc cable bullet. Frequency 
range is DC to 67+ GHz. As a stand-
alone connector on a cable, it serves 
as a manual test probe.  It also can 
be ganged together in a multipin 
configuration and thereby serve as 
the heart of the SSBB multipin cable 
harness.
www.mpd.southwestmicrowave.com

Spectrum Control Inc.
SCi Blocks

Spectrum Control 
Inc. (booth #208) 
will showcase two 
significant addi-
tions to its SCi 
blocks family of 

miniature, modular and intelligent 
RF+Digital system blocks. The new 
DirectRF mezzanine is the compa-
ny’s first RF-to-bits building block 
and an extension to its innovative 
SOSA-aligned wideband transceiv-
er. Leveraging the Altera Agilex® 9 
FPGA, it converts up to eight RF in-
puts and eight RF outputs at sample 
rates of up to 64 Gsps, with 32 GHz 
IBW. They will also unveil their new 
RF+Digital system-in-package plat-
form, dramatically shrinking the RF 
frontend. The first SiP is a low noise, 
high gain wideband preselector in a 
standard BGA package.
spectrumcontrol.com
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Times Microwave
High-Power Lineup

Experience un-
paralleled power 
and precision 
with Times Micro-
wave Systems’ 
High Power prod-

uct lineup. Their StripFlex®, HPL, 
HP and HPQD™/MPQD™ connec-
tors redefine connectivity, offering 
unmatched performance and dura-
bility for any application. StripFlex® 
provides exceptional flexibility with-
out compromising performance, 
while HPL ensures reliability and ef-
ficiency in power distribution sys-
tems. HP connectors deliver robust 
connections for high-power applica-
tions, and HPQD/MPQD connec-
tors offer quick-disconnect function-
ality and versatility. Trust in their 
commitment to excellence, revolu-
tionize your power solutions today 
with Times Microwave Systems.
www.timesmicrowave.com

Transline Technology
High Performance PCB Laminates

With 30+ years’ 
expertise, Trans-
line Technology 
specializes in 
working closely 
with engineering 
innovators that 

push RF, microwave mmWave PCB 
boundaries. Our hands-on ap-
proach makes us an extension of 
your engineering team. We stock a 
wide variety of high performance 
PCB laminates enabling rapid pro-
totype delivery.
www.translinetech.com

Tecdia
Wire-bondable Capacitors

Tecdia’s new 
K4200 dielectric 
for single layer 
wire-bondable 
capacitors en-
ables even more 
size, thickness 

and capacitance options for use as 
drop-in replacements in existing de-
signs and entirely new designs alike. 
Visit us at IMS2024, booth 2131 to 
learn more about how we can solve 
your quality, lead-time and pricing is-
sues with passive wire-bondable 
components. For more information 
please email us at sales@tecdia.com.
www.us.tecdia.com

Teledyne Storm
VITA Cable Assemblies

Teledyne Storm 
Microwave’s VITA 
product line is ex-
panding. We 
have created a 
new sample kit to 
display both 
NanoRF and 
SMPM contacts 

on StormFlex047 cable assemblies 
to demonstrate how easy they are 
to route. These are built to be reli-
able in harsh environmental condi-
tions. For even more challenging 
needs we offer these contacts on 
StormFlex034 cable as well.
www.teledynedefenseelectronics.com

Syscom Advanced Materials Inc.
Conductive Fiber Braiding Material

Liberator® con-
ductive fiber braid-
ing material pro-
vides cable manu-
facturers with the 

lightest weight alternative to tradi-
tional silver-plated copper braiding 
available today.  Cables using Lib-
erator® weigh 30 percent less on 
average.  The fiber works with exist-
ing braiding equipment and is pro-
vided on spools or cores.  Libera-
tor® can be soldered or crimped 
and has proven shielding effective-
ness equal to or better than tradi-
tional copper braiding.  Superior 
flex-cycle durability over 1000x that 
of equivalent size copper provides 
an added benefit for repetitive 
bend applications.
www.metalcladfibers.com

Taitien
DTA-450 Atomic Clock

The DTA-450 
atomic clock is 
distinguished by 
its exceptional 
features, notably 

its remarkably low power consump-
tion, consuming a maximum of only 
130 mW. It offers precise timing syn-
chronization with 1 pps input and 
output capabilities. With remark-
able accuracy, it disciplines to < 50 
ns in phase and <10e-12 in frequen-
cy, ensuring unparalleled reliability. 
These features make the DTA-450 
indispensable across diverse indus-
tries where precision and efficiency 
are paramount, setting a new stan-
dard in atomic timekeeping tech-
nology.
www.taitien.com

Pick Up Your T-Shirt 

in the MWJ Booth 811
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WAFIOS
CNC Tube Bending Machine

The new BMZ 6 from WAFIOS is a 
unique and innovative CNC tube 
bending machine that has been spe-
cially developed for very small parts, 
such as those used in high frequency 
technology for semi-rigid coaxial ca-

bles. It is capable of bending small parts from tube or 
wire up to an outer diameter of 6 mm. The modular 
design enables the production of highly complex com-
ponent geometries by combining different bending 
processes such as coiling and free forming. Visit us at 
booth 754.
www.wafi os.com

Vaunix
High-Resolution Digital Attenuator

The LDA-802-32 
digital attenuator 
is a rack-mounted 
32-channel high 
dynamic range, 

bidirectional, 50 Ω step attenuator. It provides 120 dB of 
attenuation control range from 200 to 8000 MHz with a 
step size of 0.1 dB. The attenuators are easily program-
mable for fi xed attenuation, swept attenuation ramps 
and user-defi ned fading profi les directly from the in-
cluded graphical user interface (GUI). Alternatively, Vau-
nix supplies LabVIEW drivers, Windows API DLL fi les, 
macOS DYLIB fi les, Linux drivers, Python examples and 
more for users wishing to develop their own interface.
www.vaunix.com

IMS Show Coverage
Be Sure to Check out mwjournal.com/IMS2024 for all 
products at this year’s IMS2024 in Washington, DC
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WAKA Manufacturing
Cable Assembly

WAKA Manufacturing has introduced 
a new cable assembly featuring a 1.0 
mmWave connector and rigid armor. 
This assembly ensures a balance be-
tween durability and flexibility by uti-
lizing semi-rigid internal cables to 
maintain phase stability even when 

bent. It supports frequency up to 110 GHz and offers 
customizable lengths starting from a minimum of 150 
mm, adjustable in 1.0 mm increments. Its high perfor-
mance low reflection characteristics are achieved 
through WAKA’s innovative soldering technology. A re-
lease of 1.85 mm armored cable is planned. 
www.waka-manufacturing.com

Weinschel Associates
High-Power Attenuators and Loads 

Weinschel Associates announces an 
improved line of high power attenua-
tors and loads to accent their current 
high power offerings.  The WA70/6  

and WA1470/6 is a 1 KW attenuator and termination 
performing from DC to 6 GHz and is available with a 
variety of connector options to include N-Type, 4.3/10 
and 7/16 DIN.  Please visit us at IMS in booth #812 or 
contact Weinschel Associates at sales@weinschelasso-
ciates.com for more information.
www.weinschelassociates.com

West Bond
7KF Bonder

The 7KF bonder 
with West Bond 
new 7 in. capaci-
tive touch sensing 
LCD displayed is 
designed with a 
gantry style chas-
sis enabling un-
limited part size 

capacity. The exclusive 8:1 ratio, purely orthogonal X-Y-
Z Micromanipulator, allows the operator to place bonds 
very precisely, and is convertible between Ball Bonding 
and Wedge Bonding, presenting bond wire at both 45 
and 90 degrees for deep access and ribbon bonding 
capabilities, is an excellent tool for RF, microwave, semi-
conductor, hybrid and medical device fields applica-
tions.
www.westbond.com
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Z-Communications
DRO14000A for Radar, 5G, Satcom, 

Test and Measurement 

The new DRO 
from Z-Communi-
cations, Inc. deliv-
ers 14 GHz while 
incorporating 
electrical and me-

chanical elements for fi ne and 
coarse tuning. This high perfor-
mance DRO is optimized to feature 
superior low phase noise of -100 
dBc/Hz at 10 kHz and  -132 dBc/Hz 
at 1 MHz offsets and operates from 
a single 5 Vdc supply with low cur-
rent draw of only 26 mA. Available 
in a surface-mount package for ease 
of manufacturing.
www.zcomm.com
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KR ELECTRONICS

Custom & Standard Filters
40+ Years of Military & Commercial Applications  
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sales@krfilters.com www.krfilters.com Ph: 913 685-3400

Visit us at 

Pick Up Your MWJ 

T-Shirt in Booth 811

IMS Show
Coverage

Be Sure to Check out
mwjournal.com/IMS2024

for all 
products at this year’s 

IMS2024 in Washington, DC

MICRO-ADS



204  MWJOURNAL.COM MAY 2024

Talking RF: Occupied 
Bandwidth - Keeping 
Communication Clean

In this episode of Talking RF, Signal Hound talks about oc-
cupied bandwidth (OBW), a regulatory requirement that is 
specifi ed for equipment in some global regions.

Signal Hound

bit.ly/49gYAZ0

Remcom launched a new website with a 
major upgrade to their Resource Library. 
Sort by product, application and media 
format via the selectors. Choosing your 
desired combination will surface all the 
matching results from the library.
Remcom
www.remcom.com

Remcom
Updates Website

M A K I N G

5G Network 
Emulation Solutions

Discover more about Keysight’s innovative 5G network 
emulation solutions in its latest catalog. Learn how 
Keysight’s advanced solutions streamline 5G device 
workfl ow from development to deployment.

Keysight Technologies
ow.ly/8I5U50QH3Is

NI’s New Open 
Innovation 
Laboratory

In cooperation with the ESA, NI’s new Debrecen 
lab will focus on HiL and modular instrumen-
tation that will drive new test strategies and 
advance emerging space applications.
NI
www.ni.com

The Future is Here: 
Integrating X-Band 
Radar for Next-Level 
Detection and Imaging

Radar technology has evolved dramatically over nearly a 
century. Today’s radar is key to weather forecasting, air 
traffi c management and vehicle safety. Dive into the future 
with Qorvo’s latest blog on next-gen X-Band radar designs. 
Qorvo 
ow.ly/3T8g50QElul

DDS Option for
High Speed AWGs
Spectrum Instrumentation has released 
a new fi rmware option for its range of 

versatile 16-bit AWGs with sampling rates up to 1.25 
GSPS and bandwidths up to 400 MHz. The new option 
allows users to defi ne 23 DDS cores per AWG-card, that 
can be routed to the hardware output channels.

Spectrum 
Instrumentation

https://youtu.be/
PoT0cReolRE



 Provides the necessary equations and algorithms for 
calibrating measurement fixtures and then extracting 
dielectric/magnetic material properties from wideband 
methods (free space and waveguide fixtures).

 Guides on the design of these wide bandwidth material 
measurement methods (such as details for designing 
microwave focusing lenses).

 Describes techniques for adapting these methods to 
manufacturing and other non-laboratory environments.

 Describes how to apply these new methods of novel 
computational electromagnetic modeling methods that 
have been applied to material measurement, which 
enable measurements not possible with the conventional 
techniques.

Sign up for our newsletter for 
15% OFF your first purchase. 

Find out more by scanning the QR
code or visiting us at artechhouse.com

Wideband 
Microwave Materials 
Characterization

John W. Schultz

ISBN 978-1-63081-946-0  

February 2023 • Hardcover • 330 pp

$159 / £138

BookEnd

Bookend
Developing Digital RF 
Memories and Transceiver 
Technologies for 
Electromagnetic Warfare

Phillip E. Pace

This book is an invaluable resource 
for a wide range of readers, in-
cluding students and profession-

als working in AI and machine learning 
(ML)-inspired engineering. It focuses on 
the design trade-offs involved in devel-
oping multiple, structured, false target 
synthesis digital RF memory (DRFM) 
architecture and provides guidance on 
developing counter-DRFM techniques 
and distinguishing false targets from 
real ones. The book covers various 
transceiver technologies for electro-
magnetic (EM) warfare, including the 
latest advancements, emerging trends, 
case studies and best practices. It is an 

ISBN 13:  9781630816971           

Pages:  920

Digital download: $135

To order this book, contact:
Artech House (2022)
us.artechhouse.com   

essential guide for anyone who wants 
to stay current with the latest develop-
ments in EM warfare.

This book is unique in that it pro-
vides a detailed table of contents and 
11 chapters that delve into various rele-
vant topics. There is a huge demand for 
sensors on unmanned vehicles, with the 
network-enabled DRFM serving as the 
eyes and ears for defense personnel. 
This book is divided into two parts. Part 
1 deals with embedded transceiver de-
sign and architecture development for 
EM spectrum dominance and maneu-
ver warfare. Part 2 introduces the con-
cepts and techniques of modern spec-
tral sensing using AI and ML for emitter 
modulation classifi cation and electronic 
attack for counter-targeting to interrupt 
the kill web. A fi nal chapter is included 
on recent counter-DRFM techniques, 
discussing the methods used to defeat 
the DRFM. One key feature of this book 

is the available online resources, includ-
ing MATLAB software on the Artech 
House website. Readers can use these 
resources to reproduce the results pub-
lished in this book, including problem 
exercises to enhance their understand-
ing of the material.

Overall, this book is a must-read 
for anyone who wants to stay ahead in 
the fi eld of DRFM transceivers, ML and 
deep learning in EM warfare.

Review by: Dr. Ajay K. Poddar 
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CML Micro: Customer-Centric, Continuous Innovation and Unwavering Quality

T
he story of what is now known as CML Micro be-
gan in 1968 when the company was founded 
as Consumer Microcircuits Limited in the U.K. 

Recognizing the growing demand for semiconductor solu-
tions in the emerging fi eld of wireless communications, 
the company shifted its focus toward the development of 
integrated circuits (ICs) for RF applications. To support 
this, they became the U.K.’s fi rst company to adopt the 
rapidly emerging “fabless” semiconductor supply model.

The company grew steadily by expanding its product 
portfolio and customer base, leveraging advancements in 
semiconductor technology to develop new products for 
wireless communication systems. At its formation, CML 
considered its analog signal processing IP portfolio to be 
among the best in the world. This expertise evolved into 
digital signal processing (DSP) capabilities and in the 
early 1990s, the company introduced its fi rst genera-
tion of DSP ICs for wireless communication applications. 
These DSP chips off ered enhanced performance and fl ex-
ibility compared to traditional analog solutions, paving 
the way for the widespread adoption of digital communi-
cation technologies.

As the demand for wireless communication devices 
grew, CML seized the opportunity to increase its market 
presence. In addition to expanding their product portfolio 
and range of market applications organically, the company 
began a string of acquisitions. In 2002, CML acquired 
Applied Technologies and formed the CML Radio Systems 
Group, specializing in DSP software and RF design solu-
tions. The following year, CML acquired Hyperstone, a fab-
less semiconductor company that provided fl ash memory 
controller microchips and fl ash controller fi rmware com-
plementary to these controllers. In 2016, the company 
acquired China-based SICOMM, a fabless semiconductor 
company specializing in integrated baseband proces-

sors and RF semiconductors. In 2020, PRFI, a U.K.-based 
design house specializing in the design and development 
of RFICs and MMICs, along with microwave and mmWave 
modules, was added to the portfolio. The most recent ac-
quisition, MwT, specializes in GaAs and GaN-based MMICs, 
discrete devices and hybrid amplifi er products for a variety 
of commercial, defense and industrial applications.

CML Micro has more than 400 products that come 
from nine global locations. The company sees good 
year-over-year fi nancial growth with reported 2023 
revenues of over $26 million.

The acquisitions and organic growth have greatly 
expanded the company’s capabilities. The company con-
tinues to expand its “SμRF” line of high performance RF 
products and mixed-signal baseband/modem processors 
that address multiple wireless voice and data communi-
cation markets. In addition to these SμRF products, the 
company off ers direct conversion receivers, transceivers 
and synthesizers for RF applications. With a broad range 
of products targeting analog front-end, baseband pro-
cessing, voice coding, voice CODEC and Application/MMI 
applications, CML Micro can provide wireless communica-
tions solutions from the moment data is created until it 
is processed at the other end of a communications link. 
The main application focus areas for these products are 
critical communications, wireless networks and satellite, 
IoT, business and leisure wireless, aerospace and defense 
maritime communications and broadcast markets.

The CML Micro story is still being writt en. It is one of 
organic growth, coupled with strategic acquisitions to 
expand capabilities. The theme of the story is noble; helping 
the world to transform the way it communicates.

CML Micro 
www.cmlmicro.com
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Steering in the Right Direction
Phased array antennas use phase shifters, true time delay, or a combination of both to point the summed 

beam more accurately toward the desired direction within an array’s steered angle. This blog post reviews 

both of these methods and how wider bandwidth antenna arrays are driving the use of true time delay in 

their system design.

Phased array antennas change the shape and direction of the radiation pattern without physically moving the 

antenna. The antennas are uniquely placed into a larger array using individual elements – summing them up 

to provide more gain performance and directing the signal within the array’s steering angle limits, as shown in 

the figure below.

 

In today’s phased array systems, the bandwidth is increasing to expand utility and flexibility. Wider bandwidth 

introduces system challenges that affect the phase shifting of the beam. Because of this trend, many AESA 

systems require true time delay to eliminate beam squint in larger bandwidth circumstances. We dig into this 

further in the following sections.

Background in Phased Arrays

The phased array antenna size is inversely proportional to the operational frequency. Therefore, the higher the 

frequency, the smaller the antenna element spacing. The opposite is true for lower-frequency applications.

So, how is the beam steering enabled? Traditionally for narrowband arrays, we convert the desired signal delay 

at a given frequency using phase shifters. In the phased array antenna, each antenna element can be fed with 

different phase shifters. Therefore, the beam direction of the array can be steered by changing the phase shift 

between each element to form a beam at the angle of interest.

True Time Delay:
What It Is and How It Works

1: Number of Elements

Phase Shifter

Analog Beamforming

T/R

Modules

Antenna

Elements

1:
Number of Elements

Number of Channels
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For example, assume we have two antenna elements separated by distance “d,” as shown in the graph below. 

The phase shifts between these two elements, altering the beam direction. Using a phase shifter at the 

alternative antenna element, the beam can be steered to alter its direction and improve antenna efficiency.

 

In the below image, we can see how the steering of a waveform in the antenna array creates a main lobe at a 

given angle and minimizes the side lobes. We also see measured data of phase angle and field pattern 

of these lobes.

 

Below are two types of phased array antenna systems that are commonly used.

• Passive electronically steered array (PESA) uses a single transmit/receive module shared across all 

 antenna elements.

• Active electronically steered array (AESA) uses phased array antennas with transmit/receive modules 

 dedicated to each element.
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A Deeper Dive into AESAs

AESAs are the second generation of phased array antennas. In AESAs, there are separate transmitters 

controlled by microcontrollers for each antenna element. These AESAs are more advanced than PESAs 

and can transmit several radio waves at various frequencies simultaneously in different directions.

As higher performance and higher resolution systems are developed, the bandwidth requirements for 

the waveform increase. This presents a problem for AESAs that traditionally steer the beam using phase 

shifters because the beam will squint as a function of frequency. Beam squint can be calculated using the 

following equation.

 

For these wide instantaneous bandwidth waveforms and narrow beam widths, beam squint can be enough to 

steer the beam off target resulting in poor signal quality, reduced accuracy and resolution.

AESA: Phase Shifters Versus True Time Delay

AESAs use phase shifters or a time delay circuit, or a mix of both, to point the signal beam in the desired 

direction within the array’s steering angle limits.

Phase shifters, as shown in the figure below, are used for directing the beams in phased array antennas and 

help improve efficiency in narrowband systems. Phase shifters have had a wide market dominance and provide 

a fixed insertion phase difference between the two states. They are typically used in applications with lower 

bandwidth because wideband phase shifting is more difficult and often comes with a penalty of increased 

insertion loss and phase accuracy across the operational frequency bandwidth. The two states are only slightly 

different in time delay, differing in path length by less than a wavelength. Phase shifters steer the beam at each 

antenna element but do not provide true time delay. Without this true time delay, the beam distorts, or “squints,” 

over a larger frequency range as shown in the following graph. With newer, wider bandwidth array systems, 

beam squint has become more of an issue. True time delay units are used to mitigate this squinting effect.
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Phase

Shifter

Antenna

Phase

Shifter

Antenna

1: Number 
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Transmit/
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Transmit/

Receive
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Time delay units provide many wavelengths of phase shifting, and the phase shift is exactly proportional to the 

frequency. This allows the group delay difference between the two states to create a flat phase over the entire 

frequency bandwidth.

 

As you can see from the figure above, the time delay unit provides a noticeable benefit of squint reduction over the 

bandwidth frequency improving radar image resolution over the wider bandwidth.

True Time Delay MMICs

Time delay can be accomplished in many ways, e.g., coax, optical, microstrip, and strip-line. Electronic methods 

using MMICs are more popular due to their compact size and cost-benefit. Typical multi-bit time delay units 

include switches, time delay elements and equalizers to form both reference path and time delay pathways, as 

shown in the above figure. Overall delay range and delay steps can be generated by switching different path 

combinations. A reference line and delay element are typically created using different lengths of transmission 

lines. As the line length increases, so does the insertion loss and frequency. An equalizer is typically used to 

improve the overall time delay flatness over the frequency range.

Recent semiconductor developments and advances in modeling have helped to enable physically smaller delay 

circuits, which are useful in high-frequency array applications. Additionally, different semiconductor technologies 

like CMOS, GaAs and MEMs can be considered to help optimize performance requirements for some applications.

Key Takeaways

For today’s broadband array antenna applications, true time delay is required to mitigate squint. As we have 

shown above, understanding the differences in using TDUs and phase shifters or using them together is an 

essential part of AESA system-level performance.

Take a deeper dive

Learn more about solutions to your challenges.  

qorvo.com           4

AESA

Phase Shifters

Antenna

PA

LNA

Transmit/Receive

Antenna

PA

LNA

Transmit/Receive

1: Number 

of Elements

Beam Pattern Steered with Phase Shifters 

as a Function of Frequency

Azimuth (Deg)

0 5 10 15 20 25 30 35 40
-30

-25

-20

-15

-10

-5

0

Squinting

9 GHz

10 GHz

11 GHz

Antenna

PA

LNA

Transmit/Receive

TDU

TDU

1: Number 

of Elements

Beam Pattern Steered with Time Delay 

as a Function of Frequency

Azimuth (Deg)

0 5 10 15 20 25 30 35 40
-30

-25

-20

-15

-10

-5

0

No Squinting

9 GHz

10 GHz

11 GHz

Antenna

PA

LNA

Transmit/Receive

Input

Time Delay Units

Time Delay Unit Block Diagam

Output

τ2τ1 τ3 τ4

EQ

AESA

TDU

TDU



5          qorvo.com

Basics of X-band Radar
As you can imagine, radar, originally developed by the military in the 1930s, has undergone significant changes. 

New technologies enable the delivery of transmitters and receivers with greater precision, more efficient 

power use, and significant size reduction. And in recent years, electronic control elements for beamforming 

have become increasingly popular, providing more flexibility and increased benefits in the latest generations of 

X-band solutions.

X-band radar occupies 8-12 GHz and has superior target resolution and improved support for operations that 

require higher accuracy. It operates with a smaller antenna size than lower frequency counterparts – enabling 

more compact antenna arrays – as well as offering greater sensitivity for detecting smaller objects because of 

the small wavelength used.

The advancements in X-band have given way to significant growth in the global radar industry. According to 

Allied Market Research, the industry was worth $32.56 billion in 2019 and is expected to grow at a CAGR of 

4.7% from 2021 to 2028, reaching $44.35 billion, driven by increased demand in the automotive and defense 

industries, territorial battles, and advancements in technology.

Of course, with new advancements, there are also new design challenges. This blog post provides excerpts 

from a Qorvo Design Summit webinar on integration guidance for X-band applications.

Key Takeaways

In the Qorvo Design Summit webinar, X-band Radar Application with Integration Guidance, Fouad Boueri, Qorvo 

Senior Product Line Manager, covers the following key points:

• The fundamental building blocks for steering electronic phased arrays are the transmit/receive (T/R) 

 modules (shown in Figure 1).

 ° Circuits within these modules carry out basic tasks, including amplifying the transmit signals, filtering 

   noise from the received signals, and using beamforming to shape and steer the elements in the radar 

   system by varying the amplitude and phase of each element. As systems become increasingly 

   configurable, solutions that offer expanded functionality – with several applications residing in one 

   device – are becoming common.

 ° Components included in the RF front end are the PAs and LNAs that provide signal amplification, phase 

   shifters, attenuators, switches and filters that provide signal conditioning, and mixers and oscillators for 

   signal translation (i.e., frequency up and down conversion).

 ° An important trend in the industry is the increased integration of digital control over high-frequency 

   functions. Other innovations include using a broadband front-end to support multi-function systems and 

   controlling the elements precisely to improve digital beamforming.

 

The Future is Here: Integrating 
X-band Radar for Next-Level 
Detection and Imaging
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Figure 1. X-band radar T/R modules

The block diagram of a typical, modern X-band radar (Figure 2) shows the organization of key components. As 

with any system design, there are tradeoffs that are required to establish the most optimal performance. Below 

the block diagram is a list of transmit and receive attributes engineers must navigate through to attain optimal 

system performance.

 

Figure 2. Next-gen X-band radar

 

The webinar provides details on each functional component area – defining the main function of the component in 

the system as well as what tradeoffs need to be considered during the design. Below is a short summary of this 

review. For more detail, refer to the webinar.

Component and function:

 • Limiter: protects the LNA from damage by large incidents of power at the input.

 • Switch: routes the RF signal between the transmit and receive paths with optimal signal-to-noise ratio 

  (SNR), power level, and isolation between T/R and provides robustness on the input from the antenna.

 • Phase shifter: controls the relative phase for each antenna element of the array system in order to 

  electrically shape and steer the beam.

 • Digital step attenuator: attenuates the RF signal by controlling power and gain for beam steering 

  and tapering.

 • Filter: provides signal conditioning such as isolation, coexistence and mitigation of interference.

 • LNA: provides amplification of the received signal and provides system sensitivity.

 • Power amplifier: amplifies the transmit signal with high efficiency.
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Over the past couple of years, the above-listed individual discrete components have migrated toward integration 

– helping with system size reductions, performance and ease of design. Additionally, when integrating these 

individual functions, several designs also provide a fully matched module, making system design easier and less 

costly. As an example, let’s compare the IMFET versus pre-matched transistor (Figure 3). The tradeoffs when 

comparing an internally matched field effect transistor (IMFET) with a pre-matched transistor package are shown 

in Figure 3. Note that for the IMFET, there is no matching network; all matchings happen within the transistor. 

The pre-matched transistor must be matched on the PCB before reaching the 50-ohm connector, as shown on the 

right side of the table.

Parameter IMFET (Fully Internally Matched FET) Pre-Matched Transistor

Price Higher Lower

Board Integration Easy – no matching network design required Hard – full PCB matching network required

Size
Very compact – no board space required for 

matching networks

Large – PCB must be able to fit the long 

matching networks

Design Cycle Time Short – no design required
Long – must design, test and iterate until 

goals achieved

Design Flexibility
Only works in specific band with the specs as 

shown on he data sheet, very little tuning possible

Can match to other bands and optimize for 

power, efficiency, etc.

Stability Already accounted for Design must take this into consideration

 

Figure 3. IMFET vs. pre-matched transistor

Building Innovative Solutions for X-band Applications

With the recent acquisition of Anokiwave, Qorvo has strengthened its position in this market. As shown in Figure 4, 

by using Anokiwave’s silicon beamformer ICs that integrate all core beam steering and control functions coupled 

with Qorvo’s advanced GaN T/R FEMs, customers can fit all electronics within the radiating element lattice for 

planar X-band low-profile antennas that reduce wind drag and detectability.

The GaN T/R FEMs integrate high transmit output power, receiver low noise amplification, and front-end limiters 

while the silicon beamforming ICs feature single beam transmit and dual beam receive channels supporting 

monopulse or dual polarization operation. The SPI controlled beamformer ICs provide independent phase/

amplitude settings at each element supporting independently steerable beams in Tx and dual pol Rx modes. 

These ICs are widely proven in military and commercial platforms and are available today with short lead time.

Figure 4.  X-band radar block diagram with a silicon beamformer IC and complementary FEMs

Take a deeper dive

Explore this topic in greater detail as part of the Design Summit series with Qorvo experts. These 

webinar sessions cover advances that are enabling revolutionary next-generation technologies.
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The relentless quest for global connectivity has ushered in a new 

era in communication technologies, with satellite communications 

(SATCOM) at the forefront. The space economy, projected to exceed 

$1 trillion by 2040, underscores the vital role of satellites in 

extending the reach of terrestrial networks, thereby enabling 

ubiquitous connectivity across the globe. These investments are 

driving the demand for innovative technologies at lower price points, 

with new capabilities. As new SATCOM constellations become 

operational, unprecedented numbers of user terminals will be 

needed, and most of them will incorporate flat panel active phased 

array antennas to communicate when the satellite is in motion. 

The SATCOM flat panel user terminal market is about to explode.

By enabling the development of user terminals that are both 

cost-efficient and high-performing, Anokiwave (now Qorvo) is 

facilitating the widespread adoption of satellite services. These 

flat panel, electronically steered terminals are versatile enough 

to support multi-orbit SATCOM systems, from geostationary earth 

orbit (GEO) to medium earth orbit (MEO) and low earth orbit (LEO) 

satellites. This versatility ensures the SATCOM system can meet a 

broad spectrum of needs, from consumer broadband to critical 

emergency response communications.

SATCOM user terminals built with Anokiwave’s (now Qorvo’s) silicon-based SATCOM ICs result in systems with 

high performance, small form factor and low cost. Anokiwave’s (now Qorvo’s) ICs are designed to support FDD 

(frequency division duplex), however they can also support TDD (time division duplex), operation covering global 

SATCOM Ku, and Ka bands. Each IC in the family supports four (4) dual polarization radiating elements with full 

polarization flexibility. Each channel has its own individual control of phase and gain for maximum flexibility.

Anokiwave (now Qorvo) BFIC architecture supports four (4) dual polarization 

radiating elements with full polarization flexibility.

Cost-Effective Solutions Needed 
to Address the Exponential 
SATCOM Market Growth
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The future has never looked brighter 

for satellite operators, given the record-

setting number of satellite launches in 

recent years, the growing number of 

satellite-based applications and the huge 

capital investments being made 

in a host of planned space ventures.
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By using Anokiwave’s (now Qorvo’s) SATCOM and 5G IC technology 

in the user terminals, OEMs gain unparalleled application 

expertise, allowing them to develop better array designs that 

are faster time-to-market as well as, and most importantly, 

the experience to support customers who are expanding their 

networks beyond traditional 5G or SATCOM use cases. This effort 

not only paves the way for enhanced communication services but 

also opens new avenues for applications and services in areas 

such as IoT, autonomous vehicles, and smart cities, thereby fueling 

economic growth and innovation.

The path towards global connectivity is illuminated by the 

relationship between terrestrial and non-terrestrial networks. 

A common intersection of these networks is the need to support 

both types of systems with mmWave phased array active 

antennas. Anokiwave (now Qorvo) has been in these markets for 

over 20 years. The company has multiple generations of both 

SATCOM and 5G products in volume production which have been 

widely adopted by the major equipment manufacturers. With the 

Qorvo acquisition of Anokiwave, the two companies’ technologies 

bring innovation and scale to SATCOM and 5G applications. 

The system level support and broad portfolio of products are 

connecting the world through space.

Take a deeper dive

For a deeper discussion on this topic, download the full report.

Anokiwave is now Qorvo. Anokiwave’s innovative portfolio of active antenna ICs, combined with Qorvo’s 

complementary products, global scale, and significant market reach, provide new options for high integration 

and high-performance that will democratize phased array active antennas. The two companies’ technologies 

enable a unique combination of innovation + commercial scale + reputation to deliver with proven commercial 

success across mmWave 5G, SATCOM and D&A.

As demand for connectivity 

increases exponentially, satellites 

will serve areas outside highly 

networked cities for purposes 

such as connection on the 

move, critical emergency 

services, edge networking and

connected devices (IoT).
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Say the term “5G” and consumers often think about getting the most out of their smartphones or tablets, 

setting up a personal Wi-Fi hotspot, watching video on demand in an airport, or making video calls to their 

family on the other side of the country. Electronic engineers and designers may think that way too, but they 

must also consider the demands that 5G systems and infrastructure put on their work. Over the years, key 

players in the telecommunication industry have created an ecosystem that forces service providers like AT&T, 

T-Mobile and others to be locked with specific equipment vendors into various system configurations.

Open RAN (open radio access networks) is a standardized approach to RAN hardware and software 

disaggregation. Open RAN will foster network vendor competition and innovation. It is a methodology to open 

up these systems for manufacturers to be able to service these networks. Open RAN offers greater flexibility 

and choice in designing and implementing 5G products.

Traditionally, the radio access network components were tightly integrated and controlled by a single vendor, 

limiting the options for product designers. By using the Open RAN methodology, designers can leverage a 

more open and standardized architecture, allowing them to mix and match components from several vendors. 

This flexibility enables designers to select the hardware and software solutions that work best for them, 

leading to improved product performance, innovation and cost-effectiveness.

In the marketplace, Open RAN can promote increased competition benefiting both designers and consumers. 

By breaking down the traditional vendor lock-in and promoting interoperability, Open RAN encourages the 

participation of multiple vendors and start-ups. This more competitive landscape can lead to technological 

advancement reaching the market faster. As a result, designers can access a wider range of cutting-edge 

technologies, and consumers can take advantage of more diverse and innovative 5G products that cater 

to their specific needs.

Qorvo’s Newest Open RAN 5G Support
Qorvo’s most recent offering to promote Open RAN methodology is the QPB3810, QPB9362 and QPA9122 

included in a full RF front-end reference design for 5G mMIMO applications. The reference design pictured 

below, provides a complete solution for a RF front end (RFFE) for an 8W average output power mMIMO 5G 

application in band n78 (3.4-3.8 GHz).  It provides a transmit and receive solution from the digital front end to 

antenna filter in a compact layout, which can be directly implemented into an array.

The transmit chain features the QPA9122M as a wideband high linearity pre-driver and the QPB3810 as a 

highly efficient GaN final stage power amplifier module. The transmit chain also includes a directional coupler 

for DPD observation path as well as a circulator. For the receive chain, the reference design includes the low 

noise QPB9362 switch LNA.

Open RAN’s Promising 
Future for 5G Design



11          qorvo.com

Reference design board: 8W mMIMO 3.4-3.8 GHz RF front end.

The QPB3810 is the first commercially released GaN-based module with an integrated bias controller factory 

programmed to set the optimal bias points of the Doherty® power amplifier module (PAM). The QPB3810 is a 

48V, 8W average power PAM covering the 3.4-3.8 GHz band. The bias controller includes a temperature sensor 

allowing it to automatically adjust bias over temperature and includes an enable pin for fast TDD switching. The 

QPB3810 is available in a compact 12x8 mm SMT package, offering a much smaller footprint than traditional 

discrete component solutions; and similar to Qorvo’s other PAM products which require minimal external 

circuitry.

 

Also being released: Qorvo’s QPB9362. This receive module is targeted for 5G wireless infrastructure 

applications configured for TDD-based mMIMO architectures. Its switch LNA module integrates an LNA with a 

high-power handling switch which can be used as a failsafe path to termination when a radio is in transmitting 

mode. The QPB9362 provides 34.5 dB of gain with 1.1 dB typical noise figure over the entire operating 

frequency band in the receiving mode and LNA power down mode is available via a transmit/receive control 

pin on the module. It is packaged in a RoHS-compliant, compact 5x3 mm LGA package.
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Faster Development Plus Security

Open RAN clearly enables rapid deployment and scalability for 5G networks, benefiting both designers and 

consumers. The open and standardized interfaces allow for easier integration and interoperability of network 

components, simplifying the deployment process. This streamlined approach accelerates the time-to-market 

for electronic product designers, enabling them to introduce innovative 5G products more quickly. Consumers, 

on the other hand, benefit from faster network expansion and improved coverage, leading to enhanced 

connectivity and a better user experience.

Open RAN promotes greater security and resilience for 5G products and networks. With a closed network 

architecture, vulnerabilities or flaws in a single vendor’s equipment can potentially compromise the entire 

network. In contrast, Open RAN’s multi-vendor approach reduces the impact of security breaches, as 

components from different vendors can be independently assessed and updated. This enhanced security 

framework reassures electronic product designers and consumers, providing them with more confidence in the 

reliability and integrity of their 5G products and networks.

Take a Deeper Dive

Explore this topic in greater detail.
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Gallium Nitride (GaN): 
Revolutionizing Industries 
with Advanced Semiconductor 
Technology

Introduction
In the realm of semiconductor technology, GaN has emerged as a transformative material, heralding new frontiers 

in various sectors, including military, aerospace and commercial applications. Thanks to continuous technological 

advancements, GaN’s superior properties are increasingly preferred by engineers, setting a new standard in 

efficiency, reliability and performance. This article delves into GaN’s significant impact across key markets, its 

current applications, potential future uses and the promising trajectory this technology is set to follow.

Figure 1: DPD and GaN Doherty PA configuration.

System Implementation
Exploring the design and implementation of GaN systems reveals a distinct advantage over mature 

technologies like GaAs, particularly in terms of power density and bandwidth capabilities. While GaAs 

high-electron-mobility transistors (HEMTs) remain useful for applications with lower power requirements 

and critical noise figures, GaN stands out for its superior power density and wide bandwidth. This not only 

enhances system survivability through higher input power tolerance but also simplifies RF matching due to 

GaN’s high input impedance, reducing the number of components needed. In practical terms, GaN’s attributes 
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translate into longer RF ranges and higher signal resolution in applications such as radar, where the ability to 

detect smaller targets from greater distances is crucial. Moreover, GaN enables more efficient radar systems 

with potentially thousands of amplifiers, increasing range or reducing costs and complexity by requiring fewer 

devices per element. In advanced 5G antenna systems, GaN’s efficiency at saturation is balanced with linearity 

through digital pre-distortion (DPD), optimizing performance for high-power applications.

 

DPD represents a critical advancement in combining hardware and software solutions to enhance PA 

performance, especially in cutting-edge RF systems like 5G base stations. By utilizing digital signal processing 

techniques, DPD allows for the optimization of PAs to achieve lower power dissipation, maximized output 

power, and high linearity simultaneously, all while reducing out-of-band distortion. A notable implementation is 

the integration of DPD with GaN PAs configured in a Doherty architecture, which is instrumental in increasing 

the PA’s efficiency at back-off output power. This synergy between Doherty configurations and DPD not only 

achieves efficiencies exceeding 60%, significantly reducing the operational energy demands of power-intensive 

PA systems, but also ensures the attainment of higher efficiency and linearity, marking a substantial leap 

forward in PA system design and functionality.

GaN’s Key Markets: Military and Aerospace
Military Satellites and Communications

The critical demand for robust, reliable components capable of delivering kilowatts of radio frequency (RF) 

output power in military and aerospace systems has historically been met by vacuum tube technology. 

However, the advent of high-power semiconductors initiated a paradigm shift towards solid-state power 

amplifiers (SSPAs), with GaN leading the way due to its enhanced reliability, robustness and bandwidth 

capabilities. In military satellite systems, which facilitate secure, high-speed data, video and voice 

communications, GaN’s superior performance is increasingly pivotal. Systems previously dependent on 

traveling wave tube amplifier (TWTA) and GaAs technology are transitioning to GaN to meet the growing 

demands for power density, enabling significant advancements in satellite communication networks.

 

Figure 2: Qorvo Spatium® SSPA combining GaN in patented design.

Radar and Electronic Warfare

Radar and electronic warfare (EW) systems are critical for modern military operations, requiring high power, 

efficiency and reliability. GaN technology’s attributes, such as linearity, power density and thermal efficiency, 

make it ideal for these applications. Its use in active electronically scanned array (AESA) radars contributes 

to more compact, efficient solutions, meeting stringent size, weight, power and cost (SWaP-C) requirements. 

Furthermore, in the evolving domain of EW, GaN enables the development of more compact, wide-bandwidth 

and powerful solutions, enhancing the capabilities of defense systems on land, air and sea.

Some of GaN’s Commercial Applications
5G Infrastructure

The rollout of 5G technology has significantly benefited from GaN’s capabilities, particularly for power amplifiers 

(PAs) in radio frequency front ends (RFFEs), where efficiency is critical. GaN’s advantages, including higher 

power output, frequency operation and reduced power consumption, are vital for achieving the high efficiency 

required in 5G systems. This is especially true for millimeter-wave (mmWave) applications and massive MIMO 

antenna arrays, where GaN’s efficiency enables higher capacity and coverage with lower energy costs.
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Figure 3: RF front-end block diagrams for 5G sub-6 GHz and mmWave.

CATV and Commercial Satellite

GaN’s role in cable television (CATV) and commercial satellite communications underscores its importance 

in supporting high-throughput video, broadband services and global communication needs. GaN amplifiers 

offer the linearity and efficiency necessary for extending network reach and reliability, crucial for meeting the 

increasing consumer demand for data. Similarly, in commercial satellite applications, GaN facilitates more 

compact, lightweight components that support higher data throughput and frequency bands, essential for 5G 

backhaul, ultra-HD TV transmission and other advanced communications services.

GaN in Automotive

In the automotive sector, GaN is becoming a game-changer, particularly in the realm of electric vehicles (EVs). 

GaN’s exceptional efficiency and power density are driving innovations in EV power systems, from inverters 

to onboard chargers and DC-DC converters. These advancements enable not only faster charging times but 

also more compact and lighter power electronics, contributing to an overall reduction in vehicle weight and 

an increase in range. Additionally, GaN’s superior thermal management and fast switching capabilities are 

enhancing the performance of EVs, making it a key technology in the industry’s shift towards more sustainable 

and efficient electric transportation solutions.

GaN’s Future
Looking ahead, GaN technology’s potential extends far into various sectors due to its high efficiency, power 

density and thermal performance. From data centers to EVs, wireless charging and medical equipment, GaN’s 

contributions are set to revolutionize energy consumption, device miniaturization and system performance. 

In data centers, GaN’s efficiency can significantly reduce energy consumption. For EVs, GaN enables more 

efficient, faster charging and power systems. In the medical field, GaN’s high-resolution capabilities could lead 

to earlier, more accurate disease detection.

Conclusion
GaN is at the forefront of semiconductor technology, driving innovations across military, aerospace and a 

broad range of commercial applications. Its superior properties over traditional semiconductor materials, 

such as silicon and gallium arsenide, offer significant advantages in efficiency, power density and reliability. 

As GaN technology continues to evolve, its impact on industry standards and capabilities is expected to grow, 

heralding a future where GaN-based solutions redefine the technological landscape. The ongoing research and 

development in GaN technology promises to unlock even more applications, making it a cornerstone of modern 

electronic and electrical engineering.

Take a Deeper Dive

To learn more about GaN technology, download the GaN For Dummies® e-book.
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Revolutionizing the
mmWave 5G Business Case

Abstract

The use of mmWave frequency is inevitable to achieve the full 

potential of 5G. 5G service providers will require mmWave bands to 

support the emerging trend of “mobility without boundaries.” This 

exponential growth of demand for wireless data has quickly depleted 

spectrum resources in sub-1 GHz band (also called low band) in many 

countries. With the recent introduction of mid-band (frequencies 

between 1 GHz and 6 GHz) spectrum, the industry is experiencing 

a temporary relief of wireless congestion. If history is a guide, 

the relief will be short lived as the depletion of today’s sub-6 GHz 

spectrum (low-band and mid-band) resource in major metro areas is 

projected to happen over next 3-5 years.

While mmWave 5G offers immense potential in terms of bandwidth, 

user capacity, and quality of service, developing a commercially 

realizable mmWave ecosystem has multiple challenges for providers. 

Using many of the first or second generation mmWave 5G solutions 

in the market today, the mmWave 5G business case often does NOT 

close, leading many to believe that mmWave is not the right solution 

to satisfy the immense (and growing) demand for data. Anokiwave’s 

(now Qorvo’s) IC technology is changing this perception.

mmWave adds capacity to the busy 6 GHz spectrum allowing faster, less congested connections.

The global deployment of 5G mmWave

is now inevitable. Service providers

will require mmWave bands to support

the emerging trend of “mobility without

boundaries” as well as to relieve stress

on congested sub-6 GHz bands.

DATA
mmWavesub-6



Although the thesis to support mmWave proliferation is strong, the 

industry must take the next step of commercializing mmWave 5G by 

leveraging the accomplishments already in place and by innovating 

further, improving performance, and reducing cost to that of a Wi-Fi 

connection to achieve true commercialization of mmWave networks.

Cost is an important piece of the mmWave 5G growth equation. 

If history can predict the price point that will proliferate a new 

mmWave CPE for 5G, look no further than the Wi-Fi router. Today, 

a mmWave 5G CPE cost is at several hundreds of dollars; although 

this sounds expensive in comparison with today’s Wi-Fi router, one 

needs to understand that the innovations mentioned in this white 

paper will dramatically drive down the cost of the CPE.

The impact of Anokiwave’s (now Qorvo’s) technology extends 

beyond the technical realm, by shaping the economic landscape of 

5G deployment. By reducing the cost and complexity of mmWave 

systems, Anokiwave (now Qorvo) has lowered the barrier to entry 

for service providers, facilitating the rapid expansion of 5G networks 

across different regions and markets. This democratization of 

mmWave technology is critical for achieving the global vision of 5G, 

enabling new applications and services, from ultra-high-definition 

video streaming to autonomous vehicles, and IoT (Internet of 

Things) ecosystems.

The excitement around the mmWave market emergence is something we see in our careers maybe once or 

twice if we are lucky. For many, the viability of mmWave is a question of cost, knowhow and technical expertise, 

spanning everything from waveforms and frequency bands to antenna power, sensitivity and the production 

and manufacturability of phased array antennas. Anokiwave (now Qorvo) has always understood these 

technical issues, and recognized that radio level cost would drive the commercial viability of mmWave 

5G networks.

Looking at the connectivity market as it stands today with multiple commercial mmWave networks in 

operation, the focus of the industry is shifting to ways that proliferate mmWave 5G into regions and countries 

where it can create impactful economic, societal and environmental benefits. Anokiwave (now Qorvo) is 

enabling that industry focus.

Take a Deeper Dive 

For a deeper discussion on this topic, please download the full whitepaper.

Anokiwave is now Qorvo. Anokiwave’s innovative portfolio of active antenna ICs, combined with Qorvo’s 

complementary products, global scale, and significant market reach, provide new options for high integration 

and high-performance that will democratize phased array active antennas. The two companies’ technologies 

enable a unique combination of innovation + commercial scale + reputation to deliver with proven commercial 

success across mmWave 5G, SATCOM and D&A.
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Many of the technical challenges of

commercializing mmWave are solved 

with IC innovations. The latest ICs from 

Anokiwave (now Qorvo) provide orders 

of magnitude improvements of signal 

levels between the gNodeB and CPE 

in the system, allowing higher user 

capacity, larger coverage areas, and 

increased quality of service.



SATCOM Terminals
Ku-Band
Rx: 10.7 to 12.75 GHz; Tx: 13.75 to 14.5 GHz

8, 15, or 25 W GaN Tx Power Amplifiers

QPA0015, QPA0016, QPA0017 

SMT package

Ultra-Low Noise Rx Amplifier

CMD320C3

Market leading NF=1.07 dB, 18 dB gain 

with no external DC blocks or RF 

matching required. Low power dissipation.

Ka-Band
Rx: 17.7 to 21.2 GHz; Tx: 27.5 to 31.0 GHz

25 W GaN Tx Power Amplifier

QPA2212D 

GaAs Rx Low Noise Amplifier

CMD298C4

Market leading NF=1.07 dB, 18 dB gain 

with no external DC blocks or RF 

matching required. Low power dissipation.

Ground Applications

Flat Panel Arrays
Ku-Band
Rx: 10.7 to 12.75 GHz; Tx: 13.75 to 14.5 GHz

Ku-Band Quad Beamformer ICs

AWMF-0146, AWMF-0147

Quad 4x2 Tx and Rx highly integrated ICs 

simplifying active antenna design.

Recommended Rx Gain Stage: CMD264P3

Recommended Tx Driver: CMD264P3 

Ka-Band
Rx: 17.7 to 21.2 GHz; Tx: 27.5 to 31.0 GHz

Ka-Band Quad Beamformer ICs

AWMF-0197; AWMF-0198

Quad 4x2 Tx and Rx highly integrated ICs 

simplifying active antenna design.

Recommended Rx Gain Stage: QPA2626

Recommended Tx Driver: QPA2628

CMD298C4

QPA2212D

CMD320C3

QPA0015

QPA0016

QPA0017AWMF-0146

Is Now

AWMF-0147

Is Now

AWMF-0197

Is Now

AWMF-0198

Is Now

Qorvo SATCOM Solutions: 
Connecting Through Space
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Space Applications

Space Payload
Ku-Band
Rx: 13.75 to 14.5 GHz; Tx: 10.7 to 12.75 GHz

17.5 or 35 W GaN Tx Power Amplifiers

QPA1006D, QPA1009D 

GaAs Rx Low Noise Amplifier

QPA2735

Market leading NF=1.3 dB, 25.5 dB gain 

with no external DC blocks or RF 

matching required.

QPA1721D
QPA1724

QPA2628QPA2735

QPA1006D

QPA1009D

Ka-Band
Rx: 27.5 to 31.0 GHz; Tx: 17.7 to 21.2 GHz

20 or 30 W GaN Tx Power Amplifiers

QPA1721D, QPA1724 

GaAs Rx Low Noise Amplifier

QPA2628

Market leading NF=1.6 dB, 23 dB gain 

with no external DC blocks or RF 

matching required.

Visit qorvo.com/go/satcom to see 

our complete portfolio for SATCOM
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