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Countering the Evolving 
UAS Threat
Graeme Forsyth
SPX Communication Technologies, formed by TCI (Fremont, USA) and Enterprise Control Systems (Wappenham, UK)

I
n recent years, global con� ict 
and geopolitical and social 
unrest have fueled an unprec-
edented deployment of un-

crewed aerial systems (UAS). These 
events include the war in Ukraine 
along with the war in the Middle 
East and tensions in other global 
hotspots. In parallel, electronic war-
fare (EW) has continued to evolve, 
leading to more frequent and in-
creasingly sophisticated threats. 
More than ever, nations have 
heightened their security and are 
investing in the right solutions to 
counter these new threats. Govern-
ments and defense teams world-
wide require � exible, adaptable 
counter-UAS (C-UAS) systems that 
can be easily deployed and match 
their unique requirements.

However, the complexity and 
speed at which modern conflict 
develops means it is practically 
impossible for a single provider to 
own all the necessary technologies 
and provide a best-in-class solution 
suitable for all forms of threats to-
day and in the future. This, paired 
with a crowded UAS space, means 
decisions may be hard for end-users 
to make and costly when not ade-
quately matched to the threat they 
face. The ability to counter threats 
and provide communication secu-
rity is considered among the high-

est global priorities and is where RF 
plays a vital role. But what can gov-
ernments and defense teams do to 
future-proof their nations from UAS 
threats? What should be front of 
mind when choosing and upgrad-
ing C-UAS capabilities?

COMINT FOR C-UAS
It is critical to understand how 

tactical communications intelli-
gence (COMINT) enables teams to 
survey and map the electromag-
netic spectrum and provide key 
data and information supporting 
missions and C-UAS operations. 
Today, COMINT RF receivers are 
not only capable of delivering su-
perior threat analysis at a time of 
heightened EW activity but are 
also being deployed by teams as 
the first line of C-UAS. From a de-
fense perspective, COMINT has 
never been used on the massive 
scale that is now being deployed 
on worldwide battlefields.

This presents unique challenges 
as teams seek to adapt to an in-
creasingly congested RF environ-
ment. Some of the threats facing 
COMINT and C-UAS are the fragil-
ity of library-based systems and the 
speed of evolution and operating 
frequency values. For instance, li-
brary systems can be susceptible 
to frequent pattern alterations by 
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malicious actors, resulting in com-
promised systems.

The passive nature of COMINT 
also allows successful forward po-
sitioning and the ability to perform 
two important roles remotely with 
one piece of equipment. For exam-
ple, the SPX Communication Tech-
nologies BLACKTALON C-UAS 
system can effectively jam a com-
bination of GNSS, command, con-
trol and telemetry signals used by 
both commercial and military UAS. 
This ensures a decisive advantage 
in countering threats while safe-
guarding friendly RF signals from 
unintended inhibition. BLACKTAL-
ON is an open architecture solution 
that can be configured for a user 
interface, passive RF detectors, ac-
tive radars, electro-optical sensors 
and a multi-band RF inhibitor that 
relies on SDR. The solution enables 
an ecosystem, allowing users to in-
tegrate legacy or preferred sensors 
and incorporate their command-
and-control system of choice. The 
system operates over a frequency 
range of 20 MHz to 8 GHz with a 
detection range of more than 20 
kilometers. High gain, directional 
antennas transmit the inhibition 
waveforms, ensuring that the an-
tennas affect the target. These an-
tennas have a nominal 20-degree 
beamwidth, ultimately providing 

COVER FEATURE
INVITED PAPER
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control of their source images and tailor the output 
across a particular band, creating additional flexibility 
in the process.

The Claw system combines RF power electronics 
with a high gain quintuple-band antenna system de-
signed to be mounted on suitable pan-and-tilt plat-
forms. The inhibitor comprises two RF units covering 
the GNSS, 433 MHz, 915 MHz, 2.4 GHz and 5.8 GHz 
ISM and Wi-Fi frequency bands with RF output pow-
ers to the antennas of up to 40 W. The antennas have 
a nominal gain of 15 to 17 dBiC, producing an EIRP 
of over 300 W each for the 433 MHz and 915 MHz 
bands, over 1250 W for the 2.4 GHz band and 500 W 
for the 5.8 GHz band. Figure 2 shows an exploded 
view rendering of the ECS Claw RF jammer mounted 
on a positioner in a side-mount configuration.

On the other hand, omnidirectional RF inhibitors 
have become widely deployed for close self-protec-
tion applications. These application cases range from 
individual team members to vehicles. While unable 
to reach the ranges of a directional jammer, omnidi-
rectional systems have been successfully deployed as 
the last line of defense with ranges of up to 400 m. It 
should also be noted that this last line of defense will 
continue to play a key role in protecting teams world-

the power density required at the target UAS while 
mitigating collateral impact upon other systems. An 
example of the BLACKTALON Ecosystem containing 
the BLACKTALON system along with a Weibel radar, 
OpenWorks camera and Claw jammer is shown in Fig-
ure 1.

DEVELOPMENTS IN C-UAS TECHNOLOGY
A steady evolution of UAS has led to deploying 

directional and omnidirectional RF inhibitor systems. 
While every scenario requires a tailored approach, 
both jamming configurations have proven effective for 
governments and defense teams in Europe, the Mid-
dle East and Africa.

Designed for defense, security and critical national 
infrastructure operational environments, directional 
RF inhibitors, like the Claw system by Enterprise Con-
trol Systems (ECS), which is part of SPX Communica-
tion Technologies, are tailored to focus specifically on 
the UAS threat and the command-and-control video 
links these systems use. By utilizing software-defined 
radios, which leverage software instead of hardware 
components to generate signals, teams can improve 

i Fig. 1  Example of the BLACKTALON Ecosystem with 
integrated sensors.

i Fig. 2  Claw RF jammer exploded view on a positioner.
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for look-back analysis without inter-
rupting the mission. It simplifies the 
collection task, triggers automated 
actions and supports unattended 
operations. An example of the 
screen display and environment for 
the Blackbird software tracking four 
emitters in an industrial setting in 
Fremont, Calif., is shown in Figure 3.

Understanding and managing 
the electromagnetic spectrum is 
critical to all operations. SPX Com-
munication Technologies has en-
hanced Blackbird to enable greater 
coordination and command-and-
control functions. While many are 
discussing the creation of NATO’s 
Recognized Electromagnetic Pic-
ture (REMP) concept as a desir-
able option, it is largely already 
available and utilized to good ef-

finding (HF/DF) is increasingly used 
as a critical tool to provide the in-
tercept and source transmission 
location when HF frequencies are 
used as an alternative to beyond-
line-of-sight satcom.

THE ROLE OF DATA
Software is proving to be a key 

element in C-UAS efforts, working 
in conjunction with these RF-inhib-
iting systems and antennas. To help 
coordinate and standardize mis-
sions, teams must work closely with 
the broader EW and defense intel-
ligence communities to ensure that 
COMINT teams have real-time and 
remote data access. For instance, 
the SPX Communication Technolo-
gies Blackbird software detects, 
identifies, direction-finds and tracks 
signals of inter-
est to enable sup-
port, find, fix and 
strike operations 
and mitigate EW 
threats. Integrated 
into an SPX Com-
munication Tech-
nologies COMINT 
RF receiver, it also 
helps track the RF 
emission of UAS 
and their control-
lers or data links to 
support counter-
responses. Black-
bird can record the 
signal environment 

wide as warfighters face increasing 
threat levels.

Furthermore, reactive inhibiting 
is an additional and more bespoke 
approach, allowing end-users to act 
only when a signal is detected. Ulti-
mately, reactive jamming will enable 
teams to assess the core frequen-
cies used to control a threat and 
deploy a proportionately targeted 
response in near real-time. While 
this may seem ideal, it can also cre-
ate significant compromises around 
filter constraints, power amplifiers 
and other signal conditioning ele-
ments. Solutions like the Claw RF in-
hibitor help keep pace with change 
and enable added flexibility.

It is also important to note a 
global resurgence in high frequen-
cy (HF) band (3 to 30 MHz) com-
munications as a replacement for 
modern-day satellite communica-
tions (satcom). The challenge with 
satcom is that it can fall short in 
today’s uneasy environment since 
hostile forces can easily disrupt or 
interfere with the signals. First de-
ployed in the 1930s, HF was a pop-
ular choice for safe, omnidirectional 
communication like shore-to-shore 
and ship-to-shore over distances 
of around 500 to 5000 km. In turn, 
this has created an urgent need to 
be able to intercept HF commu-
nication to counter any nefarious 
activity being enabled by its use. 
In addition to directional and omni-
directional inhibitors, HF direction i Fig. 3  Blackbird COMINT software display.



Test & Measurement Equipment

Custom System Applications Millimeter Wave & Sub-THz COTS

Calibration & Measurement Services

MAKING MMW ACCESSIBLE
INTRODUCING OUR FOUR BUSINESS UNITS

D

Scan the code to explore our 

60,000 sq. ft. facility in Torrance, CA

Adapters • Amplifiers • Antenna Feeds • Antennas • Attenuators • Bias Tees • Cable Assemblies • Corner Reflectors • 

Couplers • DC Blocks • Detectors • Ferrite Devices • Filters • Frequency Converters • Frequency Multipliers • Limiters • Magic 

Tees • Mixers • Noise Sources • Oscillators • Phase Shifters • Power Dividers • Radar Sensors • Subassemblies • Switches • 

Termination Loads • Test Equipment • Test Hardware & Accessories • TX/RX Modules • Uni-Guide™ • Waveguide Sections

WWW.ERAVANT.COM

www.eravant.com  501 Amapola Avenue Torrance, CA 90501

T: 424-757-0168  F: 424-757-0188  support@eravant.com



24 MWJOURNAL.COM  DECEMBER 2024

CoverFeature

      Kratos Microwave USA, formerly CTT,
has over 40 years of experience in the design
and manufacture of microwave amplifiers,
frequency converters and integrated assem-
blies delivering high-performance solutions
for advanced defense platforms.
      Since our inception, we have delivered
thousands of microwave
products for various mili-
tary applications. Our San
Jose, California manufac-
turing facility supports a
mix of both low-volume
and high-volume builds
based on program specific
needs. Design and construction utilize both
SMT and hybrid chip and wire manufacturing
techniques as necessary for specific products
and applications.
      Additionally, we offer rapid prototype
development, highest packaging density,
and a flexible engagement model including
build-to-print capabilities.
      Kratos has an extensive portfolio of power
amplifiers covering 1 to 50 GHz with power
levels ranging from 50W CW to 2kW pulsed
for aerospace, defense, and instrumentation

customers. Our capabilities extend into
Integrated Microwave Assemblies supporting
various Radar, EW, and Communications
applications meeting unique mission specific
electrical and environmental requirements.
      Kratos amplifier products utilize GaAs

and GaN technologies selected
to meet SWAP-C challenges.
Kratos engineering is con-

stantly evaluating new semi-
conductor devices to
develop market-leading
high-density and high-effi-

ciency SSPAs. Amplifiers can
be supplied as individual modules, as part

of integrated assemblies, or in rack-mount
configurations. Options include integrated
power supply, heat sink and microcontroller
for control and display.

Kratos GaN SSPAs are designed for
� Small Form Factor
� Decoys & Expendables
� SAR, TCDL, UAVs
� AESA Radar Systems
� EW: ECM, ECCM & ESM

Contact Kratos Microwave USA today
for more information.

www.kratosdefense.com
Kratos Microwave USA • 5870 Hellyer Avenue • San Jose • California 95138

Phone: 408-541-0596 • E-mail: microwavesales@kratosdefense.com

      Narrowband Capability                  Broadband Capability

     Band         Output Power            Freq. (GHz)       Output Power

     L & S      2000W (Pulse)        1-2, 2-4, 2-6      200W (CW
  C & X      1000W (Pulse)          4-8, 6-12        150W (CW)

       Ku         100W (CW)                  6-18             80W (CW)
    Ka          50W (CW)                   2-18             40W (CW)

� High Power Amplifiers � Integrated Microwave Assemblies � Frequency Converters �

AS9100D

ISO 9001:2015
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High-Performance SSPAs
with demonstrated reliability

New product development in 2024 includes frequency coverage of V- and W-Bands
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interest in the HF frequency range 
has grown significantly and this will 
only increase going forward due to 
its secure transmission capabilities.

The last few years have seen 
changes resulting in many new chal-
lenges facing the industry and the 
ecosystem. An important part of the 
role of the supply chain ecosystem 
is to educate global defense and 
security teams on what solutions 
and capabilities best fit their needs, 
expertise and even geography. Col-
laboration among providers and 
end-users is necessary to ensure 
the best possible outcome. A key 
example of this approach is the 
BLACKTALON C-UAS Ecosystem. 
Systems like these are already help-
ing break down barriers of threat 
response and will continue evolving 
to support future C-UAS needs.

The BLACKTALON Ecosystem 
integrates SPX Communication 
Technologies’ BLACKTALON C-
UAS technology and decades of 
expertise in the space with a ven-
dor-agnostic framework. This ap-
proach ensures that solutions can 
meet every customer’s unique set 
of requirements. In addition to the 
system flexibility, defense and se-
curity teams can create solutions 
tailored to their specific concepts 
of operations, threats, user groups, 
existing capabilities and budgets.

The core BLACKTALON solu-
tion includes carefully selected ac-
tive radars, EOIR, passive RFDF, RF 
jammers and mast configurations. 
In addition to this standard config-
uration, a new, open architecture 
approach to the BLACKTALON 
Ecosystem allows any of these el-
ements to be customized or re-
placed. This flexibility provides cus-
tomers access to the latest systems 
and hardware capabilities without 
unnecessary barriers and in a suit-
able time frame.

For instance, customers can 
choose autonomous optical track-
ing from OpenWorks Engineering, 
cutting-edge 3D radar from U.S. 
provider Echodyne, RF subsystems 
from SPX and mount them on a 
range of dispersed or centrally 
located mobile or transportable 
masts to provide a single scalable 
BLACKTALON C-UAS capability. An 
example of a BLACKTALON system 
configured with these suppliers is 

lenging of missions by providing 
them with directional and omnidi-
rectional inhibiting, along with HF/
DF capabilities. The ultimate goal 
of these activities is to deliver en-
hanced range, flexibility and ac-
curacy for existing and new sys-
tems. These capabilities will enable 
agencies and companies to main-
tain a clear tactical advantage and 
a more targeted approach to en-
sure a brighter, more secure future 
for all. As tensions have grown, the 

fect. By building better and more 
robust systems, we can help re-
trieve devices and their data that 
may otherwise be destroyed on the 
battlefield or in conflict. This allows 
teams to keep ahead of the curve 
and anticipate new threats.

COLLABORATING FOR A 
BETTER FUTURE

SPX Communication Technolo-
gies supports governments and 
defense teams in the most chal-
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Ka / V / E-Band  
GaN MMIC Power

• NPA2001-DE  |  26.5-29.5 GHz |  35 W

• NPA2002-DE  |  27.0-30.0 GHz |  35 W
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be deployed and adapt solutions 
rapidly to counter these threats. C-
UAS must ultimately form part of 
every country’s overall strategic de-
fense capability. To ensure defense 
and security organizations remain 
ahead of threats, the industry con-
tinues to review them and innovate 
to solve the challenges govern-
ments and defense teams often do 
not yet know they face.

The rate of change within this 
segment in the last 24 months has 
been unprecedented. Some con-
cepts currently being dreamed up 
online suggest this pace will con-
tinue accelerating and permeating 
every aspect of our lives. Building 
relationships and collaborating with 
trusted partners will be essential to 
deliver the best and most appropri-
ate technologies. Solutions manu-
facturers must focus on innovation 
and progress as their primary goals. 
Providers like SPX Communication 
Technologies will continue to do so 
by delivering the right capabilities, 
supported by proven technology, 
in collaboration with customers 
and the industry.

LOOKING AHEAD
Since threats continue to evolve 

rapidly, the tools that provide teams 
with critical protection must keep 
pace before the potential threats 
materialize into reality. In the fu-
ture, as UAS and other uncrewed 
attacks continue to evolve, the ef-
fectiveness of C-UAS solutions will 
depend mainly upon the ability to 
understand and foresee next-gen-
eration technology that is likely to 

shown in Figure 4. Figure 5 shows 
another implementation of the eco-
system that uses the BLACKTALON 
C-UAS solution alongside existing 
providers Chess Dynamics, a sup-
plier of surveillance, fire control 
and large positioning systems and 
Blighter, the U.K.’s leading supplier 
of ground-based electronic scan-
ning radar systems. This version of 
the system is mounted on a vehicle 
from Iveco Defence Vehicles.

i Fig. 4  C-UAS system with 
BLACKTALON and integrated sensors.

i Fig. 5  C-UAS system with 
BLACKTALON and different integrated 
sensors.
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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.



Indra Showcases its Crow System’s Ability 

to Thwart Complex Drone Swarm Attacks

D
uring the Anti-Drone Interoperability Exer-
cises (TIE24) organized by the NATO Com-
munications and Information Agency (NCIA), 

Indra demonstrated the ability of its Crow anti-drone 
system to interoperate with all kinds of systems and 
adapt to each mission and type of attack, including 
those in which swarms of drones modi­ed to resist 
countermeasures are used.

Given the wide range of settings and different types 
of drones in existence, the most advanced armies are 
searching for anti-drone systems that can adapt to each 
speci­c mission and scenario in a �exible manner. With 
this premise in mind, Crow’s command-and-control sys-
tem demonstrated its ability to integrate with 27 sensors 
and effectors made by different manufacturers in Europe 
during these exercises, the most important ones orga-
nized by NATO held in September in the Netherlands.

The system used the new NATO interoperability 
standard (C-UAS AEDP-4869), previously known as SA-
PIENT, which can integrate all kinds of technologies al-
most as simply as a plug-and-play device.

Indra took part in it during “blind” exercises, known 
as the Performance Challenge, with which NATO 
sought to validate the new interoperability standard 
that should ensure that the technologies of the allied 
countries can be combined to constantly guarantee the 
most advanced anti-drone solution.

Juan López Campos, Indra’s head of the solution, 
explained, “Crow’s command and control system pro-
vides each army with complete freedom to con­gure 
the system to best meet its needs. The solution is ca-
pable of operating in combination with the command 
and control systems of other allied countries, while it 
can also be integrated into the future combat cloud.”

Another important bene­t of Indra’s system is its high 
degree of usability. In fact, Crow was used by military 
operators who had no previous training in operating it 
without any problems arising.

During the exercises, Indra also tried out its new RF 
sensor as part of the speci­c tests carried out by the study 
group of the Unmanned Aerial Systems Detection and Clas-
si­cation by Radio Frequency (NATO SET-204) project. This 
system also used the new NATO interoperability standard 
to integrate with other command-and-control systems.
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Thales Demonstrates its Capacity to 

Deploy Drone Swarms with Unparalleled 

Levels of Autonomy Using AI

T
he operational value of drones on the battle-
­eld is now ­rmly established, but their ef-
fectiveness is still limited by two factors: they 

usually require one operator per drone and a secure, re-
silient datalink must be available throughout the mission. 
Recent �ight tests showcased the latest breakthroughs 
by Thales and its partners in their efforts to overcome 
these limitations and support drone swarm operations 
tailored to military requirements. In the tests, Thales’s 
COHESION demonstrator showed how AI and intelli-
gent agents can be used to achieve an unparalleled level 
of autonomous operation in drone swarm deployments.

The system architecture of the COHESION demon-
strator enables operators to adapt the level of auton-
omy of their drone swarms to the operational require-
ments of each phase of the mission. This new possibility 
offers an unprecedented level of �exibility in contested 
environments, where electronic warfare measures can 
saturate communication systems and jam datalinks that 
rely on GNSS signals. Autonomous operation by single 
drones and/or entire swarms overcomes the need for a 
permanent datalink with the control station. The drones 
are capable of perceiving and analyzing their local en-
vironment, sharing target information, analyzing en-
emy intent and prioritizing missions. They can also use 
collaborative tactics and optimize their trajectories to 
increase resilience and boost force effectiveness, help-
ing to accelerate the Observe, Orient, Decide and Act 
(OODA) loop and enhance battle­eld transparency.

This innovative approach acts as a force multiplier 
without increasing the cognitive load on operators, 
who remain in charge of the most critical decisions. The 
use of trusted, cybersecure, human-in-the-loop AI guar-
antees safe human supervision at all times, in line with 
Thales’s principles of TrUE AI.

Positioned as a systems provider and integrator, 
Thales has developed its Drone Warfare offering to ac-
celerate interoperability between a wide range of land, 
airland, air and naval platforms. The group is also a key 
player in an ecosystem of French industries and tech 
companies working to expand the capabilities of front-
line drones in the theater of operations.

Drone Swarm (Source: Thales) Crow (Source: Indra)
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This is the latest sensor to be added to Indra’s exist-
ing range of systems, which include state-of-the-art ra-
dars, electro-optical systems, RF systems and jammers.

The Spanish Air Force has used Indra’s Crow system 
during real missions, including one carried out in Mali. 
Other state security forces and corps have employed it 
to protect the airspace at major international conven-
tions and events.

The USMC Completes a Successful First Live-

Fire Exercise with Iron Dome Interceptor

T
he U.S. Marine Corps (USMC) has success-
fully completed its �rst live-�re training ex-
ercise using an air defense system that inte-

grates the Iron Dome interceptor.
The system is based on an American radar and com-

mand-and-control center, combined with the Iron Dome 
(Tamir) interceptor and a mobile launcher developed by 
Rafael, with Raytheon as the prime contractor.

During the exercise, the USMC operated the system 
fully, leading to successful target interceptions. Addi-
tionally, the continuous launch capability of Iron Dome 
interceptors from a mobile launcher developed for the 
USMC was evaluated.

The exercise followed the 
completion of a full training 
program and a series of tests, 
part of a development and 
procurement plan led by the 
USMC to assess a new proto-
type system for medium range 
intercept capability.

The training exercise dem-
onstrated both the pro�ciency 
of the forces in fully operating 
the system and the perfor-
mance of the mobile launcher, 
as well as the capabilities of 

the Iron Dome interceptor in relevant and challenging 
interception scenarios.

The Tamir interceptor is capable of intercepting cruise 
missiles, unmanned aerial vehicles and various rockets, 
shells and mortars. Developed by Rafael, the interceptor 
was adapted for the USMC con�guration in collabora-
tion with Raytheon as the primary contractor. They also 
provided training support.

The Israel Missile Defense Organization leads the 
development of Israel’s multi-layered defense array, 
which includes four operational defense layers: the 
Iron Dome, David’s Sling and Arrow-2 and Arrow-3 
systems.
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well in the 5 to 50 GHz range and a technology called 
photonics that uses light to generate radio information, 
which performs well in the 50 to 150 GHz range.

The team generated high-quality signals by combin-
ing electronic digital-to-analog signal generators with 
light-based radio signal generators, allowing data to be 
transmitted across a wide range of frequencies from 5 
to 150 GHz.

State-of-the-art communications networks rely on 
several technologies to function. Optical �ber com-
munications systems transmit data over long distances, 
between continents and from data centers to people’s 
homes. Wireless technology often comes in at the �nal 
stage, when data is transmitted a short distance, for ex-
ample from a household internet router to the devices 
connected to it over Wi-Fi.

While optical �ber, which forms the backbone of 
modern communications networks, has made big ad-
vances in bandwidth and speed in recent years, these 
gains are limited without similar advances in the wire-
less technology that transmits information the �nal few 
meters in homes, workplaces and public spaces.

The new UCL-developed technology has the poten-
tial to revolutionize various sectors, not least the Wi-Fi 
connectivity that people rely on at home and in other 
public places.

Spectrum in the 7 to 8 GHz Range Could 

Enable Future 6G Networks

T
he next generation of wireless technology 
is already being planned as the spectrum in 
the 7.125 to 8.400 GHz range has been iden-

ti�ed as a key enabler of future connectivity. 5G Ameri-
cas announced the publication of its latest white paper, 
‘The 6G Upgrade in the 7-8 GHz Spectrum Range: Cov-
erage, Capacity, and Technology,’ highlighting the po-
tential of this emerging spectrum for delivering unparal-
leled capacity, faster data rates and better coverage, all 
while reusing existing infrastructure.

“The 7 to 8 GHz spectrum will potentially be a cor-
nerstone of 6G technology, enabling faster, more reli-
able networks that are essential for the next wave of 
innovation in AI, smart cities and immersive experienc-
es,” said Viet Nguyen, vice president of PR and technol-
ogy at 5G Americas.

The white paper outlines how the spectrum in the 7 
to 8 GHz range would enable 6G to potentially provide 
up to 10 to 20x increase in capacity compared to cur-
rent 5G networks. This will enable higher data speeds 
and more ef�cient network management, making the 
deployment of advanced technologies like AI and ex-
tended reality (XR) more feasible.

As the industry prepares for the next era of 6G in 
the 2030 timeframe, the study emphasizes that the 

UCL Engineers Set New Record on How 

Fast Data Can Be Sent Wirelessly

A
new world record in wireless transmission, 
promising faster and more reliable wireless 
communications, has been set by research-

ers from University College London (UCL). The team 
successfully sent data over the air at a speed of 938 
Gbps over a record frequency range of 5 to 150 GHz. 
This speed is up to 9380x faster than the best average 
5G download speed in the U.K., which is currently 100 
Mb/s or over. The total bandwidth of 145 GHz is more 
than 5x higher than the previous wireless transmission 
world record.

Typically, wireless networks transmit information us-
ing radio waves over a narrow range of frequencies. Cur-
rent wireless transmission methods, such as Wi-Fi and 
5G mobile, predominantly operate at low frequencies 
below 6 GHz. But congestion in this frequency range 
has limited the speed of wireless communications. Re-
searchers from UCL Electronic & Electrical Engineer-
ing overcame this bottleneck by transmitting informa-
tion through a much wider range of radio frequencies 
by combining both radio and optical technologies for 
the �rst time. The results are described in a new study 
published in The Journal of Lightwave Technology. This 
more ef�cient use of the wireless spectrum is expected 

to help meet the grow-
ing demand for wireless 
data capacity and speed 
over the next three to 
�ve years.

Dr. Zhixin Liu, senior 
author of the study from 
UCL Electronic & Elec-
trical Engineering, said, 
“Current wireless com-

munication systems are struggling to keep up with the 
increasing demand for high speed data access, with ca-
pacity in the last few meters between the user and the 
�ber-optic network holding us back.

“Our solution is to use more of the available fre-
quencies to increase bandwidth, while maintaining high 
signal quality and providing §exibility in accessing dif-
ferent frequency resources. This results in super-fast 
and reliable wireless networks, overcoming the speed 
bottleneck between user terminals and the internet.

“Our new approach combines two existing wireless 
technologies for the �rst time, high speed electronics 
and mmWave photonics, to overcoming these barri-
ers. This new system allows for the transmission of large 
amounts of data at unprecedented speeds, which will 
be crucial for the future of wireless communications.”

To address the current limitations of wireless technol-
ogy, researchers from UCL developed a novel approach 
that combines advanced electronics, which performs 

Visit mwjournal.com for more commercial market news.
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availability of 1.5 to 2 
GHz of mid-band spec-
trum per market is es-
sential for successful 6G 
deployment. The 7.125 
to 8.400 GHz spectrum 
is emerging as a glob-
ally harmonized band, 
dubbed the “Golden 
Band of 6G,” crucial for 

achieving economies of scale and driving down costs 
for operators and consumers. The white paper covers 
the following key highlights:
• Spectrum Ef�ciency: The 7 to 8 GHz range com-

bined with advanced antennas allows for four to �ve 
times higher spectral ef�ciency compared to cur-
rent 5G bands leading to enhanced performance.

• Infrastructure Reuse: The new band enables the re-
use of existing 5G base station sites, signi�cantly 
reducing the cost of deployment.

• Technology Boost: Advanced beamforming, mas-
sive MIMO and AI-driven algorithms will further en-
hance network capacity and coverage.

• Spectrum Sharing: While exclusive licensing is ideal, 
the report highlights that spectrum sharing may be 
necessary in certain regions, ensuring �exible and 
rapid access to the new band.

With mobile data traf�c expected to grow from three 
to �ve-fold in the next �ve years, driven by new applica-
tions that demand high-capacity, low latency networks, 
the 7 to 8 GHz spectrum is critical. The band is currently 
home to several incumbent users in the U.S., including 
federal and satellite services. As part of the transition to 
6G, greater transparency, coordination and repacking 
will be important in ensuring ef�cient use of the new 
spectrum.

“The 7 to 8 GHz band is pivotal for the future of 6G. 
It offers the capacity and ef�ciency we need to support 
the exponential data growth expected with emerging 
applications such as AR, VR and advanced AI,” said 
Harri Holma, senior advisor of technology leadership at 
Nokia and leader of the 5G Americas work group for 
this paper.

Amit Mukhopadhyay, principal standardization lead-
er at Nokia and leader of the working group added, 
“This spectrum range is a critical component in ensur-
ing a seamless transition from 5G to 6G, allowing oper-
ators to reuse existing infrastructure while still delivering 
next-generation performance and capabilities.”

The paper also identi�es that the success of 6G de-
ployment relies on global collaboration to harmonize 
spectrum use to reduce manufacturing costs, stream-
line supply chains and support international roaming, 
bene�ting both operators and consumers. 
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COLLABORATIONS
Kratos Defense & Security Solutions, Inc. announced 
that it is partnering with Radisys® Corporation to de-
velop cloud native 5G non-terrestrial network (NTN) 
solutions for satellite connectivity. These solutions will 
be available through Kratos OpenSpace® Platform, the 
only commercially available, fully software-de�ned sat-
ellite ground system. Radisys is a leading Radio Access 
Network (RAN) partner for telecom and mobile network 
operators around the world. Radisys and Kratos share 
a common vision for the future of connectivity to pro-
vide open standards-based solutions that interoperate 
seamlessly across terrestrial and space networks. To-
gether, Kratos and Radisys are developing a 5G-NTN 
satellite base station equivalent to a cellular base sta-
tion but delivered completely as cloud-native software.

Modelithics and Signal Edge Solutions (SES) have 
joined forces in a strategic partnership aimed at advanc-
ing signal integrity and power integrity modeling. By 
combining their advanced simulation and software mod-
el development and validation techniques, Modelithics 
and SES will collaborate to address critical challenges 
faced by high speed electronic and power electronic 
systems designers. Known for delivering top-tier models 
for RF and microwave applications, supporting a multi-
tude of popular circuit and electromagnetic simulation 
tools, Modelithics brings industry-leading expertise to 
the table. Their comprehensive, measurement-validated, 
model libraries are trusted by engineers worldwide and 
have been widely adopted by leading semiconductor 
companies, defense contractors, instrumentation com-
panies and research institutions.

Quadsat has worked with ALL.SPACE to conduct a com-
prehensive evaluation of its electronically steerable an-
tenna (ESA) for use on LEO constellations. Conducted in 
the U.K. using Quadsat’s unmanned aerial vehicle (UAV)-
based solution, the test is the �rst such comprehensive 
evaluation of an ESA and has proven the ability of the 
Quadsat system to conduct complex measurements of 
this type. Quadsat is developing its own view of a com-
prehensive test procedure for ESAs. This includes both 
the assessment of the antenna radiation performance 
combined with the evaluation of the dynamic testing of 
the desired operational cases, including satellite passes, 
handover switching and multibeam tracking.

NEW STARTS
VIAVI Solutions Inc. has opened its VIAVI Automated 
Lab-as-a-Service (VALOR™) Open RAN testing facility 
in Chandler, Ariz., with a ribbon-cutting ceremony at-
tended by senior VIAVI management, customers, part-
ners, government of�cials and dignitaries. Funded by 
a grant from the U.S. National Telecommunications 

and Information Administration Public Wireless Supply 
Chain Innovation Fund, VALOR offers a fully automated, 
open and impartial lab-as-a-service/test-as-a-service 
suite for Open RAN interoperability, performance and 
security. VALOR addresses the challenges to accelerate 
Open RAN adoption and encourage competition by 
providing access to test capabilities that, typically, have 
only been within the reach of large, established players.

Morse Micro announced the launch of multiple open-
source GitHub repositories, along with a community fo-
rum. This initiative offers a robust collection of assets, 
tools and resources designed to support and empower 
the global developer community. Both the repositories 
and forum are available for free, catering to engineers, 
developers and technology enthusiasts interested in 
advancing Wi-Fi HaLow. Morse Micro’s GitHub reposi-
tories contain the software and tools necessary to bring 
up Wi-Fi HaLow on Linux based projects. Additionally, 
the Morse Micro community, powered by Discourse, is 
a dedicated platform where users can engage in discus-
sions, share knowledge, seek advice, troubleshoot and 
contribute to Wi-Fi HaLow-related projects.

ACHIEVEMENTS
Telenor Pakistan and ZTE Corporation have set a new 
benchmark in telecommunications by achieving a re-
cord data transmission rate of 1.9 Gbps over 11.6 km 
using MIMO technology. This accomplishment marks 
the highest transmission rate recorded in Pakistan, rep-
resenting a signi�cant leap forward in microwave back-
haul technology. Conducted within Telenor Pakistan’s 
live network environment, the successful trial tested 
next-generation microwave transmission technology, 
aimed at enhancing network performance and capac-
ity. Utilizing the industry’s �rst-ever 18 GHz and 23 GHz 
dual-band integrated antenna alongside advanced car-
rier aggregation technology, the trial achieved stable 
transmission over 7.8 km with a capacity of 3.9 Gbps.

CesiumAstro announced its selection by the Space 
Development Agency (SDA) for the Hybrid Acquisi-
tion for Proliferated LEO (HALO) program. This award 
positions CesiumAstro to compete for future prototype 
orders in SDA’s mission-critical space development ini-
tiatives. The HALO program, utilizing Other Transaction 
Authority (OTA), is designed to foster rapid, affordable 
mission feasibility demonstrations. As a selected ven-
dor, CesiumAstro joins an elite pool of non-traditional 
defense contractors eligible to bid on speci�c �ight 
demonstration opportunities, including the Tranche 2 
Demonstration and Experimentation System (T2DES) 
and other SDA demonstration projects. The HALO 
program is structured as a multiple-step competition, 
aimed at increasing the pool of performers capable of 
bidding on future SDA programs and participating in 
layers of future tranches.

Radisys® Corporation announced its inclusion in the 
AccelerComm® 5G Ecosystem Partner Program, for-

For up-to-date news briefs, visit mwjournal.comFor More
Information
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malizing a long-standing partnership. This collabora-
tion will enable original equipment manufacturers to 
unlock new business opportunities for non-terrestrial 
network (NTN) 5G communication, extending cover-
age to areas that were previously inaccessible due to 
high cost and allowing companies to explore innovative 
applications that were previously deemed too expen-
sive. The collaboration aims to enable satcom technol-
ogy with 3GPP standards-compliant solutions, reducing 
costs and improving network  exibility. Additionally, it 
will promote cross-compatibility with Radisys’ NR-NTN 
gNodeB software, NTN 5G Core (5GC) and multi non-
3GPP interworking gateway (AGF/TWIF) software for in-
terworking with legacy NTN technologies, and RIC for 
monitoring and control of multi-layer/ad-hoc recon�gu-
rable satellite networks.

Indra has completed the implementation and testing of 
the new Lanza 3D long-range radar (LRR) to be used by 
the Air Surveillance Squadron 2 (EVA-2) of the Spanish 
Air and Space Force, located in the province of To-
ledo and responsible for the surveillance of the central 
area of the peninsula. The project being implemented 
by Indra is part of the ongoing process to modernize 
the Spanish Air and Space Force’s air surveillance and 
control system and strives to replace systems that have 
reached the end of their service life with next-genera-
tion equipment. All in all, Indra will deploy �ve radars: 
four �xed Lanza 3D LRR and one deployable Lanza 3D 
LTR-25, a long-range tactical radar.

CONTRACTS
Raytheon, an RTX business, has been awarded a $192 
million contract from the U.S. Navy to develop the 
Next Generation Jammer Mid-Band Expansion (NGJ-
MBX), an upgrade to the current Next Generation Jam-
mer Mid-Band (NGJ-MB) system. This modi�cation will 
extend the frequency range of the NGJ-MB system to 
counter additional threats. MBX provides additional 
capabilities to improve operational effectiveness. NGJ-
MB, to include MBX, is a cooperative development and 
production program with the Royal Australian Air Force. 
It is an airborne electronic attack system consisting of 
two pods containing active electronically scanned ar-
rays that radiate in the mid-band frequency range. The 
U.S. Navy employs NGJ-MB on the EA-18G GROWL-
ER® to target advanced electronic warfare threats.

Mercury Systems Inc. announced it was awarded a �ve-
year contract worth as much as $131.3 million from the 
U.S. Naval Air Systems Command to continue provid-
ing secure data transfer systems for naval aircraft. Mer-
cury has been delivering advanced data transfer systems 
(ADTS) and components to the Navy since 2017 to sup-
port numerous rotary-wing and �xed-wing aircraft. These 
rugged,  exible and proven systems simplify the secure 
transfer of data between planners on the ground and 
aircraft, signi�cantly improving operational readiness of 
these airborne assets. The new inde�nite delivery/inde�-
nite quantity contract will allow Mercury to deliver up-

AroundtheCircuit
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graded ADTS units that incorporate the company’s JDAR 
encryption module.

Epirus announced a nearly $17 million contract modi-
�cation from the U.S. Army Rapid Capabilities and 
Critical Technologies Of�ce for the development and 
integration of an upgraded sensor suite in support of 
the Integrated Fires Protection Capability High Power 
Microwave (IFPC-HPM) program. Under the scope of 
work, Epirus will integrate a closed-loop �re control sys-
tem and perform software development to increase the 
operational suitability and effectiveness of the IFPC-HPM 
systems. The upgrades will, in part, reduce engagement 
latency, enhance the soldier user experience and im-
prove the accuracy of the IFPC-HPM systems.

Altum RF announced a two-year contract with the 
European Space Agency (ESA) under the Advanced 
Research in Telecommunications Systems Core Com-
petitiveness (ARTES CC) Programme for the design and 
development of high ef�ciency MMIC power ampli�-
ers. These ampli�ers will be tailored for phased array 
Ka-Band satcom systems in space applications. Com-
menced in October 2024, this project aims to advance 
the development of high ef�ciency MMIC power ampli-
�ers to enhance the performance of Ka-Band phased 
array satcom systems. With the rapid deployment of 
low Earth orbit, medium Earth orbit and geostationary 
orbit satellite constellations, Ka-Band phased array sys-
tems will play a critical role in future satcoms.

Gapwaves and Valeo have entered into an agree-
ment regarding the development and large-scale se-
rial production of waveguide radar antennas for ad-
vanced driver assistance systems (ADAS) applications. 
The contract has an expected sales value of mid-range 
double-digit MEUR over approximately 10 years, start-
ing in 2025. Valeo offers a complete portfolio of ADAS 
on the market and keeps developing new technologies 
to offer more safety and comfort to drivers. Valeo has 
been developing and mass-producing radar technolo-
gies since 2006. In the joint development, Gapwaves 
supports Valeo with its antenna technology, engineer-
ing and production capabilities.

PEOPLE
Stellant Systems 
Inc. recently an-
nounced the ap-
pointment of Man-
soor Mosallaie as 
its new chief oper-
ating of�cer (COO) 
and Steve Shpock

S Steve Shpock S Mansoor Mosallaie as chief technology 
of�cer. Mosallaie 

brings nearly 40 years of experience in the microelec-
tronic component and assembly manufacturing industry, 
holding several roles of increasing responsibility. Most 
recently, he was the COO of Hermetic Solutions Group, 
Inc. (HSG), where he oversaw the operational needs of 
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12 business units spanning three countries. Shpock has 
40 years of RF/microwave industry experience in various 
executive roles, including most recently as Stellant’s 
COO. His experience will prove invaluable as Stellant 
continues to expand its market share while also growing 
its product and technology portfolio.

dB Control has hired Isaac Pimentelli 
as senior program manager. With a 
strong, 20+ year background in engi-
neering, manufacturing and program 
management for the defense, aero-
space and instrumentation industries, 
Pimentelli will support an exclusive dB 
Control program for airborne power 
supply development. dB Control also S Isaac Pimentelli

recently hired �ve additional engi-
neers as the company continues to 

expand its technical capabilities and provide high-pow-
er products built to customer speci�cations. 

Testco announced the addition of Kimberly Hermoso-
Hurst as the new director of business development. 
Hermoso-Hurst brings a wealth of experience from the 
electronics industry, having started her career at Aromat 

and later with Panasonic relays. She 
has held various leadership roles with 
distributors, including marketing, val-
ue-added services and launching 
sales divisions for both Bell Industries 
and All American. Hermoso-Hurst’s 
appointment aligns with Testco’s  

S Kimberly
Hermoso-Hurst

continued commitment to providing 
innovative supply chain solutions to 
its global customer base.

REP APPOINTMENTS
Menlo Microsystems Inc. announced a new global dis-
tribution agreement with DigiKey. Under the terms of 
the agreement, DigiKey becomes a franchised distribu-
tor for worldwide marketing and sales of Menlo Micro’s 
innovative Ideal Switch® products. Menlo Micro’s Ideal 
Switch technology leverages a unique combination of 
semiconductor technology and cutting-edge design, 
resulting in higher ef�ciency, reduced size and a lon-
ger lifespan — bene�ting a wide range of products in 
smart energy, home automation, industrial IoT, test and 
measurement, aerospace and defense, telecommuni-
cations, consumer electronics and medical.

Modelithics® introduces Exocis, based in Limoges, 
France, and closely linked with AMCAD SAS, as a 
Modelithics Reseller. Exocis provides a comprehensive 
range of high performance solutions in electronics, RF 
and microwave technologies. In addition to distributing 
quali�ed components and systems, Exocis offers turn-
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The Future of Wireless: 
Technologies Overcoming 
5G Struggles
Ali Sadri
Airgain, San Diego, Calif.

Kyei Anim and Kapil Dandekar 
Drexel University, Philadelphia, Pa.

I
n wireless communication, strong sig-
nals and reliable coverage are neces-
sary to meet the stringent expectations 
and demands of users. As discussions 

around 5G reliability and its challenges con-
tinue, many argue that the air interface is still 
not yet meeting expectations. The question 
becomes: What is needed to unlock 5G’s 
potential and future 6G wireless connec-
tions? This article discusses how emerging 
technologies can help overcome some of 
the current issues.

Despite substantial investment from gov-
ernments and the private sector, mobile us-
ers in some countries still experience slow 
and sluggish internet. Analysis from cable.
co.uk1 recently found that Northern Africa 
has the lowest average broadband globally 
at 12.52 Mbps. At the same time, at the oth-
er end of the scale, residents in Iceland could 
experience speeds of 279.55 Mbps and the 
vast difference between the two is apparent. 
Slow download speeds frustrate consumers 
and have broader economic consequences. 
Vodafone estimates that small and medium-
sized businesses are missing out on as much 
as £8.6 billion a year in productivity savings 
because the rollout of standalone 5G has 
been so slow.2 Without reliable wireless 5G 
connectivity or 5G over Wi-Fi, the prospect 

of smart homes, factories and cities seems 
unattainable.

In the U.S., there have been challenges 
connecting remote communities. However, 
adoption rates are generally high, thanks to 
large coverage footprints and high speeds. 
The situation is even more positive in the 
Middle East, where countries such as Bah-
rain, Kuwait, Oman, Qatar, Saudi Arabia and 
the  United Arab Emirates have been lead-
ing the way in deploying 5G networks with 
some of the fastest mobile internet speeds 
in the world.

There is no single solution for improving 
the 5G rollout timeline and its performance. 
However, innovations in antennas, repeaters 
and modems are now set to bridge the gap 
between vision and reality. In recent years, 
discussions about recon�gurable intelligent 
surfaces (RIS) and smart repeaters have be-
come hot topics.

THE COMPLEXITIES OF WIRELESS
A whole network approach is needed to 

solve the problems surrounding 5G connec-
tivity. Engineers and technology developers 
must focus their research, design and techni-
cal capabilities on enhancing every aspect of 
the user journey, from the service provider to 
the end-user. Engineers will appreciate the 
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The response can be improved, po-
tentially, by more than 15 dB when 
con� gured for a speci� c direction. 
Figure 1 shows a prototype RIS 
board operating in the sub-6 GHz 
frequency band.

RIS technology promises to be a 
game-changer for ensuring seam-
less connectivity in 5G and future 6G 
networks. Its ability to recon� gure 
and direct EM waves toward areas 
with poor coverage can signi� cantly 
boost 5G performance, ef� ciency 
and reliability. It has the potential 
to boost public con� dence in wire-
less communication technologies. 
However, the technology is still 
several years away from large-scale 
commercialization. For all its advan-
tages, RIS still comes with its chal-
lenges for implementation in terms 
of design complexities, deployment 
costs and energy ef� ciency.

5G SMART REPEATERS
In addition to RIS, 5G smart re-

peaters are another potentially trans-
formative technology. These repeat-
ers can receive, clean up, amplify 
and forward the signal down the line. 
The repeater automatically detects 
the optimal signal direction while 
mobile devices maintain � delity and 
upload/download speeds even if the 
base stations are further away. Smart 
repeaters are a more traditional ap-
proach and have evolved over sev-
eral years with the advancements in 
wireless technology. But they have 
proven their worth in enhancing 
wireless communication.

Dependable and practical, smart 
repeaters can reduce the cost of 
wireless infrastructure for opera-
tors. These repeaters do not rely 

Demand for 5G is highest in 
densely populated cities, yet at-
mospheric pollution, buildings and 
people can all interrupt or block 
high frequency signals. To coun-
ter this, thousands of base stations 
or small cells would be needed to 
reach the highest coverage levels. 
At a cost of billions, networks this 
size would be prohibitively expen-
sive for providers and likely incur 
backlash from nearby people.

RECONFIGURABLE 
INTELLIGENT SURFACES

An innovative solution with enor-
mous potential to enhance 5G 
performance is emerging with RIS. 
Designed to operate in the sub-6 
GHz band, primarily at the center 
frequency of 3.5 GHz, RIS compris-
es thousands of unit cells equipped 
with controllable elements (e.g., 
varactor diodes). These control-
lable elements enable the surface 
to recon� gure its response by ma-
nipulating incoming electromag-
netic (EM) waves to improve signal 
reception in coverage blind spots. 

complexities inherent in wireless, 
starting with the propagation of 5G 
signals. Even though 5G can deliver 
lower latency, increased capacity 
and faster throughput, the higher 
frequencies result in a shorter prop-
agation distance from the base sta-
tion. The 700 MHz part of the spec-
trum can transmit signals over long 
distances and penetrate obstacles 
more effectively. Still, its through-
put is lower due to limited available 
bandwidth, on the order of 10 to 20 
MHz per operator.

Higher throughput is possible 
with the C-Band spectrum around 
3.5 GHz, with hundreds of mega-
hertz of RF signal bandwidths avail-
able. The problem is that signals 
in this band only travel 20 percent 
as far as 700 MHz signals and this 
propagation distance reduces fur-
ther at higher frequencies. There 
is also an issue with limited pen-
etration through walls and obstacles 
inside buildings. This leads to cov-
erage gaps impacting user experi-
ence, network reliability and service 
consistency.

i Fig. 1  Prototype RIS. Source: Drexel 
Wireless Systems Laboratory.
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beamforming direction to alleviate 
the issue, ensuring cleaner and more 
ef� cient signal propagation. Figure 
2 shows an Airgain NCR solution 
mounted on the side of a building 
for smart indoor/outdoor coverage.

RIS and NCRs have a great syn-
ergy and can work together to pro-
vide better coverage and signal 
quality in challenging environments. 
Active RIS dynamically interacts 
with NCR to direct signal beams, 
reducing interference and boost-
ing throughput. Recent simulations 
using this collaborative approach 
have shown enormous potential 
for improvements in coverage and 
how both could be integrated into 
a uni� ed system for future indoor 
use. Airvine, in conjunction with 
Drexel University researchers, used 
the Wireless InSite® model to dis-
play outdoor-to-indoor coverage 
with complete 3D path loss for sev-
eral network con� gurations. Figure 
3a shows the baseline coverage 
results for a 3.5 GHz base station. 
Figure 3b shows how the path loss 
changes by adding a smart repeater 
and Figure 3c shows the path loss 
pro� le with an RIS/smart repeater 
combination.

Researchers in the Drexel Wire-
less Systems Laboratory partially 
validated the concept of coexis-
tence and cooperation of RIS tech-
nology and NCR for smart repeaters 
within the same network for indoor 
coverage. They simulated 5G net-
work coverage in the n77 band in C-
Band. Their results come from using 
different scenario features in Wire-
less InSite,3 a commercial compu-
tational EM ray tracing system that 
employs 3D shooting and bouncing 

on broadband cable backhaul and 
only require access to power, which 
could include solar, making them 
ideal for areas that have always 
struggled with reliable connectiv-
ity. Repeaters receive the desired 
signal, amplify it from low levels and 
retransmit it to ensure it reaches the 
destination with minimal distortion. 
The adaptability of this solution al-
lows smart repeaters to � t into any 
communication environment, mak-
ing them a reliable choice. For this 
reason, and because the devices are 
easy to install without compromis-
ing performance, solution providers 
are rapidly moving smart repeaters 
into the home and enterprise mar-
ket and continuing to cater to mo-
bile network operators.

Network-controlled repeaters 
(NCRs) can also play an important 
role in boosting signal strength and 
improving coverage in weak zones. 
These devices are typically an RF re-
peater that can receive and process 
side control information (SCI) from 
the network. This allows NCRs to 
amplify the signal more ef� ciently 
than traditional repeaters.

NCRs are an advanced evolution 
of traditional repeaters designed to 
enhance wireless coverage wher-
ever signal strength is weak, such 
as in dense urban environments, 
rural zones and indoor spaces. Un-
like traditional repeaters, which am-
plify and retransmit signals, NCRs 
operate with a higher level of intel-
ligence, utilizing real-time network 
data and control mechanisms to 
optimize signal propagation dy-
namically. This is enabled by ac-
cessing the network “knowledge” 
via the SCI. This dynamic control 
allows NCRs to adapt to changing 
conditions, such as varying user 
demand or physical environmental 
factors like vehicles, people or other 
objects on the move. This ensures 
better signal quality and coverage 
continuity.

NCRs incorporate intelligent fea-
tures like beamforming, multi-beam 
antenna systems and interference 
cancellation. This allows them to 
direct signals to speci� c users and 
reduce signal losses more ef� cient-
ly. For example, suppose the net-
work detects higher congestion in 
one area. In that case, the NCR will 
optimize its transmission power or 

i Fig. 2  Airgain LighthouseTM smart 
NCR indoor/outdoor solution.



�����
����

�� ! "#���

MILITARY
APPLICATIONS

COMMERCIAL
APPLICATIONS


�	�	��	�	��	��
�����
����
����	����

��"�
	�"����

��
�	�
 ���

��"�
����"�������

	�
����
 ���

��"�
��"����

��
���� ���� ���

��"�
	
�����
��

�
 ��� ���
 ���� �
�


�

�"��
	�
���	 ���� ��

�"��

�
��
�	�
 ���� ��

EMC
APPLICATIONS

����	������	�



50  MWJOURNAL.COM  DECEMBER 2024

SpecialReport

ray methods.
The � rst scenar-

io, shown in Figure 
3a, illustrates the 
indoor-to-outdoor 
coverage of a 3.5 
GHz 5G New Ra-
dio (NR) macro cell 
used as a base-
line. At 3.5 GHz, 
5G signals suffer 
from high path loss 
when penetrating 
walls and other 
obstacles of a tar-
get of� ce building 
about 1.5 km away. 
This leads to weak 
signals and poor 
reception, particu-
larly in deeper in-
door areas away 
from windows, 
where dead zones 
are common.

Figure 3b dem-
onstrates using an 
NCR equipped with 
beamforming capa-
bilities strategically 
placed between 
the macro cell base 
station and the tar-
get building at ap-
proximately 40 me-
ters. The smart re-
peater receives the 
weak signal from 
the base station via 
its donor antenna, 
ampli� es it and re-
transmits it through 
its service antenna 
toward the target 
of� ce building. As 
shown in Figure 3b, 
the smart repeater 
is modeled as a ser-
vice antenna with a 
15 dB gain, enhancing the base sta-
tion signal by about 30 dB and relay-
ing it through the building window. 
However, there is a signi� cant dead 
zone or shadow area within the cov-
erage area of the building due to the 
limited � eld-of-view of the smart re-
peater. The efforts at Drexel Univer-
sity were more than just an academic 
exercise. Figure 4 shows an example 
of an Airgain 5G NR smart repeater 
solution that operates in the n77 
band of the simulation.

i Fig. 3  (a) Baseline base station path loss characteristic. (b) 
Base station path loss characteristic with a smart repeater. 
(c) Base station path loss characteristic with smart repeater and 
RIS. Source: Drexel University.
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i Fig. 4  Airgain Lighthouse 5G NR 
smart repeater.
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erage had grown signi�cantly with the advent of 3G 
and 4G technologies. This demand has only intensi�ed 
with the introduction of 5G and now 6G. IBW solutions 
address these challenges by enhancing network cov-
erage and capacity in areas where the macro network 
cannot adequately service the demand. This can be 
due to high penetration losses from building materials, 
low emissivity glass or the building’s structure blocking 
the signal. Many ongoing simulations on in-building so-
lutions could help resolve complexities around indoor 
5G challenges.

Distributed antenna systems (DAS) are popular so-
lutions for improving IBW coverage. This approach in-
volves deploying a network of antennas throughout a 
building to distribute the signal from a central location. 
There are several types of DAS, including passive, ac-
tive, hybrid and digital DAS. Each of these DAS types 
has advantages and limitations depending on the size 
and type of venue.

AMPLIFYING THE BENEFITS
Enhanced 5G connectivity has the potential to 

revolutionize industries while consumers seek bet-
ter streaming experiences and more connected smart 
home devices. For telecom operators, the challenge 
lies in maximizing network performance using existing 
infrastructure without the need for an excessive num-
ber of additional base stations. Extending 5G coverage 
beyond urban areas to underserved regions is also cru-

To further improve signal coverage and ensure that 
users in these shadowed areas receive stronger and 
more consistent 5G signals, an RIS is also integrated 
and strategically deployed on walls within the build-
ing to enhance signal quality. The Wireless InSite 3D 
software models the RIS using the Communication Re-
search Centre (CRC) Canada’s ray optic model.4 This 
model consists of a locally periodic, passive metasur-
face made up of patterns of sub-wavelength scatterers 
printed on a substrate of glass, plastic or other materi-
als.5 The scattering behavior of the RIS is dynamically 
adjusted to steer the signal by 65 degrees, enhancing 
the 5G signal from the smart repeater and directing it 
optimally toward shadowed areas in the corner of�ces 
far from the window. This leads to fewer dead zones, as 
shown in Figure 3c. Future indoor RIS can potentially be 
made more ef�cient in adapting their state using power 
sensors integrated with the surface6 and can be more 
unobtrusively deployed in indoor environments using 
novel materials and manufacturing techniques like fab-
rics.7 The RIS/smart repeater-enabled 5G network helps 
overcome the indoor coverage challenges of the 3.5 
GHz 5G network, ensuring reliable connectivity in com-
plex environments like of�ce buildings.

IN-BUILDING WIRELESS SOLUTIONS
In the early days of cellular communications, in-build-

ing wireless (IBW) coverage was not a primary concern. 
By the mid-2000s, the need for reliable in-building cov-
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offers, such as faster download and 
upload speeds, improved reliability 
and reduced latency. Solutions like 
RIS, smart repeaters and NCR are 
helping network operators optimize 
their investments. These innovations 
reduce deployment costs by lever-
aging existing infrastructure while 
enhancing signal quality and cover-
age, making them valuable assets in 
the industry’s toolkit.

The demand for reliable, high 
speed 5G connectivity is growing. 
These and other technologies are 
the key to overcoming challenges 
such as signal interference and ris-
ing operational costs. New devel-
opments in these areas will pave the 
way for smarter, more connected 
communities and industries, ensur-
ing that the transformative promise 
of 5G and, eventually, 6G becomes 
a global reality.
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Designing IoT Devices 
Embedding Antenna Boosters 
Using Freeware and Low-Cost 
Equipment
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I
n an ever-evolving technologi-
cal landscape, the optimization 
of antennas for enhanced con-
nectivity is of paramount im-

portance. This article introduces an 
approach to leveraging free tools 
and low-cost equipment to design 
an IoT device operating from 863 
to 928 MHz using antenna boost-
ers. The design process begins by 
using a library with pre-simulated 
impedances of antenna boosters on 
different ground planes of wireless 
devices. Then, simulation is carried 
out to impedance match using free 
software to synthesize a matching 
network for an antenna booster, 
considering the topology and actual 
components, like inductors and ca-
pacitors. The circuit simulation even 
considers the pad layout for compo-
nent hosting, simplifying the proto-
typing. Subsequently, a prototype 
was built and tested with a low-cost 
vector network analyzer (VNA). This 
process demonstrates that freeware 
and low-cost equipment are vi-
able options for designing wireless 
devices with embedded antenna 
boosters.

The rapid increase in demand for 
wireless connectivity in various ap-
plications has emphasized the need 
to optimize antennas for speci� c 
environments. For professional ap-
plications, antenna systems are sim-

ulated with electromagnetic (EM) 
software and measured with sophis-
ticated equipment, such as VNAs 
and anechoic chambers. However, 
freeware and low-cost tools are 
proposed for early engineering 
engagement.1,2 This alternative 
approach engages researchers in 
designing wireless devices embed-
ding antennas and provides a cost-
effective and simpli� ed method for 
antenna design. These designs can 
be transitioned to professional tools 
for more accurate device character-
ization.

To illustrate the simplicity of the 
design process, a small, non-reso-
nant element will be used in the de-
sired frequency band by modifying 
the associated matching network.3

This non-resonant antenna boost-
er element measures 12 × 3 × 2.4 
mm3. It will be integrated into the 
FR4 board shown in 
Figure 1.4

This design 
procedure is sig-
ni� cantly more 
straightforward 
than those based 
on altering the an-
tenna’s geometry.5

For the antenna 
booster, only the 
matching network 
requires adjust-
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i Fig. 1  Antenna booster on FR4 ground plane.
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ment since an antenna booster can 
be used for many frequency bands 
and form factors.6 This ease of use 
is thanks to the non-resonant nature 
of antenna booster circuit design 
tools based on matching network 
synthesis.7 This is a signi� cant ad-
vantage as designing a wireless 
device incorporating an antenna 
booster can be easily tackled by de-
signing a matching network, which 
is straightforward, quick and can be 
entirely addressed by circuit simula-
tion.

Creating a library of devices 
with different form factors, includ-
ing antenna boosters, where S-
parameters are included over an 
extensive frequency range, creates 
the opportunity to simplify the de-
sign process. The designer can then 
select the form factor best suited 
to the requirements and design 
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A FREEWARE TOOL FOR 
MATCHING NETWORK 
SYNTHESIS

Matching software allows the 
user to analyze antenna-matching 
networks. The software will deter-
mine parameters like S11, band-
width, tolerances and matching net-
work ef� ciency. In addition, these 
programs can synthesize the match-
ing network for a requirement and 
specify the components to realize 
that network.

In this case, the simulations be-
gin with S-parameters from plat-
forms, including antenna boosters, 
that have been previously simulat-
ed. A free library is available from 
Ignion.8,9 For example, the device 
in Figure 1 has been simulated with 
IE3D, an EM full wave solver. This 
S11 data is available in the library,8 

allowing a designer to synthesize 
a matching network using the � ow 
diagram of Figure 2.

THE NEED FOR A MATCHING 
NETWORK

The S11 of the circuit in Figure 1 
is shown in Figure 3. The S11 perfor-
mance is poor in the desired 863 to 
928 MHz frequency region. The goal 
is to design a matching network with 
an S11 value of less than -6 dB.

Ef� cient matching is essential to 
optimize system performance and 
ensure maximum power transfer 
between the source and load. A 
mismatch can result in signal re� ec-

handle complex frequency-depen-
dent impedances and synthesize 
matching networks with multi-
band performance at f1 – f2 and 
f3 – f4 (for example, 824 to 960 
MHz and 1710 to 2690 MHz) and 
the ability to include real induc-
tors and capacitors with � nite Q-
factors. Table 1 shows programs 
addressing these needs.

XFdtd Remcom, Optenni-Lab, 
Cadence AWR Microwave Of� ce 
and Atyune meet the three criteria 
in Table 1. The � rst three software 
packages offer functionality and are 
excellent reference tools for pro-
fessional applications. However, 
this design uses Atyune because it 
is an open and easy-to-use tool to 
synthesize matching networks. It fo-
cuses on providing clear and practi-
cal guidance to match antennas to 
speci� c ground plane dimensions. 
This software is free to use.

the matching network using the li-
brary.8,9 Such a library contains pre-
simulated S11 data corresponding 
to different antenna boosters on 
PCBs of different sizes.

This article details starting with 
S-parameter data from a library, 
designing a matching network with 
another freeware matching design 
tool and testing the S-parameter 
data with a low-cost VNA. Since the 
library has been extensively cov-
ered,8 this article focuses on using 
freeware to design the matching 
network and measure the S11 pa-
rameter with a low-cost VNA. The 
design � ow chart for this process is 
shown in Figure 2.

Before selecting a freeware 
matching network design tool, 
a comparison analysis has been 
made between the different syn-
thesis tools. The matching net-
work synthesis program must 

i Fig. 2  Design � ow chart.
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at SWR = 3.19,20,21

The Atyune tool facilitates the ef-
� cient evaluation of bandwidth po-
tential. It allows the exploration of 
con� gurations and settings directly 
affecting it, ensuring that the � nal 
design meets the desired band-
width requirements. In the case of 
the antenna booster in Figure 1, the 
operating range is 863 to 928 MHz, 
resulting in a 65 MHz bandwidth. 
Figure 4 shows the bandwidth po-
tential curve. At 900 MHz, the value 
is 175 MHz, equating to 19.4 per-
cent, indicating enough bandwidth 
with an appropriate matching net-
work.

MATCHING NETWORK DESIGN
Since there is enough bandwidth 

potential, the program will be used 
to design a matching network with 
an S11 of less than -6 dB in the 863 
to 928 MHz frequency range. This 
design will be synthesized to limit 
the system’s required components. 
In this case, the matching network 
contains two elements, as shown in 
Figure 5. L1 is a 15 nH inductor with 

tions and power loss. The results 
from Figure 3 show S11 = -1 dB at 
900 MHz. This means that only 20 
percent of the available power is 
delivered to the antenna system, 
corresponding to 6.8 dB of mis-
match loss. The matching network 
will match impedances to optimize 
the source and load. The program 
will synthesize the topology and 
components, such as inductors and 
capacitors, for the desired matching 
network.

BANDWIDTH POTENTIAL
To optimize the matching net-

work design, the potential band-
width of the antenna impedance 
must be analyzed. This step is cru-
cial to determine if the design can 
provide enough bandwidth. Band-
width potential allows the designer 
to estimate the bandwidth even if 
the antenna is not matched. If the 
potential bandwidth is larger than 
the target bandwidth, then a simple 
matching network with one or two 
components can be designed to 
meet the bandwidth requirements. 
It is important to 
mention that band-
width potential can 
be exceeded when 
using broadband 
matching net-
works. For exam-
ple, a broadband 
matching network 
using an LC reso-
nator can theoreti-
cally improve the 
bandwidth by 2.45 

TABLE 1
MATCHING NETWORK DESIGN PROGRAMS COMPARISON

Complex 
Frequency-
Dependent 
Impedances 

Multi-band 
Matching 
Networks

Real Components

Atyune10 YES YES YES

Antune11 YES YES NO

IMNLab12 YES NO YES

Matlab13 YES NO YES

Qorvo MatchCalc14 YES NO NO

Altium15 YES NO YES

XFdtd Remcom16 YES YES YES

Optenni-Lab17 YES YES YES

AWR Microwave Of� ce18 YES YES YES

i Fig. 3  Antenna booster S11 response using Atyune.
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inductors used in the matching network into account. The 
total ef
 ciency results for the matched and unmatched 
antenna booster circuits are shown in Figure 7.

MATCHING NETWORK DESIGN CONSIDERING 
THE PAD LAYOUT

With the bandwidth and ef
 ciency analysis complete, 
the next step is to build the board. Before fabricating the 
board, the size of the lumped component pads and their 
impact on circuit performance must be considered. Each 
pad can be modeled by a short transmission line and S11
can be computed. In this case, the pads form an asym-
metric coplanar transmission line. The characteristic im-
pedance and effective permittivity can be easily found.3

Figure 8 shows the circuit board layout for this ex-
ercise. This layout contains several series and shunt 
elements to accommodate a variety of circuit con
 gu-
rations. The matching network under consideration re-
quires only Z1 and Z2, so Z3, Z6 and Z7 are shorted, 
while Z4 and Z5 are left open.

The next step is to add the actual pads to the match-
ing network values. This means modeling each pad as a 
transmission line and determining the impedance, attenu-
ation, permittivity and length characteristics. From Figure 
8, Z1 is the 27 nH inductor (L2), Z2 is the 15 nH inductor 
(L1) and there is 
a 2 mm transmis-
sion line between 
Z1 and Z2. Since 
Z3, Z6 and Z7 are 
shorted together, 
they are modeled 
as a 13 mm trans-
mission line. The 
matching network 
with actual pad 
characteristics is 

a Q of 87 and L2 is a 27 nH inductor with a Q of 89. The 
program allows real-time adjustments to enable experi-
mentation and optimization.

The simulated results of the antenna booster from Fig-
ure 1, with and without the matching network, are shown 
in Figure 6. The matching network enables an S11 value 
from the antenna of better than -6 dB from 810 to 1000 
MHz. This 190 MHz bandwidth easily satis
 es the 863 
to 928 MHz antenna booster frequency range. The 20.9 
percent bandwidth of the booster circuit is also close to 
the 19.4 percent bandwidth potential shown in Figure 4.

The total matching network ef
 ciency is de
 ned in 
Equation 1 as:

( )S1 1t m 11
2

$h h= -_ i

Where:
ηt = Total ef
 ciency
ηm = Matching ef
 ciency
This antenna booster’s average ef
 ciency is 83 per-

cent over the 863 to 928 MHz frequency range. It should 
be noted that the total ef
 ciency takes the mismatch and 
the matching ef
 ciency due to the 
 nite Q of the lumped 

i Fig. 4  Bandwidth potential at SWR = 3 for antenna booster.
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inductor could be removed. The im-
pedance of this component at 900 
MHz is high enough that removing 
it does not have a relevant effect. 
Figure 11 shows that the bandwidth 
of the matching network improves 
with the inductor removed.

Figure 12 shows the total ef-
� ciency of the � nal matching net-
work. The average value is 78 per-
cent. This ef� ciency calculation 
considers S11, the losses due to the 
� nite Q of the 27 nH inductor and 
the losses of the layout.

TOLERANCE ANALYSIS
The Atyune program considers 

component tolerances in the S11 
analysis. In this case, the compo-
nent tolerance was set to two per-
cent and the Monte Carlo analysis 
showed a robust matching network 
with all S11 results over the operat-
ing band less than -6 dB. The results 
are shown in Figure 13.

PROTOTYPING AND 
MEASUREMENTS

With the analysis and optimiza-
tion complete, the next step is man-
ufacturing the matching network 

shown in Figure 9.
With the actual pads included, 

the matching network is simulated 
with L1 and L2 values to analyze the 
impact of the pads. The result is a 
133 MHz, or 15.4 percent, band-
width from 795 to 928 MHz, where 
S11 is less than -6 dB. The frequency 
shifts to lower frequencies because 
of the inductance introduced by the 
2 mm transmission line. These re-
sults are shown in Figure 10.

The next step is to optimize the 
values L1 and L2 to incorporate the 
effects of the pad layout. Atyune’s 
AutoMatching feature will update 
the initial component values to in-
corporate the effects of the added 
pads. After adding the pads, the an-
tenna booster meets the S11 require-
ments, so no optimization is need-
ed. In other cases, the optimization 
tool is useful for � ne-tuning values 
to incorporate layout impacts. The 
simulation results in a bandwidth 
of 215 MHz, or 23 percent and the 
design meets the S11 requirements 
from 825 to 1040 MHz. These re-
sults are shown in Figure 11.

After careful analysis, it was de-
termined that the 15 nH parallel 

i Fig. 10  S11 comparison with and without pads.
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i Fig. 12  Matching network ef� ciency for the � nal matching 
network.
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cent. Both measurement instruments 
did show a slight frequency shift of 7 
percent versus the simulated result. 
The results are shown in Figure 15.

CONCLUSION
This article presents a novel ap-

proach to designing and optimizing 
IoT devices with embedded anten-
na boosters. Its premise is that le-
veraging the Ignion library, freeware 
and a low-cost VNA provides an ac-
cessible, cost-effective pathway for 
researchers to engage in RF design 
and wireless device development. 
Integrating an antenna booster 
into the ground plane simpli�es 
the design process by focusing on 
the matching network rather than 
altering antenna geometry. This ap-
proach demonstrates that effective 
antenna designs operating in the 
863 to 928 MHz frequency band are 
achievable even with basic, afford-
able tools.

This design method reduces costs 
and lowers the entry barrier for RF 
design. This should help promote 
broader participation and innova-
tion in wireless communications. By 
adopting this approach, researchers 
can gain valuable hands-on experi-
ence and a deeper understanding 
of antenna design principles before 
transitioning to more sophisticated 
and precise professional tools.
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Extracting Diode Parameters 
Using Optimization in Excel 
Part 2: AC Parameters from 
Capacitance Measurements
Charles Trantanella
Retired from Custom MMIC, Westford, Mass.

P
art 2 of this tutorial builds upon the process for 
extracting DC diode parameters presented in 
the October 2024 issue of Microwave Journal. 
This next installment describes extracting perti-

nent AC diode model parameters from measurements 
using Excel. This part of the process is concerned with 
the behavior of the diode in the OFF region, where the 
voltage across the diode, Vd, causes it to function as a 
variable capacitor (Vd < 0). Of course, the diode is not 
completely OFF in this region, as there is usually a very 
small amount of leakage current � owing through the de-
vice. However, as will be done here, this leakage can usu-
ally be ignored in most RF and microwave applications.

This tutorial discusses the two main types of capaci-
tance versus voltage pro� les that diodes can generate, 
depending on their underlying semiconductor technol-
ogy. Models are presented for both pro� les, followed 
by an example of each where the pertinent parameters 
are extracted. Finally, the tutorial will discuss the imple-
mentation of these models in a circuit simulation tool.

CAPACITANCE VERSUS VOLTAGE PROFILES
The capacitance pro� le of a diode in the OFF region 

is usually presented in theory as a zero-bias value (Vd = 0) 
that decreases monotonically as the voltage across the di-
ode becomes more negative. For many types of diodes, 
from P-N junctions in silicon and GaAs heterojunction bi-
polar transistors (HBTs) to Schottky � eld-effect transistor 
(FET)-connected devices on GaAs and GaN, this pro� le is 
very accurate. However, the capacitance pro� le can take 
on a much different shape for some diodes, most notably 
Schottky diodes fabricated with GaAs pHEMT technol-
ogy. Figure 1 presents a pictorial representation of these 
two types of pro� les.

In Figure 1, the standard pro� le has a 1/x shape that 
decreases monotonically as the voltage decreases, where 
the pHEMT pro� le takes on an S-curve shape complete 
with an in� ection point. The physics behind these two 
shapes is somewhat involved, but it suf� ces to say that 
many commercial pHEMT foundries ignore the under-
lying S-curve pro� le. This results in diode models that 
follow a standard pro� le, even though such models are 
entirely inaccurate.

The standard pro� le for the diode capacitance, Cj, as 
a function of diode voltage, Vd, where Vd < 0, can be de-
scribed by the following well-known relationship shown 
in Equation 1.1,2

( )C
C

1
1mj V

V

j

d

j

=
-

0

` j

Where:
Cj0 = diode capacitance at zero voltage
m = grading coef� cient
Vj = built-in potential
Unfortunately, no single equation relates the diode ca-

pacitance to the diode voltage for the S-curve shape. In-
stead, to model this behavior, an old FET model known 
as “Triquint’s Own Model” (TOM)3 is considered. Though 
initially developed to model three-terminal metal-semi-
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Editor’s Note: Part 1 of this tutorial appeared in the October issue of Microwave Journal. It addresses extracting DC diode parameters 

and using Excel to optimize the diode model. Part 2 addresses a similar methodology for AC parameters. Taken together, readers will get a 

simple, yet powerful tool for optimizing diode models.

i Fig. 1  Diode capacitance pro� les as a function of diode 
voltage.
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and m, from this measurement us-
ing the Solver function in Excel. This 
process is identical to that described 
in Part 14 and readers are referred to 
that article for additional details. To 
brie�y explain the process, four sec-
tions are set up in Excel and these 
sections contain the capacitance 
parameters, the measured data, the 
modeled data and the root-mean-
square (RMS) error. The following 
were chosen for seed values: Cj0 =

0.945 (the measured capacitance at 
Vd = 0), m = 0.5 (values between 0.3 
and 1.0 are good starting points) 
and Vj = 0.5. The next step is to run 
Excel Solver with the goal of reduc-
ing the RMS error to zero. Figure 
2 shows the results of this optimi-
zation with values for the desired 
parameters, Cj0, Vj and m, shown in 
cells C3, C4 and C5, respectively.

Solver has varied all three pa-
rameters from the seed values, 
generating a very low RMS error in 
cell F5. Note that in cells F8 to F23, 
the squared error at each voltage is 
multiplied by 100 to create larger 
numbers. Solver can fail when the 
target value is very small, so this 
problem is avoided by scaling up 

measuring a diode’s OFF capaci-
tance as a function of voltage is not 
straightforward. Many techniques 
can be used, from automated sys-
tems that determine the capaci-
tance directly to the measurement 
of S-parameters via a vector net-
work analyzer, which are then pro-
cessed to determine the capaci-
tance. While each technique has 
strengths and weaknesses, they all 
have issues that can creep up and 
lead to bad measurements. These 
issues may include:
• Poor calibration of the system; al-

ways check your calibration
• Incomplete de-embedding to 

the diode
• Measuring too small of a device, 

which allows parasitics to domi-
nate the response

• Not measuring enough voltages, 
which can obscure the S-curve 
pro�le

• Poor layouts of MMIC devices 
that lead to inaccurate measure-
ments

• Measuring MMIC devices on wa-
fer with the microscope light on.
Of these, a MMIC with a poor lay-

out can be the most frustrating, as 
overcoming these layout issues may 
require a separate fabrication run 
that will cost time and money. Unfor-
tunately, diodes constructed as part 
of a foundry process control monitor 
tend to fall into this category and of-
ten cannot be used for capacitance 
extraction. Also, measuring a device 
with the microscope light on is the 
same issue described in Part 1, as 
external light can affect the diode’s 
capacitance. Once the challenges 
have been conquered and a good 
set of capacitance values versus di-
ode voltage has been measured, it is 
time to extract parameters.

EXAMPLE 1: STANDARD 
PROFILE

In this �rst example, a diode with 
a standard capacitance pro�le typi-
cally found in P-N and Schottky di-
odes fabricated on silicon, GaAs 
and GaN, with GaAs pHEMT the 
noted exception, is considered. 
Table 1 presents the measured ca-
pacitance for a GaAs Schottky di-
ode fabricated on an obsolete com-
mercial MESFET process.

The goal is to extract the three 
parameters in Equation 1, Cj0, Vj 

conductor �eld-effect transistors 
(MESFETs), the TOM model con-
tains provisions that can accurately 
describe the S-curve pro�le of a di-
ode created by shorting the drain 
and source in a pHEMT FET. Details 
concerning the TOM model can be 
found in the paper by McCamant et 
al.,3 but in summary, the pertinent 
results are shown in Equations 2 to 
6:
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Where:
Cgd0 = zero-bias gate-to-drain 

capacitance
Cgs0 = zero-bias gate-to-source 

capacitance
DELTA1 = capacitance saturation 

transition voltage (1/α)
DELTA2 = capacitance threshold 

transition voltage
Fc = forward-bias depletion ca-

pacitance coef�cient
Vbi = gate diode built-in potential
Vd = voltage across the diode
*Veff = calculated effective volt-

age
*Vmax = calculated gate diode ca-

pacitance limiting voltage
*Vn = minimum of Vnew and Vmax
*Vnew = calculated new voltage
Vto = threshold voltage
The parameters in the list marked 

with an asterisk are generated by in-
termediate calculations and are not 
part of the �nal TOM parameter set. 
Also, note that parameter DELTA1 is 
sometimes implemented as the re-
ciprocal of another parameter, α, in 
the TOM model de�nition.

DIODE MEASUREMENTS, 
COMPLETE WITH WARNINGS

Unlike the DC I-V measurement 
described in Part 1 of this tutorial, 

( )V V DELTA2
1 2 1 2deff = +^ h

TABLE 1

MEASURED STANDARD 

PROFILE GAAS SCHOTTKY 

DIODE CAPACITANCE AS A 

FUNCTION OF VOLTAGE

Voltage Across 
Diode, Vd [V]

Measured Diode 
Capacitance, Cj [pF]

0.0 0.945

-0.1 0.786

-0.2 0.663

-0.3 0.565

-0.4 0.485

-0.5 0.422

-0.6 0.371

-0.7 0.330

-0.8 0.297

-0.9 0.271

-1.0 0.250

-1.1 0.234

-1.2 0.220

-1.3 0.210

-1.4 0.201

-1.5 0.195
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the squared error. 
The � nal values for 
these parameters 
are Cj0 = 0.954 pF, 
Vj = 0.632459 V 
and m = 1.383667. 
Figure 3 compares 
measured versus 
modeled capaci-
tance using these 
optimized param-
eters.

Figure 3 shows 
very good agree-
ment between 
measured and 
modeled results 
over the 1.5 V 
range. However, a 
well-known prob-
lem with Equation 
1 is that as the di-
ode voltage de-
creases further, the 
model can deviate 
noticeably from the 
measured data. For 
many diodes, the 
measured capaci-
tance � attens out 
at these lower volt-
ages and Equation 
1 cannot accurately 
describe this be-
havior. Therefore, 
care must be taken 
if model accuracy is paramount at 
lower diode voltages. However, this 
discrepancy is not an issue in ap-
plications such as double-balanced 
mixers, since the diode ring will clip 
the diode voltage to levels where 
Equation 1 is extremely accurate.

EXAMPLE 2: S-CURVE PROFILE
This second example will con-

sider the more complicated S-curve 
capacitance pro� le. As mentioned 
earlier, Schottky diodes often gen-
erate this pro� le on many, but not 
all, GaAs pHEMT processes. Table 
2 presents data from a diode fab-
ricated on an obsolete commercial 
GaAs pHEMT process.

The goal is to use Solver to ex-
tract the seven parameters needed 
for the TOM model: Cgs0, Cgd0, Vbi, 
Vto, DELTA1, DELTA2 and Fc. The 
process is the same as in Example 
1 but with some caveats regarding 
the seed values. While some param-
eters, such as Vto, can be negative, 

i Fig. 2  Standard pro� le GaAs Schottky diode results.

i Fig. 3  Comparison of measured versus modeled diode 
capacitance using the optimized parameters.
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TABLE 2
S-CURVE PROFILE GAAS PHEMT 

SCHOTTKY DIODE RESULTS

Voltage Across
Diode, Vd [V]

Measured Diode
Capacitance, Cj [pF]

0.0 0.365

-0.1 0.358

-0.2 0.351

-0.3 0.343

-0.4 0.329

-0.5 0.305

-0.6 0.271

-0.7 0.235

-0.8 0.211

-0.9 0.197

-1.0 0.191

-1.1 0.189

-1.2 0.187

-1.3 0.187





Tutorial

columns are needed to compute the intermediate pa-
rameters Veff, Vnew, Vmax and Vn using Equations 2 to 5. 
Again, the squared error at each voltage is multiplied 
by 100 to generate larger numbers and a larger RMS 
error in cell I10, which helps convergence.

Figure 5 shows a comparison of the measured ver-
sus modeled capacitance pro� le. The curves show very 
good agreement between the measured and modeled 
results. This agreement would not be possible using the 
standard capacitance model of Equation 1. As with the 
standard pro� le, the TOM model tends to become in-

the TOM model works best when DELTA1 and DELTA2
are positive. Therefore, if the optimization results are 
negative for these parameters, the optimization pro-
cess must be rerun with different seed values. In some 
circumstances, certain combinations of these seven pa-
rameters cause convergence problems when used in 
large signal/harmonic balance circuit simulation tools. If 
this happens, the situation can be improved by chang-
ing the seed values and rerunning Solver to generate 
new parameter values.

Figure 4 presents the results of running Solver. Extra 

i Fig. 4  S-curve pro� le GaAs pHEMT Schottky diode results.
i Fig. 5  Comparison of measured versus modeled diode 
capacitance using the optimized parameters.
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remains a variable. Second, while 
the TOM model contains the satura-
tion current, I

s
, as a variable, the ex-

tracted value from Part 1 of this tu-
torial must be halved when entered 
into the block. The TOM model 
assumes two parallel diodes in the 
FET, one from gate to drain and the 
other from gate to source. Creating 
a diode by shorting the drain to the 
source in the model will cause these 
two currents to add and generate 
the correct DC I-V response.

FINAL THOUGHTS
Diode modeling in Excel through 

the Solver function is a fast and ef-
�cient method for determining 
pertinent parameters. The process 
described in Parts 1 and 2 of this tu-
torial allows the engineer to control 
and understand the process, which 
is crucial. Proper modeling of the 
diode will lead to greater accuracy 
in circuit simulations. For example, 
the capacitance pro�le can affect in-
termodulation distortion in pHEMT 
diode mixers, so accounting for the 
S-curve is crucial for determining 
the third-order intercept point.

Finally, many subtle modeling 
aspects have not been considered 
in this tutorial. Among these are the 
effects of temperature on diode ca-
pacitance. If these parameters are 
important in the application, then 
techniques described in this tutorial 
can also be used to extract those 
parameters.
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block, which generates the stan-
dard capacitance pro�le and the 
TOM model block, which produces 
the S-curve capacitance pro�le. 
Additionally, both pro�les can be 
programmed with the DC I-V pa-
rameters to complete the model. 
However, there are two caveats to 
note. First, some of the extracted 
model parameters scale with diode 
size, so they must be scaled for use 
in a general model where diode size 

accurate as the diode voltage gets 
lower, though the range of validity is 
generally greater than the standard 
model.

MODEL IMPLEMENTATION
The last step in this process is to 

implement the extracted param-
eters in a circuit model for simula-
tion. This step is fairly straightfor-
ward. For example, Keysight’s ADS 
tool includes the DIODEM model 
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Advantages and Applications of 
GaN Push-Pull Amplifiers
Paramita Maity, Ashish Shinde, Sritama Dutta and Manish Shah
TagoreTech, Arlington Heights, Ill.

G
allium Nitride (GaN) has emerged 
as the preferred high-power am-
pli	er (HPA) technology due to 
its superior properties compared 

to LDMOS technology. GaN enables wider 
bandwidth and higher ef	ciency ampli	er 
designs, allowing a single wideband ampli	-
er to replace multiple narrowband ampli	ers. 
This reduces board space without sacri	cing 
performance. While a wideband ampli	er 
design offers advantages in terms of space 
and cost, its broad bandwidth presents chal-
lenges in meeting harmonics requirements.

Push-pull power ampli	er (PA) topology 
is gaining popularity as the architecture of 
choice for many applications like land mo-
bile radios (LMR) and tactical radios. This 
topology combines two or more PAs to 
achieve higher power output, resulting in 
improved ef	ciency, lower distortion and re-
duced power dissipation. This also simpli	es 
thermal management challenges.

This article discusses various wideband 
GaN ampli	er topologies and demonstrates 
why push-pull topology is the ideal solution 
for optimal performance in wideband PA 
designs. It compares the pros and cons of 
a HPA design using two push-pull PAs com-
bined with a 90-degree hybrid versus two 
PAs combined with baluns. Additionally, the 

article addresses the speci	c requirements 
of low-power and high-power LMR hand-
sets in terms of ef	ciency, distortion, power 
handling and thermal management. The ar-
ticle explains how push-pull ampli	ers can 
reduce overall system size while maintaining 
these critical parameters. It will also present 
measured performances of recent designs 
of low-power and high-power push-pull am-
pli	ers that use existing PAs from Tagore-
Tech to address the challenges faced in LMR 
handset applications.

HPA TECHNOLOGIES
GaN and LDMOS are two of the most 

common semiconductor process technolo-
gies for PA design. With an ever-increasing 
demand to reduce the size, weight, power 
and cost (SWaP-C), GaN is rapidly replacing 
LDMOS in many new PA designs. This is, in 
part, because LDMOS transistors are typical-
ly built on a silicon substrate, while some ad-
vanced designs may use silicon-on-insulator  
substrates.

Due to its material properties, GaN of-
fers several advantages over silicon. Table 
1 highlights the basic material properties of 
both GaN and silicon. The properties listed 
in Table 1 show that GaN devices have much 
higher power density due to a higher break-
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tive devices to address the positive 
and negative cycles of an input sig-
nal. This design improves ef� ciency 
and reduces distortion by canceling 
even-order harmonics, making it 
particularly effective in audio and RF 
applications. By alternating the con-
duction between the two devices, 
push-pull ampli� ers can deliver high 
output power while maintaining 
good linearity and thermal perfor-
mance. Complementary operation, 
reduced distortion and improved 
thermal stability contribute to the 
overall bandwidth improvement of 
push-pull ampli� ers.

Table 2 summarizes the com-
parison of different broadband PA 
topologies. Distributed ampli� ers 
typically offer the maximum band-
width among the four types of PA 
topologies listed. This makes them 
suitable for applications requir-
ing very wide frequency coverage. 
Push-pull ampli� ers and feedback 
ampli� ers can also provide extend-
ed bandwidth but generally do not 
reach the same levels of bandwidth 
as distributed ampli� ers.

When considering distortion, ef-
� ciency and other factors like band-
width, both push-pull and distrib-
uted ampli� ers have their strengths. 
However, push-pull ampli� ers stand 
out in terms of ef� ciency, ease of de-
sign, reduced distortion, better heat 
management and lower costs. This 
makes them an excellent option for 
high-power applications, such as 
tactical radio and LMR systems.

GaN push-pull PAs have distinct 
advantages over other technolo-
gies due to the properties of GaN. 
This ampli� er topology/technology 
choice delivers better ef� ciency, wid-
er bandwidth, higher power density 
and improved thermal performance. 
Overall, these bene� ts make GaN 
push-pull ampli� ers an appealing 
option for various applications, in-
cluding telecommunications, aero-
space and defense systems.

PAs enables them to handle a broad 
frequency range, making them ver-
satile components in modern com-
munication systems. Several broad-
band PA topologies are available, 
each with its advantages and disad-
vantages. Some important topolo-
gies include:

Lossy Matched Ampli� er or 
Multistage Lumped Element 
Matching: This topology employs 
multistage input and output match-
ing networks with lumped elements 
like resistors, capacitors and induc-
tors to achieve wider bandwidth.

Feedback Ampli� er: Negative 
feedback is applied to extend the 
bandwidth. Both shunt and series 
feedback con� gurations have been 
used in this context, but shunt feed-
back generally yields the best re-
sults.

Distributed Ampli� ers: This 
topology uses the concept of “ad-
ditive ampli� cation” with multiple 
transistors and offers ultra-broad-
band operation that can extend 
from DC up to the cutoff frequency 
of the active devices.

Push-Pull Ampli� ers: A push-pull 
ampli� er con� guration uses two ac-

down voltage, saturation veloc-
ity and charge density. This higher 
power density enables GaN devices 
to be signi� cantly smaller for the 
same output power, reducing all 
device capacitances compared to 
existing LDMOS technology. Lower 
input and output capacitances fa-
cilitate the realization of broadband 
matching networks. Additionally, 
higher voltage operation increases 
the load line impedance for a de-
sired output power, further aiding in 
the realization of broadband output 
matching. These factors make GaN 
an excellent choice for PAs, RF com-
ponents and functions in other de-
manding electronic systems where 
performance and reliability are criti-
cal.

BROADBAND PA TOPOLOGIES 
AND TRADE-OFFS

Broadband PAs are essential 
components across a wide range 
of applications, enabling effective 
communication, enhancing signal 
quality and ensuring reliability in 
various � elds, from telecommunica-
tions to consumer electronics and 
beyond. The performance of these 

i Fig. 1  Push-pull PA block diagram.
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TABLE 1
COMPARISON OF GAN AND SILICON TECHNOLOGY

Property GaN Silicon

Energy Band Gap (eV) 3.4 1.1

Critical Electric Field (MV/cm) 3 to 4 0.3

Charge Density Higher Lower

Thermal Conductivity (W/cm·K) 1.3 to 1.5 1.5 to 1.6

Electron Mobility (cm²/V·s) 1000 to 2000 1400

Thermal Stability High Moderate

Saturation Velocity (cm/s) 2 × 107 1 × 107

Breakdown Voltage High Moderate

Cost of Fabrication
Higher for SiC substrate 

Moderate for silicon 
substrate

Lower due to mature 
technology

TABLE 2
COMPARISON OF BROADBAND AMPLIFIER TOPOLOGIES

Topology Bandwidth Ef� ciency Linearity
Design 

Complexity

Lossy Matched 
Ampli� er 

Moderate Low Moderate High

Feedback Ampli� er Moderate Moderate High Moderate

Distributed Ampli� ers High High Moderate High

Push-Pull Ampli� ers
Moderate to 

High
High High Moderate to High
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PUSH-PULL DESIGN APPROACH
The push-pull design approach 

uses two transistor or HEMT-based 
devices to amplify an input signal. In 
this setup, one device handles the 

positive half of the waveform while 
the other manages the negative 
half. Figure 1 shows the basic build-
ing block of a push-pull PA.

The key components of a push-

pull PA are:
Input Stage: The input signal is 

typically differential, coming from a 
source that can produce balanced 
outputs. A balun converts the sin-
gle-ended unbalanced signal into 
two equal but opposite phase-bal-
anced signals that drive the two ac-
tive devices.

Active Devices: Two active FETs 
or HEMTs are arranged in a push-
pull con� guration. Each device han-
dles one half of the input waveform. 
One ampli� es the positive half, 
while the other ampli� es the nega-
tive half.

Balun: A balun is located at the 
input and output of the PA. At the 
input, the balun translates the sin-
gle-ended signal into a differential 
signal. At the output, it translates 
the differential signal back into a 
single-ended signal. The balun can 
also be designed to provide imped-
ance transformation for the desired 
bandwidth. It helps in minimizing 
common-mode noise and ensures 
that the power is evenly distributed 
between the two devices.

Output Stage: The outputs of 
the two transistors are combined 
at the output stage. The balun en-
sures that the combined output is 
in phase and delivers the ampli� ed 
signal to the load.

Feedback Mechanism (option-
al): Feedback can be implemented 
to improve linearity and reduce dis-
tortion. It may be applied from the 
output back to the input stage, sta-
bilizing the overall gain.

The input signal enters the am-
pli� er, where the balun converts it 
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i Fig. 2  CMRR versus amplitude and phase imbalance.
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TABLE 3
COMPARISON OF PUSH-PULL CONFIGURATIONS

Parameters Single High-Power PA Two Smaller PAs in Push-Pull

Design Simplicity Less complex design More complex design

Footprint
Potentially smaller 

footprint
Potentially larger size

Bandwidth Faces challenges Typically, better

Ef� ciency Faces challenges Improved ef� ciency

Harmonic Control Faces challenges Improved harmonic performance

TABLE 4
COMPARISON OF SINGLE PA AND PUSH-PULL AMPLIFIER WITH

90° HYBRIDS

Parameters Single High-Power PA Two PAs with 90° Hybrid

Design Complexity Less complex design More complex design

Footprint Smaller Larger size

Bandwidth Low High

Ef� ciency Faces challenges Improved ef� ciency

Harmonic Control Faces challenges Improved harmonic performance

Output Return Loss 
Often sacri� ced to 

improve PAE and Pout
Enhanced return loss

Cost
High-power devices 

and LPF components 
are expensive.

Potentially lower cost from smaller 
PAs. Additional components may 
increase total cost, depending on 
speci� c components and system 

design.

Filtering Needs
Requires signi� cant 

LPF stages, increasing 
cost and loss.

Lower � ltering needs due to better 
harmonic.
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• Custom Logic• Custom Logic

2 Emery Avenue

Randolph, NJ 07869 USA

973-361-5700 Fax: 973-361-5722

www.gtmicrowave.comwww.gtmicrowave.com
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Absorptive • 60dB isolation • 1µsec switching speed • + 20 dBm cw, 1 w maxAbsorptive • 60dB isolation • 1µsec switching speed • + 20 dBm cw, 1 w max

output will typically be larger due 
to thermal management consider-
ations. This is a critical factor when 
designing baluns.

HIGH-POWER BROADBAND PA 
DESIGN

For broadband high-power appli-
cations, a single high-power device 
may be used to design a single-
ended PA to meet speci� cations. 
However, using a single high-power 

shows that a balun must have less 
than 0.5 dB of amplitude imbalance 
and 5 degrees of phase imbalance 
to achieve 25 dB CMRR. These 
imbalance values need to be mea-
sured at the even-order harmonic 
frequencies.

The maximum power require-
ments of the ampli� er drive the 
maximum power handling require-
ments of the baluns. Higher pow-
er baluns that are used on the PA 

into two balanced signals. The two 
active devices amplify their respec-
tive halves of the signal. The ampli-
� ed outputs are fed into the balun, 
which combines them into a single 
unbalanced output. The output is 
delivered to the load (e.g., an an-
tenna), providing high power with 
low distortion. The architecture of 
a push-pull PA using a balun effec-
tively combines the bene� ts of bal-
anced operation and push-pull de-
sign, resulting in high ef� ciency, low 
distortion and broader bandwidth.

CRITICAL BALUN PARAMETERS
The design/selection of the balun 

is one of the most critical factors in 
the design of push-pull PAs. Several 
factors need to be considered when 
designing or selecting the correct 
balun for the ampli� er design:

Operational Bandwidth: The 
bandwidth where the balun must 
meet the speci� ed requirements.

Insertion Loss: A critical param-
eter that directly impacts the overall 
ef� ciency of the ampli� er. Higher 
insertion loss also limits the power 
handling capability of the balun and 
may make thermal management 
challenging.

Amplitude and Phase Imbal-
ance: Directly impacts the achiev-
able common-mode rejection ratio 
(CMRR) of the balun.

Impedance Transformation Ra-
tio: The desired ratio between the 
input and output impedances.

Power Handling: The maximum 
power the balun can handle without 
exceeding its speci� ed limits.

A CMRR of 20 to 25 dB is com-
monly achievable in a balun over 
a wide bandwidth. Figure 2 shows 
a chart of CMRR versus phase and 
amplitude imbalance. This chart 

i Fig. 4  15 W push-pull PA module.
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512 MHz. The two GaN HEMTs are 
biased at an 18 V drain supply with 
a total quiescent current of 80 mA. 
The input side of the module uses 
a balun rated at 1 W, while the out-
put uses a balun from Mini-Circuits 
rated at 15 W.

The push-pull design effectively 
minimizes second-order harmonics 
to -35 dBc without sacri� cing output 
power or PAE. The desired levels of 
power and PAE can be achieved by 
operating the push-pull ampli� er at 
drain voltages below the maximum 
rating for the GaN PA. The reduc-
tion of second-order harmonics 
makes this design particularly ad-
vantageous for tactical radio appli-
cations, especially within the 30 to 
512 MHz frequency band. The GaN 
power transistors shown in Figure 4 
are mounted on an evaluation board 
developed by TagoreTech. This 
module delivers an average power 
output of approximately 15 W. Fig-
ure 5 shows the measured gain and 
PAE versus output power for the 15 
W PA module. Figure 6 shows the 
performance of the second-order 
harmonics versus the output power 
of the 15 W ampli� er module.

65 W Push-Pull PA Module

Figure 7 showcases a 65 W push-
pull ampli� er design developed us-

distributed across four active de-
vices rather than one in the single-
device HPA. One of the drawbacks 
of this push-pull topology is cost, 
as it requires additional baluns and 
hybrid combiners at the input and 
output.

Table 3 summarizes the compari-
son of a single PA con� guration ver-
sus two small push-pull PAs. Table 
4 summarizes the comparison of a 
single HPA versus two push-pull PAs 
combined with a 90-degree hybrid.

Overall, the push-pull topology 
with 90-degree hybrids offers a more 
ef� cient and higher performing solu-
tion for high-power broadband PA 
design despite the increased design 
complexity and potential for higher 
costs.

PUSH-PULL AMPLIFIER 
REFERENCE DESIGNS

To illustrate the practical applica-
tion of the push-pull PA design ap-
proach, this section presents 15 W 
and 65 W push-pull PA module refer-
ence designs.

15 W Push-Pull PA Module

Figure 4 shows a 15 W push-pull 
ampli� er design using TagoreTech’s 
TA9310E GaN-on-SiC power tran-
sistors and baluns. This ampli� er 
is designed to operate from 30 to 

device presents challenges with 
bandwidth, PAE, harmonics, thermal 
management and cost. To minimize 
harmonics, lowpass � lters (LPFs) are 
needed to suppress the harmonics 
generated by the PA. LPF compo-
nents must support the appropriate 
power levels, which may increase 
their size and the space required on 
the PCB. This adds to the loss and 
cost of the overall design. Addition-
ally, achieving better PAE and output 
power with a single PA often requires 
sacri� cing output return loss. Stan-
dard designs using a single high-
power PA also typically achieve poor 
second harmonic levels.

Alternatively, using two smaller 
PAs in a push-pull topology and 
combining them with a 90-degree 
hybrid, as shown in Figure 3, can 
yield higher Pout, improved PAE, 
better harmonic performance and 
excellent input and output return 
loss due to the inherent character-
istics of the hybrid. This approach 
enhances overall performance and 
addresses the ef� ciency issues as-
sociated with single high-power 
device designs. This topology also 
simpli� es thermal management 
efforts since power dissipation is 

i Fig. 5  15 W PA module gain and PAE.
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i Fig. 6  15 W PA module second-order harmonics.
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TABLE 5
65 W PUSH-PULL PA MEASURED DATA

Function/Parameters Measured Data

VHF UHF1 UHF2 800 MHz

Operating Voltage 50 V 100 mA (50 mA+50 mA)

Test Frequency (MHz) 136 to 175 380 to 450 450 to 520 760 to 870

Pavg (dBm) 48 to 48.5 48.6 to 48.8 48.4 to 48.6 48

PAE at Psat (Percent) 58 to 61 57 to 61 52 to 57 42 to 45

Second Harmonic (dBc) at Psat -25 -25 -26 -30

i Fig. 7  65 W push-pull PA module.
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SUMMARY
This article has explored the advantages of push-pull 

ampli	 er topology, particularly when combined with 
GaN technology, for wideband PA design. By pairing 
two or more ampli	 ers, push-pull ampli	 ers effectively 
address the challenges of achieving high power out-
put, wide bandwidth and low distortion in broadband 
PA designs. GaN technology offers superior properties 
such as wide bandwidth, high ef	 ciency, superior ther-
mal conductivity and high breakdown voltage, making 
it an ideal choice for these applications.

The article has compared push-pull con	 gurations to 
PA designs using a single device. This analysis has high-
lighted the superior harmonic performance, ef	 ciency and 
thermal distribution of the push-pull architecture. Despite 
the increased design complexity and potentially higher 
component count, push-pull con	 gurations provide sig-
ni	 cant advantages in bandwidth, ef	 ciency and harmonic 
control.

Combining push-pull topology with GaN technology 
results in high performance, wideband ampli	 ers that 
meet stringent requirements for ef	 ciency, distortion, 
power handling and thermal management. This makes 
them a compelling choice for RF applications where 
performance, size and cost are critical.

ing two of TagoreTech’s TA9410E 40 W GaN-on-SiC 
power transistors in conjunction with an in-house co-
axial balun design. This ampli	 er is designed to operate 
from 135 to 870 MHz, driven by a 50 V drain supply. 
For optimal performance, a balun rated at 4 to 5 W is 
utilized on the input side, while a balun rated at 75 W is 
employed at the output.

The ampli	 er’s push-pull topology effectively re-
duces second-order harmonics to -30 dBc. This ensures 
that output power and PAE are not compromised. Op-
erating at a maximum voltage of 50 V, this design meets 
the high-power requirements essential for dash-mount 
or vehicular LMR/PMR radio applications.

The suppression of second-order harmonics makes 
this ampli	 er particularly suitable for LMR applications, 
especially across very high frequencies (VHF), ultra-high 
frequency 1 (UHF1), UHF2 and the 800 MHz band. Ta-
ble 5 shows a summary of the 65 W push-pull ampli-
	 er performance in these bands. The evaluation board 
in Figure 7 delivers an average power output of 63 to 
70 W in the LMR frequency range. Figure 8 shows the 
measured gain and PAE versus output power for the 65 
W PA module. Figure 9 shows the performance of the 
second-order harmonics versus the output power of the 
65 W ampli	 er module.

i Fig. 8  65 W PA module gain and PAE.
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i Fig. 9  65 W PA module second-order harmonics.
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Vector Network Analyzer for 
Embedded OEM Applications
LA Techniques Ltd
Surbiton, U.K.

AAI Robotics Ltd
Cambridge, U.K.

T
he LA19-14-06 instrument is a com-
pact vector network analyzer (VNA) 
module designed to be embedded 
into original equipment manufac-

turer (OEM) applications. It is a turnkey solu-
tion that enables fast and �exible microwave 
vector measurements within an embedded 
system. The module is provided with exten-
sive cross-platform software and program-
ming examples are available in multiple 
languages. The instrument features a novel 
calibration store feature with a patent appli-
cation that aids temperature measurement 
stability over time.

VECTOR NETWORK ANALYZERS
VNAs are increasingly employed in 

medical and industrial processes, requir-
ing microwave reflection and transmission 
measurements. Recent examples of novel 
VNA applications include detecting total 
dissolved solids in steam boilers, detecting 
corrosion under insulation in steel pipes, 
detecting positive margins in breast cancer 
surgery and detecting biomarkers in as-
sessing traumatic brain injury. These novel, 
dedicated applications are challenging to 
serve using traditional desktop or handheld 
VNAs mainly because of cost, size and fre-
quency and practicality of calibration.

LA Techniques Ltd has developed an 
OEM VNA module to address these chal-
lenges. With this development, the compa-
ny plans to enable the potential of VNAs to 
be fully realized in embedded applications. 
Using the module can significantly reduce 
the time-to-market, development and pro-
duction costs of any new embedded appli-
cation involving RF vector measurements.

The OEM VNA module operates from 

300 kHz to 6.4 GHz. The compact module 
measures only 117 × 69 × 19 mm. It pro-
vides a measurement speed down to 100 
µs per complex reflection coefficient mea-
surement point, a low distortion test sig-
nal with 10 Hz setting resolution and up 
to 10,001 measurement points. It features 
a unique calibration store that significant-
ly reduces temperature drift of reflection 
measurements and reduces the number of 
calibrations required over time. Optionally, 
the VNA module can also measure complex 
transmission coefficients.

FAST AND FLEXIBLE SOFTWARE SUPPORT
Extensive cross-platform software sup-

port for the new OEM VNA is provided. A 
user interface and SCPI control are available 
to prototype and develop new applications 
rapidly. Programming examples are avail-
able in the C++, C and Python program-
ming languages to facilitate the transition 
of new applications into production. Out-
of-the-box, the software can be run on Win-
dows, Linux, macOS and Raspberry Pi. It 
can be made available for other embedded 
platforms on request. Figure 1 illustrates a 
possible remote access arrangement.

CALIBRATION TEMPERATURE DRIFT 
COMPENSATION

VNA calibration is used to remove inher-
ent errors introduced by imperfections in 
the VNA as well as test fixtures and cables 
between the VNA and the DUT. In addition, 
there will be a temperature dependence, 
mainly due to variations in the characteris-
tics of circuit components within the VNA. 
In the case of reflection measurements, 
these imperfections can be conveniently 
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the internal standards do not have to be known or 
fabricated accurately to be later used to remove the 
effects of temperature drift from a conventional reflec-
tion measurement calibration.

The advantage of using the embedded electronic 
calibrator can be seen by measuring a device with a 
suitable reflection coefficient and observing how the 
measurement varies as the VNA temperature varies. 
A mismatched device with a nominal linear reflection 
coefficient of 0.25 (12 dB return loss) was chosen for 
this test. The VNA was calibrated with an external 
calibration kit when the VNA case temperature was 
32°C. The DUT was then measured at 32°C, 10°C and 
47°C. Figure 3 shows the results with and without the 
temperature stabilization algorithm at a temperature 
change of -22°C and Figure 4 shows the results at a 
temperature change of +15°C.

CONCLUSION
A new, compact OEM VNA module has been de-

scribed with a module that includes an embedded 
electronic calibrator. This module, together with a 
novel algorithm, can minimize the effect of temper-
ature drift. This provides clear benefits in reducing 
measurement errors caused by large changes in the 
operating temperature of the VNA, without the need 
for an operator to perform a new calibration. The low-
cost module is supplied with fast and flexible software 
options, making it ideally suited for many dedicated 
OEM and embedded applications.

LA Techniques Ltd
Surbiton, U.K.
www.latechniques.net

AAI Robotics Ltd
Cambridge, U.K.
www.aairobotics.com

modeled by three error terms: e11 (directivity), e22 
(source match) and e121 (frequency tracking). Con-
ventionally, these errors can be corrected by calibrat-
ing immediately before use.

The OEM VNA module will likely be used over a 
wide range of ambient temperatures. In many appli-
cations, it will not be practical to perform a calibration 
before use to reduce the effect of temperature drift. 
The LA19-14-06 OEM VNA module employs an inter-
nal electronic calibrator, a new technique to reduce 
drift and improve the quality of reflection measure-
ments by refreshing the external calibration. The ar-
rangement used is shown in Figure 2.

STORING AND REFRESHING A CALIBRATION
Once a conventional calibration using an external 

calibration kit is complete, the user can make the cali-
bration resilient to temperature drift by immediately 
measuring the calibrator’s internal short, open and 
load (SOL) standards and storing these measurements 
in non-volatile memory. New algorithms developed by 
LA Techniques Ltd can then use these measurements 
to remove the effect of any temperature drift later in 
the measurements by refreshing the calibration, which 
computes a new set of error terms e11, e22 and e121. 
The ability to instantly compute a new set of error 
terms makes the feature unique and potentially trans-
parent to the use of the module.

The measurements of the calibrator’s embedded 
SOL standards are not meaningful by themselves. 
They cannot be used directly for a conventional re-
flection measurement calibration. The advantage of 
the novel calibration store/refresh technique is that, 
with the new mathematical processing developed, 

i Fig. 1  OEM VNA module can be paired with a Raspberry Pi.
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20 GHz 3U VPX Module Speeds 
EW and Radar Design Times
Analog Devices, Inc.
Wilmington, Mass.

S
ystem requirements are driving 
demand for compact electronic 
products with enhanced capabili-
ties and shorter design cycles. The 

ADSY1100-series RF system-on-module 
(SoM) assemblies from Analog Devices, Inc. 
combine an RF tuner, sensors and a � eld-
programmable gate array (FPGA) in a 3U 
VPX module aligned to the Sensor Open 
Systems Architecture™ (SOSA™) standard. 
The RF SoMs are available with swappable 
RF front-end mezzanine cards to provide a 
selection of frequency ranges from 10 MHz 
to 55 GHz. The small size, weight and pow-
er (SWaP) of these multifunction modules, 
coupled with selectable frequency ranges, 
help designers of advanced electronic sys-
tems in communications, electronic test and 
measurement, electronic warfare (EW) and 

radar systems to speed these 
devices to the production line. 
Figure 1 shows an ADSY1100-
series RF SoM housed in 3U 
VPX enclosures with back-
plane connectors aligned to 
the SOSA™ standard.

The ADSY1100-series RF 
SoMs pack an RF/microwave 
tuner, Apollo MxFE® 20 GSPS 
high speed digitizer, micro-

processor and a large FPGA into a single 
1 in. pitch 3U VPX assembly. The system 
shown in Figure 1 features a slot profile for 
the backplane connectors aligned accord-
ing to the SOSA™ standard. Within the 
compact VPX housing, the mezzanine cards 
connect to the heart of each digitizer, an 
Apollo MxFE™ model AD9084 signal con-
verter housed in a ball grid array package. 
To sample signals from the RF tuner mezza-
nine cards, each AD9084 incorporates four 
16-bit digital-to-analog converters capable 
of sample rates to 28 GSPS and four 12-
bit analog-to-digital converters running at 
speeds up to 20 GSPS.

Marrying high dynamic range and wide-
band digitization with up to 10 GHz of in-
stantaneous bandwidth with advanced 
processing capabilities in a reduced SWaP 
format, the AD9084 within each ADSY1100-
series SoM feeds a Virtex™ UltraScale+™

VU11P FPGA from AMD connected to a 
Zynq™ UltraScale+ ZU4EG multiprocessor 
system-on-chip (MPSoC) device with 64-bit 
microprocessor capability from AMD Xilinx. 
These devices and the AD9084 signal con-
verter are on the ADSY1100 Digitizer Base 
Card within each ADSY1100 VPX unit. The 
base card also houses optical transceivers, 
clock conditioning, power distribution and 
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i Fig. 1  ADSY1100-series RF SoM.
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and attenuation, RF filtering, op-
tional RF frequency conversion and 
switched paths. Among these, the 
0.01 to 8.5 GHz personality card 
employs a simple RF chain to oper-
ate in the first Nyquist zone. How-
ever, a 0.1 to 18 GHz personality 
card implements a switchable filter 
bank for a higher frequency range 
to operate in the first and second 
Nyquist zones. A 0.1 to 20 GHz 
personality card uses an integrated 
up-converter and down-converter 
to operate in the first Nyquist zone 
for a different high frequency op-
tion. A pass-through personality 
card that omits the front-end signal 
chain to enable direct signal flow 
into the base card is also available. 
Detected and synthesized signals 
arrive on the ADSY1100 Digitizer 
Base Card via RF/microwave con-
nectors delivered from the TPC.

Data is offloaded from the 
ADSY1100 Digitizer Base Card 
through a 2× 100 Gb Ethernet op-
tical transceiver, which feeds P2A 
and P2B connectors or by stor-
ing the digitized data to onboard 
memory and subsequently query-
ing the memory from the SGMII 
interface.

Analog Devices, Inc. 
Wilmington, Mass.
www.analog.com/adsy1100

though ESD precautions should al-
ways be taken, given the high den-
sity of function and performance. 
Figure 3 is a block diagram of the 
ADSY1100-series SoM showing 
these functions and interfaces.

THEORY OF OPERATION
The ADSY1100 Digitizer Base 

Card houses the AD9084, Virtex 
UltraScale+ FPGA and Zynq Ultra-
Scale+ MPSoC, as well as optical 
transceivers, onboard memory, a 
power distribution network, clock 
conditioning and more. The P0 and 
P1 backplane connectors connect 
directly to the ADSY1100 Digitizer 
Base Card to provide a 12 V pow-
er source, clock sources, auxiliary 
power, UART, JTAG, PCIe Gen3 
data plane, 40/100 Gb Ethernet 
data plane, 10/25 Gb Ethernet data 
plane, 1 Gb Ethernet SGMII control 
plane, Aurora expansion plane and 
more. An onboard phase-locked 
loop/synthesizer accepts a low fre-
quency reference clock. It synthe-
sizes two 20 GHz output signals 
with low phase noise that serve as 
the sample clock for the AD9084 
and the LO for some attached Tun-
er Personality Cards (TPCs).

A family of TPCs mates to the 
ADSY1100 Digitizer Base Card to 
enable optimized performance 
based on user case. Typical TPC 
functions include variable gain 

onboard memory. Multiple circuit 
cards fit within each ADSY1100-se-
ries VPX module, including a base 
card and an RF mezzanine card. 
Figure 2 shows a rendering of the 
components and the layout of the 
ADSY1100-series SoM.

The ADSY1100-series 3U VPX 
modules are well-suited for various 
applications, including wideband 
instrumentation, communications, 
radar and EW systems. This design 
is especially suitable for applica-
tions requiring reduced SWaP. The 
multiple-channel RF SoMs can be 
optimized and quickly deployed 
for a targeted frequency range by 
choosing swappable RF front-end 
mezzanine cards.

CHOOSING AN RF CARD
RF mezzanine cards are avail-

able for direct sampling in the 0.01 
to 8.5 GHz and 0.1 to 18 GHz fre-
quency ranges. They are also avail-
able for frequency tuning from 0.1 
to 20 GHz and tuning input signals 
as high as 55 GHz. Each tuner card 
provides four receive and four trans-
mit channels and operates on +3.3 
VDC and +12 VDC power supplies.

All ADSY1100-series SoMs offer 
an array of control interfaces, in-
cluding 1, 10 and 40 Gb Ethernet, 
two-channel 100 Gb optical Eth-
ernet and eight PCIe Gen. 3 con-
nectivity lanes. Captured data can 
be stored within internal memory 
or transferred at high speed by the 
100 Gb optical Ethernet port. The 
digitizers are protected against 
overvoltage transients and ESD, al-

i Fig. 3  ADSY1100 functional block diagram.
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Millimeter Wave Filters Shrink 
EW and Radar Systems
Benchmark Lark Technology
Tempe, Ariz.

M
ilitary electronic systems rely 
on rugged �lters to separate 
desired and undesired signals. 
As systems and components 

shrink to meet reduced size, weight and 
power (SWaP) requirements, �lters must 
also shrink as they extend into Ku-/Ka-Band 
and mmWave frequency ranges. With short 
wavelengths, mmWave �lters are smaller 
than their lower frequency counterparts.

Filters for electronic warfare (EW) and ra-
dar applications present design and fabri-
cation challenges at mmWave frequencies. 
Benchmark Lark Technology’s mmWave 
bandpass filters demonstrate that careful 
selection of circuit materials and manu-
facturing processes can reduce mmWave 
SWaP. With low loss passbands through 40 
GHz and high out-of-band rejection, the 
filters fit in small SMT packages. Though 

small, the filters meet demanding EW and 
radar performance requirements in harsh 
operating environments with wide temper-
ature ranges.

High frequency filters are essential for 
spectrum management in EW and radar 
systems. The need for filters grows as spec-
trum usage extends into mmWave frequen-
cies. Because of shorter mmWave wave-
lengths, critical components like bandpass 
filters must be small and often require 
more fabrication time. Close spacing of fil-
ter transmission lines can create unwanted 
electromagnetic coupling and pose chal-
lenges for manufacturing processes requir-
ing tight component tolerances.

Printed circuit board (PCB)-based band-
pass filters, like SMT filters, enable minia-
turization in single-layer and multilayer con-
figurations. They support reduced SWaP 
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EXPLORING EXAMPLES
Through careful design and 

thoughtful choice of circuit mate-
rials, Benchmark Lark Technology 
has developed several mmWave 
filter families that provide the per-
formance needed for EW and radar 
systems and are small enough to 
enable system miniaturization. The 
mmW-STL and mmW-FH mmWave 
bandpass filters are available in 
SMT formats for PCB mounting. 
Both have customizable passbands 
from 5 to 40 GHz and operating 
temperatures from -40°C to +85°C.

The mmW-STL bandpass fil-
ters in Figure 1 have impressive 
capabilities in SMT housings. 
Their performance and size rely 
on stripline circuits fabricated on 
advanced substrate materials with 
a proprietary blend of soft ther-
moplastic substrates and rigid 
thermoset materials. This combi-
nation of materials provides the 
electrical and mechanical char-

on high-quality dielectric materials 
with high conductivity plating to 
achieve the required filter respons-
es at mmWave frequencies.

EW AND RADAR FILTERS
High frequency EW and radar 

bandpass filter requirements in-
clude well-defined, often narrow, 
passbands with low passband in-
sertion and return loss. High selec-
tivity and minimal center frequency 
loss ensure the filter will not ob-
scure passband signals of interest. 
Filter rejection levels, characterized 
by the lower and upper stopbands, 
characterize unwanted signal sup-
pression in the filter’s operating 
frequency range. Power-handling 
capabilities determine the maxi-
mum input power level before sig-
nal distortion. The maximum input 
power rating will be CW or pulsed 
depending upon the application.

Filter circuit topology and cir-
cuit material choices complicate 
bandpass and other filter responses 
at mmWave frequencies. Smaller 
mmWave circuit dimensions can 
stress manufacturing process capa-
bilities, lowering yields and achiev-
ing tight dimensional tolerances to 
enhance production yields raises the 
manufacturing cost per filter. Circuit 
material choices also impact filter 
manufacturing yield, especially at 
mmWave frequencies. Material pa-
rameters like dielectric constant or 
dissipation factor consistency across 
the material impact filter consistency, 
repeatability and performance.

trends in defense systems and 
equipment. EW and radar systems 
often need narrow passbands with 
high selectivity. Increasing system 
frequencies limit signal power lev-
els and passband loss becomes 
an essential performance param-
eter. In addition, more than 30 
dB rejection of unwanted signals 
outside the passband frequency is 
required in those systems. Radar 
applications may also require ex-
tended power-handling capabili-
ties for high-power pulsed signals 
and thermal stability to maintain 
consistent electrical performance 
at these power levels.

Careful transmission line layout 
contributes to tightly controlled 
electrical characteristics despite 
the shrinking size of mmWave cir-
cuits. Transmission lines include 
microstrip, stripline and substrate-
integrated-waveguide (SIW) tech-
nologies. High frequency PCB de-
signers are familiar with microstrip 
and stripline transmission lines, but 
perhaps less so for mmWave fre-
quencies. SIW circuits are well suit-
ed for closely-spaced transmission 
lines typical of mmWave circuits. 
SIW filters fabricated on suitable 
circuit materials can consistently 
perform in hostile environments, 
like those with varying operating 
temperatures and humidity.

Miniature SIW bandpass filters 
manufactured with PCB processes 
can produce consistent and re-
peatable unit-to-unit performance. 
Producing SIW filters on low loss 
substrate materials can reduce 
non-recurring engineering costs 
and the time required to transform 
a prototype into a production unit. 
Microstrip, stripline and coplanar-
waveguide technologies also sup-
port mmWave filter responses 
and circuit miniaturization. These 
technologies must be fabricated 

i Fig. 1  mmW-STL � lters feature 
temperature-stable stripline circuits.

i Fig. 2  Transmission and re� ection plots for a 40 GHz mmW-STL � lter.
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acteristics needed for rugged, high performance 
mmWave SMT filters. Because the stripline filter 
circuits can be fabricated with standard PCB manu-
facturing processes, mmW-STL bandpass filters can 
be quickly transformed from design to production. 
They can be modified for 10 to 25 percent custom 
passbands from 5 to 40 GHz.

For example, an mmW-STL bandpass filter with a 
40.2 GHz center frequency and 6124 MHz (15.2 per-
cent bandwidth) 3 dB passband was designed for a 
0.275 × 0.080 × 0.025 in. package. Figure 2 shows the 
transmission and reflection measurements. The loss is 
3.58 dB at the center frequency and the passband re-
turn loss is greater than 10 dB. Unwanted, out-of-band 
signals are rejected by more than 40 dB.

An mmW-FH SIW filter with soft thermoplastic sub-
strates and rigid thermoset materials was fabricated 
with a 2824 MHz 3 dB passband centered at 30.9 GHz 
(9.1 percent bandwidth). Figure 3 shows this device 
in a 0.360 × 0.120 × 0.070 in. package. Loss at center 
frequency is 1.8 dB, while return loss is better than 10 
dB. Figure 4 shows transmission and reflection mea-
surements of the mmW-FH SIW filter.

Both mmWave filter series are customizable to elec-
trical and mechanical requirements. Well-equipped 
test capabilities for design and production support the 
manufacturing processes that enable quick prototype-
to-production transition. When SWaP is a concern for 
mmWave frequencies, filters can be quickly developed 
for the most demanding defense-related applications, 
including EW and radar systems.

Benchmark Lark Technology
Tempe, Ariz.
www.bench.com/lark

i Fig. 4  Transmission and re� ection responses of a mmW-FH 
� lter.
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performance and zero low pressure 
outgassing. Eravant offers CVAC 
chamber access along with an array 
of advanced test equipment to sup-
port S-parameter, conversion gain, 
phase noise, noise �gure and device 
linearity measurements.

Eravant is dedicated to making 
mmWave technology accessible 
and affordable for developers of 
new applications. Our decades-
long record of innovation and ef�-
cient production enables us to help 
customers test their ideas quickly 
and transition more directly toward 
commercialization.

Eravant (formerly Sage 
Millimeter Inc.) 
Torrance, Calif. 
www.eravant.com

Chamber Enables 110 
GHz 4K Testing

E
ravant’s in-house cold vac-
uum (CVAC) test chamber 
supports component test-
ing at frequencies from DC 

to 110 GHz using 1.0 mm coaxial 
feedthrough connectors. Other 
feedthrough connector types in-
clude SMA, 2.92, 2.4 and 1.85 mm. 
Component tests are performed at 
temperatures down to 4K (-269°C) 
using a two-stage Gifford-McMa-
hon cryocooler providing 1 W of 
second stage cooling power down 
to 4.2K. The cryocooler’s second 
stage is attached to an OFHC cold 
plate that is surrounded by a mirror-
�nished radiation shield connected 
to the �rst stage. Shield tempera-
tures as low as 60K can be achieved 
to minimize the heat contribution 

from internal radiation. The cham-
ber is equipped with silicon diode 
temperature sensors and a vacu-
um pressure transducer that feeds 
digital temperature and vacuum 
controllers. The controllers include 
communication interfaces that en-
able fully-automated testing and 
provide data logging capabilities.

Vacuum levels as low as 10-8 Torr 
are possible for low-power com-
ponents. Achievable temperatures 
and vacuum levels depend on the 
component heat dissipation and 
the number of signal feedthroughs. 
With an array of KF-50, KF-40, KF-25 
and KF-16 access ports, the cham-
ber provides a test volume of 7.5 x 
7.5 x 7.5 in. Eravant uses the CVAC 
chamber to develop components for 
military and space applications that 
demand reliable low temperature 
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touchscreen shows forward and re-
�ected power, real-time VSWR, sys-
tem voltages and currents, operat-
ing temperature of the PA modules 
and heat sinks and internal system 
temperature. Gain control of more 
than 20 dB is accessible using the 
screen or remote interface.

The Exodus product lines use 
LDMOS, GaN HEMT and GaAs 
technology, many manufactured 
internally. In addition to HPAs, Exo-
dus designs low noise ampli�ers, 
modules and multi-band systems 
from 10 kHz to > 75 GHz.

Exodus Advanced 
Communications 
Las Vegas, Nev. 
exoduscomm.com

High-Power SSPA 
Produces 600 W

E
xodus Advanced Commu-
nications has developed a 
high-power solid-state gat-
ed ampli�er for pulsed radar 

applications. This ampli�er targets 
TWT-based �eld applications. The 
AMP2088-GC uses gating control 
for 15 nsec (typical) rise and fall 
times with typical RF delays of 200 
to 250 nsec, making it ideal for data 
acquisition. Although ideal for radar 
applications, it may also be used for 
electronic warfare applications and 
general radiated susceptibility re-
quirements such as EMI-Lab/RS103. 
The AMP2088-GC ampli�er covers 
the 500 to 1000 MHz P-Band instan-
taneously while providing outstand-
ing band �atness. The ampli�er pro-
duces a minimum output of 500 W 

and exceeds 600 W for much of the 
band. The ampli�er incorporates 
a class A/AB design that produces 
57 dB minimum gain, less than -20 
dBc harmonics at rated output and 
-60 dBc spurious with a 3 dB peak-
to-peak power gain �atness. The 
AMP2088-GC is rack-mountable or 
may be used on a bench. The solid-
state power ampli�er (SSPA) noise 
output is better than -140 dBm/Hz, 
enabling excellent measurement 
resolution. The high-power ampli-
�er (HPA) has type N-female con-
nectors for the RF input/output and 
an optional RF sampling port.

The HPA provides extensive 
control and monitoring, including 
optional calibrated power monitor-
ing. Monitoring is via the color dis-
play or remote control. The color 

TechBriefs
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 ADI’s SOI Switches
In this video, ADI introduces 
their latest high-power RF 
silicon on insulator (SOI) 

switch technology, tailored to meet the 
increasing power demands in the aero-
space, defense and instrumentation 
market segments.

Analog Devices Inc.

www.analog.com/en/resources/media-center/
videos/6355241554112.html

M A K I N G

New 2024
RF Product Guide
Insulated Wire Inc. announced the 
availability of their 2024 High Power 
Microwave Products catalog. The new 
15-page brochure features products 
for a broad range of both defense and 
commercial markets. 
Insulated Wire Inc. 
www.insulatedwire.com

High-Power Combiners for 
ISM RF Energy Applications 
up to 16 kW

Check out this new Mini-Circuits video 
on their expanded family of high-power 
splitters and combiners for ISM RF and 
microwave energy applications. 

Mini-Circuits
www.youtube.com/
watch?v=9ZDIl-YMJ6g&t=2s

Model Rap Blog
In the latest blog post in the Model Rap Blog series, “Push Higher Frequencies 
with Lumped-Element Filters,” see how it is possible to extend beyond a few 
GHz and successfully design bandpass � lters with center frequencies in the 
X-/Ku-Band range thanks to Modelithics models for surface-mount compo-
nents.
Modelithics
www.modelithics.com

MPG launched a powerful new interface 
on their website to simplify your search 
for RF and microwave products. Whether 
you are selecting � lters or switches, the 
revamped UI will streamline your experi-
ence like never before.
MPG
https://wizards.mpgdover.com/

Website 
Upgrade M5i.63xx Arbitrary 

Waveform Generators
Spectrum Instrumentation released a 

video highlighting their new AWGs in PCIe format, 
offering a combination of 10 GSPS output speed, 2.5 
GHz bandwidth, 16-bit vertical resolution and 8 GS of 
onboard memory. 

Spectrum Instrumentation

www.youtube.com/
watch?v=GtJeM17LP3o
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DEVICES/

COMPONENTS/MODULES

Directional Couplers 

KRYTAR, Inc. 

announced two new 

directional couplers 

operating in the 

wideband frequency 

range of 1.7 to 20.0 

GHz (L- through K-Bands) offering nominal 

coupling of 20 dB and 30 dB. These new 

couplers offer the ultimate solution for 

emerging designs and test and measure-

ment applications, including wireless 

communications, radar and satellite 

communications. Model 101720020 offers 

superior performance ratings, including 

nominal coupling (with respect to output) of 

20 dB, ±1.8 dB.

KRYTAR, Inc. 

www.krytar.com

Waveguide Switch

High reliability for your 

RF and microwave 

requirements, the 

WR90 Waveguide 

Switch performs from 

8.2 to 12.4 GHz with 

a VSWR of 1.10:1 

maximum, insertion 

loss of 0.07 dB maximum and isolation of 

80 dB minimum.

Logus Microwave 

www.logus.com

Splitter/Combiner  

Mini-Circuits’ model 

COM-G90G9316K+ is 

an eight-way, 

0/180-degree power 

splitter/combiner 

capable of handling 

as much as 20 kW 

CW power as a 

splitter or combiner from 900 to 930 MHz. 

It features 0.1 dB typical insertion loss 

above the 9 dB division loss with ± 0.1 dB 

typical amplitude unbalance and ± 1 degree 

typical phase unbalance. The 50 Ω

non-isolating differential power combiner 

has low 1.10:1 typical VSWR at the WR975 

waveguide sum port and has eight 7/16 DIN 

female connectors.

Mini-Circuits 

www.minicircuits.com

Trimmer Capacitors

Complementing 

Passive Plus Inc.’s 

comprehensive range 

of high Q variable 

capacitors (air tubular, 

sapphire, zirconia, 

PTFE and air plate trimmers) are the ¡lm 

trim and 3 mm trimmer capacitors. Also 

known as a trimmer capacitor, these are 

designed for ¡ne adjustments or calibration 

in RF circuits, providing the ability to vary 

capacitance, allowing precise tuning and 

optimization of electronic circuits in LC 

¡lters, radio transmitters and receivers, 

quartz oscillators, low noise ampli¡ers and 

NMR coil systems.

Passive Plus Inc. 

www.passiveplus.com

Subrack Components

Pixus Technologies 

now offers an 

expanded line of 

subrack components. 

This includes new 

subrack depths and 

heights in both the version-mount and 

horizontal-mount orientations for boards 

plugging into a 19 in. rack-mountable 

enclosure. Pixus provides all of the piece 

parts for a subrack and options for a fully 

assembled enclosure. Examples include 

card guides, horizontal rails, subrack 

sidewalls, threaded inserts and components 

geared for IEEE mount and Eurocard 

mechanicals (standard 3U, 6U and related 

sizes). The company offers several 

customized sizes and design styles.

Pixus Technologies 

www.pixustechnologies.com

Digital Programmable Attenuator 

Quantic PMI Model 

PDVAN-

8018-60-8-OPT25D-

BM is an 8-bit digital 

programmable 

attenuator that 

operates over the 

frequency range of 8 

to 18 GHz. This model offers low loss of 3.6 

dB typically and an attenuation range of 60 

dB. This model handles input power levels 

up to +25 dBm CW and signal levels up to 

+30 dBm CW without damage. The 

attenuation ¤atness over frequency is less 

than ±1.6 dB at full attenuation. Switching 

speed is < 800 ns. Housing is 2.0 × 1.8 ×

0.5 in. and has SMA connectors.

Quantic PMI 

www.quanticpmi.com

Optical Wavelength Transceiver

Spectrum Control 

introduces OptoX-

treme™ 16010 quad 

10G multi-mode 

optical wavelength 

(850 nm) transceiver 

that effectively addresses the high speed 

requirements of emerging defense systems, 

including avionics, radar, missile-detection 

and counter-measure and reconnaissance 

video surveillance. Featuring a proprietary 

pluggable optical connector interface and ball 

grid array (BGA) base layer contacts in a fully 

hermetic enclosure, the SMT optical 

transceivers are designed for reliable, high 

speed, mission-critical digital data transfer in 

harsh environments. OptoXtreme operates at 

20 Mbps to 10 Gbps per channel. 

Spectrum Control 

www.spectrumcontrol.com

Inductors

Vishay Intertechnol-

ogy, Inc. announced a 

signi¡cant expansion 

of its inductor product 

lines, adding a broad 

array of new products 

designed to provide customers with 

enhanced options for achieving speci¡c 

cost/performance ratios in their designs. 

The broadened portfolio will simplify the 

sourcing process for Vishay’s customers, 

offering a wider range of device options at 

various price points. This expansion 

includes new product offerings that cater to 

applications requiring higher inductance 

— by an order of magnitude — and higher 

voltage inductors. Additionally, Vishay has 

introduced more size variations, ensuring 

that customers can ¡nd suitable inductors 

for any available PCB space, no matter how 

small.

Vishay Intertechnology, Inc. 

www.vishay.com

16-Way Combiners/Dividers

Werlatone Model 

D9706 is a 16-way 

in-phase connector-

ized combiner/divider. 

It covers the full 2700 

to 3500 MHz band 

and is rated at 2000 

W CW. Model D9706 

is a non-isolated combiner and operates 

with less than 0.35 dB of insertion loss. 

Choose your speci¡c connector con¡gura-

tions from a list of options. Werlatone RF 

combiners handle the most stringent 

operating conditions for military and 

commercial applications.

Werlatone 

www.werlatone.com

N E W  P R O D U C T S
FOR MORE NEW PRODUCTS, VISIT WWW.MWJOURNAL.COM/BUYERSGUIDE

FEATURING STOREFRONTS
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AMPLIFIERS

Solid-State X-Band Pulse Ampli�er 

Exodus Advanced Communications’ 

AMP4022DBP-LC-2KW pulse ampli�er is 

designed for pulse/HIRF, EMC/EMI MIL-STD 

461/464 and radar applications. Providing 

superb pulse �delity and up to 100 usec 

pulse widths. Duty cycles to 6 percent with 

a minimum 63 dB gain. Available monitoring 

parameters for forward/re�ected power in 

watts and dBm, VSWR, voltage, current, 

temperature sensing for outstanding 

reliability and ruggedness for compact 

integrations.

Exodus Advanced Communications 

www.exoduscomm.com

Driver Ampli�er

The QPA9822 is a 

wideband, high gain 

and high linearity 

driver ampli�er. It 

provides 39 dB gain 

at 3.5 GHz and 

achieves a P1dB of 

28 dBm. The ampli�er 

is designed to handle 

wideband 5G NR instantaneous signal 

bandwidths, making it perfectly suited for 

mMIMO applications. The QPA9822 is 

internally matched to over the entire 

operating frequency band of 3.3 to 4.2 GHz 

and incorporates a fast enable/disable 

function through the VEN pin. QPA9822 also 

has external bias control capability for 

linearity optimization.

Qorvo 

www.qorvo.com

Power Ampli�ers 

Richardson RFPD Inc., 

an Arrow Electronics 

company, announced 

a featured lineup of 

Ka-Band, GaN-on-SiC 

MMIC power 

ampli�ers from United 

Monolithic Semicon-

ductors (UMS). Offered in die and plastic 

QFN packaging, the devices are available in 

a variety of power levels to support Ka-Band 

satcom uplink and 5G FR2 bands n257, 

n258, n259 (partial), n260 and n261. UMS’ 

proprietary GH15 GaN process is optimized 

up to 42 GHz and delivers high power, high 

PAE and high linearity. It is ideal for transmit-

ting modulated waveforms.

Richardson RFPD Inc. 

www.richardsonrfpd.com

High Precision Armored Test Cable 

MIcable’s AT110 series armored precision 

test cable uses low loss, phase and 

amplitude stable cable, coupled with 

multi-layer composite armor protection. It 

has excellent mechanical properties in 

reliable structure, water and oil proof, 

abrasion, compression and torsion 

resistance and good durability, as well as 

excellent electrical performance in low 

VSWR, low loss, high shielding effectiveness 

and stable amplitude and phase, especially 

in the room temperature range (-10°C ~ 

+30°C), the phase change rate is less than 

100 ppm. It is your ideal choice for the 

testing of 110 GHz products in laboratory 

and production line.

MIcable 

www.micable.cn

Cable Assemblies 

Pasternack has 

launched its 

semi-rigid and 

conformable cable 

assembly options. 

These new additions 

provide enhanced �exibility, performance and 

customization for a wide range of RF systems 

and applications. The new cable assemblies 

include a variety of sizes — 0.047 in., 0.086 

in., 0.141 in. and 0.250 in. — in both 

semi-rigid and conformable cables, offering 

versatile solutions for signal routing. 

Customers can select from multiple connector 

types, including 1.85 mm, 2.4 mm, 2.92 mm, 

3.5 mm, SMP, SMPM, SSMC, SMA and TNC.

Pasternack 

www.pasternack.com

Test Cables 

The P1dB PinPoint™ high performance test 

cables are built to last, with excellent 

performance to 125°C, along with a �ex life 

of > 50K cycles. These cables have 

exceptional phase stability across the entire 

band, along with best-in-class insertion loss 

and VSWR performance during �exure and 

bending. They are available in four different 

lengths: 24 in., 36 in., 48 in. and 68 in. 

assemblies and in a variety of interfaces. 

Available now at RFMW.

RFMW 

www.rfmw.com

CABLES & CONNECTORS

Non-Magnetic Connectors

Amphenol RF announced non-magnetic 

offerings with new SMPM PCB designs. 

These new connectors are available in the 

straight jack con�guration, featuring either 

full detent or smooth bore retention. They 

are speci�cally engineered with non-ferrous 

metals and alloys. Non-magnetic RF 

interconnects are essential for applications 

such as medical equipment, quantum 

computing components and military/

aerospace technology where the presence 

of magnetic material in the components may 

cause interference. These 50 Ω non-magnet-

ic SMPM jacks offer reliable electrical 

performance up to 26.5 GHz and are 

engineered with gold-plated, beryllium 

copper bodies.

Amphenol RF 

www.amphenol.com
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NewProducts
TEST & MEASUREMENT

Cryogenic and Vacuum Test 

Services 

Eravant offers 

cryogenic and vacuum 

component testing 

services using a 

custom-built cryogenic 

test chamber. 

Available 

feedthroughs include 

coaxial connectors 

operating up to 110 GHz. A 1 W cryo-cooler 

drops the device under test temperature to 

as low as 4.2 K while a turbomolecular 

vacuum pump reaches pressures as low as 

10-8 Torr.

Eravant 

www.eravant.com

Duck Antennas

L-com has just added a new line of rubber 

duck antennas. These omnidirectional 

antennas are compact and �exible for easy 

installation and adjustment, suitable for 

low-power applications and cost-effective. 

They come in three main frequency bands: 

2.4 GHz, 433 MHz and 916 MHz. The 2.4 

GHz antennas are commonly used to extend 

the range of Wi-Fi routers, improve the 

signal strength of Bluetooth devices and 

enhance the function of cordless tele-

phones.

L-com 

www.l-com.com

Broadband Power Ampli�er

Model ABP0250-02-5037 is a three-stage 

GaN-transistor-based power ampli�er 

module operating in the frequency range 

from 50 to 2500 MHz with 5 W of output 

power at a 4 dB gain compression point. It 

offers 50 dB of linear gain with excellent 

gain �atness. The unit operates with a 

single +28 V DC power supply. The package 

size of the ampli�er is 4.0 × 2.0 × 0.875 in.

Wenteq 

www.wenteq.com

Wideband Low Noise Ampli�er

Z-Communications 

Inc. announced the 

AWB0022M wideband 

low noise ampli�er 

spanning frequencies 

from DC to 22 GHz. 

The AWB0022M is a new product line 

introduction to the low noise ampli�er space 

for applications varying from test and 

measurement, lab bench and prototyping, to 

potential OEMs. The AWB0022M low noise 

ampli�er is a continuation of ZCOMM’s 

product line in the RF frequency chain and 

compliments the company’s existing 

frequency sources, such as the SS-

G22645LX wide band frequency synthesizer 

(45 MHz to 22 GHz).

Z-Communications Inc. 

www.zcomm.com

ANTENNAS

Gooseneck Omni Antennas 

Fairview Microwave 

announced the launch 

of its new gooseneck 

omni antennas. They 

are designed to 

deliver unmatched 

�exibility and 

durability for a wide 

range of applications. The new �exible omni 

antennas feature a gooseneck-shaped 

mounting base that allows them to be bent 

and repositioned at any angle, offering users 

exceptional adaptability in optimizing signal 

reception and transmission. Engineered to 

meet the demands of various environments, 

the gooseneck omni antennas are available 

across a wide range of frequencies and 

radiation patterns.

Fairview Microwave 

www.fairviewmicrowave.com
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BookEnd

Bookend
Electromechanical Coupling 
Theory, Methodology and 
Applications for High-
Performance Microwave 
Equipment

By Baoyan Duan and Shuxin Zhang

T
he subjects covered in “Electro-
mechanical Coupling Theory, 
Methodology and Applications 

for High-Performance Microwave Equip-
ment” are intriguing for those inter-
ested in high performance microwave 
equipment. This book provides readers 
with a comprehensive understanding of 
the theoretical model of   eld coupling 
between the mechanical displacement 
  eld, electromagnetic (EM)   eld and 
temperature   eld. These topics are not 
extensively covered in books available 
on the market. The authors, a team of 
university researchers, emphasize the 
application of electromechanical cou-
pling theory in the broadest de  nition 
of terms, such as EM interaction and 
coupling for high performance micro-

ISBN 13:  978-1-119-90439-7        

Pages: 336

To order this book, contact:
Wiley (December 2022)
https://www.wiley.com/en-us

wave equipment. The book reports 11 
chapters, discussing the background of 
EM coupling and coupling models, EM 
coupling-based evaluation and mea-
surement, CAD tools for coupling analy-
sis and design of electronic equipment 
and development trends of coupling dy-
namics. The book covers a broad range 
of topics and provides readers with a 
deeper insight into the design and de-
velopment of electronic equipment. It 
is an excellent resource for anyone in-
terested in designing high performance 
electronic equipment.

Overall, the content explores the in� u-
ence mechanism of mechanical factors 
on electrical performance. It proposes 
EM coupling test methods, evaluation 
methods and multidisciplinary optimi-
zation design methods based on   eld 
coupling theory and in� uence mecha-
nism. Moreover, the book develops a 
comprehensive design software plat-
form that integrates EM, mechanics and 
thermodynamics to solve the bottleneck 
problem that restricts the improvement 

of electronic equipment performance, 
affecting the development of electronic 
equipment in the next generation.

This book caters to an extensive range 
of buyers, covering a broad spectrum 
of expertise. It is an excellent resource 
for students and professionals work-
ing in the engineering   eld, from those 
just starting as junior design engineers 
to experienced technical expert scien-
tists. The book is highly informative and 
packed with valuable insights and infor-
mation that can bene  t individuals with 
varying levels of expertise.

Reviewed by: Ajay Poddar

 Presents a comprehensive text on lumped elements 
useful in the design of RF, microwave and millimeter wave 
components and circuits;

 Revised version has a more balanced treatment between 
standalone lumped elements and their circuits using 
MICs, MMICs and RFICs technologies;

 Provides detailed information on a broader range of 
RFICs not included in the 1st Edition;

 Features extensive formulas for lumped elements, 
design trade-offs, and updated and current list of 
references;

 Discusses fundamentals, equations, modeling, examples, 
references, and overall procedures to design, test, and 
produce microwave components.

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

Lumped Elements for RF 
and Microwave Circuits, 
Second Edition

Inder J. Bahl

ISBN 9781630819323 • 2023  

Hardcover • 600 pp

$189 / £164



DesignCon.com

Register at:

Created by engineers for engineers, DesignCon celebrates its 

30th anniversary bringing together designers, technologists, 

and innovators from the high-speed communications and 

semiconductors communities for three jampacked days of 

education, exhibits and networking.

The Nation’s Largest Event for Chip,
Board & Systems Design Engineers

EXPO

• Over 170 exhibits

• Daily keynotes open to  

all attendees

• Free education at 

Chiphead Theater  

and panels

• 30th anniversary Welcome 

Reception

EDUCATION

• 14 track conference with 

technical sessions and 

tutorials

•  Drive World conference 

focused on EV and 

autonomous electronics 

and intelligence

• Over 240 expert speakers

Use code MJH25 when 

registering for 15% off 

any conference pass or 

a free expo pass

Nation’s La

JANUARY 28–30, 2025
Santa Clara Convention Center

Santa Clara, California
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2.4 GHz Building Blocks
I S M  R F  &  M W  E N E R G Y

Flexible, Scalable Capabilities up to 6 kW

• 30 to +25 dBm (0.1 dB steps)

• Frequency from  2.4 to 2.5 GHz (1 kHz steps)

• Closed loop and feed forward  

RF power control modes

• User-friendly GUI and full API

• 2.4 to 2.5 GHz

• Drive up to 4 amplifier stages  

from 1 ISC-2425-25+ controller

• Precise control of amplitude  

and phase on each path

Coming soon

• 300W output power

• Supports CW & pulsed signals

• 42 dB gain

• 60% efficiency

• Built-in monitoring and protection

• 1.2 kW power handling (sum port)

• 0.1 dB insertion loss

• 0.15 dB amplitude unbalance

• 1° phase unbalance

• 4x N-Type to 7/16 DIN

Signal Generator/Controller
I S C - 2 4 2 5 - 2 5 +

Key Features:

4-Way Splitter with Phase  

& Amplitude Control 
S P L - 2 G 4 2 G 5 0 W 4 +

Key Features:

300W SSPA
Z H L - 2 4 2 5 - 2 5 0 X +

Key Features:

High Power 4-Way 

Combiner
C O M - 2 G 4 2 G 5 1 K 0 +

Key Features:

L E A R N  M O R E

Key Features:

Key Features:Key Features:

Key Features:Key Features:

Key Features:Key Features:



Microsembly: A Fully Equipped Partner

M
icrosembly, founded in 2019 and based in 
Merrimack, N.H., brings together prototyp-
ing, manufacturing, and testing capabilities 

in a 20,000-square-foot facility equipped with ISO 
14644-1-compliant Class 7 and Class 8 cleanrooms. The 
company is positioned to serve two main types of custom-
ers: smaller and medium-sized RF and microwave designers 
and suppliers looking to ful� ll speci� c, high performance re-
quirements and larger manufacturers who need to maintain 
tight delivery schedules without compromising quality. In 
both cases, Microsembly provides scalable, � exible support 
that allows clients to manage � uctuating demands without 
extensive capital investments.

For both customer groups, the prototyping stage at 
Microsembly emphasizes design for manufacturability 
(DFM), integrating practical manufacturing insights into 
the design process. For smaller companies, Microsem-
bly can re� ne designs to avoid costly production rework 
processes, while larger manufacturers can leverage the 
company’s DFM insights to validate product iterations 
before going to production volumes. Their cleanroom en-
vironments support contamination-sensitive processes 
like die a� ach, critical for high frequency RF and optical 
components, helping clients achieve high reliability.

Once a design is validated, Microsembly’s manufactur-
ing capabilities o� er a range of specialized techniques 
suited to high performance RF and microwave applica-
tions. Microsembly’s manufacturing processes include 
eutectic and epoxy die a� ach, wire and ribbon bonding and 
the direct a� achment of beam lead diodes for minimized 
parasitics in high frequency circuits. 

Additional manufacturing capabilities at Microsembly 
include custom coil fabrication and feedthrough soldering, 
which allow for tailored solutions and unique design need 
if speci� c RF and magnetic properties are required. In 
addition, Microsembly performs encapsulation and wafer 
processing to add protection and durability to compo-
nents that may need to operate in rigorous and harsh 
environments. 

These processes enable Microsembly to support com-
plex builds and component integrations, allowing clients to 
e� ectively add signi� cant manufacturing capacity without 
needing to expand in-house facilities.

Microsembly has test capabilities to 110 GHz. This en-
ables validation of RF, microwave and mmWave chips, com-
ponents and assemblies across a full range of electrical 
and mechanical performance metrics. For smaller suppliers, 
these capabilities eliminate the need for costly, in-house, 
high frequency testing equipment. Small and large sup-
pliers can bene� t from Microsembly’s testing suite that 
covers RF and EMI/EMC performance, mechanical stress 
and environmental conditions for a range of devices from 
basic active and passive components to complex, fully 
integrated microwave assemblies like up-converters and 
transceivers.

Manufacturers can also bene� t from Microsembly’s ex-
pertise by augmenting their quality control and inspection 
needs. Quality control is built into each phase of produc-
tion. This includes rigorous in-process inspections and cer-
ti� cations including ISO-9001, ITAR registration, ANSI/
ESD S20.20 and IPC-A-610, along with J-STD-001 
(Space Addendum).

Through its prototyping, manufacturing, inspection and 
testing services, the company reinforces a commitment to 
precision. This enables Microsembly products to meet the 
most stringent client requirements before reaching the 
� eld. In addition to these manufacturing services, the com-
pany also o� ers inventory services as part of a � exible, on-
demand partner relationship. Microsembly o� ers a unique 
set of value propositions for the industry. Smaller RF and 
microwave suppliers can bene� t from a contract relation-
ship that allows them to scale performance, quality and 
throughput. Larger manufacturers can use Microsembly as 
an extension to � ll speci� c design, production and test-
ing gaps. For customers of any size, Microsembly stands 
ready to manage manufacturing and supply chain demands 
with their expertise and service capabilities.

www.microsembly.com
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Nonlinear Algorithm for Small-
Signal GaN HEMT Modeling
Ziyue Ding, Haiyi Cai, Jincan Zhang, Yuhao Ren and Jinchan Wang
Henan University of Science and Technology, Luoyang, China

A nonlinear dynamic adaptive iner-
tia weights-particle swarm opti-
mization (DAIW-PSO) algorithm is 
described for GaN high electron 

mobility transistors (HEMTs) small-signal 
model intrinsic parameter extraction and 
optimization. Experimental results show 
that the DAIW-PSO algorithm addresses the 
problem that the PSO algorithm tends to 
converge too early and fall into a local op-
timum. It accurately extracts and optimizes 
the intrinsic parameters in the frequency 
range of 0.5 to 20.5 GHz.

The electronic information industry is 
rapidly changing, closely coupled with the 
thriving development of semiconductor 
devices.1-3 With the advantages of wide 
bandwidth, high electron mobility, high volt-
age resistance and the ability to operate 
reliably at high temperatures, GaN HEMTs 
are widely used in high-power and high fre-
quency circuits.4-11 Accurate modeling of 
GaN HEMTs is necessary to enable device 
and circuit design, where the accuracy of 
large-signal modeling depends largely on 
the small-signal model.12,13 It is therefore 
important to conduct small-signal modeling 
and to accurately extract and optimize the 
small-signal model parameters.14,15

Since 2000, representative GaN HEMT 

small-signal models and parameter extrac-
tion methods have been proposed.16,17 At 
present, the parameter extraction methods 
for GaN HEMT small-signal models include 
mainly direct extraction18-20 and numerical 
optimization.21-23 To extract the GaN HEMT 
small-signal model parameters quickly and 
accurately, this article employs the direct ex-
traction method to extract the parasitic pa-
rameters. Then, it uses an improved PSO al-
gorithm to extract and optimize the intrinsic 
parameters.24 The PSO algorithm has many 
advantages, such as being easy to imple-
ment with few adjustable parameters and it 
is often applied in many fields.26,27 However, 
the standard PSO algorithm has the prob-
lem of converging too early and easily falling 
into a local optimum.28,29

To address this, Clerc and Kennedy30 

proposed using the constraint factor λ to 
control the algorithm’s convergence speed. 
This strategy improves the performance of 
the standard PSO algorithm to a certain ex-
tent, but it is still easy to fall into a local op-
timum in highly complex and high-latitude 
optimization problems. To better improve 
the algorithm’s tendency to converge too 
early and fall into a local optimum, a nonlin-
ear DAIW-PSO algorithm is described in this 
article to extract and optimize the intrinsic 
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Where:
vi

t is the velocity of the particle
xi

t is the position of the particle
pi

t is the local optimum
gi

t is the global optimum
c1 and c2 are the learning factors
r1 and r2 are random numbers, 

usually in the range of [0 to 1]
ω is the inertia weight factor, typi-

cally taking values in the range of 
0.4 to 0.9.

The inertia weight factor is very 
important in regulating the global 
and local searches. When the value 
of ω is large, the swarm can perform 
the broadest search in the deter-
mined range. When the value of ω is 
small, the swarm can perform a � ne 
local search in a small, determined 
range. The inertia weight factor of 
the standard PSO algorithm is � xed, 
so the algorithm cannot balance the 
global search and local search well, 
suffering from the problems of con-
verging too early and easily falling 
into a local optimum.

Shi and Eberhart33 proposed a 
PSO algorithm with linearly decreas-
ing inertia weights to improve the 
algorithm’s search capability. How-
ever, the trajectory of the particle 
swarm in the actual optimization 
process is complicated, so the lin-
early decreasing inertia weights can-
not re� ect the actual optimization 

be extracted.
After stripping 

the effect of para-
sitic capacitances, 
parasitic inductanc-
es are extracted 
under unbiased 
conditions (VGS = 0 
V, VDS = 0 V). After 
removing the effects of parasitic ca-
pacitances and parasitic inductanc-
es, the parasitic resistances are then 
extracted using the reverse cutoff 
method with VGS = - 2.5 V and VDS =
0 V. This extraction technique does 
not rely on positive biasing of the 
Schottky gate junction, which elimi-
nates gate degradation induced by 
large gate currents.

DAIW-PSO Algorithm
The PSO algorithm randomly de-

� nes massless and volumeless par-
ticles to determine the optimal solu-
tion. Each particle has two vectors: 
velocity and position. In the iterative 
process, each particle updates the 
local optimal value (pbest) accord-
ing to the � tness function and the 
particle swarm � nds the global opti-
mal value (gbest) according to all the 
local optimal values. The particles 
continuously adjust speed and po-
sition according to their own expe-
riences and the experience of the 
swarm. The particles update their 
velocities and positions in the itera-
tive process described by Equation 
1 and Equation 2:
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parameters of a GaN HEMT small-
signal model.31

SMALL-SIGNAL MODEL
The GaN HEMT small-signal 

equivalent circuit model is divided 
into two parts, as shown in Figure 1. 
In this diagram, the intrinsic circuit 
model is inside the dashed box and 
the parasitic circuit model is outside 
the box. The parasitic components 
include mainly parasitic capacitanc-
es (Cpg, Cpd, Cpgd), parasitic induc-
tances (Lg, Ld, Ls) and parasitic resis-
tances (Rg, Rd, Rs). The intrinsic com-
ponents include mainly gate-source 
capacitance (Cgs), gate-drain capac-
itance (Cgd), drain-source capaci-
tance (Cgs), intrinsic resistance (Ri), 
drain-source resistance (Rds), gate-
drain resistance (Rgd), transconduc-
tance (Gm), time-delay constant (τ), 
gate-drain differential conductance 
(Ggdf) and drain-source differential 
conductance (Ggsf).

SMALL-SIGNAL MODEL 
PARAMETER EXTRACTION

Parasitic Parameter Extraction
The values of parasitic capaci-

tances, parasitic inductances and 
parasitic resistances are extracted 
separately. The parasitic capaci-
tances are extracted at the cutoff 
condition where VGS = -3 V, VDS =
0 V or VGS = -2.75 V, VDS = 0 V and 
the low frequency state.32 Under 
this condition, parasitic resistances 
and parasitic inductances can be 
neglected and the device exhibits 
mainly capacitive characteristics, al-
lowing the parasitic capacitances to 

 Fig. 1  GaN HEMT small-signal model equivalent circuit.
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 Fig. 2  DAIW-PSO optimization of intrinsic parameters 
algorithm � ow chart.
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search process. Considering this 
problem, this article uses nonlinear 
dynamic adaptive inertia weights to 
improve the PSO algorithm to pro-
duce the DAIW-PSO algorithm.

Evolutionary dispersion is used 
in the DAIW-PSO algorithm to de-
scribe changes in the overall � tness 
values during population evolution. 
The standard deviation of the � t-
ness value between the population 
of generation (t) and the population 
of generation (t-1) is de� ned as the 
evolutionary dispersion k(t).31 This is 
shown in Equation 3:

( )
k t

k t fitness t
fitness t

t

t1

1

1

1 3>

=

= -

=

^
^

^
^h

h
h
h

Z
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\
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]]]]

 The sigmoid function S(x) shows 
a good balance between linear and 
nonlinear and is a very good thresh-
old function,31 as shown in Equa-
tion 4:

( )expS x x1
1 4= + -

^ ^h h
 The DAIW factor is obtained by 

jointly evolving the discretization 
and sigmoid functions.31 Its inertia 
weight factor is given in Equation 5:
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; E
Where:
ωmax is the maximum inertia 

weight factor (usually taking the 
value of 0.9)

ωmin is the minimum inertia 
weight factor (usually taking the 
value of 0.4)

t is the number of contemporary 
iterations

Tmax is the maximum number of 
iterations

b is the damping factor to adjust 
the smoothing degree of k(t).

The DAIW-PSO algorithm is used 
to extract the intrinsic parameter 
parts of the device model. Its spe-
ci� c � ow is shown in Figure 2.

Intrinsic Parameter Extraction
After stripping the effect of para-

sitic parameters by de-embedding, 
the intrinsic parameters are extract-
ed and optimized under speci� c 
bias conditions using the DAIW-
PSO algorithm using Equation 6 
through Equation 9.
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Where:
Yint,11, Yint,12, Yint,21 and Yint,22 are 

the Y-parameters of the intrinsic cir-
cuit model

Ygs is the gate-source admittance
Ygd is the gate-drain admittance
Yds is the drain-source admit-

tance
Ygm is the intrinsic conductance.

From this, Equation 10 through 
Equation 12 are derived.
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The value of Cgs is found from 
the slope of Equation 10, which is 
plotted in Figure 3 and Rgsf is found 
from its intercept. The values of Cds
and Cgd are found from the slopes 
of Equations 11 and 12, respectively.

The Rds, τ and Gm values are 
found from Equation 13 through 
Equation 15. 
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The Rgd, Cgd and RiCgs values are 
derived from the slopes of the real 
part of Equation 16 and Equation 
17 to obtain the values of Rgd and 
Ri, Rgdf is derived from the intercept 
of the real part of Equation 16.
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EXPERIMENTAL RESULTS
A GaN HEMT device is used to 

verify the small-signal model in the 
frequency range of 0.5 to 20.5 GHz. 
The device is calibrated with an off-
wafer precision short/open/load 
standard. A Keysight E3631A pow-
er supply is used to provide the DC 
bias voltage and S-parameters are 
measured with a Keysight N522A 
vector network analyzer. The GaN 
HEMT 19-parameter small-signal 
model is constructed in Keysight  Fig. 3  Plot of B versus w2.
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 Fig. 4  S-parameter modeled results 
for VGS = 0 V, VDS = 10 V.

Measured
DAIW-PSO
PSO

S21/8

VGS = 0 V, VDS = 10 V

S11

S22

S12*4

 Fig. 5  S-parameter modeled results 
for VGS = – 1 V, VDS = 12 V. 

Measured
DAIW-PSO
PSO

S21/10

VGS = –1 V, VDS = 12 V

S11
S22

S12*8

 Fig. 6  S-parameter modeled results 
for VGS = – 1 V, VDS = 14 V.
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DAIW-PSO
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VGS = –1 V, VDS = 14 V
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A compact, wideband coplanar 
waveguide (CPW)-fed microstrip 
patch antenna fabricated on an 
FR4 substrate is developed for 

high data wireless applications. The flow-
er-shaped antenna, featuring circular slots 
and a 50 Ohm line, exhibits a 2490 MHz 
impedance bandwidth (3.96 to 6.45 GHz) 
and 2.5 dBi gain enhanced by a circular 
parasitic component for dual-band flexibil-
ity. It is cost-effective, compact and easy to 
fabricate, making it suitable for high data 
rate wireless applications. The design, vali-
dated by artificial neural networks (ANNs), 
k-nearest neighbor (KNN), decision tree and 
random forest machine learning algorithms, 
demonstrates good matching characteris-
tics and radiation performance in prototype 
tests.

In response to the growing demand for 
high data rates in short-range indoor applica-
tions, wireless communication system anten-
nas, particularly those utilizing parasitic ele-
ment antennas with split-ring resonators, are 
gaining traction. These antennas offer wide 
bandwidth, favorable radiation patterns and 

multifunctionality, making them highly suit-
able for a range of practical applications. A 
broadband effect can be achieved by insert-
ing a rectangular-shaped parasitic element 
into a CPW-fed ground plane. For example, 
a broadband high gain mushroom-shaped 
parasitic patch-loaded microstrip patch 
antenna was reported by Cao et al.1 In an-
other work, a circularly polarized dual-band 
single-layer antenna was developed using 
a crescent-shaped parasitic patch.2 With-
out the crescent-shaped patch, the antenna 
resonated at 2.4 and 5.4 GHz. Its bandwidth 
was increased from 5.2 to 5.8 GHz by load-
ing with the parasitic element; however, the 
size increased dramatically. W. J. Yang et al.3 
demonstrated a centered parasitic patch an-
tenna to enhance its bandwidth by up to 80 
percent.

Recently, CPW-fed antennas have gained 
popularity for diverse applications. A recent 
design, described by Ding et al.4 incorpo-
rates an open-loop parasitic patch on the 
substrate for broad bandwidth and sus-
tained gain, albeit with a large size. Likewise, 
a penta-band planar dipole antenna with a 

TechnicalFeature

MWJMWJ
APPROVED

   
   

   
   

RE

VIEW BOARD
 

e clusive 
        Digital Content ›››



MWJOURNAL.COM  DECEMBER 2024  115

TechnicalFeature

tenna 2 introduces circular slots in 
the square patch and adds match-
ing elements to the feedline. An-
tenna 3 adds rectangular slots to 
the CPW ground plane and slots 
to the matching elements. In the 
� nal design of Antenna 4, a circu-
lar parasitic element is added on 
the backside. The dimensions of all 
design parameters are optimized 
through parametric analysis of |S11|. 
Figure 2b shows the progressive 
performance improvement. Figure 
3 shows the effect of the stepped 
ground, improving the return loss 
and impedance bandwidth. The fre-
quency band shifts higher due to in-
creased capacitance introduced by 
the ground slots.

Varying the Parasitic Element 
Radius and Position

The effect on |S11| of varying the 
parasitic element radius (Rp) from 
4.5 to 5.5 mm is shown in Figure 
4a. The |S11| performance of the an-
tenna is best at Rp = 5.5 mm. As Rp
decreases, the resonant frequency 
shifts upwards as the antenna’s im-
pedance bandwidth decreases. The 
position of the parasitic element, 
d, is varied from 6.57 to 10.57 mm 
with the results shown in Figure 4b. 
It is clear that d = 6.57 mm mini-

This article describes a � ower-
shaped CPW-fed patch antenna 
with a parasitic element that in-
creases bandwidth. The antenna’s 
tiny size and � exibility to � ne-tune 
its frequency, bandwidth and di-
rectivity make it ideal for small de-
vices.7,8 This adjustability makes it 
highly adaptable and suitable for 
diverse applications with varying 
environmental dynamics or perfor-
mance demands. Smart machine 
learning (ML) techniques like ANN, 
KNN, random forest and decision 
tree9-11 are employed for optimi-
zation, overcoming the limitations 
of traditional time-consuming and 
computationally intensive methods.

ANTENNA STRUCTURE
The modi� ed � ower-shaped 

antenna shown in various views in 
Figure 1 is constructed from 0.8 
mm thick FR4 with εr = 4.4 and tan 
δ = 0.2. A circular parasitic element 
with a radius Rp = 5.5 mm at d =
6.58 mm is deposited onto the sub-
strate’s bottom surface. The square 
radiating patch is modi� ed with four 
circular slots of diameter dc = 2.5 
mm. The coplanar CPW feedline is 
a simple planar structure that pro-
vides wide bandwidth. Square and 
rectangular slots 
are used to change 
the dimensions of 
the ground plane, 
Lg and Wg, to im-
prove impedance 
matching. Table 1
lists the antenna’s 
optimized dimen-
sions. The com-
pactness of this 
radiator is real-
ized with the CPW 
ground plane and 
slots. Two identical 
branches at 45-de-
gree angles are 
connected to the 
50 Ohm microstrip 
line for tuning and 
impedance match-
ing.

Design Evolution
Figure 2a shows 

the design evolu-
tion. Antenna 1 is 
a simple CPW-fed 
square patch. An-

CPW feed is described by Chen et 
al.5 and Abkenar and Rezaei.6 De-
spite their advantages, these anten-
nas have had limited adoption due 
to their intricate geometries and 
lack of � exibility.

 Fig. 1  Antenna geometry: front view 
(a), front view parameters (b), back view 
parameters (c) and side view (d).
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TABLE 1
ANTENNA DIMENSIONS

Parameter Value (mm)

Substrate length (L) 28

Substrate width (W) 20

Length of patch (Lp) 13

Width of patch (Wp) 13

Width of ground (W1) 8

Length of ground (L1) 6

Width of feedline (Wf) 2

Length of feedline (Lf) 14.5

Parasitic element radius (Rp) 5.5

Diameter of circular slot in patch (dc) 2.5

Diameter of leaf (df) 4.51

Length of branch (t) 3.62

Length of leaf (l) 3.31

L2 2.5

L3 2.5

W2 4.4

W3 3
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mizes |S11| over the frequency band 
from 3.96 to 6.45 GHz. The center 
frequency shifts upwards and the 
impedance bandwidth decreases 
with an increasing value of d. Figure 
5a shows one side of the optimized 
prototype antenna and Figure 5b
shows the other side of the circuit 
board.

SIMULATED AND MEASURED 
RESULTS

Without the parasitic element, 
the simulation shows the antenna 
resonates at 2.9 GHz with a 588 

MHz bandwidth 
(2.6 to 3.19 GHz). 
The simulated and 
measured band-
widths for the 
antenna contain-
ing the parasitic 
element are 2490 
MHz (3.96 to 6.45 
GHz) and 2470 
MHz (3.95 to 6.42 
GHz), respectively, 
as shown in Figure 
6. The parasitic ele-
ment enhances the 
impedance band-
width by creating 
an additional reso-
nance at 4.2 GHz.

Figure 7 and 
Figure 8 show ra-
diation patterns 
across the operat-
ing band. The E-
plane patterns in 
Figure 7 are bidi-
rectional, while the 
H-plane patterns 
in Figure 8 are om-
nidirectional. The 
antenna gain is 
approximately 2.5 
dBi.

The surface cur-
rent distribution at 
4.2 GHz is shown in 
Figure 9. The cur-
rent density is high 
on the microstrip 
line, parasitic ele-
ment, a tiny sec-
tion of the ground 
plane, radiating 
patch and branch 
strips. This leads 
to several conclu-
sions:

• The high current density in ar-
eas like the radiating patch and 
branch strips suggests that these 
parts are vital for the effective 
radiation of electromagnetic 
waves.

• High current density on the mi-
crostrip line indicates ef� cient 
power transfer from the feed line 
to the antenna, suggesting good 
impedance matching.

• High current density on the 
parasitic element signi� cantly 
in� uences the antenna’s perfor-

mance, likely altering its radiation 
pattern or other characteristics.

• High current density in a section 
of the ground plane indicates its 
role in shaping the electromag-
netic � eld distribution and po-
tentially affecting the antenna’s 
radiation pattern.
Table 2 compares this antenna 

with previously reported antenna 
designs. Considering bandwidth, 
gain, size and design � exibility, this 
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 Fig. 2 Antenna design evolution (a) and corresponding |S11| 
simulations (b). 
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split criteria. This focus contrasts 
with ML’s usual emphasis on clas-
si� cation, showcasing regression’s 
signi� cance in research and practi-
cal applications.

Suppose y is the target variable 
and x is a particular attribute of the 
dataset. In that case, the reduction 
in the standard deviation of the ith
data point can be calculated using 
Equation 3:

( )SDR sd y y
x sd x 3i

i= - i^ ^h h|
The result is shown in Figure 13.

den neuron and 
network output 
weights

θ is the bias val-
ue

M(x) = a () is the 
activation function.

For the patch 
antenna, an ANN 
is constructed with 
four layers: one in-
put layer, two hid-
den layers and one 
output layer. The 
activation function 
for the input layer, 
which has a six-
unit output, is the 
recti� ed linear unit 
(ReLU). The � rst 

dense layer has an output of eight 
units using ReLU as its activation func-
tion. One of the three units in the 
second hidden layer has the ReLU as 
a function. The output layer has only 
one unit because only |S11| is pre-
dicted for the antennas. The output 
layer’s activation function is linear.

As seen from the patch antenna’s 
predicted versus actual values plot 
in Figure 11, the model prediction 
� ts well for smaller values of |S11|,
but there is some variation for larger
values.

KNN
The KNN algorithm, an unsuper-

vised ML method, classi� es new 
data by selecting the nearest K 
points. The optimal value of K = 5.0 
is determined via a ten-fold cross-
validation for minimal error, using 
the � ve closest neighbors for pre-
dictions. KNN predicts the correct 
class by calculating the distance be-
tween the test data and the training 
point. KNN uses Euclidean distance 
as de� ned in Equation 2:

( , ) ( )d m n n m 2i ii
n 2

1= -=
^ h|

The model works very well for 
smaller values of |S11|, as seen by 
the plots of expected and actual 
values shown in Figure 12.

Decision Tree
Regression, crucial for predict-

ing continuous values, is known for 
its accuracy and ef� ciency. Decision 
tree regression reduces the stan-
dard deviation and error in subsets 
by dividing datasets and optimizing 

approach offers an alternative that 
may be better suited for high data 
rate applications.

ML APPROACH
Advancements in wireless tech-

nology and IoT are driving the use 
of smart ML techniques like ANN, 
KNN, decision tree and random 
forest for ef� cient antenna design, 
improved prediction accuracy and 
process streamlining.9,10 These 
methods replace traditional, time-
consuming approaches by analyz-
ing data and revealing statistical 
relationships.

ANN
ANNs mirror biological neural 

networks. They contain input, hid-
den and output layers with inter-
linked nodes and have been used 
in radar, antenna design and re-
mote sensing applications since 
1990.7,8,16 Each associated node 
from every single layer is linked to 
every other one in the successive 
layer. The ANN architecture, com-
prising neurons and synapses, uses 
weighted stimulation for informa-
tion interpretation and output gen-
eration.9,10 This three-tier structure, 
as shown in Figure 10, replicates 
the equation y = M(x) by integrating 
input, output and latent layers. This 
is shown in Equation 1:

( ) ( )M x a i x wi 1i
l

1 ] i= +=
` ^ h j|

Where:
ΦI(x), i = 1 to l, is implemented in 

neurons in the hidden layer
 wi i = 1 to l represents the hid-

 Fig. 7  E-plane radiation patterns at
4.2 (a), 5.2 (b) and 5.8 (c) GHz.
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 Fig. 6  Simulated and measured antenna |S11|.
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Random Forest
Random forest regression uses 

multiple decision trees on random 
subspaces, avoiding over� tting/
under� tting in large datasets with 
mean-squared error (MSE) for node 
splitting; its output, xi, aligns with 
actual values for N data points. If 
N is the number of data points, the 
value returned by the model, xi, is 
the actual value of the ith data point. 
The MSE calculation method can be 
described in Equation 4.

( )MSE N y x1 4ii
N

i1
2= -=

^ h|
The comparison for the patch an-

tenna generated using the random 
forest model is shown in Figure 14. 
The MSE is extremely low and the 
correlation value (R2 score) is excel-
lent.

CONCLUSION
A CPW-fed microstrip patch an-

tenna optimized using ML tech-
niques, including ANN, KNN, 
random forest and decision tree, 
demonstrates signi� cant improve-
ments for high data rate wireless 
applications. The antenna’s com-
pact size, enhanced by triangular 
and semicircular slots, along with an 
1882 MHz bandwidth increase due 
to the parasitic element, improves 
ef� ciency and cost-effectiveness. 
The integration of ML, using Ansys 
HFSS software for data creation, 
expedites the design process and 
reduces simulation errors. This inno-
vative approach is veri� ed through 
measurement and simulation.
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