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Since 1981, GGB Industries, Inc., has
blazed the on-chip measurement trail with
innovative designs, quality craftsmanship,
and highly reliable products.  Our line of
custom microwave probe cards continues
our tradition of manufacturing exceptional
testing instruments.

For technical assistance, custom product
designs, or off-the-shelf delivery,call
GGB Industries, Inc., at (239) 643-4400.

Our patented probe structures provide the
precision and ruggedness you require for
both production and characterization
testing.  And only Picoprobe  offers the
lowest loss, best  match,  low  inductance
power supplies, and current sources on a
single probe card.

(…110 GHz to be exact.)

Picoprobe elevates probe cards to a higher level…

Through unique modular design
techniques, hundreds of low frequency
probe needles and a variety of microwave
probes with operating frequencies from DC
to 40, 67, or even 110 GHz can be custom
configured to your layout.

Our proven probe card design technology
allows full visibility with inking capabil-
ity and ensures reliable contacts, even when
probing non-planar structures.

Not only do you get all the attractive
features mentioned, but you get personal,
professional service, rapid response, and
continuous product support--all at an
affordable price so your project can be
completed on time and within budget.

Typical Specs
Insertion Loss
Return Loss

20GHz
0.8 dB
18 dB

10GHz
0.6 dB
22 dB

40GHz
1.3 dB
15 dB

GGB INDUSTRIES, INC.     •     P.O. BOX 10958     •     NAPLES, FL 34101
Telephone  (239) 643-4400     •     Fax   (239) 643-4403     •     E-mail  email@ggb.com     •    www.picoprobe.com
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www.minicircuits.com    P.O. Box 350166, Brooklyn, NY 11235-0003   (718) 934-4500   sales@minicircuits.com

The industry’s largest selection includes THOUSANDS
of models from 2 kHz to 40 GHz, with up to 300 W power 

handling, in coaxial,flat-pack, surface mount and rack mount 
housings for 50 and 75 Ω systems.

From 2-way through 48-way designs, with 0°, 90°, or 180° 
phase configurations, Mini-Circuits’ power splitter/combiners offer a vast 

selection of features and capabilities to meet your needs from high power
and low insertion loss to ultra-tiny LTCC units and much more.

Need to find the right models fast?  Visit minicircuits.com and use Yoni2®!  
It’s our patented search engine that searches actual test data for the models

that meet your specific requirements!  You’ll find test data, S-parameters,
PCB layouts, pricing, real-time availability, and everything

you need to make a smart decision fast!  

All Mini-Circuits’ catalog models are available off the shelf for immediate
shipment, so check out our website today for delivery as soon as tomorrow!

EP2C+ 1.8 to 12.5 GHz

POWER
SPLITTERS

COMBINERS
 as low as  89¢

from2 kHz to 40 GHz ea. (qty. 1000)

o S
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RoHS Compliant 
Product availability is listed on our website. 

THE WIDEST BANDWIDTH IN THE INDUSTRY
IN A SINGLE MODEL!

  EP2K1+  2 to 26.5 GHz
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        Introducing Teledyne’s

New YIG Tuned
Band-Reject Filters

 A Design Trifecta:
Wider Notch Bandwidth

   Greater Notch Depth

 Narrower 3dB BW

Closer to the
“Perfect Notch”
Engineers know the ‘perfect notch’ 

in YIG band-reject filters is an  

unattainable goal.  However,  

Teledyne Microwave Solutions 

(TMS) has developed a new  

patent-pending technology to  

deliver a YIG Tuned Notch  

Filter Line that brings the 

 closer to technology far 

the ideal ‘notch’  

than ever before.

These TMS BRFs  
deliver improved  

performance at lower  
frequencies with reduced  

spurious responses.  
Add these benefits to the  

“TMS Design Trifecta,” and it  
becomes clear that TMS should be  
your ONE SOURCE for demanding  

YIG band-reject filter requirements.  
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  Features

•	 +22.8dBm	IIP3	at	12GHz

•	 0dBm	LO	Drive

•	 Upconversion	or	Downconversion	
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• Coaxial Module
• Low-Noise
• Linear Drivers
• High Power
• Variable Gain

RF Switches
• SPnT
• Semiconductor
• Mechanical
• High Isolation
• High Power
• GaN  • Die

RF Attenuators
• Fixed
• Digital
• Coaxial
• Chip
• Voltage Variable
• Temperature Variable

Test &
Measurement
• USB Controlled
• Signal Generators
• Power Meters
• Switches  • Attenuators
• Vector Modulators
• Cable Assemblies
• Coax Components

RF Oscillators
• OCXO
• VCXO
• TCXO
• PLL Synthesizers
• RF Generators

RF Diodes
• PIN
• Schottky
• Varactor
• Limiter
• Gunn

RF Filters
• Monoblock
• SAW / BAW
• HP / LP / BP
• Ceramic Resonator
• Duplexer / Diplexer
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RF Cable
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• High-Performance Test
• In-Box Solutions
• Pigtails
• Conformable
• Flexible
• Semi-Rigid

EMI / RFI
• RF Absorber
• RF Gaskets
• Wire Mesh
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• Filtration Panels
• Shielded Windows

www.RFMW.com
Toll Free: 1-877-367-7369 • Fax: 1-408-414-1461
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RFMW Ltd. is a premier RF & Microwave specialty distributor
created to support your component selection, technical design and
fulfillment needs. RFMW offers a complete range of services for
commercial, military, and space requirements.

RFMW is a cut above the typical distributor.
We understand your need for on-time delivery and value because
we face the same issues on a daily basis. Our focus on RF devices
and technology enables us to meet your expectations with the
highest service levels. 

RFMW Value-Added Services.
We provide many value-added services driven by customer
requirements – because we know RF and microwave.
   • DIE Services  • Packaging  • Electrical Test Capabilities
   • Device Tape & Reel  • Kitting  • Hi-Rel Screening
   • Solder Tinning  • Documentation Related Services
   • Obsolete Parts Replacement  • Custom Product Development

From antenna to baseband, RFMW is the center for all your RF
designs. Contact RFMW today or visit our website.

RF Transistors
• GaN
• LDMOS
• GaAs
• Bipolar
• High Power
• High Frequency
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RFMW = Design Solutions

VISIT US AT
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Online

Web Survey
For your application, 
which synthesizer 
spec has most limited 
system performance?
Look for our multiple choice survey 
online at mwjournal.com

White Papers

@            mwjournal.comVisit us

February Survey
The iPhone was introduced 

10 years ago - what feature 
of your smartphone do you 

most use?

Social media (16%)

Photos and video (5%)

Navigation (12%)

Instant messages and email (47%)

Voice calls (9%)

Games, reading, podcasts (7%)

 

 

 
News and weather (5%)

With the Infi neon acquisition scuttled by U.S. government 
concerns, Wolfspeed will remain with Cree. Jim Milligan, 
director of RF, discusses this unexpected change and 
Wolfspeed’s technology and product plans.
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Frequency Synthesis: Current 
Status and Future Projections
Alexander Chenakin
Micro Lambda Wireless Inc., Fremont, Calif.

T here is persistent pres-
sure on the RF/microwave 
industry to deliver higher 
performance, higher func-

tionality, smaller-size, lower-power-
consumption and lower cost syn-
thesizers.1-18 Although all synthe-
sizers exhibit significant differences 
as a result of specific applications, 
they share basic fundamental de-
sign objectives as depicted in Fig-
ure 1. The ideal synthesizer should 
preferably be broadband with fine 
frequency resolution that allows 
addressing a larger number of po-
tential applications. Aside from fre-
quency coverage and resolution, 
phase noise and spurs are critical 
parameters that impose the ulti-

mate limit in the system’s ability to 
resolve signals of small amplitude. 
Another key parameter that im-
pacts overall system performance 
is frequency switching speed. The 
time spent by the synthesizer tran-
sitioning between frequencies be-
comes increasingly valuable since it 
cannot be used for data processing. 
Modern synthesizers tend to be 
faster due to the ongoing increase 
in the data rates of RF/microwave 
systems. Another challenge is size 
and cost reduction. These require-
ments—wide frequency cover-
age, small step size, fast switching 
speed, adequate spectral purity, 
small size and low cost—are the 
key drivers in the development of 
modern frequency synthesizers.
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ARCHITECTURES
Synthesizer characteristics de-

pend heavily on a particular archi-
tecture, which can be classified into 
a few main groups as indicated in 
Figure 2. Direct architectures are 
intended to create the output sig-
nal directly from available reference 
signals either by manipulating and 
combining them in the frequency 
domain (direct analog synthesis) or 
by constructing the output wave-
form in the time domain (direct digi-
tal synthesis). The indirect methods 
assume that the output signal is 
regenerated inside the synthesizer 
in such a manner that the output 
frequency relates (e.g., is phase-
locked) to the input reference sig-
nal. Similarly, indirect synthesis can 
be accomplished with analog and 
digital techniques. A practical syn-
thesizer, however, is usually a hybrid 
design that combines various tech-
niques to take advantage of the 
best aspects of each.

INDIRECT SYNTHESIS
For decades, an indirect phase-

locked loop (PLL) synthesizer was 

Cover Feature
Invited Paper

Editor’s Note: Exactly one decade ago, Alexander Chenakin wrote 
about the state of the synthesizer market and future directions in 
Microwave Journal. The article has been referenced by many authors that 
followed and most of his projections were proven correct over time. Now 
he is back with another look at the current design trends in synthesizers 
and more future directions for another decade of inspiration.

s Fig. 1  Synthesizer design challenges.

Speed

Spurs
Size, Cost

Step Size

Noise 

Coverage 

s Fig. 2  Frequency synthesizer classes.

Frequency Synthesizers

Hybrid Techniques

Direct

Analog Digital Analog Digital

Indirect



RLC ELECTRONICS, INC.
83 Radio Circle, Mount Kisco, New York 10549  •  Tel: 914.241.1334  •  Fax: 914.241.1753

E-mail: sales@rlcelectronics.com  •  www.rlcelectronics.com

RLC is your complete microwave component source...
Switches, Filters, Power Dividers, Terminations, Attenuators, DC Blocks, Bias Tees & Detectors.

Our complete line of Directional Couplers covers cellular, octave and broadband frequencies.

Designs include micro-strip, stripline and airline for high power applications.

For more detailed information on Directional Couplers and Directional Detectors, visit our web site.

RLC has the exact solution
you’re looking for.

� Frequencies from 10 MHz
to 40 GHz

� Power ratings up to 500
watts average

� Custom design & packaging

� Low loss, high directivity

� Single or dual directional

� Low coupling variation

� Surface mount

� Directional detectors

� Very low passive
intermodulation designs

� Standard connector types

� Waveguide

ISO 9001:2000 CERTIFIED

RLC25893CouplerAdMJ.qxd  12/12/07  2:36 PM  Page 1

MWJ/RLC/COAXIAL/0209

http://www.mwjournal-digital.com/mwjournal/201704/TrackLink.action?pageName=23&exitLink=mailto%3Asales%40rlcelectronics.com
http://www.mwjournal-digital.com/mwjournal/201704/TrackLink.action?pageName=23&exitLink=http%3A%2F%2Fwww.rlcelectronics.com


24 	 	 MICROWAVE JOURNAL  APRIL 2017

CoverFeature

     

 
    

      

     

• Case Sizes: 0505, 1111
• Q > 10,000
• Low ESR/ESL
• TC = NPO / P90
• Modeling Data Available

• Case Sizes: EIA
• Low ESR/ESL
• TC = NPO
• Modeling Data Available

0201 0402 0603 0805

Available in Non-Magnetic Terminations

• Unmatched customer service
• Modeling Available
• Design kits in stock
• Inventory programs

Call us today
631-425-0938

sales@passiveplus.com
www.PassivePlus.com

        
    
  

In  Stock

 

     
  
   

 

01005  0201  0402   0603                0805

NEWNEW 

• Available in both Tin & Gold
• Low Insertion Loss
• 16kHz – 67 GHz
• 10nF – 100nF
• Modeling Data Available

MWJ Ad 2017:Layout 1  2/14/17  4:11 PM  Page 1

Fractional-N Synthesizer
Fractional-N synthesizers break 

this coupling between frequency 
resolution and other characteristics 
by using fractional division ratios, 
allowing a higher comparison fre-
quency for a given step size. Frac-
tional ratios are possible by alter-
nating two (or more) division ratios 
(let’s say, N and N+1) and averaging 
the output frequency over a certain 
period of time. Another way to look 
at this process is to calculate the 
number of pulses delivered by such 
a complex divider for a given time 
interval. Obviously, the average di-
vision coefficient will be between N 
and N+1 depending on how many 
pulses are processed by each indi-
vidual divider. The biggest concern 
associated with this scheme is that 
the instant frequency at the fraction-
al-N divider output is not constant. 
An abrupt change in the division 
coefficient leads to a phase discon-
tinuity that produces a voltage spike 
at the phase detector output. Since 
the frequency division change oc-
curs periodically at the same rate, 
it appears as discrete spurs in the 
synthesizer’s output spectrum. Sup-
pression of the resulting spurs re-
quires that the PLL filter bandwidth 
must be sufficiently small, which 
may affect phase noise and speed 
performance.

There are many techniques to 
reduce fractional-N spurs.19-21 In 
general, this can be accomplished 
by adding or subtracting a voltage 
at the phase detector output dur-
ing the frequency division change. 
Another method is based on using 
a multi-modulus divider that allows 
a larger number of division coef-
ficients. In this case, we should ex-
pect a larger number of spurs of 
smaller amplitude. The multi-mod-
ulus divider is often accompanied 
by a delta-sigma modulator that al-
lows randomizing frequency spurs 
and pushing them towards higher 
offset frequencies where they can 
be filtered by the loop filter. In spite 
of various improvements, the main 
disadvantage of the fractional-N 
technique is the excessive spurious 
levels produced by phase errors 
inherent in the fractional division 
mechanism.

A clever method to reduce frac-
tional spurs is to utilize a variable 

(and still remains) the most common 
and most popular technique. A ge-
neric single loop PLL (see Figure 
3) includes a tunable voltage-con-
trolled oscillator (VCO) that gener-
ates a signal in a desired frequency 
range. This signal is fed back to a 
phase detector through a frequency 
divider with a variable frequency 
division ratio N. The other input to 
the phase detector is a reference 
signal divided down to a desirable 
step size. The phase detector com-
pares the signals at both inputs and 
generates an error voltage, which 
following filtering (and optional 
amplification) slews the VCO until 
it acquires the lock frequency giv-
en by fOUT = NfPD, where fPD is the 
comparison frequency at the phase 
detector input. Thus, frequency tun-
ing is achieved in discrete frequency 
steps equal to fPD by changing the 
division coefficient N.

This simple PLL synthesizer ex-
hibits various limitations and trade-
offs. The main impact on synthesizer 
performance is caused by the large 
division ratios required to provide 
a high frequency output with a fine 
resolution. Note that any noise gen-
erated by PLL components is de-
graded at a 20logN rate, where N 
is the division ratio. In conventional 
integer-N PLLs operating with small 
step sizes, the division ratio is large 
because the step size must be equal 
to the comparison frequency at the 
phase detector. As a result, signifi-
cant phase noise degradation oc-
curs. Furthermore, the synthesizer 
switching speed is a function of its 
loop bandwidth and, therefore, is 
limited by the phase detector com-
parison frequency. Increasing the 
loop bandwidth may lead to higher 
reference spurs due to insufficient 
loop filter rejection or even loop 
instability. Thus, this simple single 
loop architecture suffers from mu-
tually exclusive design goals. It is 
usually utilized in non-demanding 
applications or when low cost is the 
major concern.

s Fig. 3  Single loop PLL synthesizer.

fREF fPD fOUT

fOUT/N
÷ N

LPF VCO÷ R
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frequency control solutions

Greenray Industries’ new dual
compensated T1250 TCXO is
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For more information
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VCO output and phase detector 
comparison frequencies. The DDS 
spurs can be reduced by utilizing 
many techniques, for example, us-
ing a variable clock (as described 
above for the fractional-N synthe-
sizers) or up-converting and further 
dividing down the DDS signal as il-
lustrated in Figure 5. Note that the 
up-converted relative DDS band-
width is reduced and often needs 
further extending as required by a 
particular frequency plan. This can 
be achieved through various meth-
ods; for example, by using variable 
(versus fixed) frequency division co-
efficients.

Frequency Offset and Multiplication 
Within a PLL Synthesizer

The synthesizer’s main char-
acteristics can be drastically im-
proved using frequency conver-
sion (mixing) within the synthesizer 
feedback path as shown in Figure 
6. The idea is to convert the VCO 
output to a much lower frequency 
with the aid of a mixer and an off-
set frequency source. In certain 
scenarios (e.g., when the operating 
frequency range is narrow) it is pos-
sible to eliminate the feedback fre-
quency divider completely. In this 
case, the loop division coefficient 
equals one, and no phase noise 
degradation occurs. Moreover, one 
can further reduce PLL component 
residual noise impact by inserting a 
frequency multiplier into the feed-
back path instead of a divider as 
depicted in Figure 7.

reference. The technique is based 
on the fact that spur location in a 
fractional-N synthesizer is a func-
tion of its particular division ratio 
and output frequency. Therefore, 
for a given output frequency one 
can move (and then filter out) an un-
desired spur by changing the refer-
ence frequency and corresponding 
division ratio. This involves thor-
ough frequency planning and also 
requires an additional frequency 
synthesizer (to be used as a refer-
ence). Furthermore, although the 
division ratio is reduced, it can still 
be high enough to affect PLL per-
formance.

Direct Digital Synthesis (DDS) 
Within a PLL Synthesizer

The DDS is another effective 
solution to provide a very fine fre-
quency resolution without a com-
mon penalty of the phase detector 
comparison frequency reduction. 
The DDS can serve as a fine resolu-
tion, high frequency reference or be 
employed as a fractional divider as 
illustrated in Figure 4. While a DDS 
provides excellent frequency reso-
lution, its spurious levels are usu-
ally quite high. Moreover, the spurs 
further degrade because of the PLL 
multiplication mechanism. Although 
the two schemes in Figure 4 look dif-
ferent, they both affect DDS spurs 
in the same manner. In both cases, 
the overall loop division coefficient 
is defined by the ratio between the 

s Fig. 4  Using a DDS as a fine 
resolution high frequency reference 
(a) or fractional divider (b) within a PLL 
synthesizer.

(a)

(b)

fCLK fOUT
VCODDS

÷ N

fREF fOUT
VCO

DDS

s Fig. 5  Up-converting and dividing a 
DDS signal.

fDDS

fLO

DDS
(fLO+fDDS)/N

÷ N

s Fig. 7  Inserting a multiplier into the 
PLL feedback path.

fOUTfREF
VCO

fOFFSET

× N

s Fig. 6  Frequency offsetting improves 
PLL performance.

fOUTfREF
VCO

fOFFSET

÷ N
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.  Maximum Input Power 1W CW,
        100 W Peak
.  Options for Leakage Levels
        -10 dBm
        -  5 dBm
           0 dBm
        + 5 dBm
.  Removable connectors for
        circuit board assembly 
.  Ideal for LNA Protection

    155 Baytech Drive, San Jose, CA  95134  
Tel:  (408) 941-8399 .  Fax: (408) 941-8388
               Email:  Info@herotek.com    
             Website:  www.herotek.com  
               Visa/Mastercard Accepted

Other Products:  Detectors, Limiters, 
Amplifiers,  Switches,  Comb Generators,
Impulse Generators, Multipliers, 
Integrated Subassemblies 

      Please call for Detailed Brochures

Notes:  
1.  DC Supply required:  +5V, 5mA Typ.
2. Typical and nominal leakage levels 
    for input up to 1W CW.             
3. Threshold level is the input power 
     level when output power is 1dB 
     compressed.

(Leakage Level as low as -10 dBm)
             0.01 - 18 GHz

    LOW LEAKAGE    
LEVEL LIMITERS suggests, the desired signal is cre-

ated directly (i.e., without regen-
eration) by mixing base frequen-
cies followed by switched filters, as 
conceptually shown in Figure 10. 
The base frequencies are normally 
obtained from a common reference 
by frequency multiplication, divi-
sion and/or mixing. The key advan-
tage of the direct analog technique 
is extremely fast switching speed, 
ranging from micro- to nanosec-
onds. Since direct analog synthesis 
assumes no closed loops, switching 
speed is limited only by propaga-
tion delays of the switches and their 
control circuits as well as filter set-
tling. 

Another distinct advantage is 
the ability to generate low phase 
noise due to use of components 
with negligibly low residual noise. 
Phase noise depends mainly on the 
noise of the available fixed-frequen-
cy sources and can potentially be 
very low. The main disadvantage 
is limited frequency coverage and 
step size. The number of output fre-
quencies can be increased by using 
a higher number of base frequen-
cies and/or mixer stages, however, 
this rapidly increases the design 
complexity and overall component 
count. 

Another serious problem is the 
large amount of mixing products 
that must be filtered. These include 
the undesired mixer sideband, LO 
leakage and intermodulation prod-

Multi-Loop Synthesizer Schemes
The main disadvantage of the 

simple frequency offset schemes is 
limited frequency coverage. Widen-
ing the output frequency bandwidth 
for a fixed offset frequency leads to 
a higher IF at the mixer output. This 
requires a divider with a larger divi-
sion coefficient, thus defeating the 
idea of this method. The offset fre-
quency signal should preferably be 
as close as possible to the RF out-
put frequency in order to keep the 
division ratio at a minimum. This 
can be accomplished in multi-loop 
schemes by utilizing a wideband 
offset signal (see Figure 8).

Use of a Mixer Chain in the 
Feedback Loop

A clever solution is to utilize a 
chain of mixers within PLL feedback 
path as illustrated in Figure 9. Indi-
vidual offset signals can be obtained 
from a common high frequency vari-
able reference using dividers and/or 
multipliers. In this case mixer inter-
modulation products coincide with 
phase detector comparison fre-
quency harmonics and thus can be 
easily filtered out by a loop filter.22 

DIRECT SYNTHESIS

Direct Analog Synthesizer
Direct analog synthesis is a total-

ly different ball game. As the name 

s Fig. 10  Direct analog synthesizer.

F1

F2

F3

FN

A1 A2 A3 AX B1 B2 B3 BY

s Fig. 8  Multi-loop synthesizer.

÷ R2

÷ R1

fOUTfREF
VCO2

VCO1

fOFFSET

÷ N2

÷ N1

s Fig. 9  Mixer chain in the PLL 
feedback path.
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VCO
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noise � oor) over the phase noise 
of the clock source itself. The most 
valuable DDS feature, however, is its 
exceptionally � ne frequency resolu-
tion determined by the length of 
the phase accumulator; sub-Hz lev-
els are easily achieved. 

The main disadvantage is lim-
ited usable bandwidth. While DDS 
starts working from nearly DC, its 
highest frequency is limited by the 
Nyquist criteria to one half of the 
clock frequency. Working in higher 
Nyquist zones is possible, however, 
performance degrades very quickly. 
Another serious problem is a rela-
tively high spurious content due to 
a number of factors inherent in the 
DDS technique, such as bit trunca-
tion, quantization and DAC conver-
sion errors.

DDSs are available as specialized 
fully-integrated chips or can be built 
using separate � eld programmable 
gate array (FPGA) and DAC ICs. The 
latter allows constraining the digital 
part within FPGA, thus, isolating its 
EMI-induced spurs. Today’s FPGAs 
have suf� cient capacity to build 
quite complex multicore phase ac-
cumulators and lookup tables with 
negligible spur levels due to bit 
truncation. As a result, the major 
spur sources are normally on the 
DAC side due to its nonlinearities 
and quantization noise. DAC-free 
solutions are also possible (for ex-
ample, using digital-to-time conver-
sion)23, although, they are currently 
not common.

Until recently, the DDS technique 
was rarely used alone at microwave 
frequencies. However, the rapid de-
velopment of high frequency ICs 
enables DDSs working directly at 
microwave frequencies with quite 
impressive characteristics such as 
microhertz resolution, nanosec-
onds-range switching speed and 
built-in modulation. The extension 
of DDS usable bandwidth (together 
with its spur content reduction) is 
the key improvement required by 
the industry.

EVOLUTION AND FUTURE 
PROJECTIONS

A synthesizer is traditionally ex-
pected to generate a continuous 
wave signal within its operating 
frequency range. Its amplitude 
may vary with frequency within 

struct an output signal waveform 
in the time domain piece-by-piece 
from a reference clock frequency. 
Initially a digital representation of 
a desired signal is created using 
a phase accumulator and lookup 
table (see Figure 11). Then it is re-
constructed with a digital-to-analog 
converter (DAC) to create a sinusoid 
or any other desired shape. The 
waveform construction process is 
completed with a lowpass � lter to 
remove unwanted spurious compo-
nents. This process is extremely fast, 
limited mainly by the speed of the 
digital control logic. This results in 
very high switching speeds, compa-
rable with direct analog schemes. 
The DDS also provides reasonably 
low phase noise even showing an 
improvement (limited by its residual 

ucts. Depending on a particular fre-
quency plan, � ltering close-in spurs 
can be a challenging task. This is 
a non-trivial consideration requir-
ing certain design effort and care-
ful frequency planning. Although a 
large variety of mixing and � ltering 
schemes are possible, they tend 
to be hardware intensive if a small 
frequency step and wide coverage 
are required. Therefore, while direct 
analog synthesis offers excellent 
tuning speed and phase noise char-
acteristics, its usage is limited to ap-
plications where fairly high cost can 
be tolerated.

Direct Digital Synthesizer
In contrast to traditional con-

cepts, direct digital synthesizers uti-
lize digital signal processing to con-

 Fig. 11  Direct digital synthesizer.
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Passives with a Passion for Performance

the use of higher-Q resonators 
such as sapphire-loaded cavities 
or optical methods.30-33

CONCLUSIONS
Overall, the indirect, VCO-

based PLL synthesizer remains the 
most popular approach at the mo-
ment. Further improvements are 
expected through reduction of the 
PLL residual noise � oor in order 
to support megahertz-range loop 
bandwidths. Fast switching speed 
(to several microseconds) and low 
phase noise (around ‐130 dBc/Hz 
at 10 kHz offset and 10 GHz output) 
are common goals for today’s de-
signs and those of the near future. 
Small form factor, extended func-
tionality (such as built-in modula-
tion and amplitude control) and low 
cost are design targets required by 
the industry.

The most exciting future devel-
opments, however, are likely to be 
associated with DDS technology, 
which has tremendous potential 
for growth. Much of the progress 
will be brought by extension of 
DDS usable bandwidth and re-
duction of its spurious content. 
Frequency multiplication and/or 
up-conversion is possible to bring 
available frequency bandwidth to 
mmWave frequencies and higher 
(although the native DDS band-
width will constantly grow). At 
some point, direct synthesis is ex-
pected to compete with and even-
tually replace indirect designs by 
offering amazingly fast, nanosec-
ond-range tuning speed as well as 
complex output waveforms.       

Longer term major break-
throughs are expected in the de-
sign and operation of the reference 
utilizing other physical principles 
or materials. For example, phase 
noise around ‐170 dBc/Hz at 10 
kHz offset and 10 GHz output for 
a sapphire-resonator-based oscilla-
tor has been reported.34 These ex-
pectations will dramatically change 
conceptual approaches for build-
ing new synthesizers or even the 
whole way of thinking about the 
problem. What performance can 
be eventually achieved? Only the 
future will tell. A lot of amazing 
developments are expected in the 
coming decades. ■

ovenized crystal oscillator (OCXO) 
technology. Today’s commercial 
OCXOs achieve ‐170 to ‐176 dBc/
Hz (and better) at 10 kHz offset 
and 100 MHz output. This can po-
tentially translate to ‐130 or ‐136 
dBc/Hz at 10 GHz assuming the 
synthesizer circuitry is “ideal.” 
Although nothing is ideal, all 
current developments are striv-
ing for ideality. At low frequency 
offsets (100 Hz and below), a 10 
MHz OCXO performs better. Fur-
thermore, its short-term stability 
is also better compared to a 100 
MHz oscillator. Hence, a synthe-
sizer design usually provides the 
capability to lock its output to a 
10 MHz reference. Similarly, high 
frequency oscillators (such as 
SAWs and DROs) perform better 
at high frequency offsets such as 
100 kHz and above.24-29 A com-
bined reference source contain-
ing several oscillators locked to 
each other can be used to achieve 
the lowest phase noise pro� le at 
any frequency offset. Further im-
provements are possible through 

certain limits. However, newer 
designs bring more functionality 
such as amplitude leveling and 
control. The output level can be 
calibrated and controlled using 
either open-loop (lookup table) 
or more sophisticated close-loop 
automatic level control (ALC) 
schemes. Furthermore, these days 
the industry demands more com-
plex waveforms ranging from tra-
ditional analog modulation (ampli-
tude, frequency, phase and pulse) 
to complex vector formats such as 
IQ modulation. These modulation 
capabilities together with ampli-
tude control and harmonic rejec-
tion can now be built not only in 
bulky test and measurement signal 
generator boxes, but also in small-
er form factor modules. Key per-
formance characteristics (such as 
phase noise, spurs and switching 
speed) are approaching those of 
dedicated test and measurement 
signal generator solutions as well. 

With respect to phase noise 
performance, synthesizer design-
ers rely primarily on 100 MHz 
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As the telecommunications industry rapidly 
migrates to the new 5G standard, we can 
expect unprecedented data speeds, low 

latency and high reliability communication. To sup-
port these advancements, millimeter wave frequency 
bands are being made available on a global scale 

for 5G base stations, backhauls, fronthauls and 
customer premises equipment. The wide contigu-
ous bandwidths available at these newly assigned 
frequencies enable high data rates. Additionally, the 
associated short wavelengths allow physically com-
pact electronic steerable (active) antennas to be 
deployed that offer spatial diversity, spectrum reuse 
and high antenna directivity (gain) to overcome the 
higher path loss encountered at millimeter wave 
frequencies.

The aerospace and defense industries have been 
manufacturing active antennas for decades, so the 
expertise needed for 5G solutions is not new. What 
is new, and what is now fueling the migration of 
these types of antennas to the commercial sector, 
are the advancements in high frequency silicon 
semiconductors, an IC technology that combines the 
required beam steering functions—vector (amplitude 
and phase) modulation and digital interfaces—
with the traditional transmit/receive functions, all 
implemented in highly compact ICs that enable 
the fabrication of planar antennas, a requirement 
for cost-effective assembly. Only using silicon in 

28 GHz Active Array 
Antenna Enables 
Rapid 5G Prototyping
Anokiwave Inc.
San Diego, Calif.
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 Fig. 1  Control and signal interfaces on the rear panel of the AWMF-0129.
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these active antennas has driven the 
cost of these antennas down by orders of 
magnitude, making them suitable for high 
volume, mass deployment systems like 5G 
infrastructure.

28 GHz ACTIVE ANTENNA FOR 5G
Anokiwave has developed beam steer-

ing ICs for active antennas for more than 
a decade and recently announced the 
AWMF-0129, the world’s first commer-
cially available active antenna specifically 

designed for 5G infrastructure. Developed 
in collaboration with Ball Aerospace, the 
AWMF-0129 is a 64-element, single polar-
ization 5G, rapid prototype phased array 
antenna designed to cover the 27.5 to 30 
GHz frequency band. A planar antenna, 
it can be used either as a stand-alone 
component or combined and synchro-
nized with other arrays to support hybrid 
beamforming and multiple-input-multiple-
output (MIMO) functionality as part of a 
larger array. 

To support 5G beam acquisition and 
various channel needs, the rapid proto-
type array supports and provides multiple 
beamwidths. A wide beam is available to 
support channel state information mea-
surements, search modes and broadcast 
channels. Multiple progressively narrower 
beams can be used for beam acquisition. 
The narrowest beams allow for interfer-
ence mitigation, optimizing the signal to 
noise ratio (SNR), maximizing equivalent 
isotropically radiated power (EIRP) and 
range extension. A two-dimensional scan 
volume of ±60° in both azimuth and 
elevation is supported. As this is a time-
division duplex (TDD) system, the array 
operates in a half-duplex mode, enabling 
the same antenna to support both trans-
mit and receive, with distinct transmit and 
receive beam settings if required. 

The array also includes pre-stored 
beam states that, once loaded, can 
quickly be accessed in a beam acquisi-
tion protocol—an essential specification 
for any 5G radio physical interface. Each 
beam state is accessible in under 100 
ns, meaning that the beam position of 
the entire array can be redirected in ap-
proximately 10 µs. The embedded digital 
controller receives a desired “look vector” 
(beam position coordinates in azimuth 
and elevation), calculates the required 
vector modulator settings at each element 
in the array and communicates with the 
silicon ICs to steer the beam within the 
allotted time slot. Completion of this entire 
operation within a sub-symbol interval (Ts 
= 13.33 µs) is a critical specification for 
the low latency requirements of proposed 
5G radio systems.

The array specifies an EIRP of greater 
than +50 dBmi and a G/T—a measure 
of the noise sensitivity of the antenna—of 
greater than -8 dB/K at boresight. As 
green electronics becomes an increasingly 
high profile consideration, the overall en-
ergy efficiency of an array becomes more 
important. The two key figures of merit for 
an active antenna are the ratio of EIRP to 
total DC power dissipation (including all 
amplification and vector generation, digital 
controllers, signal telemetry and DC-DC 
conversion) and the G/T to effective aper-
ture ratio, which is a measure of the noise 
performance of the array as a function of 
the effective aperture size. By careful ar-
chitecture choice and minimizing front-end 
losses, the AWMF-0129 exceeds other 
competing approaches and technologies 
in these two key ratios. 

Other features of the array include 
temperature compensated gain with full 
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array temperature mapping, temperature 
sense telemetry and transmit output 
power measurement at each antenna ele-
ment reported back to the host system as 
telemetry. Remote monitoring and control 
of each antenna with real-time operational 
data allows for greater fl exibility. The active 
array can be controlled through several 
interface options, allowing the array to 
be synchronized with the timing and data 
requirements of the baseband modem or 
with other antennas. The interface options 

are either Ethernet, USB or high speed 
control low voltage differential signaling 
(LVDS). 

The array measures 10.8 cm × 15.4 cm 
× 3.12 cm and weighs 500 g. It can be 
powered from either +12 or +18 V and 
consumes less than 25 W of DC power 
which includes the embedded control-
ler for beam steering and array control. 
Figure 1 shows the rear panel of the array, 
illustrating the interface ports and array 
mounting connections.

The RF signal interface to the array 
is directly at the carrier frequency of the 
physical air interface. This provides an 
extra degree of fl exibility, allowing use in 
a conventional test setup with external 
test equipment for channel characteriza-
tion, evaluation of over-the-air modulated 
waveform statistics or integration with 
specifi c up- and down-conversion blocks 
for spectral emission evaluation. One of 
the key challenges with 5G radio develop-
ment is understanding how frequency 
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 Fig. 2  Receive patterns with the array scanned 
from 0 to 60°.
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 Fig. 3  Cross-polarization performance with the 
receive at boresight (a) and 40° θ (b).
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flat bandwidth and high impedance to 40 GHz

Coilcraft BCL/BCR Series conical inductors 
operate across a frequency range of 10 MHz 
to 40 GHz, letting you replace a series  
of narrow band inductors with one part. 

Both series provide excellent return loss 
and insertion loss. Their unique conical 
shape optimizes the effects of capacitance, 
maintaining high impedance across your 
frequency spectrum.  

WWW.COILCRAFT.COM

Choose from a rugged, surface mount 
package or our flying lead configuration. 
And for applications below 6 GHz, 
try our high current 4310LC 
wideband bias choke.

Learn more and order your  
free evaluation samples 
by visiting us online at:  
coilcraft.com/conicals.

 

®
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planning and signal characteristics will 
impact adjacent channel leakage ratio 
(ACLR) and spectral mask requirements 
for out-of-band spurious signals. Direct 
signal injection and reception at the 
RF carrier frequency allows the user to 
perform optimization and evaluation of 
frequency conversion proposals.

ARRAY PERFORMANCE
Figure 2 shows the far-fi eld antenna 

pattern of the array in receive mode for 
scan angles from 0 to 60°. The patterns 
are well behaved with good sidelobe 
levels. Co-polarization and cross-polar-
ization antenna patterns of the array in 
receive mode at both boresight and 40°
θ scan are shown in Figure 3. Excellent 
cross-polarization is observed under both 
scan conditions, with measured isolation 
between the polarizations greater than 35 
dB. The measured transmit EIRP of the 
AWMF-0129 achieves ≥50 dBmi at 1 dB 
compression (see Figure 4).

The AWMF-0129 is the world’s fi rst 
commercially available electronically 
scanned active array available for fast pro-
totyping and evaluation of millimeter wave 
environments for 5G applications. Based 
on highly integrated Si technology that 
includes embedded functions for remote 
telemetry and low latency fast beam steer-
ing of the entire array, the AWMF-0129 
enables real-time active beam steering. 
By providing full fl exibility in the choice of 
waveform stimulus and timing control, the 
array is an enabling technology to evalu-
ate and develop multiple products.

Anokiwave Inc.
San Diego, Calif.
www.anokiwave.com

    ULTRA-LOW PIM 153dBc or 163dBc 
    CO-LOCATION BAND MITIGATION
    ULTRA-NARROW BAND (~0.03%BW)
    ULTRA-WIDE BAND (10GHz BW)

Call for a FREE Engineering Consultation

858.450.0468
mcv-microwave.com

CUSTOM PROTOTYPE RF/MICROWAVE 
FILTERS & ANTENNAS
QUICK-TURN

PRODUCTS
LTE Small Cell TMA/Combiner/Multiplexer DAS Solutions
Ultra-Low PIM Duplexers from 450 MHz to 2.7 GHz
Miniature Bandpass, Band Reject, Highpass, Lowpass Filters
Ultra-high Q Dielectric Resonators and Meta Materials
Narrow Band and Broad Band Antennas and Filters

LOW PIM
LOW PIM
LOW PIM

LTE Frequency Band  728 -746 MHz  
Insertion Loss  0.3~1.2 dB max (25ºC) 

0.5~1.5 dB max (Full Temp.)  
Return Loss  20 dB min  
Rejection@ Rx Band  up to 100 dB min  
Power Handling, Sea level at 
ambient temperature, COM port 
50 ohm loaded  

50W~200W CW max  
400W ~1500W Peak max  

LTE Frequency Band  698 -716 MHz  
Insertion Loss  0.3~1.2 dB max (25ºC) 

0.5~1.5 dB max (Full Temp.)  
Return Loss  20 dB min  
Rejection@ Tx Band  up to 95 dB min  
IMD in RX band, COM port  
(2 CW tones +43 dBm each)  

156 dBc typ., 153 dBc min., 
163 dBc available  

Most Valuable Product
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 Fig. 4  Measured transmit EIRP vs. input drive. 
The EIRP at 1 dB compression is ≥50 dBmi.
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| Machine-to-Machine
For low-power, wide area network (LPWAN) LTE Cat-M IoT modules and devices

Part Number Description
Frequency 

Range (GHz)
SKY68000-31 LTE Dual-band Front-end Module for Cellular Bands 

4 and 13 for Category M1 and NB1
0.777 to 0.787
1.710 to 1.755

SKY68001-31 LTE Universal Multiband Front-end Module for 
Cellular Covering >15 Bands for Category M1 and NB1

0.699 to 0.915
1.710 to 1.980

SKY68011-31 LTE Multiband Front-end Module for Cellular 
Covering >8 Bands for Category M1 and NB1

0.699 to 0.787
1.710 to 1.980

| Mobile Devices
For Bluetooth® / WiFi-enabled handsets, tablets, and mobile / portable systems

Part Number Description
Frequency 

Range (GHz)
SKY85018-11 High-Power Bluetooth® Power Amplifi er 2.400 to 2.500

SKY85812-11 Dual-band 802.11ac Front-end Module 2.400 to 1.500
4.900 to 5.900

sales@skyworksinc.com   |   USA: 781-376-3000   |   Asia: 886-2-2735 0399   |   Europe: 33 (0)1 43548540   |   NASDAQ: SWKS    |    

| Connected Home and Wearables
For fi tness/smart watches, trackers, wireless headphones, in-home appliances, smart 
thermostats, alarms, lighting, sensors and more.

Part Number Description
Frequency 

Range (GHz)
SKY66111-11 Front-end Module for Bluetooth® Low Energy 

Range Extension Applications
2.400 to 2.485

SKY66112-11 Front-end Module for Bluetooth® Low Energy / 
Thread / ZigBee® Applications

2.400 to 2.483

SKY66113-11 
SKY66114-11

Front-end Module for Bluetooth® Low Energy / 
802.15.4 / ZigBee® Applications

2.400 to 2.483

SKY65623-682LF GPS / GLONASS / Galileo / Compass Low Noise 
Amplifi er

1.559 to 1.606

Enabling Wireless Connectivity 
with Advanced RF Solutions

For more information about all of our wireless solutions, 
please visit us at www.skyworksinc.com.
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Ciao Wireless, Inc.  4 0 0 0  V i a  P e s c a d o r,  C a m a r i l l o ,  C A  9 3 0 1 2

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

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

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

Visit our web site at www.ciaowireless.com for our complete product offering.
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cess to commercial satellite servicing data throughout 
the operational life of the RSV, again at great taxpayer 
savings. The capabilities that RSGS aims to make pos-
sible include: 
•	 High-resolution inspection 
•	 Correction of some mechanical anomalies, such as 

solar array and antenna deployment malfunctions 
•	 Assistance with relocation and orbital maneuvers 
•	 Installation of attachable payloads, enabling up-

grades or entirely new capabilities for existing assets 
•	 Refueling 

In parallel with the RSGS partnership, DARPA also 
intends to provide the Government-developed space 
robotics technology to other interested U.S. space cor-
porations. Qualified companies would be able to ob-
tain and license the technology through cooperative 
research and development agreements.

Separately, to help ensure the long-term sustainabil-
ity of RSGS and other future space operations—and 
provide the foundation for a new commercial repertoire 
of robust space-based capabilities—DARPA recently 
solicited research to develop and publish consensus 
operational safety standards for on-orbit rendezvous 
and proximity operations (RPO) and robotic servicing 
operations. The awardee would establish and man-
age the Consortium for Execution of Rendezvous and 
Servicing Operations (CONFERS), which would include 
both private sector and government technical experts. 

Through CONFERS, DARPA aims to establish an in-
dustry/government forum composed of experts from 
throughout the space community. The forum would 
develop non-binding, consensus-derived technical and 
safety standards for on-orbit servicing operations, and 
help create definitions and expectations of responsible 
behavior in outer space. 

Hughes Selected for GA-ASI “Type-
Certifiable” Predator B RPA Platform

H
ughes Network Systems recently announced 
that its Defense and Intelligence and Sys-
tems Division (DISD) has been awarded a 

contract by General Atomics Aeronautical Systems Inc. 
(GA-ASI) to work with the company to provide satellite 
communications on the “Type-Certifiable” Predator®  

B (TCPB) Remotely Piloted Aircraft (RPA) system, which 
provides the basis for the UK’s Protector programme. 
A variant of the proven multi-mission Predator B, the 
new SkyGuardian™ aircraft will provide a next-gener-
ation capability, integrating enhanced safety and reli-
ability systems that will enable RPA flight within civilian 
airspace, along with an increased payload capacity that 
will support a wide variety of mission sets.

Working with GA-ASI, Hughes is upgrading the air-
craft’s satellite communications system with customized 
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DARPA Selects SSL for Revolutionary Goal 
of Servicing Satellites in GEO

I
n an important step toward a new era of ad-
vanced, cost-effective robotic capabilities in 
space, DARPA announced it has selected 

Space Systems Loral (SSL), based in Palo Alto, Calif., 
as its commercial partner for the Agency’s Robotic 
Servicing of Geosynchronous Satellites (RSGS) pro-
gram. DARPA and SSL seek to develop technologies 
that would enable cooperative inspection and servic-
ing of satellites in geosynchronous orbit (GEO), more 
than 20,000 miles above the Earth, and demonstrate 
those technologies on-orbit. If successful, this research 
and demonstration effort would open the door to radi-
cally lowering the risks and costs of operating in GEO, 
a harsh and difficult-to-access domain that is critically 
important for both military and civilian space assets. 

Under an agreement drafted jointly by DARPA and 
SSL, the two entities would share costs and responsi-
bilities for the program. While such public-private part-
nerships have become common in several domains of 
research and development—saving taxpayer dollars by 
requiring commercial partners to invest significantly in 
projects rather than simply receive government fund-
ing—the RSGS public-private effort would be a first 
for DARPA in the space-servicing domain. As such, the 
Agency’s selection of SSL and the pending agreement 
have been submitted for review by the Defense De-
partment’s Under Secretary of Defense for Acquisition, 
Technology and Logistics. 

With RSGS, DARPA plans to develop a robotic mod-
ule, including hardware and software, and provide tech-
nical expertise and a Government-funded launch. SSL 
would provide a spacecraft and would be responsible for 
integrating the module onto it to create a robotic servic-
ing vehicle (RSV) and the RSV onto the launch vehicle, as 
well as providing a mission operations center and staff. 

After a successful on-orbit demonstration of the RSV, 
SSL would operate the vehicle and make cooperative 
servicing available to both military and commercial GEO 
satellite owners on a fee-for-service basis. In exchange 
for providing property to SSL, the Government would 
obtain reduced-priced servicing of its satellites and ac-

DARPA Image

Courtesy BAE Systems
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airborne Hughes HM series modems. The advanced 
modems will enable a significant increase in data trans-
fer rates, employing an enhanced waveform that en-
sures resilient and secure communications when oper-
ating in challenging environments.

The new aircraft is designed to be compliant with 
NATO and UK airworthiness requirements, supporting 
easy integration into segregated and non-segregated 
civil airspace operations around the world.

Raytheon Demos First Ever Geolocation 
Capability for Radar Warning Receiver

R
aytheon Co. demonstrated, in a recent flight 
test, single-ship geolocation capability for 
the ALR-69A(V), a first for any radar warning 

receiver. The AN/ALR-69A(V)—the world’s first all-digi-
tal radar warning receiver—enhances aircrew survivabil-
ity, providing “sensors forward” situational awareness 
at lower costs than competing systems through simple 
software modifications.

“Adding single-ship geolocation capability to a radar 
warning receiver transforms the way pilots execute their 
missions,” said Paul Overstreet, ALR-69A program man-
ager, Raytheon Space and Airborne Systems. “The ALR-

69A can now assist with targeting solutions while con-
tinuing to identify threats in dense signal environments.”

Geolocation capabilities offer aircrews more options, 
allowing pilots to decide whether to maneuver to avoid 
the threat or to prose-
cute it. Before this add-
ed geolocation capabil-
ity, aircrews only had an 
approximate direction of 
the arrival of the threat 
signals. The ALR-69A(V) now provides aircrews precise 
information on ground-based threat locations and pre-
cision-direction finding for airborne threats.

About the ALR-69A(V)
The ALR-69A(V) provides improved detection range 

and accurate, unambiguous identification in dense sig-
nal environments comprised of both threat signals and 
those from wingmen, coalition partners and commercial 
operations. Its 360° coverage is provided by four inde-
pendent Radar Receivers, each covering one quadrant 
of the aircraft. Raytheon designed the ALR-69A(V) for the 
utmost in flexibility and growth potential. The modular, 
open architecture relies on many commercial off-the-
shelf (COTS) components that allow for ready expansion 
or upgrade. The ALR-69A(V) is installed on the U.S. Air 
Force C-130H, KC-46A and is being tested on the F-16.

Single-ship 
geolocation enhances 

aircrew survivability.
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European Commission Invest Almost €104 
million in SMEs

T
here are 71 small and medium-sized com-
panies (SME) from 22 countries that have 
been selected for funding in the latest 

round of the Horizon 2020 SME Instrument Phase 2. 
The total amount to be distributed between the SMEs 
working on 66 projects is €103.82 million. In this phase 
of the instrument, each project will receive up to €2.5 
million to finance innovation activities.

Spanish SMEs were the most successful with 19 
companies selected for funding. They were followed 
by five companies from both Germany and Ireland. 

Most projects are in the 
field of ICT and trans-
port (10 projects each) 
followed by nine proj-
ects in the field of low-
carbon and energy effi-
cient systems.

Funding under Phase 
2 of the instrument al-
lows companies to 
invest in innovation 
activities such as dem-
onstration, testing, pi-

loting, scaling up and miniaturisation, in addition to 
developing a mature business plan for their product. 
The companies will also benefit from 12 days of busi-
ness coaching. Most projects are proposed by a single 
SME but some companies team-up to elaborate a 
project.

The European Commission received 1534 project 
proposals by 18 January 2017, the first cut-off date for 
Phase 2 in 2017. Since the launch of the programme 
on 1 January 2014, 641 SMEs have been selected for 
funding under Phase 2.

Research Programme to Improve Military 
Communication Systems

P
lextek has been appointed by the UK Gov-
ernment’s Defence Science and Technology 
Laboratory (Dstl) to lead the £2 million, four-

year Adaptive Communications Transmission Interface 
(ACTI) research programme.

Under the ACTI programme, the company will lead a 
team of specialists and experts from academia, to inves-
tigate cross-layer processing as a way of enabling Mo-
bile Ad-Hoc Network (MANET) radio systems to utilise 
directional antenna techniques. An important goal of the 
programme is to create disruptive technologies that will 

improve the quality, reliability, data rates and range of 
military communications systems.

The techniques that have been applied to achieve ad-
hoc (infrastructure-less) connections and dynamic routing 
have been studied for many years under the general ban-
ner of MANET. However, the MANET ‘multi-hop’ approach 
has so far not delivered the 
anticipated step change 
in wireless system perfor-
mance. Through the use 
of novel directional anten-
nas, the ACTI programme 
will address the complex 
underlying causes of this, 
including link range and 
interference within the 
network by message forwarding. Cross-layer processing 
techniques will be developed to tackle the difficulties in 
allocating radio resource at the MAC layer, the complexity 
of dynamic routing in a mobile scenario and the needs of 
the IP layers.

A Dstl spokesperson commented: “The ACTI research 
programme will explore the theory that current systems 
can benefit from the use of directional antennas. Over 
the next four years, Plextek, along with its partners, will 
be developing innovative MANET protocol stack and an-
tenna technology that aims to demonstrate the benefits 
envisaged.”

Peter Doig, Business Manager, Defence at Plextek: 
“With this research programme we’ll be doing some 
pioneering work on MANET architectures that include 
directional, steerable antennas which have the poten-
tial to tackle some of the underlying matters that have 
hampered multi-hop MANET networks, with a view to 
enabling the next generation of military ad-hoc radios to 
provide an operational advantage to our military forces.”

SPYGLASS Project Focuses on PBR/Galileo 
Combination

T
he €1.3 million European SPYGLASS (Gal-
ileo-based Passive Radar System for Mari-
time Surveillance) project is coming close 

to the validation of a prototype of Passive Bistatic Ra-
dar (PBR) technology based on Galileo transmissions. 
Once finalised, the new system could help relevant au-
thorities to assure better maritime surveillance, detec-
tion and localisation, even of non-indexed ships.

The SPYGLASS technology uses a single receiver 
tuned in to Galileo frequencies. The receiver can be in-
stalled on a buoy or on a tethered balloon to increase 
its area coverage. The receiver then records Galileo 
signals that naturally bounce off moving ships, and 
processes them to provide estimates of the ship’s rela-

Visit mwjournal.com for more international news.
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tive range and speed.
This technology is low 

cost, allows for covert 
operation and reduces 
environmental impact. If 
combined with Galileo 
and its constellation that 
guarantees constant 
coverage of any point 

on Earth by several satellites, PBR technology devel-
oped under SPYGLASS has the potential to resolve 
the maritime safety issue once and for all.

Maritime surveillance is one of the key applications 
where a fully operational Galileo constellation could truly 
make a difference, not only through its high precision but 
also by ensuring European independence in a sector that 
requires the resolving of Europe-specific challenges. 

GSA Confirms LTE Exceeds 25% of Global 
Mobile Subscriptions

T
he Global mobile Suppliers Association 
(GSA) confirms that LTE subscriptions now 
account for 25.1% of all mobile subscrip-

tions globally. Analysing the latest information, pro-
vided to GSA by Ovum, shows growth of 818 million 

new LTE subscriptions in 
2016 compared to 596 
million in 2015. LTE and 
WCDMA are now the 
only mobile technolo-
gies that are growing in 
subscriptions, although 
WCDMA subscriptions 
are experiencing slow-
ing growth. By the end 
of 2016, LTE subscrip-
tions, according to Ovum data, stood at 1,920 billion 
compared to 1,102 billion in December 2015.

The Asia region continues to lead LTE adoption with 
59.1% market share although this market share is likely 
to be impacted in 2017 by accelerating LTE adoption 
in other regions, especially in the Middle East (LTE 
subscriptions growing at 166% Year on Year), Eastern 
Europe (132% Year on Year) as well as Africa and Latin 
America and the Caribbean (120% Year on Year).

Joe Barrett, President of GSA, said, “Over the 
past year LTE subscriptions have grown substantially 
and we are now seeing all regions moving swiftly to 
adopt LTE as their primary mobile technology to de-
liver a true mobile broadband customer experience. 
GSA continues to predict that LTE, LTE-Advanced 
and LTE-Advanced Pro subscriptions will overtake  
3G/WCDMA-HSPA in 2019.”
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2019. The firms are supporting a proposal for the first 
phase of the 5G NR specification. 

The companies comprising the consortium are AT&T, 
British Telecom, Deutsche Telekom, Ericsson, Etisalat 
Group, Huawei, Intel, KDDI, Korea Telecom, LG Elec-
tronics, LG Uplus, NTT DOCOMO, Qualcomm Technol-
ogies, SK Telecom, Sprint, Swisscom, Telia Company, 
Telstra, TIM, Vivo, Vodafone and ZTE.

The first 3GPP 5G NR specification will be part of 
Release 15, the global 5G standard that will use both 
sub-6 GHz and millimeter wave spectrum. Based on 
the current 3GPP Release 15 timeline, the earliest 5G 
NR deployments based 
on standard-compliant 
5G NR infrastructure and 
devices will likely be in 
2020. 

The companies pro-
pose an intermediate 
milestone for complet-
ing the specification for 
a configuration called 
“non-standalone 5G NR,” which would enable large-
scale trials and deployments starting in 2019. The non-
standalone 5G NR specification will use the existing 
LTE radio and evolved packet core network for mobility 
management and coverage and add a new 5G radio 
access carrier to enable certain 5G use cases starting 
in 2019.

The new proposal and intermediate milestone reaf-
firms the schedule for the complete standard, including 
the standalone 5G NR in Release 15.

The companies state they are committed to make 
forward compatibility a key design principle for the 
standardization of the first release of 5G NR. This will 
enable in-band introduction of new capabilities and 
features in subsequent releases, which will allow un-
identified industries and use cases and support the 5G 
vision to connect everything to everything. According 
to the companies, the non-standalone 5G NR propos-
al is consistent with 3GPP’s commitment to a flexible 
evolution and interworking of the radio access network 
towards 5G NR and the evolution of the core network 
towards 5G.

RTLS and Asset Tracking Technologies to 
Catalyze Next-Gen Fleet Telematics, Retail 
and Manufacturing Solutions

T
he potential surrounding next-generation 
RTLS and asset tracking technologies will 
move from proof of concept to full scale de-

ployments in 2017, laying the foundation for a break 
out year in 2018.

Worldwide Fixed Wireless Households to 
Surge Past 150 Million

E
xponential growth of 4G LTE coverage and 
capacity is driving wireless service growth 
for fixed broadband access, while fiber-to-

the-home (FTTH), xDSL and cable technologies reach 
nearly 50 percent of global households. As 5G stan-
dardization approaches completion, the technology 
will significantly accelerate global fixed wireless deploy-
ments. ABI Research forecasts worldwide fixed wireless 
broadband subscribers will grow at a 30 percent CAGR 
to top 151 million in 2022.

“The arrival of 5G technology will completely trans-
form fixed wireless broadband network deployments,” 
says Khin Sandi Lynn, industry analyst. “Trials show that 
the technology’s superior performance over LTE will al-
low operators to deploy 5G for fixed wireless broad-
band service in densely populated areas.”

Currently, fixed LTE broadband access is mainly de-
ployed in remote areas 
where fixed line infra-
structure is poor and 
it is not commercially 
feasible to deploy fixed 
networks. While govern-
ment initiatives, high 
data transfer rates, and 
a large capacity are all 
attractive features for 
fixed LTE deployments 

now, fixed wireless broadband deployments will be 
further accelerated by their 5G successor in the years 
ahead.

United States operators AT&T and Verizon already 
announced plans to deliver broadband access to busi-
nesses and residential customers using 5G fixed wire-
less networks. The companies aim to begin 5G fixed 
wireless rollouts later this year.

“Superior capacity offered by 5G technology will 
benefit operators to deploy fixed wireless access in 
densely populated areas,” concludes Lynn. “This will 
enable fiber-like broadband service to support band-
width-hungry applications without the need to install 
fiber-optic cables to each premise.”

22 Mobile Companies Propose Accelerating 
5G Standards

O
n the eve of the 2017 Mobile World Con-
gress, 22 mobile communications compa-
nies announced collective support for accel-

erating the 5G new radio (NR) standardization schedule 
to enable large-scale trials and deployments as early as 

Visit mwjournal.com for more commercial market news.

CommercialMarket
Cliff Drubin, Associate Technical Editor

For More
Information

5G technology 
will significantly 
accelerate global fixed 
wireless deployments.

5G NR would 
enable large-scale 

trials and deployments 
starting in 2019.
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Military Demand for Commercial Satellite 
Communications Capacity Stabilizing

A
ccording to Euroconsult, SatCom military 
demand for commercial satellite capacity 
has fallen by an estimated 20 percent from a 

peak of 12.5 GHz in 2011 following tremendous growth 
over the previous decade, due in large part to lower us-
age by the U.S. DoD.

Looking forward, heightened global instability and 
security concerns are translating into prospects for an 
acceleration in defense spending globally, presenting 
opportunities through modernization of communica-
tions systems aboard military assets. Launches of next 
generation commercial satellites and procurements of 
next generation military satellite systems in the 2020-
2022 time-frame represent potential game-changers 
for the milsatcom ecosystem. 

“While military satcom requirements still carry a rela-
tively high degree of uncertainty, these developments 
could combine to see satellite capacity demand in the 
segment surge by upwards of 60 percent over the com-
ing decade,” said Brent Prokosh, senior consultant. 
“Bottom-up analysis of fundamental demand drivers 
within leading military application segments reveals 
positive signs looking forward.”
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CommercialMarket
ABI Research is beginning to see BLE beacon and oth-

er next-generation RTLS and asset tracking technology 
deployments in the transport and logistics, healthcare, 
retail, manufacturing and commercial buildings verticals. 
The low-cost, high-accuracy combination is creating new 
opportunities in applications like pallet tracking, condi-
tion monitoring, last mile delivery, inventory, and tools/
asset tracking. Beacons, which are also well-suited for 
consumer asset tracking, will continue to accelerate sig-
ni� cantly in 2017 and 2018, as large beacon networks 
help catalyze the critical end user population.

With a growing number of start-ups having strong 
IPs in� ltrating the market landscape, industry incum-
bents need to understand who they should collaborate 
with and what new technology initiatives will start to 
take form. HID Global recently acquired high-accuracy 
start-up Bluvision, and Cisco invested in MIST Systems. 
ABI Research expects to see more investments, part-
nerships, and acquisitions over the next two years.

While active RFID is starting to look outdated and 
expensive in comparison to new technologies, passive 
RFID remains the dominant entity in the RTLS and asset 
tracking market, particularly with retail migrating to in-
store item level tracking. This was a big trend at NRF this 
year, with Zebra launching its new SmartSense technol-
ogy, while Intel demonstrated its new Retail Sensor Plat-
form. Though the industry is still three to four years away 
from passive BLE, startups are working on the problem.
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MERGERS & ACQUISITIONS
Gowanda Components Group (GCG) announced 
that its capabilities for the design and manufacture of 
RF and microwave filters are expanding in connection 
with the acquisition of Microwave Circuits from AMTI 
in Lynchburg, Va. Terms of the deal were not disclosed 
but GCG has stated that Microwave Circuits’ produc-
tion facilities will remain in Beltsville, Md., and sales and 
technical support will remain in Lynchburg. This is the 
fifth acquisition for GCG within the last five years.

COLLABORATIONS
Rohde & Schwarz mobile network testing, powered by 
SwissQual, and Samsung have signed an agreement 
effective immediately that allows access to the RF trace 
information on Samsung’s flagship mobile devices. This 
enables Rohde & Schwarz mobile network testing to 
continue to offer commercially available firmware in the 
future when integrating the latest commercial phones 
into their benchmarking, optimization and monitoring 
solutions. Thanks to the agreement, all products from 
Rohde & Schwarz mobile network testing will be able 
to support all the latest Samsung devices, enabling cus-
tomers to continue to receive measurement results that 
reflect the real end-user behavior and perception.

Keysight Technologies Inc. announced that it is col-
laborating with ZTE to assist them in the test and mea-
surement of critical 5G key technologies, including 
mmWave communications, new PHY, Massive MIMO 
and BTS beamforming prototypes. Keysight will help 
ZTE accelerate 5G product time to market by provid-
ing industry-leading products and solutions, for ex-
ample, UXA mmWave signal analyzers, AXIe modular 
ultra-broad bandwidth signal generation and analysis 
systems, and system level prototype solutions. ZTE is a 
world leading comprehensive telecommunication solu-
tion provider as well as a proactive participant and con-
tributor of 5G communications.

National Instruments, University of Bristol, Lund Uni-
versity, and one of the world’s leading providers of 
communications services, BT, announced a collabora-
tion on Massive MIMO trials for next generation, highly 
efficient 5G wireless connectivity. Massive MIMO is a 
crucial component of future networks, and this partner-
ship is helping 5G become more of a reality through 
indoor and outdoor testing—which is huge, given the 
industry’s desire to prove 5G technology can work in a 
real-world environment. As lead users, both Lund Uni-
versity and the University of Bristol worked closely with 
NI to implement, test and debug this framework prior 
to its product release.

NEW STARTS
GLOBALFOUNDRIES (GF) announced plans to expand 
its global manufacturing footprint in response to growing 
customer demand for its comprehensive and differenti-
ated technology portfolio. The company is investing in 
its existing leading-edge fabs in the United States and 
Germany, expanding its footprint in China with a fab in 
Chengdu, and adding capacity for mainstream technolo-
gies in Singapore. In the United States, GF plans to ex-
pand 14 nm FinFET capacity by an additional 20 percent 
at its Fab 8 facility in New York, with the new production 
capabilities to come online in the beginning of 2018.

Bird continues to set the industry standard in RF com-
munications with its latest response to the growing re-
quirements worldwide for integrated systems. In Janu-
ary 2017, Bird aligned its entire array of products under 
the Bird brand. The company started the year with a 
keen focus on marketing all of its products under the 
Bird brand as the reliable, trusted and recognizable 
choice for customers. The branding move capitalizes on 
the momentum that has ensued over the past 75 years 
since J. Raymond Bird founded the company and jump 
started the RF communications industry.

Smiths Interconnect, a division of Smiths Group plc, 
announced it is unifying its technology brands of EMC 
Technology, Hypertac, IDI, Lorch, Millitech, RF Labs, Sa-
britec, TECOM and TRAK under the single brand iden-
tity of ‘Smiths Interconnect’. This brand transition sup-
ports a recent strategic reorganization focused on cre-
ating a more agile structure that can better anticipate 
and respond to customers’ evolving needs. Individually, 
the technology brands represent state-of-the-art solu-
tions across the connectors, microwave components 
and microwave subsystems markets.

Aerospace Radar Technology is a new veteran-owned 
start-up radar company in Long Beach, Calif. They are 
registered with SAM, System for Award Management with 
the Federal Government and represent many years of 
high level experience in military and aerospace radar for 
surface, airborne and space borne applications. Their staff 
has been at the forefront of such programs as Navy point 
defense radar, very low grazing radar, terrain avoidance ra-
dar, autonomous vehicle radar, bistatic radar, space borne 
surveillance radar, BMDO (Ballistic Missile Defense Office) 
comparative radar performance study, launch range safety 
instrumentation and infrared remote sensing.

Quantum Microwave Components LLC, a company 
that manufactures and distributes components for the 
microwave industry, officially launched in December 
2016. Under the leadership of president Andy Cobin, 
the company offers the industry’s lowest noise figure 
LNAs from 300 MHz to 115 GHz. Two new mmWave 
LNAs just released include the V-Band 45 to 77 GHz 
with a NF of 1.8 dB and DC power of 1.8 V at 35 mA, 
and the W-Band 65 to 115 GHz with a NF of 3.2 dB 
and DC power of 1.5 V at 35 mA. Quantum Microwave 
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RMI thanks their loyal customer base for affording them 
the opportunity to support you, as well as their dedi-
cated internal employees and field sales team for being 
an integral part of the company’s success. 

SemiGen Inc., an ISO and ITAR registered RF/microwave 
assembly, automated PCB manufacturing and RF supply 
center, has released a technical brief shedding light on 
the benefits to RF/microwave OEMs in partnering with 
a U.S.-based contract manufacturer. The electronics 
contract manufacturing industry has seen over 100 bil-
lion dollars of growth within five years, mostly due to an 
increased demand in filling the supply chain’s gap. With 
design talent often burdened for assembly and test, 
OEMs can find themselves with little available resources.

imec, the world-leading research and innovation hub in 
nano-electronics and digital technologies, announced 
that their 200 mm gallium nitride-on-silicon (GaN-on-
Si) e-mode power devices with a pGaN gate architec-
ture showed no degradation after heavy ion and neu-
tron irradiation. The irradiation tests were performed 
in collaboration with Thales Alenia Space, a leader in 
innovative space systems. The results demonstrate that 
imec’s 200 mm GaN-on-Si platform delivers state-of-
the-art GaN-based power devices for earth as well as 
for space applications. GaN-on-silicon transistors oper-
ate at higher voltages, frequencies and temperatures 
than their silicon counterparts. This makes them the 
ideal candidates for power conversion devices as they 
show less power losses in electricity conversion.

is located at 759 Chief Justice Cushing Highway, Suite 
382, Cohasset, Mass., 02025, and can be reached at            
(857) 499-0071. Visit www.QuantumMicrowave.com to 
see their full line of products.

ACHIEVEMENTS
Qorvo®, a leading provider of innovative RF solutions 
that connect the world, has earned continued Trusted 
Source Category 1A accreditation through 2018 from 
the U.S. Department of Defense (DoD). The company 
is one of only five accredited suppliers for both gallium 
nitride (GaN) and gallium arsenide (GaAs).

Custom MMIC announced its most recent product re-
leases have pushed their standard product portfolio 
over the 100 product mark. Custom MMIC is a leading 
developer of GaAs and GaN monolithic microwave in-
tegrated circuits (MMIC), serving the high performance 
and high reliability needs of military, space, aerospace 
and industrial applications.

Response Microwave Inc. (RMI), a global specialist in 
the supply, design and manufacture of RF/microwave 
connectivity and control component solutions, is cele-
brating its 15th year of business. With industry roots dat-
ing back to the 1980s, RMI has experienced consistent 
growth and created a reputation for high performance 
and quality products at fair and reasonable price levels. 
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RF interconnect solutions, announced that Interconn 
Technical Sales is their new manufacturer’s represen-
tative for Washington, Oregon and British Columbia. 
Headed by Alex Guletsky and Tom McKenna, with 
a combined 70 years of experience serving leading 
OEM T&M customers across all major markets includ-
ing semiconductor, medical, military/aerospace and 
telecommunications, Interconn has a long history of 
providing highly-engineered connector, cable, cable 
assembly and electronic components solutions.

PLACES
Peregrine Semiconductor announced the opening 
of their new Austin, Texas development center. Now 
open, Peregrine’s Austin office will accelerate the de-
velopment of UltraCMOS® products for mobile appli-
cations including power amplifiers, low-noise ampli-
fiers and switches. This new office is staffed with 13 
experienced RF integrated circuit (RFIC) developers 
and is seeking candidates for further expansion. The 
Austin office will be led by 25-year industry veteran, 
David Bockelman. Most recently, David served as se-
nior R&D manager at Avago Technologies/Broadcom 
and was previously the vice president of engineering 
at Javelin Semiconductor.

Pasternack, a U.S.-based supplier of RF, microwave 
and millimeter wave products, announced the open-
ing of a customer fulfillment center in Suzhou, China to 
provide same day shipment of urgently needed prod-
ucts throughout China. The new fulfillment center al-
lows Pasternack to better serve Chinese engineers and 
technical buyers by providing them immediate access 
to both industry standard and hard-to-find RF and mi-
crowave products, all backed by 24/7 support from a 
team of experienced RF engineers and technical ex-
perts. Up to 1,500 square meters of floor area has been 
dedicated to stocking the industry’s largest offering of 
RF components and cable assemblies to ensure 99.4 
percent in-stock availability.

PEOPLE
Indium Corp. has named Jim Hisert 
applications manager. Hisert is re-
sponsible for exploring and leverag-
ing the use of indium in various forms 
and applications. He will use this in-
formation to identify new markets for 
existing products and identify new 
opportunities. Hisert has worked for 
Indium Corp. for over 10 years in  ss Jim Hisert
various roles, including as an applica-

tions engineer and a manufacturing engineer. He has 
presented at industry organizations and technical sem-
inars globally, and has authored technical papers on 
numerous topics, including thermal management, 
semiconductor-grade flux technology, solder materials 
testing and sputtering target bonding.

Qorvo® announced that company ex-
ecutive Cees Links has been recog-
nized for his significant contributions 
to the Wi-Fi industry with the presti-
gious Design News 2017 Golden 
Mousetrap Lifetime Achievement 
Award. Presented February 7th in 
Anaheim, Calif., the award honors an  ss Cees Links
individual whose career has been de-

voted to innovation in the advanced design and manu-
facturing industry. Links, general manager of the Qorvo 
Wireless Connectivity business, is considered a pioneer 
in wireless data, advancing and integrating the worlds of 
mobile computing and continuous networking.

REP APPOINTMENTS
Southwest Microwave, a global leader in the de-
velopment of high-performance millimeter wave and 
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An Alternative to Using MMICs 
for T/R Module Manufacture
John Walker, William Veitschegger, Richard Keshishian
Integra Technologies Inc., El Segundo, Calif.

Phased array radars have several ad-
vantages over conventional radars 
that use rotating antennas: phased 
arrays can transmit multiple beams 

simultaneously, place a null in the direction 
of a side-lobe jammer and can have a pla-
nar or conformal topology. Phased arrays 
can be one, two or three dimensional, but 
in every case they consist of an array of indi-
vidual antenna elements with each element 
driven by a transmit/receive (T/R) module. In 
the simplest case of a passive phased array, 
the T/R module consists of just a cascade 
of a phase-shifter and an attenuator which 
are adjusted for each element to steer the 
beam, with a passive feed network connect-
ing the T/R modules to a central transmitter 
and receiver.

However, the full benefits of a phased ar-
ray radar are not realized in this case since 
the losses of the feed network, particularly 

for an array with many elements, significantly 
degrades the system noise figure and trans-
mitter output power. For the best perfor-
mance it is necessary to use a fully-active T/R 
module which has both a low noise and high 
power amplifier located inside it. Numerous 
different architectures have been proposed 
for a T/R module but Figure 1 shows a basic 
generic one.

Until recently, most solid-state phased 
arrays have used GaAs MMICs for the high 
power amplifier (HPA), but the advent of 
GaN on SiC transistors and MMICs, with 
their higher efficiency and power output, 
means that most solid-state radars in the 
future will use GaN. However, there are two 
issues that need to be considered when 
using GaN on SiC in a T/R module, one 
economic and the other technical. Dealing 
with the economic issue first, GaN on SiC is 
more expensive than GaAs. This arises from 
the use of smaller substrate sizes (4" typi-
cally for GaN compared with 6" for GaAs), 
and because the substrate is SiC rather 
than GaAs. A large fraction of a GaN HPA 
MMIC real estate is occupied by the pas-
sive circuit elements rather than the active 
device, which exacerbates the cost issue. 
Various solutions to this problem have been 
proposed such as realizing all of the pas-
sive circuitry on separate GaAs substrates 
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s Fig. 1  Generic T/R module.
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that they do not offer any improve-
ment to the VSWR withstand capa-
bility. A solution to the poor VSWR 
withstand capability of GaN is to 
use a non-reflective limiter such as 
a four-port circulator.

TRANSISTORS MATCHED TO  
50 Ω

Transistors that are fully matched 
to 50 Ω are 100 percent tested at full 
rated output power by the transis-
tor manufacturer under the exact 
pulse length and duty cycle condi-
tions that the radar requires. This 
is difficult if not impossible to do 
with MMICs using an RF-on-wafer 
probe tester when the power ex-
ceeds a few watts. Furthermore, ful-
ly matched transistors can be sup-
plied in gain and phase matched 
blocks if required. Assembly costs 
are also reduced compared with us-
ing MMICs since only one assembly 
operation is required, namely solder 
attach of package and leads which 
can both be undertaken at the same 
time, whereas MMICs require sol-
der die-attach first followed by wire 
bonding. T/R assembly yield is also 
higher since with MMICs the wire 
bonds form part of the matching 
network whereas in a 50 Ω transistor 
the matching is all contained within 
the package.

T/R assembly yield is also higher 
since tuning is eliminated compared 
with using pre-matched transistors. 
In effect, some of the assembly, 
tuning and manufacturing costs as-
sociated with producing a T/R mod-
ule are passed from the T/R mod-
ule manufacturer to the transistor 

sistor will quickly show that the 
VSWR withstand capability is typi-
cally in the 3:1 to 5:1 range, but it 
is well known that the T/R modules 
will see a poor VSWR at some beam 
directions due to mutual coupling3 

between the antenna elements. If a 
T/R switch is used as the duplexer 
in the T/R module then this poor 
VSWR will be applied directly to 
the GaN HPA less any improvement 
arising from the insertion loss of the 
T/R switch itself, and this can lead to 
HPA failure.

Using a three-port circulator, as 
the duplexer does not help much 
either since the limiter will reflect all 
of the power directly into the HPA, 
again less any improvement aris-
ing from the insertion loss of the 
circulator. It might be thought that 
the solution to this VSWR withstand 
problem is to use a balanced ampli-
fier. While balanced amplifiers have 
several advantages such as present-
ing excellent input and output ter-
minal VSWRs even when designed 
for lowest noise figure or maximum 
output power, it is readily shown4 

and butt-joining them to the GaN 
transistor power bars.1 At X-Band 
and above there really is no alter-
native to the use of either a pure 
GaN MMIC or a hybrid GaN/GaAs 
MMIC solution since the elements’ 
size requirements cannot be great-
er than λ/2 apart (to prevent grat-
ing lobes),2 which means that there 
is no space for any form of pack-
aged device.

However, at S-Band and below 
it is possible to consider the use of 
packaged devices such as a con-
ventional pre-matched GaN on SiC 
transistor or a transistor that is fully 
matched to 50 Ω inside the pack-
age. It is this latter solution which 
forms the focus of this article, and 
the economic benefits for the radar 
manufacturer will be shown.

The technical issue associated 
with using GaN on SiC transistors 
in T/R modules arises from the fact 
that they have a very high power 
density, which limits the VSWR 
withstand capability. A glance at 
the datasheet of any commercially 
available pulsed GaN on SiC tran-

s Fig. 2  S-Band (3.1 to 3.5 GHz) 135 W 
GaN transistor internally matched to  
50 Ω. Package size is 0.4" × 0.4".
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load-line theory of V2/2P for a GaN 
device operating from a typical 
drain voltage of 50 V.5 This is the 
load impedance that is required for 
maximum linear output power (i.e., 
no waveform clipping) for a transis-
tor that has a constant value of gm
for all values of gate-source voltage 
above the threshold voltage.

The above analysis also assumes 
a transistor without any source in-
ductance, feedback capacitance or 
output capacitance. Real transistors 
of course have all three elements 
present and this modi� es the load 
impedance that must be connect-
ed to the transistor to achieve the 
same output power. An analytic ex-
pression has been derived6 for the 
optimum load for a transistor with 
� nite values for Ls, Cgd and Cds and 
is given by:

)(
( )

=

− ω − − ω

− ω +⎡
⎣

⎤
⎦+

Z (1)

R L R C C /g j L

1 j C /g R C

Lopt

Lopt
2

s Lopt ds gs m s

gd m Lopt gd Cds

where RLopt is the value for opti-
mum load impedance for the situ-
ation where Ls, Cgd and Cds all have 
zero value, i.e., 12.5 Ω in this case. 
Figure 3 shows a simpli� ed equiva-
lent circuit for a GaN transistor. The 
source of the transistor can be con-
nected to ground with bond wires 
or via holes but, regardless of which 
method is used, the transistor will 
have a � nite value of source induc-
tance.

A 3D electromagnetic analysis 
was performed of the grounding 
structure for the transistor shown 
in Figure 2, which showed that Ls
=0.03 nH. Even though 0.03 nH has 
a reactance of only 0.57 Ω at 3 GHz, 
it will be shown that this is the domi-
nant effect controlling the value of 
the transistor’s input impedance. 

ed to 40 W if an EAR99 classi� ca-
tion is required, whereas for a 50 Ω
transistor the limit is 115 W. Finally, 
although a packaged 50 Ω transistor 
is clearly larger than a bare MMIC, 
that disparity is largely eliminated 
when comparing packaged MMICs 
with a 50 Ω transistor. For compari-
son the 50 Ω transistor shown in Fig-
ure 2 measures 0.4" × 0.4" whereas 
a packaged MMIC such as Qorvo 
TGA2813-SM for the same frequen-
cy range has outside dimensions of 
0.35" × 0.28". The MMIC part only 
delivers 100 W saturated output 
power whereas the 50 Ω transis-
tor delivers 150 W saturated out-
put power. Admittedly, the MMIC 
is a two-stage ampli� er and so has 
more gain.

OPTIMUM LOAD IMPEDANCE
If 100 W per element is required 

in the phased array, then no matter 
whether a MMIC or discrete transis-
tor is used for the HPA, the output 
device will require to see a resistive 
load of 12.5 Ω at the internal current 
generator plane based on standard 

manufacturer and this is re� ected 
in a slightly higher price for a fully 
matched transistor compared with a 
standard pre-matched one. Figure 
2 shows an example of a 135 W S-
Band transistor that is internally fully 
matched to 50 Ω.

Transistors fully matched to 50 Ω 
also have several other advantages 
compared to MMICs. For example, 
it is quick and easy to alter the fre-
quency range or the power output 
of the device if required, whereas for 
a MMIC a new mask set is required 
followed by a new wafer fabrication, 
both of which make it expensive and 
time-consuming. The bond wires 
used as inductors in the matching 
networks have much higher Q than 
the distributed components used in 
MMICs, which results in less power 
loss and higher ef� ciency.

Another key advantage is that 
U.S. government export restrictions 
are much less severe for a 50 Ω tran-
sistor than a MMIC. For example, 
in S-Band radar applications in the 
3.1 to 3.5 GHz band, the maximum 
power output for a MMIC is restrict-

 Fig. 3  Simpli� ed equivalent circuit 
of a GaN transistor. For a 100 W, 50 V 
S-Band transistor, typical values are Cgs = 
30 pF, Cgd  = 1 pF, Cds = 9.6 pF, gm = 4 S, 
Rgs = 0.45 Ω, Ls = 0.03 nH.
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Comparing Equations 2 and 3 
shows immediately that gm must be 
replaced by gm/2 in Equation 1 for 
class B operation.

Although the transistor is biased 
in almost pure class B mode as far 
as DC is concerned, it is question-
able whether it actually operates in 
the classical class B mode from an 
RF point of view. Fourier analysis of 
the drain current waveform shows 
that it has components at DC, the 
fundamental frequency and at even 
harmonics of the fundamental fre-
quency. The harmonics must be ter-
minated in a short-circuit in order to 
have a pure sinusoidal output. For a 
transistor with a large output capac-
itance then this requirement is satis-
fied by the transistor’s own internal 
output capacitance.

For the transistor under consid-
eration Cds = 9.6 pF so the output 
capacitance presents a reactance of 
2.8 Ω to the second harmonic rather 
than a short-circuit. Also, the tran-
sistor has an LCL low-pass network 
connected to the drain pad on the 
die to provide some pre-matching 
inside the package, which will also 
present a reactive impedance to the 
second harmonic. Without access 
to device waveform measurement 
data it is difficult to be precise on 
exactly how the transistor operates, 
but this does not invalidate the gen-
eral conclusions about the input im-
pedance that are discussed next.

INPUT IMPEDANCE
The resistive part of the input ad-

mittance Yin has both an intrinsic and 
an extrinsic component. The intrin-
sic component is a result of the finite 
value of gate-source resistance Rgs  
in Figure 3, which is comprised of 
the source Ohmic contact resis-

Using the values for these elements 
given in Figure 3 then ZLopt at the 
drain terminal of the die is now a 
10.7 Ω resistor in parallel with an in-
ductance of 0.20 nH instead of just 
a pure 12.5 Ω resistor. Transforming 
the external 50 Ω load down to 12.5 
or 10.7 Ω requires only a 4:1 imped-
ance transformer, which is relatively 
easy to implement, the problem lies 
in trying to place a shunt inductor of 
value 0.20 nH immediately adjacent 
to the transistor die and the fact the 
package inherently forces a series 
inductance to be present in front of 
the 10.7 Ω load.

For these reasons transistor 
manufacturers normally work with 
a series load configuration with the 
first element being the inevitable 
series drain bond wire inductance. 
For the transistor being considered 
here then transforming the paral-
lel RL load to a series, one requires 
that the device sees a load imped-
ance of 1.75 Ω in series with a 0.20 
nH inductor. The transformation 
of 50 Ω down to 1.75 Ω requires a 
25:1 impedance transformer which 
is much harder to realize. For the 
transistor being described here 
this is achieved using a series LCL 
matching network inside the tran-
sistor package, and this network 
transforms the external 50 Ω load 
resistance down to ZLopt and so no 
matching is required on the PCB, 
i.e., the external RF circuit is simply 
a 50 Ω transmission line with a drain 
bias network attached.

CLASS OF OPERATION
Transistors designed for radar ap-

plications are invariably operated in 
almost pure class B with the transis-
tor conducting for only half of the RF 
cycle (Idq < 50 mA for the example 
shown) rather than class A. Figure 
4 compares the class A and B situa-
tions. Fourier analysis of the current 
waveform in Figure 4 for class B op-
eration shows that the drain current 
is given by:

iD = gmvgs,peak
1
π
+ 1
2
sinωt + evenharmonics⎛

⎝⎜
⎞
⎠⎟ (2)

while in class A the drain current 
would be simply:

= ωi g v sin t (3)D m gs,peak

s Fig. 4  Voltage and current 
waveforms for ideal class A and B 
amplifiers.
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reason why class B amplifiers have 
less gain (theoretically 6 dB lower 
but not quite as bad as that in prac-
tice) than class A amplifiers.

For a transistor with finite values of 
both Cgd and Ls it has been shown6 
that the input impedance when ter-
minated in ZLopt is given by:

( )

( )

( )

=
+ +

−

+ ω − ω

ω + +

Z
L g

C C 1 g R
(6)

j
1 L C g R L C

C C 1 g R

in
S m

gs gd m Lopt

2
S ds m Lopt

2
S gs

gs gd m Lopt

The optimum source impedance 
is simply the complex conjugate of 
Zin. It can be seen immediately from 
Equation 6 that the real part of Zin is 
linearly dependent on the value of 
source inductance, thus controlling 
its value is critical to obtain a high 
production yield for a transistor fully 
matched to 50 Ω at the input. Figure 
5 shows the computed value of Zin 
as a function of the value of source 
inductance for the situation where 
Rgs = 0 and Rgs = 0.45 Ω. It can be 
clearly seen that the finite value of 
gate-source resistance makes very 
little difference to the value of the 
real part of Zin which justifies the 
earlier assumption that it can be ne-
glected in the analysis.

To match a transistor having a 
real part of Zin in the region of 1.5 Ω 
(the measured value is actually a lot 
less than this) to 50 Ω over the fre-
quency range 3.1 to 3.5 GHz entire-
ly within the package is a daunting 
task. It requires a matching network 
with more sections than the simple 
three-section one used at the out-
put. Figure 6 shows the input return 
loss and associated gain across the 

tance and the channel resistance 
formed by the GaN layer between 
the source contact and the deple-
tion region under the gate. Howev-
er, the channel resistance in a GaN 
transistor is extremely low since the 
electrons flow in a two-dimensional 
electron gas. For the 135 W S-Band 
GaN transistor shown in Figure 2, 
Rgs is in the region of 0.45 Ω. How-
ever, since 1/ωCgs>> Rgs it will be 
shown in what follows that the value 
of Rgs makes very little contribution 
to the overall value of the resistive 
part of Yin as it is masked by the 
much larger reactance of the gate-
source capacitance.

The extrinsic contributor to the 
resistive part of the input admit-
tance Yin arises from the finite value 
of the gate-source feedback capaci-
tance, Cgs, and source inductance, 
LS, which cause a portion of the re-
sistive load impedance to appear at 
the input. If the effect of Rgs is ig-
nored for the reason just given, and 
it is also temporarily assumed that 
Ls = 0, then straightforward circuit 
analysis shows that the input admit-
tance with an arbitrary value of load 
resistance RL connected at the out-
put is given by:

Yin =
ω2Cgd

2 RL 1+ gmRL( )
1+ ωCgdRL( )2

+ jω (4)

Cgs +Cgd
1+ gmRL

1+ ωCgdRL( )2
⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

Since 1>>(ωCgdRL)2 then this ex-
pression simplifies to:

Yin = ω2Cgd
2 RL 1+ gmRL( )+

jω Cgs +Cgd 1+ gmRL( )( ) (5)

The reactive term is, of course, 
the well known Miller effect6 where-
by the effective input capacitance 
is not simply Cgs + Cgd but the in-
creased value Cgs +(1+gmRL)Cgd. 
However, since gm must be re-
placed by gm/2 in Equations 4 and 
5 for class B operation, the Miller 
effect is halved in class B compared 
with class A. This fact doesn’t seem 
to be mentioned in most books and 
articles on RF amplifier design. The 
factor of two reduction in the gm val-
ue for class B operation is also the 

s Fig. 5  Computed value of the real 
part of Zin vs. source inductance Ls when 
terminated in ZLopt, given by Equation 1.
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been shown that it is still possible to 
produce a transistor that is matched 
to 50 Ω over a 400 MHz bandwidth 
centered on 3.3 GHz with an input 
return loss better than 12 dB.■
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band. The data is taken with a fixed 
output power of 135 W. The typical 
input return loss is better than 12 dB 
across the band with 14 dB gain and 
>55 percent drain efficiency.

Figure 7 shows the gain vs. out-
put power from which it can be 
seen that the transistor is operat-
ing at 1 dB gain compression at 
135 W output power. Finally, the 
harmonic performance is given in 
Table 1. Incorporating lumped ele-
ment matching within the package 
at both input and output helps to 
suppress harmonics and is a ma-
jor advantage compared with us-
ing external distributed matching. 
The harmonic performance given 
in Table 1 is better than would be 
achieved with a MMIC that uses on-
chip distributed matching.

CONCLUSION
This article described the eco-

nomic and technical benefits of us-
ing a transistor fully matched to 50 Ω 
rather than a MMIC in T/R modules 
used in phased array radars. Values 
for the impedances at the gate and 
drain terminals of the transistor die 
have been given and, despite the 
fact that the resistive part of the in-
put impedance is about 1 Ω, it has 

TABLE 1
AMPLIFIER HARMONIC PERFORMANCE

Frequency 
(GHz)

Second Harmonic 
(dBc)

Third Harmonic 
(dBc)

Fourth Harmonic 
(dBc)

3.1 -38 -57 -65

3.3 -46 -62 -66

3.5 -56 -67 -69

s Fig. 7  Gain vs. output power for the 
IGT3135M135S transistor, with Idq = 25 
mA, Vds = 46 V, a 300 µs pulse length and 
10% duty cycle.
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Integra Technologies IGT3135M135S 
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MEMS Oscillators Enable 
Resilient Outdoor Small Cells
Jim Holbrook
SiTime, Sunnyvale, Calif.

The unabated demand for mobile 
services and increased bandwidth 
is driving the need for network den-
sification in urban environments. 

The deployment of small cells is helping to 
address this growing demand. Small cells, as 
the name implies, are smaller, lower power 
base stations with output power in the range 
of 200 mW to 10 W and coverage from 10s 
of m to 2 km. According to the Small Cell 
Forum, 14 million small cells have been de-
ployed as of May 2016, and over 5 million 
are expected to ship in 2017. China Mobile 
is leading the way, with an expected tender 
for 1 million units. Small cells will also play an 
important role in the roll-out of 5G, using the 
short range of millimeter wave frequencies.

Outdoor small cell deployments pose spe-
cial challenges because of obvious factors such 
as weather, which can involve both extreme 
temperatures and rapid temperature changes, 
and vibration transients from trains, wind and 
heavy vehicles. State-of-the-art MEMS oscilla-
tor technology is ideally suited to meet these 
outdoor deployment challenges.

EVOLUTION OF MEMS OSCILLATORS
For over 75 years, quartz oscillators have 

served the electronics industry in applica-
tions that require precise frequencies with 

part-per-million accuracy. They have served 
the industry well despite certain intrinsic 
weaknesses. Because of these weaknesses 
and the economic scale of the silicon IC in-
frastructure, all-silicon MEMS timing devices 
have begun to replace quartz oscillators. In 
2006, the first MEMS-based oscillator was 
released, and it demonstrated superior per-
formance under shock and vibration, as well 
as the absence of sudden frequency jumps 
at certain temperatures (i.e., activity dips 
and micro jumps). Since the initial release 
of MEMS oscillators, the technology has 
improved considerably—temperature com-
pensation and the phase-locked loop (PLL) 
— to reduce jitter and phase noise. 

Today’s MEMS oscillators are the result of 
years of technology refinement and millions 
of dollars in investment. The latest MEMS 
timing technology delivers low noise/low jit-
ter clocks with unmatched resilience to en-
vironmental stresses, including shock, vibra-
tion, airflow and fast temperature transients. 
This performance enables more reliable and 
higher performance in all applications, in-
cluding small cells.

MEMS Reliability
In MEMS resonator design, the designer 

has complete control over the lateral shape 
of the resonator and can control resonant 
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oscillator (TCXO). The random vi-
bration magnitude was 7.5 g root 
mean square (rms) over a frequen-
cy band from 15 Hz to 2 kHz. The 
MEMS oscillator has approximately 
20× lower phase noise in this fre-
quency range, which is a significant 
benefit to systems facing this type 
of environmental stress. Maintain-
ing good phase noise performance 
in the presence of vibration is very 
important for small cells, helping to 
eliminate dropped calls and main-
tain high data throughput.

Another test of vibration sensi-
tivity is the frequency shift per g of 
sinusoidal acceleration. The most 
common measure is part per billion 
(ppb) frequency shift per g of accel-
eration (ppb/g). Figure 4 compares 
the vibration sensitivity of a temper-
ature compensated MEMS oscilla-
tor to four quartz TCXOs. The sensi-
tivity of the MEMS oscillator ranges 
from 15 to 150× lower, depending 
on the vibration frequency. With 
the MEMS oscillator, no vibration-
induced spurs are detected above 
the random noise floor.

DUAL MEMS OSCILLATOR
Vibration resistance and reliabil-

ity have been intrinsic advantages 
of MEMS oscillators since early gen-
erations were developed. Recent 
advances in technology, such as a 
dual MEMS architecture employed 
in the Elite Platform MEMS oscilla-
tor families from SiTime, provide 
additional benefits: resilience to fast 
temperature ramps and low phase 
noise. Before quantifying these 
benefits, it will be instructive to pro-
vide a brief overview of the dual 
MEMS architecture to explain how 

than 1 percent of the gap distance 
between the sidewalls. Accelera-
tion of over 1 million g would be 
required to force the resonator to 
contact the sidewall, where g = 9.8 
m/s2, the acceleration due to grav-
ity at sea level.

During MEMS manufacturing, a 
proprietary process cleans the reso-
nator and hermetically seals it in a 
vacuum to eliminate aging mecha-
nisms. This process is the basis for 
the very high reliability of MEMS 
oscillators. For example, SiTime has 
shipped over 625 million MEMS 
oscillators with no field failures at-
tributable to the MEMS resonator. 
Figure 1 compares the reliability 
of MEMS oscillators to quartz oscil-
lators. The MEMS data shows 30× 
lower defective parts per million 
(DPPM). 

Reliability is an important consid-
eration for any design and is espe-
cially vital for equipment deployed 
outdoors. Better reliability improves 
the quality of service and reduces 
maintenance cost and the total cost 
of ownership. 

Vibration Performance
MEMS-based oscillators are very 

resistant to a variety of environmen-
tal stresses, including shock and 
vibration. MEMS resonators have 
approximately 1000 to 3000× lower 
mass than quartz resonators (see 
Figure 2). This means that a force 
on a MEMS structure from shock or 
vibration will result in much lower ac-
celeration than its quartz equivalent, 
within a much lower frequency shift. 
This benefit is illustrated in Figure 3, 
which compares the phase noise of 
a MEMS temperature compensated 
oscillator to a best-in-class quartz 
temperature compensated crystal 

modes. MEMS are designed to be 
free of spurious mode crossings 
with the fundamental mode, mak-
ing them free of resonator-induced 
activity dips. The MEMS has a sin-
gle mechanical structure of pure 
silicon, with a tensile strength of 7 
GPa—which is 14× higher than tita-
nium (i.e., 330 to 500 MPa). During 
oscillation, the resonator moves less 

s Fig. 1  MEMS vs. quartz oscillator 
DPPM.

150

100

50

0

20
07

-2
00

9

20
10

20
11

20
12

20
13

20
14

20
15

SiTime MEMS (1.5 DPPM)

D
PP

M

Tier 2 Quartz Suppliers

Tier 1 Quartz Suppliers

s Fig. 2  Typical MEMS (a) and quartz 
(b) oscillator assemblies.

2.0 mm × 1.6 mm to
5.0 mm × 3.2 mm Package

5.0 mm × 3.2 mm Package

200 × 200 μm

(a)

(b)

1 mm 

2.5 mm 

s Fig. 4  Comparison of vibration 
sensitivity at 4g acceleration.

150015015

10.000

1.000

0.100

0.010

0.001

MEMS TCXO
Quartz TCXO 1
Quartz TCXO 2
Quartz TCXO 3
Quartz TCXO 4

Vibration Frequency (Hz)

Quartz Oscillator Performance

Si
ne

 V
ib

ra
ti

on
 S

en
si

ti
vi

ty
 (p

p
b

/g
)

s Fig. 3  Phase noise of 20 MHz 
temperature compensated MEMS 
oscillator and TCXO with 15 Hz to 2 kHz 
random vibration.

MEMS Temperature
Compensated Oscillator

–40

–80

–120

–160

106105104103102101Ph
as

e 
N

oi
se

 (d
B

c/
H

z)

Frequency Offset (Hz)

Quartz TCXO



MWJ/CUSTOMMMIC/PHASE/0317

Phase noise is no longer 
your nemesis.
Unwanted phase noise in your LO sources is now a thing of the past. 

With Custom MMIC‘s wideband, low phase noise GaAs ampli� er MMICs 

you can � nally achieve the resolution, bit error rate, and signal to noise 

specs you’ve been after. 

Visit our website today and download fully characterized data.

CustomMMIC.com

■  Phase noise as low 
 as -165 dBc/Hz   

■  Wideband frequencies 
 up to 40 GHz

■ Saturated output power 
 as high as 22 dBm

■ Gain as high as 18 dB

Low Phase Noise Amps

CM_LPNA_MArch_MWJ.indd   1 2/21/17   11:28 AM

http://www.mwjournal-digital.com/mwjournal/201704/TrackLink.action?pageName=79&exitLink=http%3A%2F%2FCustomMMIC.com


TechnicalFeature

these advantages are achieved. 
Figure 5 shows a block diagram of 
the DualMEMS™ oscillator. Shown 
at the left of the block diagram are 
the two MEMS that comprise the 
temperature sensor and resonator. 
One resonator, the TempSense (TS) 

resonator, is used as a temperature 
sensor, exploiting its relatively steep 
but linear ‐7 ppm/°C frequency vs. 
temperature slope. The second, 
which provides a reference clock to 
the downstream PLL, is designed to 
have a relatively flat frequency vs. 
temperature slope and is called the 
TempFlat™ (TF) resonator.  The ra-
tio of frequencies of the TF and TS 
resonators provides an extremely 
accurate reading of the resonator 
temperature, with 30 µK resolution. 
Another key feature is the tight ther-
mal coupling between the TF and 
TS resonators, which are fabricated 
on the same die and separated by 
only 100 µm. This results in virtu-
ally no thermal lag between the TF 
and TS resonators. Simulations have 
shown only 52 mK temperature off-
set between the TF and TS resona-
tors when exposed to heat flux.

By contrast, the temperature sen-
sor in quartz TCXOs is integrated 
in an IC that sits below the quartz 
resonator, on the substrate of the 
ceramic package (see Figure 6). 
This spatial separation between the 
temperature sensor and the resona-
tor results in a thermal lag between 

the two elements, 
which introduces 
significant frequen-
cy error when sub-
jected to fast ther-
mal transients.

Another key ele-
ment of the MEMS 
temperature com-
pensation archi-
tecture is the tem-
perature to digital 
converter (TDC) 
(see Figure 7). This 
circuit block gen-

erates an output frequency which 
is proportional to the ratio of the 
frequencies generated by the TF 
and TS resonators. The TDC has a 
30 μK temperature resolution and 
bandwidth to 350 Hz. These fea-
tures enable excellent phase noise 
close to the carrier and Allan de-
viation (ADEV) performance. ADEV 
measures low frequency jitter and 
wander. More precisely, ADEV is a 
two sample deviation of fractional 
frequency values measured con-
tinuously with time. It quantifies 
how much the average frequency 
changes over a certain time interval, 
called the averaging time or tau, 
and can be specified in a table for-
mat or as a plot vs. averaging time. 
With the TDC, the ADEV is less than 
10‐10 with 1 s averaging.

The high bandwidth of the TDC 
and the tight thermal coupling be-
tween the TF and TS resonators 
result in minimal frequency error 
when the temperature compensated 
MEMS oscillator is subjected to fast 
temperature transients.  Figure 8 
shows the performance of the Du-
alMEMS architecture responding to 
fast thermal transients, compared 
to a ±50 ppb carrier-grade quartz 
TCXO. When a heat gun is applied 
simultaneously to the two oscillators, 
the quartz TCXO deviates up to 450 
ppb from the nominal temperature, 
exceeding its datasheet specifica-
tion by 9×. The change of the MEMS 
oscillator is barely noticeable, well 
below the specification of 100 ppb. 
Resilience to rapid temperature tran-
sients is important for small cell qual-
ity of service during changing envi-
ronmental conditions.

The fractional-N PLL is another 
important architectural element of 
the design. The PLL multiplies the 
reference clock from the TF resona-
tor and, in combination with the out-
put divider, generates the desired 
output frequency. The PLL and the 
TDC are critical to the overall phase 
noise of the oscillator output. The 
PLL was designed with a high qual-
ity factor (Q-factor) voltage-con-
trolled oscillator (VCO) to minimize 
phase noise and on-chip crosstalk 
that can manifest as output spurs. 
The fractional feedback divider in 
the PLL uses sigma-delta modula-
tion to provide very fine frequency 
resolution, with noise shaping to 
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s Fig. 5  DualMEMS oscillator block diagram.
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can have an even more pronounced 
effect and, in extreme cases, can 
cause vibration effects. To show this, 
Figure 10 plots the ADEV of quartz 
TCXO and MEMS oscillators in the 
presence of airflow, using averaging 
times from 1 to 1,000 s. The MEMS 
oscillators have 2 to 38x better 
ADEV performance using averaging 
times between 1 and 100 s.

ADEV is a time domain measure 
of frequency stability. The main ad-
vantage of ADEV over standard de-

minimize spurs and random noise. 
Figure 9 shows the phase noise of 
two MEMS-based oscillators com-
pared to the specification for a typi-
cal LTE small cell. The MEMS oscilla-
tors have significant margin.

Airflow can cause changes in 
frequency and is another potential 
cause of performance degradation 
for outdoor small cells. Airflow can 
cause die temperature changes by 
changing the heat flow from the 
oscillator. Rapid, turbulent airflow 

s Fig. 9  MEMS oscillator phase 
noise vs. small cell specification for a 
122.88 MHz reference clock.
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supply pin, in millivolts. Normally, 
sinusoidal jitter is injected onto the 
supply voltage with a 50 mV ampli-
tude. Figure 11 shows the peak-
to-peak jitter of a MEMS oscillator 
compared to quartz oscillators from 
six different suppliers across the 
noise frequency range from 20 kHz 
to 40 MHz. The MEMS oscillator ex-
cels in PSNR. The low jitter is due 
to multiple on-chip low-dropout 
regulators, which isolate the critical 
components such as the VCO and 
MEMS oscillator.

CONCLUSION
MEMS oscillator technology has 

improved signi� cantly during the 
past decade, including the key el-
ements that comprise a high per-
formance oscillator: the resonator, 
temperature compensation circuitry, 
PLL and on-chip voltage regulators. 
Building on the intrinsic advantages 
of shock and vibration resistance, 
state-of-the-art MEMS timing tech-
nology delivers best-in-class dynam-
ic performance—resilience to system 
and environmental stresses. Com-
pared to quartz oscillators, MEMS 
oscillators offer better frequency 
stability and aging, with no activity 
drops. They are up to 80 percent 
smaller and consume up to 90 per-
cent lower power. MEMS oscillators 
are ideal for meeting the challenges 
of outdoor small cells. With addi-
tional investments in MEMS oscilla-
tor technology, re� nements will con-
tinue to improve phase noise and 
frequency stability, making MEMS-
based timing the solution of choice 
for the next several decades.■

present. Power supply noise can 
result from crosstalk with nearby 
data lines and switching regulators. 
To maintain system performance, 
it is important for the oscillator to 
maintain good phase noise and jit-
ter performance in the presence of 
noise from the power supply. Power 
supply noise rejection (PSNR) is the 
ratio of jitter observed at the out-
put, in picoseconds, divided by the 
amplitude of injected jitter on the 

viation is that it converges for most 
noise types. Therefore, it is widely 
used for characterizing the fre-
quency stability of oscillators. Good 
ADEV performance is particularly 
important for telecom-grade oscilla-
tors, and MEMS oscillators excel at 
ADEV performance. 

In addition to external environ-
mental stresses such as vibration, 
ambient temperature and air� ow, 
internal system stresses are also 

 Fig. 11  The PSNR of MEMS and 
quartz oscillators.
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Low Complexity, High 
Performance RF Self-Interference 
Cancellation for Full-Duplex 
Radios
Binqi Yang, Zhiqiang Yu, Jianyi Zhou and Yunyang Dong
State Key Laboratory of Millimeter Waves, Southeast University, Nanjing, China

The in-band full-duplex technique is regarded as a potential solution for significantly enhancing 
spectrum efficiency in the next generation communication system (5G). The biggest challenge in 
achieving full-duplex communication is overcoming self-interference from the simultaneous use 
of the same frequency band for transmission and reception. A novel RF cancellation circuit with 
direct RF correlative detection is automatically adjusted in real-time to optimize cancellation. 
Measured results show that the cancellation circuit provides greater than 50 dB of Tx-to-Rx 
isolation over a 50 MHz bandwidth. Moreover, the design is an independent module which can 
readily be cascaded for MIMO scenarios.

The 4th generation communication 
system (4G) has begun commer-
cialization and is reaching maturity. 
Technical solutions and standards 

for the next generation communication sys-
tem (5G) are now attracting the attention of 
developers around the world.1 Future sup-
port for the explosive growth of data traffic 
and the massive increase in the number of 
interconnected devices is the main driver 
behind 5G; thus, developments to fully ex-
ploit potential spectrum resources and to 
enhance spectrum efficiency are essential.

In-band full-duplex communications has 
been widely regarded as a potential solu-
tion to improve the spectrum efficiency of 
wireless systems.2,3 Current systems employ 
either time division duplexing (TDD) or fre-
quency division duplexing (FDD) to achieve 
bidirectional communication. In these sys-
tems, high Tx-to-Rx isolation is realized with 
different time slots or frequency bands for 

transmission and reception. Using the in-
band full-duplex communication technique, 
however, a radio can simultaneously trans-
mit and receive over the same frequency 
band, enabling a wireless network to double 
its spectrum utilization.

There have been several recent attempts 
to build this type of full-duplex transceiver4-7 
but, its practical realization is still subject to 
many challenges. The main one is strong 
self-interference from the transmit side of 
the node. Therefore, the principal objective 
for a full-duplex design is to suppress self-
interference as much as possible.

The block diagram of a basic full-duplex 
transceiver with RF and digital cancellation 
is shown in Figure 1. Compared to a tradi-
tional transceiver, an additional RF or analog 
cancellation circuit is used to eliminate self-
interference. About 63 dB of Tx-to-Rx isola-
tion across an 80 MHz bandwidth was ob-
tained in the analog domain by Bharadia et 
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The self-interference signal at 
the receive side looks different from 
transmitted signal at the Tx anten-
na due to the non-flat frequency 
response, especially when a wide-
band modulation signal is trans-
mitted. For this reason, it is quite 
difficult to obtain a perfect inverse 
of self-interference for RF cancella-
tion. As a result, RF cancellation is 
imperfect. Despite this, RF cancel-
lation is necessary because: 1) It 
provides high transmit-to-receive 
isolation, enough to prevent the re-
ceiver from saturating; 2) RF cancel-
lation is unaffected by phase noise 
of the transceiver local oscillator; 3) 
RF cancellation using the transmit 
signal after the power amplifier as 
the reference can eliminate nonlin-
ear self-interference due to power 
amplifier nonlinearity.

RF Cancellation Design with 
Correlative Detection

In this work, we consider an RF 
cancellation design for a separat-
ed-antenna full-duplex transceiver 
architecture. A simplified block dia-
gram is shown in Figure 3. The RF 
cancellation circuit is implemented 
as an independent RF module 
which can be divided into two parts: 
1) a cancellation unit consisting of 
a vector modulator, a transmission 
delay line, several RF amplifiers a 
directional coupler and other sup-
porting components, and 2) a cor-
relative detection unit consisting of 
a directional coupler, an RF multipli-
er, a quadrature demodulator and 
several RF amplifiers. 

by other interference, while correla-
tive detection will not. Correlative 
detection provides both the mag-
nitude and phase information of 
self-interference so that an adaptive 
adjustment algorithm (such as the 
LMS algorithm) can be easily imple-
mented. Finally, the RF cancellation 
module used in correlative detec-
tion can readily be cascaded to sup-
port MIMO systems.

CIRCUIT DESIGN

Frequency Response of Self-
Interference Channel

In the separated-antenna based 
full-duplex transceiver, self-interfer-
ence consists of two components: 
the self-interference propagating 
directly from the transmit to the re-
ceive antenna, and reflected com-
ponents from nearby scatter. The 
frequency response of self-interfer-
ence in a separated-antenna archi-
tecture can be written as:

∑= φ − τH (jw) a e e (1)a i
jw jw

i

i i

where i = 0 denotes the frequency 
response of the direct path from 
transmit antenna to the receive an-
tenna, and i = 1,2,3 denotes the fre-
quency response of multipath scat-
tering. aiejwϕi represents the magni-
tude and phase information and τi is 
the time delay for each path. As 
shown in Figure 2, a non-flat fre-
quency response caused by mul-
tipath reflection is observed in a 
typical environment. 

al.7 This was accomplished with an 
intricate 16-tap canceller composed 
of tunable attenuators and delay 
lines along with a complex cancella-
tion control algorithm. RF cancella-
tion can provide significant isolation 
to avoid receiver saturation or an-
alog-to-digital converter overload 
caused by strong self-interference. 
Moreover, it may be augmented 
with digital cancellation.

This article introduces a novel RF 
cancellation technique with direct 
RF correlative detection. This is real-
ized with an independent RF mod-
ule that automatically adjusts phase 
and magnitude to optimize can-
cellation. The direct RF correlative 
detection method can significantly 
reduce hardware and adaptive al-
gorithm complexity compared with 
other designs.6,7 Correlative detec-
tion employed in this design also 
has several advantages as com-
pared to the power detection meth-
od.4 Power detection utilizes only 
the strength of received signals, 
and thus may be easily disturbed 

s Fig. 1  Block diagram of a separated-antenna, full-duplex transceiver with an independent RF cancellation module.
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width constraint. To obtain the in-
verse for wideband signals, a � xed 
delay transmission line is used to 
achieve the same group delay in the 
inverted and self-interference paths.

Correlative detection of the self-
interference signal is accomplished 
in the detection unit. A quadrature 
demodulator with low-pass � lters at 
the baseband ports acts as a direct 
RF correlative detector. Considering 
that the power level of the reference 
signal at the LO port of the demod-
ulator must be controlled within a 
suitable range, an automatic power 
level control loop is constitutive with 
the RF multiplier, directional cou-
pler, log detector and operational 
ampli� er to provide a reference sig-
nal with a constant power level. 

The transmitted signal is passed 
through the transmit channel inter-
face of the RF cancellation module 
to the transmit antenna and is also 
coupled and split into two parts to 
form reference signals for the RF 
cancellation and detection units. 
The RF cancellation unit generates 
an inverted replica of the self-inter-
ference signal for elimination at the 
receive side. Residual signal is fed 
to the quadrature demodulator for 
correlative detection. The output is 
sampled to obtain self-interference 
magnitude and phase information 
for cancellation adjustment. Figure 
4 shows the completed RF cancella-
tion module.

grained control to match amplitude 
and phase for the inverted signal 
path. Cancellation that inverts a sig-
nal through phase adjustment only, 
however, will always have a band-

In the cancellation unit, the vec-
tor modulator is used as a program-
mable phase shifter and attenuator 
to generate a replica of the self-
interference signal. It provides � ne-

TechnicalFeature

 Fig. 3    Block diagram of an RF cancellation circuit with direct RF correlative 
detection.
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The output of correlative detec-
tion part I’ + jQ is sampled for each 
iteration and the complex ampli-
tude of the cancellation unit I + jQ  
is calculated according to Equation 
6. This RF cancellation implementa-
tion using the LMS algorithm can 
automatically adjust the phase and 
amplitude in real time to optimize 
self-interference cancellation.

EXPERIMENTAL RESULTS
The RF cancellation module with 

real-time adaptive cancellation is 
evaluated in a laboratory environ-
ment (see Figure 6). A Rohde & 
Schwarz (R&S) SMBV100A vector 
signal generates wideband digital 
modulation signals at a center fre-
quency of 2.35 GHz with an aver-
age power of 18 dBm. The output is 
connected directly to the Tx channel 
of the RF cancellation module and  
transmitted with an omni-directional 
antenna. Another omni-directional 
antenna is employed as the receive 
antenna. Signals are observed with 
a Rohde & Schwarz FSL6 spectrum 
analyzer on the Rx side. Tx-to-Rx 
isolation for optimal cancellation is 
measured using a Keysight N5230A 
vector network analyzer (VNA). 

Adaptive RF cancellation at a 
2.35 GHz center frequency with a 
20 MHz bandwidth QAM-16 modu-
lation signal is shown in Figure 7. 
Residual self-interference is about 
-38 dBm at an average transmit 
power of 18 dBm. Thus, a total of 
56 dB of self-interference suppres-
sion is achieved with the RF cancel-
lation module. To evaluate band-
width performance, S-parameters 
between the Tx and Rx ports of 
the module are measured in the 
optimum cancellation state. As is 
shown in Figure 8, the RF cancel-
lation module provides greater than 
50 dB Tx-to-Rx isolation across a 50 
MHz bandwidth. Table 1 shows how 
this compares with other published 
approaches.

The RF cancellation system mod-
el is shown in Figure 5. The com-
plex transmitted signal is denoted 
by s1(t), and s2(t) is the received 
signal at the receive antenna. The 
output of the receive channel can 
be written as:
e(t) = s2(t)+ (I+ jQ)s1(t) (2)

where I + jQ is the baseband input 
of the vector modulator for ampli-
tude and phase adjustment of self-
interference.

The complex output of the cor-
relative detection unit is given by:
I' + jQ' = e(t)s1

* (t) (3)

The goal of self-tuning is to set 
the complex amplitude I + jQ such 
that self-interference is minimized. 
The adaptive least mean square 
(LMS) algorithm can be easily real-
ized in this RF cancellation imple-
mentation. The gradient vector of 
the LMS algorithm is:

∂ e(t)e*(t)⎡⎣ ⎤⎦
∂I
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where Re[·] represents the real part 
and Im[∙] represents the imaginary 
part.

The formula for the LMS algo-
rithm can be written as follows:
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=
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− µ I'
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⎢

⎤

⎦
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where μ denotes a step size.
Note that in a practical cancel-

lation circuit, a constant phase dis-
placement ϕ between the reference 
signal of the detection unit and 
the signal in the cancellation unit 
is measured and calibrated, so the 
formula of the LMS algorithm is re-
written as follows:
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can process the 
received signal 
with little diffi-
culty. For MIMO, 
this independent 
RF cancellation 
module can be 
readily cascaded 
to cancel interfer-
ence from other 
antennas.n

CONCLUSION
A practical RF cancellation circuit employs adaptive 

cancellation adjustment in real time using direct RF 
correlative detection. Experimental results show that 
it provides greater than 50 dB isolation over a 50 MHz 
bandwidth. Using correlative detection, good real-
time adaptive adjustment is achieved. To build a prac-
tical full-duplex radio, however, further suppression is 
required through digital cancellation. With this circuit 
and algorithm, transmit interference can be reduced 
significant so that the IF circuit and the digital circuit 

s Fig. 6  Setup for measuring RF self-interference cancellation 
performance.

s Fig. 7  Cancellation at 2.35 GHz with a 20 MHz modulation 
signal.
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7 63   2.41 to 2.49 80
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The design of radio frequency (RF) 
and microwave systems is usually 
based on the use of simplified rep-
resentations of subsystems, often 

derived from datasheets, to predict overall 
system behavior. To reduce the number of 
design iterations, one needs a more accu-
rate representation of “real” behavior. The 
common approach for RF design is to use 
measurement-based or electromagnetic 
(EM) simulated models, such as scatter-
ing parameters to represent the behavior 
of filters or linear amplifiers. These models 
capture the nonidealities more accurately. 
Unfortunately, when RF engineers use CAD/

CAE tools for developing systems that in-
clude mixed-signal devices (where analog 
and digital waveforms coexist), they mainly 
use ideal approximations to represent the 
sampling circuit and the quantization sub-
system or they assume them as being trans-
parent to the RF signal, which degrades 
overall simulation accuracy.

Software-defined radio (SDR) front-ends 
are an example of mixed-signal system 
designs (see Figure 1) where components 
such as analog-to-digital converters (ADC) 
and digital-to-analog converters (DAC) are 
key elements of the overall design. The RF 
characteristics, specifically the input/output 
impedances of these components, may vary 
with frequency, such that a thorough char-
acterization of the frequency response of 
the mixed-signal components will signifi-
cantly improve the overall SDR design. For 
example, the ADC/DAC subsystems can be 
matched to the amplifier and filters of the 
RF transceiver. Figure 1 shows a transmitter 
with a feedback loop that implements real-
time digital predistortion (DPD) to correct 
for distortion in the transmitter. To guaran-
tee a properly corrected transmitted signal, 
the feedback loop itself should introduce 
no distortion. Due to the need for more 
signal bandwidth, recent SDR solutions re-
quire sampling rates to provide more than 
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s Fig. 1  SDR example with digital predistortion feedback loop.
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mit mode and the dbn wave only exists in the receive 
mode, where the other respective wave is considered 
zero. The sampled signal at the digital port is assigned 
to the proper voltage wave while being expressed in a 
50 Ω characteristic impedance:

= =

= =

da
V

Z
,only in transmitter mode (db 0) (1)

db
V

Z
,only in receiver mode (da 0)

n
dig

0
n

n
dig

0
n

The generalization to the scattering 
waves formalism allows characterizing 
amplitude and phase over frequency 
for mixed-signal systems. This is simi-
lar to the well-known S-parameters 
for small-signal linear behavior and 
the polyharmonic distortion models,3 
interconnected X-parameters4 or S-
functions for large-signal operating 
points.5 This generalized formalism for 
mixed-signal components is referred 
to as D-parameters™.

To simplify the model formulation, 
the three-port mixed-signal system 

is reduced to a two-port mechanism by incorporating 
the clock (CLK) signal into the model. This is similar to 
a mixer representation,6 where the local oscillator (LO) 
imposes the point of operation. The D-parameter for-
mulation for linear characteristics, as it will be employed 
throughout this article, is represented by:

bRF(ω )

dbDIG(ω )

⎡
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⎦
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where ω represents the user-defined frequency grid, 
and daDIG and dbDIG are obtained for a specific state of 
the CLK signal (aCLK) and where the D-parameters are 
dependent on the LO drive. 

D11(ω) is equivalent to S11(ω) for an analog compo-
nent and represents the matching performance of the 
RF port. Another measure is D21(ω), which is similar to 
the S21(ω) of a two-port analog network. It represents the 
frequency-dependent gain from the analog RF input port 
to the digital output port in a mixed-signal receiver. The 
amplitude and phase will depend on the LO drive. More 
specifically, the following parameters can be devised:

D11(ω ) = b1(ω )
a1(ω )

aCLK = β,da2 = 0

D21(ω ) = db2(ω )
a1(ω )

aCLK = β,da2 = 0

D12(ω ) = b1(ω )
da2(ω )

aCLK = β,a1 = 0

D22(ω ) = 0
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(3)

1 or 2 GHz of DPD bandwidth. To limit the complexity 
and the cost of corrective circuits, an alternative to in-
creased sampling rates is using higher Nyquist zones. 
However, this approach requires proper correction due 
to increased distortion in the feedback loop. To opti-
mize the overall system and push it to its limits, better 
characterization and modeling approaches are needed 
for mixed-signal devices.

This article describes a key tool for RF engineers de-
signing systems where analog and digital RF waveforms 
coexist. This work uses a new characterization approach 
and subsequent extraction of a mathematical model 
equivalent to scattering parameters for mixed-signal 
devices.1 This model is usable in system-level simula-
tors to design 5G and other communication systems.

MIXED-SIGNAL SCATTERING PARAMETERS
In general, a mixed-signal system is considered, at 

least, as a three-port device, comprising the analog RF 
port, the digital bus and an additional port reflecting 
the sampling clock (local oscillator port). As it imposes 
a discrete time scale, the last port will determine and 
constrain the time sampling periods for the digital bus 
data. The focus of this approach is not on the individual 
bit-line operation,2 rather the information that the over-
all bitstream comprises. Therefore, the mixed-signal 
system will be characterized and modeled considering 
the entire digital bus as a single port (in other words, 
the digital port), which is sampled in time.

Figure 2 shows a representation of the system-lev-
el behavioral approach for mixed-signal systems. For 
consistency with their analog counterparts and to unify 
the formalism, incident and reflected digital signals are 
introduced conceptually. They are noted as dan and 
dbn voltage waves, respectively, where n represents 
the port number. The dan wave only exists in the trans-

s Fig. 2  System-level representation of a mixed-signal compo-
nent.
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During the last few years there have 
been several attempts to assemble 
a measurement test bench for spe-
cific mixed-signal cases.10-12 More 

providing reliable RF-based char-
acterization and modeling that en-
able the models to be used in the 
common RF/microwave simulators. 

Further details on the complete 
linear and nonlinear D-parameter 
formulation may be found in the 
original work.1

To present this approach more 
practically, a mixed-signal compo-
nent is used to illustrate. The Linear 
Technology® LTM9003 wideband 
receiver7 (see Figure 3) is an RF-to-
digital receiver subsystem that in-
cludes a 12-bit ADC, a bandpass fil-
ter (BPF), an intermediate frequency 
(IF) amplifier and a high linearity RF 
down-converting mixer.

MIXED-SIGNAL 
INSTRUMENTATION

For the simplest mixed-signal 
devices such as ADCs and DACs, 
the mixed-signal characterization 
test benches and mathematical for-
mulations have been standardized 
by the IEEE for several years.8 This 
standard focuses on figures of mer-
it, calculated for either the analog 
or digital side. It includes almost no 
information on characterizing and 
modeling the overall behavior.

To characterize and model mixed-
signal components, the instrumen-
tation industry has used a combi-
nation of instruments. Some of the 
capabilities have been integrated, 
leading to alternative solutions such 
as mixed-signal oscilloscopes. They 
accommodate analog and digital 
signals in a single instrument. How-
ever, these solutions have their limi-
tations9 and were never capable of 

TechnicalFeature

s Fig. 4  Mixed-signal measurement system.

PXI Controller
Transmitter

@ RF Receivers
@ RF

Receivers
@ LO

FPGA Board Phase
Synchronization

Receiver

CW
Generator @ LO CW

Generator
@ CLK

PX
I P

la
tf

or
m

E
xt

er
na

l
C

om
p

on
en

ts
LA

B
IE

W
So

ft
w

ar
e

http://www.mwjournal-digital.com/mwjournal/201704/TrackLink.action?pageName=102&exitLink=http%3A%2F%2Fwww.erzia.com
http://www.mwjournal-digital.com/mwjournal/201704/TrackLink.action?pageName=102&exitLink=mailto%3Asales.rf%40erzia.com
http://www.mwjournal-digital.com/mwjournal/201704/TrackLink.action?pageName=102&exitLink=mailto%3Asales.rf%40erzia.com


MWJ/SYNERGY/VCO/0417

http://www.mwjournal-digital.com/mwjournal/201704/TrackLink.action?pageName=103&exitLink=mailto%3Asales%40synergymwave.com
http://www.mwjournal-digital.com/mwjournal/201704/TrackLink.action?pageName=103&exitLink=http%3A%2F%2Fwww.synergymwave.com


104   MICROWAVE JOURNAL  APRIL 2017

TechnicalFeature

Waveguide

USB Controlled

Electromechanical

Surface Mount

PIN Diode

Broadest Selection of 
In-Stock RF Switches

• Coaxial, Waveguide and Surface Mount  
 options available

• SPST thru SP12T and Transfer   
 con� gurations

• Frequencies from 10 MHz to 110 GHz

• All in-stock and ship same-day

   RF COMPONENTS ON DEMAND.

   RF COMPONENTS ON DEMAND.

   RF COMPONENTS ON DEMAND.

   RF COMPONENTS ON DEMAND.

   RF COMPONENTS ON DEMAND.

   RF COMPONENTS ON DEMAND.

Broadest Selection of 
In-Stock RF Switches

• Coaxial, Waveguide and Surface Mount  
 options available

• SPST thru SP12T and Transfer   
 con� gurations

• Frequencies from 10 MHz to 110 GHz

• All in-stock and ship same-day

   RF COMPONENTS ON DEMAND.

   RF COMPONENTS ON DEMAND.

   RF COMPONENTS ON DEMAND.

   RF COMPONENTS ON DEMAND.

   RF COMPONENTS ON DEMAND.

   RF COMPONENTS ON DEMAND.

erator (CG) is used to calibrate the 
absolute phase. This approach sets 
true calibration planes for the RF 
and LO ports (see Figure 5). To en-
able readers to duplicate the setup, 
Table 1 lists the instrumentation. To 
substitute for the “homemade” CG, 
any commercially available unit that 
accepts input frequencies from 1 to 
250 MHz (the valid CLK range for 
the LTM9003) can be used.

MIXED-SIGNAL 
CHARACTERIZATION, 
MODELING AND SIMULATION

To demonstrate the capabilities 
and bene� ts of the measurement 
setup and the potential of mixed-sig-
nal scattering parameters, a practical 
example using the Linear Technolo-
gy LTM9003 in the feedback loop of 
a DPD circuit is discussed. The goal 
of a DPD feedback loop is to gen-
erate a correction signal that elimi-
nates the distortion generated by 
the power ampli� er. The LTM9003 
circuit sampling the output signal 
to generate the error information 
should not distort what is present at 
the output. Practically, however, the 
signal will be distorted, especially 
if one uses higher Nyquist zones to 
minimize the sample frequency and 
cost. Characterizing, modeling and 
compensating the feedback loop 
while linearizing is a solution to this 
problem. For this purpose, two Lab-
VIEW applications were developed 
to obtain the RF performance and 

recently, a different framework for 
the characterization and model-
ing of mixed-signal systems was 
developed, one that includes an 
idealized mixed-signal instrument 
architecture and the D-parameters 
formulation.

To deal with the characterization 
and modeling challenge of real- 
world applications, test and mea-
surement systems need to follow 
the evolution of the devices under 
test, making a switch from tradition-
al instruments—commonly divided 
by the type of signal to be mea-
sured—to a software-de� ned archi-
tecture that integrates all relevant 
hardware into a single measure-
ment system. This article illustrates 
one such instrument based on mod-
ular PXI hardware and LabVIEW, 
which makes it possible to realize 
a � exible, stable and practical test 
bench for characterizing and mod-
eling mixed-signal systems. The 
full mixed-signal system comprises 
several layers, from PXI hardware to 
LabVIEW software applications and 
some external components, shown 
in Figure 4. Two bidirectional cou-
plers are employed at the RF and 
LO ports to allow measurement of 
the incident and re� ected waves. 
This enables analog port calibra-
tion using a commercial short, open 
and load calibration kit. Addition-
ally, a commercial power meter 
calibrates for absolute power, and 
an in-house developed comb gen-

 Fig. 5  Architecture of the mixed-signal measurement system realized with the NI 
PXI platform.
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s Fig. 6  LabVIEW application frames: configuring the system (a), calibrating the measurement test bench (b), measuring the mixed-
signal LTM9003 (c) and presenting the calibrated results (d).

(a) (b)

(c) (d)

TABLE 1
PXI HARDWARE AND EXTERNAL COMPONENTS

PXI HARDWARE REFERENCE EXTERNAL COMPONENTS REFERENCE

PXI Chassis NI PXIe-1085 Coupler (LO Path) Marki Microwave 
CBR16-0006 (2x)

PXI Controller NI PXIe-8135 Coupler (RF Path) Marki Microwave 
CBR16-0012 (2x)

DC Power Supplies NI PXIe-4112 (Prescaler + CG 
NI PXIe-4138 (DUT) Power Splitter Mini-Circuits ZFRSC-42

CW Generator @ LO NI PXIe-5652 Prescaler On Semi MC12080

Receivers @ LO NI 5792R (2x) Comb-Generator (CG) In-House Developed

Transmitter @ RF NI 5793R	 RF Cables Any

Receivers @ RF NI 5792R (2x) Power Meter Keysight E9301A

CW Generator @ CLK NI PXIe-5652 Calibration Kit Keysight 85052D

Phase Synch. Receiver NI 5792R Device Under Test (DUT) Linear Technology LTM9003 EVM

FPGA Adapt. Board	 NI PXIe-7962R
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to the RF performance application for the full frequency 
range. A transfer function between the analog input at 
RF port (aRF) and the digital output (dbDIG) can be de-
fined as the equivalent “gain” for the mixed-signal re-
ceiver, denoting the bandwidth performance of the de-
vice under test (DUT) and approximating, in this case, 
filter-like behavior. This measurement can be obtained 
for different clock (aCLK) values and LO (aLO) excitation 
frequencies and input power levels, resulting in a com-
plete functional model. These models for mixed-signal 
components are important to simulate and optimize the 
overall performance. This LabVIEW application is simi-
lar in shape to the RF performance shown in Figure 6, 
so it is not included here. 

The next step uses the previously extracted data in 
RF circuit and system simulators such as Microwave 
Office (circuit) and Visual System Simulator™ (system). 
As the acquired D-parameter files (*.d2p) are compat-
ible with the SnP Touchstone format (*.s2p) used for 
S-parameters, these files can be loaded directly into 
these simulators to obtain relevant information (see 
Figure 7).

Figure 8 shows the D11 and D21 for the LTM9003, with 
a CLK frequency of 250 MHz. The curves observed in the 
D21 amplitude response show different gain values for 
the various IF frequencies measured. The D21 unwrapped 
phase component of the RF performance (shown in Fig-
ure 8b) represents the physical delay or group delay of 
the DUT between the analog and digital ports for the 
given CLK frequency. In comparison, Figure 9 shows 

the RF-to-IF behavior of the LTM9003.
The first software application obtains the LTM9003 

RF performance (D11(ω) and D21(ω)), extracting the per-
formance across the complete range of RF frequencies 
with a fixed IF. This IF is already in the digital domain and 
can be selected by the user. From the internal architec-
ture of the mixed-signal IC, the LO signal must follow 
the RF sweep in either the sum (LO = RF + IF) or dif-
ference mode (LO = RF − IF). After calibrating and per-
forming the measurement sweeps, data processing will 
give D11(ω), which is required to understand the impact 
of RF input matching, and D21(ω), which is the frequency-
dependent gain from the RF input to a fixed digital IF. 
Both amplitude and phase characteristics are obtained, 
relating the device signals in the analog and digital do-
mains. This information is essential to allow small-signal 
simulation of the mixed-signal system with the other RF 
components using microwave simulators. The LabVIEW 
frames are shown in Figure 6, following the sequential 
steps to display the final calibrated measurements.

The RF-to-IF LabVIEW application characterizes the 
digital IF frequency behavior and is obtained by sweep-
ing the RF vs. frequency while keeping the LO frequency 
fixed, which forces the received IF signal to vary. The RF 
input matching should be close to or equal in frequency 

s Fig. 7  Mixed-signal LTM9003 D-parameters imported into 
the NI AWR Design Environment.

s Fig. 8  D-parameters, in amplitude and phase, obtained 
for the RF performance application, with D11 (a) and D21 (b) 
imported into the simulation tool at different IF frequencies.

(a)

(b)

s Fig. 9  RF to IF behavior, in amplitude and phase, obtained 
for an LO of 1 GHz when RF is swept for different frequency 
grid steps.

s Fig. 10  LTM9003 LO port wideband matching performance.
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the D21 phase component for the RF-to-IF performance 
normalized to 2π when using different frequency grids, 
which indicates a dependency between the CG grid and 
the CLK frequency. Also, it is easy to see the different 
Nyquist zones (multiples of CLK frequency) for the dif-
ferent grids. The D21 amplitude component depicts the 
expected BPF behavior. Figure 10 shows the LO port 
performance as a function of frequency.

The LabVIEW applications offer diverse possibilities to 
further integrate this data into more complex configura-
tions. With this new approach it is now possible to inte-
grate mixed-signal analysis into the NI AWR Design En-
vironment and optimize subsequent analog components 
inserted in the system, such as filters, matching networks 
and amplifiers.

CONCLUSION
This article addressed the D-parameter framework, 

practical implementation of a PXI-based character-
ization system for D-parameter extraction and ex-
amples of integrating  the information into RF/micro-
wave simulators. This approach provides a complete 
framework for characterizing mixed-signal devices, 
whether systems on chip or full discrete systems. This 
type of characterization is important for SDR system 
designers and DPD-PA optimization. Characterizing 
mixed-signal components is an important step in the 
optimization of these circuits, particularly when con-
sidering impairments or limitations in the feedback 
loop chain.13-14 ■
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W hen testing electronics, it’s 
hard to beat the general pur-
pose oscilloscope. To vali-
date electronic circuits, engi-

neers depend on the ability to see and mea-
sure the signals in their designs. Automated 
test equipment (ATE) does not typically help 
with visual troubleshooting, which is chal-
lenging for users that have to install, cali-
brate and troubleshoot the system. These 
operations require the visualization tools that 
an oscilloscope delivers, and nothing beats 
the variety of measurements an oscilloscope 
provides. To achieve oscilloscope function-
ality in an ATE environment, users often use 
soft front panel oscilloscope software with a 
digitizer. While the software looks like an os-
cilloscope, it does not have the performance 
tools traditional oscilloscopes have that are 
required for troubleshooting.

OSCILLOSCOPE IN A SINGLE PXI SLOT
Keysight’s new InfiniiVision PXIe modular 

oscilloscopes are designed to provide the 
usability and performance of a traditional 
benchtop oscilloscope in a PXIe modular sys-

tem. Three models allow the choice of band-
width to fit measurement requirements: the 
M9241A provides 200 MHz bandwidth; the 
M9242A, 500 MHz and the M9243A, 1 GHz. 

Keysight has been manufacturing high 
performance oscilloscopes for more than 
60 years and leveraged this knowledge to 
create PXIe oscilloscopes that go beyond 
merging a digitizer with scope software. 
The M924XA modular oscilloscopes have 
the same high performance MegaZoom 
technology that is used in the popular Infi-
niiVision 3000T X-Series benchtop scopes. 
They also share the same optimized user 
interface, so operating the M924XA oscillo-
scopes on a PC will look and feel similar to 
using a familiar oscilloscope.

Oscilloscopes acquire, process and plot 
data on the screen for user troubleshooting 
and signal analysis. The display shows mul-
tiple waveforms on the screen at the same 
time. The use of waveform intensity allows 
quick identification of signal errors that are 
key to viewing the signal. However, this is 
more difficult for people who try to use a 
digitizer with oscilloscope software, and 
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real-time analysis. Keysight’s new 
modular oscilloscopes feature pow-
erful hardware-based mask testing 
that can perform up to 270,000 tests 
per second. Users can easily create 
a mask based on a previously cap-
tured “ideal” signal and then report 
the test results as simple counts or as 
a six-sigma performance benchmark.

Signal analysis is only as good 
as the probes used to capture the 
signal. Keysight has a wide range 
of probing solutions for the modu-
lar environment, enabling a variety 
of different applications to be sup-
ported. In addition to the standard 
range of passive voltage probes, 
Keysight offers high temperature en-
vironmental probes, high sensitivity 
current probes, high current probes, 
high voltage probes and power 
rail probes. Notably, the power rail 
probe provides a large offset, low 
noise and 1:1 attenuation with very 
low loading for making critical power 
integrity measurements.

ATE operation often places a 
heavy burden on the software— 
and the programmer—to perform 
a correct analysis when characteris-
tics are still under development or 
the operational performance of the 
system is being profiled. An oscil-
loscope is the general purpose “go 
to” tool for validating the system 
test configuration, and the integra-
tion of an oscilloscope into an ATE 
system can improve the test opera-
tion. It can be a powerful tool to 
improve system availability through 
improved calibration and trouble-
shooting for interactive operation.

 
Keysight Technologies Inc.
Santa Rosa, Calif.  
www.keysight.com

ADDED CAPABILITIES
While the oscilloscope capability 

is the primary benefit of Keysight’s 
M924XA series modular oscillo-
scopes, it is not the only analysis tool 
included. The integrated 20 MHz ar-
bitrary waveform generator provides 
stimulus to activate the circuits and 
operations of the system being test-
ed, allowing users to capture, edit 
and replay signals. The waveform 
generator also provides a quick and 
easy way to integrate a function gen-
erator for more standard signals.

Protocol analysis is often a diffi-
cult tool to find integrated into the 
modular environment; however, the 
M924xA series has this capability. 
It includes many advanced proto-
col tools for triggering and decod-
ing serial communications signals. 
Whether chip-to-chip communica-
tion or military communications, its 
full-featured protocol analysis capa-
bility allows users to define packets 
of interest for triggering and decod-
ing the communications protocol. 

As an example, Figure 3 shows 
counting CRC errors on an auto-
motive CAN communications link. 
Sometimes simply counting signal 
events is all that is required, and all 
of the oscilloscope trigger events 
can be converted into an event 
counter or totalizer. The general 
purpose counter can be used as an 
8-digit frequency counter or an 
event, providing triggering capabili-
ties that are faster than the display’s 
25 million events per second.

Whether performing pass/fail 
tests to specifications in manufac-
turing or testing for infrequent sig-
nal anomalies, mask/limit testing 
can be a valuable productivity tool. 
In the past, ATE systems often re-
quired a custom FPGA to provide 

they are frequently frustrated by 
the signal display limitations. The 
Keysight modular oscilloscopes ad-
dress these limitations by provid-
ing an industry-leading waveform 
update rate—up to 1 million wave-
forms per second—that enables 
capturing more signal detail. When 
a runt pulse occurs just a few times 
per second on a high frequency 
signal, it takes a high waveform up-
date rate to capture and display the 
signal (see Figure 1). Using zone 
triggering, these scopes allow the 
user to create a trigger based on 
signal information that is displayed 
on the screen. With zone trigger-
ing, if you can see the event on the 
display, you can easily trigger on 
it by simply drawing a box on the 
screen with a mouse or finger (on a 
touch-enabled screen) and select-
ing the desired trigger action (see 
Figure 2).

Acquiring massive amounts of 
data from digitizers running oscil-
loscope software is often required, 
because they do not have the ability 
to properly isolate the desired signal 
in real-time. So large data captures 
are transferred to the controller for 
software analysis, hoping that the 
signal of interest was captured. Os-
cilloscopes approach this problem 
by providing tools that enable se-
lective data to be captured, concen-
trating data acquisition and analysis 
on advanced parametric informa-
tion such as runt pulse, rise/fall time, 
setup and hold. Users can isolate 
the signal of interest and then use 
the measurement and analysis tools 
to determine the signal parameters 
of interest. Sometimes it is not the 
data—but simply identifying and 
counting these events—that proves 
to be the required information.

s Fig. 1  With a high update rate, the 
Keysight modular oscilloscopes can 
capture infrequent pulses.

s Fig. 2  Zone triggering enables 
isolating a signal with a non-monotonic 
edge.

s Fig. 3  Serial communications can 
be decoded and analyzed with protocol 
analysis tools.
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Entry-Level 
Oscilloscope Offers 
Power, Performance 
and Flexibility
Rohde & Schwarz
Munich, Germany

Claimed to be the first low cost os-
cilloscope to offer touch screen 
operation as well as a 10-bit verti-
cal resolution, the entry-level R&S 

RTB2000 is designed for education, R&D 
and manufacturing applications. The series 
comes in two and four channel models and 
offers bandwidths of 70, 100, 200 and 300 
MHz. The instrument offers the “power of 
10” by providing a 10-bit analog-to-digital 
converter (ADC), 10 Msample memory and 
10.1" capacitive touch screen.

10-BIT VERTICAL RESOLUTION
Oscilloscopes measure voltage versus 

time. The ADC (shown in Figure 1) deter-
mines how well the oscilloscope can resolve 
the amplitude of measured signals. In the 
past oscilloscopes have predominantly of-
fered eight bits of vertical resolution, which 
allows a signal to be mapped to one of 256 
vertical positions. The R&S RTB2000 in-
cludes a proprietary 10-bit ADC with 1024 
vertical positions—a four-fold improvement 
compared to a conventional 8 bit ADC. 

The increased resolution enables users 
to make more precise measurements and 
can be particularly useful for detecting small 
signals in the presence of large-amplitude 
signals. One example is the characterization 
of switched-mode power supplies. The volt-

ages across the switching device must be 
determined precisely throughout the switch-
ing process within the same acquisition.

The R&S RTB2000 oscilloscope offers sen-
sitivity down to 1 mV/div. Traditional oscillo-
scopes reach this level of input sensitivity only 
by employing software based magnification 
or by limiting the bandwidth. In contrast, the 
R&S RTB2000 oscilloscope retains the full 
measurement bandwidth—even at 1 mV/
div—ensuring high measurement accuracy.

The accuracy of measurements on a sig-
nal also depends on the oscilloscope’s inher-
ent noise. The R&S RTB2000 precisely mea-
sures even at the smallest vertical resolution 
by using low-noise front-ends and state-of-
the-art ADC.
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s Fig. 1  The 10-bit analog-to-digital converter 
ensures highest signal fidelity at highest 
resolution.
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sign—synchronously and time cor-
related to each other. For example, 
the delay between input and out-
put of an ADC can conveniently be 
determined using the cursor mea-
surements.

Protocol Analyzer — Protocols 
such as I²C, SPI and CAN/LIN are 
among the most commonly used 
to transfer control messages be-
tween integrated circuits. The R&S 
RTB2000 has versatile options for 
protocol-specific triggering and de-
coding of serial interfaces. Selective 
acquisition and analysis of relevant 
events and data is possible. With 
the hardware-based implementa-
tion, smooth operation and a high 
update rate is ensured even for long 
acquisitions. This is advantageous, 
for example, to capture multiple 
packetized serial bus signals.

Waveform and Pattern Genera-
tor — The integrated R&S RTB-B6 
waveform and pattern generator 
up to 50 Mbit/s is useful for educa-
tional purposes and for implement-
ing prototype hardware. Apart from 
the common sine, square/pulse, 
ramp and noise waveforms, it out-
puts arbitrary waveforms and 4-bit 
signal patterns. Waveforms and 
patterns can be imported as CSV 
files or copied from oscilloscope 
waveforms. Before playing signals 
back, the user can preview them 
to quickly check signal correctness. 
Predefined patterns for e.g., I²C, 
SPI, UART and CAN/LIN can be 
used (shown in Figure 2).

Digital Voltmeter — The oscil-
loscopes feature a three-digit volt-
meter (DVM) and six-digit frequency 
counter on each channel for simul-
taneous measurements. Measure-

than 13,000 cohesive individual re-
cordings are possible.

10.1" TOUCH SCREEN
Today, touch operation has be-

come commonplace in work and per-
sonal environments. Consequently, 
capacitive touch is also becoming 
more important for oscilloscope users 
as it allows them to operate the in-
strument more quickly and efficiently. 
With the R&S RTB2000, for the first 
time, users with lower budgets have 
access to not only touch screen but 
capacitive touch screen operation 
with a large display. The oscilloscope 
delivers a 1280 × 800 pixel 10.1" ca-
pacitive touch screen to quickly navi-
gate in pop-up menus and a touch 
function to easily adjust scaling, to 
zoom in or to move a waveform – just 
like on a smartphone.

X-IN-1 OSCILLOSCOPE
The R&S RTB2000 gives users 

more than just an oscilloscope. It 
also includes a logic analyzer, proto-
col analyzer, waveform and pattern 
generator and digital voltmeter.

Dedicated operating modes for 
frequency analysis, mask tests and 
long data acquisitions are also inte-
grated. Debugging all kinds of elec-
tronic systems is easy and efficient 
and satisfies the all-important rule 
of investment protection. The fol-
lowing outlines these features.

Oscilloscope — A waveform 
update rate of more than 50,000 
waveforms/s ensures a responsive 
instrument that reliably catches sig-
nal faults. Included standard tools 
provide quick results, e.g., Quick-
Meas, mask tests, fast Fourier trans-
form (FFT), math, cursors and au-
tomatic measure-
ments, including 
statistics.

Logic Analyzer 
—  The R&S RTB-
B1 option turns ev-
ery R&S RTB2000 
into an intuitive-
to-use MSO with 
16 additional 
digital channels. 
The oscilloscope 
captures and ana-
lyzes signals from 
analog and digital 
components of an 
embedded de-

10 MSAMPLE MEMORY
After bandwidth and sample rate, 

memory depth is the most impor-
tant attribute that determines an os-
cilloscope’s ability to handle a large 
range of troubleshooting tasks. The 
R&S RTB2000 oscilloscopes feature 
a 10 Msample acquisition memory 
on each oscilloscope channel, and 
20 Msample per channel in inter-
leaved mode. Users benefit from 
high sampling rates for longer time 
captures for testing and trouble-
shooting, which provides additional 
insight into electronic devices.

This large standard memory also 
has the option to  further extend to 
160 Msample of segmented mem-
ory. The R&S RTB-K15 option with 
deep, segmented memory ana-
lyzes signal sequences over a long 
observation period. For example, 
protocol-based signals with com-
munications gaps such as I2C or SPI 
can be captured over several sec-
onds or minutes. Thanks to the vari-
able segment size from 10 ksample 
to 10 Msample, the 160 Msample 
memory is optimally utilized; more 

s Fig. 2  The built-in generator offers many commonly used 
functions, as well as the possibility to reproduce arbitrary 
waveforms.
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ment functions include DC, AC+DCRMS and ACRMS—
included in scope of delivery.

Frequency Analysis Mode — Difficult-to-find faults 
often result from the interaction between time and 
frequency signals. The FFT function is activated with 
the push of a button and by just entering center fre-
quency and span. Due to this high-performance FFT 
signals can be analyzed with up to 128 kpoints. Other 
practical tools include cursor measurements and au-
toset in the frequency domain.

Mask Test Mode — Mask tests quickly reveal whether 
a specific signal lies within defined tolerance limits. By 
using statistical pass/fail evaluation, they assess quality 
and stability of a device under test. Signal anomalies 
and unexpected results are quickly identified. When the 
mask is violated, the measurement stops. Each violation 
can generate a pulse output at the AUX-OUT connector 
and this pulse output can be used to trigger actions in 
the measurement setup.

History and Segmented Memory Mode — The R&S 
RTB-K15 history function option increases the memory 
from 10 Msample to 160 Msample. Users scroll through 
past acquisitions and analyze the data using all of the 
oscilloscope tools, e.g., protocol decode and logic chan-
nels. Serial protocol and pulse sequences are recorded 
practically without interruptions (shown in Figure 3).

FUTUREPROOF
The R&S RTB2000 oscilloscopes flexibly adapt to 

needed project updates by installing software licenses. 
This applies, for example, to triggering and decod-
ing of serial protocols and the history and segmented 
memory mode. The waveform and pattern generator 
and the MSO capabilities are built-in and just need to 
be activated. Also, via keycode, the bandwidth can be 
upgraded up to 300 MHz, which makes retrofitting easy.

To facilitate global use the oscilloscope’s user inter-
face and online help support 13 languages—English, 
German, French, Spanish, Italian, Portuguese, Czech, 
Polish, Russian, simplified and traditional Chinese, Ko-
rean and Japanese. Users can change the language in 
just a few seconds while the instrument is running.

 
Rohde & Schwarz  
Munich, Germany  
+49 89 4129 12345  
www.rohde-schwarz.com

s Fig. 3  The deep segmented memory enables recording 
serial protocol packets.
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27 to 32 GHz, 4 W 
Linear Power 
Amplifier for 5G
SAGE Millimeter Inc.
Torrance, Calif.

SAGE Millimeter’s engineers have 
developed a 4 W linear, Ka-Band 
power amplifier to help its clients 
reach 5G. Developed for laboratory 

prototyping and rapid concept demonstra-
tion, the SBP-2733233836-KFKF-S1 will help 
users develop and test components in one 

of the main frequency bands 
used for 5G. Customers can 
save time and resources using 
an off-the-shelf amplifier with 
high performance, rather than 
investing in a custom compo-
nent that requires a non-recur-
ring engineering budget and a 
longer R&D timeline.

The small-signal gain, re-
turn loss and output power 
at 1 dB compression across 
27 to 32 GHz are shown in 
Figures 1 and 2. The typical 
P1dB is +36 dBm, the small-
signal gain is 38 dB, and 
the input and output return 
losses are ‐10 dB or better. 
The amplifier is biased with 
a nominal drain voltage of 
+6 VDC, drawing 4.2 A quies-
cent and 7 A under RF drive. 
It also requires a gate bias of 

‐2 VDC and draws less than 1 mA for gate 
control. The amplifier is housed in an alu-
minum case, measuring 1.2" (W) × 1.2" 
(L) × 0.5" (H), and typically weighs 1.3 oz. 
The amplifier has a compact profile, which 
makes it suitable for system integrators 
and feasible for volume manufacturing. 
The SBP-2733233836-KFKF-S1 has female 
K connectors at the input and output, al-
though the design is offered with other 
configurations, such as right angle or end-
launch WR-28 waveguide interfaces. Due 
to the high DC power consumption, the 
amplifier requires a proper heat sink for 
continuous wave operation, to prevent the 
case temperature from exceeding +50°C.

The laws of physics continue to challenge 
the implementation of millimeter wave tech-
nology. Due to the atmospheric attenuation 
in free space at Ka-Band, system engineers 
must balance power requirements and lin-
earity for communications and instrumen-
tation systems. Higher frequencies have 
shorter wavelengths, limiting the range for 
a given power. The solution to this limita-
tion is to transmit higher power with high-
er antenna gain, but this adversely affects 
noise and can exponentially increase cost.  
SAGE Millimeter’s SBP-2733233836-KFKF-S1 
serves as a middle ground for the market, 
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s Fig. 1  Small-signal gain and input/
output return loss, with Vd = +6 V,  
Id = 4.2 A, Vg = −2 V.
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s Fig. 2  Output power at 1 dB 
compression, with Vd = +6 V, Id = 7 A,  
Vg = −2 V. 
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in other industries, including radar 
systems, test equipment, VSAT/
SATCOM, military and space. These 
diverse customers can take advan-
tage of the SBP-2733233836-KFKF-
S1 amplifier’s performance, lead-
time and cost.

 
SAGE Millimeter Inc.  
Torrance, Calif.  
www.sagemillimeter.com

dustry sectors working at Ka-Band, 
especially after the FCC’s July 2016 
action that allocated 10.85 GHz of 
spectrum above 24 GHz, of which 
3.85 GHz is within Ka-Band. While 
additional spectrum was allocated 
at higher frequencies, telecommu-
nications and wireless leaders have 
been working aggressively at 28, 37 
and 39 GHz. The FCC’s announce-
ment unleashed waves of new inno-
vation, with a wide economic impact 

offering a higher output power at a 
price point accessible to cost-con-
scious programs. The high- power 
Ka-Band amplifier can be used for 
any variety of applications in the 
frequency range. The higher gain 
allows the amplifier chain to achieve 
the desired output power with a sin-
gle unit, versus cascading multiple 
components to achieve the same 
gain and output power. This makes 
the SBP-2733233836-KFKF-S1 ideal 
for linear, high-power applications 
such as Ka-Band VSAT, high capaci-
ty point-to-point and point-to-multi-
point radios and radar systems that 
demand +37 dBm of saturated out-
put power.

With experience designing and 
manufacturing millimeter wave 
components and sub-assemblies, 
SAGE Millimeter works closely with 
its customers to meet extremely 
high frequency requirements across 
multiple industries. A recurring con-
versation SAGE engineers have 
with customers is how to balance 
the often competing interests of 
lead-time, performance and cost. 
Moving from microwave to milli-
meter wave frequencies can be an 
expensive process, with lab and test 
equipment upgrades and a formida-
ble knowledge and experience gap. 
Responding to these challenges, 
SAGE began developing and man-
ufacturing an extensive portfolio of 
demonstrated, ready-to-use com-
ponents for the marketplace. The 
SBP-2733233836-KFKF-S1 power 
amplifier was inspired by an actual 
customer requirement for a ground-
based SATCOM application and is 
one of many products to come from 
this ready-to-use initiative.

This Ka-Band power amplifier 
holds true to the SAGE Millimeter 
design philosophy of creating ele-
gant, easy-to-use components. The 
universal design makes for multi-
system compatibility, enabling it to 
fit into most industry-standard sys-
tems and test setups. The amplifier 
can also be used with components 
from other manufacturers, but the 
best integration and performance 
is achieved when it is paired with 
other SAGE-designed components, 
such as mixers, oscillators, antennas 
and multipliers. 

The SBP-2733233836-KFKF-S1 
has received interest from many in-
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SP4T MEMS 0 Hz (DC) 
to 13 GHz Switch Has 
5 kV ESD Rating
Analog Devices Inc.
Norwood, Mass.

Groundbreaking technology is need-
ed to solve big problems: micro-
electromechanical system (MEMS) 
switches can deliver the innovation 

needed to overtake relays and let the indus-
try achieve the next level of performance. 
Relays date to the earliest days of the elec-
tric telegraph, and, until now, no alternative 
switching technology has been developed 
that can meet all the evolving market needs 
in test and measurement (T&M), communi-
cations, defense, healthcare and consumer. 
As one example, T&M users are demanding 
multi-standard test solutions in the small-
est form factor, with maximum parallelism 
and DC to 10s of GHz coverage. Mapped 
against this requirement, electromechani-
cal relays have narrow bandwidths, a limited 
number of channels and large package sizes 
— plus limited actuation lifetimes.

With an internal state-of-the-art MEMS 
fabrication facility, Analog Devices (ADI) is 

now mass producing MEMS switches that 
are high performance, small, fast, low pow-
er, mechanically durable and electrostatic 
discharge (ESD) protected. Initially, two cata-
log products are available: the ADGM1004 
is a SP4T switch covering 0 Hz (DC) to 13 
GHz with enhanced ESD protection: 5 kV hu-
man body model (HBM) on the RF ports — a 
MEMS switch industry first. The ADGM1004 
integrates solid-state ESD protection tech-
nology to increase the ESD rating. The sec-
ond switch, the ADGM1304, offers similar 
RF performance; however, it does not in-
clude the added solid-state ESD protection 
technology and is rated at 100 V HBM.

MEMS SWITCH TECHNOLOGY
Central to the ADI MEMS switch technol-

ogy is an electrostatically-actuated micro-
machined gold cantilever beam switching 
element. The switch can be thought of as 
a micrometer-scale mechanical relay, with 
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with no degradation at very low 
frequencies. Switching speed is 30 
μs. On resistance is typically 1.8 Ω, 
off leakage current is a maximum of 
0.5 nA, and the switch will pass ±6 
V and 220 mA. The switch requires 
a supply voltage between 3.1 and 
3.3 V and consumes 10 mW typical.

The actuation lifetime of the 
ADGM1004 switch has also been 
characterized by toggling the switch 
with RF power passing through it 
(i.e., hot switching). Figure 5 shows 
the projected lifetime probability 
distribution when hot switching a 2 
GHz, 10 dBm RF signal. From this 
test, the mean number of cycles be-
fore failure (designated T50) is ap-
proximately 3.4 billion cycles. The 
ADGM1004 data sheet provides 
data for higher power levels. ADI 
speci� es a cold switch lifetime of 1 
billion cycles minimum.

CONCLUSION
ADI’s groundbreaking MEMS 

switches are easy to use and pro-
vide excellent switch performance 
in RF and 0 Hz applications. With 
footprint an increasingly critical 
requirement across all markets, a 
MEMS switch occupies up to 95 
percent less volume than a typi-
cal DPDT electromechanical relay. 
ADI’s MEMS technology consumes 
10× less power, is 10× more reli-
able and 30× faster than relays. The 
ADGM1004 provides enhanced 
ESD protection, with a rating of 5 kV 
HBM on all RF ports.

Analog Devices Inc. 
Norwood, Mass. 
www.analog.com

ESD protection circuitry is a propri-
etary ADI technology that provides 
protection with minimal effect on RF 
performance. Figure 3 shows the 
ESD protection die, which is mount-
ed on the MEMS die in the package. 
The wire bonds to the RF pins of the 
package are optimized for both RF 
and ESD performance. To develop 
the ADGM1004, ADI combined 
three proprietary lithographic tech-
nologies with assembly and a MEMS 
capping technology to achieve this 
breakthrough HBM ESD rating.

0 HZ TO 13 GHz PERFORMANCE 
The strength of the MEMS switch 

is that it combines DC precision 
and wideband RF performance in a 
5 mm × 4 mm × 1.45 mm, surface-
mountable form factor. Figure 4 
shows the measured insertion loss 
and off isolation for the ADGM1004 
SP4T switch. Insertion loss is only 
0.45 dB at 2.5 GHz, and the 3 dB 
bandwidth reaches 13 GHz. RF 
power handling is rated at 32 dBm 
without compression, and the third-
order intercept point (IP3) is typical-
ly a constant 67 dBm vs. frequency, 

metal-to-metal contacts that are 
actuated through high DC voltage 
electrostatics. Figure 1 is a graphic 
of a single MEMS switch cantilever, 
showing the � ve parallel contacts 
in the front and the hinge structure 
with air gaps in the rear. 

A companion driver IC, designed 
by ADI, makes the MEMS switch 
easy to use. It generates the high 
DC voltage required to actuate the 
switch, ensuring fast and reliable ac-
tuation and long switching lifetime. 
The driver typically consumes only 
10 mW, which is 10× lower than 
typical drivers used for RF relays. 
The MEMS die and driver IC are as-
sembled in an ultra-small SMD QFN 
package. 

The ADGM1004 version of the 
MEMS switch also integrates solid-
state ESD protection technology 
(see Figure 2), which increases the 
RF port ESD rating to 5 kV (HBM). 
The non-RF ports are rated at 2.5 
kV (HBM). The integrated solid-state 

 Fig. 1  Single MEMS cantilever switch 
beam.

 Fig. 2  MEMS switch with ESD 
protection (right) and driver IC (left) 
assembled in QFN package.

 Fig. 3  Solid-state ESD protection die 
mounted on the MEMS switch.

 Fig. 4  Insertion loss and isolation of the MEMS switch.
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TechBriefs

10 kW. Other standard products in-
clude a family of 10, 20 and 40 W 
PAs over 6 to 18 GHz and PAs up to 
250 W over 2 to 6 GHz.  Exodus PAs 
integrate discrete LDMOS, GaAs 
and GaN devices with ceramic sub-
strates using hybrid chip-and-wire 
assembly processes. In-house ca-
pabilities include RF circuit design; 
system mechanical, electrical and 
digital circuit design; control soft-
ware development and prototype 
veri� cation.

Exodus Advanced 
Communications
Las Vegas, Nev.
www.exoduscomm.com

10 W, 32 to 40 GHz, GaAs 
FET Power Ampli� er

Exodus Advanced Commu-
nications has introduced its 
latest solid-state high power 
module, the AMP3060. This 

linear, GaAs FET hybrid, Class AB 
design provides 10 W output across 
32 to 40 GHz, with a minimum pow-
er gain of 40 dB and 4 dB peak-to-
peak maximum � atness when driv-
en with a constant maximum input 
power of 0 dBm. The AMP3060 is 
suitable for EMI/EMC susceptibility, 
millimeter wave component testing, 
electronic warfare, Ka-Band satellite 
and general communications appli-
cations. 

The high power module, which 
measures 5.51" × 6.89" × 0.98", 

requires a nominal +9 VDC bias 
and draws 37 A maximum current. 
The ampli� er is also available in a 
standard 19" rack-mounted chassis 
con� guration with self-contained air 
cooling and AC operation. An op-
tional controller with a front panel 
touch screen LCD supports Ether-
net TCP/IP, RS422 or RS485 and, 
upon request, remote Bluetooth 
connectivity.

Exodus Advanced Communica-
tions develops and manufactures 
solid-state RF power ampli� ers (PA) 
covering various frequency bands 
from 100 kHz to 47 GHz, with mod-
ule output power greater than 1 kW 
and complete systems exceeding 
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DC to 26.5 GHz SP6T 
and SPDT Switches

Dow-Key® Microwave has 
released SP6T and SPDT 
switches to the Reliant 
Switch™ family, giving the 

automated test equipment (ATE) in-
dustry the � exibility to choose be-
tween lifetime and cost without sac-
ri� cing performance.

The SP6T switch has an operat-
ing frequency range of DC to 26.5 
GHz, guaranteed insertion loss 
repeatability of 0.03  dB across 
the full band and 100 dB isolation 
up to 12.4 GHz. The switch has 
50  Ω, 2  W terminated ports and 
is offered with latching actuators, 
SMA connectors, optical position 
indicators and the option of a TTL 
interface. The SP6T switch is de-

signed for an operating life of 5 
million cycles.

Dow-Key’s SPDT and SPDT ter-
minated coaxial switches also cover 
DC to 26.5 GHz and achieve the 
same insertion loss repeatability of 
0.03 dB across the entire frequency 
range. They also have latching ac-
tuators, optical position indicators, 
SMA connectors and an optional 
TTL interface. However, these SPDT 
switches have an extended operat-
ing life of 10 million cycles.

Engineers performing compo-
nent manufacturing and system 
integration face the challenges of 
reducing the cost of test while en-
suring reliability over the life ex-
pectancy of the test system. Test 

reliability requires maintaining in-
sertion loss repeatability between 
ports, to increase measurement ac-
curacy and reduce the source of er-
rors. A longer life expectancy keeps 
the cost of replacing RF switches 
to a minimum and reduces system 
downtime. Dow-Key Microwave’s 
Reliant Switch product line is eco-
nomically priced to minimize bud-
getary concerns, while delivering 
excellent electrical and mechanical 
performance over a broad frequen-
cy range.

Dow-Key Microwave
Ventura, Calif.
www.dowkey.com/solutions/
reliant-switch/
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MWJ/IEEE/RWW/0317

Paper Deadline

25 July 2017

Call For Papers 
The 2018 IEEE Radio and Wireless Symposium (RWS2018)
will be held during the week of 14 January 2018 in 
Anaheim, CA, USA. 

RWS2018 and the 18th IEEE Topical Meeting on Silicon Monolithic Integrated Circuits SiRF2018 
are co-located and will continue to hold joint sessions.  Topical conferences held in parallel provide
more focused sessions in the areas of RF Power Amplifiers (PAWR), Topical Workshop on The 
Internet of Space (TWIOS), and Wireless Sensors and Sensor Networks ( WiSNet).  Additional 
events include an RWS Demonstration Track and the 2nd Annual Young Professionals Workshop!

k
14-17 January 2018, Hyatt Regency Orange County, 
Anaheim, CA

Paper submission instructions will be found at http://www.radiowirelessweek.org/. Submissions should be formatted according to 
the submission review.  Authors should indicate their preference for oral or poster presentation. All submissions must be 
received by 25 July 2017. 
All accepted papers will be published in a digest and and be included in IEEE Digital Library Xplore. Submission will be 
evaluated based on novelty, significance of the work, technical content, interest to the audience, and presentation.

1. High-speed and Broadband Wireless 
Technologies 

Broadband Fixed Wireless and Last-Mile Access 
Ultra-High Data Rate Communications Links - 
Powerline Communication Technologies 
3G/4G Wireless Communication Services 
Ultra-Wideband (UWB) Systems 
Optical Networks and Systems 

2. Emerging Wireless Technologies and 
Applications 

M2M & V2V Technologies & Applications 
Resource Management, Security 
Femtocell and Heterogeneous Networks 
Satellite Network Systems 
Green, Sustainable Wireless Tech. & Networks - 
Advances in LANs, PANs, BANs, MANs, RANs 

3. Wireless System Architecture and 
Modeling 

Ad Hoc Network Techniques for Internetworking 
Distributed Network Architectures 
Cellular Architectures and Systems 
Wireless Mesh and Broadband Local/Personal/ Body 
Area Networks 
Wireless Security and RFID Technologies 

4. Propagation/Channel Modeling and 
Utilization 

Propagation/Channel Characterization & Modeling - 
Fading Countermeasures 
Spectrum Sensing Technologies 
Frequency and Channel Allocation Algorithms 

5. Digital Signal Processing, SDR,  & 
Cognitive Radio 

Digital/Analog Adaptive/Collaborative Signal Processing 
Methods for Maintaining Signal Integrity and Signal 
Conditioning 
Interference mitigation and Cancellation Techniques 
Software/Hardware architectures, Algorithms 
MAC, Networking protocols, Regulatory Policies, 
Standardization 
Dynamic Spectrum Sharing, Coexistence, 
Interoperability

6. Applications to Bio-medical, Environmental, 
and Internet of Things 

Miniaturization and integration of wireless technologies 
and micro sensors 
Personal area networks and body area sensor networks 
Wireless positioning technologies & remote sensing 

7. MIMO and Multi-Antenna Communications 
MIMO, MU-MIMO, Space-Time Processing - Relaying 
Technologies 
Cooperative/Collaborative Technology 
Multi-Beam Smart Antennas 

8. Antenna Technologies 
Passive & Active Antennas from RF to THz Frequencies 
Miniaturized, Multi-frequency and Broadband Antennas 
Wireless Platform Integrated Antennas - Vehicular and 
Satellite Antennas 

9. Transceiver & Front-end Technologies, SOC 
& SiP 

Receiver, Transmitter and Transceiver Components - 
Active Circuits and Sub-systems 
Multi-Standard Circuits and Sub-systems 
Low-Power/Low Noise RF/Analog IC and System-On-
Chip 
Highly Integrated Transceivers for Sensing and Imaging 

10. Passive Components & Packaging 
Discrete, Embedded and Distributed Passive components 
Filters, Couplers and Signal Separation Devices 
Discrete and Highly Integrated Packaging 
3D-packaging, Interconnects, TSV Technologies and 
Applications 
Packaging of MEMs, Biosensors, Organic ICs, THz 
Electronics, Optoelectronics - Reliability Issues 

11. MM-Wave to THz Technology & 
Applications 

Device and circuit concept & demonstration 
Unique receivers and transmitters - Integrated circuits 
Wireless links,  Arrays & Applications 

12. 3D & Novel Engineered Materials 
Additive 3D manufacturing for wireless components and 
systems 
Novel engineered materials for antenna, packaging, passive 
devices and flexible electronic integration

http://www.radiowirelessweek.org
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New RF & Wireless 
Products  

The latest version of Richardson  
RFPD’s  New Products’ Spring 2017  
reference guide provides a snapshot 
of the most exciting new devices 
from their roster of leading global 
manufacturers. From the most recent 
additions to their line card, to the 
newest innovations in M2M/IoT solu-
tions, SDI video and optoelectronics 
products, and a new PEMCO feature, 
this guide will help you stay up-to-date with what’s new in RF & 
Wireless at Richardson RFPD. 
Richardson RFPD
www.richardsonrfpd.com

Filters, Multiplexers and 
Multi-Function Assemblies

 
When being first to react makes all 
the difference in the world, choose 
Reactel for your mission-critical fil-
ter requirements. You can count on 
Reactel to satisfy the most demand-
ing requirements for units used in 
extremely harsh environments. The 
full-line catalog features RF and mi-
crowave filters, multiplexers and 
multi-function assemblies for the mili-
tary, industrial and commercial industries. To request a copy visit 
the company’s website or e-mail reactel@reactel.com.

Reactel Inc.
www.reactel.com
 

Contactless Data & Power 
Transmission 

The third edition of the Contactless 
Data & Power Transmission brochure 
from SPINNER covers all available 
“contactless slip ring” techniques for 
use in military and industrial applica-
tions. These maintenance-free mod-
ules are available for various Ethernet 
BUS protocols up to 1 Gbit/s (real-
time data transfer rate: 100 Mbit/s). 
The data transfer cannot be moni-
tored (Wi-Fi is not used). Rotating 
DC/DC converters are available for stand-alone use or combining 
with data transmission. Hybrid slip rings and customized solutions 
for data or power transmission for use in radar systems are also 
available.
SPINNER GmbH
www.spinner-group.com

Test Solutions Product 
Guide 

Mini-Circuits’ line of custom test solu-
tions has expanded with an even wid-
er lineup of capabilities to meet your 
needs. The third edition of their Test 
Solutions Product Guide is a 52-page 
complement to the second edition, 
featuring a selection of the new mod-
els  developed in 2016 with addition-
al details on applications, companion 
products and more. Highlights in-
clude a new series of compact modular test systems, N-port mesh 
network modules and 2 x N port switch matrices. 
Mini-Circuits
www.minicircuits.com

Handover/Handoff Testing 
Brief 

Vaunix Technology Corp. recently 
produced an insightful technical brief 
discussing handover/handoff testing 
using USB-based digital attenua-
tors for complex and scalable fading 
simulations. The tech brief details the 
critical aspects of handover/handoff 
testing, and how recent technological advances have dramati-
cally increased the complexity of such testing. The new height of 
handover/handoff testing also includes mixed wireless standards, 
such as cellular-to-Wi-Fi and vice versa, as well as an expanded 
need for more fading channels.  Visit www.vaunix.com to down-
load a copy today.
Vaunix Technology Corp.
www.vaunix.com  
 

Compression Mount App 
Note
SV Microwave announced the release 
of their Compression Mount Applica-
tion Note.  The Application Note de-
tails the benefits, features and appli-
cations of the company’s hot-selling, 
solderless precision RF compression 
mount connectors.  These connectors 
are available in high frequency bands, 
including mmWave frequencies.  SV 
Microwave’s solderless application 
makes assembly fast, easy and does 
not damage the PCB board.  Additionally, COTS versions are 
readily available through distribution.  Visit  www.svmicrowave.
com/resources/application-notes to download a copy today.
SV Microwave
www.svmicrowave.com
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April Short Course Webinars

Past Webinars On Demand

Technical Education Training ................................. 4/6
The Impact of Plated Through Hole Via’s on  
RF Performance
Sponsored by: Rogers
 
Technical Education Training ................................4/11
Advances in Digitally-Modulated Load-Pull  
Analysis and PCB Design Flows for Basestation 
Power Amplifiers
Sponsored by: National Instruments/AWR

Technical Education Training ................................4/12
Benefits of Modular Real-Time Signal Analysis
Sponsored by: RADX

Register to attend at mwjournal.com/webinars

RF/Microwave Training .........................................4/18
Intro to Radar
Sponsored by: National Instruments/AWR 

Technical Education Training ................................4/19
Advanced RF Silicon-on-Insulator Capabilities for 
5G Front-End Modules
Sponsored by: GLOBALFOUNDRIES

Keysight Technologies Webcast ...........................4/26
Advances in Non-Destructive Testing of Composite 
Materials 
Sponsored by: Keysight Technologies

How to Design an X-Band MMIC PA

LEARNING
CENTER Presented by:

Getting Ahead with FilterDesigner 3D

Sponsored by: 

Presented by: Stuart Glynn, Power Amplifier, Design 
Engineer, Plextek RFI

microwavejournal.com/events/1606

Sponsored by: 

Presented by: Theunis Beukman,  
Application Engineer, CST

microwavejournal.com/events/1603

Getting Ahead with Antenna Design –  
A Real-Time Location Tracking System

Using VNAs for Eye Diagrams: Under-
standing S-Parameter Measurements

Sponsored by: 

Presented by: Brian Woods, Managing Director, Magus

microwavejournal.com/events/1611

Sponsored by: 

Presented by: Alfred P. Neves, Founder and Chief 
Technologist, Wild River; Chun-Ting (Tim) Wang Lee, Ph. D 
Candidate

signalintegrityjournal.com/events/17
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High Power SPDT RF Switch
CEL introduced the 
new CG2409X3 high 
power single-pole, dou-
ble-throw (SPDT) GaAs 
MMIC RF switch that is 
intended for various 
wireless systems 

where a switch of high-power capability is re-
quired. It is specified for the frequency range 
of 0.05 to 6 GHz, and can operate at a control 
voltage from 1.8 V to 5 V. The CG2409X3 is 
manufactured using state-of-the-art pHEMT 
technology and is packaged and tested in Ja-
pan with high quality and reliability. It is a 
drop-in replacement for Renesas’ uP-
G2409T6X switch.
CEL 
www.cel.com

HCC-62 Cross Converter
Link Electronics intro-
duced the HCC-62 
cross converter, a 
stand-alone unit that 
converts Serial Digital 
Interface (SDI) to High 

Definition Multimedia Interface (HDMI) and si-
multaneously converts HDMI to SDI. In addi-
tion to cross converting in a single piece of 
equipment, thus decluttering the studio, this 
new technology is also more economical. 
Three additional modes of operation allow the 
user to monitor the video from a SDI stream 
without using expensive SDI monitors.
Link Electronics 
www.linkelectronics.com

Low PIM 40 dB Coupler 

MECA’s low PIM high 
power (300 W) cou-
plers meet and exceed 
the industry standard 
of -161 dBc typical for 

all your DAS application needs. Available in 3, 
6, 10, 20 and now 40 dB models and weath-
erproof IP 67 standard and IP 68 available 
Type N. Made in the U.S. and 36-month war-
ranty.
MECA Electronics Inc. 
www.e-MECA.com

Rack-Mounted Power Divider 
Matrix

MegaPhase custom 
rack-mounted compo-
nents make it easy to 
split one power signal 

in however many ways you need. Ideal for mul-
tiple uses, including telecom testing, the divid-
ers operate over an extended frequency range. 
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Each divider includes a monitor port for quick 
signal checks. MegaPhase can design a cus-
tom rack to meet your precise specifications. 
MegaPhase 
www.megaphase.com

YIG-Tuned Bandreject Filters
Micro Lambda Wire-
less announced the 
production release of 
YIG-tuned bandreject 
filters with 50 dB notch 
depths at 500 MHz 
and 60 dB notch 
depths starting at 2 
GHz. Standard models 

cover the 500 MHz to 2 GHz, 2 to 6 GHz, 6 to 
18 GHz and 2 to 18 GHz. Customer specified 
tuning ranges can be supplied on special or-
der. Applications include test Instruments, 
wide band receivers, telecom, satcom and a 
variety of military applications.
Micro Lambda Wireless 
www.microlambdawireless.com

Dual/Differential Lowpass Filter 

Mini-Circuits’ DLFCV-1000+ is a dual lowpass 
filter with a passband from DC to 1000 MHz 

designed into a single 
1210 ceramic pack-
age. The dual filter can 
also be used as a dif-
ferential filter in differ-
ential circuits where in-
terference and noise 
must be minimized. 

This model provides 1.2 dB passband inser-
tion loss, 27 dB stopband rejection with steep 
roll off, and RF input power handling up to  
8.5 W (each filter). It supports a wide range of 
applications and is ideal for minimizing inter-
ference at amplifier inputs and ADC outputs.
Mini-Circuits 
www.minicircuits.com

Revolutionary Reflectionless Filter 

Mini-Circuits’ new XHF2-153+ reflectionless 
highpass filter has a passband from 15.3 to 

30 GHz with a 3 dB 
frequency cutoff at 
14.2 GHz, supporting a 
wide range of applica-
tions including WiMAX, 

military, space and more. It provides 1.8 dB 
passband insertion loss, 2.1:1 passband 
VSWR, 13.7 dB stopband rejection, 2.2:1 
stopband VSWR and 1.26 W RF input power 
handling in the passband (0.16 W in the stop-
band). It comes housed in a tiny 2 x 2 mm 
QFN package, allowing designers to use it al-
most anywhere on their PCB.
Mini-Circuits 
www.minicircuits.com

Transformer 

The MRFXF5732-1 
transformer is de-
signed for applications 
that require very small, 
low cost, and highly re-
liable surface mount 
components. Applica-
tions may be found in 

broadband, wireless and other communica-
tions systems. These units are built lead-free 
and RoHS compliant and feature welded wire 
construction for increased reliability. S-param-
eters are available on request.
MiniRF 
www.MiniRF.com

Capacitor Custom Kits
Passive Plus Inc. (PPI) 
can now develop cus-
tom sample kits based 
specifically on an engi-
neers’ needs.  Custom 
kits offer a variety of 
capacitors based on 

case size, temperature coefficient, value rang-
es, tolerances, voltages and quantities per 
value. All kits are RoHS compliant. With over 
30 years in the RF/microwave industry, PPI 
manufactures high quality, high-power passive 
components using state-of-the-art manufac-
turing techniques. Specializing in magnetic 
and non-magnetic HI-Q/low ESR capacitors, 
PPI supplies reliable quality components to 
the military, medical, semiconductor, broad-
cast and telecommunications industries.
Passive Plus Inc. 
www.passiveplus.com

Direct Read Attenuators 

Pasternack, a provider 
of RF, microwave and 
millimeter wave prod-
ucts, has released a 
new line of waveguide 
direct read attenuators 
for instrumentation, 
test benches, high effi-
ciency RF/microwave 

transmissions, SATCOM, MILCOM, radar and 
telecom applications. Pasternack’s direct read 
attenuators are available in WR-42 to WR-10 
waveguide standards operating in seven wave-
guide bands within the 18 to 110 GHz fre-
quency range. They boast ± 2 percent typical 
attenuation accuracy and feature an easy-to-
read drum scale and military standard UG-
style flanges.
Pasternack 
www.pasternack.com

N E W  P R O D U C T S
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Mini-Circuits®

www.minicircuits.com    P.O. Box 350166, Brooklyn, NY 11235-0003   (718) 934-4500   sales@minicircuits.com

$395from

Now!
4-Channels

in 1 Compact

Device

            Programmable     

ATTENUATORS

Power Handling
up to 2W

Ultra-Wideband 
10 MHz to 13 GHz

Visit minicircuits.com for detailed model specs, application notes, and more!
Place your order today and have them on your test bench as soon as tomorrow!

www.minicircuits.com/products/
programmable_attenuators.shtml

 Features
• Models with attenuation range up to 30, 60, 63, 90, 95, 110 or 120 dB
• Choose from USB, Ethernet, RS232 and SPI control options
• Use our software or yours!  User-friendly GUI and DLLs included
• Sweep or hop attenuation levels 
• Save and recall customized attenuation patterns
• Pocket-sized package, as small as 3.0 x 2.0 x 0.6”

• Now 16 unique models in stock, ready to ship!

†

 Perfect for…
• Fading simulators
• Handover system evaluation
• Automated test equipment
• And MORE!

   
       Specs may vary by model. See data sheets for specific model information.
    †  No drivers required. DLL objects for 32/64 bit Windows® environments using ActiveX® and .NET® frameworks.
 *

0 to 120 dB   0.25 dB Step  1 MHz to 13 GHz*

523 Rev_L.indd   1 11/10/16   4:03 PM
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Modelithics Models for MVP
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Request a FREE
90-Day Trial

Your High Frequency Designs with

The Modelithics COMPLETE Library
of Scalable, Parasitic and Non-Linear

Simulation Models for
Passive and Active Devices

ACCELERATE

designed to handle 2500 W average under extreme temperature and 
altitude conditions, while offering low loss (0.2 dB typical) and 1.5:1 
VSWR (max). RLC fi lters offer you the fl exibility of choosing your cutoff 
frequency, number of sections and connector type (N, SC, HN, 7/16) 
for a truly custom high power low pass product.
RLC Electronics Inc.
www.rlcelectronics.com

Wide Band Coaxial Circulator
Model F2700-1300-A0 is a wide band SMA con-
nectorized circulator operating over 6 to 18 
GHz. It features 1.5 dB maximum insertion loss, 
10 dB minimum reverse isolation and 1.9:1 
maximum VSWR. This circulator can handle 10 
W of forward CW power. The package size of the 
circulator is 0.748" × 0.787" × 0.512" and it 

weighs only 1 oz.
Wenteq Microwave
www.wenteq.com

Dual Directional Coupler
Model 2CNK125 from Werbel Microwave is a 
dual directional coupler that operates from 100 
kHz to 250 MHz at 40 dB coupling. Nominal 
power rating is 100 W, designed for 250 W max. 
Typical directionality is 25 dB. Main line VSWR 

is 1.1:1 and typical insertion loss is 0.3 dB. Housing measures 5" × 
2.5" × 1.5". All products are made in-house at their N.J.-based location 
and sourced from as many U.S.-based suppliers as possible.
Werbel Microwave LLC
www.WerbelMicrowave.com

CABLES & CONNECTORS
Coaxial Cable & Cable Assemblies

High Speed Interconnects’ 086, RF/microwave 
assemblies are designed to be cut to any 
length, terminated to 2.92 connectors, and 
shipped within one week. HSI’s 48"  assemblies 
deliver ± 2.5° phase and ±0.03 IL stability 
(180° fl exure), IL 6.1 dB, VSWR 1.15:1 through 
40 GHz.
High Speed Interconnects
www.highspeedint.com

AMPLIFIERS
Single Band Amplifi ers

AR’s new 20S6G18A and 40S6G18B are self-
contained, air-cooled, broadband, class A solid-
state amplifi ers designed for applications where 
instantaneous bandwidth, high gain and lineari-
ty are required. Model 20S6G18A, when used 
with a sweep generator, provides a minimum of 

20 W of RF output power instantaneously from 6 to 18 GHz, while the 
40S version delivers 40 W. These instruments are suitable for radiated 
immunity testing, TWTA replacements and EW applications.
AR RF/Microwave Instrumentation
www.arworld.us

SSPA Module

Exodus Advanced Communications announced 
the release of a new state-of-the-art ruggedized 
power amplifi er. AMP3095 is a 31 to 40 GHz, 5 
W min broadband module, featuring a class AB 
linear GaAs FET hybrid design. It operates from 
a 9 VDC supply at 16A with gain fl atness of 8 dB 

max peak-to-peak. With instantaneous wide bandwidth, built-in protec-
tion circuits and high reliability, the AMP3095 is suitable for all single 
channel modulation standards and applications such as EMI/RFI, EW, 
communications, SATCOM and general testing for mmWave products.
Exodus Advanced Communications
www.exoduscomm.com

Absorptive, High Speed, Single Pole Three Throw 
Switch

PMI Model No. P3T-4G8G-75-T-SFF is an ab-
sorptive, high speed, single pole three throw 
switch capable of switching within 100 ns maxi-
mum. The frequency range is 4 to 8 GHz. This 
switch has   > 75 dB isolation, and is outfi tted 
with SMA female connectors. Unit size is 1.5" × 
1.5" × 0.4" with painted blue fi nish.
Planar Monolithics Industries Inc.
www.pmi-rf.com

Dual SiC MOSFET Driver

Richardson RFPD Inc. announced the availabili-
ty and full design support capabilities for a new 
SiC MOSFET driver reference design from Mi-
crosemi Corp. The MSCSICMDD/REF1 is de-
signed to provide a reliable reference driver so-
lution, a means of evaluating silicon carbide 
MOSFETs in a number of different topologies, 
as well as a means to assess device perfor-
mance for parametric test purposes. The new 

evaluation board requires only a +24 V power input and is optimized to 
drive SiC devices at a high speed with desaturation protection.
Richardson RFPD
www.richardsonrfpd.com

High-Power Lowpass Filters
RLC Electronics’ high-power lowpass fi lters are 
designed for high-power systems in the frequen-
cy range of 100 to 8000 MHz. These fi lters are 
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MWJ/SENSOR/EXPO/0417 REV 3-15

The sensors industry is moving at lightning fast speed.  
Experience this change firsthand at the industry’s premier event for sensor technical training. 

The 2017 Sensors Expo & Conference will feature over three days of Keynotes, Symposia, Case 
Studies, Technical Sessions, Hands-on Workshops, Networking Parties, and more.

E X H I B I T  D A T E S :  J U N E  2 8 - 2 9 ,  2 0 1 7

www.sensorsexpo.com

Conference Tracks & Topics Include:

EMERGING TECHNOLOGIES

ENERGY HARVESTING & POWER

FLEXIBLE & WEARABLES TECH

IOT & WIRELESS

MEASUREMENT & DETECTION

MEMS & SENSORS

NOVEL SENSOR APPLICATIONS

OPTICAL SENSING & DETECTION

SENSOR DATA

SENSORS & EMBEDDED SYSTEMS DESIGN

*Discount is off currently published rates. Cannot be combined with other offers or applied to previous registrations.

www.sensorsexpo.com
    SENSORS EVENTS:OFFICIAL PUBLICATION:

REGISTER  
TODAY  

and join 6,000+ of your  
closest colleagues!  

Use code MWJ100 when  
registering for $100 off a Gold  

or Main Conference Pass!*

“Overall, I found the Sensors Expo event a worthwhile and informative event, effectively 
structured to enable attendees a variety of experiences, from large keynotes, time to 
explore the exhibition, technical talks and networking time.” 
- LEO KENNY, PLANET SINGULAR

INDUSTRY SPONSOR:
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Register for 

the conference at 

www.eweurope.com

credit: images.defence.gov.au

EW EUROPE 2017
Europe’s Leading Event in Electronic Warefare

In 2017, join us and connect with:

750+ delegates attending

50+ exhibiting companies

40+ countries represented

GET IN TOUCH  
eweurope@clarionevents.com 

+44 (0) 20 7384 8102

REGISTER AND  
FIND OUT MORE 
WWW.EWEUROPE.COM
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Produced by Organised byIntelligence  
Workshop Sponsor

Certified byGold SponsorsEvent Partner

Associate Partner

Supported by

Gunn Diode Oscillator
Fairview Microwave 
Inc., a supplier of on-
demand microwave 
and RF components, 
has released a wave-
guide Gunn oscillator 
that provides a cost ef-

fective source for microwave power with excel-
lent frequency and power stability while gener-
ating low phase noise. Typical applications in-
clude transmit and receive oscillators for radio 
communications, local oscillator source that 
can be multiplied for higher mmWave frequen-
cy test and measurement, military and com-
mercial radar sources, police radar, Doppler 
sensors and security screening.
Fairview Microwave Inc.
www.fairviewmicrowave.com

Wideband High Performance VCO
The DCMO3288-5 has 
greater than an octave 
tuning of bandwidth 
covering 320 to 880 
MHz with a planar res-
onator construction. 
This wideband model 
has exceptional phase 

noise performance of -109 dBc/Hz (typ.) at 
10 kHz offset and -129 dBc/Hz (typ.) at 100 
kHz offset. Other features include an output 
power of 3 dBm (min.), a harmonic suppres-
sion of 10 dB (typ.), a tuning sensitivity of less 
than 3:1 (typ.) and a bias voltage of +5 V and 
+24 V of tuning.
Synergy Microwave Corp.
www.synergymwave.com

SOURCES
OEM Pulse/Delay Generator

The unique high per-
formance model 745-
OEM pulse/delay gen-
erator is engineered 
for direct system inte-
gration. Offering a 

package designed to be embedded easily, it 
provides system architects an excellent re-
source for all triggering, synchronizing and 
timing needs. With industry-leading specifi ca-
tions such as 250 fs timing resolution, 5 ps 
jitter, synchronized outputs and much more, 
the 745-OEM is ideal for laser timing systems 
or other precision applications.
Berkeley Nucleonics
www.berkeleynucleonics.com

Dual-Channel RF Signal Generator
DS Instruments intro-
duced the SG6000LX, 
a compact and eco-
nomical dual channel 
RF signal generator 

covering 25 MHz to 6 GHz. Output power is in-
dependently adjustable on each channel in 
0.5 dB steps and with a vernier setting. The 
USB port is confi gured as power source and 
industry standard COM port requiring no spe-
cial drivers for remote operation.
DS Instruments
www.dsinstruments.com

5 W Broadband SSPA
The TA1049 is a broad-
band SSPA for applica-
tions such as EMC 
testing, EW/jamming, 
and general purpose 
lab use. It utilizes inter-
nal DC to DC conver-
sion, so it can operate 

from a +9 to +33 V supply voltage without any 
effect on RF performance. The TA1049 can be 
shipped with an integral heatsink and heat-
sink/fan assembly if required.
Triad RF Systems
www.triadrf.com

1 to 50 GHz Series Amplifi ers
The newly released 
ASL50B series amplifi -
ers feature extended 
frequency operation. 

The ASL50B series products consist of gain 
blocks with +25, +30 and +35 dB. The noise 
fi gure levels are +6 dB typical and +7 dB max 
at 50 GHz. The output P1 dB is +13 dBm typi-
cal and +10 dBm min. at 50 GHz. Like all WT 
products these ASL50B series amplifi ers are 
battle tested, and backed with the 4-year war-
ranty program. This type of service can give 
customers the support they need for long 
term uses reducing costly replacements. All 
WT products are RoHS compliant, and burn in 
tested for 48 hours at +50°C.
Wright Technologies
www.wrighttec.com
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MICRO-ADS

www.techplusmicrowave.com 

916-672-6356 

HIGHEST QUALITY FILTERSHIGHEST QUALITY FILTERSHIGHEST QUALITY FILTERS   

FOR ANY FOR ANY FOR ANY    

APPLICATION OR ENVIRONMENTAPPLICATION OR ENVIRONMENTAPPLICATION OR ENVIRONMENT   

COMMERCIAL * MILITARY * COMMERCIAL * MILITARY * COMMERCIAL * MILITARY * 
SPACE * PUBLIC SAFETYSPACE * PUBLIC SAFETYSPACE * PUBLIC SAFETY   

Avtech offers over 500 standard models 
of high-speed pulse generators, drivers, 
amplifiers and accessories ideal for both 
R&D and automated factory-floor testing. 
Some of our standard models include:

FAST PULSE TEST SOLUTIONS

AVOZ-D2-B: for production testing attenuators
AVR-EB4-B: for reverse-recovery time tests
AV-156F-B: for airbag initiator tests
AVO-9A-B: for pulsed laser diode tests
AV-151J-B: for piezoelectric tests
AVRQ-5-B: for optocoupler CMTI tests

Avtech Electrosystems Ltd.
http://www.avtechpulse.com/ 

35th

754 Fortune Crescent, Kingston, ON, K7P 2T3, Canada
Tel: 613 384 3939  - e-mail: info@astswitch.com

AST’S OUTDOOR SWITCHES
For all outdoor & severe weather applications

High Performance Broadband
Antennas & Accessories

Commercial  ▪  Military  ▪  Law Enforcement
Homeland Security  ▪  Broadcast Video

UAV / Robotics  ▪  Oil & Gas  ▪  M2M / IoT
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  RF Amplifiers, Isolators and 
  Circulators from 20MHz to 40GHz 

Wenteq Microwave Corporation 
138 W Pomona Ave, Monrovia, CA 91016 

Phone: (626) 305-6666, Fax: (626) 602-3101 
Email:  sales@wenteq.com, Website: www.wenteq.com

  

 Super low noise RF 
amplifiers 

 Broadband low noise 
amplifiers 

 Input PIN diode protected low 
noise amplifiers 

 General purpose gain block 
amplifiers 

 High power RF amplifiers 
and broadband power 
amplifiers 

 RF isolators and 
circulators 

 High power coaxial and 
waveguide terminations 

 High power coaxial 
attenuators 

 PIN diode power limiters 
 Active up and down 

converters 
  

• Thermal conductivity: 
9-10 BTU·in/ft²·hr·°F

• Electrically insulative 
• Serviceability: 

-100°F to +550°F
• Tg > 215°C

For Bonding and Sealing 
EP46HT-1AO Epoxy

www.masterbond.com

EP
46
HT
-1A

O

1054LK_2.1875x3_EP46HT-1AO.indd   1 7/20/15   5:23 PM
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High-Speed Circuit Board  
Signal Integrity, Second Edition 
Stephen C. Thierauf 
Hardcover • Approx. 320 pp. • 2017  
ISBN: 978-1-60807-977-3  
$169 / £135

US:     Call   1-800-225-9977 (in the U.S. or Canada),  
or 1-781-769-9750, ext. 4030

           Fax 1-781-769-6334
 E-mail to: artech@ArtechHouse.com

UK:  Call +44 (0)20 7596 8750
 Fax +44 (0)20 7630-0166
 E-mail artech-uk@ArtechHouse.com

A R T E C H  H O U S E 685 Canton Street, Norwood, MA  02062  USA 

16 Sussex Street, London SW1V 4RW UKB O S T O N  I  L O N D O N

For complete descriptions and to order, visit 

ArtechHouse.com 
All orders plus shipping/handling and applicable taxes. 

OUR HOTTEST NEW BOOKS IN MICROWAVE DESIGN

A Practical Guide to  
EMC Engineering  
Levent Sevgi 
Hardcover • Approx. 324 pp. • 2017  
ISBN: 978-1-63081-383-3  
$159 / £127

Reflectionless Filters 
Matthew A. Morgan 
Hardcover • 280 pp. • 2017  
ISBN: 978-1-63081-327-7  
$139 / £111 

BookEnd

T his new edition of the classic, 
“Communications Receivers,” 
was prompted by the matura-

tion of software-de� ned radio (SDR) 
technology over the past decade. En-
abled by improvements in component 
technology and software — the increas-
ing sampling rates of analog-to-digital 
and digital-to-analog converters and 
the processing power of � eld pro-
grammable gate arrays — SDRs are no 
longer just an academic subject. SDR 
systems are now widely � elded, the 
mobile phone perhaps the most topical 
example.

This fourth edition of “Communica-
tions Receivers” re� ects this transition, 
enhancing the treatment of direct digital 
conversion and systems on a chip (SoC) 
and removing analog topics that are no 
longer relevant to a nearly all-digital 

Ulrich Rohde and Jerry Whitaker 
wrote the prior three editions, begin-
ning in the 1980s. To best address the 
technology shift to SDR, they recruited 
Hans Zahnd to join them and contrib-
ute his extensive experience with SDR 
receiver and transmitter systems. This 
latest edition continues the excellent 
technical discussion of communications 
receivers and will be a worthy reference 
for the next decade.

world. Nonetheless, the fundamental 
analog principles and technologies are 
thoroughly addressed. In 11 chapters 
spanning almost 700 pages, the authors 
discuss basic radio considerations, radio 
receiver characteristics, receiver system 
planning, receiver implementation, SDR 
principles and technologies, SDR trans-
ceivers, antennas, mixers, frequency 
sources, ancillary receiver circuits and 
performance measurements. The chap-
ter on SDR principles and technologies 
describes various architectures: classic 
heterodyne, direct-conversion, digi-
tal IF, direct-sampling, broadband and 
multicarrier receivers and discusses the 
associated RF front-end design consid-
erations. A commercially available wide-
band monitoring receiver is presented 
in the appendix to illustrate the imple-
mentation of a SDR.

Communications Receivers
Principles and Design 

Ulrich L. Rohde, Jerry C. Whitaker, Hans Zahnd

To order the book:
Published by McGraw-Hill Education

www.mheducation.com
ISBN: 978-0-07-184333-1

700 pages
$140, Print

$140, eBook
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Spectrum – One Man’s Vision Sees the Light

A
t its Munich site, where the facility has recently 
quadrupled in size from the original building on 
the plot, the sign at the entrance may read 

Spectrum Elektrotechnik GmbH, but the company is es-
sentially Peter von Nordheim, a man who has dedicated 
his working life and � nancial security on developing the 
company from humble beginnings to a global engineering 
enterprise.

von Nordheim started the business in 1981, together 
with a technician and a bookkeeper,  four kilometers from 
the current site in a two-room o�  ce with a total space 
of 60 m². One room was the o�  ce and the other was for 
manufacturing, which housed his � rst small turning ma-
chine that his father bought him for about DM10,000.

It was a tough time with no interest from banks, with 
the only o� er being: “If your company exists in two years 
time come back then!” Undeterred,  von Nordheim asked 
local companies if they had any engineering problems and 
from there he picked up orders for work that no one else 
wanted. As a result he rented a 400 m² room for manu-
facturing in another building 200 m away.

In the mid 1980s von Nordheim heard that the city 
of Munich would sell land to companies who wanted to 
own their own facility. He says that he applied ‘just for 
fun,’ never expecting that such a small start-up company 
would be successful but he was o� ered a 1,960 m² plot. 

Originally he had difficulty finding financing, with the 
bank charging high interest and demanding a minimum 
of 10 percent of his own money for the necessary in-
vestment, which he did not have. He eventually found a 
bank that would provide the full amount through state 
loans, provided that von Nordheim take out life insur-
ance for DM 300,000, which he happily accepted. The 
company moved to the site in 1988, with a staff of 
about 10 people.

The original building on the site was roughly 1,300 m². 
It was extended with a further 1,300 m² in 2004 and 
doubled in size again in 2014 after acquiring an adjacent 
2,000 m² plot when a second building, linked to the � rst, 
was added, with a capacity of 2,600 m². The transition 
into the new building was completed in 2016.

The original building is now dedicated to o�  ce space and 
shipping/receiving. The machine shop that was housed in 
the basement so cramped that sta�  had to ‘walk like pen-
guins’ to pass between the machines, has now moved to a 
800 m² � oor in the new building, which for the � rst time 
o� ers room for expansion.

Similarly, assembly occupies 800 m², engineering oc-
cupies another 800 m² and there has been signi� cant 
investment in new machinery/equipment. These include 
analog network analyzers to 71 GHz, including two in-
house designed cable cu� ing and stripping machines, along 
with sophisticated brazing equipment, a heat treatment 
oven, a vacuum leak tester, highly sophisticated laser 
equipment, and many CNC turning and milling machines. 
Add to that ultrasonic cleaners, vacuum ovens and inspec-
tion microscopes for every assembler, with a clean room in 
the pipeline. With the exception of surface treatment the 
company does everything in-house from design, manufac-
turing every single part, assembly and testing.

The extension provides the opportunity to capitalize 
on the prospect of big orders. For example, the company 
builds duplexers, which are used in long range radar applica-
tions, but such expensive items are usually part of a long 
term plan that requires Ministry of Defense (MoD) funding. 
However, when those funds are available Spectrum is in a 
position to ful� ll the orders.

Once a three-man operation, the company—fueled by 
von Nordheim’s conviction and hard work— now employs 
65 onsite and is geared up, ready for the future.
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Directional Couplers
VSWRPowerModel Coupling Insertion SizeType Frequency Flatness

(Inches)

6.7 x 2.27 x 1.69

5.2 x 2.67 x 1.69

6 x 2.2 x 2.2

3.5 x 2.6 x 0.7

6 x 1.5 x 1.1

3 x 3 x 1.09

9.58 x 1.48 x 0.88

3 x 2.2 x 0.7

6.4 x 1.6 x 0.72
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6 x 2 x 0.85

1.8 x 1 x 0.56

6 x 2 x 0.85

2 x 2 x 1.06

2.15 x 2 x 1.36

2.15 x 2 x 1.36

2.15 x 2 x 1.36

2.15 x 2 x 1.36

3 x 3 x 1.59

2 x 2 x 1.06

2.15 x 2 x 1.36

2 x 2 x 1.06

2 x 2 x 1.06

2.15 x 2 x 1.36

1.1 x 0.75 x 0.48

2.15 x 2 x 1.36

2.15 x 2 x 1.36

2.15 x 2 x 1.36
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C5725

C9688

C7734

C8188

C3910
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C7711
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C8214
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C10537
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C10751

C10006

C10117

C10364

C10762
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C10761

C8644

C10743

C10746

C10748

Loss (dB)

0.45

0.5

0.5

0.35

2.4

0.2

0.8

0.35

0.3

1.1

0.35

0.4

0.35
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0.2
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0.2
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0.2

0.2

0.2

0.2

0.2

0.2
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0.2

0.2
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(dB)
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40

40
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20

40

20
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6
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6
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50
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40
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(ML)
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