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ADMV1128 24 GHz to  
29.5 GHz, 5G, Microwave 
Upconverter and 
Downconverter

6 mm × 6.5 mm BGA

ADMV1139 37 GHz to 
48.2 GHz, 5G, Microwave 
Upconverter and 
Downconverter

6 mm × 6.5 mm BGA

ADMV4928 37.0 GHz 
to 43.5 GHz Transmit/
Receive Dual Polarization 
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9 mm × 6 mm BGA

ADMV4828 24.0 GHz 
to 29.5 GHz Transmit/
Receive Dual Polarization 
Beamformer

10 mm × 8.5 mm BGA

Bring smaller, more versatile radios to market faster with 

Analog Devices’ newest generation of compact, power 

efficient wideband solutions. Develop with confidence 

using ADI’s in-house quality management and package 

development capability.

RFCMOS—Enabling Power-Efficient Solutions

Patented DPD and full 

system online calibration 

IP to enhance radio 

performance.

Addresses full 5G NR  

FR2 spectrum with  

only five ICs.

Characterized for 5G,  

NR, Wi-Fi, and CPE UL. 

In-house reference designs 

based on all-ADI portfolio, 

including LO generation, 

power, and digital control.
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5G mmW Capacity 
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16-Channel Beamformers
for Ultimate IC Integration

Optional
External
Switch

2UDCs
24 GHz to 48.2 GHz 3BFICs

24 GHz to 48.2 GHz

SEE OUR 5G MMW BROCHURE  

FOR YOUR COMPLETE 5G MMW  

FRONT-END SOLUTION

ANALOG.COM/5GMMW-BROCHURE-LP

Patented DPD and full 

system online calibration system online calibration 

IP to enhance radio IP to enhance radio 

performance.performance.

Addresses full 5G NR  Addresses full 5G NR  

FR2 spectrum with  FR2 spectrum with  

only five ICs.only five ICs.

Characterized for 5G,  Characterized for 5G,  

NR, Wi-Fi, and CPE UL. NR, Wi-Fi, and CPE UL. 

In-house reference designs In-house reference designs 

based on all-ADI portfolio, based on all-ADI portfolio, 

including LO generation, including LO generation, 

power, and digital control.power, and digital control.



JQL introduces a new family of high power and broadband circulators with 

industry’s best electrical performance. These units are designed to handle 

extremely high CW input power and significantly high peak power levels for 

shorter duration. Devices undergo 100% inspection under X-Ray and thermal 

imaging cameras. JQL has successfully incorporated advanced process and 

materials technology to handle extreme conditions and harsh environments 

necessitated by the RF & Microwave industry

Learn More, drop us an e-mail

DORADO F ERROCOMJQL

HIGH POWER &

BROADBAND CIRCULATORS

Superior electrical
performance

Test & Measurement
equipment

Compact size & Light weight Medical instruments

Excellent repeatability
SATCOM uplink

Military communication
SWaP-C incorporated

Electronic warfare

Public safety systemsRoHS compliant

Features & Benefits Suitable For

X-Band
Waveguide Circulator

• 2500 W Pulse power

Octave Band
Coaxial Circulator

• 2-4GHz 250W

• 4-8GHz 150W

• 8-18GHz 150W

Hi-Ʃ Series

Hybrid Drop in Circulator

• 2400 to 2500 MHz

• 300 Watts CW Power

• 0.18 dB Insertion loss 

• over -40°C  to +85°C

• 250 W Pulse power

• 5.9 mm diameter

Ø 5.9mm (0.23”)Ø 5.9mm (0.23”)

X-Band High Power
SMT Circulator

1255 ARMOUR BLVD

MUNDELEIN, IL 60060

USA

+1-(888) 236-9828 (US)

+1-(630) 930-9917 (INTL)

JQLTECHNOLOGIES.COM
DORADO-INTL.COM
FERROCOMRF.COM

www SALES@JQLTECHNOLOGIES.COM
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Mesh Network  
Test Systems

1  M H Z  T O  5 0  G H Z

Simulate Real-World Mesh 

Communication in Your Lab

• Port counts from 3 to N

• Independently controlled attenuation on every path

• Attenuation range up to 120 dB
Common applications: 

• R&D testing of wireless “smart” devices

• Bluetooth, Zigbee, Z-Wave, Wi-Fi, IoT

• Qualification / acceptance testing of military radios

• UHF / VHF band man-pack / vehicular systems

• PMR / TETRA

Ideal for testing receiver sensitivity, changes

in range between devices, effects of  

interference on performance and more!
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We help you 
navigate the 
complexities of 
wireless test
From guidance to gear, 
get there with APITech

For more information vist:
apitech.com/wireless-test





Amplifi ers - Solid State 

Attenuators - Variable /
Programmable / Fixed

Bi-Phase Modulators

Couplers (Quadrature, 180°, 
Directional) 

Detectors - RF / Microwave  

Filters & Switched Filter 
Banks 

Form, Fit, Functional 
Products & Services

Frequency Converters

Frequency Sources 

Frequency Discriminators 
& IFM

Frequency Synthesizers

Gain & Loss Equalizers

Integrated MIC/MMIC 
Assemblies (IMAs)

IQ Vector Modulators 

Limiters - RF / Microwave

Log Amps

Miscellaneous Products 

Monopulse Comparators

Multifunction Integrated 
Assemblies (IMAs)

Phase Shifters & Bi-Phase 
Modulators 

Power Dividers/Combiners 
(Passive & Active)

Pulse Modulators - SPST

Rack & Chassis Mount 
Products

Receiver Front Ends & 
Transceivers

Single Side Band 
Modulators

SMT & QFN Products

Switch Matrices 

Switch Filter Banks

Switches - Solid-State

Systems - Radar Sense & 
Avoid

Systems - Fly Eye Radar

Threshold Detectors

USB Products

West Coast Operation:

4921 Robert J. Mathews Pkwy, Suite 1

El Dorado Hills, CA 95762 USA

Tel: 916-542-1401, Fax: 916-265-2597

East Coast Operation:

7309-A Grove Road

Frederick, MD 21704 USA

Tel: 301-662-5019, Fax: 301-662-1731

sales@pmi-rf.com • www.pmi-rf.com

BROADBAND LOW NOISE AMPLIFIERS
• Industry’s Lowest Noise Figure 

up to 50 GHz

• Internal Voltage Regulation

• Gain & OP1dB values can be 

 optimized to meet your requirement

• Internal Reverse Voltage Protection 

• Unconditional Stability

• 2-IN-1 Dual Use  Connectorized 

or Surface Mount 

• Form, Fit, Function & Custom

  Package Designs

• Hermetic Sealing

• Military or Aerospace Screening

See more at: https://www.pmi-rf.com/categories/amplifi ers

PMI Model No. Frequency
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(GHz)

Gain 

(dB)
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Flatness
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Noise 

Figure
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OP1dB

(dBm)

Confi guration

Size  (Inches)

Connectors

PEAFS3-14-10M22G-292FF 0.01 - 22 14 ±0.8 2.5
+14 (0.01 - 18 GHz)

+13 (18 - 22 GHz)

0.53” x 0.70” x 0.26”

2.92mm (F) Removable
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0.90” x 1.67” x 0.36”

SMA (F) Removable
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fairviewmicrowave.com
+1 (800) 715-4396

RF and Microwave Adapters In-Stock
Your One Source for RF & Microwave Adapters

Fairview Microwave RF adapter product line includes 746 part numbers, most of which are linFairview Microwave RF adapter product line includes 746 part numbers, most of which are 

RoHS and REACH compliant. Fairview Microwave offers 276 in-series RF adapters design and oRoHS and REACH compliant. Fairview Microwave offers 276 in-series RF adapters design and 

470 between series adapter designs as well as T and Cross RF adapters. Fairview RF adapters 
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Catch Frequency Matters, 
the industry update from 
Microwave Journal,
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FrequencyMatters

Todd Cates, co-owner of 
RF/microwave components 

distributor HASCO, describes 
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serve the evolving needs of 

its customers, particularly the 
move to mmWave.

Jonas Ehinger, new CEO 
of Gapwaves, discusses 
the company’s progress 

commercializing its waveguide 
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5G markets.
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HL OREGON

13830 SW Rawhide Ct. 

Beaverton, OR 97008 

HL COLORADO

315 W South Boulder Rd. 

Suite 206 

Louisville, CO 80027

ULTRA-BROADBAND

We offer some of 

the broadest band  

components on the 

market.  market.  

Our engineers are Our engineers are 

constantly working on constantly working on 

new designs and new designs and 

expanding our product expanding our product 

line.line.

INDUSTRY LEADING

Components that are 

“invisible” with regards 

to bandwidth roll-off and 

jitter performance keep jitter performance keep 

pulse and eye fidelity at pulse and eye fidelity at 

their best.  their best.  

We design our products We design our products 

specifically to achieve specifically to achieve 

these goals over the these goals over the 

broadest band possible.broadest band possible.

DEMOS AVAILABLE

Demos are in stock for 

most offerings, and we 

will get them in your lab 

quickly for a “hands on” quickly for a “hands on” 

evaluation.evaluation.

CUSTOM DESIGNS

Don’t see exactly what 

you need? Our engineers 

may be able to help.

Many of our products Many of our products 

can be modified or  can be modified or  

adapted to your specific adapted to your specific 

needs quickly and with needs quickly and with 

low minimum order low minimum order 

quantities.quantities.

Visit our website for baluns,  

pick-off tees, power dividers, risetime  

filters, DC blocks, amplifiers, and more!

P U T  H Y P E R L A B S  I N  Y O U R  L A B

www.hyperlabs.com

HL9409 Balun

• Industry-leading bandwidth  

(3 dB from 500 kHz  

to 100 GHz)

• Best amplitude (± 0.5 dB) 

and phase match on the  

market

HL7041 SMD BIAS TEE

BROADBAND BALUNS, BIAS TEES AND DC  BLOCKS TO 110 GHZ

Features:
• HL7071 SMD POWER DIVIDER  from DC to 30+ GHz (3 dB)

• HL706X SMD PICK-OFF TEES  from DC to 30+ GHz

• HL704X SMD BIAS TEES  from 35 MHz to 30+ GHz @ 175 mA

• 4X4 MM QFN PACKAGE with available evaluation boards

NEW: 30+ GHZ SMD POWER DIVIDERS, PICK-OFF TEES AND BIAS TEES

HL9449 Bias Tee

• Ultra-broadband  

(160 kHz to 110 GHz)

• Unparalleled passband fiatness

HL9439 DC Block

• Ultra-broadband  

(160 kHz to 110 GHz)

• Exceptional price for performance

HL7071 SMD POWER DIVIDER HL7061 SMD Z-MATCHED PICKOFF TEE

Visit our website for baluns,  

pick-off tees, power dividers, risetime  pick-off tees, power dividers, risetime  

filters, DC blocks, amplifiers, and more!filters, DC blocks, amplifiers, and more!



mmWave Mixers
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Ultra-Wideband Frequency Conversion

• IF band as wide as DC-20 GHz

• Connectorized, SMT and die formats available

• LO to RF Isolation as high as 45 dB

• Conversion loss as low as 8.4 dB

• Useable as an up and down converter

• Suitable for 5G, WiGig, defense radar  

and communication, and more
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Tesla and the Electromagnetic 
Wireless Telegraph

A figure from Tesla’s patent for 
global wireless telegraphy.

Copyright © 2006 by John Wiley & Sons, Inc. All rights reserved.
Reproduced with permission of the Licensor through PLSclear.
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Excerpted from “History of Wireless”

Tapan K. Sarkar, Robert J. M
ailloux, Arthur A. Oliner,

Magdalena Salazar-Palma and Dipak L. Sengupta

The first wireless telegraphy patent, however 
impractical, was issued in the U.S. on July 20, 
1872, to American dentist Mahlon Loomis, 
15 years before Hertz. His patent, number 
129,971, was for “Improvement in Telegraph-
ing,” and covered “aerial telegraphy by employ-
ing an `aerial’ used to radiate or receive pulsa-
tions caused by producing a disturbance in the 
electrical equilibrium of the atmosphere.”

Nikola Tesla was concerned with global views 
of telecommunication. Just like Loomis a few 
decades earlier, Tesla was convinced of the exis-
tence of a conducting layer in the atmosphere, 
and he tried to use it for transmitting informa-
tion and electric energy over long distances.

Tesla started to consider the whole world as a 
resonator, whose basic resonance frequency he 
estimated as 6 Hz. Using rotating generators of 
his own design for carrier frequencies between 
the basic resonance and 20 kHz, with high tow-
ering antennas and ground electrodes (see Fig-
ure), he planned to create a “stationary wave” 
propagating from his transmitter to any point 
on the globe. In 1893, he filed a patent on such 
a system, which included the ideas of CW trans-
mission with tuning and multiple phased radia-
tors to increase and direct the radiated power.

After starting to build an expensive worldwide 
transmitter, he lost financial support because 
of Marconi’s success with less costly equipment, 
and the grand plan was discontinued. His pat-
ent was later used in an American court against 
Marconi’s patent.
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The Dual-Drive Power Amplifier: 
The Next Frontier in Power 
Amplification
Sanghoon Lee, James Kaney and Edgar Garay
Falcomm, Atlanta, Ga.

The first generation 30 GHz Dual-Drive™ power amplifier (PA) using a 45 nm silicon on insulator 
(SOI) process achieves 50 percent power-added efficiency (PAE) for a two-stage proof-of-
concept, which is the highest efficiency ever achieved for a two-stage PA at 30 GHz on CMOS.

T he world’s dependence on 
wireless communications 
is ever increasing within 
our daily lives, spanning 

multiple industries such as automo-
tive, health care, consumer prod-
ucts, space communications and 
travel, scientific and military. Pow-
ering these new opportunities in 
wireless communications is the PA, 
which enables wireless transmission 
of data around the world.

With a compound annual growth 
rate of ~12 percent, the $16 billion 
PA market is one of the main driving 
forces enabling the advancement in 
wireless communication systems.1 
Falcomm is working toward radi-
cally improving PA products for the 
wireless communications market.

Modern PAs are expected to sup-
port high-order modulation signals 
(e.g., 256-/1024-/4096-QAM) with 
OFDM, increasing peak-to-average 
power ratio (PAPR) specifications. 

Yet, these high PAPR levels can lead 
to less than desired average PAE at 
output back-off levels given current 
PA topologies. Therein lies the issue 
where the PA serves both as the en-
abler and the limiter for the desired 
implementation of advanced com-
munication systems.

While the PA can service such 
high-order modulation schemes, it 
may inefficiently consume most of 
the power budget within a given 
wireless communication system, 
where most of the wasted energy is 
dissipated as heat. Given the ever 
increasing stringent communica-
tion protocols and requirements, 
high performance PAs are of para-
mount importance in the successful 
and rapid adoption of commercial 
next-generation communication 
networks.

Increasing the efficiency of PAs 
can greatly benefit the entire wire-
less communication market, which 
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IoT

IoT

IoT

IoT

IoT
IoT IoT

includes mobile devices, wearables, 
cellular base stations, cellphones, 
radar and other emerging markets.

For example, cost of ownership 
for cellular base stations is becom-
ing a bigger concern for network 
operators as the deployment of 5G 
mmWave infrastructure takes place. 
In 2021, network operators spent 
about $120 billion for electricity in 
cellular base stations, where more 
than 50 percent of the energy con-
sumption was from inefficient PAs. 
Therefore, increasing the efficiency 
of PAs will directly translate to re-
ducing the electricity bill and car-
bon footprint of the wireless net-
work infrastructure.

Another frontier for next-gen-
eration wireless communications 
systems is in space, where there is 
renewed interest and a desire to 
expand the robust low Earth orbital 
(LEO) economy and deploy a satel-
lite infrastructure for reliable com-
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not necessarily lend themselves to 
improved PA performance, as, typi-
cally, the smaller lithography nodes 
have reduced voltage supply over-
head and smaller breakdown limits, 
making apparent the tradeoff in de-
vice performance and reliability.

With regard to circuit topology 
improvements, to this date, almost 
all PA designs rely on common-
source or common-gate topologies 
and are mainly focused on increas-
ing peak/power-back-off (PBO), PAE 
and maximum output power (Pout) 
by presenting multi-harmonic termi-
nations to the output of the PA, as 
accomplished in the Class F, Class 
J and their inverse and continuous-
mode operations.5

A topology that has gained 
popularity in recent years is the 
harmonic-tuned PA and its differ-
ent variations. This topology takes 
advantage of adding load termina-
tions at the fundamental frequency 
and at some of the harmonics to 
increase the maximum PAE of the 
amplifier. Most modern technology 
nodes exhibit an fmax/ft between 
100 and 300 GHz; therefore, at 
mmWave frequencies, the harmonic 
content might not be substantial 
enough to make a major improve-
ment in efficiency. Additionally, pas-
sive networks that can provide har-
monic tuning tend to be complex 
and lossy, further reducing the effi-
ciency enhancement. Even though 
this technique shows low to mod-
erate efficiency improvements, the 
beforementioned drawbacks hinder 
its adoption in commercial applica-
tions.

Recent efforts have also focused 
on further improving efficiency 
based on circuit topologies that can 
support complex modulation meth-
ods, such as stacked, outphasing, 
mixed-signal, reconfigurable and 
Doherty PAs.6,7 However, in mod-
ern Si processes with nanometer 
sized technology nodes that em-
ploy supply voltages of less than 
1 V per stacked transistor (2 V for 
cascode devices), these reported 
techniques see diminishing returns 
on PAE and Pout since the transistor 
knee voltage, Vknee, becomes a sig-
nificant portion of the supply volt-
age. Moreover, an extra reduction 
in supply voltage is often observed 

can lower manufacturing and launch 
costs for satellites. For example, a 
micro-geostationary orbit (GEO) 
satellite manufacturer estimates 
that every 10 percent increase in PA 
efficiency will translate to $150,000 
of launch cost savings per space-
craft due to the reduction in battery 
and solar cell weight. The estimated 
savings do not include the reduc-
tion in manufacturing and thermal 
management costs due to higher 
PA efficiency.

EXISTING PA TOPOLOGIES
The demand for more efficient 

and more linear PAs has driven ex-
tensive research to improve perfor-
mance at the device level, for exam-
ple increasing the fmax/ft of the tran-
sistor.3 In addition, improvements in 
the back end of the line processes 
such as thicker and lower-loss top 
metal layers have increased the per-
formance of passive components, 
which has allowed a further increase 
in efficiency and output power.4

The increased fmax/ft metrics of 
the transistor device, however, do 

munication networks (such applica-
tions are Wi-Fi from space, cellular 
access to remote locations and in-
tra-space communication, to name 
a few) and maintain a constant hu-
man presence in LEO to facilitate 
the next generation of space travel.

While commercial spacecraft 
manufacturers like SpaceX have 
helped reduce rocket/payload 
launch costs to less than $2,000 per 
kilogram,2 these costs still pose a 
high barrier to entry for companies 
with emerging new technologies, 
and they incur additional expenses 
to government agencies like NASA. 
Falcomm’s customer interactions 
with satellite manufacturers found 
that battery and solar cell loads ac-
count for a significant portion of a 
satellite’s weight. In some cases 
of Earth-to-space communication 
modules within satellites, the PA can 
be responsible for nearly 80 percent 
of the energy budget.

A more efficient PA can greatly 
ease thermal management require-
ments and reduce battery and solar 
cell sizes, but most importantly it 

24 	 	 MWJOURNAL.COM  NOVEMBER 2022

_11M27 FINAL.indd   24_11M27 FINAL.indd   24 10/19/22   3:08 PM10/19/22   3:08 PM



AnaPico
of Switzerland

World Class RF & Microwave Test Instruments


��
	�����������������

For US Customers: 

Call: 800-234-7858

Email: rfsales@berkeleynucleonics.com

Visit: www.berkeleynucleonics.com

For Non-US Customers:

Call: +41 44 440 00 50

Email: rfsales@anapico.com

Visit: www.anapico.com

Berkeley Nucleonics 

Check out

our Online

RF Courses!

SIGNAL GENERATORS

• 8 kHz up to 40 GHz, analog and digital

• Single- and mul� -channel models

• <1 μs switching capability

• Low phase noise: < -120 dBc/Hz at 20 GHz

• Best-in-class phase coherence

• Ba� ery-driven for fi eld applica� ons

WIDEBAND FREQUENCY SYNTHESIZERS

• 8 kHz up to 43.5 GHz

• Single- and mul� -channel models

• Low phase noise: < -120 dBc/Hz at 20 GHz

• Fast switching 5 μs, fast control port

• Benchtop or fl exible moun� ng forms

PHASE NOISE ANALYZERS

• 1 MHz to 7 / 26 / 40 / 50 / 65 GHz

• Fast measurement � me

• CW, pulsed, residual, burst measurement capability

• Allan devia� on tes� ng

• Spectrum and transient analysis

• VCO tes� ng

SIGNAL GENERATORS

• 8 kHz up to 40 GHz, analog and digital

• Single- and mul� -channel models

• <1 μs switching capability• <1 μs switching capability

• Low phase noise: < -120 dBc/Hz at 20 GHz• Low phase noise: < -120 dBc/Hz at 20 GHz

• Best-in-class phase coherence• Best-in-class phase coherence

• Ba� ery-driven for fi eld applica� ons• Ba� ery-driven for fi eld applica� ons

WIDEBAND FREQUENCY SYNTHESIZERSWIDEBAND FREQUENCY SYNTHESIZERS

• 8 kHz up to 43.5 GHz• 8 kHz up to 43.5 GHz

• Single- and mul� -channel models• Single- and mul� -channel models

• Low phase noise: < -120 dBc/Hz at 20 GHz• Low phase noise: < -120 dBc/Hz at 20 GHz

• Fast switching 5 μs, fast control port• Fast switching 5 μs, fast control port

• Benchtop or fl exible moun� ng forms• Benchtop or fl exible moun� ng forms

PHASE NOISE ANALYZERSPHASE NOISE ANALYZERS

• 1 MHz to 7 / 26 / 40 / 50 / 65 GHz• 1 MHz to 7 / 26 / 40 / 50 / 65 GHz

• Fast measurement � me• Fast measurement � me

• CW, pulsed, residual, burst measurement capability• CW, pulsed, residual, burst measurement capability

• Allan devia� on tes� ng• Allan devia� on tes� ng

• Spectrum and transient analysis• Spectrum and transient analysis

• VCO tes� ng• VCO tes� ng



CoverFeature

in practical deployment to ensure 
device reliability.

This is especially relevant for 
mmWave array operations, where 
array element couplings result in 
substantial antenna impedance 
mismatches (VSWR) and undesired 
large PA output voltage/current 
swings. Although the reported tech-
niques have improved overall PA 
ef� ciency at mmWave frequencies, 
their operating principles are inca-
pable of theoretically surpassing 
the linear mode operation PA core 
ef� ciency of the Class B common-
source topology without resorting 
to lower conduction angles or har-
monic shaping.

Beyond solid-state technology, 
traveling wave tube (TWT) ampli-
� ers have been commonly used in 
satellite transceivers due to their 
high-power capabilities and high 
ef� ciencies (greater than 90 per-
cent). However, TWT ampli� ers are 
extremely bulky with form factors 
spanning several tens of centime-
ters and cannot support modern 
communication systems due to the 
reduced antenna size and spac-
ing requirements of array-based 
architectures at higher frequencies 
(greater than 1 GHz).

Therefore, ultra-ef� cient high-
power millimeter-sized solid-state 
PAs are critical for the successful 
and rapid adoption of next-genera-
tion communication networks since 
they are superior to other alterna-
tives in transceiver power ef� ciency, 
thermal management requirements 
and overall communications chan-
nel performance.

EFFICIENCY 
CONSIDERATIONS 
FOR PAS

Figure 1 shows 
Psat versus PAEmax
for previously pub-
lished PAs rang-
ing from 20 to 50 
GHz.8 There is an 
inherent tradeoff 
between Psat and 
PAEmax. In addi-
tion, there exist two 
distinctive power/
ef� ciency regions 
for PAs delimited 
by Psat. In the red 
region, called the 

device limited regime, ef� ciency is 
limited by the technology or device 
performance characteristics and to 
some extent by the design topol-
ogy.

In the blue region, called the 
circuits/combiner limited regime, 
an increase in power is attained by 
employing different power combin-
ing techniques and, therefore, ef-
� ciency is limited by the losses of 
the output combiner network. This 
shows a clear tradeoff between sat-
urated output power and maximum 
ef� ciency.

Moreover, when considering en-
ergy ef� ciency in PAs, PAE can be 
characterized by the four indepen-
dent factors shown in the following 
equations:

PAE (1)
F F F F

F 1
V
V

(2)

F 1
1
G

(3)

F
Q

Q Q
(4)

F 0.5 0.78 (5)

Vmin Gain Matching Waveform
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DD

Gain

Matching
ind

ind transformation

Waveform

=
× × ×

−

−

+

=









where the � rst factor (FVmin) is as-
sociated with the maximum allowed 
output voltage swing, which is de-
termined by the knee voltage of the 
device and the supply voltage; the 
second factor (FGain) is related to the 
gain of the device or the necessary 
driving power needed to saturate 
the PA; the third factor (FMatching) 
relates to the passive ef� ciency of 

the output network and the last fac-
tor (FWaveform) is a constant that de-
pends on the PA gate biasing.

From these de� nitions we can con-
clude that the � rst two factors, FVmin
and FGain, are limited by the device 
choice, while the last two factors, 
FMatching and FWaveform, are limited by 
design choices. Previous topologies 
aimed at improving the maximum ef-
� ciency of the PA were limited to only 
increasing FMatching and FWaveform
through design choices.

CLASS B PA THEORETICAL 
EFFICIENCY REVIEW

In Class B operation, the transis-
tor is biased at the threshold volt-
age (VTH) and only conducts current 
during half of the cycle. When the 
device is on, the drain current is pro-
portional to (Vin – VTH). Therefore, 
the drain current can be modeled 
as a half-wave recti� ed sine wave. 
Although the transistor drain current 
has large frequency content, the 
passive output network ensures that 
only the fundamental tone reaches 
the load. Using Fourier series analy-
sis, we can de� ne the maximum 
output power as:

P
V I

2
(6)out

peak max
=

×

The peak voltage swing at the 
load, Vpeak, can be described in 
terms of the supply voltage, VDD, 
and the knee voltage, Vknee, to 
include the effects of the device 
choice:

V V V (7)peak DD knee= −

The DC power dissipation of 
the transistor can be expressed us-
ing the maximum current going 
through the load, Imax, as shown in 
the following equations:

I
2 I

(8)

P 2 V I (9)

DC
max

DC DD DC

=
×

π

= × ×

Finally, the maximum theoretical 
drain ef� ciency (DE) of an ampli� er 
operating in Class B mode can be 
expressed by combining equations 
(6) through (9), as shown in equa-
tions (10) through (13).

 Fig. 1  Published saturated output power vs. maximum PAE 
for 20 to 50 GHz PAs.
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In the Dual-Drive™ topology, 
Falcomm exploits the transistor as 
a three-terminal device and drives 
both the gate and the source ter-
minals with out-of-phase inputs Vin
and αVin (0<α<1), as shown in Fig-
ure 2. Assuming short terminations 
for all harmonics at the drain node, 
the source voltage now swings 
below ground while having an in-
phase relationship with the drain 
voltage, increasing the maximum 
drain output voltage swing by αVin. 
This increased output voltage swing 
can be attained without increasing 
the supply voltage, which means 
that the maximum DE is increased 
in the Dual-Drive™ topology by a 
factor greater than 1.

Falcomm demonstrated for the 
� rst time that through the Dual-
Drive PA architecture they are able 
to arti� cially reduce/cancel out the 
knee voltage of the transistor, al-
lowing for the maximum theoretical 
ef� ciency of a PA to be fundamen-
tally increased beyond that of any 
PA class and topology as shown in 
Equation (14).

η = η

+ α
−

⎛
⎝⎜

⎞
⎠⎟

⎛

⎝⎜
⎞

⎠⎟

− −

1
V

V V
(14)

Dual Drive class B

in

DD knee

When the maximum voltage 
swing at the source is equal to 
the knee voltage of the transistor 
(αVin=Vknee), the theoretical maxi-
mum DE for the Dual-Drive PA will 
reach the maximum theoretical ef� -
ciency of the class B PA, π4, as shown 
in Equation (15).

( )η α = = π
− V V

4
(15)Dual Drive in knee

The strength of the source swing 
depends on α, which is a design con-

DUAL-DRIVE PA
The new pat-

ented Dual-Drive™
topology enables 
additional design 
freedom in im-
proving PA per-
formance by ar-
ti� cially reducing 
the knee voltage 
of the device, in-
creasing the factor 
FVmin and in turn in-
creasing the overall 
PAEmax of the PA. 
When a transistor is only driven at 
the gate, the device maximum ef-
� ciency is dictated by the device 
conduction angle and the knee volt-
age, Vknee. Vknee indicates the transi-
tion region between the linear and 
saturation region of a transistor and 
is a technology-speci� c physical pa-
rameter inherent to the physical de-
vice’s fabrication process and size. 
Moreover, Vknee reduces the output 
voltage and drastically impacts the 
achievable DE and overall ef� ciency 
of a PA.
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Equation (13) shows the canoni-
cal Class B maximum ef� ciency 
of 78.5 percent when the Vknee is 
zero. In addition, Equation (13) 
also establishes the relationship 
between Vknee and the DE, ηclass-B, 
as previously shown using the 
proportionality constant FVmin in 
Equation (1).

 Fig. 2  Conventional common source (a) and Dual-Drive (b) 
topologies, showing gate, drain and source waveforms.
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core. These results show that by em-
ploying the Dual-Drive architecture, 
the ef� ciency lost by the Vknee of the 
transistor can be recovered. In addi-
tion, Falcomm’s analysis of the Dual-
Drive PA is consistent with Equation 
(1).

BENEFITS OF THE DUAL-DRIVE 
PA

The bene� ts of the Dual-Drive 
PA topology are summarized as 
follows: � rst, increasing the source 
terminal coupling coef� cient, α, can 
fundamentally increase the PA core 
DE beyond that of any other PA to-
pology; second, higher DE can be 
maintained even at reduced supply 
voltages since the effect of Vknee 
under a lowered supply can be miti-
gated and third, the maximum out-
put power can be increased while 
reducing the device modulation 
distortion, since the active device 
spends more time in its saturation 
region and less in triode.

Furthermore, the parallel input 
resistance of the transistor is re-
duced since the typically large de-
vice gate impedance is combined 
in parallel with its low device source 
impedance, aiding the design of 
broadband and low loss inter-stage 
matching networks without the 
need to implement lossy de-Qing 
resistors.

Finally, the Dual-Drive PA can 
mitigate the reliability issues of volt-
age peaking typically seen in com-
plex harmonic-shaping PAs (Class 
J or continuous-mode Class F PAs). 
Therefore, the Dual-Drive PA is par-
ticularly suitable for high reliabil-
ity space applications that mandate 
consistent operation in harsh envi-
ronments while achieving ultra-high 
ef� ciency levels.

Initial ef� ciency measurement re-
sults from Falcomm’s � rst and sec-
ond generation low-power CMOS 
Dual-Drive PA prototypes in compar-
ison with state-of-the-art PAs at the 
same frequency band are shown in 
Figure 4. These initial results demon-
strate that the Dual-Drive PAs are at 
least 25 percent more ef� cient than 
conventional PAs; which, based on 
estimates and discussions with one 
of Falcomm’s potential customers 
building micro-GEO satellites, could 
translate into $350,000 in launching 
cost savings per satellite.

stant that can be 
adjusted. Figure 
3 shows that with 
varying α, there is 
a tuning tradeoff 
for PA designers to 
balance between 
power gain and the 
achievable ef� cien-
cies of the Dual-
Drive PA transistor 

 Fig. 3  Large-signal load-pull simulations of low voltage CMOS transistor: DE (a) and 
Psat, OP1dB and power gain (b) vs. coupling factor.
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 Fig. 4  Dual-Drive 
PA Psat and PAE 
compared to CMOS 
PAs.
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DUAL-DRIVE PA SUPERIOR 
PERFORMANCE

The � rst technology demonstra-
tion was implemented using the 
GlobalFoundries 45 nm RFSOI. The 
chip occupies a total area of 1.3 × 
1.2 mm2 with a core area of 0.25 
mm2.9 Figures 5 and 6 summarize 
the Dual-Drive PA’s continuous wave 
performance with different supply 
voltages (1.7 and 1.9 V), achieving 
a maximum OP1dB of 19.1 dBm at 
31 GHz with less than 1 dB variation 
from 23 to 34 GHz.

The Dual-Drive PA achieves a 
maximum PAE of 50 percent and 
maximum DE of 60 percent at 29 
GHz. This is the highest reported 
ef� ciency for a two-stage CMOS PA 
in this frequency range. Moreover, 

 Fig. 5  Measured power gain and ef� ciency vs. output power of the initial 
technology demonstration (version 0) of the Dual-Drive PA at 30 GHz, biased at 1.9 (a) 
and 1.7 (b) V.
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 Fig. 6  Large-signal CW measurements of the initial technology demonstration 
(version 0) of the Dual-Drive PA vs. frequency, biased at 1.9 (a) and 1.7 (b) V.
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 Fig. 7  Measured single carrier, 64-QAM performance of the Dual-Drive PA, biased 
at 1.9 (a) and 1.7 (b) V.
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a PAE greater than 40 percent is 
maintained across the entire band-
width from 24 to 35 GHz.

The ef� ciency results are met 
with great linearity performance as 
well. For example, OP1dB and Psat 
are within 1 dB of each other, which 
translates to a maximum PAE at 
OP1dB of 47.4 percent. Excellent lin-
earity is demonstrated through ex-
tensive modulation measurements 
shown in Figures 7 and 8. For ex-
ample, for a 9 Gb/s 64-QAM signal 
without digital predistortion (DPD), 
the Dual-Drive™ PA achieves an av-
erage Pout of 15.1 dBm and average 
PAE of 30.2 percent with a -25 dB 
rms error vector magnitude at 30 
GHz. The ef� ciency performance is 
maintained at supply voltage levels 
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a better value to satellite, base sta-
tions and handheld device manu-
facturers. Falcomm believes these 
results demonstrate that its technol-
ogy will become the industry stan-
dard for PAs and, based on current 
design efforts, is con� dent that it 
can push the technology further.
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that are 20 percent lower than the 
rated supply voltage, which posi-
tions the technology for high reli-
ability applications.

The � rst generation 30 GHz 
Dual-Drive PA using a 45 nm SOI 
process achieves 50 percent PAE 
for the two-stage proof-of-concept, 
which is the highest ef� ciency ever 
achieved for a two-stage PA at 30 
GHz on CMOS. Falcomm has been 
further developing and maturing 
the technology and newer tested 
prototypes are reaching even high-
er ef� ciencies with PAE reaching the 
55 percent mark for a two-stage PA 
and average PAE of 34 percent us-
ing a 9 Gb/s 64-QAM signal at 30 
GHz, which is a higher average ef-
� ciency than a Doherty PA can offer 
but with half the Si area.

CONCLUSION
Falcomm is focusing on devel-

oping its core technology into a 
product catalog with PAs of differ-
ent power levels, frequency ranges, 
gain and packaging that will bring 

 Fig. 8  Measured single carrier, 
64-QAM constellation and spectrum 
performance of the Dual-Drive PA, 
biased at 1.9 (a) and 1.7 (b) V.
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OCTAVE BAND LOW NOISE AMPLIFIERS   
Model No.    Freq (GHz)     Gain (dB) MIN Noise Figure    (dB)     Power -out @ P1-dB     3rd Order ICP    VSWR    
   CA01-2110    0.5-1.0     28    1.0 MAX,    0.7 TYP     +10    MIN      +20    dBm     2.0:1 
   CA12-2110    1.0-2.0     30    1.0 MAX,    0.7 TYP     +10    MIN      +20 dBm     2.0:1 
   CA24-2111    2.0-4.0  29    1.1 MAX,    0.95 TYP     +10    MIN      +20 dBm     2.0:1 
   CA48-2111    4.0-8.0  29    1.3 MAX,    1.0 TYP     +10    MIN      +20 dBm     2.0:1 
   CA812-3111    8.0-12.0     27    1.6 MAX,    1.4 TYP     +10    MIN      +20 dBm     2.0:1 
   CA1218-4111    12.0-18.0     25 1.9 MAX,    1.7 TYP     +10    MIN      +20 dBm     2.0:1
CA1826-2110 18.0-26.5 32 3.0 MAX, 2.5 TYP +10    MIN  +20 dBm  2.0:1 
NARROW BAND LOW NOISE AND MEDIUM POWER AMPLIFIERS
CA01-2111 0.4 - 0.5 28 0.6 MAX, 0.4 TYP +10    MIN  +20 dBm  2.0:1 
CA01-2113 0.8 - 1.0 28 0.6 MAX, 0.4 TYP +10    MIN +20 dBm  2.0:1 
CA12-3117 1.2 - 1.6 25 0.6 MAX, 0.4 TYP +10    MIN +20 dBm  2.0:1 
CA23-3111 2.2 - 2.4 30 0.6 MAX, 0.45 TYP +10    MIN +20 dBm  2.0:1 
CA23-3116 2.7 - 2.9 29 0.7 MAX, 0.5 TYP +10    MIN +20 dBm  2.0:1 
CA34-2110 3.7 - 4.2 28 1.0 MAX, 0.5 TYP +10    MIN +20 dBm  2.0:1 
CA56-3110 5.4 - 5.9 40 1.0 MAX, 0.5 TYP +10    MIN +20 dBm  2.0:1 
CA78-4110 7.25 - 7.75 32 1.2 MAX, 1.0 TYP +10    MIN +20 dBm  2.0:1 
CA910-3110 9.0 - 10.6 25 1.4 MAX, 1.2 TYP +10    MIN +20 dBm  2.0:1 
CA1315-3110 13.75 - 15.4 25 1.6 MAX, 1.4 TYP +10    MIN +20 dBm 2.0:1 
CA12-3114 1.35 - 1.85  30 4.0 MAX, 3.0 TYP +33    MIN +41 dBm 2.0:1
CA34-6116 3.1 - 3.5  40 4.5 MAX, 3.5 TYP +35    MIN +43 dBm 2.0:1 
CA56-5114 5.9 - 6.4 30 5.0 MAX, 4.0 TYP +30    MIN +40 dBm 2.0:1 
CA812-6115 8.0 - 12.0 30 4.5 MAX, 3.5 TYP +30    MIN +40 dBm 2.0:1 
CA812-6116 8.0 - 12.0 30 5.0 MAX, 4.0 TYP +33    MIN +41 dBm 2.0:1 
CA1213-7110 12.2 - 13.25 28 6.0 MAX, 5.5 TYP +33    MIN +42 dBm 2.0:1 
CA1415-7110 14.0 - 15.0 30 5.0 MAX, 4.0 TYP +30    MIN +40 dBm 2.0:1 
CA1722-4110 17.0 - 22.0  25 3.5 MAX, 2.8 TYP +21    MIN +31 dBm 2.0:1 
ULTRA-BROADBAND & MULTI-OCTAVE BAND AMPLIFIERS
Model No. Freq (GHz) Gain (dB) MIN Noise Figure    (dB)    Power -out @ P1-dB 3rd Order ICP  VSWR
CA0102-3111 0.1-2.0  28 1.6 Max, 1.2 TYP +10 MIN  +20 dBm 2.0:1 
CA0106-3111 0.1-6.0  28 1.9 Max, 1.5 TYP +10    MIN  +20 dBm 2.0:1 
CA0108-3110 0.1-8.0  26 2.2 Max, 1.8 TYP +10    MIN  +20 dBm 2.0:1 
CA0108-4112 0.1-8.0  32 3.0 MAX, 1.8 TYP +22    MIN  +32 dBm 2.0:1 
CA02-3112 0.5-2.0  36 4.5 MAX, 2.5 TYP +30    MIN  +40 dBm 2.0:1 
CA26-3110 2.0-6.0  26 2.0 MAX, 1.5 TYP +10    MIN  +20 dBm 2.0:1 
CA26-4114 2.0-6.0  22 5.0 MAX, 3.5 TYP +30    MIN  +40 dBm 2.0:1 
CA618-4112 6.0-18.0  25 5.0 MAX, 3.5 TYP +23    MIN  +33 dBm 2.0:1 
CA618-6114 6.0-18.0  35 5.0 MAX, 3.5 TYP +30    MIN  +40 dBm 2.0:1 
CA218-4116 2.0-18.0  30 3.5 MAX, 2.8 TYP +10    MIN  +20 dBm 2.0:1 
CA218-4110 2.0-18.0  30 5.0 MAX, 3.5 TYP +20    MIN  +30 dBm  2.0:1 
CA218-4112 2.0-18.0  29 5.0 MAX, 3.5 TYP +24    MIN  +34 dBm 2.0:1
LIMITING AMPLIFIERS
Model No. Freq (GHz)  Input Dynamic Range Output Power Range Psat Power Flatness dB VSWR
CLA24-4001 2.0 - 4.0 -28 to +10 dBm +7 to +11 dBm +/- 1.5 MAX 2.0:1 
CLA26-8001 2.0 - 6.0  -50 to +20 dBm +14 to +18 dBm +/- 1.5 MAX 2.0:1 
CLA712-5001 7.0 - 12.4 -21 to +10 dBm +14 to +19 dBm +/- 1.5 MAX 2.0:1 
CLA618-1201 6.0 - 18.0 -50 to +20 dBm +14 to +19 dBm +/- 1.5 MAX 2.0:1
AMPLIFIERS WITH INTEGRATED GAIN ATTENUATION
Model No. Freq (GHz) Gain (dB) MIN  Noise Figure    (dB) Power -out @ P1-dB Gain Attenuation Range VSWR
CA001-2511A 0.025-0.150 21 5.0 MAX, 3.5 TYP +12    MIN  30 dB MIN  2.0:1
CA05-3110A 0.5-5.5  23 2.5 MAX, 1.5 TYP +18    MIN 20 dB MIN  2.0:1
CA56-3110A 5.85-6.425  28 2.5 MAX, 1.5 TYP +16    MIN 22 dB MIN  1.8:1
CA612-4110A 6.0-12.0 24 2.5 MAX, 1.5 TYP +12    MIN 15 dB MIN  1.9:1
CA1315-4110A 13.75-15.4 25 2.2 MAX, 1.6  TYP +16    MIN 20 dB MIN  1.8:1
CA1518-4110A 15.0-18.0  30  3.0 MAX, 2.0 TYP +18    MIN 20 dB MIN  1.85:1
LOW FREQUENCY AMPLIFIERS
Model No. Freq (GHz) Gain (dB) MIN Noise Figure dB Power -out @ P1-dB 3rd Order ICP  VSWR
CA001-2110 0.01-0.10 18 4.0 MAX, 2.2 TYP +10 MIN  +20 dBm 2.0:1
CA001-2211 0.04-0.15 24 3.5 MAX, 2.2 TYP +13 MIN  +23 dBm 2.0:1
CA001-2215 0.04-0.15 23 4.0 MAX, 2.2 TYP +23 MIN  +33 dBm 2.0:1
CA001-3113 0.01-1.0 28 4.0 MAX, 2.8 TYP +17 MIN  +27 dBm 2.0:1
CA002-3114 0.01-2.0 27 4.0 MAX, 2.8 TYP +20 MIN  +30 dBm 2.0:1
CA003-3116 0.01-3.0 18 4.0 MAX, 2.8 TYP +25 MIN  +35 dBm 2.0:1
CA004-3112 0.01-4.0 32 4.0 MAX, 2.8 TYP +15 MIN  +25 dBm 2.0:1

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

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

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

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

+20 dBm  2.0:1 

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

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

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

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

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

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



Future demonstrations between Verizon and Lock-
heed Martin are expected to expand ISR test scenarios 
to include precision geolocation of moving RF emitters. 
The companies plan to extend public-private network 
collaboration securely using 5G.MIL hybrid networks 
with military data links.

USAF Selects Raytheon Missiles & Defense, 
NGC to Deliver First Hypersonic Air-
Breathing Missile

R
aytheon Missiles & Defense, a Raytheon 
Technologies business, in partnership with 
Northrop Grumman Corporation, has been 

selected to develop the Hypersonic Attack Cruise Mis-
sile (HACM) for the U.S. Air Force (USAF). HACM is a 
first-of-its-kind weapon developed in conjunction with 
the Southern Cross Integrated Flight Research Experi-
ment (SCIFiRE), a U.S. and Australia project arrange-
ment.

Under this contract, the Raytheon Missiles & Defense 
and Northrop Grumman team will deliver operationally 
ready missiles to the USAF.

“Raytheon Missiles & Defense continues to be at the 
forefront of hypersonic weapon and air-breathing tech-
nology development,” said Wes Kremer, president of 
Raytheon Missiles & Defense. “With advanced threats 
emerging around the globe, the HACM will provide our 
warfighters a much-needed capability.”

The HACM is an air-breathing, scramjet powered 
munition. Scramjet engines use high vehicle speed 
to forcibly compress incoming air before combustion, 
which enables sustained flight at hypersonic speeds, 
Mach 5 or greater. By traveling at these speeds, hyper-
sonic weapons, like the HACM, can reach their targets 
more quickly than similar traditional missiles, allowing 
them to potentially evade defensive systems.

“The HACM creates a new class of strategically 
important weapons for the U.S. military,” said Mary 
Petryszyn, corporate vice president and president, 
Northrop Grumman Defense Systems. “Our scramjet 
propulsion technology is ushering in a new era for fast-
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Lockheed Martin, Verizon Demonstrate 
5G-Powered ISR Capabilities for the 
Department of Defense

I
n recent demonstrations, Lockheed Mar-
tin and Verizon flew 5G-enabled drones to 
capture and securely transfer high speed, 

real-time intelligence, surveillance and reconnaissance 
(ISR) data from aircraft in flight to geolocate military tar-
gets. “We are positioning ITT to support our customers’ 
emerging technology needs, while also greatly enhanc-
ing our ability to stake out new markets,” said Steve 
Loranger, ITT’s chairman, president and chief execu-
tive officer. “We believe this move will also allow ITT to 
achieve greater operating efficiencies and optimize our 
cost structure, which will help drive successful business 
strategies for continued top-line growth.”

The companies demonstrated two key advances in 
technology that can provide critical applications for the 
Department of Defense (DOD):
•	 First, real-time ISR RF and streaming video data was 

transmitted over 5G mmWave links to allow ad-
vanced signal processing algorithms to be execut-
ed at the tactical edge. The data was displayed in 
a livestream video feed. This capability will provide 
enhanced levels of situational awareness and com-
mand and control for commanders and service mem-
bers in the field.

•	 Second, the technology passively detected and geo-
located RF signals that could be used for commu-
nications, sensing or jamming. This will enable the 
DOD to detect and target adversarial assets in a mili-
tary environment.
Dan Rice, vice president of 5G.MIL Programs at Lock-

heed Martin said, “To stay ahead of our adversaries, 
military decision-makers need the timely and accurate 
information that 5G.MIL delivered in this demonstra-
tion. By blending advanced commercial 5G capabilities 
with military capabilities using secure, open standards, 
we are helping to make the DOD’s vision for integrated 
deterrence a reality.”

Srini Kalapala, senior vice president for Technology 
and Product Development at Verizon stated, “Verizon is 
the network America relies on, and our Private 5G Ultra-
Wideband networks provide the security, reliability, ca-
pacity and low latency that the defense sector depends 
on. By demonstrating the mission critical connectivity 
that our network provides, we are demonstrating how 
5G and edge computing can help the DOD address 
their strategic priorities and continue to develop ad-
vanced solutions.”

These demonstrations, held in May and Septem-
ber 2022, are part of an ongoing 5G collaboration an-
nounced by the companies last year focused on faster 
delivery of cutting-edge technologies to the DOD.

HACM (Source: Northrop Grumman)
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er, more survivable and highly capable weapons.”
Raytheon Technologies and Northrop Grumman 

have been working together since 2019 to develop, 
produce and integrate Northrop Grumman’s scram-
jet engines onto Raytheon’s air-breathing hypersonic 
weapons. Their combined efforts enable both compa-
nies to produce air-breathing hypersonic weapons, the 
next generation of tactical missile systems. 

BAE Systems to Develop Filter Technology 
to Improve Radar, Communications and 
Electronic Warfare Capabilities

T
he Defense Advanced Research Projects 
Agency (DARPA) has awarded BAE Systems’ 
FAST Labs™ research and development 

organization a $6.5 million contract for the COmpact 
Front-end Filters at the ElEment-level (COFFEE) pro-
gram. COFFEE aims to provide filter technology to im-
prove performance of critical DOD RF and microwave 
systems with stringent power and size constraints such 
as digital active electronically scanned arrays.

Highly integrated and high channel-count RF sys-
tems are pervasive for DOD applications. The COFFEE 
program aims to provide elemental-level protection for 

these systems against 
interferers that could 
adversely impact the 
operation in congested 
environments.

“Wideband, highly 
integrated RF systems 
are essential to enable 
mission critical opera-
tions; however, high 
bandwidth receivers often have limited dynamic range 
that can leave them vulnerable to electronic jamming,” 
said Chris Rappa, chief technologist at BAE Systems’ 
FAST Labs. “COFFEE will provide filtering technology 
to protect systems and make them more robust and re-
sistant to interference.”

BAE Systems will develop filter technology that can 
address a broad microwave frequency range that DOD 
radio systems generally operate in, with element-level 
integration and without sacrificing performance. The 
company will ensure the filters are manufacturable with 
reproducible performance.

BAE Systems’ work on the COFFEE program is a part 
of DARPA’s Electronics Resurgence Initiative, a five-year, 
upwards of $1.5 billion investment in the advancement 
of the U.S. semiconductor industry. 
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Filtering technology 
to protect systems 

and make them more 
robust and resistant to 

interference.
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IoT Cellular Connections Continue Double-
Digit Growth, Despite Global Uncertainties 

A
ccording to Waseem Haider, principal analyst, 
enterprise IoT at Strategy Analytics and au-
thor of the report, “IoT Cellular Connections 

by Air Interface by Region: 2022-2030 Forecast Update,” 
“the latest forecast update looks at the historical data as 
far as 2013 and forecasts IoT connections by air interface 
technology (2G, 3G, 4G, 5G) and by region (Asia Pacific, 
North America, Western Europe, Central & Eastern Eu-
rope, Caribbean & Latin America and Middle East & Af-
rica). Over the forecast period, North America and Asia 
Pacific are expected to achieve the highest compound 
annual growth rate of 16 and 14 percent, respectively.” 

Between 2022-2030, the mix by technology will 
change with 5G making strong inroads replacing 4G 
connections, from 4G comprising 71 percent of con-
nections in 2022 to only 49 percent in 2030, although a 
year-over-year decline in IoT cellular connections in 2022 
is expected due to the COVID-19 lockdown in China, 
chip shortage/supply chain disruption and geopolitical 
conflicts. Overall IoT cellular connections will grow at 14 
percent throughout the forecast period. 

The outlook for IoT cellular connections is clear: 4G will 
continue to dominate overall, driven by 2G replacements, 
especially in China, but also elsewhere. 3G phases out 
with most connections moving to 4G. 5G is expected to 
reach 47 percent of the connections mix by 2030, while 
4G will remain the dominant technology at 49 percent. 

6G’s Deployment in 2029 and Widespread 
Commercialization in 2032 Will Require 
Investment in Distributed Computing and AI

A
s 5G’s commercial rollout continues, the de-
ployment of distributed computing has be-
come progressively more important. Distrib-

By 2025, More than 10M Vehicles 
Will Be Capable of Short-Range V2X 
Communication

A
ccording to ABI Research more than 10 mil-
lion vehicles will be capable of short-range 
vehicle-to-everything (V2X) communication 

by 2025. However, indirect communication via the cel-
lular network (e.g., V2N2X, I2N2V) still constitutes the 
most significant yet untapped V2X opportunity. Cellu-
lar connectivity will be available in 346 million vehicles 
by 2025 and smart city cellular connections will exceed 
165 million.

In 2021, Europe was the region with the largest 
fleet of short-range V2X communication-enabled cars, 
but all from a single automaker, Volkswagen. “Given 
the lack of commitment of more automakers so far, by 
2023, China alone will overtake Europe. The inauspi-
cious scenario in Europe is leading industry players to 
place more emphasis on cellular network tests for the 
time being. However, there are still fundamental busi-
ness model challenges to be overcome with this route. 
Although a truck and a private vehicle OEM may de-
ploy ITS-G5 in 2023, the crucial market driver for mass 
adoption will be the V2X inclusion in the Euro New Car 
Assessment Program (NCAP) scoring, as is currently 
happening in China. Lagging, the U.S. now has a solid 
regulatory framework for C-V2X, paving the way for de-
ployments,” explained Maite Bezerra, smart mobility 
and automotive industry analyst at ABI Research.

There are suggestions in the industry that the V2X 
inclusion in the 2025 Euro NCAP rating scheme will be 
delayed to 2027 due to insufficient time to develop 
new test protocols. This includes establishing enough 
labs and validating new vehicle capabilities. While the 
NCAP has not officially confirmed any changes, there is 
consensus that if the 2025 timeframe is maintained, it 
will focus on Day One use cases. There is also consen-
sus that 2027 will be the inflection point for mass adop-
tion because a complete range of Day Two use cases 
will become part of the Euro NCAP scoring.

The recent dismissal of the appeal against the FCC’s 
5.9 GHz spectrum proceedings means that C-V2X has a 
clear path in the U.S. and should spur the FCC to grant 
the existing C-V2X waiver requests faster. On the down-
side, the U.S. may not have enough spectrum for some 
advanced cooperative perception/Day Two use cases 
in the future. In China, C-V2X is currently found in low 
volume premium vehicle models, but there are at least 
25 OEMs in different stages of V2X production in the 
country. COVID-19 lockdowns and discussions about 
the GNSS positioning standard slowed down deploy-
ments in 2022. However, shipments of vehicles with 
C-V2X will grow exponentially in 2023, surpassing one 
million as carmakers prepare for China NCAP 2025.

Visit mwjournal.com for more commercial market news.

CommercialMarket
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uted computing, or ‘edge-to-cloud’ compute, is the use 
of disaggregated resources to perform compute op-
erations. But in the 5G era, distributed computing has 
played a supportive role, while, as enterprises and ser-
vice providers transition to 6G, distributed computing 
will be given a leading role. According to ABI Research, 
a sound distributed computing and artificial intelligence 
(AI) strategy will underpin successful 6G commercial de-
ployment and enterprise use case enablement.

“End users in the 6G-era will not be concerned about 
merely connecting devices and creating data, but in-
stead, they will want to extract valuable information from 
this data to make real-time operational decisions. En-
terprise network expectation progression will mean that 
with the 6G rollout, the role of distributed computing is 
likely to change drastically,” said Reece Hayden, distrib-
uted and edge computing analyst at ABI Research. “6G 
networks will need to be deployed across distributed 
computing domains with integrated edge AI resources 
to provide effective services for enterprise applications.”

The shift toward 6G will lead to greater convergence 
of technologies and a more prominent role for distribut-
ed computing integrated with edge AI. Three core 6G 
expectations will lead to this growth in distributed intel-
ligence: technology, commercialization, and society:
•	 �Technology: 6G is expected to be built in the sub-

terahertz spectrum, meaning that deployment will 

be denser, while higher speeds will mean more 
data. Both factors mean the network will need to be 
built on top of a cloud-native, highly disaggregat-
ed, agile, distributed computing architecture that 
can intelligently scale to meet real-time deploy-
ment requirements while supporting revolutionary 
enterprise use cases.

•	 �Commercialization: use case enablement, data 
value extraction and end-to-end network service 
expectations will mean that best-effort service level 
agreements (SLAs) are no longer acceptable. In-
stead, distributed intelligence resources will be re-
quired to provide real-time data computation and 
value extraction support, achieve guaranteed SLAs 
and support telco network monetization through 
ubiquitous network slice deployment.

•	 �Society: 6G is expected to drive sustainability and 
eliminate the digital divide. Distributed computing 
integration will aid data localization, limit backhaul-
ing, lower network power consumption and put so-
cial value at the forefront.
Achieving the necessary integration of distributed 

computing and AI will not be simple. Hayden stated, 
“Market standardization through increased coopera-
tion and openness will be essential to overcoming the 
knowledge gaps and investment costs that could trou-
ble telco-led technological convergence.”
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MERGERS & ACQUISITIONS
VIAVI Solutions Inc. announced it has completed the 
acquisition of Jackson Labs Technologies, a leader in 
position, navigation and timing (PNT) solutions for criti-
cal infrastructure serving both military and civilian appli-
cations. Jackson Labs develops and supplies modules, 
subsystems and box-level solutions that include front-
end receivers, transcoders, rack-mounted equipment 
and patented retrofit technology. Their broad customer 
base includes armed forces, defense contractors, ener-
gy distribution infrastructure, low Earth orbit operators 
and 5G service providers. Jackson Labs’ next-genera-
tion M-Code solutions complement and advance VIA-
VI’s timing and synchronization portfolio at a time when 
PNT requirements for defense, space, commercial avia-
tion, transportation and telecommunication networks 
are expanding and becoming increasingly critical.

A merger between Curvalux UK Ltd and Cambridge 
Broadband Networks Group (CBNG) was completed 
to achieve the technology innovation required to real-
ize the ever-increasing global demand for high speed 
Fixed Wireless Access (FWA). The merger will combine 
the experienced heritage of CBNG with Curvalux’s 
technology for the timely delivery of disruptive 5G so-
lutions worldwide. The two companies will remain in-
dependent with CBNG becoming a subsidiary of Cur-
valux UK Ltd. Curvalux’s patented antenna design for 
FWA enables telecom operators to extend services to 
unserved and underserved remote areas with a faster 
deployment time and much lower total cost of owner-
ship than fiber installation.

Trexon, a portfolio company of Audax Private Equity, an-
nounced that it has completed the acquisition of Intelli-
connect, a supplier of RF connectors, adapters and cable 
assemblies. Founded in 2003 and based in Chelmsford, 
U.K., Intelliconnect has grown rapidly since its inception, 
becoming a market leader in design-led RF components.

COLLABORATIONS
Renesas Electronics Corp. announced a strategic part-
nership with Jariet Technologies Inc. As part of the 
partnership, Renesas is investing US$7 million into Ja-
riet’s new round of funding. Based in California, U.S., 
Jariet is a high-growth start-up uniquely capable of 
leveraging deep sub-micron process nodes to deliver 
unprecedented performance and integration for next-
generation communication networks, such as cellular, 
connectivity and satellite communications.

ThinKom Solutions Inc. and Inmarsat Government an-
nounced a collaboration to deliver more efficient and 
reliable satellite communications (satcom) for tactical 
operations. The pair will combine ThinKom’s ThinAir® 

Ka2517 antenna with Inmarsat Government’s G-MOD-
MAN II and G-MODMAN Open Platform modem 
managers to support Department of Defense (DOD) 
connectivity around the globe. The solution enables 
the vision of Advanced Battle Management System 
contribution to joint all domain command and control 
(JADC2) operations. This unique combination delivers 
on many facets of the U.S. government’s tactical edge 
efforts. By enabling cloud-based computing, seamless 
data sharing, intelligent operations or autonomous use 
cases, the innovative solution reduces decision-making 
timelines for intelligent assets supporting troops in the 
field. 

The China Mobile Research Institute and Rohde & 
Schwarz have joined forces to research and validate joint 
communication and sensing (JCAS). They plan to use the 
latest R&S AREG800A automotive radar echo generator 
from Rohde & Schwarz as an object simulator in a JCAS 
testing solution, thereby accelerating the research and de-
velopment of JCAS and readying it for industrialization. 
The JCAS testing solution has the latest R&S AREG800A 
as an object simulator. 

Altum RF announced a new grant and collaboration 
with Industrial Technology Research Institute (ITRI)
and TMY Technology Inc. (TMYTEK). Altum RF, ITRI 
and TMYTEK will collaborate on an antenna and semi-
conductor integrated modules project for satcom sys-
tems. The grant comes from the Eureka Globalstars Tai-
wan framework. The project began in August 2022 and 
is slated to continue for two years.

NEW STARTS
The Institute for the Wireless Internet of Things at 
Northeastern University has announced the creation 
of Open6G, a new U.S. DOD-supported industry-uni-
versity cooperative research center focused on future 
open, programmable  and disaggregated 6G systems. 
Open6G is led by an anchor award under the auspices 
of the Innovate Beyond 5G thrust within the 5G-to-xG 
Initiative, Office of the Under Secretary of Defense (Re-
search and Engineering). The new Open6G facility will 
occupy approximately 4600 square feet at the Innova-
tion Campus in Burlington, Mass.

SnapEDA has launched the SnapEDA Syndication 
Network. This ecosystem of over 30 distribution part-
ners includes electronic component distributors, print-
ed circuit board tool makers and engineering media 
sites. The SnapEDA Syndication Network connects the 
electronic designers and engineers who are at the heart 
of the electronic industry with design content for mil-
lions of electronic components. 

CONTRACTS
The U.S. Air Force awarded Raytheon Missiles and De-
fense a $985,348,124 contract to develop and demon-
strate Hypersonic Attack Cruise Missile (HACM) proto-
types, underscoring the Air Force’s focus on increasing 

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

Around the Circuit
Barbara Walsh, Multimedia Staff Editor
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Model #
Frequency 

(MHz)

Coupling

(dB) [Nom]

Coupling  

Flatness (dB)

Mainline Loss 

(dB) [Typ./Max.]

Directivity 

(dB) [Typ./Min.]

Input Power 

(Watts) [Avg.]

SDCHP-125  10 - 250  18.5  0.5  0.1 / 0.4 0.1 / 0.4  24 / 19 24 / 19  30 30

SDCHP-140  10 - 400  18.75  1  0.5 / 0.85  27 / 22  25 25

SBCHP-1100  10 - 1000 10 0.5  1.2 / 1.4 1.2 / 1.4  17 / 15 17 / 15 55

KBK-HP-1100  10 - 1000 10 0.5  1.2 / 1.4 1.2 / 1.4  17 / 15 17 / 15 55

KDK-HP-255  20 - 550  20  0.4  0.25 / 0.35 0.25 / 0.35  23 / 18 23 / 18  27.5 27.5

SDCHP-255  20 - 550  20  0.4  0.25 / 0.35 0.25 / 0.35  23 / 20 23 / 20  27.5 27.5

SDCHP-335  30 - 350  20.1  0.85  0.24 / 0.32 0.24 / 0.32  24 / 20 24 / 20  75 75

SDCHP-484  40 - 840  19.2  0.9  0.3 / 0.4 0.3 / 0.4  24 / 20 24 / 20  30 30

SCCHP-560  50 - 560  14.6  0.7  0.48 / 0.65 0.48 / 0.65  23 / 20 23 / 20  75 75

SCCHP-990  90 - 900  15.2 0.6 0.52 / 0.640.52 / 0.64  20 / 17 20 / 17  38.3 38.3

SBCHP-2080  200 - 800 12.3 0.7  0.64 / 0.80 0.64 / 0.80  24 / 18 24 / 18 48.348.3

SBCHP-2082  200 - 820  11.0  0.5  0.74 / 0.9 0.74 / 0.9  22 / 19 22 / 19 22.522.5

KDS-30-30-3KDS-30-30-3  27 - 512 27 - 512  27.5  27.5  0.75 0.75  0.3 / 0.4 0.3 / 0.4  23 / 15 23 / 15  50 50

KDS-30-30KDS-30-30  30 - 512 30 - 512  27.5  27.5  0.75 0.75  0.3 / 0.4 0.3 / 0.4  23 / 15 23 / 15  50 50

KBK-10-225KBK-10-225  225 - 400 225 - 400  11  11  0.5 0.5  0.6 / 0.7 0.6 / 0.7  25 / 18 25 / 18  50 50

KBS-10-225KBS-10-225  225 - 400 225 - 400  10.5  10.5  0.5 0.5  0.6 / 0.7 0.6 / 0.7  25 / 18 25 / 18  50 50

KDK-20-225KDK-20-225  225 - 400 225 - 400  20  20  0.5 0.5  0.2 / 0.4 0.2 / 0.4  25 / 18 25 / 18  50 50

KDS-20-225KDS-20-225  225 - 400 225 - 400  20  20  0.5 0.5  0.2 / 0.4 0.2 / 0.4  25 / 18 25 / 18  50 50

KEK-706HKEK-706H  500 - 2500 500 - 2500  31.5  31.5  2.5 2.5  0.28 / 0.4 0.28 / 0.4  18 / 12 18 / 12  100 100

SCS-8012DSCS-8012D  800 - 1200 800 - 1200  20  20  0.6 0.6  0.22 / 0.25 0.22 / 0.25  22 / 18 22 / 18  100 100

KEK-704DH-2KEK-704DH-2  850 - 1250 850 - 1250  30  30  0.25 0.25   0.20 / 0.30  0.20 / 0.30  28 / 25 28 / 25  500 500

KEK-704HKEK-704H  850 - 960 850 - 960  30 5 30 5  0.25 0.25  0.08 / 0.20 0.08 / 0.20   38 / 30  38 / 30  500 500

SCS100800-10SCS100800-10  1000 - 8000 1000 - 8000  10.5  10.5  2  1.2 / 1.8  8 / 5 8 / 5  25 25

SCS100800-16SCS100800-16  1000 - 7800 1000 - 7800  16.8  16.8  2.8 2.8  0.7 / 1 0.7 / 1  14 / 5 14 / 5  25 25

SCS100800-20SCS100800-20  1000 - 7800 1000 - 7800  20.5  20.5  2  0.4 / 0.75  12 / 5 12 / 5  25 25

SCS-1522BSCS-1522B  1500 - 2200 1500 - 2200  10  10  -- --  0.65 / 0.75 0.65 / 0.75  23 / 18 23 / 18  100 100

SCS-1522DSCS-1522D  1500 - 2200 1500 - 2200  20  20  -- --  0.32 / 0.38 0.32 / 0.38  23 / 20 23 / 20  100 100

SCS1701650-16  1500 - 15500SCS1701650-16  1500 - 15500  17  17  2.5 2.5  1 / 1.4 1 / 1.4  16 / 5 16 / 5  25 25

SCS1701650-20  1700 - 15000SCS1701650-20  1700 - 15000  21  21  2.5 2.5  0.9 / 1.3 0.9 / 1.3  10 / 7 10 / 7  25 25

SDC360440-10SDC360440-10  3600 - 4400 3600 - 4400  8.6  8.6  0.25 0.25   0.7 / 1.4  0.7 / 1.4  18 / 10 18 / 10  10 10

SDC360440-20SDC360440-20  3600 - 4400 3600 - 4400  19 19  0.25 0.25    0.7 / 1.2   0.7 / 1.2  16 / 10 16 / 10  10 10

COUPLERSCOUPLERS

5 - 5005 - 500
WattsWatts
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interoperability with allies and partners to stay ahead 
of strategic competitors. HACM is an air-launched, sc-
ramjet-powered hypersonic weapon designed to hold 
high-value targets at risk in contested environments 
from standoff distances. 

Orolia Defense and Security has received initial pro-
duction authorization to provide PRSS1b Personnel 
Recovery Devices to the U.S. Army, shipment began 
in September 2022. The order will fulfill the first line 
item complying with the current indefinite delivery/
indefinite quantity contract. Orolia’s PRSS1b PRD will 
be the first device of its kind to provide second-gener-
ation Cospas-Sarsat signaling that delivers faster and 
greater location accuracy than any other previously 
fielded tactical location device. Cospas-Sarsat is an 
international, humanitarian search and rescue system 
that uses space-based technology to detect and lo-
cate 406 emergency beacons carried by ships, aircraft 
or individuals venturing into remote areas, often inac-
cessible by mobile phone.

PEOPLE
IQE plc has appointed Christine Dun-
bar as vice president of U.S. sales. 
The decision to appoint Dunbar fol-
lows an extensive search process led 
by Wayne Johnson, executive vice 
president of sales and business devel-
opment. With over two decades of 
experience working with multinational 
technology companies in the semi	S Christine Dunbar

conductor industry, Dunbar has the 
expertise required to lead execution of IQE’s U.S. sales 
strategy.

Mercury Systems Inc. announced that Allen Couture 
joined the company as senior vice president of execu-
tion excellence. In this customer-centric role reporting 
to Mercury CEO Mark Aslett, Couture will have a ma-
trixed responsibility for engineering, supply chain, op-
erations, quality and program management to ensure 
Mercury has systems, processes and talent that can 
scale to support Mercury’s growth strategy. Couture has 
spent the last 10 years in leadership roles with Raytheon 
Technologies, most recently serving as vice president of 
operations and security at Raytheon Missiles & Defense.

Kymeta announced the addition of retired Boeing ex-
ecutive Nicole Piasecki to its board of directors. The 

news comes in light 
of Steve Spengler’s 
retirement from the 
board after serving 
for five years. Pias-
ecki is a seasoned 
executive with over 
35 years of experi-
ence in both rotary 	S Nicole Piasecki 	S Lt. General  

(retired) 
Fran Beaudette and fixed wing air-
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craft at Boeing and United Technologies. In addition to 
welcoming Piasecki, Kymeta has added Lt. General (re-
tired) Fran Beaudette to the company’s board of advi-
sors. General Beaudette spent 32 years in the U.S. 
Army, most recently as the head of USASOC, a 
36,000-soldier command responsible to man, train, or-
ganize and equip the U.S. Army’s Special Operations.

Indium Corp. announced that its di-
rector of global supply chain and in-
ternational trade compliance, Donna 
Vareha-Walsh, has been elected to 
the American Tin Trade Association 
board of directors. In her role at Indi-
um Corporation, Vareha-Walsh over-
sees the company’s global supply 

	S Donna Vareha-
Walsh chain and trade compliance functions 

which includes all inventory, quality, 
sourcing, logistics and supply chain strategies. She 
leads a global team to ensure Indium Corporation’s 
global business has a secure supply chain with quality 
partner suppliers. Vareha-Walsh has more than 20 years 
of metals market experience from numerous roles and 
responsibilities, including director of Global Procure-
ment for a global premium alloy company and director 
of Metallurgical Operations and Procurement for a 
global tungsten-based business.

REP APPOINTMENTS
HyperLabs of Louisville, Colo., announced the addition 
of Ward Davis Associates as their newest U.S. sales 
representative covering the state of California. Hyper-
Labs is a provider of high performance components 
and test equipment with a focus on high speed data 
and time domain applications. HyperLabs develops ul-
tra-broadband baluns, pickoff tees, bias tees samplers, 
amplifiers (and more) to 110 GHz. Focusing heavily on 
cutting-edge yet budget-conscious designs, HyperLabs 
also offers a range of benchtop pulse/impulse genera-
tors, TDR, TDT and signal path analyzers.

Modelithics introduced EMA Design Automation Inc. 
as a Modelithics Reseller. As a reseller of Modelithics, 
EMA will be able to meet the needs of design engi-
neers globally by offering highly accurate RF and mi-
crowave active and passive simulation models for Mod-
elithics’ premium product, the Modelithics COMPLETE 
Library, which includes over 825 models representing 
more than 25,000 components from over 70 vendors.

TTM Technologies’ Radio Frequency & Specialty 
Components Business Unit (formerly known as Anar-
en) entered into a distribution agreement with RFMW. 
TTM will be offering its complete line of RF&S products 
through RFMW, including its proven signature lineup of 
Xinger® brand products. The distribution services will 
include opportunity identification and development, 
technical sales support and distribution. TTM compo-
nents will also be available on the RFMW online store.
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InP + CMOS 
Heterogeneous 
Integration for The Next 
Generation of Wireless
Nadine Collaert and Michael Peeters
imec, Leuven, Belgium

Early discussions of the capabilities that will enable 6G envision materials 
and devices operating above 100 GHz. Indium phosphide (InP) is one 
semiconductor technology with the characteristics to achieve the required 
speed, efficiency and output power for sub-THz frequencies. To serve 
global wireless markets, InP process technology must be commercialized 
to maintain the performance advantages while able to be mass produced 
at the requisite prices to meet market needs. To develop InP into a mature 
technology, imec is researching nano-ridge engineering to grow InP on Si. 
Then, to integrate all the semiconductor components into a multi-function 
communications circuit, imec is exploring printed circuit board (PCB), 2.5D 
and 3D packaging technologies.

Every 10 years heralds a new gen-
eration of mobile communications. 
Over the generations, the number 
of subscribers has grown tremen-

dously, each subscriber consuming an ever-
increasing amount of wireless data. In the 
beginning, we were happy to send a text 
message. Today, 5G has achieved more than 
1 billion human-to-machine and machine-to-
machine connections with peak data rates of 
10 Gbps. 5G is also an inflection point: in 
addition to needing more connections with 
data rates at ever higher speeds, the tech-
nology has the potential to enable new ap-
plications such as autonomous driving and 
holographic presence. These demands on 
the radio technology will drive 6G, envi-
sioned for launch in 2030. By then, we will 

expect peak data rates greater than 100 
Gbps with extreme coverage, pervasive con-
nectivity and capabilities undefined today.

GENERATING EFFICIENT POWER 
ABOVE 100 GHZ

To enable these very high data rates, the 
telecom industry has been increasing chan-
nel bandwidth, which pushes operating fre-
quencies higher. The vision for 6G is that the 
frequencies above 100 GHz will be tapped, 
starting with D-Band around 140 GHz. The 
biggest semiconductor challenge for cir-
cuits above 100 GHz is achieving sufficient 
gain, output power and efficiency. For both 
CMOS and SiGe amplifiers, the saturated 
output power at D-Band does not exceed 
15 dBm, with efficiency typically below 10 

50 	 	 MWJOURNAL.COM  NOVEMBER 2022

SpecialReport

11M28 FINAL.indd   5011M28 FINAL.indd   50 10/19/22   3:08 PM10/19/22   3:08 PM



>> Learn more: rfmw.com/dielectric

Contact us today to explore a range of catalog  

and custom design options: sales@rfmw.com

Check out our complete range  

of RF and microwave solutions  

that support applications from  

VHF to Ka band.

SMT Cavity Filters  

at C Band 

• Solder Surface  

Mount Assembly  

Cavity Filters

• 1-5% Bandwidth

V80 SLC 

• Highest  

capacitance  

in the smallest  

footprint

• Excellent high 

frequency  

response

SAMPLING 
NOW!

2-18GHz Highpass  

and Bandpass Filters 

• Very wide band, L to Ku

• Low Insertion Loss

• Temperature Stable

SAMPLING 
NOW!

SMT Quadrature  

Hybrid Couplers,  

C to K band 

• Capability from C to  

K band

• Inherently wide band

• Surface Mount  

Assembly

PRODUCT HIGHLIGHTS

SAMPLING 

NOW!NOW!

SAMPLING 

NOW!



52   MWJOURNAL.COM  NOVEMBER 2022

SpecialReport

the trench. At the 
same time, over-
growing the nano-
ridge widens it near 
the top, forming a 
solid base for a de-
vice stack. Reduc-
ing the pitch be-
tween nano-ridges 
enables them to 
merge to create a 
local plate of III-V 
material.

Recently, imec 
demonstrated box-
shaped nano-ridg-
es fabricated with 
53 percent InGaAs, 
which ef� ciently 

trapped the threading dislocations 
in the trench. The nano-ridges were 
successfully grown both standalone 
and in a guided template. imec is 
using the same approach—combin-
ing InGaAs nano-ridge engineering 
with insights from earlier demon-
strations of InGaP/GaAs nano-ridge 
HBTs—to develop a heterostructure 
stack for 140 GHz applications.

Other than direct growth such 
as nano-ridge engineering, InP can 
also be placed on Si using small 
InP substrates as the starting ma-
terial. Called wafer reconstitution, 
high-quality InP substrates would 
be diced and sorted into non-pat-
terned tiles during wafer fabrica-
tion, with the tiles subsequently 
attached to a Si wafer, planarized 
and processed in the fab. Table 1 
assesses the performance, cost and 
heterogeneous integration poten-
tial of the direct growth and wafer 
reconstitution options compared to 
native InP substrates.

is brittle, one of the most prominent 
challenges. None of these are com-
patible with CMOS fabrication.

To use InP with Si, imec is re-
searching ways to transfer III-V 
materials onto Si. Due to the large 
lattice mismatch between both ma-
terials, growing InP on Si usually in-
troduces defects, mainly threading 
dislocations and planar. These in-
duce leakage currents that can dra-
matically deteriorate device perfor-
mance or impair reliability because 
the defects capture and release car-
riers at RF frequencies. To address 
the defects generated when directly 
growing InP on Si, imec is devel-
oping a fabrication process called 
nano-ridge engineering, which se-
lectively grows the III-V material in 
pre-patterned structures or trenches 
in the Si (see Figure 2). These high 
aspect-ratio trenches are very effec-
tive, trapping the defects in the nar-
row bottom part and growing high-
quality, low defect material out of 

percent. This is very low for com-
munications systems using popular 
modulation schemes like 64-QAM. 
To achieve the required linearity, the 
power ampli� er (PA) is backed off 
more than 6 dB below its saturated 
output capability. As the output 
power is reduced, ef� ciency drops 
more than linearly.

InP offers much better perfor-
mance at these frequencies: output 
power greater than 20 dBm with ef-
� ciencies above 20 percent—even 
to 30 percent. For arrays where the 
transceiver footprint is restricted to 
a half-wavelength or the number of 
antenna elements is limited, InP en-
ables 2× lower power consumption 
and 2× smaller footprint (see Figure 
1).1

BRINGING INP TO MATURITY
Creating InP heterojunction bi-

polar transistors (HBTs) for 100 
GHz and higher frequency systems 
requires, � rst, a mature and cost-
ef� cient InP technology and, sec-
ond, an approach to integrate InP 
and Si components into a complete 
system. To meet both challenges, 
heterogeneous integration of a III-V 
material such as InP with CMOS is 
key. CMOS will be the predominant 
technology used for calibration, 
control, beamforming and data 
conversion.

To meet the speed, ef� ciency 
and output power needed for these 
wireless systems, imec envisions InP 
HBTs fabricated on a 300 mm (12 in.) 
Si wafer platform. Today, compared 
to Si, InP wafers are small—under 6 
in.—and devices are fabricated us-
ing serial processes such as e-beam 
for gate lithography, and the con-
tact metallization is gold-based. InP 

 Fig. 1  PA Tx power vs. number of 
antenna elements for a constant array 
EIRP, comparing InP, SiGe and CMOS PAs.
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 Fig. 2  Nano-ridges fabricated with InGaAs.

TABLE 1
NATIVE INP VS. INTEGRATION TECHNIQUES FOR INP ON SI

Native InP 
Substrates

Nano-Ridge 
Engineering

Wafer 
Reconstitution

Performance
High ft/fmax and 

Excellent PA 
Performance

Requires Defects 
< 5M

Similar to Native InP, 
Not Demonstrated

Cost High

Further Reduction: 
Increase III-V Area 

Through Pitch 
Scaling

Further Reduction: 
Reusability and 

Increase III-V Area

Heterogeneous 
Integration

Needs Back-End 
Adaptation of Gold-
Compatible 2.5D/3D 

Approach

Back-End Multi-
Level Copper 

Possible

Back-End Multi-
Level Copper 

Possible
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veloping the capability to integrate 
high-quality passives for certain cir-
cuit applications.

2.5D AND 3D: KEY 
FOR HETEROGENEOUS 
INTEGRATION

Why 3D integration? As frequen-
cy increases, wavelength decreases 
and the area of an antenna array 
shrinks accordingly. Above 100 GHz, 
the antenna pitch gets smaller than 
the front-end circuit pitch, as the area 
of mmWave RFICs hardly shrinks. So 
the footprint of the antenna array 
sets the size constraints; to � t ev-
erything underneath the antenna, 
heterogeneous integration using the 
third dimension becomes necessary.

Over the last decade, tremen-
dous progress has been made with 
3D interconnects, particularly re-
ducing the interconnect pitch for 
wafer-level applications—i.e., wafer-
to-wafer, die-to-wafer (see Figure 
4).3 For wafer-to-wafer or hybrid 
bonding, imec has achieved pitches 
below 1 µm and can push this down 
to below 500 nm. The same trend 
to reduce the pitch holds for die-to-
wafer bonding and die stacking us-
ing micro-bumps.

Several challenges are shared be-
tween the two integration schemes 
for >100 GHz cases. First, they both 
rely on having a � ne via or micro-
bump pitch below 100 µm. Sec-
ond, they must accommodate large 
numbers of connections for routing 

support higher frequencies, includ-
ing reducing the pitch and optimiz-
ing materials and layout. 2.5D inte-
gration uses Si interposers—a chip 
or layer with lithography-de� ned 
connections and possibly through 
Si vias—to connect III-V and Si die. 
While this technology has been op-
timized for high speed digital ap-
plications (see Figure 3), it requires 
development to optimize it for RF. 
imec is evaluating dielectrics and 
various thicknesses of the metal 
layers to achieve low loss, high fre-
quency interconnects. Options in-
clude high resistivity Si substrates 
or thick dielectric layers to distance 
the metal layers from the lossy sub-
strate; also, a very thick redistribu-
tion layer, an extra metal layer to 
reduce metal loss. imec is also de-

SYSTEM LEVEL CO-
INTEGRATION

Obtaining a mature and cost-
ef� cient InP technology through 
direct growth or wafer reconstitu-
tion is only part of the challenge, 
however. The resulting components 
need to be integrated into a com-
plete system comprised of various 
building blocks in III-V and CMOS 
technologies, such as InP HBTs for 
PAs or CMOS for the beamform-
ing transceiver. This poses a set of 
integration challenges. imec is look-
ing into monolithic (2D) integration 
of III-V and Si devices in the same 
plane and 2.5D and 3D integration 
approaches for heterogeneous inte-
gration.

State-of-the-art PCB technology 
is continually being optimized to 

 Fig. 3  Top view of an RF interposer with a Si stacked top die.2
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pends on the application. Because 
so many options are available, imec 
has launched a system technology 
co-optimization (STCO) program to 
guide the technology choices at the 
system level. The STCO methodol-
ogy uses architecture and applica-
tion constraints, assessing signal 
loss, bandwidth, heat dissipation, 
mechanical stability and cost. Con-
sidering these parameters together 
enables trade studies to determine 
the appropriate technology and de-
vice designs for 6G.
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the RF, DC, IF and digital signals. 
Finally, both the trace and space di-
mensions need to be much smaller 
than 50 µm, preferably between 5 
and 10 µm.

There are also differences be-
tween the two schemes (see Figure 
5). In the case of 2D or 2.5D inte-
gration, the III-V device sits next to 
the CMOS IC, enabling better ther-
mal management because both die 
can be in direct contact with a heat 
sink. The disadvantage is that the 
footprint may need to be extended 
in one dimension for some appli-
cations, meaning this architecture 
only enables 1D beam steering. In 
comparison, 3D integration enables 
all the die and circuits to � t under 
the antenna and enables 2D beam 
steering across a hemisphere. 2D 
beam steering is necessary for 5G 
and similar applications to minimize 
penetration losses and increase 
reach. With 3D, thermal manage-
ment is more challenging and, 
of course, 3D integration is more 
complex, having unique processing 
challenges.

SYSTEM TECHNOLOGY CO-
OPTIMIZATION

The choice of integration and 
packaging solutions ultimately de-

 Fig. 4  3D interconnect technology roadmap. Includes data from H.-S. Philip Wong, 
et al.4 and Techinsights.
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Chipless RF Identification Tags 
with Microstrip Patch Resonators
Kawther Mekki and Ali Gharsallah
University of Tunis El Manar, Tunis, Tunisia

Omrane Necibi
University of Jouf, Jouf, Saudi Arabia

Hugo Dinis and Paulo Mendes
University of Minho, Braga, Portugal

An RF identification (RFID) coding approach is based on the radar cross section (RCS) of a multi-
patch chipless RFID tag. Combined with classical frequency coding, this increases the coding 
capacity. This work describes a six-resonator RFID tag using microstrip patches that has a high 
data capacity and low-cost. It can be directly printed on products such as personal IDs, credit 
cards, paper and textiles because it needs only one conductive layer. It is designed to operate 
over the range of 4.5 to 6.2 GHz, at frequencies allocated for RFID systems.

For several years, RFID tech-
nology has brought many 
innovations in the field of 
automatic identification of 

people and goods; however, for 
consumer product identification the 
barcode is still dominant.1 An RFID 
system consists of RFID tags and 
an RFID reader.2,3 RFID tags are at-
tached to objects to be identified. 
Each RFID tag contains a unique tag 
identification number (tag-ID). The 
RFID tag contains electronic circuit-
ry that stores the tag-ID and com-
municates wirelessly with the RFID 
reader. The RFID reader transmits 
an interrogation signal, which com-
municates with the RFID tag to ob-
tain its unique tag-ID. The tag either 
actively transmits an RF response 
signal or passively reflects (back-
scatters) the interrogation signal. 
The tag response is captured by the 
RFID reader antenna and processed 
by the reader to extract its tag-ID.4-7

Chipless technology is of interest 
since its cost is lower than technolo-

gies with active chips and it enables 
operation under adverse environ-
mental conditions where electronic 
chips can be easily destroyed. There 
has been much research focused 
on high performance chipless RFID 
tags.8,9 Numerous resonant topolo-
gies have been proposed, such as 
U-shape,10 L-shape,11 octagonal,12 
slot,13 triangular patch,14 microstrip 
line15 and shorted dipoles oriented 
at 45 degrees.16

According to the encoding 
method, chipless RFID tags can be 
grouped into two main categories: 
1) frequency signature based17-20 
and 2) time domain reflectometry 
based chipless RFID.7,21-23

Recent development in the era 
of low-cost and compact communi-
cation systems has largely been due 
to the advent of small weight and 
size antennas that can provide good 
performance over a broad frequen-
cy range. The rectangular microstrip 
patch is an attractive choice. Its the-
ory of operation is computationally 

58 	 	 MWJOURNAL.COM  NOVEMBER 2022

TechnicalFeature

MWJMWJ
APPROVED

   
   

   
   

RE

VIEW BOARD
 

simple. It is low-cost, easy to fabri-
cate and is conformable. It enables 
low-profile structures of compact 
size that assure reliability, mobility 
and good efficiency.

This work describes a chipless 
tag comprising six patch resonators 
with coding based on control of 
its RCS magnitude over a 1.6 GHz 
bandwidth from 4.5 to 6.2 GHz. The 
effects of mutual coupling are also 
explored. Phase, along with fre-
quency coding, enables increased 
coding capacity. Measurements 
validate simulation.

MICROSTRIP PATCH 
RESONATOR DESIGN

The microstrip patch is designed 
to operate over a narrow band. In 
the design of RCS magnitude-based 
chipless tags, resonant behavior is 
desirable. The design procedure is 
described by Karmakar.24 It is fab-
ricated on a 0.76 mm thick Rogers 
RO4350B substrate (see Figure 1).

The width Wp and length Lp are 
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PARAMETRIC STUDY
The microstrip antenna’s patch 

length Lp and width Wp are calcu-
lated theoretically to be 17.2 and 
21.7 mm, respectively, for resonance 
at 4.6 GHz, the target frequency of 
the lowest frequency patch. A para-
metric study of the dimensions of the 
patch antenna with slots (see Figure 
2) is done to optimize performance 
and reduce size (Lp = Wp = 16.5 mm).

The parameter sweep section of 
the CST Studio Suite is used to op-
timize the various patch parameters. 
Changes to Wp, Lp and slot dimen-
sions W and G have a significant im-
pact on RCS. Figure 3a shows the 
resonant frequency as a function of 
Lp and Wp. The initial result, using di-
mensions analytically derived show 
resonance at f = 3.6 GHz. After op-
timization, resonance is achieved at f 
= 4.6 GHz with Lpand Wp both equal 
to 16.5 mm. For best results, W = 0.9 
to 1.5 mm and G = 4 to 8 mm, as 
shown in Figure 3b. Figure 4 shows 
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Where c is the speed of light in a 
vacuum, h is the substrate thickness 
and εreff is the effective permittivity 
given by the equation:

given by the following equations:25
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And  L is determined by  Fig. 1  Microstrip patch antenna 
geometry.

Substrate

Ground
Wp

L p

0.76 mm

Patch

 Fig. 2  Geometry of the chipless RFID 
tag using slots to reduce size. Lp = Wp = 
16.5, W = 1.2 and G = 6 mm for a patch 
resonant at 4.6 GHz.

Substrate

Ground Wp

L p

0.76 mm

Patch

W

G
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performs the functions of signal re-
ception, tag-ID data encoding and 
transmission of backscattered sig-
nals. The individual patches each 
have a different resonant frequency 
and backscatter. A unique frequen-
cy signature is produced by the ar-
ray in the total backscattered signal. 
The RCS of the tag presents the 
frequency signature encoding the 
tag-ID data.

Two multi-patch tag designs are 
considered. The first is composed 

the final magnitude and phase re-
sponse of the 4.6 GHz patch.

A similar procedure is used to de-
termine the dimensions of the other 
patches in the multi-bit tag.

CHIPLESS RFID DESIGN 
SIMULATION AND 
MEASUREMENT

Four-Bit Patch Tag
In the case of a multi-patch tag, 

an array of narrowband patches 

 Fig. 3  RCS magnitude over frequency 
vs. Lp and Wp (a) and W vs. G (b).
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extracted. Simulated and measured 
results are shown in Figure 7.

One or more rectangular patches 
can be printed on a tag, and one 
or more of these patches can be 
shorted, nulling its corresponding fre-
quency. A data bit 1 or 0 is encoded 
according to the presence or absence 
of a notch in the spectral response, 
respectively. Four notches appear in 
the magnitude response as four 1’s of 
the tag with ID “1111,” while three 

of four rectangular microstrip patch 
resonators. The four patch resona-
tors have lengths Lp of 12, 13.5, 15 
and 16.5 mm and resonate at 6.1, 
5.7, 5.1 and 4.6 GHz, respectively 
(see Figure 5). Measurements are 
made in an anechoic chamber us-
ing a Keysight PNA-N5221A vector 
network analyzer (VNA) as shown 
in Figure 6. The horn antennas are 
separated by e = 30 cm. All reso-
nant peaks up to r = 30 cm can be 

 Fig. 5  Layout (a) and manufactured (b) patch tags returning the ID 1111.

(a) (b)

notches appear for three 1s, with 
no notch for the 0 in the mag-
nitude response of the tag with 
ID “1101” (see Figure 8a). Four 
phase transitions are seen in the 
phase response for the tag with 
ID “1111,” but no phase transition 
appears in the 0 for the tag with ID 
“1011” (see Figure 8b).

Six Bit Patch Tag
Data capacity can be achieved 

by adding more resonators. Six 
resonators with Lp = 12, 13.5, 
14.5, 15.5, 16.5 and 17.5 mm cre-
ate six notches in the spectrum 
corresponding to six resonant 
frequencies at 6.1, 5.7, 5.4, 5.1, 
4.7 and 4.4 GHz. The simulated 
and the manufactured structures 
are shown in Figure 9. Simula-
tion and measurement results 
are shown in Figure 10. Six reso-
nances are clearly detected and 
easily distinguishable and show 
good agreement between mea-
surements and the simulation.

The theoretical RCS definition 
is independent of the distance (r) 
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between the tag and the antenna.26 
In practice, the measured quantity is 
the backscattered power received at 
the antenna, which is highly depen-
dent on the measurement setup. 
The Agilent PNA-N5221A VNA in a 
bistatic configuration is used to mea-
sure vertically polarized radiation in 
the frequency domain. In the fre-
quency range of 2 to 8 GHz, the VNA 
delivers 0 dBm of power. Over the 
frequency band of interest, the two 
horn antennas each have a gain of 
12 dBi. In the setup shown in Figure 
6, measurements are made with e = 
30  cm and r = 20 and 30  cm. With 
r at 30 cm, the notch at the highest 
frequency is not well defined, which 
implies degraded performance be-

r

r

e

Chipless TagVNA

 Fig. 6  
Measurement setup 
using a VNA in an 
anechoic chamber.

 Fig. 7  Simulated vs. measured RCS 
magnitude of the 4-bit chipless tag.
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 Fig. 8  Simulated vs. measured RCS 
magnitudes (a) and phase (b) for two 
tags with different IDs.
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reported work is shown in Table 1.

CONCLUSION
A chipless RFID tag operating 

from 4.5 to 6.2 GHz transmits and 
recovers multi-bit data. Rectangu-
lar shaped resonators increase the 
bit-encoding capacity. Multi-patch 
RFID chipless tags use narrowband 
resonant structures to create notch 
frequencies. Although 6-bit data 
is encoded in the proposed tag, a 
higher capacity data structure can 

yond that range (see Figure 11).
The chipless tag yields 6-bit data 

with a unique frequency signature. 
Comparing the results of the blue 
curve with those of the red curve in 
Figure 12a, the fourth notch disap-
pears, creating a tag response with 
ID “111011.” Six phase transitions 
are seen in the phase response for 
the tag with ID “111111” in the blue 
curve, while only five are visible in 
the red curve in Figure 12b.

A comparison of this with other 

 Fig. 9  Layout (a) and manufactured 
(b) patch tags designed to return the ID 
111111. 

(a)

(b)

 Fig. 10  Simulated vs. measured RCS 
magnitude of the 6-bit chipless tag.
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 Fig. 11  RCS magnitude of the 6-bit 
chipless tag placed at 20 and 30 mm 
from the transmit and receive horn 
antennas.
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(GHz)

Insertion

 Loss (dB)

Isolation

(dB)

Amplitude

Balance

Model

Number

2 1.0-27.0 2.5 15 0.5 dB PS2-51

2 0.5-18.0 1.7 16 0.6 dB PS2-20
5-40 GHz 1-5 GHz

2 1.0-40.0 2.8 13 10 0.6 dB PS2-55

2 2.0-40.0 2.5 13 0.6 dB PS2-54

2 15.0-40.0 1.2 13 0.8 dB PS2-53

2 8.0-60.0 2.0 10 1.0 dB PS2-56

2 10.0-70.0 2.0 10 1.0 dB PS2-57

3 2.0-20.0 1.8 16 0.5 dB PS3-51

4 1.0-27.0 4.5 15 0.8 dB PS4-51

4 5.0-27.0 1.8 16 0.5 dB PS4-50

4 0.5-18.0 4.0 16 0.8 dB PS4-17

4 2.0-18.0 1.8 17 0.5 dB PS4-19

4 15.0-40.0 2.0 12 0.8 dB PS4-52

8 0.5-6.0 2.0 20 0.4 dB PS8-12

8 0.5-18.0 7.0 16 1.2 dB PS8-16

8 2.0-18.0 2.2 15 0.6 dB PS8-13

10 to 30 watts power handling, visit website for complete specifi cations.

SMA and Type N connectors available to 18 GHz.
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TABLE 1 CHIPLESS RFID TAG COMPARISON

Reference Resonator Type Frequency 
Range (GHz) 

Bits 
Encoded

Useful Range 
(cm)

Size 
(mm2)

11 L-Shaped 3 – 6 6 25 83 × 50

14 Triangular Patch 4.5 – 6.1 4 30 40 × 60

15 Microstrip Line 2– 3 4 50 60 × 36

16 Shorted Dipoles 
Oriented at 45°

3.1 – 10.6 6 10 70 × 42

16 Dual-L 4.5 – 6.5 4 25 50 × 50

This Work Square Patch 4.5 – 6.2 6 20 60 × 40
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Magnetically Tunable U-Slot 
Microstrip Patch Antenna Based 
on Nematic Liquid Crystal 
Materials
Adel Kouki, Fakher Sboui and Lassaad Latrach
University of Tunis El Manar, Tunis, Tunisia

A reconfigurable U-slot microstrip patch antenna uses a nematic state liquid crystal (LC) mixture 
operating at 5 GHz for wireless communications such as Wi-Fi. An external magnetic field 
from 0 to 1200 Oersted changes the relative permittivity of the LC to adjust the patch resonant 
frequency. A tuning range of 200 MHz in both measurement and simulation is demonstrated with 
a maximum gain of 4.05 dB. LC is considered a good candidate for reconfigurable antennas due 
to its low cost, low profile and performance.

W ireless communication has 
evolved to become a nec-
essary aspect of our daily 
lives. At the same time, the 

growth of the market has led to an increase 
in the number of standards allocated to sys-
tems and terminals operating on different 
frequency bands. This multiplicity of com-
munication standards typically requires the 
use of several antennas, each dedicated to 
a specific band. This, however, implies an 
increase in the physical size of the system 
with a significant impact on its cost, energy 
consumption and complexity. Alternatively, 
the use of a reconfigurable antenna operat-
ing over several frequency bands enables 
reduced size, power consumption and cost.

A patch antenna has many advantages, 
such as low weight, moderate cost and ease 
of manufacture. Nevertheless, for some 
applications, its bandwidth is too narrow. 

This limitation can be overcome by making 
it reconfigurable using lumped elements 
such as PIN diodes,1 varactor diodes,2,3 RF 
MEMS switches4 or tunable materials such 
as ferroelectrics5 and LC.6-13 The possibility 
of changing the LC dielectric constant in its 
nematic state through an applied electric 
or magnetic field has attracted researchers 
in the microwave community for some de-
cades.

In this work, a patch antenna is designed, 
using the characteristics of LCs to add re-
configurability. The nematic state LC mixture 
E7 is injected between the patch antenna 
and ground. Simulation and measurements 
demonstrate a tunable range of 200 MHz, 
with the application of a magnetic field, and 
a peak gain of 4.05 dB.

PROPERTIES OF LCS
The nematic state of a LC is generally used 

74 	 	 MWJOURNAL.COM  NOVEMBER 2022

TechnicalFeature

MWJMWJ
APPROVED

   
   

   
   

RE

VIEW BOARD
 

11M31 FINAL.indd   7411M31 FINAL.indd   74 10/19/22   3:09 PM10/19/22   3:09 PM





76 	 	 MWJOURNAL.COM  NOVEMBER 2022

TechnicalFeature

Ws = 30 mm. The inset feed Li and 
gap Wg = 5.7 and 0.2 mm, respec-
tively. A 50 Ω microstrip line (Lf = 2.9 
mm; Wf = 12.05 mm) was used to 
feed the patch on a grounded sub-
strate. Design choices were based 
on simulations using the CST Studio 
Suite software. The width, W, was 
calculated using

=
ε +

W
1
2f

2
1

(1)
c reff

where fc is the center frequency 
and εreff is the effective permittivity.

εreff is given by

1
2

1
2

1 12
h
w

(2)

reff

r r
1/2

ε =
ε + + ε + + ⎛

⎝⎜
⎞
⎠⎟

⎡
⎣⎢

⎤
⎦⎥
−

where h is the thickness of the di-
electric substrate.

∆L, the extended incremental 
length of the patch, is calculated 
from

( )

( )

Δ =

ε + +⎛
⎝⎜

⎞
⎠⎟

ε + +⎛
⎝⎜

⎞
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L
h

0.412

0.3
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0.258
w
h

0.8
(3)

reff

reff

The effective length is deter-
mined by

=
ε

L
c

2f
(4)eff

c reff

The actual length of the patch is 
determined by
L L L (5)eff= − Δ

The final dimensions of the de-
sign are listed in Table 1.

Figure 2b shows the simulated 
reflection coefficient, where |S11| 
reaches a value less than -19 dB at 
the resonant frequency of 5.07 GHz. 
The simulated radiation patterns 

field. In this work, a magnetic field 
is used to shift the frequency of 
a patch antenna. To switch on the 
magnetic field, two magnets are 
spaced 5 mm on either side; to 
switch off the magnetic field, the 
two magnets are removed.

The magnetic field applied to the 
LC must be greater than 600 Oe.13 To 
ensure that the molecules of the LC 
are parallel to the applied magnetic 
field, the two magnets are positioned 
5 mm from both sides of the antenna, 
where the total magnetic field strength 
equals 1200 Oe (see Figure 1). The LC 
molecules are oriented according to 
the magnetic field applied. When no 
magnetic field is applied, alignment of 
the molecules is promoted by cover-
ing the lower and upper contact sur-
faces of the LC layer with a microscopic 
polyamide film. This achieves the per-
pendicular permittivity εr⊥. When the 

applied magnetic 
field is equal to 1200 
Oe, the molecules 
are oriented in the 
same direction as 
the magnetic field, 
which achieves par-
allel permittivity εr∥. 
Martin et al.7 used 
a foam substrate 
loaded with LC K15 
to obtain a tunable 
frequency range of 
140 MHz from 4.6 
to 4.74 GHz and a 
tuning range of 4 
percent, from 5.43 
to 5.66 GHz, was 
achieved using LC 
E7.13

PATCH ANTENNA DESIGN
A 5 GHz antenna (see Figure 

2a) was designed using Equations 
1 through 5.14 The substrate was 
FR-4, with a relative permittivity εr = 
4.4 and a thickness h = 1.6 mm. The 
patch dimensions were Ls = 30 and 

in microwave and mmWave systems 
with the external application of an 
electric or magnetic field to change 
its dielectric constant. The use of an 
electric field to change the orienta-
tion of LC molecules is, by analogy, 
equivalent to the use of a magnetic 

 Fig. 1  Parallel and perpendicular permittivity (a). Effective permittivity and loss tangent vs. applied bias magnetic field (b).13

(a) (b)

Magnet I
d
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εeff tan δeff

tan δ⊥
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H = 0 Oe
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εr�

εr⊥
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 Fig. 2  Microstrip patch antenna 
without LC (a) and simulated |S11| (b).
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TABLE 1
DIMENSIONS OF ANTENNA WITHOUT LC

Description Symbol Dimension (mm)

Substrate Thickness h 1.6

Substrate Width Ws 30

Substrate Length Ls 30

Patch Width W 18.42

Patch Length L 13.91

Inset Feed Length Li 5.7

Inset Feed Gap Wg 0.2

Microstrip Length Lf 12.05

Microstrip Width Wf 2.90

Slot Gap Width G 0.2

Slot Width Wu 5

Slot Length Lu 2.7

11M31 FINAL.indd   7611M31 FINAL.indd   76 10/19/22   3:09 PM10/19/22   3:09 PM





78 	 	 MWJOURNAL.COM  NOVEMBER 2022

TechnicalFeature

NA or VNA?

•   Insertion losses at 43.5GHz are typically  

30-40% lower than the OEM’s test port cables

•  VSWR <1.25 (<-18dB S11 and S22)

•   Available with precision 2.92mm  

and 2.4mm connectors in various  

gender combinations

DuraWave™ PS43  
was developed by Swift Bridge Technologies to 

exceed OEM cable performance through 43.5GHz

SHOP DIGIKEY 

-90

-60

-40

-20

0

0 7 14 21 28 35 42

R
e

tu
rn

 L
o

ss

Frequency (GHz)

TYPICAL RETURN AND INSERTION LOSSES*

In
se

rt
io

n
 L

o
ss

-2

-1.5

-1

-0.5

0

-10

-30

-50

-80

-70

* Cable assembly length, 60cm

N

Have a 43.5GHz 

P

4). Following a parametric study to 
determine the best position for the 
cavity, the LC layer is placed under 
the patch. The dimensions of the 
LC layer are listed in Table 2 and 

its electrical char-
acteristics are sum-
marized in Table 3.

SIMULATION 
AND 
MEASUREMENT

The fabricated 
prototype of the 
patch antenna is 
shown in Figure 
5, and Figure 6 
shows the mea-

surement set-up for reflection mea-
surements. Figure 7 compares the 
simulated and measured reflection 

without the LC (see Figure 3) show 
a maximum gain of 2.28 dB and a 
directivity of 6.80 dBi at 5.07 GHz.

The LC E7 mixture in its nematic 
state, i.e., as a liquid material, is in-
jected into a cavity created above 

TechnicalFeature

the ground with a depth of 1.5 mm 
on the substrate, and the upper 
and lower contact surfaces of the 
LC layer are covered by a micro-
scopic polyamide film (see Figure 

 Fig. 3  Simulated 3D gain (a) and 
directivity (b) at the 5.07 GHz resonant 
frequency.

2.28

–3.97
–7.72

–11.50
–15.20
–19.00
–22.70
–26.50
–30.20
–34.00
–37.70

dB

6.81

0.56
–3.19
–6.94

–10.70
–14.40
–18.20
–21.90
–25.70
–29.40
–33.20

dBi

(a)

(b)

 Fig. 4  Microstrip patch antenna loaded with LC E7.
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TABLE 2
LC LAYER DIMENSIONS

Parameter Value (mm)

Length of 
LC Layer

L1 10

Width of LC 
Layer 

WLC 20

LC Layer 
Distance 
from Top 

LLC 10

TABLE 3
E7 LIQUID CRYSTAL 

ELECTRICAL CHARACTERISTICS 
AT 23°C AND 30 GHZ

𝛆r⊥ 2.72 tanδ⊥ 0.12

𝛆r 3.17 tanδ 0.02
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Oe magnetic field is applied, which 
is linked to the decrease in tan(δ) 
from 0.12 to 0.02.

Figure 8 shows the test set-up 
for measuring the antenna patterns, 
both peak gain (see Figure 9) and 
the E-plane patterns (see Figure 
10). The figures compare the simu-
lated and measured results. The 
measured peak gains for the two 
cases are approximately 0.5 dB low-
er than the simulated values. The 
maximum gain of the patch antenna 
loaded with LC E7 is approximately 
4.05 dB, with a radiation efficiency of 
61 percent. The measured gain pat-
terns are similar to the simulations, 
with the measured patterns more 
omnidirectional than predicted. The 
difference between measured and 
simulated is less in the case of no 
applied magnetic field, i.e., 5.64 
GHz resonance (see Figure10a). At 
5.4 GHz, with the antenna magneti-
cally biased, the magnets disturb 
the gain pattern measurement (see 
Figure 10b). Not surprisingly, the 
metallic masses mounted to the 
sides and close to the aperture af-
fect the pattern, scattering the radi-

coefficients for LC E7 mixtures with 
two permittivities. Both the simu-
lated and measured results show an 
adjustable frequency from 5.64 GHz 
with no magnetic field applied (H = 
0 Oe, εr⊥ = 2.72 and tan(δ) = 0.12) 
to 5.44 GHz with the two magnets 
positioned 5 mm from each side 
of the antenna (H = 1200 Oe, εr∥ = 
3.17 and tan (δ) = 0.02). The differ-
ence in resonant frequencies is ∆Fr 
= 200 MHz, representing a 3.6 per-
cent tunable range. The minimum 
simulated value of |S11| at 5.64 GHz 
is -26 dB improving when the 1200 

 Fig. 5  Fabricated prototype antenna.

 Fig. 6  Test set-up for the prototype 
antenna without (a) and with (b) an 
applied magnetic field.

(a)

(b)
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the discovery of new types of LCs 
that exhibit short response times 
and low losses at microwave and 

mmWave frequen-
cies.

Table 4 compares 
the performance of 
this antenna with 
similar work. This 
design achieves a 
similar tuning range 
with higher gain and 
efficiency.

CONCLUSION
A microstrip 

patch antenna was 
fabricated with an 
LC E7 dielectric 
layer using a new 
method for adjust-
ing the resonant 
frequency: mag-
nets spaced 5 mm 
on either side of 
the antenna, ap-
plying a magnetic 
field of 1200 Oe. 
The magnetic field 
changes the LC 
permittivity, shift-
ing the antenna’s 
resonant frequency 
from 5.64 to 5.44 
GHz, which is suit-
able for Wi-Fi ap-
plications. The 
measured radia-
tion patterns are 
stable over the 
tuning range. In 
addition to the 
performance, 
the LC recon-
figurable antenna 
has a low profile 
and is low cost to 
manufacture.

ation to the rear. To 
minimize this, an 
alternative method 
to create the mag-
netic field using 
Helmholtz coils15 
would likely mini-
mize this effect.

The response 
time of the LC is 
relatively long—
on the scale of 
milliseconds—af-
ter the application 
of the externally 
applied magnetic 

field. This is less of a concern with 

 Fig. 7  Simulated vs. measured |S11| with two LC E7 mixture 
permittivities.
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 Fig. 8  Radiation pattern test set-up: 
antenna on a mount without magnets (a), 
antenna with magnets (b) and view of 
anechoic chamber (c).
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 Fig. 9  Simulated vs. measured 
peak gain with two LC E7 mixture 
permittivities.
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 Fig. 10  Simulated vs. measured E-plane patterns: without 
applied magnetic field at 5.64 GHz (a) and with a magnetic 
field at 5.44 GHz (b).
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Overcoming C-V2X 
Compliance Challenges
Dylan McGrath
Keysight Technologies, Santa Rosa, Calif.

More than 1.3 million people are 
killed in auto accidents each 
year. The U.S. National High-
way Transportation Safety Ad-

ministration estimates that human error is 
responsible for 94 to 96 percent of these 
fatalities. Other estimates are even higher—
as much as 98 percent. Improving automo-
tive safety, reducing or even eliminating 
auto fatalities and accidents, is one of the 
primary motivations behind the rise of cel-
lular vehicle-to-everything (C-V2X) commu-
nications. C-V2X is a wireless technology 
that promotes higher levels of autonomous 
operation in vehicles by enabling vehicles to 
communicate continuously, in real time, with 
other vehicles, as well as other parts of the 
traffic system, including roadside infrastruc-
ture, bicyclists and pedestrians.

The use of 5G C-V2X technology will 
multiply in the coming years as automotive 
manufacturers increasingly make it available 
in new vehicles to promote safety, efficiency, 
mobility and quality of life. However, incor-
porating C-V2X into vehicles and vehicle 
modules poses challenges. These challeng-
es include RF propagation complications as-
sociated with moving vehicles, congested 
roadways and metal objects. C-V2X is also 
complicated by an abundance of standards 
created by different organizations and re-
gional differences in standards, traffic safety 
laws and policies.

This article describes the status of C-V2X 
technology and its adoption, including the 
newest updates in the 3GPP’s Release 17. 
It also delves into the major challenges as-
sociated with C-V2X validation and testing, 
including those associated with regional vari-
ance in technology implementation and stan-
dards and offers some practical advice for 
navigating the pitfalls of C-V2X certification.

C-V2X HISTORY
The roots of V2X technology date back 

to the 1970s with research in the U.S. and 
Japan. However, in 2016, the first mass-pro-
duced vehicles equipped with V2X commu-
nications began. Early V2X vehicles did not 
use cellular technology; instead, these ve-
hicles in the U.S. and Japan used a WLAN-
based technology called direct short-range 
communication (DSRC). V2X first made it 
into cellular standards with 3GPP Release 14 
in 2017. The first commercial C-V2X chip-
sets, which supported LTE-based C-V2X, 
were introduced in 2018. In 2020, the first 
mass-market vehicles that incorporated C-
V2X rolled off the assembly line in China.

The first 5G new radio (NR) C-V2X speci-
fications were included in 3GPP Release 
15, the initial 5G standards, which achieved 
ASN.1 freeze in mid-2019. Following that, 
3GPP Release 16 added a significant num-
ber of enhancements supporting C-V2X, 
including sidelink. Sidelink enables user 
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applications layers, with each layer 
possessing management capability 
and security. Although the physical 
layer of C-V2X is based on cellular 
technology and differs from other 
V2X systems such as DSRC, each 
layer in the ITS stack is adapted from 
standards created by many organi-
zations, including SAE International, 
the European Telecommunications 
Standards Institute (ETSI), the Car 
2 Car Communication Consortium, 
China Communications Standards 
Associations (CCSA), China Society 
of Automotive Engineers and oth-
ers. Even though the layers of the 
ITS stack are based on standards 
and reused, the upper layers of the 
stack contain regional differences. 
The regional ITS layer differences 
can be attributed mainly to North 
America, Europe and China. Each 
layer performs similar functions, re-
gardless of regional variance. The 
C-V2X module design must consid-
er the different standards of each re-
gion where the product will be sold. 
Test equipment and test processes 
must re� ect these differences as 
well, meaning different design and 
test tools and test methodologies 
may be required for every C-V2X 
module or vehicle being sold in 
multiple regions.

Figure 1 illustrates the impor-
tance of verifying that the remote 
vehicle (RV) can send and receive 
messages from the host vehicle (HV). 
For example, if a message such as 
an electronic emergency brake light 
warning is initiated by one vehicle, it 
is important to ensure this warning 
message goes up through the lay-
ers of the physical stack over the air 
and is received and decoded back 
through the application layer. The 

� gure shows a logi-
cal understanding 
of how the mes-
sage is initiated in 
one vehicle, travels 
up through the lay-
ers to the anten-
na, is received by 
the other vehicle 
through its antenna 
and is then pro-
cessed and decod-
ed back down. For 
C-V2X certi� cation 
purposes, proper 
testing of this func-

work-controlled interactive service 
(NCIS), enhanced relays for energy 
ef� ciency and extensive coverage 
(REFEC) and audio-visual service 
production (AVPROD).

REGIONAL VARIATIONS
One of the major complexities 

that makes the design and test of 
C-V2X modules challenging is the 
intelligent transport system (ITS), 
a comprehensive system that aims 
to enhance traf� c management in 
many countries and regions. Most 
countries have designated the 5.9 
GHz frequency band as the of� cial 
ITS frequency band.

The ITS stack is comprised of 
several elements that sit above the 
physical layer (see Figure 1). The 
stack has been inverted to re� ect 
the more practical arrangement. For 
example, the physical layer, typically 
connected to antennas on the roof-
tops of vehicles, is shown at the top 
of the diagram. ITS stack elements 
include the transport, messages and 

equipment (principally vehicles) to 
communicate directly without in-
volving the network, facilitating the 
sharing of real-time sensor data. 
Sidelink is a major component of 
C-V2X because direct vehicle-to-
vehicle and vehicle-to-infrastructure 
communications enable vehicles 
to understand real-time traf� c and 
road conditions, access non-line-
of-sight data sensing to see around 
corners and warn each other of driv-
ing hazards. Other signi� cant en-
hancements contained in Release 
16 that enable and enhance C-V2X 
functionality are:
• scalable OFDM interfaces
• self-contained slot structures with 

immediate feedback enabling a 
very reliable communication sys-
tem with low latency

• advanced channel coding im-
proving reliability with low com-
plexity

• wideband carrier support
• support for massive MIMO for 

higher data rates, increased 
range and increased reliability.
Release 17, which achieved 

ASN.1 freeze earlier this year, built 
off the functionality in Release 16, 
including the addition of several 
sidelink enhancements such as net-

 Fig. 1  C-V2X ITS stack.
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 Fig. 2  Typical freeway scene.
 Fig. 3  A future of cars and infrastructure connected using 
multiple wireless technologies.
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cause the sharing of resources on 
the ITS band can be a challenge, 
congestion control stress testing is 
a requirement. Conducting a con-
gestion control stress test involves 
placing a device in a congested 
environment, such as dense traffic 
situations with many C-V2X mod-
ules and other ITS stations.

Properly functioning congestion 
control algorithms are required to 
coordinate the appropriate usage 
of the channels. Algorithms have 
been developed to mitigate the 
impact of these situations, such 
that resources are shared equally to 
keep the channels as unsaturated as 
possible. The standard defines two 
metrics that characterize the state 
of the channels. These are channel 
busy ratio (CBR) and channel occu-
pancy ratio (COR). C-V2X modules 
will sense the environment for 1000 
milliseconds and try to determine 
which resource blocks, each made 
up of subframes and subchannels, 
are transmitted by neighboring ve-
hicles. The device then determines 
if there is a spare resource block 
at a certain frequency or a certain 
channel and then decides when to 
transmit at the least used or lowest 
energy segment of the spectrum. 
Decisions are made based on COR 
and CBR information that comes 
over the control plane, and resourc-
es are consequently allocated and 
transmitted.

In addition to the CBR and COR, 
congestion control algorithms make 
decisions based on various metrics 
and parameters, including power, 
channel quality indicator and range. 
There are various techniques the 
station or the device can use de-
pending on the inputs to the algo-
rithm. Some of the techniques that 
can be used are:
•	 Drop packet retransmission: If 

the retransmission feature is en-
abled, the station can disable it

•	 Drop packet transmission: The 
station simply drops the packet 
transmission, including the re-
transmission if enabled; this is 
one of the simplest techniques

•	 Reduce packet transmission peri-
odicity: Extend the packet trans-
mission interval

•	 Adapt transmission power: The 
station can reduce its transmis-
sion power; consequently, the 

design and testing of C-V2X mod-
ules is heavy congestion, a situation 
arising daily for vehicles traveling—
and sometimes sitting in traffic—on 
the highways of the world (see Fig-
ure 2). C-V2X modules must trans-
mit and receive messages contain-
ing critical safety information, even 
in environments with hundreds or 
thousands of cars in the same im-
mediate area that are also relaying 
and receiving C-V2X messages. Be-

tionality requires accurately measur-
ing this interchange and accounting 
for regional variance.

STRESS TESTING
One of the most important at-

tributes of C-V2X is reliability. Be-
cause passenger safety and lives 
are on the line, it is critical that the 
technology is available in all road 
and traffic conditions. One of the 
most challenging conditions for the 
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less communications systems, Wi-
Fi and Bluetooth. Again, given the 
safety implications of C-V2X com-
munications, it is critical that 5G C-
V2X modules operate in this spec-
trum range without interference.

Comprehensive interference 
testing involves testing in-band and 
out-of-band emissions and testing 
the impact of the C-V2X signals on 
other radio signals to ensure that 
the 5G C-V2X signal does not cause 
interference with other radios in the 
same vehicle or other radio signals 
in the channel or adjacent spectrum. 
Interference from out-of-band emis-
sions can degrade the reliability of 
C-V2X communications, directly im-
pacting transportation safety. A U.S. 
Department of Transportation tech-
nical assessment found that out-
of-band interference from DSRC, 
Wi-Fi and LTE C-V2X operating in 
adjacent channels can leak into the 
adjacent spectrum, causing concern 
about the reliability of C-V2X com-
munications. C-V2X modules must 
operate in a shared spectrum envi-
ronment without negatively impact-
ing bandwidth. Sharing airwaves 
increases the responsibility of semi-
conductor manufacturers, automak-
ers and equipment manufacturers 
to ensure the C-V2X system will co-
exist with existing commercial wire-
less infrastructure.

Much like congestion control al-
gorithms, C-V2X systems require 
complex algorithms to monitor and 
detect other users in the spectrum 
and adjust the transmission and re-
ception of signals accordingly.

MMWAVE QUALITY
5G NR’s Frequency Range 2 (FR2) 

extends from 24.25 to 71 GHz. Ex-
tending to mmWave frequencies 
enables 5G NR to access a larger 
contiguous bandwidth, meaning ac-
cess to much more data related to 
traffic and road hazards to and from 
the cloud or to nearby vehicles. But 
the smaller wavelength of mmWave 
introduces challenges to signal qual-
ity and link budget. Factors impact-
ing mmWave signal quality include 
baseband signal processing, modu-
lation, filtering and up-conversion. 
Also, C-V2X modules will face sig-
nal impairments more problematic 
at higher frequencies and the wider 
channel bandwidths.

COEXISTENCE & 
INTERFERENCE TESTING

In addition to congestion stress 
testing, coexistence and interfer-
ence testing is required to ensure 
the C-V2X will coexist with all the 
many other wireless technologies 
operating in and around modern 
vehicles (see Figure 3). 5G NR’s 
Frequency Range 1 (FR1) includes 
the frequency bands from 410 MHz 
to 7.125 GHz, including spectrum 
used by or adjacent to existing wire-

overall CBR in the area will be re-
duced, and the value of the CBR 
limit might be increased.
Because the standards do not 

mandate which techniques to use, it 
may be beneficial to place the de-
vice under test in a crowded envi-
ronment to see which mechanisms 
are triggered and how the device 
handles the messages and reacts 
accordingly. Testing how well the 
congestion control algorithms work 
is critical.
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FR2 transmissions highly direction-
al and requiring higher gain active 
antennas that are electrically steer-
able. The body of the vehicle acts as 
a large ground plane located near 
the antenna, creating a host of ad-
ditional antenna testing challenges 
and link budget management com-
plexities.

Overcoming the physical chal-
lenges associated with mmWave 
signals in C-V2X modules requires 
test solutions that measure and 
characterize signal quality accu-
rately, without introducing new is-
sues, to validate the C-V2X quality 
of service and performance on the 
network.

USE CASES
Organizations such as the 5G Au-

tomotive Association (5GAA) have 
created basic safety use cases for 
testing C-V2X devices and applica-
tions. Some of the most prominent 
are:
•	 Emergency brake light (EEBL): 

When a vehicle’s brakes are acti-
vated, a warning signal is sent to 
nearby vehicles

•	 Signal phase and timing from 
traffic lights: This is useful to de-
termine the appropriate speed 
as a vehicle approaches a traffic 
light

•	 Intersection collision warning: 
A vehicle may send an EEBL 
message to warn of a potential 
collision risk

•	 Across traffic turn collision risk 
warning: A vehicle may send an 
EEBL message to warn of a po-
tential collision risk

•	 Vulnerable road user protec-
tion: This alerts pedestrians or 
other non-vehicle users of a po-
tential collision risk using their 
smartphones

•	 Slow vehicle warning or sta-
tionary vehicle: This provides 
alerts of a potential vehicle col-
lision while in traffic jams or with 
other parked or stationary ve-
hicles.
In addition to these basic safety 

use cases, other use cases known 
as “day one use cases” cover basic 
safety concerns. Every region has its 
own list of day one use cases. For 
example, China has approximately 
17 to 20 specific to that region. 
Other regions may have similar col-

ence, impairing demodulation.
Operating at mmWave intro-

duces challenges from path loss, 
blockage and signal propagation. 
Because of the shorter wavelengths 
at mmWave, physical obstacles in 
the channel—including other vehi-
cles—will block the signal, with the 
severity compounded by vehicle-
mounted antennas. Beamforming 
is a key technology for overcoming 
these propagation issues, making 

The orthogonal properties in-
herent in OFDM systems prevent 
interference between overlapping 
subcarriers. However, issues such as 
I/Q impairments, phase noise, lin-
ear (AM to AM) and nonlinear (AM 
to PM) compression and frequency 
error cause distortion in the modu-
lated signal. Phase noise is one of 
the most challenging: high phase 
noise results in high error vector 
magnitude and subcarrier interfer-
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lections, but they are not always identical. Various day 
one use cases may include forward collision warnings, 
left turn assist and blind spot warnings.

CERTIFICATION CHALLENGES
Like so much of 5G C-V2X technology, certification 

of C-V2X modules is challenging because of the evolv-
ing nature of the standards and the many organizations 
involved in the standardization of the technology, in-
cluding 3GPP, SAE, ETSI, CCSA, IEEE, Institute of Trans-
portation Engineers, National Electrical Manufacturers 
Association and European Telecommunications. ITS or-
ganizations and road operator regulators need to meet 
the performance criteria set by the respective standards 
development organizations, telecom and automotive 
industry governing bodies.

Typically, a C-V2X device requires Global Certification 
Forum (GCF) RF/protocol certification according to glob-
al cellular standards. Depending on the region where the 
device will operate, it likely needs to be tested to the 
ITS upper layer standards, such as IEEE 1609.2/3/4, SAE 
J2945 for North America and the applicable regional 
standards in Europe and China. In addition, devices likely 
need to pass region-specific test cases currently being 
developed for the ITS application layer.

Manufacturers may conclude that purchasing test 
equipment capable of testing future expansions of 5G 
NR is too great an investment. This should not be an 
obstacle to success. Fully audited test houses provide 
technical expertise and the most state-of-the-art test-
ing technologies. Using an outside resource ensures 
each device being tested meets the evolving stan-
dards of C-V2X. Given the dynamic nature of C-V2X 
standards and test requirements, using an indepen-
dent test house can help companies ensure products 
are tested using the latest guidelines and meet all 
requirements. Using a testing and certification body 
such as the OmniAir Consortium is one method for 
gaining certification for a C-V2X device in a timely and 
cost-effective manner, regardless of whether the test-
ing is conducted in-house or through an independent 
third-party laboratory. Using an audited state-of-the-
art facility for bench, field and security test ensures 
conformance with the latest test standards. Once the 
lab reports are complete, the governing body ap-
proves the findings and the device receives a certifica-
tion mark to prove conformance.

CONCLUSION
As with everything else in the 5G realm, the impor-

tance of testing and validation for C-V2X cannot be over-
stated. Only fully audited test equipment for current and 
future 5G and C-V2X standards and strict adherence to 
the specifications will ensure certification and, ultimately, 
the successful performance of 5G NR C-V2X modules. 
While the obstacles to widespread deployment of C-V2X 
are not insignificant, they are surmountable with proper 
test equipment and methodologies. Addressing these 
obstacles is a critical step on the road to safer, greener 
and more efficient transportation—leading to fully auton-
omous vehicles in the future.
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Fast, mmWave Over-the-Air 
Testing
Su-Wei Chang, Ethan Lin, Andrew Wu and Jackrose Kuo
TMYTEK, New Taipei City, Taiwan

This article describes the design of a mmWave phased array antenna test system that can 
be integrated with a handler for mass production over-the-air (OTA) testing. The test system 
dramatically speeds the measurement of beamforming systems.

Aphased array antenna aggregates 
many antenna elements to form a 
large array that uses beamforming 
to increase the directional gain, 

with the effective isotropic radiated power 
(EIRP) characterizing the power and reach 
of the phased array. The directional gain 
compensates for signal fading, enabling ap-
plications to bene� t from mmWave’s high 
bandwidth and low latency. As such, phased 
arrays have been widely adopted for 5G 
and satcom applications, with MIMO, multi-
user MIMO (MU-MIMO) and massive MIMO 
(mMIMO) architectures enabled by beam-
forming and beam steering technologies to 

increase network capacity and 
improve the user’s experience.

To minimize size and 
achieve the best performance, 
many systems adopt the com-
pact antenna-in-package (AiP) 
architecture, where the phased 
array antenna and compo-
nents such as beamformers, 
power ampli� ers and up- and 
down-converters are all in-
tegrated (see Figure 1). The 
only way to test a mmWave 
AiP system is OTA, since the 
AiP system is a single, com-

pact package with many RF channels and 
no RF connectors at the antenna elements. 
Beam steering is a key factor for successful 
performance. To guarantee beam steering 
performance, OTA testing must evaluate 
the AiP’s characteristics, such as radiation 
pattern and the relative gain and phase of 
the elements.

TRADITIONAL OTA TESTING
With the adoption of 5G and satcom, 

more systems and devices are moving to 
mmWave frequencies. Depending on the 
system architecture and antenna design, 
devices for these applications have varying 
sizes and shapes; OTA measurement of the 
antenna system requires an anechoic test 
chamber, where the size of the chamber 
depends on the size of the device. For 5G 
systems, several measurement options are 
de� ned by 3GPP:

Far-Field Measurement Options
The 3GPP TR 38.810 speci� cation de� nes 

the direct far-� eld (DFF) technique, which 
requires a minimum measurement distance 
(see Figure 2), where the spherical wave 
from the source is transformed into a plane 
wave for radiation pattern measurements. 
The DFF method generally requires larger 
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 Fig. 1  AIP system construction.
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pattern, the testing 
methods for tradi-
tional DFF cham-
bers and IFF CATR 
include rotating 
the DUT in azimuth 
and elevation to 
obtain full pattern 
measurements. 
This requires the 
DUT to be mount-
ed on a rotating 
table stepped by 
electric motors, 
often taking hours 
to generate a com-
plete 3D antenna 
pattern—with the 
potential for inter-
ference or other 
limitations caused 
by the motors.

Horn Antenna 
Measurements

AiP testing us-
ing a horn antenna 
is faster and more 
cost-effective for 
mass production 
testing (see Figure 
4). However, it only 
measures the to-
tal radiation peak 
power at a � xed 

angle. Even with three horn systems, 
each horn in a different position, the 
testing angles and dimensions are 
limited. Since the AiP is a phased 
array with many antenna elements, 

test chambers based on the diame-
ter and operating wavelength of the 
AiP module. For example, a 28 GHz 
device with an antenna dimension 
of 15 cm requires a 4.2 m chamber 
to achieve far-� eld measurements. 
The larger the chamber, the higher 
the cost, the greater the space and 
added test time due to the mechan-
ical operation of the chamber.

A compact antenna test range 
(CATR) uses the indirect far-� eld 
(IFF) method to reduce the size of 
the test chamber (see Figure 3). 
The CATR system uses a parabolic 
re� ector to parallelize the wave 
from the feed horn to create a far-
� eld test environment. Although the 
distance between the device under 
test (DUT) and the feed antenna is 
essentially halved, the entire CATR 
system still requires a chamber box 
of signi� cant dimensions. In addi-
tion to chamber size, the CATR set-
up slows measurement time, typi-
cally taking 10 to 20 minutes.

To measure a 3D sphere radiation 

 Fig. 2  Direct far-� eld test setup.
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handlers, and its application pro-
gramming interface (API) and driv-
ers support integration with existing 
test program con� gurations. Using 
TMYTEK’s UD Box up- and down-
converter enables use of sub-6 GHz 
analyzers, eliminating the need for 
mmWave instrumentation. The in-
novative hardware and software de-
sign enables the system to provide 
an affordable total cost of owner-
ship (TCO).

XBeam 2D
The XBeam 2D is the more eco-

nomical version of the XBeam fam-
ily, suitable for production line test-
ing (see Figure 5). It is usually used 
for the small arrays used in mobile 
phones or customer premise equip-
ment and also supports 2D testing 
of larger arrays, such as 5G radio unit 
and satcom terminals. The XBeam 
2D receives and analyze one cut of 
the beam, generating a 2D pattern 
at ±5 degrees within 1 second. The 

each with con� gurable gain and 
phase, only measuring the gain in a 
few directions yields uncertainty in 
assessing the antenna pattern and 
guaranteeing the performance of 
an AiP system.

OTA testing requires a stable and 
well-calibrated testing environment. 
As noted, available chamber-based 
test solutions provide comprehen-
sive measurements, but the cham-
ber is bulky and costly, and the tests 
are time consuming. The rotation 
of the turntable is slow, susceptible 
to interference and may be limited. 
This doesn’t make sense for produc-
tion lines. While the horn test ap-
proach is widely adopted in produc-
tion, assessing the spatial coverage 
of the AiP is a signi� cant gap.

INNOVATIVE OTA TESTING 
SOLUTION

To address these shortfalls, 
TMYTEK has developed a phased 
array antenna testing method that is 
fast, has a small footprint and mea-
sures both power and phase. Since 
the antenna pattern is a critical el-
ement of a phased array antenna, 
identifying any gain loss or phase 
differences among elements is im-
portant, an aspect that traditional 
testing methods cannot perform ef-
� ciently in production.

TMYTEK’s XBeam system is avail-
able in two versions that scan an-
tenna patterns in 2D and 3D in un-
der 10 seconds—100x faster than 
other commercial test methods. It 
is compact and fully electronic, with 
no motors to limit measurements 
or cause interference. The small 
footprint makes it easy to integrate 
with other test elements such as 

 Fig. 5  XBeam 2D test system.

DUT/AUT
AiP/AoM orAiP/AoM or

Passive ArrayPassive Array
Antenna,

Smartphone,Smartphone,
CPE, RU, GroundCPE, RU, Ground

Terminal

Power CablePower Cable30 × 15 × 8 cm3

Beam Measurement
Ultra-Fast Beam Pattern

MeasurementMeasurement

Low Board & SocketLow Board & Socket
Designed for theDesigned for theDesigned for the
DUT/AUTDUT/AUT

2.92 mm Connector2.92 mm Connector2.92 mm Connector
Connect to External Equipment forConnect to External Equipment forConnect to External Equipment for
Advanced RF Signal MeasurementAdvanced RF Signal Measurement

Ethernet CableEthernet Cable
Output Digitized RF Power DataOutput Digitized RF Power Data

 Fig. 6  Pattern measurement 
comparison: XBeam 2D vs. the CATR.

40

30

20

10

0

G
ai

n 
(d

B
)

Degrees
–50 –25 0

XBeam 2D Measurement
0 Deg

25 50

XBeam
CATR

40

30

20

10

0

G
ai

n 
(d

B
)

Degrees
–50 –25 0

XBeam 2D Measurement
30 Deg

25 50

XBeam
CATR

11M22 FINAL.indd   10211M22 FINAL.indd   102 10/19/22   3:09 PM10/19/22   3:09 PM



11-16 June 2023 11-16 June 2023 
San Diego San Diego  CaliforniaCalifornia

San Diego Convention CenterIMS

Reserve Your Spot to Showcase 

Your Coolest Ideas Under the Sun

Book Your Booth Space Today 
ims-ieee.org

Exhibit at IMS2023  

Meet with RF & microwave professionals from across the globe

Connect with new and existing customers

Showcase your company’s innovative solutions, products and services in action

The IMS2023 Exhibits & Sponsorship Guide is Now Available. Check out the many 
sponsorship opportunities to maximize your presence and boost your brand.



104   MWJOURNAL.COM  NOVEMBER 2022

ApplicationNote

ures or the need for system calibra-
tion. To illustrate XBeam 2D’s abil-
ity to identify such issues, a 1 × 4 
channel AiP module was measured 
with channels 1 and 2 purposefully 
adjusted for 3.5 lower gain and a 
-60-degree phase offset to simulate 
a defect. Figure 7 shows the mea-
surement results, comparing the 
failures and good sections under 
the same test conditions. A single 
horn measurement system, which 
only measures peak gain at 0 de-
grees, would be unable to screen 
the non-functional components. By 
performing a full 2D pattern scan, 
gain differences can be noted when 
channel power is lower and the spe-
ci� c channel identi� ed. With the 
phase offset, the beam has clearly 
shifted, and the AiP unit can be 
� agged by the test system.

TMYTEK XBeam 3D
XBeam 3D extends the mea-

surement capability to two dimen-
sions, e.g., azimuth and elevation. 
The system comprises a specially 
designed shielding box and the 
TMYTEK BBox radio detector head 

radiation pattern is digitized, and 
the RF power data can be retrieved 
via the ethernet interface. For mea-
suring other RF parameters, such as 
error vector magnitude (EVM), the 
XBeam 2D can be connected to a 
spectrum analyzer or universal auto 
tester via a 2.92 mm connector. The 
small box measures 30 × 15 × 8 cm.

To con� rm the XBeam 2D’s mea-
surement quality, TMYTEK tested 
and compared the XBeam 2D with a 
CATR under the same conditions us-
ing the mmWave New Radio beam-
forming development tool, BBox. 
The results (see Figure 6) show the 
peak gain and radiation patterns are 
similar, sometimes equal, whether 
the beam is at boresight or offset 
to a steering angle. The data con-
� rms the XBeam 2D’s measurement 
method and results agree with the 
results achieved with a CATR.

A key feature of an AiP is beam 
steering, which has a baseline with 
all elements or channels having 
equal gain and phase. The OTA 
measurement system should be 
able to detect variations among the 
channels, which may indicate fail-

 Fig. 7  Measurements showing low gain and phase offset effects.
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in a 50 × 50 × 50 cm testing cube 
(see Figure 8). This � rst-generation 
module tests 28 GHz systems across 
±50 degrees in 10 seconds.

The software developed for 
XBeam includes:
• BeamPicasso™, which measures 

beams at various angles
• mmWatson™, which measures 

and identi� es faulty AiP modules
• OTACali™, which ef� ciently cali-

brates a phased array OTA.
The software can transform pa-

rameter measurements into visual 
bitmaps (see Figure 9). Piece-by-
piece calibration and statistical anal-
ysis matures the database, improv-
ing the capability to identify defects 
accurately and quickly.

To further improve capability 
and � exibility, handler APIs sup-
porting popular wireless tester 
drivers enable the XBeam 3D to be 
fully automated in a mass produc-
tion test system. Figure 10 shows 
test results with the XBeam 3D in-
tegrated with one auto tester. Gain 
and EVM were measured at three 
beam angles in under 2 seconds, 
with the beam pattern analyzed 
in real time to identify failures, 
so defective components can be 
� agged. Testing speed enables 
the measurement data to be col-
lected and fed to a database for 
arti� cial intelligence (AI) modeling 
and intelligent analysis, correlat-
ing production batches with the 
characteristics of array elements, 
for example. Real-time processing 

 Fig. 9  Parameter maps generated by 
the software engine.

Next Generation 
3U OpenVPX.
Explore our latest SOSA aligned
frequency sources for 
mission-critical applications.

VITA 67.X
100 MHz to 14 GHz 
VXO Vibration

3U x 2x0.85” Pitch
        Isolation

 

(512) 835-2038 | quanticwenzel.com
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improves production ef� ciency and provides feedback 
to design engineering teams.

Like the XBeam 2D, the 3D cube can be customized 
for testing different modules with various form factors 
and operating frequencies based on the same testing 
approach. Both version of XBeam are software driven 
and powered by AI. Table 1 summarizes the capabili-
ties of the 2D and 3D versions of XBeam, and Table 2
compares the capabilities of XBeam to the CATR and 
horn antenna testing con� gurations.

SUMMARY
The AiP is a key architecture for mmWave systems 

and devices, and the XBeam 2D and 3D test solutions 
offer a comprehensive way to test these systems. They 
can evaluate system performance—antenna patterns, 
EIRP, EVM—with the ef� ciency needed for production 
environments. Test times are typically 100x faster than 
can be achieved by traditional methods. With up- and 
down-conversion, the XBeam family interfaces with 
sub-6 GHz measurement instruments, further im-
proving TCO. The XBeam test modules are compact 
and compatible with production handlers, and the 
AI-driven system software helps gain insight into AiP 
performance.

 Fig. 10  Demonstration measurements of the XBeam 3D 
integrated with auto tester.

TABLE 1
COMPARISON OF XBEAM 2D AND XBEAM 3D

XBeam 3D XBeam 2D 

Radiation Pattern 
Measurement 2D & 3D 2D

Measurement Speed 1 s for 2D Pattern
10 s for 3D Pattern 1 s for 2D Pattern

Elevation Steering 
Measurement •

Azimuth Steering 
Measurement • •

Size (28 GHz) 0.12 m3 0.02 m3

Weight Heavy Light

TABLE 2
COMPARISON OF OTA OPTIONS

CATR XBeam 3D XBeam 2D Horn

Measurement 
Speed Slow Fast Very Fast Fast

Pattern 
Measurement • • •

Elevation 
Steering 

Measurement
• •

Azimuth 
Steering 

Measurement
• • •

Size (Same 
Frequency) Big Small Very Small Small

AiP Optimized • •
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Powerful, 
Affordable 3D EM 
Simulation
CENOS
Riga, Latvia

R F engineers often lack the time to 
conduct thorough studies to select 
the best simulation software for an-
tenna design, so they opt for a well-

known platform, which can be overwhelm-
ing to learn and quite expensive. If the de-
sign team is part of a big corporation, cost 
is likely not a major consideration; broad 
capability and accuracy are most important. 
However, for a small to medium-sized orga-
nization with a limited budget and a design 
team of just a few engineers who want to 
learn quickly, is there a better option?

CENOS™ RF simulation software was 
developed for engineers in small and medi-
um-sized organizations who expect simple 
and basic functions for simulation. CENOS 
RF enables them to perform antenna de-
sign and optimize antenna placement on a 
larger structure—even without having prior 
simulation experience. The platform is easy 
to learn, and its capabilities handle most an-
tenna design and placement scenarios on 
systems as varied as drones, satellites, GPS 
trackers, IoT devices, robots, medical devic-
es and other sensors.

CENOS RF is reasonably priced and of-
fers free onboarding, which enables new us-
ers to get results quickly. Also, it is unique 
among simulation software with its immedi-
ate support via a live chat capability built in 
the software.

CENOS COMPARED TO OTHER 
SOFTWARE

CENOS RF stands out from the leading 

software platforms such as CST and Ansys 
HFSS with its ease of use, self-paced learn-
ing and immediate support from a dedicat-
ed contact person. Although software like 
CST and HFSS have wider functionality that 
is designed to satisfy almost every applica-
tion, even niche ones, CENOS’ functionality 
was focused on the most common applica-
tions, with ease of use prioritized.

The simulation platform comes with pre-
de� ned simulation groups for components, 
such as waveguide, � lters, couplers and 
multi-port networks and antennas, such as 
microstrip/PCB, horns, re� ectors, wire and 
patch arrays (see Figure 1). Its analysis ca-
pabilities enable optimizing the placement 
of an antenna within a device or system to 
maximize the radiation pattern while using 
the least amount of space. CENOS RF’s vi-
sualization tools help users optimize perfor-
mance and then share the results (see Fig-
ure 2).

FEATURES
CAD � le support — Users can upload 

STEP � les and, in most cases, the mesh is 
created automatically (see Figure 3). Recent 
tests yielded 75 percent conversion of all 
CAD � elds; the remaining 25 percent need-
ed manual meshing.

Recalculation and analysis — All set-
tings are kept if a user wants to recalculate 
the model with changed parameters. If a 
geometric parameter is changed, the CAD 
� le can be reloaded; all model parameters 
are retained, and the mesh is automatically 
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Thetis-IProteus-IIIProteus-III Thyone-I Setebos-I

Take future trends into account and keep the flexibility!

Committing today on a wireless technology for tomorrow seems impossible. 
How nice would it be to expand your application with different radio protocols 
at any time without any layout changes. Würth Elektronik offers you a high 
degree of freedom with the radio module footprint. It is one quality proven 
hardware base, that prevents you from enormous costs of re-design in future 
already today. Choose between a Bluetooth®, WirepasTM or proprietary radio 
module or the combined variant of proprietary and Bluetooth®.

www.we-online.com/footprint

ONE

GIANT

LEAP

4-IN-1

FOOTPRINT

simulation capability and not rely on outside consul-
tants. Additionally, users praise two capabilities: 1) in-
stant 24/7 support via the in-software chat, one of the 
most appreciated features because it keeps users from 
getting “stuck” and 2) the PDF reports.

CENOS, Riga, Latvia
www.cenos-platform.com

rebuilt, whether generated by CENOS or controlled 
manually.

Reporting of simulation results — Following simu-
lation, CENOS RF provides a PDF report of the simula-
tion results, a one-page summary of the analysis that is 
easily shared (see Figure 4).

CENOS’ RF simulation software was developed for 
engineers looking for a powerful and time-ef� cient 
simulation with advanced instant support that comes 
with an affordable price tag. Its pricing enables small 
to medium-sized organizations to have an internal EM 

 Fig. 1  Antenna types prede� ned in CENOS.

 Fig. 2  CENOS visualization capabilities include the 
structure’s geometry and EM � elds. A patch array is shown.

 Fig. 3  Mesh generation screen. The mesh is automatically 
created from most imported STEP � les.

 Fig. 4  Simulation results are easily summarized in a PDF 
report.
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are available, either directly from 
HYPERLABS or from your local sales 
representative.

In addition to these 100+ GHz 
offerings, HYPERLABS is revising its 
entire component product line to 
cover 110 GHz. Founded in 1992 
and privately owned, HYPERLABS 
sells ultra-broadband components 
reaching 110+ GHz, including 
power splitters, BTs, pickoff tees, 
DCBs and transition time convert-
ers. HYPERLABS’ instrumentation 
line includes the industry’s � rst USB 
powered and controlled time do-
main re� ectometry instruments, 
controlled impedance analyzers, 
signal path analyzers, samplers and 
harmonic mixers.

HYPERLABS INC.
Louisville, Colo.
www.hyperlabs.com

110 GHz DC Blocks and 
Bias Tees

HYPERLABS is expanding 
its 100+ GHz compo-
nents by introducing DC 
blocks (DCBs) and bias 

tees (BTs) operating to 110 GHz. 
The HL9439 DCB and HL9449 BT 
operate from 160 kHz to 110 GHz. 
The devices are also offered as 95 
GHz versions with part numbers 
HL9438 for the DCB and HL9448 
for the BT. All four products support 
200 Gbps PAM4 communications 
systems, high speed analog-to-dig-
ital conversion, frequency response 
testing for differential devices and 

many other ultra-broadband appli-
cations.

Both the 110 GHz DCB and BT 
are available with 11 or 30 V break-
down voltage, with the BT hav-
ing a maximum DC current rating 
of 175 mA. The DCBs and BTs are 
available as matched pairs, offer-
ing optimized phase and amplitude 
matching for the best differential 
signaling.

With connectors, the standard 
housing for the HL9438/9 DCBs 
measures 1.067 x 0.525 x 0.535 
in., and the standard housing for 
the HL9448/9 BTs measures 1.95  x 
1.30 x 0.53 in. Both the DCB and 
BT have 1.0 mm connectors at each 
port, alternate connectors are avail-
able. Every unit is hand built and 
tested in Louisville, Colo. S-param-
eter data and demonstration units 

110   MWJOURNAL.COM  NOVEMBER 2022

TechBriefs

manipulators (Reid-Ashman OM-
1069, inTest). This simpli� es inte-
gration into existing production fa-
cilities to meet the high throughput 
production demands of outsourced 
semiconductor assembly and test.

The ATEasy® Test Executive and 
Integrated Development Environ-
ment is included with all GENASYS 
Semi systems. It’s an easy-to-use 
software development environment 
with an integrated and customiz-
able test executive for executing, 
sequencing, debugging and ana-
lyzing faults. It provides a full suite 
of digital and parametric test capa-
bilities so users can quickly develop 
and maintain their test applications.

Marvin Test Solutions
Irvine, Calif.
www.marvintest.com

mmWave Semiconductor 
Production Test System 
Rivals “Big Iron” ATE

Marvin Test Solutions’ 
GENASYS Semi is 
an advanced, open-
architecture mmWave 

semiconductor test platform that 
delivers features and performance 
rivaling proprietary, “big iron” auto-
matic test equipment (ATE) systems.

The GENASYS Semi TS-900e-
5G series is the � rst production 5G 
mmWave semiconductor test solu-
tion capable of providing vector 
correlated, gap-free measurements 
across the frequency band to 53 
GHz. Featuring Keysight’s PXIe VNA 
instrumentation and capable of 
supporting up to 20 independent, 
parallel measurement channels, the 
TS-900e-5G delivers exceptional 
measurement performance, repeat-
ably and scalability.

Its modular, open platform ar-
chitecture is � exible when faced 
with changing test needs, simplify-
ing digital, analog and RF test re-
source expansion and updates. The 
compact design can be con� gured 
as a benchtop system or with an 
integrated manipulator without af-
fecting measurement performance 
or system throughput. The high 
performance test interface delivers 
proven and repeatable connectiv-
ity to the device under test, with 
con� gurable receiver interface pin 
blocks so users can easily upgrade 
the receiver interface as test needs 
change or add new applications.

GENASYS Semi solutions are 
compatible with industry probe sta-
tions, device handlers (Opus 3, TEL, 
Seiko Epson E8040/ E8080) and 
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Complete Solution 
for mmWave 5G 
Radio Units
Discover the breadth of ADI’s sub-6 GHz and mmWave 5G 
portfolio through a complete 28 GHz 4T4R 5G RU with 
ADI ICs and antenna IP.
Analog Devices Inc. 
www.analog.com/en/education/education-
library/videos/6311758639112.html

Qorvo Delivers 20 
W Output Power 
for Ku-/K-Band 

SATCOM
Qorvo’s QPA1724 GaN PA delivers breakthrough 
performance and 20 W power for commercial and 
defense SATCOM.
Qorvo
www.youtube.com/watch?v=GdZthq8UdMM

Meet your application’s needs and 
integrate high linearity, low noise MMICs 
with Microchip’s low noise RF ampli� ers, 
prescalers and control products. 
Microchip Technology Inc.
https://bit.ly/3ymyTpR

Microchip MMIC 
Ampli� er Awareness

M A K I N G

Post Quantum Hacks, 
Quantum Key Distribution 
for SmallSats and the Fully 

Entangled Future
In this Constellations Podcast, Kratos welcomed Dr. Mark 

Adams, associate professor of Electrical & Computer 
Engineering at Auburn University, to discuss the basics 
of quantum information processing, how QKD ups the 

game in data transmission security and moving from the 
BB84 scheme to fully entangled microwave sources for 

small satellites.
Kratos Defense 

https://bit.ly/3BWZWcz

Rogers MCC in CPV 
Applications

In the latest Olivier’s Twist blog post, Ste-
fan Lutter presents two possible solutions using 

micro channel coolers (MCC) in concentrated 
photovoltaics (CPV) that could be used to better 

store renewable energy in the future.
Rogers Corp. 

https://bit.ly/3f0MyvU

Optimom 2MP 
Turnkey Optical 
Modules

Powered by Teledyne’s proprietary image sensor 
technology, Optimom has been designed to ensure 
there is minimum development effort required for 
vision-based embedded systems for robotics, logis-
tics, drones or laboratory equipment. Watch the video 
to learn more. 
Teledyne e2v
www.youtube.com/watch?v=4B0CELrxGV
Mwatch?v=GdZthq8UdMM
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Created by engineers for engineers, North America’s largest chip, 

board, and systems event, DesignCon 2023, returns to Silicon Valley. board, and systems event, DesignCon 2023, returns to Silicon Valley. 

This annual event brings together designers, technologists, and This annual event brings together designers, technologists, and 
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V-Band Transceiver 

Model SSC-
6336337012-SFSF-
S1-NU2 is a V-Band 
transceiver sub-
assembly that 

transmits +12 dBm from 50 to 75 GHz 
through a horn antenna with 15 dBi gain to 
yield +27 dBm effective isotropic radiated 
power. The receiver includes a quadrature 
mixer and a low noise amplifier that 
achieves 18 dB conversion gain with 25 dB 
sideband rejection. The local oscillator uses 
an active ×6 multiplier with input signal 
power of -3 dBm. The receiver noise figure 
is 7 dB and the IF bandwidth covers 1 to 2 
GHz.
Eravant 
www.eravant.com

Wideband Power Dividers
The PD-8008-S-PM is 
an upgrade from the 
PD-8008-S that raises 
the bar for wideband 
power dividers with 
even tighter phase 
matching. The original 
PD-8008-S, is 

economically priced, a compact design, 
high-quality and an incredible value, but IFE 
created an even better part with ±3 degrees 
of phase balance across the same 
bandwidth. IFE still produces the same great 
PD-8008-S, but the PD-8008-S-PM will meet 
more requirements with just one part.  
Request information and a quote today.
I.F. Engineering 
www.ifengineering.com

5G Tx/Rx Module

The innovative 5G Tx/Rx module, designed 
and manufactured by IMST, is a front-end 
module covering the 5G Ka-Band from 
24.25 up to 29.5 GHz. The 24 beamformer 
ICs feed 2 × 96 antenna elements, all dual 
linear polarised. The module generates in 
standard configuration 48 beams with 
flexible polarization (LHCP, RHCP, dual linear, 
etc.) Four beams can be generated 
simultaneously. Scanning performance is 
360 degrees in azimuth and ±45 degrees in 
elevation. The dual polarised antenna 
elements are based on a combined metal 
and dielectric waveguide design.
IMST GmbH 
www.imst.com
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mmWave Controlled Components
General Microwave 
Corporation is a key 
partner with major 
OEMs and primes, 
having been chosen 
for broad and 

comprehensive understanding of mmWave 
controlled components. General Microwave 
offers a wide range of mmWave products 
operating in the 18 to 40 GHz frequency 
range including catalog attenuators, 
switches and phase shifters as well as 
integrated microwave assemblies. If it’s a 
standard catalog unit or a highly customized 
mmWave product designed specifically for 
high performance, General Microwave can 
provide products to support your require-
ments.
Kratos/General Microwave Corporation 
www.kratosmed.com

Coaxial Frequency Mixer 

Mini-Circuits’ model 
ZMDB-653H-E+ is a 
coaxial frequency 
mixer ideal for 
up-conversion and 

down-conversion in mmWave systems, with 
RF and LO frequency range of 20 to 65 GHz 
and IF range of DC to 20 GHz. It works with 
+15 dBm LO power and handles RF inputs to 
+21 dBm, with typical conversion loss of 11 
dB. The mixer is supplied in a housing 
measuring 0.56 ×0.56 × 0.34 in. (14.22 × 
14.22 × 8.64 mm) with three 1.85-mm 
female connectors.
Mini-Circuits 
www.minicircuits.com

Switched Bit Attenuator  

Quantic PMI Model 
SBA-400M1400M-
63DB-6B-SFF is a 
bi-directional switched 
bit attenuator 

operating from 400 to 1400 MHz. Designed 
to be switched between a low loss state and 
six set attenuation states. The attenuation 
range is 0 to 63 dB with 1 dB resolution.  
The settings are selected by six indepen-
dent bit controls.
Quantic PMI 
www.pmi-rf.com

CABLES & CONNECTORS
Conextivity® Group

The Fischer family 
founded Conextivity® 
Group to meet the 
connectivity chal-

lenges posed by the emergence of new 
cross-functional and scalable ecosystems, 
from locally interconnected devices and 
sensors to cloud-managed IoT platforms. The 
group’s R&D department, which has doubled 
in size over the last five years, is strengthen-
ing its teams with new expertise, especially in 
signal integrity engineering, embedded 
electronics, the cloud and IoT. The family-
owned technology group is accelerating the 
development of its two business activities, 
Fischer Connectors® and Wearin’®, towards 
the same entrepreneurial vision.
Fischer Connectors 
www.conextivity.com

Adaptor for VNAs 

MIcable NMD2.4MM 
female to 
NMD2.92MM male 
adaptors are suited 
for vector network 
analyzers (VNAs) with 

NMD2.4MM male or NMD2.92MM female 
ports, they have excellent electrical and 
mechanical performance with maximum 
VSWR at 1.15:1 at 40 GHz and durability at 
5000 cycles minimum. They are used to 
protect the ports from accidental damage 
due to direct contact or wear caused by 
frequent DUT load and unload, and also 
avoid of the decline of testing accuracy and 
service life.
Fujian MIcable Electronic Technology 
Group Co.,Ltd 
www.micable.cn

RF Cable Product Line 

ExpressRF™ is Swift 
Bridge Technologies’ 
most affordable RF 
cable product line. 
These cable 
assemblies are 

flexible and offer low signal loss across a 
broad frequency range, DC through 65 GHz. 
Cable sizes compatible with all connectors 
designed for RG402 and RG405 coax. 
These entry level cables provide an ideal 
solution for cost-sensitive applications 
which don’t require the highest level of 
performance. Time delay matched pairs to 
within 1 ps available.
Swift Bridge Technologies 
www.swiftbridgetechnologies.com

N E W  P R O D U C T S
for more new products, visit www.mwjournal.com/buyersguide

featuring  storefronts
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High Speed & High Density Multicoax Cable 
Assemblies

Withwave’s high speed and high density 
multicoax cable assemblies (WMX Series) 
provide a wide range of multiple coax 
connectors and flexible cable assemblies. 
Specially, Board Edge Socket type is excellent 
signal integrity solutions at edge of PCB for 
benchtop testing and automated test 

equipment to meet increasing demands of semiconductor test 
equipment and optical testing industries.
withwave co. ltd 
www.with-wave.com

AMPLIFIERS
X-Band Radar Solid-State Power Amplifier

COMTECH PST introduced a new GaN amplifier 
for ground or surface X-Band radar applica-
tions. The AB linear design operates from 9.2 
to 9.7 GHz frequency range over an instanta-
neous bandwidth of 500 MHz. Development of 

this product is for a TWT replacement. The amplifier design features 
self-protection for load VSWR, duty factor, pulse width, temperature, 
as well as a graceful degradation in case of a RF power module 
failure. Comtech supports custom configurations and features are 
available as well as specific power levels up to 16 kW.
Comtech PST 
www.comtechpst.com

Exodus AMP2026LC-1 KW 

Exodus AMP2026LC-1 KW is a rack-integrated 
powerhouse. Covering 2.0 to 6.0 GHz, produces 
1000 W minimum output, 1500 W typical. Excellent 
gain flatness with a minimum power gain of 60 dB. 
Included are amplifier monitoring parameters for 
forward/reflected power in dBm and watts, VSWR, 
as well as voltage, current and temperature sensing 
on a large color touchscreen for optimum reliability 

and ruggedness. Unprecedented 18U total drawer height.
Exodus Advanced Communications 
www.exoduscomm.com

SOURCES
Signal Generator

The RI8586 provides in a single TIM slot an ultra-low 
phase noise, continuous wave fast switching signal 
generator, tunable from 25 MHz to 24 GHz with 1 Hz 
resolution. This microwave source functions as a 
standalone instrument as well as a component of 
Roos’ System RF (SyRf) core technology with multiple 
RF ports to support seamless system integration with 
Cassini’s signal sources and test set TIMs. Fast 

phase settling enhances the speed and accuracy of vector-calibrat-
ed VNA measurements.
Roos Instruments Inc. 
www.roos.com

SOFTWARE
Schematic Editor 

Remcom announced expanded capabilities 
within its schematic editor in the latest 
release of XFdtd® 3D EM Simulation 
Software, including support for diplex matched 

antennas and new efficiencies aimed at streamlining antenna 
design workflows and shortening design cycles. XFdtd’s schematic 
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• Coating for EMI/RFI shielding
• Temperature resistant up to 700°F

+1.201.343.8983  •  www.masterbond.com

MICRO-ADS

NewProducts
editor is a novel electromagnetic simulation 
tool that combines matching network 
analysis with full-wave results, making it 
ideal for complex antenna design applica-
tions involving multi-state and multi-port 
aperture or impedance tuners and corporate 
feed networks with digital phase shifters.
Remcom Inc. 
www.remcom.com

ANTENNAS
Quad-Ridge Flared Horns
Quad-Ridge Flared Horns are antenna feeds 
designed for wideband microwave reflector 
antennas. The feeds exhibit a constant 
phase center and remains focused over a 
6:1 frequency range. The lower frequency 

range starts at 0.5 to 
4 GHz. Feeds are dual 
linear polarized 
designed for a given 
half-angle, HA, 
subtended by the 
reflector or sub-reflec-
tor facing the feed, 

specified for each feed. Operated at 
temperatures in the 4K to 350K range with 
minimal performance change.
Cosmic Microwave Technology, Inc. 
www.cosmicmicrowavetechnology.com

WIRE BOND

www.westbond.com

WEST·BOND INC. WEST·BOND INC.

WEST·BOND INC. WEST·BOND INC.

BOND

TEST & MEASUREMENT
R140B 1-Port 14 GHz Analyzer 

Copper Mountain Technologies has 
launched the new R140B 1-port 14 GHz 
analyzer. R140B is an enhanced version of 

its predecessor—the 
R140 reflectometer—
featuring faster 
measurement 
speeds, wider IFBW 
and an improved 
dynamic range. The 

R140B incorporates a new housing design 
similar to CMT’s R60, taking advantage of 
enhanced heat exchange characteristics 
and a sturdy USB shroud. It will feature a 
new connector assembly, which includes 
four different port connector options (N 

male, female; 3.5 mm male, female).
Copper Mountain Technologies 
www.coppermountaintech.com

Handheld Portable Source Module
OML offers mixer and 
sources that are 
specifically designed 
for handheld portable 
solutions for mmWave 
analysis measure-

ment, maximizing portable field applica-
tions. Expand your signal analysis capabili-
ties to 6G research, development and 
deployment 90 to 220 GHz and beyond. 
M08H4BDC covers 90 to 140 GHz, 
M06H6BDC 110 to 170 GHz and M05H-
6BDC 140 to 220 GHz.
OML Inc. 
www.omlinc.com
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EXPLORE

Layout Techniques 
for Integrated Circuit 
Designers

Mikael Sahrling

Hardcover • 463 pp. • 2022 

ISBN: 978-1-63081-910-1

$155 / £135

 Shows you circuit limitations and guides you through their 

common remedies

 Unravels complexities that effect circuit design, including signal 

integrity, matching, IR drop, parasitic impedance and more

 Helps you better understand: the physics of advanced 

nodes, high speed techniques used in modern integrated 

technologies, and the inner working of software used to 

analyze layout databases

 Includes detailed descriptions of software tools used to 

analyze a layout database, showing you how devices can 

be recognized and connectivity accurately assessed

THE PHYSICAL IMPLEMENTATION OF 

MODERN INTEGRATED CIRCUITS

Order at ArtechHouse.com

B O S T O N  I  L O N D O N

A RT E C H  H O U S E

Layout Techhnniiqquues

BookEnd

Bookend
Bogatin’s Practical Guide to Prototype Breadboard and PCB Design 
Eric Bogatin 

ISBN 13:  9781630819620           

Hardcover: $139

Digital download and online: $119 

To order this book, contact:
Artech House
685 Canton St.
Norwood, MA 02062
800-225-9977 
or 
16 Sussex St.
London, SW1V 4RW, UK 
+44 (0)20 7596 8750   

Eric Bogatin claims that his “Prac-
tical Guide to Prototype Bread-
board and PCB Design” ‘is for 

the casual user, not the power user.’ His 
521-page, 25-chapter opus to electron-
ic subsystem development is de� nitely 
more than an introduction, however. It 
is practical as claimed, but provides tre-
mendous depth and detail on both the 
general practices involved in designing 
the printed circuit board (PCB) and the 
electrical system intended to function 
on it. He begins with high level discus-
sions on PCB architecture and electrical 
design topics, then moves to detailed 
discussions of a variety of PCB challeng-
es including entire chapters on topics 
like ‘Design for Bring Up.’ In addition, 
PCB topics like trace routing and current 
handling, Bogatin devotes a signi� cant 
portion to good component selection 

and system design processes. Through-
out the book, the reader has the im-
pression of having a conversation with 
a very experienced and eagerly helpful 
colleague that has seen it all before.
 This is a valuable resource for the 
PCB designers among Microwave Jour-
nal’s readership (almost all of us), but 
there are two important limitations. First 
is that the book is so expansive it can 
be dif� cult to absorb the information in 
a timely manner. There are many great 
tips, but it wasn’t clear how to extract 
them without reading through the entire 
book. Second, it is targeted primarily to-
ward analog or high frequency system 
designers. The theory is couched in the 
terms of signal integrity and analog de-
sign rather than more familiar microwave 
terms (e.g. rise time degradation rather 
than lowpass � ltering). For the most 

Reviewed by: Doug Jorgesen

part this is a helpful perspective rather 
than distracting. If you have space for one 
book on PCB design on your shelf, “Prac-
tical Guide to Prototype Breadboard and 
PCB Design” is recommended. 
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High-Frequency 
Amplifiers

0 . 0 5  M H Z  T O  8 6  G H Z

Ultra-Wideband Performance

Features for Almost Any Requirement Now up to E-Band

• High gain, up to 45 dB

• Noise figure as low as 1.7 dB

• Output power up to 1W

• Rugged designs with built-in protections

• Wide DC input voltage range

N E W  T O  M A R K E T

ZVA-71863+ Series

• 71 to 86 GHz

• Low Noise & Medium  

Power Models

ZVA-35703+

• 35 to 71 GHz



RLC Electronics: A 63-Year Commitment to Excellence 
in Passive Microwave Components

R
LC Electronics is a classic example of the multi-
generation family enterprises that helped 
create and sustain the U.S. microwave industry. 

Triggered by World War II, the U.S. government funded 
the development of technology and systems for radar, 
electronic warfare and military communications. This built 
the defense industrial base—companies such as GE, ITT, 
Raytheon, RCA—and these large � rms created opportu-
nities for entrepreneurial pioneers to supply the complex 
components needed by these systems. Alan Borck, a 
1947 graduate of Rensselaer Polytechnic Institute who 
began his career at ITT, started RLC Electronics in 1959, 
the year after Microwave Journal was � rst published. His 
son Doug joined the company in 1978, followed by his 
grandson Je�  in 2011.

RLC Electronics designs and manufactures a wide-rang-
ing portfolio of RF components developed for high perfor-
mance, high reliability defense platforms—also well-suited 
for test and measurement applications. Highlighting the 
comprehensive product line are electromechanical switches 
and � lters of all con� gurations, including cavity, microstrip, 
stripline, lumped element, tubular and suspended sub-
strate. Myriad passive products complete the portfolio, 
including power dividers/combiners, couplers, hybrids, ter-
minations, detectors, limiters and � xed or variable a� enua-
tors. High power and broadband versions of most products 
are available, an additional specialty of the company.

RLC encourages customers to bring their speci� c 
requirements and, with such a catalog and long heritage, 
RLC turns new designs quickly, supported by a dedicated 
prototype lab. The engineering team’s experience averages 
25 years per person and is complemented by the latest 
circuit and electromagnetic simulation software: HFSS, 
Keysight Genesys, PCFilt, Touchstone and internally 
designed tools. Using a consultive approach to product 
development, engineers work directly with customers to 
ensure timely communication.

RLC Electronics builds all products internally, sourc-
ing purchased parts from U.S. suppliers. The capabilities 
at its 22,000 square-foot facility in Mount Kisco, N.Y., 
include assembly in a class 1000 clean room, machining, 
RF testing, environmental conditioning and quali� cation. 
RLC Electronics holds a Secret facility security clearance, 
AS9100D and ISO 9001:2015 certi� cations and is 
ITAR registered. It has the distinction of being the only 
switch manufacturer with products on the Quali� ed Prod-
uct List of the U.S. Defense Logistics Agency.

To maintain its reputation for leadership, RLC Electron-
ics continues to innovate. Its technology roadmap has 
several themes: 1) miniaturizing coaxial products while 
expanding the number of surface-mount designs, 2) 
extending the frequency coverage above 40 GHz (above 
65 GHz for switches), 3) increasing power handling and 4) 
lowering cost by redesigning and reducing production time. 
To enable these changes, RLC is increasing the integration 
of its products, combining several technologies within a 
single package, and adding to its software tools to improve 
simulation accuracy and reduce development time.

RLC has an impressive set of customers. In defense, 
the list spans all the leading � rms: BAE Systems, Boeing, 
General Atomics, Lockheed Martin, Northrop Grumman 
and Raytheon. In test and measurement, Keysight and 
Rohde & Schwarz are notable. However, the business is not 
restricted to the U.S., with products supporting Elbit Sys-
tems, IAI Elta, Indra, Leonardo and the defense ministries 
of allies.

63 years after Alan Borck started RLC Electronics, 
the company remains a successful, family run and globally 
renowned business, with a sta�  of some 40 commi� ed to 
excellence. RLC fosters an environment of learning, oppor-
tunity and advancement for a team focused on customer 
satisfaction, growth and continued leadership in the RF/
microwave components industry.
www.rlcelectronics.com
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Now Available on Demand

Keynotes, technical sessions, workshops, & featured talks

Signal Integrity/Power Integrity

5G/WiFi/IoT

PCB/Interconnect

Radar/Automotive/SATCOM



D9816

D8454

D5320

D10119

D10603

D10795

D9710

D8182

D6857

D11896

D11828

D10851

D11433

D11815

D12101

D9582

D12102

D12484

D12485

RADIAL
COMBINERS

Low Loss CircuitsMulti-kW Power Levels Custom Designs Available

Werlatone, Inc.   17 Jon Barrett Road Patterson, NY 12563   845-278-2220   sales@werlatone.com   www.werlatone.com

D12101

D9582

D12102

D12484

D12485

, JWerlatone, Inc.   17 Jon Barrett Road Patterso

TypeModel Frequency 
(MHz)

Power 
(W CW)

Insertion 
Loss (dB)

VSWR  Connector TypePeak Power 
(W) 10% DC

rlatone.com   www.werlatone.comn, NY 12563   845-278-2220   sales@wern, NY

8-Way

8-Way

12-Way

4-Way

32-Way

32-Way

8-Way

5-Way

32-Way

4-Way

4-Way

8-Way

16-Way

16-Way

6-Way

16-Way

6-Way

6-Way

6-Way

330-530

370-450

470-860

700-4200

900-925

900-930

1000-2500

1175-1375

1200-1400

2000-2120

2400-2500

2400-2500

2700-3500

2700-3500

2750-3750

3100-3500

5100-6000

8200-8600

9000-11,000

10,000

10,000

500

2,000

50,000

25,000

2,000

1,500

4,000

4,000

3,000

8,000

2,000

6,000

2,000

2,000

850

600

500

0.25

0.25

0.30

0.30

0.15

0.25

0.30

0.40

0.50

0.25

0.20

0.20

0.30

0.30

0.35

0.25

0.35

0.35

0.40

1.30:1

1.30:1

1.30:1

1.35:1

1.25:1

1.20:1

1.40:1

1.35:1

1.35:1

1.40:1

1.25:1

1.25:1

1.35:1

1.35:1

1.40:1

1.50:1

1.35:1

1.25:1

1.35:1

3 1/8” EIA, N-Female

3 1/8” EIA, N-Female

All N-Female

13-30 DIN-Female, N-F

WR975, 7/16-Female

WR975, 4.3-10-F

1 5/8” EIA, N-Female

1 5/8” EIA, N-Female

1 5/8” EIA, N-Female

WR430, 7/16-Female

WR340, 7/16-Female

WR340, 7/16-Female

WR284, N-Female

WR284, N-Female

WR284, N-Female

WR284, N-Female

WR159, N-Female

WR112, SMA-Female

WR90, SMA-Female

50,000

50,000

5,000

15,000

150,000

150,000

10,000

25,000

16,000

40,000

25,000

50,000

20,000

40,000

20,000

16,000

4,500

700

700

Specifications subject to change without notice.
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