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Missing a Pulse Can Be Deadly.

• Real-Time Power Processing™  for gap-free analysis

• 100 MSa/sec SUSTAINED sample rate is world’s fastest

• 10 GSa/sec effective rate for superb waveform fidelity

• <5 ns risetime and 70+ MHz video bandwidth

• 100 ps time resolution for enhanced trigger stability   

• Triggered acquisition speeds over 40,000 sweeps/sec

• Capture and analyze data more than 100x faster 
   than conventional power sensors

For more information visit us at boonton.com or call 
+1 973-386-9696.

Capture every pulse with no missed glitches. The 
new 55 Series delivers unsurpassed speed and 
accuracy for the most demanding RF power mea-
surements thanks to Boonton’s Real-Time Power 
Processing™ technology. With this revolutionary 
technique, all processing steps take place in parallel, 
guaranteeing gap-free signal acquisition and reliable 
capture of all transients, dropouts or interference. 

Taking Performance to a New Peak.

Boonton

The Smartest, Fastest and Only
 Real-Time USB Peak Power Sensor.
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The Industry’s Largest Selection includes THOUSANDS  
of models, from 2 kHz to 18 GHz, at up to 300 watts power, in coaxial, 

flat-pack, surface-mount and rack-mount housings for 50 and 75 Ω systems.
From 2-way through 48-way designs, with 0°, 90°, or 180° 

phase configurations, Mini-Circuits power splitters/combiners  offer 
outstanding performance for insertion loss, isolation, and VSWR. 

Decades of experience with multiple technologies make it all possible, from 
core & wire, microstrip, and stripline, to semiconductors and LTCC ceramics.

Get easy-to-find, detailed data and performance curves, S-parameters, 
outline drawings, PCB layouts, and everything else you need to make a decision 

quickly, at minicircuits.com. Just enter your requirements, and our patented search 
engine, Yoni 2, searches actual test data to find the models that meet your needs.

All Mini-Circuits catalog models are in stock, 
continuously replenished, and backed by our 1-year guarantee. We even list 

current stock quantities and real-time availability, as well as pricing, to 
help our customers plan ahead and make quick decisions. 

So why wait? Take a look at minicircuits.com today! 
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RoHS Compliant 
Product availability is listed on our website. 
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Push the limits of frequency 
without sacrificing performance. 
Aeroflex / Inmet’s new Powerfilm 
surface-mount attenuators vary 
with temperature and are the 
perfect balance of price, power, 
and dependability. They offer the 
flattest broadband performance 
of their kind and allow you to 
create automatic- and passive-link 
margin compensation on a wider 
variety of transmit and receive 
chain circuit applications.

■ Operation: DC to 12 GHz

■  Superior RF attenuation  
vs. temperature

■  Excellent return loss  
vs. frequency

■  Great pricing

Save money and space by 
throwing out your complicated 
gain-control circuitry and 
required bias and control 
voltages. Visit our website for 
complete details and request  
a sample today.

Aeroflex / Inmet 
888-244-6638 
www.aeroflex.com/inmet

Meet the magic number for two-watt 
temperature-variable attenuators.
The most important thing we build is trust
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Aeroflex / Inmet is now a Cobham company

See our datasheets for  
full characterization data.
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baluns now cover frequencies up to 18 GHz! Our latest designs achieve consistent performance across very wide 
frequency bands, and our baluns have demonstrated great utility for chipsets. With over 250 trusted models 
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them in hand as soon as  tomorrow! Cost-effective custom designs 
and  simulations with fast turnarounds are just a phone call away!

NEW        

528 rev org.indd   1 8/28/14   3:46 PMMWJMC528REVOR_1014.indd   16 10/29/14   11:04 AM

http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=16&exitLink=http%3A%2F%2Fwww.minicircuits.com
http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=16&exitLink=mailto%3Asales%40minicircuits.com
http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=16&exitLink=http%3A%2F%2Fminicircuits.com


SUNDAY MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY

30 1 2 3 4 5 6

7 8 9 10 11 12 13

14 15 16 17 18 19 20

21 22 23 24 25 26 27

28 29 30 31 1 2 3

Visit mwjournal.com/events
MICROWAVE JOURNAL  NOVEMBER 2014 17

Mark Your Calendar

Webinar:
Non Destructive 

Testing of 
Composite 
Materials

Sponsored by

Webinar:
RF System Design, 

Prototype & 
Production with 
X-Parameters in 

One Pass 
Sponsored by

 DECEMBER 2014

Webinar:
Antennas for 
Automotive 
Applications
Sponsored by

Webinar:
Simulation-
Enabled 5G 

Antenna Design
Sponsored by

Precise Time and Time Interval Systems and Applications
Boston, Mass.

Bangalor, India

ARFTG 84th Microwave 
Measurement Conference
Boulder, Colo.

11M12 FINAL.indd   17 10/28/14   8:57 AM

http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=17&exitLink=http%3A%2F%2Fmwjournal.com%2Fevents


18   MICROWAVE JOURNAL  NOVEMBER 2014

N O V E M B E R
electronica 2014
November 11–14, 2014 • München, Germany
www.electronica.de

CommuniCast Myanmar 2014
November 18–20, 2014 • Yangon, Myanmar
www.communicastmyanmar.com
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www.arftg.org
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May 26–28, 2015 • Stockholm, Sweden
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                Freq (GHz)  
Specs Description 0.1~10  10~26   26~40 40~50 

Psat (dBm)  Saturated Output Power 30 28 26 24
P1dB (dBm) 1dB Compressed Power 25 24 23 22
S21 (dB)  Small Signal Gain 30 28 26 24
S11 (dB) Input Match -15 -15 -10 -8
S22 (dB) Output Match  -12 -10 -8 -8
S12 (dB)  Reverse Isolation  -60 -60 -50 -50
NF (dB)  Noise Figure  9 9 11 14

• Clean power and gain over 0.1~50 GHz

• Gain >25 dB (30 dBm saturated power output)

• A differential voltage proportional to output  
power, is externally provided.

• Universal Wall Mount 12VDC power included

• Woman Owned Small Business

• 3 Year New Product Warranty

0.1 ~ 50 GHz  
System Amplifier

INTRODUCING THE 

VPA-250
Value Intrinsic Designed  

Compact Amplifier with simple 
“plug’n play” operation 
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Editor’s Note

As the new technical editor of 
Microwave Journal, I welcome 
you to our November issue. 

What a privilege it is for me to be here 
and contribute to such a quality and 
long-lasting publication.

  Life is neither predictable nor lin-
ear, often bringing unexpected turns 
that forever change us. Such is my sto-
ry. Long, long ago, as a senior in high 
school, I faced the difficult choice of 
which career to pursue: engineering 
or journalism / mass communication. 
Both were of keen interest, fostered 
by my part-time job at a radio station. 
I chose electrical engineering.

By the time I was a senior in col-
lege, I had decided to apply my EE 
degree to audio engineering, design-
ing loudspeakers or power amplifiers. 
However, the economy was in a reces-
sion and although I had quite a few 
interviews, no real job offers followed. 
I did land an engineering position, 
ironically working at the other end of 
the frequency spectrum.

That job experience and another de-
gree led me to Texas Instruments (TI), 
where I was introduced to microstrip, an 
early version of COMPACT, and GaAs. 
TI gave me the opportunity to be a “mid-
wife” at the birth of the GaAs MMIC 
industry. When Raytheon acquired TI’s 
defense business in 1997, I left to join 
MACOM, where I played several mar-
keting, product management and busi-
ness development roles, serving both 
commercial and defense markets.

Cobham’s acquisition of MACOM 
six years ago prompted me to join 
TriQuint, where I was reunited with 
many former TI colleagues. TriQuint 
had purchased TI’s MMIC segment 
after the U.S. Department of Jus-
tice forced Raytheon to divest it, as a 
condition of purchasing TI’s defense 
business. At TriQuint, I held product 

and strategic marketing and business 
development roles focused on the 
infrastructure markets: base station, 
point-to-point radio, VSAT, optical 
networking and CATV.

David Vye’s departure from Micro-
wave Journal last summer created an 
opening for a technical editor. When 
Pat Hindle, who took on David’s role, 
posted the opening on LinkedIn, I 
was surprised at how much it resonat-
ed with me. After all these years, I saw 
the chance to pursue my long-stand-
ing interest in journalism and media, 
while using my industry experience 
and technical background.

And so, somewhat unexpectedly, I 
find myself writing this column, hon-
ored to join the talented and dedicated 
team that publishes the most prestigious 
of the RF and microwave media, a pub-
lication that has informed me through-
out my career. I see my role as helping 
to make you more effective, productive 
and informed in your respective roles, 
while maintaining our high standards 
for the quality of content.

Ours is a small industry. I look for-
ward to renewing acquaintance with 
those of you I have met over the years 
and meeting many of you I do not yet 
know. I want to hear and help tell the 
stories of the work you are doing and 
the impact you are having on society. 
But enough about me.

Our November issue includes two 
interesting articles on the challenges 
facing today’s filter designers. With 
data consumption growing exponen-
tially, every bit of frequency spec-
trum is in demand, and filters allow 
the myriad services, commercial and 
military, to coexist without interfering 
with each other. 

Last year’s article on Möbius strips, 
used as printed resonators for oscil-
lators, was one of the most popular 
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Honored to Join You

Microwave Journal has published. 
As a follow up, Ulrich Rohde and 
Ajay Poddar are back with the first 
of a three-part series that provides a 
broader treatment of the topic. 

Two technical articles address as-
pects of power amplifier design: sec-
ond harmonic tuning of a broadband 
GaN PA to maximize efficiency, and 
PCB thermal management, which is 
critical to ensure reliability. Round-
ing out the issue is an article on a low 
phase noise oscillator.

Our November supplement focuses 
on mobile communications and infra-
structure. You have probably noticed 
that industry interest in 5G is acceler-
ating, including R&D investigating the 
feasibility of using the millimeter wave 
spectrum. Addressing a major ques-
tion, NYU WIRELESS has contrib-
uted an encouraging article reporting 
on propagation at 28 and 73 GHz. 

For circuits and systems, we have 
technical features on a Q-Band trans-
ceiver and an 8  8 MIMO subsystem 
for 802.11ac Wi-Fi. Sky Light Research 
provides a market perspective on the 
long-haul, point-to-point radio market. 

As interesting and complex as the 
communications technology and prod-
ucts are, we often take for granted 
the test systems needed to design and 
manufacture them. Two articles provide 
insight into this: Keysight Technologies 
writes about the role of the test system 
in optimizing the design of envelope 
tracking (ET) power amplifiers, and 
National Instruments contributes a tu-
torial on six key measurements neces-
sary to characterize LTE receivers.

This range of topics reminds me 
once again that we live in an amazing 
age. We should be proud to be part 
of an industry that provides the RF 
and microwave technologies that help 
make it so. ■

Gary Lerude 
Microwave Journal Technical Editor
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We’ll help you get there.
Insight. It comes upon you in a  ash. And you know at once you
have something special. At Keysight Technologies, we think precise 
measurements can act as a catalyst to breakthrough insight. That’s 
why we offer the most advanced electronic measurement tools
for LTE-A technology. We also offer sophisticated, future-friendly 
software. In addition, we can give you expert testing advice to
help you design custom solutions for your particular needs.
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engineers have played major roles in LTE-A 
and other wireless standards bodies, 
including 3GPP. Our engineers even 
co-authored the  rst book about LTE-A 
design and test. We also have hundreds
of applications engineers. You’ll  nd them
all over the world, and their expertise is 
yours for the asking.

• Representation on every key wireless
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• Hundreds of applications engineers 
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• Thousands of patents issued in
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The more complex your LTE-A design, the more 
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Keysight is the only company that offers benchtop, 
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LTE-A design process. From R&D to manufacturing, 
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applications you need to succeed.
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• Identical software algorithms across platforms

• 300+ software applications for the entire
wireless lifecycle
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Recent Market Driven  
Filter Advances
David Howett, Michael P. Busse
Microwave Products Group, Salisbury, Maryland
David Rawlinson
BSC, York, United Kingdom
Jeff Burkett, Tim Dolan, Rafi Hershtig
K&L Microwave, Salisbury, Maryland
Douglas King
Pole/Zero Corp., West Chester, Ohio

Recent marketplace realities have includ-
ed looming budget cuts, competition 
with low-cost competitors and regular 

large program contract delays, all highlighting 
the increasing importance of versatile, con-
figurable, reusable RF modules and hardware. 
Size, weight and power (SWaP) innovation and 
wider bandwidth, multimode, smaller plat-
forms are the mantra.

Recent Filter Innovations and 
Market Drivers

The history of advances in the development 
of RF and microwave filters is well document-
ed, and broad innovation goals have remained 
essentially the same over decades. Better per-
formance, smaller size, lower cost and greater 
power-handling are some of the general “wants” 
engineers are always working to achieve. How-
ever, certain observations about recent indus-

try trends can be made. For 
instance, filter innovation in the 
last 10 years has been spurred 
by material advances and ever-
increasing electromagnetic 
simulation speeds and capabili-
ties. Accordingly, lumped com-
ponent products are supporting 
higher power-handling, cavity 
filters are shrinking in size/vol-

ume (by a factor of two or more) with little 
loss of Q, tunable filters are achieving higher 
power-handling at smaller sizes and low pas-
sive intermodulation (low PIM) products are 
being cost-effectively manufactured in higher 
volume.

The industry has observed the following 
trends:
1.	 Ceramic material advances, particularly 

specialized material consistency, have 
facilitated higher yields on ceramic reso-
nator filters and on higher-performance 
ceramic substrate printed filters. Addi-
tionally, advanced ceramic materials have 
made dielectrically-loaded waveguide su-
per high Q filters possible. Single-, dual- 
and triple-mode “puck” filters provide bet-
ter performance at a smaller size.

2.	 Newly developed materials or substrates 
that enable practical thin film filter imple-
mentation are equally at home supporting 
GaAs and GaN bare-die integration, al-
lowing further size reduction in multifunc-
tion module construction. As an example, 
Figure 1 shows a BSC product with GaN 
integration on thin film.

3.	 In addition to virtual prototyping of vari-
ous innovative mechanical realizations, 3D 
modeling and printing and other comput-
ing advances have allowed more complex 
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s Fig. 1  Thin film/GaN integration.
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has facilitated the realization of high-
performance miniature filtering using 
thin film, enabling the integration of 
such filtering into multifunctional 
subsystems.

While many thin film circuits have 
featured a degree of filtering as an 
adjunct, until the development of 
modern substrates, thin film was not 
widely regarded as a suitable technol-
ogy for high-performance miniatur-
ized filters. Alumina substrates could 
not be readily exploited for filtering 
applications due to low filter Q, rela-
tively poor thermal properties and an 
εr yielding impractical size and rela-
tively poor selectivity.

On the application side, SWaP re-
duction remains critical, particularly 
in the UAV and space environments. 
Modern information gathering and 
distribution systems are tending to-
ward greater dependence on small 
airborne platforms in military and ci-
vilian contexts. A plethora of fixed and 
rotary-wing vehicles are affordably 
available in a wide variety of shapes 
and sizes, creating opportunities for 
military and commercial enterprises 
alike.

With greater dependence on RF 
systems for control, navigation and te-
lemetry, the proportion of payload size 
and weight allocated to RF modules is 
significant, especially when factoring 
in the usual complement of EW and 
ECM equipment found onboard mili-
tary UAVs. Smaller, lighter and more 
efficient onboard systems extend the 

for low PIM systems and low PIM 
test equipment. PIM is directly 
related to noise, noise to band-
width and bandwidth to support-
able speed.

8.	 Cavity-like performance and Q 
are being sought in surface mount 
formats.

9.	 Amplifier semiconductor materi-
als have lowered noise figures, al-
lowing higher filter insertion loss 
to be traded for smaller filter size 
while maintaining overall system 
cascaded noise.

Against the backdrop of these 
broad trends, innovation in filter de-
sign and the usage of specialized filter 
products continues. Military and com-
mercial telecommunications, along 
with certain medical industry technol-
ogies, prompt advances in materials, 
packaging, design and arrangement of 
filters to meet key market challenges. 
This article focuses on five current in-
novative approaches to address pres-
ent and future market needs.

Thin Film Approach to 
Miniaturized RF Integration

Traditional thin film microwave hy-
brid circuit designs have declined in 
many applications, displaced over the 
years by the evolution of MMICs and 
the development of low-cost packag-
ing. These advances enabled active 
microwave design to be realized on 
soft-board materials at frequencies 
above 60 GHz. More recently, the 
advent of special ceramic materials 

phase, delay, and matching crite-
ria in specifications, as well as in 
real-time testing and verification.

4.	 System computing technology 
has expanded possibilities for fil-
tering cancellation techniques, 
driving some agile filter tech-
nology. Various methodologies 
have been tried, with mixed re-
sults. Standard techniques and 
components like varactor diodes 
cannot handle the system power 
requirements. Millions of dollars 
have been invested in novel agile 
materials that remain unproven. 
High power pin diodes have filled 
some voids, but much work re-
mains. MEMS technology has not 
yet effectively aided band tuning/
agility.

5.	 High-frequency MMICs shrink 
cost and size of various filter as-
semblies, for example, up/down-
converters, making them increas-
ingly filter-dependent in terms of 
size and cost, adding to pressure 
for filter design innovation in 
commercial and military arenas.

6.	 Commercial and military system 
frequency spectrum overcrowd-
ing has vastly increased demand 
for notch filters, simultaneously 
escalating demand for size and 
performance improvements in 
band-reject realizations.

7.	 Even with spectrum interferers 
addressed, the push for greater 
speeds, more data and more con-
nected users has created the need 
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CST STUDIO SUITE helps optimize com-
ponent and system performance.

Involved in antenna development? You 
can read about how CST technology is 
used to simulate antenna performance at 
www.cst.com/antenna. 

If you’re more interested in filters, cou-
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PULSE ELECTRONICS IMPROVES ANTENNA 
EVALUATION AND REDUCES PRODUCT DESIGN 
LEAD TIME WITH CST MICROWAVE STUDIO
Heikki Korva, Team Manager, RF, Pulse Electronics Wireless Division

Figure 1 LTE antenna audio-module, from simulation to mass production. 

Pulse Electronics Mobile Division produces compact antennas  
for mobile communications and networking. Mobile antennas 
need to function in complex and mechanically limited environ-
ments, and so most antennas used today are specially designed 
and customer-specific.

The antenna is one of the first electromechanical components 
considered in a new product concept design. In the past, most  
of the R&D work was done in the laboratory, with the engineers 
constructing and testing different antenna designs for customers’ 
products. While this is still a good approach for single antenna 
systems, the introduction of LTE diversity schemes and other radio 
systems such as Wi-Fi and GPS to current smartphones make reli-
able prototype evaluation very challenging.

Antenna prototypes typically include the device ground, PCBs, 
batteries, covers and any other large parts. Obviously, early 
prototypes seldom include any active transceivers, and so each 
antenna must be driven from an external coaxial cable. A typical 
LTE smartphone, with its main and diversity antennas, GPS and 
GLONASS systems and 2.4 GHz and 5 GHz WLAN capabilities,  
can need 7 or 8 cables to measure all the components at once. 
These cables would occupy too much of the volume of the pro-
totypes, and severely distort the evaluation results. With electro-
magnetic simulation, the performance of a complex device can 
be calculated without worrying about these cable effects. 

An example of an antenna product designed using only 
CST MICROWAVE STUDIO® (CST MWS) is shown in Figure 1.
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The design process starts by form-
ing a transmission line model, devel-
oping the filter order and preliminary 
physical layout required. This simplis-
tic model uses a homogenous distribu-
tion of the substrate’s dielectric prop-
erties and simple conductor parame-
ters to speed initial development. The 
next step is to import the result from 
the transmission line model into a Fi-
nite Element Analysis (FEA) package. 
At this stage, the virtual prototype 
can be modelled in detail, including 
auxiliary parameters such as conduc-
tor surface roughness and parasitic 
effects. The simulation takes into ac-
count the inherent coupling between 
non-adjacent resonators that forms a 
transmission zero on the high side of 
the filter passband in interdigital and 
combline designs, as shown in Fig-
ure 2. Edge vias are then matched 
into both the filter and the interfacing 
transmission lines.

After the FEA process, the opti-
mized filter geometry is assembled 
onto photolithographic masks and de-
veloped onto laser-drilled, gold-sput-
tered substrates. Surface conductor 
thickness of typically 5 µm maintains 
an adequate multiple of skin depths 
to achieve optimum conductivity. De-
pending on the application, thin film 
devices can be interfaced by solder-
ing or bonding, mounted by reflow 
or conductive epoxy, enclosed in self-
contained shielding or channelized. 
In mass production contexts, thin film 
devices are ideally suited to pick-and-

is that filter size is 
limited by the laws 
of physics. Common 
dielectrics, such as 
air or PTFE, pro-
duce relatively large 
resonators and cav-
ity volume, while 
integration of self-
contained machined 
housings, often from 
different manufac-
turers, can be far 
from seamless or 
space-efficient.

Comparing vol-
umes, a typical 
8-section lumped 
element filter at 2 
GHz might be 2.0" 
× 0.6" × 0.4" in size, 
and an equivalent 
air cavity combline 

would be even larger at 5.9" × 1.8" × 
0.9". A thin film approach drastically 
reduces size to about 0.4" × 0.4" × 
0.14" (including cover). This reduc-
tion in size is facilitated by the high 
dielectric constant of the ceramic sub-
strate base, typically featuring an εr 
of more than 25. The unloaded Q of 
interdigital and combline structures 
realized in thin film is in the range 250 
to 400. By comparison, conventional 
lumped element and capacitively-cou-
pled ceramic coaxial resonator devices 
have Q values of 50 to 300 and 300 to 
600, respectively. In many cases, thin 
film offers comparable selectivity.

mission time and capabilities of the 
craft. SWaP considerations are fun-
damentally important in the realm of 
spacecraft systems, and with the wide-
spread use of RF technology in space, 
cost-per-kilogram to achieve orbit and 
the small form factor of modern satel-
lites dictate that “smaller and lighter” 
is always better.

Analysis of the size and weight 
composition of RF systems shows that 
two key aspects contribute signifi-
cantly: discrete RF filters and the in-
herently modular construction of sub-
systems. Clearly, shrinking filter size 
and integrating further would offer 
discernible advantages. The challenge 

s Fig. 2  Measured 4 GHz bandpass response (orange/green) against 
simulation (purple/red).
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primary innovation consists of a revised 
layout for TEM structure resonators 
that exploits total cavity volume to lower 
frequencies with only minimal Q degra-
dation. With this new approach, overall 
filter volume is significantly decreased. 
Newly devised coupling methods 
achieve wider percentage bandwidths, 
along with elliptical responses in the real 
and imaginary domains.

Figures 3 and 4 show measured 
results for filters with 90 and 1 MHz 
bandwidths. The first has nine sec-
tions, and the second has four. Cor-
responding filter dimensions are 5.0" 
× 5.0" × 2.5" and 3.2" × 3.2" × 2.2", 
respectively.

GaAs and GaN bare-die integration, 
allowing further size reduction in 
multifunction module construction. 
Given the advantages, it seems likely 
that integration of active components 
and passive filtering will become more 
commonplace in future module de-
sign (see Figure 1).

New TEM Structure for size 
Reduction

Transverse Electromagnetic (TEM) 
mode structures in the form of resona-
tors have been a staple in RF and micro-
wave filter design for decades. Recent 
innovations represent a significant im-
provement for certain applications. The 

place assembly processes.
Such flexibility and miniatur-

ization allows conventionally large 
filter-based modules – for example, 
switched filter banks or pre-selectors, 
in which filtering accounts for most of 
the volume and mass – to be drasti-
cally reduced in size. The ability to 
realize filter structures on the same 
conductor plane as other components 
in the RF chain obviates the need for 
discrete filter packaging, connectors 
or glass-to-metal seals and eliminates 
associated discontinuities.

Newly developed substrates en-
abling practical thin film filter imple-
mentation are equally suitable for 

s Fig. 3  90 MHz bandwidth filter data. s Fig. 4  1 MHz bandwidth filter data.
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While the volume occupied is small 
compared to distributed counterparts, 
it is often diffi cult to integrate lumped 
component fi lters into an otherwise all 
thin fi lm assembly.

At microwave frequencies, a hybrid 
lumped/distributed structure is an ex-
cellent solution enjoying the best of 
both worlds. Typical construction con-
sists of an alumina carrier, single layer 
caps and printed inductors. Possible 
end launches include coplanar with 
edge wraps, coplanar with fi lled vias 
and microstrip.

Thin fi lm microstrip fi lters are im-
portant components in modern hy-
brid integrated subassemblies. For 
fi lters in such applications, subsystem 
designers often use edge-coupled, 
commensurate line, hairpin and 
other well-known distributed topolo-
gies. Distributed topologies, however, 
have certain limitations. Constructing 
broadband distributed fi lters in con-
ventional microstrip is challenging 
due to the large impedance ratios re-
quired, and realizing elliptic respons-
es exhibiting fi nite transmission zeros 
in distributed networks is diffi cult. 
At lower microwave frequencies, the 
physical size of distributed fi lters is 
relatively large. Finally, distributed fi l-
ters by their nature present challenges 
for realization of broad stopbands free 
of spurious responses.

Lumped element microwave fi l-
ters address many 
of these limitations, 
but present diffi -
culties of their own 
when used in thin 
fi lm assemblies. 
Lumped component 
fi lters are usually 
constructed using 
parallel plate chip 
capacitors and air-
wound inductors 
soldered into a small 
housing. Skilled 
manual labor is re-
quired to build and 
tune such fi lters. 

Lowering the frequency of opera-
tion without drastic degradation of un-
loaded Q is particularly advantageous 
in the VHF to UHF frequency range. 
With bandwidth limitations almost re-
moved, relative bandwidths ranging 
from 0.5 to 40 percent have been real-
ized. In addition to smaller bandpass 
fi lters, cavity size reduction enables 
compact band-reject fi lters with small 
footprints and high performance. The 
TEM structure supports high power 
applications typically associated with 
the UHF to VHF frequency range. 
In essence, the classic TEM resona-
tor structure has been rethought by 
eliminating the portions contributing 
only weakly to supporting electric or 
magnetic fi elds. The new structure is 
lighter and produces greater electrical 
length. Using this approach, a full 90 
percent of band-reject fi lter volume 
arises from the volume of the resona-
tor cavities, compared to a much low-
er percentage in the classic case.

THIN FILM LUMPED 
COMPONENT FILTERS

An innovative and versatile thin 
fi lm lumped element approach sup-
ports highpass, lowpass, bandpass and 
notch designs using the same basic 
structure, simply by removing or re-
confi guring specifi c components. The 
resulting fi lters exhibit broad spuri-
ous-free stopbands, small physical 
size, excellent amplitude and phase 
match and high reliability due to the 
thin fi lm construction.

 Fig. 5  CAD representation of thin fi lm 
lumped component fi lter.

 Fig. 6  Measured response of hybrid thin fi lm lumped component 
fi lter.
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generation cellular to GPS have made 
the testing of supporting components 
ever more critical and challenging. 
Commercial telecommunication ap-
plications mandate full testing and 
understanding of the performance of 
virtually every component in a device 
or system.

Special filtering solutions simplify 
testing and can, in some cases, make 
seemingly impossible tests relatively 
easy. In response to customer needs, 
various test scenarios have been de-
veloped utilizing custom filters that 
increase dynamic range. These test 
setups employ filter building blocks 
and technologies, such as a patented 
low PIM capacitor and complex multi-
plexers and tunable filters with adjust-
able bandwidths.

Conceivably, individualized “brute 
force” PIM distortion testing in the 
LTE frequency bands could require 
large numbers of individual fixed fre-
quency filters due to the number of 
LTE frequency and bandwidth com-
binations. Two recently-developed 
adjustable bandwidth tunable filters 
capable of tuning both bandwidth 
and center frequency could replace as 
many as 105 fixed frequency filters.

Specialized Filters and Test 
Configurations

The highpass/lowpass duplexer is 
a basic filtering element in many test 
setup schemes. While the lowpass fil-
ter can be made of one piece for low 
PIM purposes, the highpass construc-
tion poses a great challenge. Multiple 
solder joints and dissimilar metals can 
be intermodulation sources, directly 
impacting the dynamic range of the sys-

shows the relative physical size of the 
5.83 GHz filter, which is approximately 
0.26" × 0.13" × 0.1".

Expanding 4G/LTE Filtering 
Solutions

The ongoing 4G/LTE rollout’s em-
phasis on increased data transmission 
and resolution of co-location issues 
for signal types ranging from earlier 

A hybrid C-Band filter was designed 
and manufactured to demonstrate the 
feasibility, size and performance advan-
tages of this approach. Figure 5 shows 
the CAD representation of the 5.83 
GHz filter producing the measured re-
sponse shown in Figure 6. Figure 7 

s Fig. 7  Microminiature 5.83 GHz C-Band 
filter.

s Fig. 8  K&L’s patented low PIM high 
power series capacitor.

s Fig. 9  4G/LTE test setup.
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required. The setup permits Tx and 
blockers to be swapped from input to 
output ports of the device under test 
(DUT), and supports forward and re-
verse measurement of DUT perfor-
mance without moving any connec-
tions or cable locations.

One of the most diffi cult tests re-
quired in today’s environment is the 
“triple beat” test.  Three frequencies 
are simultaneously injected into the 
DUT.  Two are typical uplink, or Tx, 
frequencies that could be experienced 
by the device in normal operation. For 
this particular test, these two signals are 
spaced just 1 MHz apart, so that they oc-
cur in a single channel. The third signal 
is a blocker from the receive (Rx) band, 
simulating interfering signals that may 
be encountered in actual operation.

Traditionally, this test is set up us-
ing isolators to protect the amplifi ers, 
hybrid quadratures to combine the 
signals, fi ltering to clean up injected 
signals and attenuators to protect the 
spectrum analyzer’s input. Isolators 
potentially create additional spuri-
ous frequencies that are not part of 
the test, while the hybrid quadratures 
require amplifi ers to provide 3.5 dB 
of additional power. Further, the at-
tenuators directly reduce the dynamic 
range of the spectrum analyzer. Taken 
together, these factors signifi cantly re-
duce the test setup’s effectiveness.

Figure 10 shows a test confi gu-
ration that eliminates most of the is-
sues associated with the typical triple 
beat test setup. A “standard” Tx/Rx 
diplexer is used at the output to ter-
minate the injected Tx signals and as 
an injection port for the blocker in 
the center of the Rx channel. The Rx 
channel of the input triplexer then 
feeds the test signal to a bandpass/
bandstop diplexer on the path to the 
spectrum analyzer. This diplexer has 
both the bandpass and bandstop fi l-
ters tuned to the blocker frequency. 
The bandstop portion of the diplexer 
passes the test signal to the spectrum 
analyzer while removing the injected 
blocker signal. The blocker signal is 
properly terminated at the output of 
the bandpass port. This confi guration 
provides clean signal paths with little 
to no spurious interferers created by 
the test setup.

In addition to proper termination 
of injected signals, this confi guration 
offers another advantage related to 
the return loss of the fi lters and reduc-

tem. In June 2014, 
K&L Microwave was 
awarded US Patent 
8742869 B2 for the 
low PIM high pow-
er series capacitor 
shown in Figure 8. 
This paved the way 
for various broad-
band low PIM and 
wideband structures.

Ultimately, test-
ing of components 
for use in 4G/LTE 
systems requires in-
put of the planned 
transmit (Tx) fre-
quency simultane-
ously with “blocker” 
signals applied in 
virtually any input/
output combina-
tion. Figure 9
shows a test con-
fi guration that al-
lows the engineer to 
input the appropri-
ate Tx signal along 
with any blockers 

 Fig. 10  Triple beat test confi guration.
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signal to the test system. In such cases, 
vast numbers of individual filters can 
be required because of the number of 
LTE frequency and bandwidth com-
binations. An “adjustable bandwidth 
tunable filter” can be an effective alter-
native to minimize the number of fixed 
frequency filters for reduced space, 
greater utility and lower cost. Figure 
11 shows plots for a filtering solution 
that tunes both its bandwidth and cen-
ter frequency. Two of these filters will 
cover any bandwidth from 5 to 20 MHz 
and any center frequency from 700 
to 2700 MHz. The figure shows the 
variable bandwidth capability at 1000 
MHz. Two digitally-controlled filter 
assemblies of this kind could replace 
as many as 105 fixed frequency filters, 
simplifying testing and reducing cost.

Mitigating Self-Generated 
Interference

Self-generated communications in-
terference is a problem faced by many 
RF and microwave communications 
customers. Recent tunable filter ad-
vances are mitigating past problems and 
enhancing future systems. Examples of 
recently introduced solutions are:
•	 �Microwave digital high-speed  

(< 100 ns) voltage-tuned agile filters 
extending into S-Band (with coverage 
through X-Band planned) in minia-
ture, reflowable SMT packages.

•	 �Highly integrated filter products 
with significant SWaP reduction 
compared to legacy filters that 
maintain 5 W in-band power over 
the entire military tactical radio 
tuning range in single- and dual-
channel configurations.

•	 �Mini SMT bandpass filter options 
from 30 MHz to 3 GHz.

•	 �Narrowband and wideband inter-
ference cancellers, some of which 
do not require an interferer refer-
ence, thereby enabling cancella-
tion of off-platform interferers.

•	 �Deep notch filters to create com-
munications channels in wideband, 
high power signals.

•	 �Miniature, lightweight (0.5 lb) filter 
and power amplifier cascades for 
co-site interference issues inherent 
in UAV retransmission applications.

Military Radio Co-site 
Interference Mitigation

Military radios often operate in 
close proximity to additional radios, 
giving rise to co-site interference. Mili-

creating potential problems. Injected 
blocker signals terminated before the 
spectrum analyzer minimize any mix-
ing that might take place inside the 
analyzer. This configuration provides 
a clean and reliable setup.

Tunable Devices with 
Adjustable Bandwidths

While the testing of many compo-
nents is best accomplished with mul-
tiplexers, some device specifications 
require a single filter to provide a clean 

tion of reflected signals. With 20 dB 
return loss at each of the filter ports, 
reflections back into the test environ-
ment are minimized. In other setups, 
reflections from test components cre-
ate uncharacterized spurious signals 
that introduce uncertainty. Further, 
proper termination of all injected sig-
nals improves the dynamic range of 
the overall system. Now Tx signals, 
terminated through diplexers or tri-
plexers, have no opportunity to reflect 
into the system and mix with others, 
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sources in the transmit signal chain, 
having the overall effect of lowering 
the broadband noise without necessi-
tating an increase in antenna isolation.

As an example, a 2 percent instan-
taneous 3 dB bandwidth Maxi-Pole® 
filter with the tuning range of 90 to 
200 MHz would have an insertion loss 
of approximately 5 dB (4.8 dB actual). 
This selectivity characteristic is shown 
in Figure 13. For greater selectivity, 
multiple filters can be placed in cas-
cade with low noise amplifiers (LNA) 
for inter-filter isolation and filter loss 
recovery, followed by a power amplifi-
er designed for efficient operation and 
low noise output. Figure 14 shows 
three filters in a cascade with LNAs 
and a power amplifier for enhanced 
broadband noise performance. The 
noise performance of this arrange-
ment, referred to as Integrated Cosite 
Equipment (ICE) at Pole/Zero, is 20 
to 40 dB superior to the transmitter 
for measurements taken more than 4 
MHz from the transmit carrier.

Figure 14 shows a technique to 
mitigate co-site interference, decrease 
transmitter spurious output and in-
crease output power available from 
the transmitter. Figure 15 shows the 
additional selectivity achieved. 

Multiple transmitters coupled to 
antennas in close proximity create a 
condition called reverse intermodu-
lation, characterized by the coupling 
of energy from one transmitter into 

tion of 30 dB yields a broadband noise 
level that exceeds the sensitivity level 
of the receiver over the entire band. 
Hence, weak or distant signals within 
the receiver’s inherent capability would 
be “lost” in the noise created by the co-
site transmitter.

Greater isolation can effectively be 
achieved through the use of selective 
filtering at the transmitter to minimize 
broadband noise. Selective filtering is 
applied following the primary noise 

tary radios must be able to operate in 
severe co-site interference environ-
ments. Figure 12 shows a typical spec-
trum of a transmitted signal evaluated 
at the co-site receiver input location 
over the receive bandwidth under two 
conditions of co-site transmit-to-re-
ceive antenna isolation, 30 and 40 dB. 
The receiver sensitivity superimposed 
on the chart represents the minimum 
signal required for acceptable demod-
ulation in the receiver. Antenna isola-

s Fig. 12  Typical spectrum of a transmitted 
signal.
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the antenna of another, creating a si-
multaneous flow of reverse and for-
ward energy. Coupled energy mixes 
in the nonlinearities in the output 
network of the transmitter to create 
an infinite number of intermodu-
lation products. The products are 
then re-propagated to the collocated 
receivers, creating products of suf-
ficient level to preclude reception 
at those frequencies. Thus, a co-site 
transmitter’s output carrier signal 
can significantly degrade the perfor-
mance of the receiver.

The 1 dB compression point of an 
amplifier is the actual output power 
where the small signal gain extrapola-
tion exceeds the actual gain by 1 dB. 
For co-site communications analysis, 
this concept is modified to accommo-
date the variation in this parameter due 
to the presence of selectivity in the sys-
tem and the effect of multiple inputs 
to the receiver. The compression char-
acteristics of a receiver are evaluated 
prior to detection with a desired signal 
1 dB above sensitivity level. An inter-
fering signal at various displacements 
from tune frequency is increased in 
amplitude until the desired signal de-
grades to the sensitivity level. This level 
is designated as the 1 dB desensitiza-
tion point and is representative of the 
debilitating effect the interferer has 
on the desired signal. The red curve in 
Figure 16 represents this characteris-
tic for a typical receiver.

s Fig. 14  Transmit filtering block diagram.
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While a 1 dB drop in system gain is 
seemingly subtle, empirical evidence 
suggests that as the interferer increases 
above the 1 dB desensitization point, it 
is not uncommon for the desired signal 
level to drop as much as 4 dB for every 
increase of 1 dB in interferer.

The use of a receive filter or filter/
LNA cascade similar to that used in the 
transmit chain can create “preselection” 
of the energy from the receive anten-
na and reduce the relative level of the 
co-site interferer to the desired signal. 
Figure 17 shows the same filter/LNA 
cascade from Figure 14 configured for 
receive operation. The net effect of this 
level of preselection is shown graphical-
ly by the blue curve in Figure 16. Under 
this condition, the debilitating effect of 
co-site interference is mitigated by the 
selectivity of the preselector.

As in the transmit environment, non-
linear effects in the receive chain can be 
the source of additional co-site interfer-
ence. The preselection filter serves to 
minimize the level of the interfering 
signals prior to the receive nonlinearity, 
thereby minimizing any resulting prod-
ucts created within the receiver.

CONCLUSION
The Microwave Products Group 

(MPG) has established an Engineer-
ing Innovation Council comprised of 
senior design professionals from all 
four business units. Some of the new 
technologies and inventions in this ar-
ticle are direct results of that collabo-
ration. Anticipating future require-
ments after an extensive review of 
the current state of technology in the 
RF and microwave community, the 
MPG R&D and engineering teams 
are actively applying their collective 
expertise to developing tomorrow’s 
products. MPG welcomes opportuni-
ties to leverage an evolving technology 
roadmap to meet customers’ immedi-
ate and emerging communication and 
signal control needs.

Certain aspects of the innovations 
presented in this article represent the 
intellectual property of MPG’s parent 
Dover Corp. and are protected by pat-
ents, pending patents and information 
filings on these proprietary rights. ■
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s Fig. 17  Half duplex Tx/Rx integrated co-site equipment.
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(*Under Development)

10W~1kW(peak)
GaN Pallet & Module

(* Telecom Tier 1 Only)
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MostValuableProduct

For decades, spectrum analyzers have 
been used in the development and char-
acterization of radar and electronic-war-

fare (EW) systems. However, traditional swept 
measurements are rapidly becoming insuffi cient 
for today’s agile and adaptive systems. That is 
driving the need for a solution that delivers sig-
nifi cant speed, fl exibility and performance, and 
also has the headroom to handle next-genera-
tion needs. That is why Keysight Technologies 
created the new UXA signal analyzer. As the 
new fl agship of the X-Series signal analyzers, 
the UXA leverages proprietary technologies to 
achieve new benchmarks in performance.

ADDRESSING LEADING-EDGE REQUIREMENTS
The UXA enables analysis of today’s wide-

band systems by providing 510 MHz of instanta-
neous bandwidth and extending up to 900 MHz 
bandwidth using the IF output. The instrument 
provides industry-leading performance in three 
key areas: phase noise, wideband spurious-free 
dynamic range (SFDR) and wideband fl atness.

For those who need even more perfor-
mance, optional real-time spectrum analysis 
(RTSA) covers the full analysis bandwidth and 

provides 100 percent probability of intercept 
(POI) for signals with durations as short as 
3.837 µs (at 510 MHz bandwidth). The optional 
external atomic frequency reference provides 
exceptional long-term stability.

To enhance usability, the UXA provides a 
streamlined, touch-driven interface through a 
14.1" display. The multi-touch display simplifi es 
measurement set up through the familiar X-Se-
ries menu structure. By providing wider, deeper 
views of elusive and wideband signals — known 
and unknown — the UXA enables users to see 
more and take their designs farther.

ACHIEVING EXCEPTIONAL PURITY AND 
CLARITY

Progress in RF and microwave technologies 
is a complementary, back-and-forth process: 
new technologies lead to better tools, these 
lead to enhanced technologies, and the cycle 
continues. This type of interplay has driven the 
development of the UXA. Several of its excep-
tional performance fi gures are the result of a 
new analog-to-digital converter (ADC) and a 
new digital-to-analog converter (DAC). Both 
are proprietary, Keysight-designed devices, op-
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Leading-Edge 
Signal Analyzer
Keysight Technologies
formerly Agilent Technologies electronic measurement business
Santa Rosa, Calif.
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timized for RF and 
microwave applica-
tions such as radar, 
EW and wireless 
communications.

The metrology-
grade ADC provides 
a combination of 
bandwidth and low 
distortion that is 
ideal for optimizing 
today’s ultra-wide-
band systems. Using 
this technology, the 
UXA can maintain 
very high SFDR over 
its maximum instan-
taneous bandwidth, 
as shown in Figure 
1. In this measure-
ment, the largest 
spurious product is 
more than 88 dB be-
low the level of the 
main signal.

This is useful for 
design tasks such as 
evaluating the sen-
sitivity of wideband 
EW equipment and 
tuning the operation 
of digital predistor-
tion compensation 
in the latest multi-band or wideband 
wireless systems.

The ADC does not operate in iso-
lation. To maximize converter perfor-
mance, the UXA employs a wideband 
RF front end assembly with flatness of 
less than ±0.7 dB over the full IF band-
width.

While the ADC is clearly important 
to analyzer performance, the value of 
a wideband DAC is less obvious. Here, 
the Keysight-proprietary DAC is es-
sential to fundamental performance 
improvements, providing an outstand-
ing combination of phase noise and 
low spurious distortion.

The DAC is the central component 
of a direct digital synthesizer (DDS), 
which complements the traditional 
PLL-based local oscillator (LO) found 
in spectrum and signal analyzers. Be-
cause the LO is used in all frequency-
conversion operations, its purity and 
frequency stability are reflected in the 
signal analyzer’s spurious and phase 
noise performance figures.

The phase noise benefits of the 
DDS-based LO are impressive, es-
pecially at low and moderate carrier 

offsets, as shown in Figure 2. One 
remarkable consequence of the DDS-
based architecture is the absence of a 
pedestal in the analyzer’s phase noise 
curve when the DDS is used by itself, 
without a PLL. The shape and corner 
frequency of the pedestal are governed 
by the PLL’s loop-filter characteristics, 
which are sometimes user-adjustable 
as a way to optimize phase noise per-
formance in specific offset regions.

In the UXA, the absence of a pedes-
tal means that improved performance 
is available over a wide range of offsets 
up to about 1 MHz. For very wide off-
sets, a PLL is used along with the DDS 
to get a lower phase noise floor from 
the YIG-tuned oscillator. When need-
ed, the PLL also provides loop filtering 
and avoidance of DDS spurs.

As with the ADC, the DAC does not 
operate in isolation. For example, the 
close-in phase noise performance of the 
UXA is the result of a new frequency-
reference assembly. The design of the 
reference was optimized to take ad-
vantage of the DDS characteristics and 
improve phase noise performance, espe-
cially for offsets narrower than 100 Hz.

s Fig. 2  Compared with its high-performance predecessors — the 
Keysight PXA and PSA — the UXA offers improved phase noise, espe-
cially at close-in and medium offsets.
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s Fig. 1  The Keysight proprietary ADC maintains high dynamic 
range over the UXA’s full 510 MHz bandwidth.
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¸SMF microwave signal generator
❙ Frequency range (generator) up to 43.5 GHz  
❙ Frequency multipliers up to 110 GHz with
 adjustable output levels
❙ Excellent spectral purity, e.g. typ. –120 dBc (1 Hz)   
 at 10 GHz, 10 kHz offset 
❙ High output power, e.g. typ. +25 dBm at 20 GHz
❙ Flexible pulse generation for radar applications
❙ Easy replacement of legacy instruments

¸SMF microwave signal generator
❙ Frequency range (generator) up to 43.5 GHz  
❙ Frequency multipliers up to 110 GHz with
 adjustable output levels

Explore the limits. 
T&M solutions for  
aerospace and defense.
Today‘s aerospace and defense technologies demand ever more 
sophisticated test and measurement solutions to stretch the limits 
of what is feasible. As a full-range supplier, Rohde & Schwarz 
offers a broad portfolio that proves its capabilities in even the most 
demanding applications. Our leading-edge expertise in microwave, 
RF and EMC helps customers assess performance, optimize platforms 
and get the most out of systems. Convince yourself.

www.rohde-schwarz.com/ad/sat/smf
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Extending Real-Time 
Performance

The 510 MHz instantaneous band-
width is coupled to ultra-fast digital 
signal processing (DSP) to more than 
triple the widest real-time bandwidth 
currently available in a general-purpose 
signal analyzer. With the RTSA capa-
bility, the UXA provides 100 percent 
POI — with full amplitude accuracy — 
for signals with durations as short as 
3.517 µs and it can detect elusive sig-
nals as short as 3.33 ns (see Figure 3).

Real-time analysis is also used to 
implement frequency-mask and time-
qualified triggers. As a result, the UXA 
can distinguish between spectrally sim-
ilar signals based on their time charac-
teristics, and it can trigger on pulses 
shorter or longer than others. As an 
example, this capability could be used 
to find transient interferers in the mid-
dle of a dense wireless signal environ-
ment or to identify specific emitters in 
spectra from a battlefield.

Seeing Through Complex Signals
The full instantaneous bandwidth 

of the UXA is also available for use 
with Keysight’s 89600 VSA software, 
either inside the analyzer or through a 
networked PC. Frequency-mask, time-
qualified and other real-time triggers 
can be configured to initiate individual 
measurements and gap-free signal cap-
tures for post-processing.

Since signals are captured in com-
plete vector form, post-processing can 
include changes to center frequency 
and span with no need to capture 

new data. This technique can capture 
several signals at once, potentially in-
cluding multiple frequency channels 
or bands. Individual signals can then 
be extracted from the capture for any 
type of analysis, including demodula-
tion and time alignment or detection 
of cause and effect.

The wide acquisition bandwidth of 
the UXA expands the VSA’s multi-
measurement capability. For example, 
simultaneous demodulation measure-
ments can be made from a single acqui-
sition, covering different modulation 
types and bandwidths. Analysis can 
include modulated signals, interferers 
and other signal types, all at the same 
time.

Continuing the Cycle
The UXA X-Series signal analyzer is 

the latest iteration in the complemen-
tary, back-and-forth cycle of improve-
ment that encompasses new technolo-
gies, new tools and new developments. 
Built on Keysight-proprietary technol-
ogies, the UXA delivers unsurpassed 
purity and clarity in signal analysis. The 
excellent IF section enables a deeper 
understanding of what is happening in-
side a system and ultimately helps de-
signers determine if a particular proj-
ect is meeting or exceeding its perfor-
mance goals.

 
Keysight Technologies Inc.  
Santa Rosa, Calif.  
www.keysight.com
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s Fig. 3  The UXA sets new benchmarks for real-time bandwidth. The spectral density display 
is a powerful way to reveal fleeting or otherwise elusive signals and signal behaviors.
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Mini-Circuits®

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

 SIGNAL 
GENERATORS

That fit your budget. 

from

$1995ea.

USB & 
Ethernet 

Models Available from Stock at Low Prices!

0.25 to 6400 MHz     Bands as wide as 

Control your test setup via Ethernet or USB with a synthesized 
signal generator to meet your needs and fit your budget! 
The SSG-6400HS, SSG-6000RC, and the new SSG-6001RC 
feature both USB and Ethernet connections, giving you more 
choices and more freedom.
Small enough to fit in your laptop case, all models provide 
sweep and hopping capabilities over frequencies and 
power levels and are designed for easy integration with 
other test equipment using trigger and reference ports.  
They even feature built-in automatic calibration scheduling 
based on actual usage!
Our user-friendly GUI software, DLLs and programming 
instructions are all included so you can control your SSG 
through our software or yours!  Visit minicircuits.com 
today to find the right model for your application!

 SSG-4000LH  $2,395
• 250 to 4000 MHz
• -60 to +10 dBm Pout
• Pulse modulation
• Low harmonics (-66 dBc)
• USB control

 SSG-4000HP $1,995           

 SSG-6400HS  $4,995
•  0.25 to 6400 MHz
• -75 to +10 dBm Pout
• AM, PM, FM, and pulse modulation
• USB and Ethernet control
  
 SSG-6001RC  $3,495                 
•  1 to 6000 MHz
• -60 to +13 dBm Pout
•  Pulse modulation
• USB and Ethernet control 

 SSG-6000RC  $2,795                 
•  25 to 6000 MHz
• -65 to +14 dBm Pout
• Pulse modulation
• USB and Ethernet control

New

• 250 to 4000 MHz
• High power, -50 to +20 dBm 

• Pulse modulation
• USB control

2U 19” Rack-Mount Option Available
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Tel (805) 389-3224    Fax (805) 389-3629    sales@ciaowireless.com

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

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

Visit our web site at www.ciaowireless.com for our complete product offering.
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tionary Long Range Radar, or 3DELRR, is one of the first 
programs under the DoD’s Better Buying Power initiative 
to be designed for exportability, enabling U.S. forces, allies 
and security partners to benefit from the system.

“By choosing Raytheon’s 3DELRR solution, the Air 
Force is purchasing an affordable, exportable radar,” said 
David Gulla, vice president, Global Integrated Sensors 
at Raytheon Integrated Defense Systems. “Raytheon’s 
3DELRR design is interoperable with coalition systems 
and capable of meeting the requirements of many interna-
tional customers.”

Raytheon’s 3DELRR system is a gallium nitride (GaN)-
based radar that operates in C-Band.  By using GaN, Ray-
theon was able to affordably increase the radar’s range, 
sensitivity and search capabilities. C-Band also offers the 
military increased flexibil-
ity because that portion of 
the spectrum is relatively 
uncongested. 

“As the U.S. and other 
countries look to replace 
aging battlefield radars 
with low-cost yet cut-
ting edge and highly ca-
pable systems, Raytheon’s 
3DELRR can meet that 
growing demand,” said 
Andrew Hajek, Raythe-
on’s 3DELRR program 
director. 

3DELRR will replace radars, such as the Vietnam-era 
AN/TPS-75, which are no longer able to keep pace with 
current and emerging threats. 

Harris Receives $88 M from a Nation in 
the Middle East for a Wideband Tactical 
Communications System

Harris Corp. has received an $88 million order to provide 
a country in the Middle East with Falcon III ® wide-
band tactical radios and accessories as part of an over-

all modernization effort.
The system leverages the latest software-defined ra-

dios from the Harris Falcon III ® RF-7800 family. This 
includes the RF-7800H, the first wideband HF tactical ra-
dio, delivering expanded data capabilities for long range, 
beyond-line-of-sight environments; the RF-7850M, for 
wideband mobile ad-hoc networking; and the RF-7800S, a 
lightweight soldier personal radio for full-duplex voice and 
data communications over two kilometers. The order also 
includes vehicular and base station systems, accessories, 
spares and training services.

“Harris’ strong presence in the region, combined 
with our continued investment in a leading-edge Falcon 
portfolio of tactical communications products and sys-
tems, enables us to transition our customers from legacy, 
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Electronic Warfare Systems  
Market $10.2 B in 2014

T he global electronic warfare (EW) systems market is 
expected to reach $10.2 billion by the end of 2014 
and is estimated to increase to $13.2 billion by 2024, 

representing a CAGR of 2.68 percent. The global market 
is expected to achieve a cumulative value of $125.7 billion 
during the forecast period. Demand for EW systems is an-
ticipated to be driven by rapid technological advancements 
in the domain and the growing need for intelligence, sur-
veillance and reconnaissance (ISR) capabilities globally.

The EW systems market is expected to be dominated 
by North America, followed by Asia-Pacific and Europe. 
Modern warfare places a greater emphasis on information 

superiority and situational 
awareness, and this is ex-
pected to be a major fac-
tor driving spending in 
this sector. This theory 
is further supported by 
increasing investments 
by most major militaries 
across the world, which 
focus on acquiring elec-
tronic warfare systems for 
airborne, ground based 
and naval platforms.

The U.S. is the high-
est spender in the global 
EW systems market, with 
a large number of pro-
grams being pursued in 
all three segments. The 
Asia-Pacific region is the 

second largest spender, with most major militaries in the 
region formulating large scale procurement programs for 
the purchase of airborne, naval, and ground based plat-
forms, which widely incorporate the use of EW systems. 
The next major market is Europe, with a major portion of 
the spending attributable to Russia, the UK and France. In 
the Middle East, all major defense spending nations have 
increased focus on protecting their oil and gas infrastruc-
ture, as they are involved in territorial disputes.

Raytheon Awarded Contract to Build New 
USAF Radar

The U.S. Air Force awarded Raytheon Co. a $19.5 mil-
lion contract for engineering and manufacturing de-
velopment of a new expeditionary radar that will de-

tect, identify and track drones, missiles and aircraft. The 
total contract, including all options, is estimated at $71.8 
million and includes the procurement of an additional three 
radar systems, for a total of six radar systems and product 
support. The radar, called the Three Dimensional Expedi-

Demand for EW 
systems is anticipated 
to be driven by 
rapid technological 
advancements in the 
domain and the growing 
need for intelligence, 
surveillance and 
reconnaissance (ISR) 
capabilities globally.

“Raytheon’s 
3DELRR design is 
interoperable with 

coalition systems and 
capable of meeting 
the requirements of 
many international 

customers.”
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voice-dominated communications to modern networked 
wideband system solutions,” said Brendan O’Connell, 
president, international business, Harris RF Communi-
cations. “These advanced communications systems will 
support the customer’s current and future operational 
requirements for simultaneous secure voice and high-
bandwidth data across a wide range of missions.” 

Elbit Begins Testing the WideBridge 
Solution for Mission Critical Secure 
Broadband Services with the DHS

T he U.S. Department of Homeland Security (DHS) 
Science & Technology Directorate awarded Elbit 
Systems of America LLC, a contract to deliver a tech-

nology demonstration of mission critical secure broadband 
services for fi rst responders and public safety users.

This demonstration will include the WideBridge™, 
an innovative solution that integrates mission critical ca-
pabilities with FIPS certifi ed BlackBerry® BES10 secure 
workspace and Etherstack’s P.25 networks interoperability 
proven capabilities. The solution was developed at Elbit 
Systems Land and C4I division with the objective of de-
livering the most advanced interoperable broadband com-

munication services using FirstNet and commercial LTE 
networks suitable for federal, state and local public safety 
agencies nationwide.

WideBridge enables any-to-any secure, interoperable, 
multimedia services with seamless connectivity between 
various commercial broadband cellular networks, FirstNet 
LTE Band 14 and the existing P.25 Land Mobile Radio 
(LMR) infrastructure.

Mission critical services supported by WideBridge in-
clude Push-to-Talk (PTT), Push-to-View (PTV), voice and 
video conferencing, video streaming from agents and video 
sensors in the network, map activated multimedia services, 
situational awareness information dissemination (com-
mand and control), P.25 interoperability and a revolution-
ary off-network “Direct Mode” broadband connectivity 
using self-forming ad-hoc mesh networks for local mission 
teams.

DHS intends to use this solution for testing the new 
concept of accessing secure multimedia services for 
public safety users through LTE broadband networks. 
As of September 2014, WideBridge system tests have 
begun at the Public Safety Communications Research 
Lab in Boulder, Colo. After successful demonstration, 
these tests will be followed by field testing of the system 
in early 2015.

56  MICROWAVE JOURNAL  NOVEMBER 2014

RF Solutions      JFW IndustriesRF SolutionsJFW IndustriesRF Solutions      RF Solutions      RF Solutions      RF Solutions      RF Solutions      RF Solutions      RF Solutions      RF Solutions      RF Solutions      RF SolutionsRF Solutions      RF SolutionsRF Solutions      RF SolutionsRF Solutions      RF SolutionsRF SolutionsRF Solutions      RF SolutionsRF Solutions      RF SolutionsRF Solutions      RF SolutionsJFW IndustriesJFW IndustriesJFW IndustriesJFW IndustriesJFW IndustriesJFW IndustriesJFW IndustriesJFW IndustriesJFW IndustriesJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF Solutions      JFW Industries      JFW Industries      JFW Industries      JFW Industries      JFW Industries      JFW Industries      JFW Industries      RF Solutions      JFW IndustriesRF Solutions      RF Solutions      RF Solutions      JFW IndustriesRF Solutions      JFW IndustriesRF Solutions      JFW IndustriesRF Solutions      RF Solutions      RF Solutions      JFW IndustriesRF Solutions      RF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsRF Solutions      RF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsRF Solutions      RF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF Solutions      JFW IndustriesJFW IndustriesJFW IndustriesRF Solutions      JFW IndustriesRF Solutions      JFW IndustriesRF Solutions      JFW IndustriesJFW IndustriesJFW IndustriesRF Solutions      JFW IndustriesJFW IndustriesJFW IndustriesRF Solutions      JFW IndustriesJFW IndustriesJFW IndustriesRF Solutions      JFW IndustriesRF Solutions      JFW IndustriesRF Solutions      JFW IndustriesJFW IndustriesJFW IndustriesRF Solutions      JFW IndustriesRF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsJFW IndustriesRF SolutionsRF Solutions      RF SolutionsJFW IndustriesRF Solutions
from

JFW Industries
Call  317-887-1340      Toll Free  877-887-4JFW (4539)

E-mail  sales@jfwindustries.com  Visit  www.jfwindustries.com

Test Systems      Programmable Attenuators
Terminations      Fixed Attenuators
Variable Attenuators     RF Switches
Power Dividers     RF Test Accessories

__11M14 Final Proof.indd   56 10/28/14   8:59 AM

http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=56&exitLink=mailto%3Asales%40jfwindustries.com
http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=56&exitLink=http%3A%2F%2Fwww.jfwindustries.com


Scan page
using           app

MWJREACTEL0114_LAYAR.indd   57 10/29/14   11:15 AM

http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=57&exitLink=http%3A%2F%2Fwww.reactel.com
http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=57&exitLink=http%3A%2F%2Ftwitter.com%2Freacteljim
http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=57&exitLink=mailto%3Areactel%40reactel.com


MWJ/XXXXX/XXXXXXX/0512

April 8-10, 2014

Connecting Engineers and Industry

April 14-16, 2015 
Beijing, China

Exhibition Spaces Available
www.EDICONCHINA.com

2015

北京

In April 2015, the leading technical conference and exhibition developed by and for the  
RF, microwave, EMC/EMI and high speed electronics industry returns to Beijing. Share your  

expertise with fellow technologists as a speaker in the EDI CON technical program. 

Technical papers accepted for EDI CON will adhere to Microwave Journal standards of excellence 
through a similar peer review process, providing conference delegates with high-quality,  

unbiased, practical technical content. 

In April 2015, the leading technical conference and exhibition developed by and for the 
CALL FOR PAPERS

• Design
• Measurement & Modeling

• Systems Engineering
• Commercial Applications

Topics

Submit your paper online  
For details go to: 

www.ediconchina.com/CallForPapers.asp
Deadline: November 30, 2014

Scan page
using           app

MWJEDICONPAPERS1114.indd   58 10/29/14   11:15 AM

http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=58&exitLink=http%3A%2F%2Fwww.EDICONCHINA.com
http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=58&exitLink=http%3A%2F%2Fwww.ediconchina.com%2FCallForPapers.asp


GSA Report Confirms Smartphones Driving 
LTE Growth

The latest update to the “Status of the LTE Ecosystem” 
report published by the Global mobile Suppliers As-
sociation (GSA) confirms that 183 manufacturers have 

announced 2,218 LTE-enabled user devices, including 
operator and frequency variants. 978 new products were 
announced during the past year, representing 79 percent 
annual growth. The number of manufacturers increased by 
52.5 percent in the same period.

Smartphones are the main user device category and the 
main growth driver. 1,045 smartphone products have been 
launched, translating to an improved share of 47 percent of 
all LTE device types. This compares with 455 smartphones 
and 36 percent share a year ago. 98 percent of LTE smart-
phones are multimode, capable of operating on at least one 
3G technology in addition to LTE.

1800 MHz (3GPP Band 3) continues to be the most 
prominent band for LTE network deployments globally 
and also has the largest device ecosystem with 944 user 
devices. Over 42 percent of all LTE devices can operate in 
this spectrum.

This report covers LTE Frequency Division Duplexing 
(FDD) and Time Division Duplexing (TDD) devices. The 
majority of terminals operate in the FDD mode. The TDD 
mode also has a fast maturing ecosystem with 644 devices 
announced. The ecosystems for TDD Bands 38 (2.6 GHz) 
and 40 (2.3 GHz) dominate and are virtually identical, each 
supported by more than 420 user terminals. Band 41 (2.6 
GHz) is well represented with 261 products, followed by 
Band 39 (250 products). Another rise in the number of de-
vices supporting Bands 42 and 43 (3.5 GHz) is noted. 

Alan Hadden, president of GSA, said, “Operators world-
wide are investing strongly in improving the customer ex-
perience, efficiencies and growth. 25 percent of LTE de-
vices support Category 4 (150 Mbps peak downlink speed). 
16 devices support Category 6 (300 Mbps).”

APT700 FDD spectrum (Band 28) is highly attractive for 
operators in most regions for LTE deployments. Recent ser-
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vice launches in the Asia-Pacific region are driving the growing 
choice of compatible user terminals. There are now 55 Band 28 
user devices, with over 80 percent being smartphones. 

Thales & Bharat Electronics Form Joint 
Venture in India

Navratna Defence Public Sector Undertaking Bharat 
Electronics Ltd. (BEL) and Thales announced that 
the Ministry of Corporate Affairs, Government of In-

dia, has approved the incorporation of their joint venture 
company, BEL-THALES Systems Ltd. This joint venture 
company will primarily focus on the design, development, 
marketing, supply and support of civilian and select de-
fense radars for India and the global markets. 

BEL holds a 74 percent stake while Thales holds 26 
percent of the equity in the joint venture company. The 
initial product portfolio of BEL-THALES Systems Ltd. 
will be comprised of in-
novative solutions for air 
surveillance, including air 
traffic management and 
select ground-based mili-
tary radars. The ultimate 
objective of the joint ven-
ture is to expand its scope 
in fields other than radars 
within the defense electronics domain.

BEL-THALES Systems will seek to work closely with 
Government laboratories and the Indian industry and will 
consequently become a decisive contributor for innovation 
in various fields of defense electronics.

Expressing his confidence in this joint venture, S. K. 
Sharma, chairman and managing director of BEL, said, “We 
have always valued our partnership with Thales. We are con-
fident that our joint venture company will benefit from the 
significant technology transfers and support from Thales, 
and from the extensive industrial and design skills of BEL.”

Eric Lenseigne, managing director of Thales in India, 
said, “The incorporation of this joint venture company 
marks an important milestone in our 60-year-old associa-
tion with BEL, and takes it to the next level. We will con-
stantly support BEL-Thales Systems to become a centre of 
excellence, offering solutions specifically aimed at meeting 
the needs of both Indian and export customers – in line 
with the government’s ‘Make in India’ approach.”

DOCOMO Trials NFV Using Multi-Vendors’ 
Virtualization Systems 

NTT DOCOMO, INC. has completed proof-of-concept 
(PoC) trials that have verified the feasibility of network 
functions virtualization (NFV) using the software and 

equipment of six world-leading information and communi-
cation technology (ICT) vendors – Alcatel-Lucent, Cisco, 
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Ericsson, Huawei, NEC and Nokia Networks.
The PoC trials will help leverage technologies for next-

generation virtualized mobile networks. Using the virtual-
ized Evolved Packet Core (EPC), the core network of LTE 
systems, the trials successfully verified the interoperability 
of each vendor’s EPC software with a different vendor’s 
equipment, such as scalable data processing capability for 
congested data traffic and immediate network recovery in 
the event of hardware failure.

The verified technologies will enable communication 
software designed originally for dedicated hardware to run 
on multipurpose hardware. In the future, such technolo-
gies will allow mobile operators to combine network hard-
ware and software components of any vendor for deploy-
ment of network systems.

“Thanks to collaborative efforts in the mobile network 
industry, NFV is soundly moving toward practical realiza-
tion, rather than just ending up as a pie-in-the-sky dream,” 
said Seizo Onoe, executive vice president and chief tech-
nology officer at NTT DOCOMO. “I am delighted that we 
have confirmed the feasibility of NFV through multi-ven-
dor initiatives with many of the top ICT players.”

Network virtualization is expected to offer key advan-
tages, such as operational sustainability with improved con-
nectivity for dense data traffic and during natural disasters, 
as well as in the event of hardware failure. It will also ac-
celerate delivery of new services and drive more efficient 
infrastructure investment.

Europe and Canada Collaborate on ICT and 
Telecom R&D Projects

The EUREKA ICT cluster Celtic-Plus and the Que-
bec-based, industry-university consortium Prompt 
have agreed to sign a memorandum of understanding 

to strengthen their collaboration in ICT and telecommu-
nication-related R&D projects. Celtic-Plus is an industry-
driven European research initiative to define, perform 
and finance through public and private funding, common 
research projects in the area of telecommunications, new 
media, future Internet, and applications and services fo-
cusing on a new Smart Connected World paradigm.

Both organizations are key players in stimulating collab-
orative privately-publicly funded ICT projects in Europe 
and Canada. Celtic-Plus and Prompt are already perform-
ing thematically connected work in similar domains; closer 
collaboration will be beneficial for the global ICT research 
communities and for ICT and telecommunication markets.

Jacques Magen, Celtic-Plus group chairman said, “I am 
very much looking forward to collaborating with Prompt. 
This will provide both the Celtic-Plus and Prompt research 
and innovation communities the opportunity to perform ad-
ditional collaborative research in new common projects.” 
Charles Despins, Prompt president and CEO concurred, 
“Prompt’s community, members and staff are highly pleased 
to see the emergence of this collaboration with Celtic-Plus 
and the compelling opportunities it will provide.”
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do not have DSL, cable or fiber-optic broadband. Fixed 
and mobile telcos are looking to LTE to make the connec-
tion. “By the end of 2014, ABI Research anticipates there 
will be 14.5 million residential and commercial premises 
with fixed LTE broadband access. By 2019, that figure 
should grow to 123 million,” commented Jake Saunders, 
VP and 4G practice director at ABI Research.

Chipset and CPE vendors are stepping up efforts to 
prime the market by manufacturing lower cost devices 
for both the consumer and enterprise segments. Chinese 
vendors like Huawei and ZTE along with American brands 
such as NETGEAR and Novatel Wireless have partner-
ships with North American carriers like Verizon Wireless, 
Sprint and AT&T to provide exclusive LTE routers that uti-
lize the carrier’s individual 4G networks.

Proliferation of Wireless Technologies 
Stokes Demand for RF Test Equipment 

T elecom operators’ increased adoption of wireless 
technology for mission-critical applications has revved 
up the global market for general purpose (GP) test 

equipment. As the link between cloud networks and de-
vices (mobile phones, tablets, notebooks) results in more 
complex devices under test (DUT), the need for radio fre-
quency test equipment will only intensify.

New analysis from Frost & Sullivan, Global Outlook for 
Electronic Test Equipment, finds that the market earned 
revenues of $3.45 billion in 2013 and estimates this to 
reach $4.64 billion in 2018. The study covers the product 
segments of oscilloscopes, signal generators, spectrum/sig-
nal analyzers, network analyzers, power meters, logic ana-
lyzers, electronic counters and multimeters.

“Faster connectivity through the deployment of 5G will 
also escalate the demand for higher frequency bands,” said 
Frost & Sullivan measurement & instrumentation analyst, 
Prathima Bommakanti. “This, in turn, will drive the de-
mand for GP test equipment in the microwave range.”

Global Driverless Vehicle Shipments 
to Reach 14 Million by 2030

Global driverless vehicle shipments will increase from 
1.1 million in 2024 to more than 42 million in 2035, 
with an installed driverless vehicle base reaching 176 

million according to ABI Research.
“While autonomous driving under the control of a hu-

man standby driver is quickly gaining acceptance, robotic 
vehicles mostly remain out of bounds, especially for car 
manufacturers, despite Google’s recent announcement to 
start prototype testing. However, only driverless vehicles 
will bring the full range of automation benefits including 
car sharing; driverless taxis and delivery vans; social mo-
bility for kids, elderly and impaired; and overall economic 
growth through cheaper and smoother transportation criti-
cal in an increasing number of smart mega cities. Many 
barriers remain but the path towards robotic vehicles is 
now firmly established with high rewards for those first-to-
market,” says VP and practice director Dominique Bonte.

Though there is progress on the technological side — 
both on sensor hardware and Artificial Intelligence — user 
acceptance, security, liability issues and regulation remain 
huge bottlenecks. Single-mode driverless vehicles face the 
biggest hurdles towards adoption as Google has already ex-
perienced, forced by the California Department of Motor 
Vehicles to test its prototypes with a steering wheel and 
brake and acceleration pedals firmly in place.

While the evolution-
ary character of autono-
mous driving, gradually 
appearing in small in-
cremental steps is often 
highlighted, removing the 
driver out of the equa-
tion represents a disrup-
tive transition.   However, 
this paradigm shift offers 
the opportunity to address 
mounting safety concerns 
about manual-autono-
mous handover manage-

ment in co-pilot vehicles, rendering sophisticated HMI 
and driver monitoring systems superfluous. Removing the 
ambiguity about who is in charge — the vehicle or the driv-
er — is acknowledged by Google as a critical step forward.

LTE Reinvigorates the Broadband Wireless 
Access Marketplace 

LTE has turbocharged the mobile Internet experience 
for users, which is reflected in rapid adoption of LTE-
capable smartphones along with other mobile devices. 

It has also reinvigorated the broadband wireless market-
place. According to ABI Research, 1.26 billion households 
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In product categories such as multimeters, which 
have demonstrated minimal technological progress, pur-
chases are based upon price and availability rather than 
functions/features. This affects the overall growth of the 
market. 

The best way forward in a competitive market is to of-
fer a balance between price and performance. Modular GP 
test equipment will be particularly effective in this scenario 
as it reduces the cost of test by increasing throughput and 
scalability, while simultaneously lowering power consump-
tion and space requirements.

Pulsed RF Power Semiconductor Device 
Markets to Exceed $300M by 2019 

Markets for pulsed RF power devices up to 18 GHz 
are expected to show continued growth over the 
next five years despite the current economic tur-

moil and cuts in defense spending. While association with 
consumer spending fuels the volatility of many global elec-
tronics markets, pulsed RF power devices are supported 
by quite different priorities.

“Many RF power semiconductor manufacturers are on 
a quest to find markets unrelated to mobile wireless in-
frastructure,” notes ABI Research director Lance Wilson. 

“Device prices in wireless infrastructure are falling, and 
the total available market is flattening out.”

Some markets that use pulsed RF power devices, such 
as transportation safety and military, are experiencing solid 
growth even in the midst of today’s economic downturn. 
These devices are used in radars for military, weather and ma-
rine applications, and in the current worldwide upgrade of the 
air traffic control system. There is also a market segment de-
voted to the avionics transponder and air navigation market, 
which is also lifted by the overall air traffic control upgrade.

Intrinsically less “optional” than many consumer mar-
kets, these segments are therefore less sensitive to eco-
nomic upheavals than consumer-driven markets, although 
they are not totally immune to the macro economy.

Understanding this, many semiconductor manufactur-
ers are attempting to enter this space; however, some fac-
tors may complicate their efforts. Pulsed RF power device 
markets are becoming very competitive technologically: 
gallium nitride and silicon carbide devices are vying for 
market share along with the more established silicon and 
gallium arsenide based technologies. The market may not 
be able to support all the new entrants. 

Among the leaders for high-power RF pulsed semicon-
ductor devices are: MACOM, TriQuint, Microsemi, NXP 
Semiconductors, Cree, Sumitomo Electric Device Innova-
tions and Integra Technologies.
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Mergers & Acquisitions
Cobham plc announced that its acquisition of Aeroflex 
Holding Corp., previously announced on May 20, 2014, 
has been successfully completed following the receipt 
of regulatory and shareholder approvals. The transac-
tion has an enterprise value of approximately $1.46B. 
Approximately 70 percent of Aeroflex’s revenue is focused 
on commercial markets with exposure to wireless, space, 
microelectronics, industrial, energy and other sectors. This 
will increase the proportion of Cobham’s commercial rev-
enue from 35 to nearly 42 percent of the total, on a pro 
forma basis, and build upon Cobham’s focus on connectiv-
ity capabilities, customers and characteristics.

RF Micro Devices Inc. and TriQuint Semiconductor 
Inc. revealed that the holding company under which the 
companies will combine in a merger of equals will be 
named Qorvo™ Inc. The companies also unveiled the new 
Qorvo logo and stock trading symbol, which they will begin 
using immediately upon closing of the merger. The name 
Qorvo (pronounced kor-vo) conveys the combined compa-
ny’s ability to deliver the core technologies and innovation 
that will enable customers to launch their next-generation 
designs even faster.

Microsemi Corp., a provider of semiconductor solutions 
differentiated by power, security, reliability and perfor-
mance, announced CNT Acquisition Corp., a wholly-
owned subsidiary of Microsemi, successfully completed 
the acquisition of Centellax. The terms of the transac-
tion were not disclosed. Centellax makes high-speed ana-
log and wireless semiconductor products for optical net-
working and ethernet devices. The acquisition will expand 
Microsemi’s line of products and provide access to technol-
ogy that will benefit customers.

Averna, a developer of test solutions and services for com-
munications and electronics device-makers worldwide, an-
nounced that it has acquired U.S.-based Cal-Bay Systems, 
a privately owned provider of test systems, test and mea-
surement solutions, automated testing and vibration moni-
toring tools. This move strengthens Averna’s presence in 
the medical-device, vibration monitoring and consumer 
electronics markets, as well as provides the company with 
strategic positioning on the West Coast. Averna has ac-
quired 100 percent of shares of Cal-Bay Systems for an un-
disclosed amount and will take on management of its U.S. 
and European offices.

Anite announced the acquisition of Xceed Technologies 
Inc., to meet the growing market requirements for data 
analysis and post-processing, and to further expand its net-
work testing product portfolio. Xceed Technologies Inc. will 
be integrated into Anite’s Network Testing business unit. The 
acquisition of Xceed is in line with Anite’s strategy to reinforce 

its position as a global leader in wireless test solutions. Anite’s 
established global market and technology leadership in net-
work testing, combined with Xceed’s recognized expertise in 
data analytics, post-processing and reporting solutions, will 
enable Anite’s Network Testing business to transform its posi-
tion in the data mining and post-analysis market.

Collaborations
Rohde & Schwarz announced it has entered into a 
Manufacturing Test License (MTL) agreement with 
Broadcom Corp. Through the MTL agreement, Rohde 
& Schwarz can provide certified verification test solutions 
to Broadcom WLAN and Bluetooth® customers. The 
Broadcom Manufacturing Test License agreement is a 
license and validation program that gives test equipment 
vendors access to Broadcom WLAN and Bluetooth® soft-
ware tools and Broadcom technical support resources. The 
program is designed to provide Broadcom OEM custom-
ers with validated test systems that reduce time-to-market 
and improve manufacturing efficiency and product quality.

AVX Corp., a manufacturer of passive components and inter-
connect solutions, has expanded its partnership with Model-
ithics, an RF/microwave simulation model provider, with the 
addition of 45 new Modelithics® substrate scalable equiva-
lent circuit models. Designed to speed up design decisions 
and circuit level optimizations when used in combination with 
the industry’s leading electronic design automation tools, in-
cluding Keysight Advanced Design System (ADS), Keysight 
Genesys and NI AWR Microwave Office, highly accurate, 
substrate scalable models are now available for AVX thin film 
couplers, multilayer organic (MLO™) diplexers and a variety 
of RF/microwave capacitors and inductors.

Mouser Electronics Inc., announced that it has signed a 
global distribution agreement with Broadcom Corp. As 
Broadcom’s first eCommerce distributor, Mouser Elec-
tronics will offer same-day shipping on a variety of Broad-
com mass market products, including the industry-leading 
Wireless Internet Connectivity for Embedded Devices 
(WICED™) platform. Broadcom’s WICED Wi-Fi and 
WICED Smart development platforms provide original 
equipment manufacturers (OEM) with a complete, sim-
plified implementation of wireless connectivity, resulting 
in faster time-to-market for a broad range of Internet of 
Things (IoT) innovations.

Isola Group S.a.r.l., announced a major qualification win 
in partnership with KSG Leiterplatten GmbH and InnoS-
enT GmbH. The joint conversion project among the three 
companies successfully tailored the dielectric properties of 
Isola’s high-performance I-Tera® MT laminate material to 
match the properties of an incumbent product. Isola’s di-
electric substrates will now be used on existing volume prod-
ucts produced by InnoSenT, and the printed circuit boards 
will be manufactured by KSG. The conversion to Isola’s ma-
terials provides InnoSenT with higher performance material 
without modifying the metallization of the PCB.

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

Around the Circuit 
Barbara Walsh, Multimedia Staff Editor
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Around the Circuit
Tazca Connects partners with Haleakala R&D to test 
plasma smart antennas on commercial 4G LTE. Next gen-
eration antenna extends 4G LTE ranges for wireless in-
ternet service providers, providing cost-effective, higher 
speed broadband for underserved communities in rural 
areas. Tazca Connects high speed Internet service is pow-
ered by an innovative LTE software platform from Lemko 
Corp., bringing cost-effective 4G LTE connectivity to resi-
dents and businesses in rural areas. 

Lockheed Martin Aeronautics, Aarhus University 
faculty of science and technology and Terma have part-
nered on an F-35 master internships program taking place 
at Lockheed Martin Aeronautics’ facility in Fort Worth. 
The F-35 Master Internships give students from Aarhus 
University the opportunity to learn, explore and acquire 
valuable and different skills than those taught at the uni-
versity during five months of full work in the aerospace 
industry. The idea comes from The Netherlands, where 
Delft University of Technology, Fokker Technologies and 
Lockheed Martin Aeronautics have been successfully run-
ning the F-35 internships since 2004.

New Starts
Presto Engineering Inc. announced that is has tripled 
the capacity of its San Jose, Calif.-based engineering hub, 
and has added new RF device testing equipment to its 
Caen, France-based hub. Presto’s Caen hub will support 
all aspects of RF as well as analog and mixed signal de-
vices. The Caen hub is the only back-end service house in 
Europe with 12-inch wafer probe capabilities coupled with 
the most advanced RF automated test equipment (ATE). 
Presto’s San Jose hub will focus on high-frequency RF test-
ing at millimeter wavelengths.

Navratna Defence Public Sector Undertaking Bharat 
Electronics Ltd. (BEL) and Thales announced that the 
Ministry of Corporate Affairs, Government of India, has 
approved the incorporation of their joint venture company, 
BEL-THALES Systems Ltd. This joint venture company 
will primarily focus on the design, development, market-
ing, supply and support of civilian and select defense ra-
dars for India and the global markets.

Murata announced the launch of their new global website, 
at www.murata.com. Using the recently released new corpo-
rate visual identity, the site has a fresh, modern and tablet-
friendly design. Aimed to increase customer satisfaction, 
ease navigation and access to relevant technical application 
content, the site now incorporates the complete line-up of 
Murata products and more application related content.

Achievements
The Rockwell Collins ARC-210 radio recently became 
the first airborne radio to operate over the U.S. govern-
ment’s newest satellite constellation – the Mobile User 
Objective System (MUOS). The MUOS system is based 
on cellular phone technology and represents a paradigm 
shift for Department of Defense communications. The 

U.S. Air Force Research Laboratory (AFRL) conducted 
two weeks of MUOS ground and airborne testing. During 
the first week of testing, the ARC-210 was deployed in a 
ground environment for system operational tests that in-
cluded conducting Over the Air Provisioning of the radios 
and passing IP data.

API Technologies Corp., a provider of high performance 
RF/microwave, power and security solutions for high-re-
liability applications, announced that it has been awarded 
a new patent for antenna technology for GPS and asset 
tracking applications. U.S. Patent Number 8810474, titled 
“Antenna with High K Backing Material,” features an API-
designed topology to boost antenna performance. API’s 
unique design reduces weight and delivers consistent per-
formance even when surrounded by a metallic structure, 
such as the body of a UAV/UAS or missile casing. Given 
its low-profile, surface mount design, the antenna is easily 
disguisable and well-suited for covert applications.

Pasternack Enterprises Inc. has been awarded the 4-Star 
Supplier Excellence Award by Raytheon’s Integrated 
Defense Systems (IDS) business. This is the second consec-
utive year that Pasternack has been honored with a Supplier 
Excellence Award from Raytheon IDS. Pasternack was 
one of 87 companies recognized by Raytheon’s Integrated 
Defense Systems business for 4-Star honors.

Cree Inc., a leader in GaN RF devices, has earned the 
U.S. Department of Defense (DoD) manufacturing readi-
ness level eight (MRL 8) designation. Awarded for its pro-
duction of GaN MMICs, this designation verifies Cree’s 
ability to provide assured, affordable and commercially 
viable production capabilities and capacities for items es-
sential to national defense. The designation was granted 
upon Cree’s successful completion of the DoD’s Defense 
Production Act (DPA) Title III Gallium Nitride on Silicon 
Carbide Production Capacity Program.

Frost & Sullivan recognized RADX Technologies with 
the 2014 Global Frost & Sullivan Award for New Product 
Innovation. RADX entered the test and measurement 
market with the introduction of the LibertyGT commer-
cial off-the-shelf (COTS) Software Defined Synthetic 
Instrument (SDSI) product line that synthesizes a wide 
range of instruments while enabling concurrent operation 
for high throughput to address key end-user demands. This 
product features an innovative touchscreen design that has 
been optimized for reconfigurability, technology insertion 
and user programmability.

Contracts
Harris Corp. has received an $88 million order to provide 
a country in the Middle East with Falcon III ® wideband 
tactical radios and accessories as part of an overall modern-
ization effort. The system leverages the latest software-de-
fined radios from the Harris Falcon III ® RF-7800 family. 
This includes the RF-7800H, the first wideband HF tactical 
radio, delivering expanded data capabilities for long-range, 
beyond-line-of-sight environments; the RF-7850M, for 
wideband mobile ad-hoc networking; and the RF-7800S, a 
lightweight soldier personal radio for full-duplex voice and 
data communications over two kilometers. 
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Around the Circuit
ViaSat Inc. has been awarded $54 million from the Space 
and Naval Warfare Systems Command (SPAWAR) for 
co-development and qualifi cation of Tactical Targeting 
Network Technology (TTNT) capabilities for the 
Multifunctional Information Distribution System Joint 
Tactical Radio System (MIDS JTRS). The MIDS JTRS 
joint development by ViaSat and Data Link Solutions 
is part of the U.S. government program to provide a mi-
gration path from the MIDS-LVT terminal to a certifi ed, 
reprogrammable, software-defi ned radio architecture for 
tactical data links. 

Mercury Systems announced it received a $27 million 
purchase order relating to a sensor processing application. 
The order was booked in the company’s fi rst fi scal quarter 
2015 and is expected to be shipped by its fi rst fi scal quarter 
2016. The order follows a $39 million order received in 
the company’s fourth fi scal quarter 2014, also from a lead-
ing defense prime contractor, for radar subsystems for a 
missile defense application. That order is expected to be 
shipped over the next several quarters.

Exelis has been awarded a follow-on contract from Lock-
heed Martin to manufacture composite missile bodies and 
structures for Lots 11 and 12 of the Joint Air-to-Surface 
Standoff Missile (JASSM®). The value of the award is ap-
proximately $20 million. Exelis will manufacture complex 
composite structures for more than 400 baseline and ex-
tended-range versions of the JASSM. Exelis will fabricate 
the high-quality, affordable structures using automated 
composite braiding and resin-transfer mold technologies. 

Teledyne Technologies Inc. announced that its Teledyne 
Webb Research business unit has been awarded a fi ve year 
Indefi nite Delivery Indefi nite Quantity (IDIQ) contract 
for the procurement of Autonomous Profi ling Explorer 
(APEX) profi ling fl oats by the U.S. Naval Oceanographic 
Offi ce (NAVOCEANO) with a contract value of $9.9 mil-
lion, including options. The APEX is a marine system used 
for persistent measurements of water column properties. 
Commonly measured parameters include temperature and 
salinity at different depths in the ocean, feed numerical cli-
mate and weather prediction models

PEOPLE
Gary Lerude joined Microwave Jour-
nal’s staff, serving as technical editor. He 
was previously at TriQuint Semiconduc-
tor, where he held business develop-
ment, strategic marketing, and product 
marketing management roles for 
TriQuint’s GaAs and GaN infrastructure 
products. Lerude had similar responsi-
bilities at MACOM, where he covered   Gary Lerude

both commercial and defense markets. 
Prior to MACOM, he was with Texas Instruments, where 
he describes his role as “midwife” to the birth of TI’s GaAs 
MMIC technology and merchant business. He holds a 
BSEE, MS in Systems Engineering and Engineers Degree 
in EE.
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Around the Circuit
Crane Aerospace & Electronics, a 
segment of Crane Co., has announced 
the appointment of Mike Clark to se-
nior director of Microwave Solutions of 
the Electronics Group. In this role, 
Clark will report directly to Bob Tavares, 
president of Crane Electronics Group. 
Clark will be responsible for operations 
of all Electronics Group Microwave ss Mike Clark

Solutions locations, including Beverly, 
Mass., Chandler, Ariz., and West Caldwell, N.J. He will be 
located in Chandler, Ariz.

Anritsu Co. announced the appoint-
ment of Dr. Alexander Chenakin as a 
director of R&D for the Anritsu 
Microwave Measurement Division 
(MMD). A renowned expert in the test 
and measurement industry who holds 
multiple patents and has earned numer-
ous awards, Chenakin will oversee the 
Anritsu R&D team responsible for  ss Alexander Chenakin
developing the company’s next-genera-

tion synthesized source product line. Dr. Chenakin is well 
recognized in the field of frequency synthesis and is re-
ferred to as the inventor of QuickSyn® technology. In 
2009, he received the ARMMS RF & Microwave Society’s 
best contribution award for his work on fast-switching fre-
quency synthesizers.

Intelliconnect (Europe) Ltd. has ap-
pointed Martin Spooner to the new 
position of engineering director. His re-
sponsibilities will include development 
of new connector products, cable as-
sembly capabilities and the development 
of Intelliconnect’s manufacturing capa-
bilities in the UK and Europe. In addi-ss Martin Spooner
tion, Spooner will be taking the lead in 

the company’s mission to achieve SC21, a change program 
designed to accelerate the competitiveness of the aero-
space and defense industry.

Nujira Ltd. has appointed William Tse 
as field application engineer manager 
(FAE) in China. He will focus on sup-
porting customers in China and Taiwan, 
an increasingly important market for 
envelope tracking driven by the growth 
of LTE networks, including FDD and 
TDD variants in the region. Tse will also 
be helping to build upon Nujira’s existing ss William Tse

relationships with chipset, PA and test 
equipment partners across the region and participate in 
industry events and seminars.

Rep AppoIntments
Copper Mountain Technologies announced the appoint-
ment of several new Tier 1 Manufacturers Representatives. 
Testech Inc. is headquartered in Richardson, Texas, with 
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Around the Circuit
offices in Fort Worth, Austin, Houston and Edmund, Okla. 
ProTEQ Solutions is headquartered in Nashua, N.H., 
with multiple offices supporting the entire New England 
territory. Aztec Enterprises is headquartered in Denver, 
Colo., with offices in Phoenix, Ariz. and Salt Lake City, 
Utah. Testech, ProTEQ and Aztec all have considerable 
experience in the RF/microwave and test and measure-
ment industries.

DITF (Diablo Industries Thin Film), an ISO9001:2008 
certified, ITAR registered premier manufacturer of thin 
film interconnects and related solutions, welcomed APC-
Novacom as their new representative to the UK and 
Ireland. APC-Novacom was established in 1991 serving 
the defense, communication, medical and instrumentation 
companies of the UK and Ireland. 

Intercept Technology Inc. announced expanded rep-
resentation in Canada with a new reseller, Kaltron 
Associates Ltd. With offices in Toronto, Ottawa, Montreal 
and Vancouver, Kaltron has been providing software and 
hardware solutions to companies across Canada since 
1996. Kaltron’s expansion into selling Intercept’s EDA 
software solutions presents a natural progression for the 
Kaltron sales team, complemented by a robust customer 
following.

MtronPTI, a leader in precision frequency control and cus-
tom RF solutions for defense, aerospace, telecommunica-
tions and industrial markets announced frequency expan-
sion to 80 GHz, millimeter waves for filters and diplexers. 
The additional products are the result of a business part-
nership with Microwavefilters & TVC S.r.l. (MW&TVC) 
in Milan who will now represent MtronPTI exclusively in 
the Italian market.

In MemoriAm
Robert T. Fallon passed away on Oc-
tober 14, 2014 at the age of 77. Fal-
lon attended Northeastern Universi-
ty, graduating in 1960 with a degree 
in chemical engineering. He worked 
as an RF/microwave semiconductor 
engineer throughout his career at 
Raytheon, Sylvania, Microwave As-
sociates (now MACOM) and Massa-

chusetts Bay Technologies (MBT). In 1963, he co-
founded and was president of Parametric Industries 
(PI), Winchester, Mass. and in 1986 co-founded Micro-
metrics, Londonderry, N.H. Fallon received recogni-
tion of achievement from NASA in 1969 for his contri-
butions to the Apollo 11 space program. His passion was 
in semiconductors and he was often referred to as Dr. 
Diode in the industry because of his wealth of knowl-
edge in the field, whether it a design, manufacturing or 
application inquiry. Fallon is survived by his former wife 
Maryanne, four children and eight grandchildren.

A Simple Approach to Signal Via Stubs for 
Coaxial PCB Connector Launches

Integrated GaN Amplifiers: an Optimized 
Solution for Mid-Level Broadband RF Power
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Möbius Strips and 
Metamaterial Symmetry: 
Theory and Applications
Ulrich L. Rohde
Brandenburgische Technische Universitat, Cottbus, Germany
Ajay K. Poddar
Synergy Microwave, Paterson, N.J.

The inherent disposition of scientists and philosophers is to envision, to explore 
and to speculate about new things in this vast cosmos. The vastness of cosmos 
makes us believe that we live in higher dimensions, or Möbius-shaped universes, 
where one can traverse the entire path without crossing the boundary or edge, if 
any, with no ending.

For scientists, the Möbius surface is a 
topological exploration that exhibits 
unusual mechanical, acoustic and elec-

tronic properties to the limit that it violates 
the Hückel rules.1 Figure 1 shows the typical 
Möbius structure and defi nes the spatial rela-
tionships of shape that span dimensions in such 
a way that its metrical properties are barely 
changed (i.e., the properties of an object are 
unchanged when stretched or distorted). Some 
nanostructures have identical elastic proper-
ties.

A necessary and suffi cient condition for a 
Möbius surface to develop is that its Gaussian 
curvature must vanish everywhere. In a curve 
with non-vanishing curvature, there exists a 
unique fl at ruled surface (rectifying develop-
able) on which this curve is a geodesic (see Fig-
ure 1a) described by Starostin and Heijden2,

� � � �
x s, t r s t b s s t s (1)

s s k s ,

s 0,L , t w, w (2)[ ] [ ]

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

= + + η⎡⎣ ⎤⎦
τ = η

= = −

where r� is a parameterization of a strip with 
center line r, length L and width 2w; and where 
t� is the unit tangent vector, b� the unit binormal, 
k the curvature and  τ the torsion of the cen-
terline. The parameterized lines s = const. are 
the generators, which make an angle � = arc 
[Tan(1/�)] with the positive tangent direction.

As illustrated in Figure 1a, one can move 
along the length of a Möbius strip and return 
to its starting point having traversed the entire 
length of the strip without ever crossing an 
edge. In Figure 1b, fi nd the path that the four 
fl ies take if they all travel the same route with-
out meeting, and without retracing their path 
until they reach their original position. Keep 
track of which side of the path you are on.3
Knots using a miniature Möbius strip made 
from silica (see Figure 1c) are used for next 
generation liquid crystal (liquid crystal used in 
the fl at panel displays on computers, TVs and 
smartphones all make use of its light-modulat-
ing properties).4

The unique properties of a Möbius strip re-
sults from the fact that its shape minimizes the 
deformation energy, which is entirely due to 
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Editor’s Note: One of our most popular articles last year was our November cover story “Printed Resonators: 
Möbius Strip Theory and Applications.” Therefore the authors decided to present a new three part series cover-
ing the theory, applications and future possibilities of Möbius metamaterials and Möbius strip resonators. This is 
part one of the series that will run in consecutive months starting in November.
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Möbius Strips - Automobile
Figure 3 depicts a Möbius car de-

signed by Tommaso Gecchelin.6 The 
continuously bent symmetry trans-
lates into a superb aerodynamic au-
tomotive design. This features a body 
that uses the concept of the Möbius 
strip to unify the interior and exterior 
in a unique and uncanny way, proving 
outstanding stability against collision 
as well as high fuel efficiency.

Möbius Strips - Belts, Recording 
Tape

If conveyor belts were made in the 
shape of Möbius strips they would 
wear evenly because they are flipped 
during each rotation, while ordinary 
belts wear on only one side. Similarly, 
recording tapes in the shape of Mö-
bius strips may be used in devices for 
uninterrupted recording, potentially 
doubling recording and playing times.

Möbius Strips - Black Holes
A black hole is a region with a 

massive gravitational field that ab-
sorbs everything within its vicinity. 
This is due to its massive gravita-
tional potential, influencing motion 
of matter propagating in a curved 
space-time to form a circle.7 This 
is similar to electromagnetic-wave 
propagation in a curved space or in 
an inhomogeneous Möbius metama-
terial medium. Hence, one could use 
electromagnetic waves and Möbius 
metamaterial to mimic celestial me-
chanics by comparing the refractive 
index to the metric of gravity.8 A re-
cently published result demonstrates 
the electromagnetic black hole by us-

ing metamaterials 
at microwave fre-
quencies. It shows 
the phenomena of 
an electromagnetic 
wave bending and 
trapping spirally 
into the artificially 
created electro-
magnetic black 
hole.9 Cheng et al., 
reported a model of 
black hole (see Fig-
ure 4) composed 
of a gradient-index 
metamaterial shell 
and a lossy dielec-
tric core that can 
absorb electromag-
netic waves coming 
from all directions 

From equation 4, the basic proper-
ties of Möbius transformations f(z) are 
described below: f(z) can be expressed 
as a composition of affine transforma-
tions (scaling: z → tz, translation: z 
→ z +p, rotation: z → eiθz, complex 
conjugation:  z → z, inversion: z →1

z), 
where t, p  i, f(z) maps  one-to-
one onto itself, and is continuous; f(z) 
maps circles and lines to circles and 
lines; f(z) is conformal.

Equation 4, a powerful transfor-
mation, develops the Möbius surface 
as a topological structure that thus 
far has been limited to mathematical 
imagination. It can now be realized 
using metamolecules of different de-
signs, enabling linear time algorithms 
for selecting optimal transformation, 
mapping, mesh generation, image 
processing, cryptography and other 
branches of engineering useful in the 
physical world and day to day life.

Theory & Applications
Möbius Strips - Building

Figure 2 depicts an award win-
ning building based on principles of 
the Möbius strip.5 The wall becomes 
the roof, the roof becomes the floor, 
and seamlessly, the floor becomes the 
roof again. The outer envelope of the 
structure surpasses architectural de-
sign principles in its relationship be-
tween wall and ceiling. This structure 
can offer stability against earthquakes 
and other seismic and acoustic vibra-
tions as well as provide uniform heat-
ing and cooling inside the building.

bending, described by

V
1
2

D k s, t dtds (3)1
2

w

w

0

L
∫∫ ( )=

−

where D =2h3E/[3(1-v2)], where 2h is 
the thickness of the strip, and E and ν 
are the Young’s modulus and Poisson’s 
ratio of the material.

A Möbius transformation f(z) is 
a fractional linear transformation to 
complex numbers:

f z
az b
cz d

;

a,b,c,d, and ad bc 0 (4)

where z z r cos isin

�

� [ ]

( )
( )

( ) ( )

=
+
+
∈ − ≠

∈ → = θ + θ

s Fig. 1  Möbius strip (a) Möbius fly maze 
(courtesy of David Phillips)3 (b) Möbius strip 
made from silica (c).4

s Fig. 2  Proposed  Möbius style National Library building in 
Kazakhstan.5

s Fig. 3  Proposed Möbius car.6
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effi ciently with an absorp-
tion rate of 99 percent.10

The absorption rate can 
be increased to 100 per-
cent by incorporating a 
higher dimension Möbius 
metamaterial gradient in-
dex shell. This could yield 
wide applications in the 
thermal emitting, energy 
harvesting and high-Q 
factor evanescent mode 
resonators.

Möbius Strips - Graphene
Graphene has received much at-

tention for its remarkable structural 
and superior electronic properties. A 
single layer of graphite exhibits me-
chanical properties like planar paper 
or plastic with a large bulk modulus 
along its plane and is easily bent or 
curved.11 These unique characteris-
tics enable graphene to wrap into car-
bon nanotubes without deformation, 
making it a promising material for 
building Möbius metamaterial strips 
employed in microwave and optical 
components for modern communica-
tion systems. Figure 5 shows Möbius 
strips formed into graphene nano-
ribbons that behave as topological in-
sulators possessing topology-induced 
thermal and magnetic properties.11

Wang investigated the stability and 
total magnetic moment (TMM) of Mö-
bius strips with fi xed length and differ-
ent widths.11 Möbius strips formed by 
Graphene nano-ribbons were found to 
be extraordinarily stable. These unique 
magnetic properties enable Möbius 
strip graphene-based building blocks 
in spintronic devices.

Möbius Strips - Passive Electrical 
Components

Resistors, inductors and capaci-
tors are basic electrical components 
used for building electronic circuitry. 
In an ideal circuit, resistors would 
contribute only resistance, capacitors 
only capacitance, and inductors only 
inductance. This is not the case at 
high frequencies, however, due to un-
wanted electromagnetic coupling and 
associated parasitics.

Resistor: A resistor is an electri-
cal component designed to reduce 
current fl ow and lower voltage in an 
electronic circuit. Its function as a 
resistor, however, is affected by par-
asitic reactance due to the current 

 Fig. 4  Black hole model composed of a 
gradient-index metamaterial shell and a lossy 
dielectric core.10

 Fig. 5  A typical structure of the Möbius strips formed by 
Graphene.11
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tance and parasitic capacitance associ-
ated with the resistor, a reasonably ac-
ceptable time constant can be realized 
at radio frequencies.

At microwave and millimeter wave 
frequencies, however, it is not possible 
to achieve v2LC,, 1; therefore, a 
simple resistor acts like a complex im-
pedance. The solution to this problem 
is the Möbius strip resistor.12 Figure 
6 shows the typical Möbius strip resis-
tor where the inner and outer layers 
are connected to a terminal.

The conductive layer is a single con-
tinuous length of material having re-
gions that are spaced from one another 
in the direction normal to the surface of 
the Möbius resistor, part of a common 
continuous length of conductive mate-
rial affixed to the surface of a dielectric 
layer. The continuity of the respective 
dielectric and conductive layers is only 
in the circumferential direction run-
ning the length of the Möbius resistor, 
and not in the direction transverse to 
its length. Direct current applied at the 
terminal, which is between two points 
on the conductive surface of the Mö-
bius resistor, will flow substantially in 
the circumferential direction and not 
in the transverse direction due to the 
interruption of continuity between re-
gions of the conductive surface in the 
normal direction by the layer of dielec-
tric material.

�

Ø
L

R
1 LC RC (5)

Ø

0 for
L
R

RC, LC 1 (6)

Resistor

2

Resistor

2

( )
=

ωτ =
ω

− ω − ω

→

= ω⎛
⎝⎜

⎞
⎠⎟

From equation 6, L/R=RC and 
v2LC,, 1, the a phase shift Ø and 
time constant τ will tend to zero. For 
this reason, despite the self-induc-

passing through it. A magnetic field 
formed on the inside and outside cre-
ates self-inductance L in series with 
resistance R. In addition, capaci-
tance between turns of wire as well 
as between various metal objects, is 
equivalently represented as parasitic 
capacitance C.

The L and C of a resistor cause a 
phase shift Ø and time constant τ at 
frequency ω between the current and 
the voltage, described by

s Fig. 6  Möbius strips resistor (a) and cur-
rent flow direction (b).12

(a)

(b)
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Solving complex LTE interference challenges is a key design consideration for next-gen smartphones, as the information 
provided below makes clear. With every model you create, you need to develop multiple platforms tailored for different 
regions, and then factor in global roaming, too. As band counts rise and higher filter performance is required, TriQuint is 
leveraging its advanced filter technologies, such as NoDriftTM and LowDriftTM BAW and SAW, to help you tackle the industry’s 
toughest interference problems.

Enabling LTE Advances with Premium Filters

Key Frequency Bands

Band
Duplexer / 
Filter Mode

LTE 
Bandwidths

Recommended Filter /
Duplexer Technology

Region(s) of Usage

1 1920 - 1980 2110 - 2170 FDD 5, 10, 15, 20 SAW Asia, EMEA, Japan
2 1850 - 1910 1930 - 1990 FDD 1.4, 3, 5, 10, 15, 20 LowDrift BAW LatAm, N. Amer.
3 1710 - 1785 1805 - 1880 FDD 1.4, 3, 5, 10, 15, 20 LowDrift BAW Asia, EMEA
4 1710 - 1755 2110 - 2155 FDD 1.4, 3, 5, 10, 15, 20 SAW LatAm, N. Amer.
5 824 - 849 869 - 894 FDD 1.4, 3, 5, 10 SAW LatAm, N. Amer.
7 2500 - 2570 2620 - 2690 FDD 5, 10, 15, 20 LowDrift BAW Asia, EMEA
8 880 - 915 925 - 960 FDD 1.4, 3, 5, 10 SAW / LowDrift SAW EMEA, LatAm

12 699 - 716 729 - 746 FDD 1.4, 3, 5, 10 SAW N. Amer.
13 777 - 787 746 - 756 FDD 5, 10 NoDrift SAW N. Amer.
17 704 - 716 734 - 746 FDD 5, 10 SAW N. Amer.
20 832 - 862 791 - 821 FDD 5, 10, 15, 20 SAW / LowDrift SAW EMEA
23 2000 - 2020 2180 - 2200 FDD 1.4, 3, 5, 10, 15, 20 LowDrift BAW N. Amer.
25 1850 - 1915 1930 - 1995 FDD 1.4, 3, 5, 10, 15, 20 LowDrift BAW N. Amer.
26 814 - 849 859 - 894 FDD 1.4, 3, 5, 10, 15 LowDrift SAW Japan, N. Amer.
27 807 - 824 852 - 869 FDD 1.4, 3, 5, 10 SAW LatAm
28 703 - 748 758 - 803 FDD  3, 5, 10, 15, 20 SAW Asia, LatAm
29 N/A - N/A 717 - 728 FDD  3, 5, 10 SAW N. Amer.
30 2305 - 2315 2350 - 2360 FDD 5, 10 NoDrift BAW N. Amer.
32 N/A - N/A 1452 - 1496 FDD 5, 10, 15, 20 SAW Japan, EMEA
34 2010 - 2025 2010 - 2025 TDD 5, 10, 15 SAW China
38 2570 - 2620 2570 - 2620 TDD 5, 10, 15, 20 SAW Asia, EMEA
39 1880 - 1920 1880 - 1920 TDD 5, 10, 15, 20 SAW China
40 2300 - 2400 2300 - 2400 TDD 5, 10, 15, 20 LowDrift BAW China, India
41 2496 - 2690 2496 - 2690 TDD 5, 10, 15, 20 LowDrift BAW China, N. Amer.
42 3400 - 3600 3400 - 3600 TDD 5, 10, 15, 20 LowDrift BAW Japan, EMEA
43 3600 - 3800 3600 - 3800 TDD 5, 10, 15, 20 LowDrift BAW EMEA

Mobile Phone
Tx Band (MHz)

Mobile Phone
Rx Band (MHz)

Leveraging Advanced Filter Technology for Regional Demands

TriQuint and RFMD have announced 
plans to merge under the name of Qorvo, 
creating a new leader in the world of RF. 
To learn more, visit www.qorvo.com.
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www.triquint.com
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As LTE rolls out, the spectrum crunch is forcing new frequency bands to be squeezed next to existing ones, often with minimal 
band guards. You can count on TriQuint’s specialty filters to meet the most stringent performance requirements for global 
and regional applications, including vexing LTE / Wi-Fi coexistence issues and those especially demanding specifications that 
require ultra-stable filtering performance over temperature variations. Whether you’re designing smartphones or the network 
infrastructure that connects them, TriQuint simplifies RF design and boosts performance by integrating our premium filters with 
other components like broadband amplifiers into tiny space-saving modules with more functionality.
 

Solving the Toughest RF Challenges 

Spectrum Example for Asia / EMEA

Bands Part # Description
Filter 

Technology
Size (mm) Features

Band 38 and 40 885043 LTE B38 / 40 Tx Filter LowDrift BAW 1.7x1.3x0.5
2-in-1 Filter for Full Band 40 

Coverage with Low Loss

Band 7 TQM976027 LTE SE / SE Duplexer LowDrift BAW 2.0x1.6x0.9 Excellent Insertion Loss

Band 41 TQQ0041 LTE B41 Rx Filter LowDrift BAW 2.0x2.0x0.8 Low IL and High Wi-Fi Attenuation

Band 13 TQQ1013 LTE SE / SE Duplexer NoDrift SAW 2.5x2.0x0.9
Solution for Public Safety 

NS_07 Requirements

Band 25 (BC14) TQM963014 LTE SE / SE Duplexer LowDrift BAW 2.6x2.1x0.9 Excellent Triple Beat Performance

Band 2 (PCS) (BC1) TQM966002 PCS SE / SE Duplexer LowDrift BAW 2.5x2.0x0.9 Excellent Triple Beat Performance

Band 25 TQM966025
LTE Diversity
Receive Filter

LowDrift BAW 2.5x2.0x0.8
2.6dB Insertion Loss and 

40dB Tx Attenuation

Band 25 / 26 TQQ2526
LTE Duplexer Bank – 

BAW / TC-SAW
LowDrift BAW &
LowDrift SAW

2.8x4.7x1.0
Diplexed Duplexer for 
B25 / 26 Applications

Band 38 885026 LTE B38 Tx / Rx Filter LowDrift BAW 1.4x1.2x0.5 Tx or Rx B38 Filter

Band 40 885049 LTE B40 Tx / Rx Filter LowDrift BAW 1.4x1.2x0.5 Tx or Rx B40 Filter

WLAN 885033 LTE / Wi-Fi Coexist Filter LowDrift BAW 1.4x1.2x0.5 WLAN BPF Filter B38 / 40 Reject

WLAN 885032 LTE / Wi-Fi Coexist Filter LowDrift BAW 1.4x1.2x0.5 WLAN BPF Filter B7 / 41 Reject

BC0 / B13 857031
BC0 Notch Filter for
Applications SVLTE

LowDrift SAW 2.5x2.0x0.6
Low Loss, High Attenuation and

 High Linearity

BC0 / B13 857061
B13 Notch Filter for
SVLTE Applications

LowDrift SAW 2.5x2.0x0.6
Low Loss, High Attenuation and 

High Linearity

Band 13 856879 LTE SE / BAL Duplexer LowDrift BAW 2.5x2.0x0.6 1.5dB (Tx) / 1.6dB (Rx) Insertion Loss

WLAN 885062 LTE / Wi-Fi Coexist Filter LowDrift BAW 1.4x1.2x0.5
+28dBm MCS7, Hi Rej B38 / B40,

Hermetic MSL0, Temp -40 to 95°C

WLAN 885071 LTE / Wi-Fi Coexist Filter LowDrift BAW 1.4x1.2x0.5
+29dBm MCS7, Hi Rej B7 / B41,

Hermetic MSL0, Temp -40 to 95°C

WLAN 885070
LTE Coexist / Wi-Fi 

Bandedge Filter
LowDrift BAW 1.7x1.3x0.5

+30dBm MCS7, Bandedge Rej 2390 & 
2483.5MHz, Hermetic MSL0, 

Temp -40 to 95°C

SDARS 885014 2332.5 MHz BAW Filter NoDrift BAW 1.7x1.3x0.5
Enables Coexistence of

SDARS with WCS Radios

TriQuint Advanced Filtering Solutions

High Band
2.3 GHz

TD-LTE
China (Indoor) / Asia Worldwide

HK / EMEA

China (Outdoor) / EMEA
TD-LTE

TD-LTE
China / N. Amer.

2.7 GHz

LTE-FDD

Band 40 WLAN

Band 41

Band 7 (Up) Band 38 Band 7 (Down)

699 704 716 728 734 746 756 777

775

787 MHz

N. Amer.N. Amer.N. Amer.N. Amer.

B17 / 12 Tx B29 Rx B17 / 12 Rx B13 Rx B13 Tx

N. Amer.NS_07

Spectrum Example for North America

Crowded Spectrum Drives Filter Complexity / Performance

TriQuint and RFMD have announced 
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From equation 8, the potential dif-
ference v across points P1 and P2 at 
any time t is:

dv v t v t

V Sin t V Sin t
l
u

(9)

1 2

m m

( ) ( )= − =

ω − ω +⎛
⎝⎜

⎞
⎠⎟

The current i(t) between two nor-
mally opposite points P1 and P2 on the 
conductive surface of the Möbius strip 
as shown in Figure 6 given by the de-
rivative of equation 8 with respect to 
time t:
i t C

dv
dt
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From equation 11, if l = l (length 
of Möbius strip is equal to the wave-
length of field propagation) then the 
frequency of the wave reduces to f =u_

1, 
and the resulting current i(t) between 
two normally opposite points P1 and 
P2 on the conductive surface of the 
Möbius strip becomes zero:

i t CV (12)

Cos t 1 Cos 2

Sin t Sin 2 0

l f
u
l

m

( )[
]

( ) = ω

ω − π −

ω × π =

=λ→ =⎛
⎝⎜

⎞
⎠⎟

From equation 12, when the wave-
lengths are equal to the length of the 
loop or are integer multiples, the 
Möbius strip in parallel with a circuit 
across P1 and P2 will allow a resonant 
frequency and its harmonics to pass 
through the circuit unattenuated but 
will attenuate other frequencies.

Resonator: The concept of the 
Möbius strip resonator is based on the 
fact that a signal coupled to a strip will 
not encounter any obstruction when 
travelling around the loop, the loop 
will behave like an infinite transmis-
sion line, enabling a high quality factor 
(Q) resonator tank. This characteristic 
enables many radio and microwave ap-
plications, such as a compact resonator 
with the resonant frequency which is 

minimize the space it occupies.3
Capacitor: The Möbius resis-

tor has zero-residual self-inductance; 
however, an intrinsic negligible ca-
pacitive effect exists that can have 
significant utility if used for intended 
purposes. By modifying the material 
composition of the Möbius resistor 
from being primarily resistive to being 
primarily conductive, the capacitive 
side effect is enhanced. It is this ca-
pacitive effect of the Möbius resistor 
that is used by Brown13 for designing 
the Möbius capacitor. This structure 
is constructed by layering the continu-
ous conductive surface of the typical 
Möbius resistor with a second dielec-
tric material, then layering this di-
electric with two separate conductive 
surfaces of a size compatible with the 
Möbius resistor. The layout of Möbius 
capacitor is such that the conductive 
surfaces are diametrically opposite to 
each other; while simultaneously, the 
normal of each conductive surface is 
parallel to the normal of the surface of 
the Möbius resistor at all points along 
the surface. Figure 7 shows a typi-
cal Möbius capacitor where the outer 
plates (P1, P2, P3 and P4) are connect-
ed via outside ribbon conductors.12

If a sinusoidal voltage v1(t) is ap-
plied at P1 then the voltage at P2 is 
described by
v t V Sin t

1
u

, 2 f (8)2 m( ) = ω +⎛
⎝⎜

⎞
⎠⎟ ω = π

where v1(t) = VmSin t, Vm is the max-
imum amplitude, l is the length of the 
Möbius-resistor (if loop opened, cir-
cumference of loop equals to length 
of loop), u is the propagation speed 
between P1 and P2, f is the frequency, 
and t = (l

u) is the wave propagation time 
between two opposite points P1 and P2 
on the conductive surface (separated 
circumferentially by a distance equal to 
the length l of the Möbius strip).

Application of an alternating voltage 
at the connecting point terminal induc-
es a field in the dielectric opposing the 
flow of a resultant alternating current 
whereby the Möbius resistor exhibits 
a capacitive type reactance at frequen-
cies other than those corresponding to 
a wavelength equal to the length of the 
Möbius strip or an integral multiple of 
its length. As a result, the Möbius resis-
tor has the property of passing attenu-
ated components of an applied signal 
having a wavelength that is not equal 
to the length of the Möbius strip or an 
integral multiple of its length.13

Consider that the strip is made of 
good electrical conducting material so 
that charges and currents flowing on 
the strip will end up on the bound-
ary.  From Ampere’s law, total flux 
ØB through the Möbius strip is given 
by the line integral of the current I 
around the boundary ∂M. Starting at 
any given point on the boundary and 
evaluating the integral as one moves 
along the edge for one complete cycle 
of the Möbius strip M yields:

I.dl Ø Ø 0 (7)M M B� �= δ = =δ δ

From equation 7, the total flux for 
the Möbius strip is zero. Using this 
equation, Davis12 designed and pat-
ented the Möbius resistor, where cur-
rent passing through resistor’s input 
terminal splits into two equal pulses 
traveling in opposing directions due 
to the fact that the impedances of the 
two paths to the output terminal are 
equal. As shown in Figure 6, when the 
two pulses have each traveled half-
way along the surface of the resistor 
reaching the twist (180°), they will be 
of equal and opposite phase, and thus 
will cancel. This implies net potentials 
tend to zero when they reach the out-
put terminal. To achieve this result, it 
is necessary for the two terminals to 
be directly opposite, or else the pulses 
will not be 180° out of phase and thus 
will not completely cancel (implying 
the presence of residual magnetism). 
Due to the cancellation of electro-
magnetic fields, the Möbius resistor 
can be non-reactive and will main-
tain its properties even when folded 
or deformed. The characteristics of a 
Möbius resistor do not change with 
its length or form. It can be wound 
around a cylindrical core or a thin 
card, and it can even be formed into 
a ball, allowing it to wrap around and 

s Fig. 7  Möbius strips capacitor.13

P2: Outer Plates

P1: Outer Plates

P3: Outer Plates

P4: Outer Plates
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(metamolecular), made from metals 
and dielectrics.16-17 The electromag-
netic symmetry discovered in meta-
materials is equivalent to the struc-
tural symmetry of a Möbius strip, with 
the number of twists controlled by the 
sign change of the electromagnetic 
coupling between the meta-atoms. 
The negative index artificial material 
(metamaterial) with different coupling 
signs exhibit resonant frequencies that 
depend only on the number of turns 

Möbius Strips – Metamaterial 
Symmetry

Symmetry is defined as a system 
feature or property, conserved when 
the system undergoes an alteration. 
In general, spatial symmetries are eas-
ily observed but others, such as opti-
cal symmetries in metamaterials, are 
concealed. Recent publications de-
scribe electromagnetic Möbius sym-
metries introduced into metamaterial 

half the size of identically constructed 
linear coils, a Tesla coil for global trans-
mission of electricity without wires and 
high temperature superconductors.

Jeffrey Pond reported a Möbius 
strip filter (see Figure 8),14,15 in 
which the Möbius twist provides ad-
ditional phase shift to facilitate a reso-
nant condition and frequency selectiv-
ity in a compact size. The “twist” is im-
plemented using two via connections 
through the substrate.

s Fig. 8  Möbius strips filter (Möbius 
“twist” implemented with two vertical inter-
connects). Planar implementation (a) and 
photograph of a Möbius BPF realized on a 
Teflon substrate (b) .15

s Fig. 9  Möbius symmetry in metamo-
lecular trimmers made from metals and 
dielectrics (courtesy of National Science 
Foundation).17
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generations with its non-orientability 
and one-sidedness. The unique fea-
tures of Möbius strips promise new in-
ventions, recurring in an endless loop; 
one might say that the future resides 
on the surface of Möbius strips. ■
Note: This article will be continued with 
Part II (Möbius Metamaterial Resonator) 
and Part III (Möbius Metamaterial Oscil-
lators) in the December 2014 and January 
2015 issues, respectively.18
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nators, symbolized as metamolecules 
exhibiting topological Möbius-cyclic-
symmetry (C3-symmetry) through 
three rotations of 120°. Möbius twists 
result from a change in the signs of the 
electromagnetic coupling constants be-
tween the constituent meta-atoms.17

Conclusion
Since its discovery, the Möbius strip 

has captured the imaginations of math-
ematicians and engineers everywhere, 
and it continues to fascinate modern 

but not the locations of the ‘‘twists,’’ 
thus confirming its Möbius symmetry 
topological nature.

Figure 9 illustrates the hyperspace 
Möbius mechanism that transforms 
ordinary benzene molecules into 
metamolecules with Möbius symme-
try (the topological phenomenon that 
yields a half-twisted strip with two 
surfaces but only one side).16 Figure 9 
shows a three-body system like a trim-
mer with metallic resonant meta-atoms 
configured as coupled split-ring reso-
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Temperature-Compensated 
Filter Technologies Solve 
Crowded Spectrum 
Challenges
Phil Warder, David Schnaufer
TriQuint Semiconductor
Note: TriQuint and RFMD have announced plans to merge under the name of Qorvo.

The extraordinary growth in mobile wire-
less data is generating a continuous need 
for new spectrum bands in which opera-

tors can deploy LTE services to accommodate 
the traffi c. As a result, global spectrum has 
become increasingly crowded, with a highly 
fragmented and complex array of spectrum li-
censes spread across multiple operators

Manufacturers are now creating smart-
phones that support many bands, as they seek 
to minimize the number of different handset 
models and enable global roaming. Some of 
these LTE bands are very close to bands used 
for other wireless applications such as Wi-Fi 
and satellite radio. Due to these trends, devices 
must include a growing number of high-perfor-
mance fi lters to prevent interference between 
these closely spaced frequency bands.

As frequency bands squeeze closer together, 
fi lter temperature drift has emerged as a sig-
nifi cant challenge. Traditional fi lter technolo-
gies, in which the frequency response shifts as 
the temperature changes, are often not able to 
meet the challenging requirements in mobile 
devices that must operate over a wide temper-
ature range. Solving these challenges requires 
new fi lter processes with a much more stable 
response to temperature variation.

Another challenge facing device designers is 
limited space, as they seek to pack more fi lters 
into each device. This applies not just to smart-
phones but also to the growing range of other 
mobile and fi xed wireless devices including au-
tomotive electronics and small-cell base stations. 
New packaging technologies play an important 
role in reducing fi lter size, making it easier to fi t 

more of them into each device. These packaging 
technologies are particularly valuable for com-
ponents such as LTE diversity fi lters in which 
compact size is the primary consideration.

Filtering requirements will become even 
more stringent in the future as more new 
bands are defi ned and operators deploy faster 
LTE Advanced networks to support escalating 
demand for video and other bandwidth-inten-
sive applications. The data rate increases pro-
vided by LTE Advanced will depend in part on 
Carrier Aggregation (CA), an LTE Advanced 
feature that enables operators to combine frag-
ments of spectrum to create wider channels. 
CA will need high-performance fi lters to meet 
the requirements for low insertion loss and iso-
lation of each component carrier.

Also on the horizon are new 3.5 GHz bands 
that will open up wide expanses of a previ-
ously unexploited spectrum, and the proposed 
use of LTE Advanced in an unlicensed 5 GHz 
spectrum (LTE-U). These developments will 
be important in enabling operators to support 
more users via network densifi cation.

THE NEED FOR TEMPERATURE-
COMPENSATED FILTERS

The key fi lter performance parameters are 
low loss of the desired signals in the passband 
and suffi cient attenuation of undesired inter-
ference in the stopband. These parameters 
must be met over environmental and produc-
tion variations. Historically, designers have 
built allowances for each of these sources of 
variation into the system. However, the design 
challenges have increased as bands have be-
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Because a power reduction of this 
size significantly impacts system per-
formance, the operators using Band 
13 have long wanted a solution ca-
pable of addressing the interference 
issue without the reductions in output 
power. To meet the specification, fil-
tering solutions need to provide 22 dB 
of attenuation at 775 MHz while still 
passing 777 MHz, the lower edge of 
Band 13. Complicating the problem 
is the need to provide this attenuation 
over a wide temperature range, typi-
cally from -20° to + 85°C.

Table 2 compares the drift of stan-
dard, the new SAW filters over this 
temperature range. Given that the 
space between the passband and the 
stopband is only 2 MHz, it is clear that 
only these SAW filters, the most tem-
perature-stable of the filter processes, 
can meet the requirements. Figure 2 

a good choice for 
challenging speci-
fications including 
several new 3G and 
4G duplexers and 
filters.

Band 13
A specific exam-

ple where temper-
ature-compensated 
filters are needed 
is Band 13. The 
challenge, shown 
in Figure 1, is that 
the Band 13 uplink 
at 777 to 787 MHz 
is very close to nar-
rowband public safety communica-
tions in the 769 to 775 MHz region. 
This problem was anticipated by 
3GPP, the organization responsible 
for LTE standards. To avoid interfer-
ence problems, 3GPP defined a net-
work signaling case (NS_07) whereby 
the network signals mobile devices 
when there is a narrowband public 
safety system in the area. In response 
to this signal, mobile devices must re-
duce emissions in the 769 to 775 MHz 
range by 22 dB.

In initial Band 13 deployments, the 
only feasible way to achieve this emis-
sions improvement was to reduce the 
output power of the mobile device. 
The required power reduction is a 
function of the number and location 
of the reference blocks in the uplink 
transmission; worst-case reductions are 
significant, ranging as high as 12 dB.

come more closely spaced.
In some cases, the transition be-

tween the passband and stopband is 
as small as 2 MHz. In such cases, it 
is almost impossible to meet the re-
quirements using traditional filter 
technologies. This is because the vari-
ation in response, which is dominated 
by temperature drift, can exceed the 
width of the transition band. The re-
sult is unacceptable interference, high 
insertion loss, or both.

The solution is to design filters us-
ing a process that greatly reduces tem-
perature drift. TriQuint has developed 
such fabrication processes for both 
of the primary filter technologies: 
surface acoustic wave (SAW) filters, 
which are most effective for lower 
frequencies up to about 1.9 GHz; 
and bulk acoustic wave (BAW) filters, 
which are typically used for higher 
frequencies above 1.5 GHz. As shown 
in Table 1, these new processes pro-
duce filters with dramatically reduced 
temperature sensitivity. For example, 
the standard SAW process produces 
filters with temperature variation of 
-35 to -45 ppm/°C. In comparison, 
temperature variation for NoDrift 
SAW filters is almost eliminated, at 
0 ± 2 ppm/°C. For LowDrift BAW 
filters, temperature drift is -17 to -22 
ppm/°C; with NoDrift BAW, this is 
reduced to 0 ± 2 ppm/°C.

These new SAW and BAW filters 
are effective within the same frequen-
cy ranges as standard SAW and BAW. 
The reduced sensitivity to tempera-
ture change makes these processes 

s Fig. 1  Band 13 and public safety coexistence challenge.

TABLE 1
comparing standard and temperature-compensated 

SAW and BAW filters

SAW Processes

Process Temperature Drift

Standard SAW -35 to -45 ppm/°C

LowDriftTM SAW -22 ppm/°C

NoDriftTM SAW 0  2 ppm/°C

BAW Processes

Process Temperature Drift

Standard FBAR -22 to -31 ppm/°C

LowDriftTM BAW -17 ppm/°C

NoDriftTM BAW 0  2 ppm/°C
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shows the performance of the Band 13 
NoDrift uplink filter in more detail.

Band 30 and Satellite Radio
Another example of a situation 

requiring temperature-compensated 
filters is the challenge of Band 30 co-
existence with satellite radio services, 
which are widely used to deliver in-car 
entertainment. The problem is shown 
in Figure 3 where the satellite radio 
spectrum is sandwiched into the du-
plex gap between the Band 30 uplink 
and Band 30 downlink. The Band 30 
spectral emission mask is tightly con-
strained to protect the satellite radio 
service as well as government bands 
below Band 30.

Mobile device makers and opera-
tors are very concerned about interfer-
ence from satellite radio service signals 
(primarily the signals emanating from 
powerful terrestrial repeaters), and 
about meeting the specified emission 
mask. Similarly, satellite radio opera-
tors are concerned about interference 
due to Band 30 communications from 
mobile handsets or base stations.

Figure 4 shows the response re-
quired in a Band 30 uplink filter to 
achieve the spectral emission mask. 
The passband is 2305 to 2315 MHz, 
and the most difficult attenuation 
points are at 2296 and 2324 MHz. 
These are both 9 MHz away from the 

passband edge and require 11 dB of 
absolute attenuation.

As in the example of Band 13, the 
challenge is complicated by the need 
to meet the attenuation requirements 
over a wide temperature range. In the 
case of Band 30, a temperature-com-
pensated BAW filter is needed. Table 
3 shows the response of new BAW 
filters at the critical 2324 MHz point. 
Only the NoDrift filter is capable of 
meeting requirements over the com-
plete temperature range.

Filtering requirements for satel-
lite radios are similarly challenging, 
requiring a temperature-stable fil-
ter that passes the satellite band but 
rejects adjacent Band 30 frequen-
cies. This requirement is met by em-
bedding a bandpass filter based on 
NoDrift BAW process into the car’s 
antenna. Figure 5 illustrates the re-
sponse of this filter over a wide tem-
perature range. As shown, the filter 
meets the requirements for low inser-
tion loss across the entire passband, 
as well as the attenuation required to 
avoid interference with Band 30 up-
link or downlink communications.

Wi-Fi Coexistence in China
While the above two examples refer 

to filtering challenges in North Amer-
ica, similar challenging requirements 

exist in other regions. An example is 
LTE/Wi-Fi coexistence in China. The 
2400 to 2482 MHz spectrum used by 
Wi-Fi lies between Bands 40 and 41, 
which are used to deliver TDD-LTE 
service in China. The upper edge of 
Band 40 (2400 MHz) directly abuts 
the Wi-Fi spectrum, with no transi-
tion band at all.

Solving this Wi-Fi coexistence 
challenge requires RF filters that are 
capable of rejecting closely adjacent 
frequencies. At the same time, the 
filters must minimize insertion loss in 
the WLAN transmission pathway, to 
help maintain the high signal-to-noise 
ratio and correspondingly low EVM 
required for 802.11n. BAW filters can 
achieve quality factors (Q values) that 
are superior to other traditional acous-
tic technologies. As a result of the high 
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TABLE 2
comparing temperature drift of standard and 

temperature-compensated band 13 uplink filters

Standard 
SAW

LowDriftTM 
SAW

NoDriftTM 
SAW

Temperature 
Coefficient

-40 ppm/°C -20 ppm/°C -2.5 ppm/°C

Drift cold  
(25° to -20°C)

1.40 MHz 0.70 MHz 0.087 MHz

Drift hot 
(25° to +85°C)

-1.87 MHz -0.93 MHz -0.116 MHz

s Fig. 2  Band 13 NoDrift™ filter perfor-
mance.
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s Fig. 3  Band 30 and satellite radio service coexistence challenge.

s Fig. 4  Band 30 uplink filter requirements.
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TABLE 3
drift of temperature-compensated band 30 BAW 

filters at 2324 MHz

Standard 
FBAR

LowDriftTM 
BAW

NoDriftTM 
BAW

Temperature 
Coefficient

-27 ppm/°C -17 ppm/°C -1 ppm/°C

Drift cold  
(25° to -20°C)

2.9 MHz 1.78 MHz 0.10 MHz

Drift hot 
(25° to +85°C)

-3.9 MHz -2.37 MHz -0.14 MHz
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handsets to support an ever-growing 
number of frequency bands, requiring 
a corresponding increase in the num-
ber of filters. Another is the shift to-
ward slimmer handset designs. Packag-
ing technologies play important roles in 
reducing the size of filters and duplex-
ers. Wafer-level packaging techniques 
that eliminate bulky ceramic packages 
mean filters occupy less PCB space. 
Flip-chip techniques, which replace 
wire bonds with more compact copper 
“bumps,” also reduce horizontal space 
and height requirements. Together, 
these approaches can reduce space re-
quirements by 50 percent and also re-
duce package height, facilitating slim-
mer designs. These can be particularly 
helpful for LTE RX diversity filters, in 
which small size is often an even more 
important concern than performance.

Future Filtering Challenges
Demand for bandwidth is predict-

ed to continue to skyrocket, largely 
due to growth in mobile video traffic. 
Globally, mobile data traffic is expect-
ed to increase 11-fold between 2013 
and 2018 (Cisco Visual Networking 
Index, June 2014). Mobile video will 
grow at an even faster clip, increas-
ing 14-fold over the same period and 
accounting for 69 percent of total 
mobile data traffic by 2018. Several 
developments are underway to help 
reduce – though not eliminate – the 
ever-growing pressure for more band-
width. Each of these has implications 
for filtering requirements.

Carrier Aggregation
One of these developments is Car-

rier Aggregation, a feature of LTE Ad-
vanced that helps operators create fast-
er wireless data services. CA provides 
a method for overcoming the 20 MHz 
limitation on LTE component carrier 
bandwidth by enabling up to five frag-
ments of spectrum to be combined into 
a single aggregate carrier that is up to 
100 MHz wide. CA will be used to en-
able services faster than the 150 Mbps 
supported by a single component car-
rier (with LTE Category 4) today. Op-
erators are rushing to put CA plans 
in place; by mid-2014, dozens of two-
carrier and more than 50 three-carrier 
combinations had been proposed. CA 
will increase filtering challenges be-
cause each device will communicate 
simultaneously over multiple compo-
nent carriers at different frequencies, 

Q values, the filter skirts will be 
very steep while insertion losses 
remain low even at the edges of 
the passband, minimizing the 
need to sacrifice LTE or Wi-Fi 
bandwidth.

Shrinking Filters 
with New Packaging 
Technologies

Several factors are creating 
pressure to continuously reduce 
filter size. One is the trend for 

s Fig. 5  Performance of NoDrift™ BAW satellite 
radio service filter over temperature range.
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may be for relatively short-range ap-
plications, such as enabling speedy 
video downloads in dense urban areas.

Band 42 may see its first sizable 
deployment in Japan around 2016, 
as part of the program to support 
the 2020 Olympics. In a pilot test 
using Band 42, a Japanese carrier 
has already demonstrated very high 
throughput of 1 Gbps. BAW filters 
will be well suited to this band, pro-
viding better performance in a smaller 
package size than other technologies. 
Band 43 is likely to enter use later 
than Band 42; it presents similar ben-
efits and challenges, and will likewise 
be best served by BAW filters.

Also on the horizon is LTE Unli-
censed – the proposed use of LTE in 
unlicensed spectrum, notably the 5 
GHz range. As with the 3.5 GHz bands, 
propagation characteristics in this band 
will likely mean LTE-U is used primar-
ily for shorter-range communications. 
Some of the 5 GHz spectrum is already 
used for Wi-Fi. Transmitting data over 
LTE rather than Wi-Fi may offer ad-
vantages for video and other traffic 
types that can benefit from LTE’s en-
hanced quality of service (QoS) and 
scheduling capabilities.

Conclusion
New spectrum bands and applica-

tion requirements are creating increas-
ingly difficult filtering challenges. The 
need to meet these requirements over 
a wide temperature range has driven 
the development of new, more tem-
perature-compensated SAW and BAW 
filters. These filters enable system de-
signers to solve coexistence problems in 
crowded RF spectrum which are as yet 
unaddressed by any other technology.

Temperature-compensated Low-
Drift and NoDrift filters enable op-
erators and manufacturers to achieve 
new levels of wireless spectral effi-
ciency. Their extremely precise se-
lectivity means operators and manu-
facturers can deliver higher speeds 
and greater bandwidth by utilizing 
spectrum that might be lost with older 
filtering technologies due to the need 
for additional design allowances. 

As packaging technologies help to 
shrink filter size and enable handsets to 
support the growing number of bands, 
filter technologies are also evolving to 
meet future challenges such as new 
LTE bands that use higher-frequency 
regions of the spectrum. ■

devices with limited range) to increase 
the total number of users that can be 
supported in densely populated or 
crowded areas.

3.5 GHz Bands
TDD-LTE Bands 42 (3.5 GHz 

band) and 43 (3.7 GHz band) are each 
200 MHz wide, representing a sig-
nificant addition to the available LTE 
bandwidth. Because of the propaga-
tion loss at the high frequencies used 
by these bands, their biggest value 

requiring stringent attenuation and iso-
lation of each signal to eliminate poten-
tial interference between them.

New 3.5 and 5 GHz LTE Bands
New LTE bands will play a key role 

in operators’ plans to support more 
users through network densification, 
while adding capacity for bandwidth-
intensive applications such as video 
download. Network densification en-
tails deploying a large number of small 
cells (compact network infrastructure 
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Selecting Circuit Materials 
for Microwave Power Amps
John Coonrod
Rogers Corp.

Demand is growing for microwave 
power amplifi ers (PA) due to an in-
creasing number of applications, from 

commercial cellular systems to military radars 
that rely on amplifi ed high-frequency signals. 
Solid-state microwave PAs depend on the char-
acteristics of their active devices, but they also 
depend a great deal on the behavior and per-
formance of their printed-circuit-board (PCB) 
materials for such functions as minimizing 
loss, maximizing gain and effi ciently dissipat-
ing heat. Solid-state amplifi er designers cur-
rently have a wide range of PCB materials to 
choose from. Sorting through these materials 
to make a suitable choice for a PA application 
can require careful comparison of some key 
PCB material properties, including the rela-
tive permittivity (or dielectric constant, εr) and 
the dissipation factor (tan �). But many other 
PCB material parameters must be considered 
when choosing a substrate for a microwave PA, 
including thermal conductivity, temperature 
coeffi cient of dielectric constant (TCDk), cop-
per surface roughness, tolerance of εr and even 
the tolerance of the PCB material’s thickness. 
Understanding how these different PCB mate-
rial properties relate to microwave PA perfor-
mance can help in sorting through the many 
PCB material choices currently available and 

help enable the design of a microwave PA that 
not only meets its performance goals, but is de-
pendable and reliable under a wide range of 
operating conditions.

Design and fabrication of a microwave PA 
requires control of a number of different pa-
rameters, with impedance control among the 
most important. Since a microwave PA may 
interact with or include many different types 
of components, such as impedance matching 
networks, quarter-wave transformers and 3 
dB quadrature couplers as part of a larger cir-
cuit or system, the characteristic impedance of 
the amplifi er circuitry, which is usually  50 �, 
should be tightly controlled. The circuit mate-
rial εr tolerance is one key material parameter 
to consider when controlling impedance. Al-
though designers may often assume that circuit 
material εr tolerance is the most critical mate-
rial parameter for achieving good impedance 
control, this is typically not the case. In truth, 
when using a relatively well-controlled, high-
frequency circuit laminate, the εr tolerance will 
generally be fairly tight and one of the lesser 
concerns in terms of impedance control. Table 
1 provides an example, assuming a 50 � mi-
crostrip transmission line on a high-frequency 
circuit laminate with nominal εr of 3.5 and εr
tolerance of ±0.05.
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in Table 1, the substrate thickness tol-
erance of ±10 percent has the great-
est effect on the variations in circuit 
impedance. While this value of circuit 
material thickness tolerance is not un-
common, high-frequency laminates 
with better thickness tolerance val-
ues are available, which can maintain 
greater control of impedance for cir-
cuits such as microwave PAs.

The εr variation shown in Table 1 
is one sided and only shows the nega-
tive portion of the tolerance. An εr tol-
erance of ±0.05 for a nominal circuit 
material εr of 3.5 represents a minus 
variation in εr of approximately 1.4 
percent. But because it is a tolerance 
range with “plus” and “minus” lim-
its, the actual deviations in r can be 
a range that is twice that value, with 
changes of εr of 0.1 possible, or a per-
centage of 2.8 percent of the total cir-
cuit material εr value of 3.5. This pa-
rameter is not easy to portray in Table 
1, but it should be noted that it will 
be the least-significant issue for the 
thinner (10 mil thick) circuit material 
and the next-to-least significant issue 
for the thicker (20 mil thick) circuit 

tolerances. Based on this tolerance 
value, a 1 mil range in different cop-
per thicknesses for the same circuit 
design is not uncommon and, as noted 
earlier, the thinner the circuit mate-
rial, the larger the impact in terms of 
impedance variations.

In addition to concerns of copper 
conductor thickness, the tolerance of 
the width of the conductor is also a 
concern in maintaining consistent im-
pedance for a PCB-based PA. A toler-
ance of ±0.5 mils is again not uncom-
mon in the high-frequency industry 
for the width of a copper conductor 
on a PCB, although many fabricators 
can achieve and maintain even tighter 
tolerances for the width of a copper 
conductor. For a tolerance of ±0.5 
mils, the variation in copper conduc-
tor width is 1 mil, and thinner circuits 
will be more affected in terms of im-
pedance by these conductor-width 
variations than thicker circuits.

One of the circuit material parame-
ters shown in Table 1 with a significant 
impact on maintaining consistent im-
pedance is the tolerance of the circuit 
substrate thickness. For the example 

Impedance Variables
Table 1 shows the impact of some 

common variables associated with 
PCB technology on the impedance 
of a PCB-based microstrip transmis-
sion-line circuit. It is divided into two 
groups of data, with the top section 
for a thicker circuit (20 mil thick sub-
strate) and the lower section relating 
the same information for a thinner cir-
cuit (10 mil thick substrate). Compar-
ing the two groups of data shows that 
thinner circuits are more sensitive to 
conductor effects, which means that 
variations in circuit conductor width 
and copper thickness will also impact 
the changes in impedance.

For example, a PCB with plated-
through-hole (PTH) technology uses 
additional copper plated on top of the 
original laminate copper to achieve 
the PTH features. The amount of ad-
ditional copper can vary from circuit-
to-circuit and from batch-to-batch of 
fabricated circuits. Copper thickness 
plating tolerance of ±0.5 mils is com-
mon in the high-frequency industry 
although some circuit fabricators can 
achieve and maintain even tighter 
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TABLE 1
illustration of typical variances impacting the characteristic impedance of a microstrip PCB

Microstrip transmission line circuit using 20 mil thick high frequency laminate

εr
Substrate 

Thickness (mils)
Copper 

Thickness (mils)
Conductor 

Width (mils)
Characteristic 

Impedance (ohms)
Difference of 

Impedance (ohms)
Comment

3.5 20 2 43 50.07 Baseline for 
comparisons

3.5 18 2 43 46.86 3.21 Substrate is 10% 
thinner than baseline

3.45 20 2 43 50.39 0.32 εr lower by 1.4% from 
baseline

3.5 20 1 43 50.70 0.63
Copper thickness 
reduced by 1 mil from 
baseline

3.5 20 2 42 50.78 0.71
Conductor width 
reduced by 1 mil from 
baseline

Microstrip transmission line circuit using 10 mil thick high frequency laminate

3.5 10 2 21 49.74 Baseline for 
comparisons

3.5 9 2 21 46.57 3.17 Substrate is 10% 
thinner than baseline

3.45 10 2 21 50.05 0.31 εr lower by 1.4% from 
baseline

3.5 10 1 21 50.78 1.04
Copper thickness 
reduced by 1 mil from 
baseline

3.5 10 2 20 51.16 1.42
Conductor width 
reduced by 1 mil from 
baseline
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to insertion loss. By knowing which 
loss components impact the insertion 
loss the most, a designer can select a 
material (and thickness) that will pro-
vide the optimum insertion loss per-
formance for an application. In the 30 
mil thick case not shown, changes in 
the dissipation factor had the greatest 
effect on the circuit material’s inser-
tion loss properties. For the thin cir-
cuit material in Figure 1a, the inser-

equations from Hammerstad and Jen-
sen1 regarding microstrip impedance 
and loss predictions.

The three charts in Figure 1 com-
pare measured and computer-mod-
eled results. The measured insertion 
loss results were collected using a 
simple microstrip differential length 
method,2 which minimized the con-
tributions of insertion loss due to 
connectors and signal launches. The 
modeled insertion loss consisted of di-
electric and conductor losses and, as 
can be seen from the plotted data, the 
modeled data for the total loss agreed 
fairly closely with the measured re-
sults. For simplicity, losses due to ra-
diation and leakage were ignored in 
this comparison.

Figure 1 shows that insertion loss 
for a thin circuit (a) is dominated by 
conductor loss. For the thicker circuit 
(c), the dielectric and conductor loss 
contributions to circuit material inser-
tion loss are about equal. If data for yet 
another, thicker (30 mil thick) circuit 
material had been added to Figure 1, 
it would have shown that dielectric 
loss would dominate the contribution 

material. A circuit material with this 
nominal εr value and tolerance is con-
sidered quite good for many high-fre-
quency circuit applications, although 
circuit materials are available with 
even tighter εr tolerance control.

Insertion Loss Variations
Circuit materials with low inser-

tion loss play a major role in achieving 
maximum gain in a microwave PCB-
based microwave PA. PCB insertion 
loss is made up of four components: 
conductor loss, dielectric loss, radia-
tion loss and leakage loss. At lower 
microwave frequencies, dielectric and 
conductor losses account for most 
PCB insertion loss; which of the two 
parameters is dominant depends upon 
the thickness of the circuit substrate 
material. Figure 1 shows three inser-
tion loss charts for 50 V microstrip 
transmission-line circuits based on 
the same circuit material, although 
with different material thicknesses. 
The insertion loss models were gener-
ated with MWI-2014 circuit material 
analysis and modeling software from 
Rogers Corp. which uses closed-form 

s Fig. 1  Insertion loss showing the relation-
ship of thickness to dielectric and conductor 
loss.
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RF/microwave power than the same 
PA built on a PCB with lower inser-
tion loss. This heat that is generated 
contributes to a PCB’s maximum op-
erating temperature (MOT) specifica-
tion, and the PCB’s MOT should not 
be exceeded for any prolonged period 
of time. PA designers typically try to 
minimize insertion loss with consider-
ation of applied power and frequency 
to ensure that the MOT will not be 
exceeded. A thinner circuit can have 
more insertion loss than a thicker cir-
cuit; however, it can also enjoy the 
benefits of shorter heat flow paths to 
the ground plane and an attached heat 
sink to offset the heat generated by 
the higher insertion loss. Additional 
electrical-thermal interactions which 
impact thermal management were 
outlined in a recent article.4

A circuit material’s TCDk is often 
overlooked by PA designers, and it is 
a parameter that greatly affects PA 
performance if not considered when 
selecting circuit materials. Quite sim-
ply, TCDk is the amount that the di-
electric constant, εr, will change with 
a change in temperature. It is often 
apparent when a circuit has been op-
erated in a controlled environment, 
in a laboratory, for example, which 
provides stable performance. When 
the PA is moved into the field, where 

To better understand how the cop-
per surface roughness of a circuit ma-
terial can impact the insertion loss for 
different thicknesses of the same circuit 
substrate material, Figure 2 shows mi-
crostrip transmission line circuits fabri-
cated on the same substrate, but with 
different material thicknesses and cop-
per surface roughness. The plots show 
circuit materials with a standard level 
of copper surface roughness at 2.8 µm 
RMS compared to LoPro laminate 
from Rogers Corp. with copper sur-
face roughness of only 0.8 µm RMS. As 
shown, the benefits of a smoother cop-
per surface for circuit insertion loss are 
much greater for the thinner circuits 
than the thicker circuits, with a differ-
ence in insertion loss of about 0.3 dB/
in for the 7.3 mil thick circuit (when 
switching to the smoother copper sur-
face) compared to a difference of about  
0.1 dB/in for the 20 mil thick circuits.

Circuit material insertion loss is a 
concern for PA designers for a num-
ber of reasons, one of which is thermal 
management. A PA built on a PCB 
with higher insertion loss will gener-
ate more heat per applied amount of 

tion loss was most affected by conduc-
tor loss, reiterating that changes to the 
circuit material’s conductor properties 
will have the greatest impact on the 
circuit’s insertion loss performance.

The copper surface roughness of a 
high-frequency circuit material can have 
an impact on the material’s conductor 
loss.3 A circuit material with a rough 
copper surface will have increased con-
ductor loss compared to the same circuit 
material with a smooth copper surface. 
How much the circuit material’s con-
ductor loss will change with a change in 
copper surface roughness will depend 
on how much the conductor losses 
dominate the material’s insertion loss. 
For the insertion loss of the thin circuit 
material shown in Figure 1a, a change 
in copper surface roughness will have a 
significant impact on the circuit mate-
rial’s insertion loss. For a thicker circuit 
material, the same change in copper 
surface roughness will not impact the 
material’s insertion loss performance as 
much, and adjustments to the thicker 
material’s dissipation factor would have 
more impact on the insertion loss of the 
thicker circuit material.

s Fig. 2  Comparison of smooth and rough 
copper surface on the same substrate at dif-
ferent thicknesses.
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will be through the substrate. In such a 
case, the PCB thermal conductivity will 
provide a measure of the circuit mate-
rial’s capability to transfer any heat gen-
erated in the circuit traces to the heat 
sink, with higher values of PCB thermal 
conductivity sought for PAs operating at 
higher power levels.

Table 2 shows typical values of 
circuit materials commonly used for 
PCB-based microwave PA applica-
tions. In general, TCDk numbers 
closer to zero in a mathematical ab-
solute value sense are more ideal. In 
terms of thermal conductivity, higher 
values are better. As a rule of thumb, a 
good value of thermal conductivity for 
a PA circuit is 0.50 W/m/K or higher.

ATTACHING A HEAT SINK
Thermal management is a critical 

component for achieving high reliabil-
ity in any microwave PA, and an impor-
tant step in this process involves attach-
ing the microwave PA PCB to a heat 
sink. Several options are available for 
attaching the PA PCB’s ground plane 
to a heat sink, including mechanical 
screw-down fasteners, sweat soldering 
and applying thermally and electrically 
conductive adhesive (TECA). Each ap-
proach offers its own set of capabilities  
and limits. TECA can provide a very 
uniform and consistent bond without 
voiding or air gaps. In the past, some 
TECA materials have had issues with 
delamination through lead-free solder 
refl ow, or they would suffer changes in 
electrical properties at elevated tem-
peratures. But the latest generation of 
TECA materials solved these problems 
and provided consistent and reliable 
performance, even at elevated tem-
peratures.

To better understand the use of 
TECA and its impact on PCB material 
insertion loss, a simple experiment was 
performed: a 10 mil thick microstrip 
transmission-line circuit, TECA and a 
thick copper heat sink was assembled 
in the confi guration shown in Figure 
3. The transmission-line circuit was ini-
tially evaluated for insertion loss using 
the differential-length method, testing 
the circuit as a microstrip transmission 
line without the addition of the TECA 
or heat sink. The TECA and heat sink 
were then attached through a lamina-
tion process, and the insertion loss was 
tested with the TECA and heat sink as 
part of the ground return path, since 
end launch connectors were used and 

ylene (PTFE) 
laminates used 
for microwave 
applications ex-
hibit relatively 
high TCDk val-
ues, which can 
be a concern for 
applications de-
signed for a wide 
range of oper-
ating tempera-
tures. Ceram-
ic-fi lled PTFE 
circuit materials 

tend to provide better TCDk proper-
ties and are better suited for applica-
tions that must handle wide operating 
temperature ranges.

THERMAL CONDUCTIVITY
PCB thermal conductivity is an im-

portant circuit material parameter for 
PA designers. Because of the circuit 
trace heating exhibited by higher-power 
PAs, they are often mounted on heat 
sinks. For PAs with high levels of trace 
heating, the thermal path to the heat 
sink is often through the circuit sub-
strate material, and the heat fl ow path 

the temperature may be changing and 
spans a much wider range, the perfor-
mance of the circuit changes with the 
change in temperature. The result is 
a change in εr  which can cause im-
pedance shifts and performance varia-
tions. The TCDk parameter provides 
a way to compare this behavior for dif-
ferent circuit materials. Many PCB-
based PAs will generate heat during 
normal operation and can create their 
own temperature change in addition 
to temperature changes from environ-
mental effects.

Some low-loss polytetrafl uoroeth-

TABLE 2
THERMAL PROPERTIES OF COMMON MATERIALS USED IN 

MICROWAVE PCB POWER AMPLIFIER APPLICATIONS

TCDK
(ppm/°C)

Thermal 
Conductivity 

(W/m/K)

Typical Woven Glass PTFE 
laminate

-150 0.25

Modifi ed PPE laminate 70 0.35

Ceramic fi lled PTFE laminate -30 0.50

RO4350BTM laminate 50 0.64

RT/duroid® 6035HTC laminate -66 1.44
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the ground was being picked up from 
the bottom of the circuit (the heat sink 
in this case). Following these mea-
surements, the circuit assembly was 
subjected to a lead-free solder reflow 
cycle two times and the insertion loss 
was tested again. As Figure 4 shows, 
there is no difference in insertion loss 
for the microstrip circuit with the addi-
tion of the TECA and heat sink, or with 
the completion of the lead-free solder 
reflow cycles. The TECA used in this 
study appears to perform after reflow 
cycles.

CONCLUSION
In general, some basic parameters 

can serve as guidelines when selecting 
circuit materials for microwave PA ap-
plications. A candidate PCB material 
for a microwave PA should have an εr 
tolerance that is ±1.5 percent or bet-
ter, low dissipation factor, low inser-
tion loss (possibly a PCB material with 
smooth copper), low TCDk and high 
thermal conductivity. In addition to 
these recommendations and the cir-
cuit fabrication guidelines of Table 1 
for minimizing impedance variations, 

s Fig. 4  Microstrip insertion loss testing of 
bare circuit, then following TECA attach-
ment to heat sink and two lead-free solder 
reflow cycles.
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s Fig. 3  Test vehicle configuration to 
evaluate the use of TECA and its influence on 
insertion loss.
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circuits with a conductor width toler-
ance of ±0.5 mil or better are recom-
mended for microwave PA designs, as 
well as the same tolerance and value 
for copper plating thickness.

Selecting circuit materials for mi-
crowave PAs is never routine and it is 
always a good idea to have the circuit 
material supplier involved in the se-
lection process, helping evaluate basic 
design and circuit fabrication consid-
erations. A circuit material supplier’s 
experience with many different high-
frequency circuits can lend a great 
deal of valuable guidance to a specific 
microwave PA design. ■
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Second Harmonic Tuning for 
a Broadband High Efficiency 
GaN Power Amplifier
Qiao Ke, Tang Zongxi
University of Electronic Science and Technology of China, Chengdu, China

A new method for designing a harmonically tuned wideband power amplifier 
(PA) achieves high efficiency over a wide bandwidth. The operating bandwidth is 
divided into two bands in which the second harmonic output impedances of each 
are controlled for higher power added efficiency (PAE) and output power. To 
validate this approach, a broadband GaN power amplifier is designed to operate 
in the 2.1 to 2.7 GHz range. The frequency band is divided into two bands, 2.1 
to 2.4 GHz and 2.4 to 2.7 GHz with their second harmonic output impedances 
each controlled to improve PAE and output power. The measured power output is 
greater than 40 dBm and the efficiency is better than 60 percent between 2.1 and 
2.7 GHz. The power gain is better than 12 dB and the flatness is less than 1.5 dB 
in the design band.

In modern cellular base stations, output 
power, efficiency and linearity are the key 
requirements in the design of the PA. But 

with the growing number of wireless services, 
there is an increasing demand for wideband 
communication systems. The narrow frequen-
cy band power amplifier cannot meet future 
demands for massive data transmission; so 
bandwidth is another important design speci-
fication.

Although very high efficiencies have been 
recently reported for Class-F and Class-F-1 
PAs,1-3 the use of harmonic traps in the load 
network makes the bandwidth of these ampli-
fiers rather narrow. Some wideband switched 
power amplifiers have been designed, includ-
ing wideband Class E PAs,4-6 but are limited 
by load conditions. Harmonic tuning is good 
for high efficiency,7-10 but is not suitable for 

broadband operation. If the operating band is 
segmented, however, we show that harmonic 
tuning can provide broadband performance.

HARMONICALLY TUNED PA DESIGN
Generally, the second and the third har-

monic output impedances are important for 
efficiency and output power. Impedances at 
higher harmonics have less effect on efficien-
cy and increase the complexity of the circuit. 
Thus, in order to simplify the circuit and im-
prove efficiency, only the second harmonically 
tuned GaN power amplifier is considered.

Figure 1a shows a typical second har-
monically tuned circuit. The length of the TL2 
transmission line is l/4 at the fundamental 
center frequency (ƒ0), open for odd harmonics, 
but shorted for even harmonics. The optimal 
reflection coefficient for the second harmonic 
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To determine the effect of the 
harmonic terminations at the output, 
the second harmonic refl ection coeffi -
cients are swept during load-pull sim-
ulations while the fundamental source 
and load impedances are kept con-
stant. Figure 2 shows the effi ciency 
and output power of the device versus 
phase variation of the second harmon-

In the new circuit, shown in Fig-
ure 1b, the second harmonic refl ec-
tion coeffi cients (�2ƒ1, �2ƒ2) are de-
termined by TL1, TL2, TL3 and TL4. 
TL1 and TL2 are used to tune the 
low band, while TL1, TL3 and TL4 
are used to tune the high band. The 
length of TL1 is �/4 at the low band 
center frequency (ƒ1) and length of 
TL4 is �/4 at the high band center fre-
quency (ƒ2).

(�2ƒ0) is obtained with the TL2 and 
TL1 transmission lines. Over a broad 
bandwidth, however, the �/4 trans-
mission line is not a perfect short at 
the second harmonic, and in turn, the 
refl ection coeffi cients of second har-
monic frequencies for wideband op-
eration are not optimum. In order to 
optimize second harmonic output im-
pedances for wideband performance, 
the operating band is divided into two 
frequency bands (low band and high 
band) and the harmonic impedances 
are separately controlled for each 
band.

 Fig. 1  Harmonically-tuned power amplifi -
ers: traditional design (a) wideband design (b).

�2f0

VDD

R

OMN

(a)

TL1

TL2

�2f2
�2f1

VDD

R

OMN

(b)

TL1 TL3
TL4

TL2

 Fig. 2  Effi ciency and output power versus 
second harmonic load refl ection coeffi cient  
( f = 2.4 GHz, VDD = 28 V, VGS = –2.7 V).
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 Fig. 4  Matching scheme of the harmonically-tuned power amplifi er.
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impedances over the operating band of 
2.4 to 2.7 GHz. Finally, input and out-
put wideband matching is performed at 
the fundamental. The complete match-
ing scheme is shown in Figure 4.

Figure 5 shows the simulated 
drain voltage as a function of time for 
different frequencies. With optimized 
fundamental and harmonic imped-
ances, the voltage waveform is similar 
to the ideal voltage waveform when 
the maximum PAE is achieved at an 
output power of 10 W. The bottom of 
the voltage waveform is fl at and there 
is little overlap of current and voltage 
between 2.1 and 2.7 GHz, so the pow-
er dissipation is small.

EXPERIMENTAL 
CHARACTERIZATION

The broadband second harmoni-
cally tuned PA is fabricated on a di-
electric substrate (RO4350, εr=3.66, 
h=0.508 mm) as shown in Figure 6. 
With a continuous wave (CW) input 
signal and biased with VDD=28 V and 
VGS=-2.7 V, the PA has a small-signal 

put refl ection coeffi cient, which also 
has an impact on effi ciency and output 
power can be adjusted with the input 
�/4 line of the DC choke.

The design band is 2.1 to 2.7 GHz, 
which includes a number of commu-
nications standards like the W-CDMA 
downlink bands of 2.11 to 2.17 GHz, 
and 2.6 GHz as defi ned by TD-LTE. A 
10 W GaN HEMT (CGH40010F) from 
Cree Inc., is selected as the PA device. 
Input and output fundamental imped-
ances and output second harmonic im-
pedances are obtained from load and 
source-pull measurements. Given that 
the length of TL2 is �/4 at 2.2 GHz, 
TL1’s electrical length is adjusted to 
provide suitable second harmonic out-

put impedances over 
the operating band 
of 2.1 to 2.4 GHz. 
Given that the length 
of TL4 is �/4 at 2.6 
GHz, TL3’s electrical 
length is adjusted to 
provide suitable sec-
ond harmonic output 

ic refl ection coeffi cient at different re-
fl ection coeffi cient magnitudes rang-
ing from 0.3 to 0.9, with an interval of 
0.2. The change of effi ciency and out-
put power with phase is apparent for 
a fi xed magnitude of refl ection coef-
fi cient. In particular, when the phase 
= 220°, PAE and Pout are signifi cantly 
lower. In the process of designing the 
power amplifi er, these phases should 
be avoided.

In general, the optimal second har-
monic refl ection coeffi cient is
�second,opt = 
magnitude.exp(j.phase) (1)

in which the magnitude is close to 
1 on the edge of the Smith Chart (see 
Figure 3). The second harmonic in-

 Fig. 5  Simulated drain voltage and current waveforms 
(VDD = 28 V).
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PAE are shown in Figure 8. An out-
put power of at least 40 dBm and ef-
ficiency of greater than 60 percent are 
achieved across the operating band. 
The efficiency between 2.0 to 2.2 
GHz and 2.55 to 2.7 GHz is better 
than at 2.4 GHz due to benefits of sec-
ond harmonic tuning in the low and 
high bands. The gain is better than 12 
dB in the 2.1 GHz and 2.7 GHz range, 
with the gain flatness less than 1.5 dB. 
Good agreement is achieved between 
the simulations and experimental re-
sults.

CONCLUSION
A new method for the design of 

broadband harmonically tuned pow-
er amplifiers is described and dem-
onstrated. The operating frequency 
band is divided into two for the con-
trol of second harmonic impedances 
to obtain high PAE and output power 
across the entire band. Performance 
of a wideband, high efficiency PA built 
using this design approach agrees 
closely with simulation. ■
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gain higher than 14 dB in the design 
frequency band, with a return loss 
better than 10 dB. Figure 7 shows 
good agreement between simulation 
and measurements.

Measured output power, gain and 

s Fig. 7  Simulated and measured  S11 ,  S21  
versus frequency.
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A Low Phase Noise Oscillator 
Based on an Active Substrate 
Integrated Waveguide 
Resonator
Chengjie Su, ZongXi Tang, Biao Zhang and YunQiu Wu
University of Electronic Science and Technology of China, Chengdu

An X-Band low phase noise oscillator based on an active substrate integrated 
waveguide (SIW) resonator uses series feedback to generate a negative resistance, 
compensating for the resonator’s loss and improving its quality factor (Q). 
Performance of a negative-resistance oscillator designed using the active 
resonator is compared with that of a negative-resistance oscillator using a passive 
SIW resonator. The measured oscillation frequency of the active resonator 
oscillator is 10.19 GHz with an output power of 8.26 dBm. Its phase noise is 
-120.1 dBc/Hz at 1 MHz offset, which is about 8 dB lower than that of a similar 
oscillator with a passive resonator.

Microwave oscillators generally employ 
series and parallel feedback networks 
requiring frequency stabilization ele-

ments. There are several choices, such as dielec-
tric resonators (DR),1-3 elliptic filters,4 ring res-
onators5 and hairpin resonators.6 The most im-
portant performance parameter is phase noise, 
since it determines a communication system’s 
overall performance.7 It is well known that low 
phase noise oscillators require high Q frequency 
stabilization elements. Although the DR has 
a high quality factor, it is not easily integrated 
with other circuit elements due to its bulky and 
non-planar profile; while microstrip resonators, 
though easily integrated, exhibit low Q values.

In recent years, substrate integrated wave-
guide structures have received much attention. 
SIW consists of two rows of metallic vias on a 
substrate and has similar propagation charac-
teristics as that of rectangular waveguide; for 
example, an SIW cavity’s resonant frequency 
is determined by its geometric dimensions. 
Moreover, SIW has several benefits, such as a 
potentially high-Q factor, low insertion loss and 
PCB compatibility.

Yet, the Q of an SIW resonator is still lim-
ited by dielectric, conductor and radiation loss-
es, which compromise oscillator phase noise 
performance. This article discusses the use of 
an active SIW resonator for increased Q in an 
X-Band low phase noise oscillator.

HIGH-Q ACTIVE SIW RESONATOR 
DESIGN AND ANALYSIS

There are generally two alternatives for 
the design of an active resonator: coupling to 
a negative resistance to compensate for the 
loss of passive resonator, or equating an active 
feedback loop to a negative resistance.8 For 
simplicity, the first one is chosen in this work.

Figure 1a is a top view of a passive SIW 
reflective resonator and its equivalent cir-
cuit (W=L=13.9 mm, R=0.3 mm, P=1 mm, 
Wp=0.1 mm, Lp1=2 mm, Wm=1.6 mm). The 
passive SIW resonator is modeled as a series 
RLC circuit. In this case, Rloss represents the 
combined dielectric, conductor and radiation 
losses, and L, C are determined by the SIW’s 
physical dimensions to obtain the desired reso-
nant frequency.
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Because of its similarity with rect-
angular waveguide,9 the propagation 
characteristics of the SIW’s TE10 -like 
mode are very close to a rectangular 
waveguide’s TE10 mode. Consequent-
ly, the resonant frequency of SIW 
resonator is determined from the fol-
lowing equation:

( )
( )( )

=

+

f TE

c

2 e
m / W q / L (1)

r m0q

0

r

2 2

where W and L are the length and 
width of the SIW resonator, and c0 
and r are the speed of light in a vacu-
um and the relative dielectric constant 
of substrate, respectively. As shown in 
Figure 1a and the solid line of Figure 
1d, the simulated TE101 mode reso-
nant frequency for the passive reso-
nator is 10.09 GHz when W=L=13.9 
mm, the unloaded Q is

=Q
wL

R
(2)passive

loss

In order to increase the Q, the de-
nominator Rloss must decrease. From 
Figure 1d and the method of Drozd 
and Joines,10 the simulated loaded Q 
(ZL=50 ohms) of a passive SIW reso-
nator is about 500.

An active device operating in 
its unstable region can provide an 
equivalent negative resistance, and a 
transistor’s unstable region can be en-
hanced by using series feedback. For 
a field effect transistor (FET), either 
a series-feedback inductor or a series-
feedback capacitor of a few picofar-
ads may be used.11 In this article, the 
former is chosen and the series-feed-
back inductor is realized with two mi-
crostrip lines shorted to ground. Fig-
ure 1b is a top view of an active SIW 
reflective resonator and its equivalent 
circuit. Rneg (Rneg < 0) is the nega-
tive resistance. Figure 1c shows the 
simulated negative resistance Rneg. 
The equivalent resistance of the active 
SIW resonator is

= + <R R R R (3)a loss neg loss

Therefore, the unloaded quality fac-
tor is

=Q
wL
R

(4)Active
a

It is apparent that Qactive > Qpassive 
given the same dimensions and reso-

s Fig. 1  Structure of the passive SIW reso-
nator and its equivalent circuit (a) structure 
of the proposed active SIW resonator and 
its equivalent circuit (b) simulated negative 
resistance Rneg (c) and simulated S11 of active 
(blue) and passive (red) SIW resonator (d). 
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situation, the active device impedance 
ZIN is a function of input power and 
frequency. According to equations 6 
and 7, the output matching network 
impedance must satisfy the condition 
ZL = - ZIN.

The matching function requires 
that both the insertion loss and pass 
band attenuation ripple of the Che-
byshev filter at the fundamental fre-
quency be very small, while the har-
monic suppression function requires 
that insertion loss of the Chebyshev 
filter at the harmonics be very large. 
To accomplish both functions, a six- 
order, short-step Chebyshev imped-
ance transformer is selected.

A short-step Chebyshev imped-
ance transformer12 not only fulfills 
the output matching requirement at 
the fundamental, but also enhances 
harmonic suppression. Because the 
method and data of Matthaei12 can 
match only two resistive terminations, 
however, complex impedance match-
ing is performed using simulation 
tools per Chen and Peroulis.13

Figure 2 is a top view of the ac-
tive resonator oscillator. It includes an 
active SIW resonator, a transistor with 
output matching network, and an out-
put coupling capacitor to prevent DC 
current flowing into the measuring in-
strument.

MEASUREMENT
Figure 3a shows a negative resis-

tance oscillator with an active SIW 
resonator fabricated on Rogers RT/
Duroid 5880 with a relative dielectric 
constant εr = 2.2, loss tangent tand = 
0.0009 and thickness of 0.508 mm. For 
comparison, a negative resistance os-
cillator using a passive SIW resonator 
is also fabricated, as shown in Figure 
3b. The two resonators have the same 
physical dimension except that the ac-
tive one has two terminations. The ac-
tive SIW resonator uses Avago’s ATF-
35143 pseudomorphic high electron-
mobility transistor (PHEMT). Its DC 
bias voltages are Vgs = 0 V, Vds =2 V. 
Negative resistance for both the active 
and passive resonator oscillators is pro-

nant frequency. As shown in Figure 1b 
and the dotted line of Figure 1d, the 
simulated TE101 mode resonant fre-
quency for the active SIW resonator is 
10.03 GHz , and the simulated loaded 
quality factor (ZL=50 ohms) is about 
2100. The resonant frequency of the 
active resonator is below that of the 
passive resonator due to the coupling 
capacitance, the parasitic capacitance 
and inductance of the active circuit.

OSCILLATOR DESIGN
In principle, a circuit will oscil-

late sustainably if the active device 
continuously supplies energy equal 
to the energy dissipated. In this case, 
an active SIW resonator is coupled to 
a microstrip line in series and then 
connected to the active device. If the 
lengths of microstrip line between the 
source electrode and ground, and the 
resonator and the active device, are 
properly chosen, the active device will 
provide sufficient negative resistance 
to sustain oscillation at the desired 
frequency.

The oscillator is designed based on 
large-signal measurement.11 Let RIN 
and XIN represent the real part and 
imaginary parts of the active device 
impedance ZIN, and let RL and XL be 
the real part and imaginary parts of the 
output matching network impedance 
ZL. The necessary relation between 
RIN and RL to initiate oscillation is

− <R R 0 (5)IN L

In this case, the oscillation is un-
stable and its amplitude will grow. It 
will continue to build as long as equa-
tion 5 is satisfied; however, the abso-
lute value of the negative resistance, 
RIN, decreases due to the nonlinear 
performance of the active device un-
til the oscillation reaches a steady 
state. When steady-state oscillation 
is reached, the relationships between 
RIN and RL, and XIN and XL are:

+ =
+ =

R R 0 (6)

X X 0 (7)
IN L

IN L

Oscillator design 
based on large-sig-
nal measurement 
can provide char-
acteristics of oscil-
lator performance 
such as power and 
harmonics. In this s Fig. 2  Top view of the overall active resonator oscillator design.
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3.		 B.I. Son, H.C. Jeong and K.W. Yeom, “De-
sign of a Low Phase Noise Voltage Tuned 
DRO based on Improved Dielectric Reso-
nator Coupling Structure,” Asia Pacific Mi-
crowave Conference Proceedings, Decem-
ber 2012, pp. 1121-1123.

4.		 C.H. Tseng and C.L. Chang, “Design of 
Low Phase-Noise Microwave Oscillator 
and Wide Band VCO Based on Microstrip 
Combline Bandpass Filters,” IEEE Trans-
actions on Microwave Theory and Tech-
niques, Vol. 60, No. 10, October 2012, pp. 
3151-3160.

5.		 L.H. Hsieh and K. Chang, “Slow-Wave 
Bandpass Filters Using Ring or Stepped-
Impedance Hairpin Resonators,” IEEE 
Transactions on Microwave Theory and 
Techniques, Vol. 50, No. 7, July 2002, pp. 
1795-1800.

6.		 L. Dussopt, D. Guillois and G.M. Rebeiz, 
“A Low Phase Noise Silicon 9 GHz VCO 
and an 18 GHz Push-Push Oscillator,” 
IEEE Microwave Theory and Techniques 
International Symposium Digest, Vol. 2, 
June 2002, pp. 695-698.

7.		 Y.T. Lee, J. Lee and S. Nam, “New Planar 
High Q Active Resonator and Its Applica-
tion to Low Phase Noise Oscillators,” IEEE 
Microwave Theory and Techniques Inter-
national Symposium Digest, Vol. 3, June 
2004, pp. 2007-2010.

8.		 Z. Chen, W. Hong and J.X. Chen, “High-
Q Planar Active Resonator Based on Sub-
strate Integrated Waveguide Technique,” 
Electronics Letters, Vol. 48, No. 10, May 
2012, pp. 575-577.

9.		 F.F. He, K. Wu, W. Hong, L. Han and 
Xiaoping Chen, “A Low Phase-Noise VCO 
Using an Electronically Tunable Substrate 
Integrated Waveguide Resonator,” IEEE 
Transactions on Microwave Theory and 
Techniques, Vol. 58, No. 12, December 
2010, pp. 3452-3458.

10.		 J.M. Drozd and W.T. Joines, “Determining 
Q Using S Parameter Data,” IEEE Trans-
actions on Microwave Theory and Tech-

phase noise of the active resonator fails 
to decrease further beyond 1 MHz off-
set. There are two causes, one is noise 
floor deterioration due to the active de-
vice’s noise figure, and the other is due to 
influences from external noise sources. 
The former may be alleviated through 
careful design of the active SIW resona-
tor, and a metal shielded cavity will re-
duce the effects of the latter.

CONCLUSION
An active SIW resonator is designed 

to have a Q higher than that of a pas-
sive SIW resonator. The phase noise of 
an X-Band oscillator using the active 
resonator is -120.1 dBc/Hz at 1 MHz 
offset, which is about 8 dB lower than 
that of a similar oscillator with a passive 
resonator. The results indicate that the 
use of an active resonator is beneficial 
in reducing oscillator phase-noise. ■
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A diplexer circuit, as shown in Figure 1, 
is a very practical circuit for dividing the 
frequency spectrum into essentially two 

non-overlapping parts. Crossover attenuation 
(Ao) as a design parameter has been unavail-
able in the past, thus limiting the designer’s 
options. This is no longer a constraint with Am-
plitech’s new design. The designer now has the 
option to increase channel to channel isolation 
as required by using the variability of the cross-
over attenuation.

Complementary diplexers exhibit a near 
perfect input match across the entire band of 

coverage. The cost of this is an 
inherent restriction in the cross-
over attenuation to 3 dB (i.e., a 
half power split). For many ap-
plications, this level of crossover 
isolation is too small. Such de-
sign limitations can be circum-
vented only by giving up the 
match at the input and going to 
a non-complementary design.1 
This allows controlled interac-
tion between the input imped-
ances to each diplexer channel. 

A greater level of selectivity is also achieved for 
a given number of elements per ladder. This 
permits smaller size and lower loss for a given 
level of rejection.

For a given rate of cutoff in the complemen-
tary class, each channel with v elements per 
ladder, experiences a cutoff rate of “6v dB per 
octave,” while in the non-complementary class 
described herein, each channel with v elements 
per ladder, experiences a cutoff rate of “2 × 6v 
dB per octave.” This is due to the contributory 
influence of the neighboring channel resulting 
in designs which are able to fit in smaller vol-
umes for the same selectivity, because fewer 
elements per channel are required when both 
channels contribute to the response. This pro-
vides more “bang for the real estate buck.”

One may control the width of the transition 
region that exists between bands (i.e., where 
S11 is no longer to be matched) to any desired 
degree through the choice of ν with great ef-
fect.1 Thus, the effect of the mismatch is lim-
ited to an inconsequential band of frequencies. 
Other approaches that attempt to increase se-
lectivity in this region often include topologies 
which are more complicated, since they are 
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s Fig. 1  Diplexer circuit.
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to the tab connections. The fixture is 
shown in Figure 4. A trade off com-
parison for each diplexer type is given 
in Table 1.

Applications
The construction of Amplitech’s 

new type of variable crossover, ladder 
realizable diplexer in an SMT pack-
age, has been practically demonstrat-
ed. The features of this design class 
are summarized in Table 1. The ap-
plications for this circuit include cell 
phone (separating GPS from other 
signals); mixer design enhancement; 
multi-channel communication sys-
tems; as well as SATCOM and EW 
systems. This circuit facilitates higher 
levels of system integration since pas-
sive circuits such as diplexers are often 
“tall poles” in the system size require-
ments. Future efforts will explore the 
use of even smaller packaging.
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SMA (or other similar types) connec-
tions. Once tested, the SMT package 
may be removed from the test fixture. 
With connection tabs now exposed, 
the SMT diplexer may then be inte-
grated into a higher level of assembly 
where it might be used in its intended 
application. The SMT diplexer may 
remain in the test fixture for contin-
ued use in system applications where 
the SMA connections are preferred 

suboptimal and may involve the use 
of finite transmission zeros to improve 
selectivity where they might other-
wise be avoided. Amplitech’s topology 
avoids the use of finite transmission 
zeros altogether. Designs are built 
with a minimum of complications pro-
viding more “bang for the manufac-
turability buck.”

Circuit Construction and 
Data

The present goal for this design 
example was to complete the circuit 
construction while employing a sur-
face mount (SMT) package and tak-
ing advantage of all of the benefits 
associated with such packaging. This 
includes size, ease of manufacturabil-
ity and cost. The result of this effort is 
shown in Figure 2.

The test data is shown in Figure 3, 
where the attenuation for each chan-
nel is shown overlaid in the graph 
on the top and the SWR results are 
shown on the bottom of the figure for 
each of the three ports. The measured 
data was in good agreement with the 
initial design parameters. Good re-
jection was achieved with both good 
match and isolation.

A test fixture was developed as part 
of this effort. When the SMT package 
is loaded into this fixture, the assem-
bly can be tested using a typical net-
work analyzer test set-up employing 

s Fig. 2  Diplexer construction employing 
surface mount packaging.

s Fig. 3  Surface mount diplexer measured data.
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s Fig. 4  New test fixture for the SMT 
diplexer.

TABLE 1
Non-complEmentary diplexer performance summary

Performance 
Parameter

Non-Complementary Complementary

Crossover Attenuation Variable Fixed

Isolation Higher than Complementary 
Case

Limited

Size Smaller-Requires less elements 
for the same performance

Larger- Requires more elements  
for the same performance

Manufacturability Higher Yields-Simpler Designs More Elements-More 
Complexity

Input Match Unconstrained-Under control of 
designer

Overconstrained
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ProductFeature

Technical advancements within the tele-
communications industry as well as 
aerospace, defense and medical mar-

kets are driving manufacturers and carriers of 
wireless devices to push performance into the 
higher frequency bands. XMA Corp. has in-
troduced a new 1.85 mm product family that 
includes coaxial attenuators, terminations and 
adapters, expanding its product offerings to 
meet the challenges of the 65 GHz millimeter 
wave market.

All three product types operate from DC to 
65 GHz. They are Defense Federal Acquisi-
tion Regulation (DFAR) compliant and feature 
unique identification grooves located on the 
housing and coupling nut to visually differenti-
ate them from similar looking lower frequency 
products. The materials and finishes used on all 
of XMA’s 1.85 mm product lines are very du-
rable and suitable for military/aerospace grade 
applications.

Attenuators
XMA 1.85 mm, DC to 65 GHz, 1 W, 50 

ohm attenuators are available in six different 
attenuation values: 3, 6, 10, 15, 20 and 30 dB 
and offer attenuation accuracy as low as ±0.75 
dB from DC to 26.5 GHz. These models fea-
ture an air compensated, PTFE (Teflon®) 
dielectric support bead, passivated stainless 
steel housings and coupling nuts, and gold 

plated beryllium copper center conductors. 
Figure 1 shows the typical S-parameter data 
for the 10 dB units.

Terminations
XMA 1.85 mm, DC to 65 GHz, 1 W, 50 

ohm male terminations weigh 4.6 grams and 
operate from -55° to +100°C. VSWR perfor-
mance is rated at 1.20:1 from DC to 18 GHz, 
1.30:1 from 18 to 40 GHz and 1.35:1 from 40 
to 65 GHz. These products feature a passivated 
stainless steel housing and coupling nut, a gold 
plated beryllium copper center conductor and 
a PTFE (Teflon®) dielectric. Figure 2 shows 
the typical S-parameter data for these units.

Adapters
XMA 1.85 mm, DC to 67 GHz, In-series 

adapters are offered in three standard con-
figurations: female-to-female, male-to-male 
and male-to-female. They offer <1.35:1 VSWR 
from DC to 67 GHz, have an operational tem-
perature range of -55° to +100°C and can 
handle a maximum average power of 20 W at 
25°C. RF leakage is specified at > 90 dBc. A 
feature of the 1.85 mm adapter family is that 
they are all phased matched to within ±10° 
of each other. These models have gold plated 
stainless steel housings and coupling nuts, gold 
plated beryllium copper center conductors and 
PTFE (Teflon®) dielectrics.
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Coaxial Attenuators, 
Terminations and 
Adapters
XMA Corp.
Manchester, N.H.
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Paris la Défense

pub microwave GB 178X124 N°1325:Mise en page 1  22/10/14  16:53  Page1

quisition of the Omni Spectra® product line from M/A-
COM Inc. The 30 plus year legacy of Omni Spectra is well 
known in the RF and microwave industry and has been 
recognized as a “Gold Standard” when it comes to quality, 
performance and value.

XMA Corp. 
Manchester, N.H.  
www.xmacorp.com

XMA’s line of rugged, high quality, 1.85 mm precision 
adapters, attenuators and terminations are designed to ex-
ceed the ever increasing demands of the 65 GHz market 
and provide “off-the-shelf” solutions for high frequency, 
millimeter wave applications.

XMA Corp.
XMA Corp. was established in 2003 through the ac-

s Fig. 1  Measured performance for 10 dB attenuators: Top shows 
SWR at input (red) and output (blue). Bottom shows S21. 
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s Fig. 2  Measured SWR for DC to 65 GHz terminations.
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RF/Microwave Training Series
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ter	Wave	Frequencies
•	Simulations	of	Gyrotrons	with	VSim
•		Practical	Simulation	and	Design	of	Broadband	GaN	RF	Power	
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•		Peregrine’s	UltraCMOS®	Technology:	Delivering	Intelligent	

Integration
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Advanced	Standard
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TechBrief

The upconverter and HPA are 
also sold as separate products. The 
HMC7053 is a fully integrated Ka-
Band upconverter, with SMA inputs 
and a 2.9 mm output connector. The 
HMC7054 HPA has a 2.9 mm input 
connector and WR28 waveguide out-
put. The HPA, which utilizes GaAs 
MMIC technology, operates at 5 V 
and draws 14 amps.
Analog Devices Inc. 
Norwood, Mass.  
www.analog.com/hittitemw

Block Upconverter with 
HPA for Ka-Band

H ittite Products from Analog 
Devices has introduced a new 
Ka-Band block upconverter 

with high power amplifier (HPA), de-
signed for single carrier use in satel-
lite communications. The HMC7056 
upconverts an input signal between 1 
and 2 GHz to an output between 29 
and 31 GHz, which covers both the 
commercial (29 to 30) and military (30 
to 31) satellite bands.

The upconverter has 65 dB of 
conversion gain and provides a lin-
ear output up to 37 dBm. The de-
sign employs dual upconversion with 
integrated local oscillators (LO) to 

ensure no phase inversion and maxi-
mum spurious rejection. The LOs re-
quire an external 100 MHz reference 
signal. Other features include digital 
gain control, thermal monitoring and 
gain compensation, HPA enable and 
an output isolator to ensure excel-
lent output VSWR. The HPA output 
mates with WR28 waveguide.

The block upconverter operates 
over the -20° to +80°C temperature 
range and is designed to be used with 
conduction cooling. It meets military 
environment conditions. The unit 
weighs 2.11 lbs and measures 5.72" × 
4.51" × 1.63".
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HL9403 SMT broadband balun, are 
both specified to 20 GHz. Since their 
2012 release, these components have 
been adopted by instrument manu-
facturers, IC designers and research 
labs around the world.

HYPERLABS products are de-
signed and manufactured at the com-
pany’s facility in Beaverton, Ore.

HYPERLABS  
Beaverton, Ore.  
www.hyperlabsinc.com

5 MHz to 40 GHz Balun 

T he HL9404 broadband balun 
from HYPERLABS covers 5 
MHz to 40 GHz and converts a 

single-ended input to differential out-
puts with tight amplitude and phase 
matching. Amplitude match is typi-
cally ±0.1 dB to 20 GHz and ±0.25 dB 
from 20 to 40 GHz. Phase match is 
specified at ±2 degrees at 10 GHz and 
±4 degrees at 18 GHz.

A high-precision balun such as the 
HL9404 improves performance in 
high-speed ADCs, mixers, harmonic 
mixers, amplifiers, up/down convert-
ers and other systems. Exceptional 
amplitude and phase match ensure 
that second harmonic distortion is 

minimized at all frequencies.
The balun’s insertion loss is ap-

proximately 6 dB and input power 
handling is greater than 30 dBm. The 
input and outputs are matched to 50 
ohms, with K connectors used to in-
terface with adjacent components. 
The size of the balun is 2.19" × 1.5" × 
0.55" and it weighs 1.6 oz.

The HL9404 is priced lower than 
competitive solutions, according to 
HYPERLABS. It is available world-
wide and lead times are usually less 
than a week.

The HL9404 is HYPERLABS’ 
third balun. Its sister products, the 
HL9402 broadband balun and the 

TechBriefs
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International Microwave Symposium
17-22 May 2015  •  Phoenix, AZ17-22 May 2015  •  Phoenix, AZIEEEIEEE MTT-SMTT-S

IMS2015  MUST ATTEND!
The 2015 IEEE MTT-S International Microwave Symposium (IMS2015) is the premier conference for the Microwave 
and RF Industries! With over 9,000 attendees and over 600 industrial exhibits of the latest state-of-the-art 
microwave products, Microwave Week is the world’s largest gathering of Radio Frequency (RF) and Microwave 
professionals and the most important forum for the latest and most advanced research in the area.

SUBMIT YOUR TECHNICAL PAPER  
TO IMS2015 TODAY!

EXPERIENCE ALL THE  
ADVANTAGES OF BECOMING  
AN EXHIBITOR AT IMS2015.

Technical Paper Submissions: Authors 
are invited to submit technical papers describing original 
work on radio-frequency, microwave, millimeter-
wave, and terahertz (THz) theory and techniques. The 
deadline for submission is 8 December 2014. Please 
refer to the IMS2015 website (www.ims2015.org) for 
detailed instructions concerning paper submission, as 
well as a complete list of technical areas. 

Become an Exhibitor: The 2015 IEEE MTT-S  
International Microwave Symposium is the world’s  
premier microwave event. It features a large trade  
show, technical sessions, workshops and panel  sessions 
covering a wide range of topics. Attendee  interests 
include wireless communication, radar,  RF technologies, 
high frequency semiconductors,  electromagnetics, 
commercial and military RF,  microwave and mm-
wave electronics, applications, and much more.  

FOR FULL CONFERENCE DETAILS VISIT
WWW.IMS2015.ORG 

IMS2015 EXHIBIT SPACE IS AVAILABLE.  
For reservation questions or  
further information contact:

The Exhibits Department at MP Associates, Inc.
tel: +303-530-4562  

exhibits@mpassociates.com

JOIN THE CONVERSATION: #IMS2015
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CST STUDIO SUITE 2015 

Computer Simulation Technology 
AG (CST) unveiled the upcoming 
version of its flagship electromag-
netic simulation tool, CST STU-
DIO SUITE® 2015. The software 
is used by engineers and research-
ers working across the electromagnetic spectrum to model systems and 
optimize designs. Its tightly-integrated solvers cover a broad range of fre-
quencies and geometrical scales and are complemented by more special-
ized technology for applications such as PCBs, cables, thermal analysis 
and charged particle devices. With CST STUDIO SUITE 2015, the links 
between the different simulation domains have been tightened and new 
tools have been added to allow users to go beyond what can be done with 
electromagnetic field simulation alone.
Computer Simulation Technology AG (CST)   
www.cst.com

PXI Reference Solution 

Keysight Technologies announced 
a new PXI Reference Solution for 
RF power amplifier (PA) char-
acterization and test. The Refer-
ence Solution, which performs 
S-parameter, harmonic distortion, 
power and demodulation mea-
surements, enables rapid, full 
characterization of next-generation power amplifier modules, such as 
power amplifier-duplexers (PADs). The Reference Solution is optimized 
for high throughput and highly accurate measurement quality. It is the 
only small footprint, full characterization solution for design validation 
and product test of the RF power amplifier, as well as all of the passive 
devices surrounding the power amplifier, such as filters and duplexers. 
Keysight Technologies Inc. 
www.keysight.com

Designer 15 for PCBs
Altium Ltd., announced the up-
coming release of its professional 
printed circuit board (PCB) and 
electronic system level design 
software, Altium Designer 15. It 
includes powerful new enhance-
ments for designing the next gen-
eration of high-speed printed circuit boards and keeping up with industry 
trends, with support for new fabrication output standards as well as sup-
port for both IPC-2581 and Gerber X2. In addition, designers will no lon-
ger require external software or have to maintain complex lists of signals 
and nets, but instead will be able to plan and route groups of high speed 
nets with much greater efficiency and accuracy.
Altium Ltd.  
www.altium.com

Impedance and Power-
Handling Calculator
Isola’s free impedance and power-
handling calculator predicts the 
design attributes for microstrip  
and stripline based on the design’s 
target impedance and dielectric properties of the company’s RF, micro-
wave and millimeter wave laminate materials. The software computes 
changes in the effective dielectric constant due to dispersion at higher 
frequencies. It then computes the total insertion loss, including the di-
electric loss, conductor loss and the loss due to surface roughness. Visit 
isodesign.isola-group.com/phi-calculator to sign in and download.
Isola Group 
www.isola-group.com

ChipScan-ESA 3.0
The ChipScan-ESA analysis soft-
ware from Langer EMV-Technik 
GmbH has been designed for the 
clear and comparable recording 
of a spectrum analyzer’s measure-
ment curves. It allows users to vi-
sualize measuring curves quickly 
and interactively, perform com-
plex analyses and export the curves 
easily. The software has been cus-
tom developed for measurements 
in the field of electromagnetic compatibility (EMC), specifically pre and 
post measurements during the EMC optimization of the device under 
test. The ChipScan-ESA software can also generate and export image 
data and measurement curves for documentation. (System requirements: 
Windows XP and later).
Langer EMV-Technik GmbH  
www.langer-emv.com
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Software and Mobile Apps

Modelithics COMPLETE 
Library 11.3
Modelithics announced this year’s 
major release of the Modelith-
ics COMPLETE Library, version 
11.3 for NI AWR Design Envi-
ronment/Microwave Office circuit 
design software. New simulation 
models have been added for pas-
sive capacitor, inductor, coupler 
and diplexer families, as well as active semiconductor devices from popu-
lar vendors, including AVX, Mini-Circuits, Coilcraft, MACOM, Passive 
Plus, Rohm and Murata. Other additions include over 60 new substrate- 
and part-value-scalable passive Global Models™, non-linear MACOM 
varactor diode models, Rohm and Toshiba non-linear transistor models, 
and over 15 coupler and diplexer models for AVX components.
Modelithics Inc. 
www.modelithics.com
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Call for 
entries

Recognizing Ahead-of-the-Curve Design Innovation

Design submissions now being accepteD

Wireless Design & Development is now accepting nominations for its first annual EDGE Awards 
recognizing and rewarding design engineering excellence in the RF, microwave, and wireless 
markets. We’re looking for those products and services that exhibited fresh, new displays of 
innovation and energized our industry this year.

A panel of industry experts and design peers will help us determine and celebrate the accom-
plishments of the most innovative minds in wireless design in the following categories:

Products
• RF Amplifiers 
• Oscillators 
• Optoelectronics 
• Switches  
• Sensors 
• Antennas 
• Cables & Connectors 

 DeaDline to enter:
January 19, 2015

Visit www.wirelessdesignawards.com  
to submit your design.

 EDGE Award finalists will be announced in the March/April 2015 issue of  
wireless Design & Development. Winners and honorable mentions will be honored at  
the IEEE MTT-S International Microwave Symposium in Phoenix, AZ on May 20, 2015.

This is your chance to be recognized as one of 
the most innovative minds in wireless design.

• Semiconductors 
• Integrated Circuits (ICs) 
•  Signal Processing  

Components 
• Test Equipment 
• Wireless Charging 
• Power 

special recognition
•  Green Technology/ 

Renewable Energy
• Market Disrupter
•  Material Technology  

Innovation

service 
•  Contract Manufacturer  

Innovation
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ROG Mobile 

Rogers Corp. launched ROG Mo-
bile, a free mobile app for Apple 
and Android devices. The new 
app allows users to access Rogers’ 
calculators, including the popular 
MWI (Microwave Impedance) 
simulation tool, literature, techni-
cal papers and to order samples, 
all while on the go with their smart 
phones and tablets. ROG Mo-
bile includes tools and technical information to assist users with Rogers 
Corp.’s high performance printed circuit board materials. Users can also 
stay up to date by viewing articles and tech tips written by Rogers’ experts.  
Rogers Corp. 
www.rogerscorp.com 

RF Calculators and 
Conversion Tools 

Pasternack has created and pub-
lished a new set of RF calculators 
and conversion tools to assist en-
gineers with answering complex 
RF-related product and design 
questions. The new RF calcula-
tors and converters include link 
budget, coax impedance, RF 
power conversion (such as dBm to 
W), attenuation, frequency, wavelength, VSWR/return loss, torque, noise, 
Free Space Path Loss (FSPL), unit conversion, microstrip and more. 
Each calculator page includes a diagram or illustrated depiction of what 
the calculator is used for as well as the mathematical formula for the cho-
sen calculator. The calculator will also produce a “Find Related Products” 
button that directs users to Pasternack products that meet specific needs.
Pasternack Enterprises Inc.  
www.pasternack.com

Software and Mobile Apps

New Vishay iPad App
Vishay Intertechnology announced 
the availability of a Vishay app for 
the Apple iPad® that makes it easy 
for users to access the company’s 
Super 12 and Engineer’s Toolbox 
collections of semiconductor and 
passive devices. Vishay’s Super 12, 
a dozen key semiconductor and 
passive components, features new 
and improved technologies that 
can significantly improve the performance of end products and systems. 
Vishay’s Engineer’s Toolbox highlights innovative components that Vishay 
manufactures to help design engineers develop superior end products. 
The app provides key features, potential application ideas and links to 
datasheets and support materials for each product.
Vishay Intertechnology Inc. 
www.vishay.com

142 	 MICROWAVE JOURNAL  NOVEMBER 2014

_11M09 FINAL.indd   142 10/29/14   1:07 PM

http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=142&exitLink=http%3A%2F%2Fwww.rogerscorp.com
http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=142&exitLink=http%3A%2F%2Fwww.pasternack.com
http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=142&exitLink=http%3A%2F%2Fwww.vishay.com
http://www.mwjournal-digital.com/mwjournal/201411/TrackLink.action?pageName=142&exitLink=http%3A%2F%2Fwww.mwjournal.com


Join Us for Week Long Wireless Event 
“Next Wireless Innovation”

At  the Omni San Diego Hotel, California 

Join us for the 10th  annual IEEE Radio Wireless Week (RWW) in  San Diego, Califor-
nia from 25-28 January 2015. This exciting week includes the IEEE Radio and Wire-
less Symposium (RWS) and the IEEE Topical Meeting on Silicon Monolithic Inte-
grated Circuits in RF Systems (SiRF). Join us to learn about the latest in the wireless 
technologies and networks with coleagues while enjoying the beautiful southern California.

Highlights

Technical Oral Sessions - Mon/Wed,26-28 Jan.,2015
Interactive Poster Sessions- Mon/Wed, 26-28,                                            
Jan.,2015
Student Paper Competition Finals- Mon,26 Jan.,2015
Demo Session - Tue, 27 Jan., 2015
Plenary Talk- “Wearable Wireless Sensor Technolo-
gies for Truly Personalized Medicine and Wellness”
Workshops
1. Millimeter Waves in 5G: State of the Art and Potential
2. RFID  Technologies
3. 3D Printing and its Impact  on Wireless Systems
4. Microwave Biosensing Developments in Asia
5. Advances on Power Amplifiers for Modern Wireless 

Communications

Exhibits and Sponsorship
Oppotunity

This year’s Exhibit will offer tabletops and full 
10x10 exhibits.  The exhibition will operate 
over two days.  MicroApps talks and Demo 
Sessions will also be held in the Exhibition 
area.  Rental fees for 2015 are $1500 per 
10x10 booth space. Sponsors at the $3,000 
level and above will be offered one free 10x10 
booth space.  In the past few years the exhibi-
tion was SOLD OUT so please book early in 
order to insure premium exhibit space.    For 
more about exhibits and sponsorship, visit

http://www.radiowirelessweek.org/exhibits

http://www.radiowirelessweek.org/
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New Products
for more new products, visit www.mwjournal.com/buyersguide 
featuring V  storefronts

Components
Wi-Fi Bandpass Filter

3H Communi-
cation Systems 
announced its 
low cost Wi-Fi 
bandpass filter. 
This is a 3 sec-
tion cavity filter 

with a passband of 5725 to 5875 MHz and <0.25 
dB insertion loss. The Wi-Fi filter provides >10 
dB attenuation at 5570 and 6030 MHz and >70 
dB @ DC to 2500 MHz and is capable of han-
dling 50 W CW with a peak rating of 500 W. Size: 
2.3" × 1.1" × 0.75" excluding sma connectors.
3H Communication Systems 
www.3hcomm.com

SPDT Terminated Coaxial Switch
The D1 Series SPDT 
coaxial switch is a ter-
minated switch with 
SMA connectors and 
operates at a frequency 
of DC to 22 GHz. Ac-
tuator options come in 

latching and failsafe modes, and units with TTL 
circuitry with integrated indicator circuits. Du-
commun’s design engineers can create custom 
versions for your specific applications.
Ducommun Inc. 
www.ducommun.com

RF Adapters
Fairview Microwave 
Inc. introduced a com-
prehensive line of IP67 
RF adapters commonly 
employed in the DAS, 
cellular, aviation and 

military industries due to their ingress protec-
tion from water and dust. Fairview Microwave’s 
new RF adapters are IP67 rated, meaning they 
use advanced ingress protection to make them 
virtually impenetrable to contaminants like 
dust, sand and water. They are compatible with 
all like-series connectors, cables and passive 
and active components.
Fairview Microwave Inc. 
www.fairviewmicrowave.com

Digitally Controlled PIN Diode 
Attenuator
Model A6P-69T-0BD is a digitally controlled 
PIN diode attenuator that operates from 

2 to 18 GHz. It is capa-
ble of 64 dB in mono-
tonic 0.25 dB steps. 
The attenuation flat-
ness is ± 5 dB with a 
2.1:1 VSWR in 50 ohms 
and 4.5 dB insertion 
loss. This PIN diode at-
tenuator is digitally 

controlled via 8 bits of TTL compatible binary 
logic with a switching speed less than 350 nsec. 
The operating temperature range extends from 
-45° to +85°C.
G.T. Microwave Inc. 
www.gtmicrowave.com

DC to 3 GHz Voltage Limiter
Herotek offers a 
DC to 3 GHz 
voltage limiter 
for DC, AC ana-
log, digital, RF, 
impulse and mi-
crowave signals. 
LV3000A does 
not have a fre-
quency break 
between DC 
and 3 GHz and 

no bias is required. The typical threshold level 
is ±0.7 VDC or 0 dBm microwave. LV3000A has 
low output leakage level (1.5 V typical @ ± 10 V 
input, +13 dBm typical @ +30 dBm input micro-
wave). It has low harmonic generation (-20 dBc 
typical at rated input power).
Herotek, Inc. 
www.herotek.com

Directional Coupler
KRYTAR Inc. 
announced a 
new directional 
coupler cover-
ing 12.4 to 18 
GHz with nomi-
nal coupling of 6 
dB in an ex-

tremely compact package. It is uniquely de-
signed for systems applications where external 
leveling, precise monitoring, signal mixing or 
swept transmission and reflection measure-
ments are required. The coupler provides sim-
ple solutions for many applications including 
electronic warfare (EW), commercial wireless, 
SATCOM, radar, signal monitoring and mea-
surement, antenna beam forming and EMC 
testing environments.
KRYTAR Inc. 
www.krytar.com

Digital-to-Analog Converter 

Linear Technol-
ogy Corp. an-
nounced the 
LTC2000, a 16-
bit 2.5 Gsps 
digital-to-analog 

converter (DAC) with exceptional spectral pu-
rity of 74 dBc SFDR at 200 MHz output, and 
better than 68 dBc SFDR for output frequen-
cies from DC to 1 GHz, a 12 dB improvement 
over alternative 14-bit DACs. The LTC2000 
features low phase noise and a wide 2.1 GHz,  
-3 dB output bandwidth, enabling broadband, 
or high frequency RF synthesis in applications 
such as instrumentation, broadband communi-
cations, test equipment, cable TV DOCSIS 
CMTS and radar.
Linear Technology Corp. 
www.linear.com

Low PIM Adapters & Jumpers 

MECA’s Low PIM (-160 to -165 dBc typ) adapt-
ers and jumpers for DAS applications feature 
industry leading PIM performance of -155 dBc 

min. Available in 7/16 
DIN, Type N to SMA 
and 4.1/9.5 Mini-DIN 
connectors. Ideal for 
IDAS / ODAS, in-
building, base station, 
wireless infrastructure, 
4G and AWS applica-
tions. Made in U.S. and 

36-month warranty.
MECA Electronics Inc. 
www.e-meca.com.

DC Pass Matching Transformer 

Z7550-NMNF+ is a DC passing matching 
transformer that allows impedance matching 

between 50 and 75 ohms 
systems with minimum 
reflection into the cir-
cuit. This matching 
transformer will find its 
application in any system 
where 50 to 75 ohms 
matching is required.

Mini-Circuits 
www.minicircuits.com

30 dB PIN Diode Attenuator 

PMI Model DTA-26R5G40G-30-CD-1 is a 10-
bit programmable 30 dB PIN diode attenuator 
with a step resolution of 0.03 dB over the fre-
quency range of 26.5 to 40 GHz. This model 

operates on a single 
+15 VDC supply and 
draws only 50 mA of 
current. Very high lev-
els of attenuation accu-
racy of 0.03 dB are 
achieved. This attenua-
tor provides ultra-fast 

switching speeds of 300 nsec and has an operat-
ing input power rating of +10 dBm. This model 
is supplied in a small, light weight housing mea-
suring 2.0" × 1.8" × 0.5".
Planar Monolithics Industries Inc. 
www.pmi-rf.com

Broadband Type N DC Block
Response Microwave 
Inc. announced the 
availability of its new 
broadband Type N DC 
block  for use in auto-
mated test and produc-
tion applications. The 
new RMDC.18000mf 

covers the 0.05 to 18 GHz band offering typical 
electrical performance of 0.6 dB insertion loss 
and 1.25:1 VSWR. Working voltage is 50 V and 
the unit is operational over the -55° to +85° C 
range. Mechanical package is 1.68" × 0.540" in 
diameter. Unit is made from SUS303F passiv-
ated stainless steel and connectors are precision 
N male to female.
Response Microwave Inc. 
www.responsemicrowave.com
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ZHL-4W-422X+

Mini-Circuits®

530 rev org

Mini-Circuits®

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

$1495 ea.

500-4200 MHz

With 4W output power and ±1 dB gain flatness across 
500 to 4200 MHz, Mini-Circuits new ZHL-4W-422+ 
Class-A amplifiers meet your needs for a wide range 
of applications! With RUGGED CONSTRUCTION and  
extensive built-in safety features, they’re perfect for lab 
uses such as production test, burn-in, life test, and IP3 
measurements where filtering and attenuation matching  
is needed. Used in conjunction with Mini-Circuits  

power splitters, they can be used to drive up to 32 
simultaneous test channels or more, improving test 
efficiency and throughput. Consistent performance 
across very wide band also makes them excellent 
candidates for systems ranging from satellite L-Band 
and cellular to transmitters, GPS, and more!  They’re 
available off the shelf for immediate shipment, so visit 
minicircuits.com and place your order today!

ZHL-4W-422+
• Gain, 25 dB
• Gain Flatness, ±1 dB
• IP3, +44 dBm
• IP2, +45 dBm
• Unconditionally Stable

• Protected against:
→ Opens and Shorts
→ Overheating
→ Over-Voltage
→ Reverse Polarity

Available with Heat Sink

WIDEBAND

4W AMPLIFIERS
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Capacitors 

Richardson RFPD Inc. 
announced the avail-
ability and full design 
support capabilities for 
two series of precision 

tolerance, NP0 RF microwave capacitors from 
American Technical Ceramics Corp. (ATC). 
The high-frequency, low-loss (Hi-Q) 400L 
Series and 400S Series capacitors feature a pre-
cision thin-film process that provides reliable and 
repeatable performance, industry-leading toler-
ances over a wide range of capacitance values, 
low ESR and high series resonant frequency.
Richardson RFPD/Arrow RF & Power 
www.richardsonrfpd.com

2.9 In Series Adapter
United Microwave an-
nounced its new prod-
uct the 370SF-40 which 
is available as a 2.9 mm 
male to 2.9 mm female 
right angle. The part 

meets or even exceeds all specifications per 
the MIL-C-39012 standard. The material for 
the body and coupling nut is stainless steel 
per QQ-S-764 Type 303. The contact material 
used is beryllium copper as per QQ-C-530, 
while the insulator material is teflon as per 
MIL-P-19468A. The mating dims are also in 
accordance with the MIL Standard-348.
United Microwave Products 
www.unitedmicrowave.com

Octave-Band 180° Hybrid
Werbel Micro-
wave is develop-
ing a standard 
line of wide and 
n a r r o w b a n d 
180° hybrids. A 
signal applied to 
the sum port 

produces two outputs of equal amplitude and 
phase, while a signal applied to the delta port 
produces output signals of equal amplitude but 
opposite phase. Model 2JS600 covers the band 
of 4 to 8 GHz with 1.5:1 VSWR and ±10 de-
grees phase balance.
Werbel Microwave 
www.werbelmicrowave.com

2-Way Combiner/Divider
Werlatone’s breakthrough technology provides 
a new 2-way combining solution covering the 

full 3000 to 6000 MHz 
bandwidth. Model D9042 
is rated for 250 W at the 
sum port, and operates 
with an insertion loss of 
only 0.35 dB max. This 
small package size mea-
sures just 2.03" × 2" × 
0.87" and weighs only 5 

ounces. Model D9042 offers excellent isolation 
of 15 dB min and is designed specifically for 
military and commercial applications.
Werlatone Inc. 
www.werlatone.com

Amplifiers
Rack Mount RF Power Amplifier
The SSPA 0.960-1.215-2000-RM is a rack mount-
ed, high power amplifier that offers high 

efficiency and 
high linearity. It is 
a microprocessor 
controlled unit 
and provides ex-
cellent perfor-
mance across the 
960 to 1215 MHz 

frequency band. This high power RF system con-
tains a built-in, predistortion linearizer that allows 
for low level IMD’s at high RF output power levels. 

All controls are available on an LCD touch screen 
display that allows the operator to control all func-
tions via this interface.
Aethercomm Inc. 
www.aethercomm.com

Solid State Amplifier 

AR’s 12500A225 RF solid state CW amplifier is 
the industry standard for radiated immunitytest-
ing for entire automobiles, producing 12,500 W 

over the instan-
taneous 10 kHz 
to 225 MHz fre-
quency band 
with harmonic 
distortion less 
than -20 dBc. 
Special features 

include gain control, internal automatic level 
control (ALC) and RF output level protection.
AR RF/Microwave Instrumentation 
www.arworld.com

TWT Amplifier
dB Control introduces a 
Ka-Band traveling wave 
tube (TWT) amplifier 
for ground and mobile 
radar applications. Fea-
turing an outdoor hub-
mount configuration, the 

dB-3709i operates in the 34.5 to 35.5 GHz fre-
quency range and provides 700 W minimum peak 
output power at a duty cycle of up to ten percent. 
The TWT amplifier is suitable for radar, test and 
measurement, antenna patterns and radar cross-
section measurements. It is specifically designed 
for reliable performance in extremely harsh envi-
ronments and for easy field maintenance.
dB Control 
www.dbcontrol.com

High Gain Amplifier
The MMG20241H is a 1/4 W high gain am-
plifier designed as a driver or pre-driver for 

Doherty power amplifi-
ers in wireless infrastruc-
ture equipment operat-
ing in the 450 to 3800 
MHz frequency range. 
The device may also be 
used in a variety of gen-
eral purpose amplifier 

applications including frequencies below 450 MHz 
and above 3800 MHz. At 2655 MHz, its P1dB is 24 
dBm with a gain of 17.8 dB. The MMG20241H is 
biased with a single 5 V supply and draws 78 mA.
Freescale 
www.freescale.com

Medium Power/Broadband 
Amplifier
Model AMFW-6F-18004000-29-8P is a recent 
addition to MITEQ’s family of low noise, wide-

band and ultra-small 
waveguide LNAs in the 
18 to 40 GHz band. The 
AMFW-6F-18004000-
29-8P has a maximum 

noise figure of 2.9 dB in the full band, though the 
typical value is 2.6 dB. This LNA has over 35 dB of 
gain in a housing that is only 1.32"  0.88" wide 
without the field-replaceable 2.93 mm connec-
tors. Gain flatness is a maximum of ±3 dB. 
MITEQ Inc. 
ww.miteq.com

754 Fortune Crescent, Kingston, ON, K7P 2T3, Canada
Tel: 613 384 3939 -  Fax: 613 384 5026 

e-mail: info@astswitch.com

W W W . A S T S W I T C H . C O M

MICROWAVE SWITCHES FOR THE TELECOM INDUSTRY

WAVEGUIDE SWITCHES - COAXIAL SWITCHES - DUAL SWITCHES

WE ARE THE WAVEGUIDE &  COAXIAL SWITCH EXPERTS 
YOUR #1 SOURCE FOR MICROWAVE SWITCHES

QUALITY, SERVICE & QUICK DELIVERIES UNMATCHED IN THE INDUSTRY
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Sources
Ultra Low Noise Dielectric 
Resonator Oscillator
The EDRO-1035-10.00 is a 1 W, 10 GHz ultra 
low noise dielectric resonator oscillator (DRO), 

with TTL RF 
muting and vari-
able attenuation 
feature. The 
unit draws only 
360 mA with + 
12 VDC and 

provides 19 dB of attenuation with -3 VDC. 
Small size and low cost make this unit attractive 
for sensor and beacon applications.
Exodus Dynamics
www.exodusdynamics.com

Greater than 2.5:1 BW VCO
DCMO80210-5 covers a 2.625:1 bandwidth in 
the frequency range of 800 to 2100 MHz, the 

full L-Band and more. 
Phase noise is -96 dBc/
Hz at 10 kHz offset with 
an output power of +5 
dBm minimum. The full 
bandwidth is achieved 
with a continuous tun-
ing voltage of 0.5 to 24 V 

and DC bias power requirements of 5 V at 35 mA 
maximum current draw. The tuning sensitivity is 
less than 3:1 and the typical harmonic suppres-
sion is 10 dB.
Synergy Microwave Corp.
www.synergymwave.com

Broadband Amplifi ers

Pasternack Enterprises 
Inc. announced the re-
lease of 10 new 1 and 2 
W broadband amplifi -
ers, which are ideal for 
defense, EW/ECM, ra-
dar, test instrumenta-
tion, telecom, satcom, 

microwave radio and industrial applications. 
These new medium power broadband amplifi -
ers range in frequency from 2 to 18 GHz de-
pending on the RF amplifi er confi guration.
Pasternack Enterprises Inc.
www.pasternack.com

W-Band Full Band Low Noise 
Amplifi er

Model SBL-7531142240-1010-S1 is a W-band 
low noise amplifi er that covers the entire W-
Band from 75 to 110 GHz. The amplifi er exhib-

its more than 20 
dB small signal 
gain with ± 1.5 
dB gain fl atness 
and about 4 dB 
noise fi gure. The 

output P1dB of the amplifi er is 0 dBm typical 
and it draws 30 mA current from a single DC 
power supply in the range of +5 to +12 V. The 
low noise amplifi er is equipped with WR-10 
waveguide and UG387/U-M standard fl ange.
SAGE Millimeter Inc.
www.sagemillimeter.com

20 W GSM Frequency Power 
Amplifi er

Model AHP0091-11-
4243 is a GaAs based 
power amplifi er offer-
ing 42 dB of linear gain 
and 43 dBm minimum 
output power at 1 dB 

gain compression over the frequency range 
from 860 to 960 MHz with excellent gain fl at-
ness and VSWR. The amplifi er has built-in DC 
voltage regulator and requires a single +12 V 
DC power supply. The package size of the ampli-
fi er is 5.8" × 3.0" × 0.85".
Wenteq Microwave
www.wenteq.com

Networking
IF Transceiver

Innovative Integration 
announced the 
F M C - 1 0 G E  which 
provides two 10 Gb 
Ethernet ports on a 
custom FMC module. 
Two standard RJ45 con-

nectors support connection to CAT6e networks 
providing high speed connectivity to PCs, serv-
ers, embedded computers such as Innovative’s 
ePC products or custom, intelligent IO. Aggre-
gated burst rates of up to 20 Gbps are achiev-
able. The two 10GE ports are fully independent 
on the module. Monitoring and control signals 
are mapped to the FMC interface for detection, 
loss-of-signal, rate and device control.
Innovative Integration
www.innovative-dsp.com

Voltage Controlled Oscillator
Z-Communications Inc. announced a new 
RoHS compliant VCO model V844ME36-LF. 
The V844ME36-LF operates at 4100 to 

4300 MHz with a tun-
ing voltage range of 0.5 
to 4.5 VDC and pro-
vides better than 1.1:1 
tuning linearity. This 
high performance VCO 
features a spectrally 
clean signal of -110 

dBc/Hz @ 100 kHz offset and a typical tuning 
sensitivity of 93 MHz/V. The V844ME36-LF is 
well suited for microwave radio links and satel-
lite communication applications that require 
low phase noise performance.
Z-Communications Inc.
www.zcomm.com

Antennas
Dual-Channel Coaxial Rotary Joint

The AMCORJD-Ku 
dual-channel coaxial 
rotary joint has been 
specifi cally designed 
for use in the low-pro-
fi le antennas that are a 
key element of Ku-
Band satellite-on-the-
move (SOTM) high-da-
ta-rate communication 
systems. The transmit 

channel has a frequency range of 13.75 to 14.5 
GHz, with a power rating of 40 W CW, a maxi-
mum VSWR of 1.4:1 and a typical insertion loss 
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of 0.6 dB. The receive channel can handle DC to 2.15 GHz at a micro-
wave power of up to 1 W CW.
Link Microtek Ltd. 
www.linkmicrotek.com

Antenna Tuners
Cavendish’s SmarTune antenna tuners are digi-
tally variable capacitors used for LTE antenna 
tuning in smartphones and handheld devices.
Cavendish’s 32CK SmarTuners provide over 250 
MHz tuning range in the LTE/3G spectrum 
bands between 700 to 960 MHz, and up to 1 GHz 
of tuning range between 1.7 and 2.7 GHz. The 
SmarTune performance gain exceeds 3 dB of 
added antenna efficiency. All 32CK devices come 

with a RFFEv1.1 MIPI standards compliant interface for easy integration 
into any LTE device.
Cavendish Kinetics 
www.cavendish-kinetics.com

Test Equipment
Triggerable Impulse Generators

HYPERLABS has announced the release 
of two new high-speed triggerable im-
pulse generators. The HL9201 (50 ps) and 
HL9101 (100 ps) generate fast pulses with 
a spectrum in the frequency domain that 
extends into the ultra wide band (UWB) 
communication range (2 to 5 GHz). These 
devices operate at a repetition rate be-

tween 10 Hz and 50 MHz. The products are available for direct purchase 
on the company’s website, and generally ship within one week.
HYPERLABS INC. 
www.hyperlabsinc.com

Signal Analyzer 

The new flagship of Keysight’s X-Series, 
the N9040B UXA signal analyzer, delivers 
phase noise performance as well as 510 
MHz analysis and real-time bandwidth. 
The UXA provides wider, deeper views of 
elusive wideband signals—known or un-
known. In the development of mission-
critical radar, electronic-warfare and com-

munication systems, leading-edge signal analysis requires excellent phase 
noise performance. Keysight’s proprietary local oscillator (LO) technolo-
gy achieves phase noise of -136 dBc/Hz at 1 GHz, 10 kHz offset, and -132 
dBc/Hz at 10 GHz, 100 kHz offset.
Keysight Technologies Inc. 
www.keysight.com

Calibration Solutions 

SenarioTek offers calibration solutions for a 
wide variety of applications. Whether you 
need to perform automated inline calibration 
or do testing in a thermal vacuum chamber, 
the company’s team will work with your 
engineers to create the best solution. By 
optimizing your calibration needs, Senari-
oTek will help you achieve the throughput 

and accuracy needed to get the most out of your equipment investment. 
Before you start making tradeoffs between speed and accuracy, contact 
SenarioTek and explore new ways to meet your calibration needs.
SenarioTek 
www.senariotek.com
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REVOLUTIONARY 
HERMETIC SMP CONNECTORS

These SMPs meet the requirements of 
MIL-STD-348, but utilize unique housing 

interface features, which significantly improves
reliability and production assembly yields.

Proprietary techniques are used to independently
control plating thickness on pin and housing.

For use with Aluminum, Kovar 
and other package materials

1x1mm MMIC Cascadable Absorptive 
Reflectionless Filters 

• 3rd-order Inverse Chebyshev response 
with excellent impedance match in pass-
band, stop-band and transition band 

• Ideal for RF/Microwave systems operating 
from DC to 40 GHz 

• Standard low-pass and high-pass designs 
cover 500 MHz - 24 GHz plus custom 
frequencies available upon request 

National Radio Astronomy Observatory 
1180 Boxwood Estate Rd, Charlottesville, VA  22903 

434-296-0236  tto@nrao.edu 
More detail & datasheet: 

www.nrao.edu/new/tt/reflectionless-filters 

• Absorbs spurious 
signals  

• Reduces cross-
channel coupling 

• Greater ampli-
tude, phase 
stability and 
linearity 

• Better out-of-
band termination 
of mixers and 
amplifiers 
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WR137

WR229
WRD580

p: 561-842-3550
f: 561-842-2196

Waveguide & Coaxial Switches
WR10 thru WR975

WR75

VALUE · QUALITY · FAST DELIVERY

LOGUS.comLOGUS.com

Z-Axis Dielectric Testers

www.damaskosinc.com
(610)358-0200  fax(610)558-1019

Isotropic & Anisotropic Materials

Complements X, Y Testers

ε, tan δ - Cavity™ sfwr
Substrates, Resins, Beads, Foams
Solids, Laminates, Composites
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US:    Call   1-800-225-9977 (in the U.S. or Canada),  
or 1-781-769-9750, ext. 4030

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

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

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

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

ARTECH HOUSE

For complete descriptions and to order, visit 

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

NEW MicroWavE TiTlEs  
 

Terahertz Metrology
Mira Naftaly

Hardcover Approx. 360 pp. 
ISBN: 978-1-60807-776-2
$179 / £129
20% off when you order before 
December 31, 2014

Control Components  
Using Si, GaAs, and 
GaN Technologies 
Inder Bahl
Hardcover 324 pp.
ISBN: 978-1-60807-711-3
$179 / £119

Behavioral Modeling  
and Linearization of  
RF Power Amplifiers
John Wood

Hardcover 378 pp.
ISBN: 978-1-60807-120-3
$159 / £109

COMING SOON!

BookEnd

5G advanced communications sys-
tems are now in the research and 
development stages and millime-

ter wave wireless communications could 
be the next breakthrough for wireless 
networks in the mobile cellular industry,
emerging wireless local area networks, 
personal area networks and vehicular 
communications. Completely new prod-
ucts, systems, theories and devices will 
be created to deliver mobile data rates of 
many Gigabits per second – thousands of 
times greater than today’s cellular and Wi-
Fi networks. 

Millimeter Wave Wireless Commu-
nication Systems is one of the fi rst com-
prehensive treatments of all technical 
elements of millimeter wave wireless 
communications systems that fuses key 
concepts from communications, circuits, 

•  Baseband circuit design: multi giga-
bit-per-second, high-fi delity DAC 
and ADC converters

•  Physical layer: algorithmic choices, 
design considerations and impair-
ment solutions; and how to overcome 
clipping, quantization and nonlinear-
ity

•  Higher-layer design: beam adapta-
tion protocols, relaying, multimedia 
transmission and multiband consid-
erations

•  60 GHz standardization: IEEE 
802.15.3c for WPAN, Wireless HD, 
ECMA-387, IEEE 802.11ad, Wire-
less Gigabit Alliance (WiGig)

antennas, propagation and emerging 
global standards into one complete, easy-
to-read textbook. Written by four leading 
practitioners in the emerging fi eld of mil-
limeter wave wireless communications, 
this book allows engineers in both indus-
try and academia to quickly become ac-
quainted with the fundamentals needed 
to implement and explore the untapped 
potential of the higher spectrum that will 
provide unprecedented products and ap-
plications, never before imagined in the 
wireless industry. 

Topics include:
•  Digital communication: baseband 

signal/channel models, modulation, 
equalization, error control cod-
ing, multiple-input-multiple-output 
(MIMO) principles and hardware 
architectures

•  Radio wave propagation character-
istics: indoor and outdoor channel 
models and beam combining

•  Antennas/antenna arrays: on-chip 
and in-package antennas, fabrication 
and packaging

•  Analog circuit design: mmWave tran-
sistors, fabrication and transceiver 
design approaches

Millimeter 
Wave Wireless 
Communications

Theodore S. Rappaport, 
Robert W. Heath Jr., 

Robert C. Daniels and 
James N. Murdock

To order this book, contact:
Prentice Hall

230 Pearson Parkway
 Lebanon, IN

www.mypearsonstore.com

680 pages, $125
ISBN: 978-0-13217-228-8
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1897 Lord Rayleigh 
proposes the concept of 
waveguide for electromagnetic 
waves. He later develops wave 
theory to explain the Whisper-
ing Gallery waveguide mode 
of St. Paul’s Cathedral that acts 
as a resonant cavity fi lter for 
acoustic waves.
 
1937 W.P. Mason and 
R.A. Sykes pioneer early 
analytical work in the fi eld of 
microwave fi lters prior to WWII 
by deriving fi lter impedance 
and attenuation functions us-
ing ABCD parameters.
 
1948  “The MIT Radia-
tion Laboratory Series,”   Vol. 9 
(Chapters 9 & 10) by R.M. Fano 
and A.W. Lawson provides 
a classic introduction to the 
theory and design of micro-
wave fi lters.
 
1957 S.B. Cohn pro-
vides the fi rst comprehensive 
theory with practical applica-
tion for designers.
 

MicrowaveJournal’s

Microwave Filter [mi-cro-wave fi l-ter]
A circuit or structure that impedes the transmission of certain microwave 
frequencies, or frequency bands, while allowing the passage of others. Filters 
may be described as lowpass, bandpass, highpass or multiplexers, and may 
have functional characteristics such as Chebyshev, Butterworth or elliptic. Fil-
ters are essential components in radar and communications systems.

WWW.DOVERCORPORATION.COM

STEM W  rks

1964 G.L. Mathai, L. 
Young and E.M.T. Jones pub-
lish their well-known treatise 
on fi lters, impedance matching 
networks and coupling struc-
tures. This widely used refer-
ence is still in print.
 

1960s & 70s
 Temperature stabilized dielec-
tric resonator fi lters are intro-
duced, providing high Q in a 
compact size. 

1970s  Linear phase 
fi lters are developed for low 
distortion in modern commu-
nications systems.
 

Subsequent 
Advances
The rapid synthesis of com-
plex multimode/multiband 
structures in various media 
with improved in-band and 
out-of-band characteristics is 
enabled through the use of EM 
simulation and optimization 
algorithms.
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s the wireless industry prepares for 
the impending fi fth-generation (5G) 
wireless technology to meet the pro-
jected 1,000 � growth in user de-
mand in the coming decade, there is 

a need for accurate and comprehensive chan-
nel models at millimeter wave frequencies.1,2,4,5 
Unlike previous generations of cellular tech-
nology, 5G will likely make use of the millime-
ter wave spectrum while also using existing 
UHF/microwave frequencies.

Millimeter wave frequencies (30 to 300 
GHz) show great promise for the future of 
wireless communications because of the large 
raw available, unused bandwidth. In particu-
lar, over 14 GHz of available spectrum exists 
in the 28, 38/39, and 73 GHz bands, making 

these bands excellent candidates for new mo-
bile spectrum that will increase capacity by 
several orders of magnitude over today’s cellu-
lar and Wi-Fi allocations.2,5 Recent advances in 
integrated circuit and antenna technology have 
made it possible to inexpensively and reliably 
manufacture wireless devices that operate at 
millimeter wave frequencies.1,4,15,32

Millimeter wave frequencies have not been 
widely used for personal communications to 
date because of a lack of available electronic 
components and a common belief that rain 
and atmospheric attenuation are too high for 
mobile access communications at these high 
frequencies. However, in reality the additional 
attenuation at millimeter wave frequencies 
will be negligible for coverage distances on the 

4  MOBILE COMMUNICATIONS SUPPLEMENT ■ NOVEMBER 2014

Small Wavelengths –
Big Potential: Millimeter 
Wave Propagation 
Measurements for 5G
Sijia Deng, Christopher J. Slezak, George R. MacCartney Jr. and 
Theodore S. Rappaport
NYU WIRELESS, NYU Polytechnic School of Engineering, Brooklyn, N.Y.

This article introduces wideband millimeter wave propagation measurements 
and the sliding correlator channel sounder system used to measure millimeter 
wave channels in New York City. The measurement system includes a 400 to 
750 Megachips-per-second sliding correlator channel sounder that utilizes 
steerable directional horn antennas at both the transmitter and receiver. Several 
recent propagation measurement campaigns were conducted by the NYU 
WIRELESS research center in indoor and outdoor environments at the 28 and 
73 GHz millimeter wave bands, resulting in directional and omnidirectional 
path loss models and multipath spread characteristics that are presented here. 
Measurement results for directional path loss, omnidirectional path loss and 
RMS delay spread are presented here. These results will help engineers design 
future millimeter wave wireless communications systems and will assist in the 
standardization of millimeter wave wireless networks.

Scan page
using           app
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order of several hundred meters.5-7

Urban cellular deployments already 
use smaller cell sizes to meet grow-
ing capacity demands, thus millimeter 
wave cells will have similar density to 
deployments in use in today’s urban 
areas.6

The uncharted millimeter wave 
spectrum requires carefully planned 
measurements in order to develop 
channel models to support equip-
ment design and the standardization 
process of the air interface. Since 
2012, the NYU WIRELESS research 
center has performed measurements 
at 28 and 73 GHz in New York City. 
These measurements have been used 
to develop channel models that are 
being used by researchers throughout 
industry and academia.4-14,27,28 Ear-
lier measurements in Austin, Texas 
during the summer of 2011 explored 
the 38 and 60 GHz bands, using a 
400 and 750 Megachips-per-second 
(Mcps) spread spectrum binary phase 
shift keying (BPSK) channel sounder, 
very similar to the channel sounder 
used for the New York City measure-
ments.20,26,29,30,31

MEASUREMENT APPROACH AND 
TEST SYSTEM

To conduct wideband millimeter 
wave channel measurements with 
angle of arrival and departure infor-
mation, as well as high resolution 
multipath and received power, NYU 
WIRELESS makes use of a custom-
built BPSK sliding correlator channel 
sounder. Unlike systems using vector 
network analyzers, there is no need 
for phasing cables between the trans-
mitter (Tx) and receiver (Rx). Without 
the need for connecting the Tx and 
Rx, separation distances can be mea-
sured up to hundreds of meters in 
non-line-of-sight (NLOS) conditions. 
The system triggers from the stron-
gest arriving multipath energy and is 
being upgraded with GPS-controlled 
cesium-standard clocks for absolute 
timing measurements.

The use of sliding correlation al-
lows the channel sounder to measure 
over very large bandwidths.3,25 Trans-
mission begins with the generation of 
a baseband pseudorandom noise (PN) 
signal. The PN sequence is created by 
an 11-bit linear feedback shift register 
(LFSR), yielding a PN sequence with 
a length of 211-1 = 2047.

At the receiver, the signal is de-

modulated into its baseband in-phase 
(I) and quadrature (Q) components. 
These signals are then cross-corre-
lated with a PN sequence identical to 
the Tx. The PN sequence at the Rx, 
however, is generated at a chip rate 
slightly offset from the Tx chip rate. 
For the outdoor New York City mea-
surements, the Tx transmits at 400 
Mcps and the Rx chip rate is 399.95 
Mcps. The offset in chip rates gives 
rise to the slide factor, �, which is cal-
culated as:

γ =
−
f

f f
c

c c
'

where fc and fc
'
 are the Tx and Rx chip 

rates, respectively.3,16

Due to the autocorrelation proper-
ties of PN sequences, the cross-cor-
relation will be orders of magnitude 
larger when the two sequences are 
aligned than when not. These corre-
lations can be performed separately 
but concurrently for the I and Q com-
ponents, yielding two signals I(τ) and 
Q(τ).17 The correlation peaks that oc-
cur when the sequences are aligned 
can be sampled and used to recover 
the channel’s power delay profi le 
(PDP) p(τ).

( ) ( ) ( )τ = τ + τp I Q2 2

One of the most important features 
of the sliding correlator is the time di-
lation it provides. The sliding correla-
tor has the effect of compressing the 
PDP’s bandwidth drastically, equiva-
lent to the original Tx chip rate divided 
by the slide factor.3,18 For chip rates of 
400 Mcps at the Tx and 399.95 Mcps 
at the Rx, the signals I(τ) and Q(τ) will 
each have a bandwidth of only 50 kHz.

Although the sliding correlation 
process approximates the autocor-
relation of a PN sequence, there is 
still improvement to be made after 
the time-dilated PDP has been recov-
ered. The compression to a very nar-
row bandwidth offers the opportunity 
to lowpass fi lter the signal and reject 
a considerable amount of distortion 
that is present at higher frequencies.16

Once this signal has been fi ltered, the 
true un-dilated PDP can be recov-
ered.

There are several parameters that 
infl uence the performance of a slid-
ing correlator, but the dynamic range 
in particular is often the greatest 
concern when considering channel 
sounder performance.19 The theoreti-
cal dynamic range is determined from 
the length of the PN sequence, and 
is 66.2 dB for a sequence of length 
2047.19

Figure 1 shows the block diagram 
of the transmitter system for the 73 
GHz measurements. The channel 
sounding system uses QuickSyn sig-
nal generators provided by National 
Instruments (NI) for an intermedi-
ate frequency (IF) at 6.625 GHz. The 
400 Mcps baseband PN sequence, 
produced by a PN sequence genera-
tor, is fi rst mixed with the 5.625 GHz 
IF to obtain the second stage IF 
spread spectrum signal. The 22.625 
GHz LO frequency is tripled by a 
frequency multiplier to 67.875 GHz, 
which drives the mixing operation 
with the spread spectrum IF signal. 
This generates a spread spectrum RF 
signal centered at 73.5 GHz with an 
800 MHz fi rst null-to-null RF band-
width.10

 Fig. 1  Block diagram of the transmitter used to characterize the 73 GHz channel.
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28 GHz are very similar to those shown 
for 73 GHz in Figures 1 and 2.

Directional horn antennas with 
various directive gains are used to 
provide spatial discrimination similar 
to what will be used in future millime-
ter wave systems.1,15,32 By using di-
rectional antennas that can be rotated 
in the azimuth and elevation planes, 
angle of arrival (AOA) and angle of 
departure (AOD) information can 
be obtained by taking measurements 
across different AOA and AOD com-
binations.

Table 1 summarizes the specifi c 
parameters of the channel sounders 
used for each measurement campaign. 
AZ denotes azimuth, EL is elevation 
and HPBW is half-power beamwidth. 
VV indicates that the Tx and Rx horn 
antennas are both vertically polar-
ized; VH denotes that the Tx antenna 
is vertically polarized and that the Rx 
antenna is horizontally polarized.

OUTDOOR MEASUREMENT 
CAMPAIGNS

The 28 GHz outdoor propagation 
measurements were conducted at 
three transmit locations and 25 re-
ceive locations in downtown Manhat-
tan,8 shown in Figure 3. The three 
transmit locations are depicted with 
yellow stars, and the receive locations 
with green circles and purple squares. 
The green circles represent visible 
receive sites, and the purple squares 
depict receive locations blocked by 
obstructions in this view.

The 75 total Tx-Rx combinations 
comprised of Tx-Rx separation dis-
tances from 19 to 425 m. The channel 
sounder employed a 24.5 dBi gain an-
tenna (10° HPBW) at the Tx, and ei-
ther a 15 dBi (30° HPBW) or 24.5 dBi 
gain antenna (10° HPBW) at the Rx. 
The measurements were performed 
for a base station-to-mobile scenario, 
with Rx antennas at a mobile height 
of 1.5 m. Tx antennas were placed on 
relatively low rooftops, with two Tx lo-
cations 7 m above ground level (AGL) 
and one Tx location 17 m AGL. For 
each Tx-Rx location combination, 10 
sets of measurements were conducted 
for various Tx and Rx azimuth and el-
evation angle confi gurations.

In addition to the Manhattan mea-
surements, 28 GHz outdoor propa-
gation measurements were also per-
formed in downtown Brooklyn. These 
measurements were conducted for 

Figure 2
shows the block 
diagram of the 
receiver system 
for 73 GHz mea-
surements. The 
received signal is 
down-converted 
from the 73.5 
GHz RF to the 
5.625 GHz IF. 
The LO fre-
quency at 22.625 
GHz is the same 
as on the Tx side. 
The sliding pro-
cess correlates 
the 399.95 Mcps 
baseband signal 
generated by the 
Rx PN sequence 
generator and the 

baseband equivalent 
received I and Q sig-
nals from the down-
converter, resulting 
in a time-dilated 
autocorrelation with 
a bandwidth of 50 
kHz. The NI DAQ 
digitizer samples the 
time-dilated pulse 
on both the I and Q 
channels at 2 Mega-
samples-per-second 
(Msps). The Tx and 
Rx channel sounder 
block diagrams for 

 Fig. 2  Block diagram of the receiver used to characterize the 73 GHz channel.
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TABLE 1
SPECIFICATIONS FOR THE 28 AND 73 GHz CHANNEL SOUNDERS 

Carrier Frequency 28 GHz 73.5 GHz

Chip Sequence Length 211 − 1 = 2047
Chip Sequence Clock Rate (Tx) 400 MHz
Chip Sequence Clock Rate (Rx) 399.95 MHz
First Null-to-Null RF Bandwidth 800 MHz
Slide Factor 8000
Tx Antenna Gain 24.5 dBi / 15 dBi 27 dBi / 20 dBi
Tx Antenna AZ HPBW 10.9°/30° 7°/ 15°
Tx Antenna EL HPBW 8.6°/30° 7°/ 15°
Rx Antenna Gain 24.5 dBi / 15 dBi 27 dBi / 20 dBi
Rx Antenna AZ HPBW 10.9°/ 30° 7°/15°
Rx Antenna EL HPBW 8.6°/ 30° 7°/15°
Antenna Polarization VV VV/VH
Maximum Tx Power 30 dBm 14.6 dBm
Maximum Measurable Path Loss 178 dB 181 dB

 Fig. 3  28 GHz measurement sites near NYU’s Manhattan campus.
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mean square (RMS) delay spread 
characteristics.

Directional path loss values were 
obtained from individual unique 
pointing angles for all measurements. 
Directional path loss models are im-
portant,  since  5G systems will use 
narrow beam directional antennas and 
will take advantage of beamforming 
and beam combining technologies.

Close-in free space reference dis-
tance path loss at a reference distance 
d0 is expressed by the following equa-
tion:

PL d dB

PL d 10n log
d

d
X (1)0 10

0
( )

[ ]( ) =

+
⎛
⎝⎜

⎞
⎠⎟

+ σ

where n
_
 is the best fi t minimum mean 

square error (MMSE) path loss ex-
ponent (PLE), and Xσ is a zero mean 
Gaussian random variable with a stan-
dard deviation σ in dB, also known 
as the shadowing factor, caused by 
large-scale random variations in the 
channel.3 The PLE is introduced to 
describe the propagation attenuation 
caused by the channel.

Figure 6 shows outdoor direc-
tional path loss models using a 1 m 
close-in free space reference distance 
for 28 and 73 GHz. Red crosses rep-
resent the NLOS path loss value mea-
surements, blue triangles represent 
the best path loss values for a specifi c 
Tx-Rx location combination and green 
circles represent line-of-sight (LOS) 
path loss. Path loss models are simpli-
fi ed using a d0 of 1 m, as it removes 
the denominator term seen in Equa-
tion 1.

For LOS scenarios, the PLE in 
outdoor and indoor environments for 
both 28 and 73 GHz is favorable, close 
to the theoretical free space path loss 
(FSPL) of n = 2.

The NLOS measurements also in-
clude measurements at LOS environ-
ment when the TX and RX antennas 
are not directly on boresight with each 
other. For NLOS scenarios, Figure 6a
shows a PLE of 4.5 for all locations in 
28 GHz outdoor measurements with 
24.5 dBi narrow beam co-polarized 
antennas. Figure 6b shows a PLE 
of 4.7 for 73 GHz outdoor measure-
ments, and Figure 6c shows a PLE of 
5.1 for 73 GHz indoor measurements 
with co-polarized antennas.

NLOS-best denotes the lowest 
path loss observed at a unique point-

es ranged from 30 to 
216 m.

A total of 36 
unique mobile ac-
cess and 38 backhaul 
link combinations 
were measured. Rx 
antennas at heights 
of 2 and 4.06 m were 
used to emulate base 
station-to-mobile 
links and wireless 
backhaul links, re-
spectively. For each 
Tx-Rx combination, 
up to 12 measure-
ment sweeps were 
conducted to gener-
ate omnidirectional 
path loss models.12

INDOOR 
MEASUREMENT 
CAMPAIGN

An extensive in-
door propagation 
measurement cam-
paign at 73 GHz was 
conducted for differ-
ent antenna polariza-
tions to model a typi-
cal offi ce environ-
ment. To measure 
the co- and cross-po-
larized channel char-
acteristics, a pair of 
20 dBi (15° HPBW) 
antennas was used. 
Two transmit and 
21 receive locations, 
shown in Figure 5, 

were chosen to investigate the complex 
indoor propagation channels.

The Tx-Rx separation distance 
ranged from 6 to 46 m. The Tx an-
tenna was set at a height of 2.5 m near 
the ceiling to imitate current indoor 
wireless access points; the Rx was set 
at a height of 1.5 m (similar to the 
height of a mobile phone carried by a 
person). For each Tx and Rx location 
combination, eight measurements 
with various AOD and AOA and co- 
and cross-polarization combinations 
were measured.21

MEASUREMENT RESULTS
Measurement results from the 28 

and 73 GHz outdoor and 73 GHz in-
door campaigns include directional 
path loss models, omnidirectional 
path loss models and direction root 

one Tx and 11 Rx locations, with the 
Tx-Rx separation distance ranging 
from 75 to 125 m. At three locations, 
the Rx was moved in half-wavelength 
increments on an automated 10-wave-
length long linear track. This con-
fi guration studied small-scale fading, 
which impacts MIMO performance.23

The 73 GHz outdoor propagation 
measurements were conducted in 
downtown Manhattan, at fi ve transmit 
and 27 receive locations, as shown in 
Figure 4. The fi ve transmit locations 
are denoted by yellow stars. Two were 
on the two-story rooftop of the Coles 
Recreational Center (7 m high), two 
on the second fl oor balcony of the 
Kimmel Center (7 m high), and one on 
the fi fth-story balcony of the Kaufman 
building of the Stern Business School 
(17 m high). Tx-Rx separation distanc-

 Fig. 4  73 GHz measurement sites around NYU’s Manhattan 
campus.

 Fig. 5   Locations for the 73 GHz indoor measurements.22
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surements, respectively. This improvement in PLE when 
considering the best NLOS angles is signifi cant and shows 
the advantage of using beam searching and directional an-
tennas at millimeter wave frequencies. The NLOS path 
loss experienced large attenuation per decade; however, 
the use of multiple antenna elements and beamforming 
and beam combining technologies can signifi cantly de-
crease the path loss when considering the best possible 
paths.

The results show that beam combining can signifi cantly 
reduce the propagation PLE32. PLE for certain Tx and Rx 
combinations reduces from 4.7 to 3.6 for 73 GHz outdoor 
scenarios using a 1 m free space reference distance. By 
coherently combining the four strongest signals from four 
distinct beams, compared to an arbitrarily pointed single 
beam, 28 dB of link improvement is achieved, and 10 dB of 
improvement when compared to a single optimum beam 
over a 100 m Tx-Rx separation at 73 GHz. For the 28 GHz 
outdoor measurements, the maximum possible improve-
ment reaches 24 dB. The cross polarization measurements 
also show the potential for antenna polarization diversity 
systems in indoor millimeter wave communications sys-
tems.21

OMNIDIRECTIONAL PATH LOSS
Omnidirectional path loss models are important, since 

they allow an arbitrary antenna pattern to be used in simu-
lation or analysis. The existing 3GPP WINNER II and oth-
er 3GPP-like models are omnidirectional for this reason. 
To create omnidirectional models for each Tx-Rx location 
combination, the received powers at every unique azimuth 
and elevation angle combination were summed after re-
moving antenna gains. This yields an omnidirectional re-
ceived power for each Tx-Rx location combination, used to 
compute an omnidirectional path loss model.6,14,21

Figure 7a shows the omnidirectional path loss models 
for 28 GHz outdoor LOS and NLOS measurements us-
ing a 1 m close-in reference distance. The LOS PLE of 
2.3 is very close to the theoretical FSPL and has a small 
shadowing factor of 2.6 dB. The NLOS PLE is 3.4 with a 
standard deviation of 9.7 dB.14 Figure 7b shows the omni-
directional path loss models for 73 GHz outdoor LOS and 
NLOS measurements, combining the access and backhaul 
scenarios. The LOS PLE and NLOS PLE are similar to 
the 28 GHz outdoor measurements. Figure 7c shows the 
omnidirectional path model for the 73 GHz indoor mea-
surements. The LOS PLE for VV polarization is 1.5 with 
shadowing factor of 0.8 dB. The corresponding LOS PLE 
and shadowing factor for the cross-polarized antenna are 
4.5 and 6.6 dB, respectively. The NLOS omnidirectional 
PLE and shadowing factor for co- and cross-polarized an-
tenna are 3.1 and 8.9 dB; and 5.3 and 0.69 dB, respectively.

The indoor omnidirectional co-polarized path loss re-
sults are very promising for an indoor environment, as the 
LOS PLE is lower than true free space, due to ground 
bounces and constructive interference from refl ections. 
The NLOS PLE of 3.1 is also reasonable for an indoor 
wireless network.21

RMS DELAY SPREAD
RMS delay spread is one of the most important char-

acteristics of a radio propagation channel, as it describes 

ing angle for the directional NLOS channel for each Tx-Rx 
location combination. Figure 6 shows that the NLOS-best 
PLE is 3.7 for 28 GHz outdoor and that the NLOS-best 
PLE is 3.6 and 3.3 for 73 GHz outdoor and indoor mea-

 Fig. 6   28 GHz and 73 GHz close-in free space reference distance 
directional path loss in the outdoor urban environment of New York 
City, and indoor path loss models. 28 GHz outdoor directional path 
loss models (a). 73 GHz outdoor directional path loss models, consid-
ering access and backhaul Rx heights (b). 73 GHz indoor directional 
path loss models with VV and VH antenna polarization (c). 
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bile communication systems with simple equalization, the 
ideal situation is for particular beam pointing directions to 
offer both minimal path loss and minimal multipath de-
lay spread. If the channel provides such paths, simplifi ed 
receiver structures can be based solely on beamforming 

the multipath time dispersion of the channel used to es-
timate data rate and bandwidth limitations for multipath 
channels.3,4 To build power-effi cient millimeter wave mo-

 Fig. 8  28 and 73 GHz RMS delay spread CDFs and RMS delay 
spread as function of Tx-Rx separation distance. 28 GHz outdoor 
measurements (a). 73 GHz outdoor measurements (b). 73 GHz 
indoor measurements (c).
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understanding values that may result 
when beamforming or beam search-
ing algorithms are used to systemical-
ly search for the strongest Tx and Rx 
pointing angles, to achieve the lowest 
path loss or link attenuation.

CONCLUSION
This article describes the sliding 

correlator channel sounder system and 
presents the millimeter wave propa-
gation measurements performed by 
NYU WIRELESS over the past two 
years. Results are shown for 28 GHz 
outdoor, 73 GHz outdoor base station-
to-mobile (access), 73 GHz base sta-
tion-to-base station (backhaul) and 73 
GHz indoor scenarios. The measure-
ment results include channel charac-
teristics such as directional and omni-
directional path loss models relative to 
a 1 m free space reference distance, 
and directional delay spread. 

The path loss model results ob-
tained for unique pointing angles 
show that LOS free space propagation 
in outdoor (n = 2.3) and indoor en-
vironments (n = 2.2) for the 73 GHz 
band and outdoor environments (n = 
1.9) for the 28 GHz band is favorable 
and close to the theoretical free space 
path loss (n = 2). The NLOS environ-
ment at 28 and 73 GHz experiences 
greater attenuation than the  LOS 
environment yielding n = 4.1 for the 
28 GHz outdoor directional measure-
ments n = 4.7 for the 73 GHz outdoor 
scenario, and n = 5.1 for 73 GHz in-
door measurements. However, with 
the use of multiple antenna elements, 
beamforming and beam combining 
technologies can signifi cantly de-
crease the path loss when considering 
the best possible paths (n = 3.7 for 28 
GHz outdoor, n = 3.6 for 73 GHz out-
door, and n = 3.3 for 73 GHz indoor 
co-polarization). The omnidirectional 
co-polarized path loss results are very 
promising for an indoor environment, 
as the LOS path loss exponent is 
smaller than for true free space, due 
to ground bounces and constructive 
interference from refl ections.

RMS delay spread is generally in-
versely proportional to the Tx-Rx sep-
aration distance. Understanding RMS 
delay spread in the millimeter wave 
bands is important for wireless com-
munications systems, especially where 
beam combining, beamforming and 
equalization are necessary to increase 

Table 2 summarizes Tx-Rx sepa-
ration distance, path loss, RMS delay 
spread, maximum 10 dB down excess 
delay3 and maximum 20 dB down ex-
cess delay for specifi c antenna point-
ing angles. The characteristics are pre-
sented for two case-types in the table: 
values for one particular Tx-Rx angle 
pointing orientation that provides 
the minimum RMS Delay Spread for 
that case and values for one particular 
Tx-Rx angle pointing orientation that 
results in the minimum path loss, for 
the same Tx-Rx location combination. 
The values are determined from the 
entire measurement set that provided 
the smallest directional RMS delay 
spread and path loss.21-23

A simple algorithm to fi nd the 
best beam directions will help simul-
taneously minimize both RMS delay 
spread and path loss (i.e., fi nding the 
best paths for both maximum SNR and 
very simple equalization).23 By select-
ing a beam with both low RMS delay 
spread and path loss, relatively high 
power can be received using direc-
tional antennas without complicated 
equalization, meaning that low latency 
single carrier (wideband) modulations 
may be viable candidates for future 
millimeter wave wireless systems. The 
measured values presented here are 
useful to the research community for 

and minimal equalization in the time 
domain, rather than using multi-tone, 
OFDM modulation and frequency 
domain equalization, as is done today.4

For this unique pointing angle sce-
nario, Figure 8 shows the RMS delay 
spread as a function of Tx-Rx sepa-
ration and the associated cumulative 
distribution functions (CDFs) for 28 
and 73 GHz outdoor and 73 GHz in-
door measurements. The RMS delay 
spread in the 28 GHz outdoor mea-
surements with 24.5 dBi gain narrow 
beam antennas shows that the ma-
jority of the multipath components 
arrive within about 50 ns. The RMS 
delay spread in the 73 GHz outdoor 
measurements with 27 dBi gain nar-
row beam antennas, combining back-
haul and access scenarios, shows that 
a majority of the multipath compo-
nents arrive within about 30 ns. For 
the 73 GHz indoor measurements, 
the majority of the multipath for 
co-polarized antennas arrives within 
about 35 ns, and for cross-polarized 
antennas within about 20 ns.

Generally, the RMS delay spread 
decreases as the Tx-Rx separation 
distance increases, since weaker 
components reaching the receiver at 
greater distances are not detectable 
above the receiver system’s noise 
fl oor.24

TABLE 2
SUMMARY OF MINIMUM RMS DELAY SPREAD AND LOWEST PATH LOSS RESULTS FROM  

28 GHz OUTDOOR AND 73 GHz OUTDOOR AND INDOOR MEASUREMENTS

Multipath Delay Spreads for the Directional Beams with the Minimum RMS Delay 
Spread 

Freq. Scenario Environment Tx-Rx 
Separation 

Distance (m)

Path 
Loss 
(dB)

RMS 
Delay 

Spread 
(ns)

MED 
10 dB 
(ns)

MED 
20 dB 
(ns)

28 GHz Outdoor LOS 54 119.9 0.76 4.0 4.7

NLOS 143 129.7 0.86 4.6 5.6

73 GHz Outdoor LOS 54 141.7 0.79 4.2 4.8

NLOS 181 157.3 0.79 3.2 3.3

73 GHz Indoor LOS 6 141.5 0.54 2.1 2.1

NLOS 29 86.3 0.56 1.9 1.9

Multipath Delay Spreads for the Directional Beams with the Lowest Path Loss

28 GHz Outdoor LOS 33 88.4 0.84 4.5 5

NLOS 114 126.2 165.10 7 1384.8

73 GHz Outdoor LOS 40 100.4 0.89 4.4 7.8

NLOS 118 121.2 0.97 4.6 8

73 GHz Indoor LOS 6 86.3 0.85 4.6 5.3

NLOS 10 90.7 0.80 4.4 5
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the signal-to-noise ratio (SNR) and 
improve performance for a communi-
cation system.

The data described in this article 
will allow for the development of sta-
tistical channel models for millimeter 
wave small cell wireless communica-
tions systems in dense urban environ-
ments. Statistical models in the form 
of 3GPP standards have already been 
published based on the measure-
ments described.14,27,28 Given the 
large availability of spectrum at 28 and 
73 GHz, millimeter wave bands will 
likely play a signifi cant role in the next 
generation of cellular systems and 
these measurements and models will 
be an essential tool in their design. ■
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Mobile CommunicationsMobile Communications

ower amplifi ers (PA) are a critical 
component in mobile communica-
tion devices like smartphones and 
tablets. To increase data rates, mo-
bile devices are operating ever wider 

bandwidths with multiple-input multiple-out-
put (MIMO) data streams and higher-order 
modulation, and orthogonal frequency division 
multiplexing (OFDM). This requires the PA to 
achieve both better linearity and effi ciency to 
ensure long battery life. Unfortunately, this 

presents a bit of a problem for the PA, which is 
a power-hungry, nonlinear device. Fortunately, 
there is a technique that is helping overcome 
these issues: Envelope Tracking (ET). ET of-
fers improved battery life and RF PA perfor-
mance along with reduced heat dissipation. 
However, the technique is not without chal-
lenges. Let’s take a closer look.

ET: THE BASICS
ET improves the power amplifi er’s effi ciency 

by tracking its bias voltage with the magnitude 
of the input signal envelope. ET dynamically 
adjusts the DC power supply voltage based on 
the envelope of the PA input signal, enabling 
the amplifi er to be more linear, reach higher 
peak power, and achieve greater spectral and 
power-added-effi ciency (PAE). It also reduces 
issues associated with distortion.

A block diagram of a typical ET system is 
shown in Figure 1. Here, the envelope detec-
tor measures the magnitude of the IQ wave-
form, which is fed to a shaping table to deter-
mine the bias voltage supplied to the PA. The 
shaped envelope signal is supplied to the en-
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 Understanding Envelope 
Tracking and Its 
Measurement Challenges
Yu Qian
Keysight Technologies Inc., formerly Agilent Technologies electronic measurement business 
Santa Rosa, Calif.

 Fig. 1  Block diagram of a typical ET system.
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velope tracking power supply (ETPS), 
which modulates the bias voltage to 
track the RF input waveform. Finally, 
the PA amplifi es the RF input signal.

ET does not apply a level limiter 
or operate with a fi xed amplitude PA 
input signal, as is common with po-
lar modulation. Instead, it may use a 
mixture of open and closed loop feed-
back, with delays introduced to the IQ 
or RF path to match those in the sup-
ply modulation path. In an open loop 
system, the shaping curve is applied to 
the envelope signal to match the sup-
ply voltage versus RF gain in the PA. 
Predistortion may also be used.

THE MEASUREMENT CHALLENGE
ET introduces an added complex-

ity that makes confi guring and testing 
an ET system especially challenging. 
Some of the specifi c challenges in-
clude:

PA Characterization for Simulation

ET requires additional testing, 
which drives up both test time and 
cost. A further complication, an ET 
PA must be treated as a 3-terminal 
active device. A low noise, high band-
width power supply is also required, 
usually operating in a combination of 
switched and linear modes.

Shaping Table Design

The shaping curve or table deter-
mines the characteristics of the ET 
system. It must be properly designed 
and optimized to achieve the de-
sign goals, a process that is typically 

lengthy and diffi cult, often requiring 
many steps. Once designed, the shap-
ing table and all the other components 
required to implement an ET system 
(i.e., ETPS, RF PA and radio design) 
must be tested or evaluated.

Antenna Tuning

While tuning the antenna is often 
performed by a specialist, the design-
er will likely need to check the opera-
tion of the ET system with antenna 
mismatch.

Time-Aligned Signal Generation 

A timing misalignment of the en-
velope and RF signals of more than 1 
ns will adversely impact the quality of 
the transmitted signal, affecting both 
adjacent channel power (ACP) and 
error vector magnitude (EVM). Tim-
ing misalignment results in an asym-
metric adjacent channel leakage ratio 
(ACLR).

AM/AM and AM/PM Measurement

While an ACLR measurement will 
show a problem with the ET system, 
it won’t provide much insight into its 
cause. Linearity measurements of 
AM/AM and AM/PM, on the other 
hand, are key metrics for assessing 
ET performance. To improve linear-
ity, supply modulation may be used. It 
reduces the in-band and out-of-band 
intermodulation signals at higher 
powers.

Instantaneous PAE

Measuring the improvement in 
system performance is a big challenge 
when implementing an ET system. 
The performance of the RF PA can 
be measured by itself, but it is a very 
diffi cult undertaking requiring mea-
surement of the current with suffi -
cient bandwidth. The supply current, 
voltage and RF power measurements 
need to be accurately time aligned to 
provide an instantaneous PAE mea-
surement. An alternate and consider-
ably easier approach is to measure the 
performance improvement as a com-
bination of the ETPS and the ET PA, 
using a bench supply to measure aver-
age current.

Group Delay Through the ETPS

The ETPS has a lowpass fi lter re-
sponse, making ripples in group de-
lay through it especially worrisome. 
These ripples can cause excess distor-
tion in the RF PA output.

Receive Band Noise Floor

In an ET system, all but the RF 
carrier decoupling capacitors are 
removed. Any spurious signals and 
noise on the power supply line to the 
RF PA appear at the output. Of par-
ticular concern is any increase in the 
transmitter noise fl oor that appears 
at the receiver duplex frequency in a 
frequency division duplexing (FDD) 
radio. This noise is coupled through 
the antenna duplexer and reduces the 
receiver’s sensitivity.

In addition to these technical chal-
lenges, engineers must deal with the 
logistical challenge of determining 
which parts of the ET system to test 
and how to perform all of the model-
ing and measurement.

CONFRONTING THE 
CHALLENGES

Dealing with the challenges to 
implement an ET system requires 
two essential components. The fi rst is 
an ET design and test fl ow. One pos-
sible fl ow is illustrated in Figure 2. It 
begins with modeling the PA’s linear 
and nonlinear behavior and PA char-
acterization. Next, the shaping table 
is designed. The envelope signal is 
then created, with the shaping table 
applied to the signal. Finally, the PA’s 
PAE, ACLR and receive band perfor-
mance are measured and analyzed.

The second element to evaluate 
ET components and ET-based radio 
designs is a highly fl exible and accu-
rate ET test system. Such a system 
should be comprised of a simulation 
environment, signal generator and 
analyzer with signal generation and 
analysis software, and an oscilloscope. 
For optimal fl exibility, the system 
should support both LXI bench and 
PXI modular instruments and be 
based on common tools that enable 
effective teamwork, from R&D to de-
sign verifi cation and into production.

A typical test system for the bench 
that can be used to perform the ET 
design and test fl ow is shown in Fig-
ure 3. For system modeling and 
simulation, electronic system level 
(ESL) design software is used to trade 
off the ET system’s baseband and RF 
performance. The software allows 
customized models to be developed 
and shared prior to simulation, so the 
performance and impact of different 
devices can be understood.

To generate both the RF and en-

 Fig. 2  Possible ET system design and 
test fl ow.
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cally targeted at ET combined with an 
ET design and test fl ow offer design-
ers an ideal way to mitigate challenges 
that may arise. ■
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velope signals required for evaluation 
and performance testing of the ET 
system, signal generation software 
with an ET option is employed. Once 
the envelope waveform is created, it is 
downloaded to a vector signal genera-
tor. An arbitrary waveform generator 
is used to generate the envelope wave-
form signal.

After downloading the waveforms, 
the timing of the RF and envelope 
signals is adjusted with the signal 
generation software. An oscilloscope 
measures the absolute time delay. The 
entire ET system performance (RF 
signal, envelope signal, ETPS and RF 
PA) is then evaluated using a signal 
analyzer and associated software.

Based upon the results, the PA 
can be adjusted to improve its output 
signal quality, using ET alone or with 
other PA technologies like crest fac-
tor reduction (CFR) and digital pre-
distortion (DPD). A general-purpose 
signal generator, signal analyzer and 
arbitrary waveform generator can 
help optimize PA performance.

PA characterization, including 
swept frequency and pulse power 

measurements, is performed using a 
network analyzer and DC power ana-
lyzer with source measurement unit 
(SMU). If the DC power analyzer 
with SMU has a dynamic capability, 
pulsed PA performance may also be 
characterized. During PA testing, RF 
power modulation is measured using 
USB RF power sensors. A peak power 
analyzer and wideband sensor analyze 
the modulated power.

For production test, the following 
equipment is needed: waveform gen-
eration software, vector signal gen-
erator, arbitrary waveform generator, 
SMUs, digital inputs outputs (DIO) 
for device under test (DUT) control 
DC measurements, and a vector sig-
nal analyzer with appropriate mea-
surement application software.

CONCLUSION
ET offers a number of performance 

advantages. However, to fully achieve 
these, designers must fi rst understand 
and overcome the measurement chal-
lenges with confi guring and testing an 
ET system. An accurate and fl exible 
hardware/software test system specifi -

 Fig. 3  A typical test solution for ET PAs.
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PULSE ELECTRONICS IMPROVES ANTENNA 
EVALUATION AND REDUCES PRODUCT DESIGN 
LEAD TIME WITH CST MICROWAVE STUDIO
Heikki Korva, Team Manager, RF, Pulse Electronics Wireless Division

Figure 1 LTE antenna audio-module, from simulation to mass production. 

Pulse Electronics Mobile Division produces compact antennas  
for mobile communications and networking. Mobile antennas 
need to function in complex and mechanically limited environ-
ments, and so most antennas used today are specially designed 
and customer-specific.

The antenna is one of the first electromechanical components 
considered in a new product concept design. In the past, most  
of the R&D work was done in the laboratory, with the engineers 
constructing and testing different antenna designs for customers’ 
products. While this is still a good approach for single antenna 
systems, the introduction of LTE diversity schemes and other radio 
systems such as Wi-Fi and GPS to current smartphones make reli-
able prototype evaluation very challenging.

Antenna prototypes typically include the device ground, PCBs, 
batteries, covers and any other large parts. Obviously, early 
prototypes seldom include any active transceivers, and so each 
antenna must be driven from an external coaxial cable. A typical 
LTE smartphone, with its main and diversity antennas, GPS and 
GLONASS systems and 2.4 GHz and 5 GHz WLAN capabilities,  
can need 7 or 8 cables to measure all the components at once. 
These cables would occupy too much of the volume of the pro-
totypes, and severely distort the evaluation results. With electro-
magnetic simulation, the performance of a complex device can 
be calculated without worrying about these cable effects. 

An example of an antenna product designed using only 
CST MICROWAVE STUDIO® (CST MWS) is shown in Figure 1.
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rom Wi-Fi devices to LTE handsets, 
today’s wireless devices require sev-
eral key measurements to character-
ize the ability of the receiver to de-
modulate an incoming signal from a 

base station or access point without distortion. 
Although many engineers are familiar with the 
notion of a sensitivity measurement (historically, 
the lowest signal level that can be received), this 
is just one of several measurements required to 
characterize receiver performance. There are 
actually six key measurements that engineers 
frequently use to evaluate receiver performance 
under a wide range of operating conditions.

Although this article describes these six re-
ceiver measurements in the context of an LTE 
receiver, the concepts apply to any wireless re-
ceiver. The 802.11 specifi cations are similar for 
wireless LAN radios.

LTE receiver metrics, shown in Table 1, 
are defi ned in section 7 of the 3GPP TS 36.521 

specifi cations. Although Table 1 actually lists 
seven measurements, spurious response is 
functionally similar to blocking characteristics, 
so they’ll be combined in this article.

When testing LTE receiver performance, 
the primary receiver fi gure of merit is receiver 
throughput. Each of the measurements listed 
in Table 1 defi nes conditions at which the de-
vice must meet minimum throughput require-
ments of 95 percent.

REFERENCE SENSITIVITY LEVEL
The reference sensitivity level describes the 

receiver’s ability to operate within low signal 
power conditions. Unlike GSM and W-CDMA 
receivers that often use bit error rate (BER) 
to defi ne the sensitivity requirements, LTE 
defi nes minimum performance in terms of 
throughput. Sensitivity is therefore defi ned as 
the lowest average power level at which the re-
ceiver can achieve 95 percent of the maximum 
throughput, when using QPSK modulation.

The hardware confi guration for LTE refer-
ence sensitivity level requires a vector signal 
generator (VSG) directly connected to the re-
ceiver. It is common to use a fi xed attenuator 
between the instrument and the device under 
test (DUT) or user equipment (UE) to im-
prove the impedance match. As illustrated in 
Figure 1, the VSG produces an LTE downlink 
signal and the receiver reports its throughput 
through a digital interface.

The power level at which an LTE receiver 
must meet the required throughput varies ac-
cording to the E-UTRA frequency band and 
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Six LTE Receiver 
Measurements Every 
Wireless Engineer
Should Know
David A. Hall
National Instruments, Austin, Texas

TABLE 1
LTE RECEIVER MEASUREMENTS

Measurement 3GPP TS 36.521 Section

Reference Sensitivity Level Section 7.3

Maximum Input Level Section 7.4

Adjacent Channel Selectivity Section 7.5

Blocking Characteristics Section 7.6

Spurious Response Section 7.7

Intermodulation Characteristics Section 7.8

Spurious Emissions Section 7.9
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confi gured channel bandwidth. These 
conditions are defi ned in Table 7.3.3-1 
of the 3GPP TS 36.521 specifi cations. 
The power levels range from -106.2 
dBm for Bands 35 and 36 in a 1.4 
MHz bandwidth to -90 dBm for Band 
20 in a 20 MHz bandwidth.

MAXIMUM INPUT LEVEL
A second key metric of LTE re-

ceiver performance is maximum input 
level. Similar to the reference sensi-
tivity level, the receiver’s maximum 
input level characterizes its ability to 
achieve minimum requirements for 
throughput with large signal levels.

Receiver performance at relatively 
high power levels is primarily deter-
mined by the linearity of the front 
end, which is usually dominated by 
components such as the fi rst LNA in 
the receive chain. The minimum con-
formance standards for maximum in-
put level require that the receiver be 
able to achieve at least 95 percent of 
the maximum throughput in the pres-
ence of signal powers up to -25 dBm 
for all bands and in all channel band-
widths.

The test confi guration for maxi-
mum input level is almost identical to 
reference sensitivity level. One minor 
difference is that it is not necessary to 
use substantial attenuation between 
the RF signal generator and the DUT 
when testing maximum input level. 
Instead, the signal generator is either 
connected directly to the DUT or 
through a small attenuator used for 
impedance matching.

ADJACENT CHANNEL 
SELECTIVITY

Adjacent channel selectivity (ACS) 
is a third metric for LTE receiver per-
formance. ACS measures a receiver’s 
ability to achieve minimum through-
put requirements in the presence 
of an adjacent channel signal, i.e., at 
a specifi c frequency offset from the 
given channel. This measurement is 
particularly useful in determining the 
receiver’s performance at the band 
edge, when higher power out-of-band 
signals from other base stations are 
present. ACS can strictly be defi ned 
as the ratio (in dB) of the receiver fi l-
ter’s attenuation at the assigned chan-
nel frequency to the attenuation at the 
adjacent channel.

The test confi guration for ACS re-
quires two signal generators connect-
ed to a power combiner. One VSG 
produces the reference LTE signal, 
which is demodulated by the receiver. 
The other signal generator produces 
the interfering LTE signal at an offset 
frequency, illustrated in Figure 2.

The outputs of both the primary 
downlink and interfering signal gen-
erators are combined to form a com-
posite input to the UE. The specifi c 
requirements for LTE receiver ACS 
depend on the confi gured channel 
bandwidth and range from 33 dB in 
a 1.4 MHz channel to 27 dB in a 20 
MHz channel.

Testing ACS generally involves 
two test confi gurations, one close to 
the sensitivity limit and one at the 
maximum input power to the receiver. 
When testing ACS at the lower end of 
the input power range, the primary 
RF signal generator generates a ref-
erence channel that is 14 dB above 
the receiver’s sensitivity limits. The 
interfering RF signal generator pro-
duces an LTE signal at a higher out-
put power, where the specifi c power 

level depends on the 
bandwidth of the 
transmission.

When testing 
ACS at the higher 
end of the receiver’s 
input power range, 
the interfering RF 
signal generator 
produces an inter-
ferer at the maxi-
mum input level of 
-25 dBm. Then, the 
primary RF signal 

generator is confi gured to produce a 
reference channel that is substantially 
lower than the interfering signal. In 
this test, the absolute power level of 
the reference channel depends on the 
channel bandwidth.

BLOCKING CHARACTERISTICS
Blocking characteristics are a mea-

sure of the receiver’s ability to accu-
rately demodulate LTE signals in the 
presence of a wide range of interfer-
ence. The specifi cations for LTE pro-
vide a more comprehensive range of 
interferers than the ACS measure-
ment, including both continuous wave 
and modulated signals.

Figure 3 illustrates the range of 
blocking signals: continuous wave 
(CW) signals close to the band of in-
terest (narrowband blocking), CW sig-
nals farther from the band of interest 
(out-of-band blocking) and modulated 
signals relatively close to the band of 
interest (in-band blocking).

A test confi guration similar to that 
used for ACS is used to measure block-
ing characteristics, i.e., combining the 
outputs of two RF signal generators. 
If the signal generator producing the 
interfering signal cannot generate CW 
and modulated signals, a separate CW 
signal generator will be required.

Similar to sensitivity and ACS, 
the blocking characteristics measure-
ments require the receiver to achieve 
a minimum throughput of 95 percent 
of its maximum throughput for each 
of the in-band, out-of-band and nar-
rowband blocking measurements.

In-band blocking is a metric mea-
sure of the receiver’s performance in 
the presence of an unwanted interfer-
ing signal in the UE receive band or 
in the fi rst 15 MHz below or above 
the receive band. When performing 
this measurement, the primary VSG is 
confi gured to produce an LTE signal 

 Fig. 1  Test setup for measuring LTE 
receiver sensitivity.
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Reported BER Result
PC

Primary
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 Fig. 2  Test setup for measuring adjacent 
channel selectivity.
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 Fig. 3  Three types of interference signals are used to test the 
blocking characteristics of an LTE receiver.
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The test setup for intermodulation 

characteristics requires three RF sig-
nal generators, two VSGs and one CW 
signal generator, and a three-way RF 
power combiner.

To pass the intermodulation char-
acteristics measurement, a receiver 
must be able to achieve 95 percent 
throughput at power levels ranging 
from 6 to 12 dB above the sensitivity 
limit, depending on the channel band-
width.

SPURIOUS EMISSIONS
The fi nal critical LTE receiver mea-

surement is spurious emissions. Un-
like the other measurements, which 
defi ne a receiver’s ability to achieve a 
specifi ed throughput under a range of 
signal conditions, the spurious emis-
sions measurement characterizes the 
receive port’s radiated emissions. It is 
the only receiver measurement that 
does not reference the throughput.

The hardware requirement for 
spurious emissions is straightforward 
and consists of connecting a spectrum 
analyzer to the receive port of the re-
ceiver. The spectrum analyzer mea-
sures emissions from 30 MHz to 12.75 
GHz using a measurement bandwidth 
of either 100 kHz or 1 MHz (some 
exceptions apply to Bands 22, 42 and 
43). The emissions requirement is -57 
dBm in a 100 kHz bandwidth or -47 
dBm in a 1 MHz bandwidth, with the 
measurement bandwidth dependent 
on frequency.

CONCLUSION
Although many engineers are most 

familiar with sensitivity as a metric 
for receiver performance, real-world 
environments require additional 
measurements. As the LTE receiver 
performance metrics indicate, receiv-
ers operate in the presence of a wide 
range of interfering signals that place 
requirements on both the noise fl oor 
and linearity performance. When test-
ing an LTE radio for conformance with 
the 3GPP requirements, radio design-
ers must consider a wide range of re-
ceiver performance metrics, from in-
band emissions to intermodulation. ■
Note: This article is an abridged section from 
an application note entitled “Introduction to 
LTE Device Testing: From Theory to Transmit-
ter and Receiver Measurements.” For the full 
application note, visit: http://download.ni.com/
evaluation/rf/Introduction_to_LTE_Device_
Testing.pdf.

6 to 9 dB above the reference sensi-
tivity limit. The in-band interferer is 
a modulated LTE signal confi gured at 
either -56, -44 or -30 dBm, depending 
on frequency offset.

By comparison, out-of-band block-
ing characteristics evaluate the receiv-
er’s performance in the presence of 
higher power out-of-band signals. Un-
like the in-band blocking characteris-
tics that use a modulated signal, the 
out-of-band interfering signal is a CW 
signal at +6 dBm. When performing 
this measurement, the interference 
signal generator must be confi gured 
to generate a CW tone.

When testing out-of-band block-
ing, the reference LTE signal is gen-
erated at a power level that is 6 to 9 
dB above the reference sensitivity 
level of the receiver, with the precise 
power level dependent on the band-
width confi guration. Figure 4 shows 
that in the 5 MHz bandwidth confi gu-
ration in E-UTRA Band 1, where the 
reference sensitivity requirement is 
-100 dBm, the test signal for out-of-
band blocking is -94 dBm, which is 6 
dB higher in power.

The fi nal block-
ing measurement, 
narrowband block-
ing, is a measure of 
the LTE receiver’s 
ability to achieve 
minimum through-
put in the presence 
of an unwanted nar-
rowband interferer, 
where the frequen-
cy offset is less than 
the channel spacing. 
Similar to the out-
of-band blocking 
measurement, the 
narrowband block-
ing requires a test 
confi guration that 
uses both LTE and 
CW signals.

Because the in-
terferer for narrow-
band blocking is 
close in frequency 
to the band of inter-
est, the power level 
of the interferer is 
much closer to the 
power level of the 
reference signal. 
Here, the reference 
LTE signal ranges 

from 16 to 22 dB above the sensitivity 
level of the receiver. Also, the inter-
ferer is generated at a power level of 
-55 dBm for all bandwidth confi gura-
tions and is spaced at a frequency off-
set that is just over 200 kHz away from 
the band edge of the signal of interest.

INTERMODULATION 
CHARACTERISTICS

Receiver intermodulation charac-
teristics mimic the effect of the in-
termodulation products that occur in 
a receiver experiencing multiple in-
terferers simultaneously. To perform 
this measurement, two interference 
signals are simultaneously injected, 
creating third-order distortion prod-
ucts that directly interfere with the 
reference downlink signal.

As shown in Figure 5, the frequen-
cy offset between the two interfering 
signals, both a CW interferer and a 
modulated interferer, is equivalent to 
the frequency spacing between the 
CW interferer and the reference sig-
nal to the receiver. Thus, the resulting 
third-order distortion product directly 
interferes with the reference signal.

 Fig. 4  Power levels and frequency offsets for out-of-band blocking 
characteristics.
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 Fig. 5  Interfering signals are spaced so the third order distortion 
product interferes with the reference signal.
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ncreasing demand on high data rate, long 
range wireless communication networks 
has driven the advancement of wireless lo-
cal area network (WLAN) standards. In 
1999, 802.11b dictated a maximum data 

rate of 11 Mbps at 2.4 GHz, increasing to 54 
Mbps at 5 GHz with 802.11a and at 2.4 GHz 
with 802.11g in 2003.1 In 2009, 600 Mbps was 
achieved in 802.11n by using additional multi-
ple-input-multiple-output (MIMO) antennas. 
With the continuing development of laptops 
and smartphones, however, there is a need for 
even larger amounts of data sharing,2 driving 
the creation of a new standard for higher data 
rate WLAN. The new 802.11ac standard, also 
known as very high throughput (VHT), is ca-
pable of a 500 Mbps data rate with one spatial 
stream in the 5 GHz band and greater than 1 
Gbps with multiple spatial streams. It benefi ts 
from new features, such as wider channel 

bandwidth, a higher-order modulation scheme 
and more spatial streams.

There are three challenges in the design of 
an RF subsystem for future WLAN.3 First is 
the transceiver’s higher sensitivity to I/Q imbal-
ance and channel gain fl atness due to its wide 
channel bandwidth. Second is a higher sensitiv-
ity to carrier frequency offset and phase noise 
than single carrier systems.4 Third is a higher 
peak-to-average ratio (PAR) caused by the 
complex modulation scheme, which requires 
more power back-off in the power amplifi ers 
(PA).

Several methods are employed in this sys-
tem to address these challenges and achieve 
excellent RF performance. Suffi cient noise 
decoupling of the reference signal generation 
module and phase-locked loop (PLL) module 
improves the phase noise performance of the 
RF subsystem. The use of a broadband modu-
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Design of an 8×8 MIMO 
Broadband RF Subsystem 
for Future WLAN
Li Zhao, Jian-Yi Zhou, Wen-Wen Yang, Zhi-Qiang Yu and Li-Na Cao
Southeast University, Nanjing, China

This article describes a broadband 8×8 MIMO RF subsystem with large area 
coverage for next generation wireless local area networks (WLAN) in the 5 
GHz band. Measurements demonstrate the capability to operate over a long 
range of 80 m at a high data rate of 1 Gbps, due to its 23 dBm transmitter, -70 
dBm sensitivity, 50 dB dynamic range receiver and 8 dBi high gain antenna. 
The EVM of transmitter and receiver are 2.6 and 3.2 percent, respectively, 
for an 80 MHz 64 QAM signal. The 8×8 RF subsystem has been successfully 
integrated into an IEEE 802.11ac prototype system. Because broadband 
OFDM signals employed in 802.11ac WLAN standards are more sensitive 
to non-ideal RF system characteristics such as phase noise, I/Q imbalance 
and interference, their effects are analyzed and mitigations are incorporated. 
Design details, fabrication considerations and measurement results are 
presented.
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lator and extra operational amplifi ers 
ensures good I/Q balance within the 
80 MHz bandwidth. Close attention 
to the printed circuit board (PCB) 
layout and metallic shields between 
modules reduces interference.

The measured communication 
range is as much as 80 m with a 1 
Gbps data rate. Transmitter output 
power is as high as 23 dBm, which 
provides enough margin for the PA 
power back-off needed by the com-
plex modulation scheme. The receiver 
operates over a large dynamic range 
of more than 50 dB. A parallel-fed 
twin-dipole array is used to form the 8 
dBi high-gain antenna. The measured 
EVM of the transmitter and receiver 
using an 80 MHz 64 QAM signal is 2.6 
and 3.2 percent, respectively.

SYSTEM OVERVIEW
The network is composed of one 

access point (AP) and user equip-
ment (UE), which can be distributed 
throughout a building. The hardware 
platforms are the same at all the nodes 
(see Figure 1). The RF subsystem 
block diagram is shown in Figure 2. 
It has an operating frequency range of 
5.76 to 5.84 GHz for an 80 MHz chan-
nel bandwidth and consists of one 
power module, one control module, 
one reference signal generation mod-
ule and eight RF transceiver modules. 
The power module converts 48 to 
6 VDC with a DC to DC converter. 
The control module guarantees com-
munication between the baseband cir-

cuitry and RF transceivers. The refer-
ence signal generation module, which 
consists of a 10 MHz oven controlled 
crystal oscillator (OCXO) and a PLL, 
provides a 10 MHz reference signal to 
each of the eight transceivers.

It works in a time-division-duplex 
(TDD) mode. The transceiver has an 
RF port to the antenna and an I/Q in-
terface to the baseband. The peak-to- 
peak voltage of I/Q signals between 
the RF subsystem and baseband cir-
cuitry is 500 mV. The transmitter and 
receiver share one antenna by using a 
circulator as shown in Figure 3. Each 
transceiver has its own antenna, so 
there are eight antennas in total.

MITIGATION OF NON-IDEAL 
SYSTEM CHARACTERISTICS 
Phase Noise

Improper setting of phase-locked 
loops (especially the loop fi lter band-
width), a noisy power supply and ref-
erence frequency jitter are the main 
sources of phase noise. In the TDD 
mode, amplifi ers on Tx and Rx paths 
are switched on and off with each 
communication burst in order to 
minimize power consumption. Power 
consumption changes dramatically 
between Rx mode and Tx mode, in-

troducing noise. Unless the noise is 
thoroughly decoupled, it can affect 
the crystal oscillator and cause jitter 
in the reference. Phase noise is re-
duced by properly setting the crystal 
oscillator loop fi lter bandwidth, using 
an ultra-low noise, low dropout, linear 
regulator in the PLL power supply 
and employing tantalum capacitors 
for further decoupling.

It is also important that the 10 
MHz reference be distributed to each 
RF transceiver without introducing 
jitter, especially when multiple RF 
boards are inserted in the RF subsys-
tem. This is accomplished with an ul-
tra-low jitter LVCMOS fan-out buffer 
to distribute the reference to the eight 
RF transceivers.

I/Q Imbalance
Theoretically, a phase imbalance 

(�) and an amplitude imbalance (�) 
degrade SNR according to5
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 Fig. 1  Hardware platform.

 Fig. 2  RF subsystem block diagram.
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a good ground connection and proper heat dissipation for 
the PA. The two PCBs are fi xed on one metal base and in-
terconnected with adjacent microstrip lines. The RF band 
is from 5.76 to 5.84 GHz, with a 4.2 GHz LO frequency 
and a 1.6 GHz IF.

Link Budget
IEEE 802.11ac stipulates operation over 5 to 6 GHz 

with a 293 Mbps data rate (80 MHz bandwidth, 1 spatial 
stream, and 64 QAM 5/6) and a sensitivity of -58 dBm. The 
sensitivity for an 80 MHz QPSK signal is -71 dBm. The 
relation between sensitivity (Psen), thermal noise (Pnoise), 
noise fi gure (NF) and signal to noise ratio (SNR) can be 
expressed as

P P NF SNR (2)sen noise= + +

A noise fi gure of 7 dB (Pnoise = -95 dBm, SNR=17 dB 
for 80 MHz QPSK signal) is required to satisfy the -71 dBm 
condition. Gigabit-per-second data rates can be achieved by 
using multiple antennas and transceivers. The link budget 

If SNR degradation of less than 2 dB is required to 
achieve an SNR = 21 dB, the phase imbalance should be 
less than 5 degrees and the amplitude imbalance should be 
less than 0.5 dB.6 In practice, I/Q imbalance has a greater 
impact on wide bandwidth systems.

Asymmetry in the PCB layout and different trace 
lengths for the baseband I and Q signals contribute to 
I/Q imbalance. For a modulator or demodulator, impu-
rities in the LO signal also contribute to I/Q imbalance. 
A bandpass fi lter placed between the PLL and the de-
modulator can help to fi lter out undesired harmonics, 
while amplitude imbalance is compensated by adjusting 
the feedback resistor of the operational amplifi er and 
phase imbalance is compensated by placing shunt ca-
pacitors in I/Q signal paths.7

Interference
Shielding between different parts of the RF transceiver 

is critical, especially those parts with large power.8 Differ-
ent functional blocks are separated by a metal frame as 
shown in Figure 4. The large LO signal and its harmonics 
can be coupled to the RF front end through the dielectric 
substrate or other paths. To address this, LC lumped fi lters 
in the output path of the LO signal fi lter out the relatively 
high LO harmonics. A high isolation mixer is also used to 
reduce LO leakage.

Carrier feedthrough is mainly caused by imbalances in 
the DC offset between I/Q signals at the input of the modu-
lator. The operational amplifi ers shown in Figure 3 act as 
buffers between the baseband signals and the modulator, 
and can also provide DC offset compensation for the I/Q 
signals. Tuning the DC offset of the I/Q paths can effectively 
suppress the carrier feedthrough to a level below -55 dBc.

RF TRANSCEIVER AND ANTENNA DESIGN
Structure

The transceiver is integrated on a 1.5 mm thick, four-
layer PCB.9 The fi rst layer is on a Taconic TLX substrate, 
with εr =2.55, h=0.5 mm. The others are on FR-4. The RF 
front end, shown in the green dashed line box in Figure 
3, uses a two-layer PCB (εr =2.55, h=0.5 mm) to provide 

 Fig. 4  5.8 GHz WLAN RF transceiver prototype.

TABLE 1
TRANSCEIVER LINK BUDGET

Blocks Specifi cations

Transmitter

Modulator P1dB + 9 dBm

Image Suppression > 35 dB

IF Amplifi er and 
Filter

Gain 10 dB

P1dB + 18 dBm

Mixer Conversion Loss 7 dB

IP3 + 23 dBm

Driver Gain 10 dB

P1dB + 15 dBm

Power Amplifi er Gain 25 dB

P1dB + 34 dBm

Transmitter Flatness < 1 dB

Receiver

2-stage Low Noise 
Amplifi er

Noise Figure 2.3 dB

Gain 30 dB

P1dB + 15 dBm

Mixer Conversion Loss 7 dB

IP3 + 23 dBm

IF Amplifi er and 
Channel Select Filter

AGC=0 AGC=60 AGC=127

Gain: 
60 dB

Gain: 
30 dB

Gain: 0 dB

IP3 + 18 dBm

Demodulator P1dB + 13 dBm

Image Suppression > 30 dB

Receiver Flatness < 1.5 dB

Antenna

IRL and ORL* < 15 dB

Gain > 8 dBi

* IRL is the abbreviation of input return loss; ORL is the abbreviation of output 
return loss.
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a 20 MHz LTE signal (which is also an 
OFDM signal) due to instrumentation 
bandwidth limitations. The measured 
transmitter and receiver EVM using 
the 20 MHz LTE signal is 2.1 and 2.2 
percent, respectively (see Figure 8). 
Because of the lack of calibration for 
I/Q skew, EVM performance of the 
N8241A is poor (3.5, 2.4, and 2 per-
cent for 80 MHz QPSK, 16 QAM, 64 
QAM signal, respectively); therefore, 

of the transceiver is 
listed in Table 1.

Antenna
The high gain 

parallel-fed twin-
dipole array anten-
na consists of four 
identical printed 
twin-dipoles with 
half wavelength 
separation. The two 
arms of the twin di-
pole are printed on 
each side of the substrate and con-
nected by metal vias. This structure 
can also effectively suppress cross po-
larization. The feed network acts as a 
two-stage power divider. It is realized 
by parallel strips of the same width on 
each side of the substrate. When the 
feed lines are connected to different 
arms, the two dipoles have a 180 de-
gree difference in phase, which means 
the dipoles work in the even mode.10

The antenna is fabricated on a 12.3 × 
2.2 cm two-layer PCB, shown in Fig-
ure 5a, and is packaged in a plastic 
cylinder with a 3.5 mm SMA connec-
tor to the cable, shown in Figure 5b.

MEASUREMENT RESULTS
Performance is measured with a 

Keysight N8421A arbitrary waveform 
generator, R&S SMBV100A signal 
generator, Keysight N9020 spectrum 
analyzer and Keysight DSO91304A 
oscilloscope. Transmitter performance 
is summarized in Table 2, includ-
ing phase noise of the local oscillator. 
Transmitter IMD3 and EVM perfor-
mance is shown in Figure 6. Receiver 
performance is summarized in Table 3. 
Receiver EVM performance becomes 
worse with increasing bandwidth as 

shown in Figure 7. 
The receiver’s maxi-
mum input power 
is -20 dBm, and 
its minimum input 
power (sensitivity) is 
-70 dBm, resulting 
in a 50 dB dynamic 
range.

The arbitrary 
waveform genera-
tor creates the base-
band signal, which is 
upconverted to 5.8 
GHz by the signal 
generator. The trans-
ceiver is tested using 

 Fig. 5  Antenna prototype (a) and its 
package (b).

 Fig. 6  Transmitter measured results; 
IMD3 (a) EVM at 23 dBm output power (b).
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TABLE 2
TRANSMITTER MEASUREMENTS 

Parameters Measurement Results

LO 
Phase 
Noise

4.2 GHz -83 dBc @ 1 kHz, -91 dBc @ 10 KHz, 
-102 dBc @ 100 kHz, -127 dBc @ 1 MHz

1.6 GHz -93 dBc @ 1  kHz, -98 dBc @ 10 kHz, 
-110 dBc @ 100 kHz, -135 dBc @ 1 MHz

Tx Output IM3 -36 dBc @ Pout= + 23 dBm

Tx Gain Flatness 0.8 dB

Tx Carrier Suppression > 55 dB

Tx Image Suppression > 35 dB

Tx EVM (80 MHz QPSK) 4% @ Pout= + 23 dBm

Tx SNR (80 MHz QPSK) 28 dB @ Pout= + 23 dBm

TABLE 3
RECEIVER MEASUREMENTS

Parameters Measurement Results

Rx Noise Figure 6 dB

Rx Gain Flatness 1.2 dB

Rx Dynamic Range -20 to -70 dBm

Rx Image Suppression > 35 dB

Rx EVM (80 MHz QPSK) 5% @ Pin = -40 dBm

Rx SNR (80 MHz QPSK) 26 dB @ Pin = -40 dBm

 Fig. 7  EVM performance of the receiver 
for QPSK signal (a) 64 QAM signal (b) 80 
MHz signal (c). 
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tems to Carrier Frequency Offset and 
Wiener Phase Noise,” IEEE Transac-
tions on Communications, Vol. 43, No. 
234, February/March/April 1995, pp. 
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984-989.
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eration Wireless Communication Sys-
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No. 12, December 2007, pp. 84-94.

10.   W. Hong, Q. Jiang, Twin Dipole Wide-
band Printed Antenna, patent: ZL00 2 
20230.1, 2001.2.24.

each cabinet.

CONCLUSION
An RF sub-

system for future 
WLAN has been 
designed, fabricat-
ed and measured. 
The infl uences of 
phase noise, I/Q 
imbalance and in-
terference are ana-
lyzed, and measures 
are taken to provide 
performance im-
provements. The 
RF receiver has low 
noise, wide dynamic 
range and high im-
age rejection within 
the broad channel 
bandwidth. The RF 
transmitter has a 
high IMD3 and low 
EVM at 23 dBm 
output power. The 
antenna has 8 dBi 
gain at 5.8 GHz. 
The 8 × 8 RF sub-
system has been 
used in an IEEE 
802.11ac prototype 
system successfully 
with more than 1 
Gbps throughput 
over an 80 m radius 

of coverage. ■
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the actual EVM might be better than 
the measured values. Measured ver-
sus simulated input return loss of the 
antenna and the radiation pattern at 
5.8 GHz are shown in Figure 9. The 
antenna has the gain of 8 dBi at 5.8 
GHz and a wide impedance band-
width from 4.8 to 6.5 GHz. Figure 10 
shows the operational system, where 
the cabinet on the left acts as a base 
station and the one on the right acts 
as the nearest mobile station. The data 
stream is transmitted and received 
through the antennas on the top of 

 Fig. 8  EVM measurement of the transmitter at 23 dBm output 
power (a) and the receiver (b) for 20 MHz LTE signal with 100 
resource block.

 Fig. 9  Antenna input return loss (a) and 
radiation pattern at 5.8 GHz (b).
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emand for bandwidth is growing ex-
ponentially as consumers use their 
mobile devices in more bandwidth-
intensive applications. The evolution 
to 3G and 4G/LTE mobile technol-

ogies provides a path to more effi cient use of 
the radio spectrum and progressively higher 
uplink and downlink speeds to each user. Op-
erators’ forecasts show that additional steps are 
required to provide suffi cient bandwidth.

As a result, operators have begun to intro-

duce small cells into their networks, since this 
solution has recently emerged as a more cost-
effective way for network mobile operators to 
improve the coverage and capacity of their mo-
bile services. But there are some challenges to 
leveraging the benefi ts of small cells. One of 
the most signifi cant is providing scalable, fl exi-
ble mobile backhaul to connect small cells back 
into the network without breaking the small 
cell business case.

Operators typically use different backhaul 
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technologies for their radio access 
networks. Nevertheless, existing alter-
natives such as fi ber, digital subscriber 
line (DSL) and microwave backhaul 
do not provide the required CAPEX, 
OPEX and/or performance; therefore, 
an adequate backhaul upgrade in ca-
pacity and cost-effi ciency is required. 
Millimeter wave technology, espe-
cially in Q-Band (40.5 to 43.5 GHz), 
offers a wide frequency spectrum, 
compactness and lightness of equip-
ment and ease of implementing in-
terference-free system confi gurations.
This makes it very promising for high 
data rate backhaul applications.

The SARABAND project inte-
grates Q-Band millimeter wave tech-
nology for point to multipoint (PMP) 
transmission to provide a cost-effec-
tive solution capable of supplying 150 
to 200 Mbps per cell site.

WIRELESS BACKHAUL 
ARCHITECTURE

The wireless backhaul architecture 
proposed in SARABAND is a hierar-
chical, PMP Ethernet-based network 
composed of nodes linked by radio 
transmissions and remotely managed by 
a backhaul network management sys-
tem (NMS). The solution is a distribu-
tion tree connecting a service provider’s 
point of presence (PoP) to relay nodes 
ultimately reaching subscriber termi-
nals, grouped terminals and mobile 
base stations. The main features are:
•  A highly fl exible PMP network 

topology that rapidly adapts to an 
operator’s coverage and capacity 
requirements while simplifying ra-
dio deployment.

•  The use of Q-Band, providing a 
large spectral bandwidth suitable 
for wide channels (40.5 to 43.5 
GHz in 1 GHz sub-bands).

•  A radio backhaul network com-
posed of a multiplex of channels 
that aggregates several 100 Mbps 
half-duplex (TDD) channels to 
provide the required throughput 
(up to 2 Gbps half-duplex per 1 
GHz radio transmission).

•  Layer 1 and 2 of the network 
based on the 802.11n and then the 
802.11ac standards and aggrega-
tion on 802.3ad.
The backhaul network architec-

ture is composed of different types of 
nodes (see Figure 1). The Transmis-
sion Hub (TH) carries traffi c in the 
core network and connects several 
terminals or relay nodes (RN). Re-
lay Nodes extend system range and 
avoid the limitations of line of sight. 
Network Terminal Equipment (NTE) 
delivers basic services to customers’ 
points of presence.

To enable any confi guration of hi-
erarchical PMP links while meeting 
the required performance on each 
segment of the network, the SARA-
BAND project is developing new Q-
Band backhaul network technology 
to increase network node throughput, 
range and coverage, while reducing 
cost. Specifi c developments include:
•  Q-Band low-profi le, high-gain an-

tennas that will enhance through-
put between the TH and the re-
mote sites. Two approaches have 
been analyzed: Fabry-Perot anten-
nas and lens antennas for medium-
gain (20 dBi) and high-gain (>30 
dBi) applications, respectively.

•  Q-Band programmable multi-
beam antennas, which will enhance 
coverage, reduce interference and 
save energy. Circular Switched 
Parasitic Array (CSPA) antennas, 
for an agile antenna solution, have 
been analyzed.

•  Q-Band miniaturized radio modules 

based on new substrate, packaging 
and interconnection processes with 
the objective of providing modules 
with low loss, high power and high 
reliability at a fraction of the price of 
any currently available radio.

FABRY-PEROT ANTENNA
A Fabry-Perot (FP) antenna is a 

planar structure providing highly di-
rective beams with properties such as 
a low profi le, lightweight, simple feed 
mechanism and low cost. This makes 
it a good candidate to address Q-Band 
medium gain coverage requirements.

The FP antenna (see Figure 2) is a 
type of leaky wave antenna, consisting 
of a partially refl ective surface (PRS) 
at a proper distance from a totally 
refl ective surface (TRS). The result-
ing cavity may be fi lled with air or a 
dielectric material and is excited by a 
source that is placed inside the cavity.1
With an appropriate design, parallel 
plate modes are excited in the cav-
ity by the source. The power carried 
by the modes leaks through the PRS, 
forming a broadside pencil beam in 
the far fi eld. The distance between 
the two refl ecting surfaces (h) of the 
cavity and the source position are im-
portant antenna parameters.

Considering that the source is po-
sitioned at the same level as the PRS, 
the power radiated in the boresight 
direction is at a maximum when the 
following condition is satisfi ed:

φ + ψ −
π
λ

⋅ = π
2

2h 2n (1)R R

where �R is the refl ection phase of 
the PRS, �R is the refl ection phase of 
the TRS, h is the Fabry-Perot cavity 
height, and n = 0,1,2,3,...

F or the SARABAND project, the 
FP antenna  specifi cations are shown 
in Table 1. It uses an air-fi lled FP cav-
ity to reduce losses and provide the 
best compromise for maximum di-

 Fig. 1  Network node architecture.

 Fig. 2  Fabry-Perot cavity.

Sourceh

PRS

TRS

TABLE 1
 FP ANTENNA SPECIFICATIONS

Size 70 � 70 mm

Height 7 mm

Gain 16 to 25 dBi

Beamwidth  -3 dB (E/H 
planes) 15° / 15°

Bandwidth at -10 dB 1 GHz

Side lobe levels vs main lobe -13 dB
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LENS ANTENNAS

In lens antennas, a quasi-point 
source (the feed) generates a spheri-
cal wave which is collected and colli-
mated by a dielectric lens. This results 
in a plane wave at the antenna output 
that may provide diffraction-limited 
gain. Current lens antenna technol-
ogy is either bulky (refractive design) 
or low-profi le but less effi cient (e.g., 
Fresnel lens).2 To achieve a lower 
profi le, yet effi cient design, an innova-
tive lens based on “quasi-optical” RF 
components is being investigated. It 
is the transposition of an optical ap-
proach, in terms of wavefront control 
and component design, to the RF do-
main. This enables the synthesis of an 
effi cient, fl at, high numerical aperture 
lens for controlling and reshaping the 
wavefront emitted by the Q-Band an-
tenna feed.

Lens antenna operation is based 
on diffraction and constructive inter-
ference between zones composing 
the lens. The use of sub-wavelength 
structures and a hybrid lens design 
overcomes the usual Fresnel-lens lim-
itations and does not suffer from loss 
of effi ciency and bandwidth reduction 
when implemented in a low-profi le 
confi guration.

For the SARABAND project, this 
approach is applied to two different 
antennas of different sizes in order 
to cover both TH and NTE require-
ments. Specifi cations for the high-
gain lens antennas are shown in Table 
2. The distance between feed and 

rectivity and pattern bandwidth. The 
PRS is made of periodic patches (2.88 
× 2.88 mm with a 4.2 mm square pe-
riodicity) printed on a 0.51 mm thick 
dielectric substrate placed 2.79 mm 
above the TRS. A patch within the air-
fi lled cavity is the source of excitation.

An FP antenna produces a highly 
directive beam with a single feed 
source, where

( )( ) = π λdirectivity D 4 / A (2)2

for an aperture with an area A. While 
it is possible to reach up to 90 percent 
of the theoretical maximal directivity 
with a few lambda size aperture and 
a highly refl ecting PRS, practical re-
alizations achieve directivities around 
50 percent of this limit.

FP antennas, however, are nar-
rowband. Jackson et al.,1 have shown 
that for a simplifi ed confi guration, the 
product of directivity and 3 dB band-
width is a constant that can be esti-
mated by the formula:

⋅ ≈D BW
2.5

n
(3)2

with n being the cavity refraction in-
dex.

The high-gain 
antenna for the 
SARABAND proj-
ect requires a 7.2 
percent fractional 
bandwidth. Basic 
FP antennas have 
a fi xed directivity-
bandwidth product 
insuffi cient to meet 
this requirement; 
however, the gain 

can be increased through several 
complementary means. One is to ex-
tend the size of the radiating aperture 
making the surface through which the 
leaky wave radiates electrically large, 
achieving medium to high gain. Typi-
cally the PRS can be extended to a size 
of about 10 × 10 �. A larger PRS size 
may not lead to a further gain increase 
since energy usually leaks from the 
cavity area being close to the source.

Antenna gain can be further in-
creased by using multiple sources in-
side the cavity, making more effi cient 
use of the large radiating surface. Fur-
thermore, due to the presence of the 
PRS, the sources can be spaced 1.5 � 
apart without generating grating lobes 
in the radiation pattern. This excita-
tion mechanism requires a small feed 
network to distribute the energy be-
tween the multiple sources. Figure 
3 shows FP antennas with 1 and 16 
sources, which have been designed to 
provide maximum gain. In both cases, 
the antenna size is 60 × 60 mm (~8.3 
× 8.3 � at 41.5 GHz). Maximum gain 
is achieved at 41.5 GHz with 1 source 
(19.2 dBi) and 41.75 GHz with 16 
sources (23.3 dBi).

TABLE 2
LENS ANTENNA SPECIFICATIONS

Size < 250 mm (f/D < 0.5) < 150 mm 
(f/D < 0.5)

Gain > 35 dBi > 30 dBi

Beamwidth -3 dB < 3°
horizontal and vertical

< 5° 
horizontal and vertical

Bandwidth at -10 dB 3 GHz (or 1 GHz centered in each Q-Band)

Diffused lobes Mean value < 30 dB between 45° and 90°

 Fig. 3  FP antenna gain in the E-plane.
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by itself, the radiated signal is guided 
through a circular fl ared horn. At the 
center frequency of 42 GHz, a stand-
ard horn structure would have a length 

of the monopoles (only 1.8 mm) and 
the relative size of the additional cir-
cuitry (much larger than the antenna 
elements). Instead, printed microstrip 
technology is used, 
based on the CSPA 
concept.

A demonstrator 
fi xed-beam antenna 
(without switching 
elements) is shown 
in Figure 6a. In a 
forthcoming ver-
sion, the beam will 
be steered by tun-
ing/de-tuning the 
refl ector elements 
through PIN diode 
biasing. Because the 
central active an-
tenna element can-
not achieve high gain 

lens must be optimized to take into 
account the feed radiation pattern, 
the lens size and the local sub-wave-
length structure. For a given antenna 
volume, we can compute the confi gu-
ration giving the highest antenna effi -
ciency and therefore the highest gain.  
An example is shown in Figure 4.

CSPA ANTENNA
An attractive concept for electronic 

beam steering is the circular switched 
parasitic array (CSPA) antenna, which 
is proposed for the agile Q-Band an-
tenna with a large fi eld of view to be 
used in the repeaters. The basis of this 
concept for electronic beam scanning 
is a well-known principle for the con-
trolled forming of radiation patterns 
of an active antenna element using 
parasitically coupled passive antenna 
elements.3 It allows for controlling 
the radiation pattern in the horizon-
tal (azimuth) plane and steering the 
beam over a wide fi eld of view. Simple 
electronic components such as PIN or 
varactor diodes may be used to tune 
the parasitic array elements and con-
trol beam shape and direction.

A CSPA antenna for a high-power 
data link application in C-Band (4.4 
to 5 GHz) has been previously devel-
oped.4 This design uses wire mono-
pole antennas as active and parasitic 
radiators, sharing a common metallic 
ground plane of circular shape with 
the active element placed at its center. 
These monopoles must have a height 
of approximately �/4 and spacing be-
tween the active element and the 
parasitic elements of approximately 
�/4. Figure 5 shows a 3D model of a 
C-Band CSPA antenna.

For the SARABAND project, the 
specifi cations of the Q-Band CSPA 
antenna are shown in Table 3. At 
Q-Band the monopole-based CSPA 
is not feasible because of the height 

 Fig. 5  C-Band CSPA antenna 3D model.
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TABLE 3
 CSPA ANTENNA SPECIFICATIONS

Antenna Diameter < 300 mm

Gain 16 dBi

Polarization Vertical

Beamwidth 
(E/H plane) 6°/60°

Bandwidth at -10 dB 1 GHz 
(41.5 to 42.5 GHz) 

Ideal coverage 270° in H plane 
(large fi eld of view)

TABLE 4
TARGET PARAMETERS FOR THE TH-RN RADIO MODULES AND ANTENNAS

Radio Module TH-RN Parameters Values Variances

Receiver

Noise Figure 4 dB 0.5 dB over 
temperature range

Saturation Pin -30 dBm

Gain 31 dB Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

Transmitter

Psat 29 dBm Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

P1 26 dBm Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

Gain 26 dB Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

TABLE 5
TARGET PARAMETERS FOR THE NTE RADIO MODULES AND ANTENNAS

Radio Module NTE Parameters Values Variances

Receiver

Noise Figure 6 dB 0.5 dB over 
temperature range

Saturation Pin -30 dBm

Gain 30 dB Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

Transmitter

Psat 19 dBm Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

P1 16 dBm Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

Gain 21 dB Temperature: ± 1.5 dB
Frequency: ± 1.5 dB
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project has several on-going antenna 
and radio module developments. In 
particular, a 23 dBi gain Fabry-Perot 
antenna using multiple sources for 
medium-gain applications has been 
designed. Moreover, sub-wavelength 
structured lens antennas with gains 
higher than 30 dBi to cover both TH 
and NTE requirements have been 
manufactured. For electronic beam 
steering, a CSPA antenna has been 
proposed. The designed antenna has a 
relative impedance bandwidth of 4.87 
percent, centered at 42 GHz, and a 
gain of 16 dBi with a beamwidth of 
6°/60° (E/H plane) to cover a hori-
zontal angular range of 270°. Finally, 
miniaturized front end modules with 
SIP integration have been designed 
and manufactured.
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to reduce the printed circuit board 
(PCB) footprint. Specifi c MMIC 
chip-sets for the up and downconvert-
ers have been developed by the proj-
ect. These integrate several different 
functions and provide gain improve-
ments, achieving the 18 dBm power 
target for the upconverter and 31/33 
dB gain for the downconverter with 
2.5 dB noise factor. These two chip-
sets, together with a power amplifi er, 
are the core elements of the front end 
radio modules for the network nodes. 
Tables 4 and 5 list target parameters 
for the NTE and TH-RN radio mod-
ules and antennas.

Specifi c SIPs using a supporting 
PCB etched on an organic substrate 
and including the MMIC chip-sets, 
fi lters, isolator/circulator and the an-
tenna interconnection have been 
designed and manufactured for the 
SARABAND demonstrator. An ex-
ample of a manufactured SIP design 
is the NTE transceiver shown in Fig-
ure 7, which consists of a 42 × 25 mm 
rectangular module. It is composed of 
the upconverter and downconverter 
chip-sets soldered on a metallic plate, 
and a circulator which isolates the 
uplink from the downlink and allows 
alternative transmission and recep-
tion. A specifi c connector adapted for 
40 to 45 GHz is used for the antenna 
interface. Signals coming from the 
local oscillator and the intermediate 
frequency amplifi er and power are 
supplied through the PCB. Finally, a 
cover plate shields the module.

One of the biggest challenges has 
been to successfully miniaturize the 
front end radio modules. The use 
of SIP integration and GaAs-based 
MMIC modules has made this pos-
sible. In addition, miniaturization 
has reduced circuit losses, reduced 
cost (low site rental, easy installation) 
and enhanced acceptability. In the 
future, novel technologies such as Si-
Ge-based devices and high frequency 
switch components could easily be 
incorporated to improve the perfor-
mance of the chipsets and the SIP.

CONCLUSION
The Q-Band PMP backhaul archi-

tecture developed through the SARA-
BAND project provides multi-gigabit 
capacity in a cost-effective manner by 
exploiting PMP transmissions and the 
Q-Band spectrum. In addition, the 

of approximately 300 mm. Due to ex-
ternal limitations the size of the horn 
must be reduced without reducing its 
gain; therefore, special measures are 
incorporated in the horn structure to 
reduce its size and increase the gain 
to achieve the desired characteristics. 
The antenna has an impedance band-
width of 4.87 percent centered at 42 
GHz. Simulated radiation patterns 
in the horizontal plane at 42 GHz are 
shown in Figure 6b for various scan-
ning directions, corresponding to dif-
ferent confi gurations of tuned/detuned 
refl ector elements.

RF MODULES
Front end radio modules use ad-

vanced GaAs-based monolithic micro-
wave integrated circuit (MMIC) ele-
ments and benefi t from system-in-a- 
package (SIP) technology integration 

 Fig. 7  NTE transceiver.

 Fig. 6  Photograph of the fabricated 
fi xed-beam CSPA Q-Band antenna (a) simu-
lated radiation patterns (b).
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ast summer, Sky Light Research 
(SLR) published a special report on 
the long haul market for North 
America. Due to LTE and its IP data 
centric requirements, long haul radi-

os in North America were undergoing a trans-
formation – becoming much more compact, 
fl exible, powerful and fast. As of summer 
2013, these slimmer, more agile radios were 
only available for the North American market, 
however, as SLR predicted, these radios are 
now available for the global market. Over the 
last year and a half, several vendors have add-

ed new or improved long haul product offer-
ings to their portfolios.

This new concept of IP based long haul radi-
os has created two categories: (1) traditional big 
iron long haul radios, often referred to as trunk 
radios, and (2) new compact IP based long haul 
radios (see Figure 1). Although the require-
ment for the traditional “big iron”, high power 
trunking radios exists, Sky Light Research be-
lieves that growth in the long haul segment will 
be driven by the new IP based long haul radios.

CHANGING SPECIFICATIONS
The difference between the two types of 

long haul radios is illustrated in Table 1. Often 
companies offer both types, with traditional ra-
dios appeasing legacy customers and projects, 
while compact IP based long haul radios attract  
customers modernizing their networks with IP. 
The changing specifi cations that are highlight-
ed in Table 1 include:

Agile Architecture: Many vendors offer-
ing traditional trunking radios have updated 
their products to have a split mount version, 
since many operators cannot afford or do not 
want the expense associated with the shelters 
and required air conditioning needed to sup-
port a traditional microwave trunking solu-
tion. By placing part of the radio outside, it 
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Disruptive Factors in the
Global Long Haul Market
Emmy Johnson
Sky Light Research, Scottsdale, Ariz.

 Fig. 1   Long haul radio evolution.

Long Haul Radio Evolution…
The big iron radios are being
replaced by compact radios.

Traditional Long Haul
Trunking Radios “Big Iron”

New Generation of Compact 
Long Haul Radios
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reduces the footprint and the expense 
required to keep the shelter and the 
equipment cool.

Traditional long haul or trunking 
radios are “big iron” radios that have 
large footprints. In some cases, es-
pecially in the non-mobile verticals, 
these radios are still preferred. How-
ever, mobile operators are driving the 
growth in the long haul segment, and 
they require a different type of ar-
chitecture to resolve the quandary of 
limited real estate that is becoming 
increasingly expensive. This is one of 
the driving changes for long haul ra-
dios. Newer, compact IP-based long 
haul radios can now be used outdoors, 
indoors or in a split mount confi gura-
tion.

All outdoor radios can be hung on 
poles, eliminating the footprint in the 
cabinet. This architectural change has 
expanded the use of long haul not only 
to the core, where a cabinet exists, but 
also to the cell’s edge, due to its small-
er form factor. 

With its MPR9500 MPT-HL for 
the North American market, Alcatel 
Lucent was fi rst-to-market with this 
concept. Until 12 to 18 months ago, 
Alcatel-Lucent owned the IP based 
compact long haul market in North 
America. Other vendors quickly real-
ized the market potential and devel-
oped their own radios. Operators now 
have several options for compact IP 
based long haul solutions as LTE rolls 
out across the globe.

Capacity: It is well known that 
capacity requirements in the network 

are on an upward 
trajectory. Long 
haul radios approach 
capacity slightly dif-
ferently than short 
haul radios. The 
unique characteris-
tic of long haul ra-
dios is its branching 
mechanism. This al-
lows the aggregation 
of several carriers on 
one antenna, which 
creates a very high 
capacity radio. 

For example, 
Huawei’s new long 
haul IP based radio 
is able to reach 16 
Gbps – by aggregat-
ing 16 carriers of 1 
Gbps each to one 

antenna, making it one of the highest 
capacity radios on the market.

Power: Like capacity, power also is 
increasing. The defi ning characteristic 
for long haul or trunking radios is high 
power, which makes them able to send 
the signal a longer distance (hence the 
name long haul). Today, long haul ra-
dios are pushing the power threshold, 
reaching 35 dBm, which emasculates 
the traditional 20 to 26 dBm of a few 
years ago. SIAE’s radio can reach 35 
dBm with 20 dB automatic transmit 
power control (ATPC).

Hybrid/IP based: Long haul ra-
dios with TDM are still required in 
many cases, due to TDM’s ability to 
handle issues such as multi-path fad-
ing. However, future growth in long 
haul radios will be driven by Hybrid 
and/or IP based radios. This move-
ment is making hybrid radios a more 
strategic choice over TDM radios for 
those customers who need a smooth 
transition from TDM to IP. Trunking/
long haul radios are often used at ag-
gregation points or in the backbone 
of the network where various types of 
media come together. Hybrid radios, 
by defi nition, can natively service the 
various traffi c types, making them an 
important piece in the microwave tool 
kit. IP based long haul radios, howev-
er, are ideal for mobile data networks, 
like LTE and HSPA, where increased 
capacity is a must in order to support 
more IP packet-based services and 
applications.

Green/Energy Effi cient: As with 
all networking infrastructure equip-

ment, energy effi ciency is important. 
Whether the trunk radio is being used 
in a fi xed line provider’s central offi ce 
located in a remote region, or it’s be-
ing hung on a pole in a mobile opera-
tor’s network in a suburb, going green 
is important. Previously, radios were 
using over 100 W per channel; how-
ever, long haul radios today use less. 
Aviat’s STR-600 long haul radio is one 
of the most effi cient on the market, 
using less than 60 W per channel.

SLR expects 2014 to be the fi rst 
year where we see IP based long haul 
radios out-ship TDM radios (see Fig-
ure 2). This has already occurred in 
North America since the North Amer-
ican market is the region where long 
haul has the greatest demand. The 
shift in North America was driven 
by mobile operators rolling out LTE. 
Historically, mobile operators played 
a small part in long haul revenue 
generation due to their reliance on 
short haul radios. One of the central 
changes in the new long haul radios is 
its fl exible architecture/compact foot-
print that is similar to short haul radi-
os. Equipment vendors are taking full 
advantage of this feature, appealing to 
operators’ desire to save real estate. 

For example, both Ceragon’s and 
Aviat’s IP based long haul radios are 
available in split-mount. This archi-
tectural option has some resemblance 
to short haul radios that operators are 
used to deploying and building into 
their networks. Several vendors now 
selling compact IP based long haul 
radios will have a positive effect on 
growth for long haul radios through 
the forecast period.

Although compact IP based long 
haul revenue outside of North Amer-
ica is still in its infancy, SLR believes 
that this will change in the next 12 to 
18 months, with strong growth oc-
curring worldwide. There are just a 
handful of equipment manufacturers 
who offer compact IP based long haul 
radios for regions outside of North 

TABLE I
CHANGING SPECIFICATIONS

Traditional Trunking/
Long Haul Radios

New IP Based Long 
Haul Radios

Architecture Full Indoor Split-Mount/All Outdoor/
All Indoor

Capacity 4 to 6 Gbps per 
Antenna

up to 16 Gbps per 
Antenna

Carriers 8 to 12 10 to 20

Transmission 
Protocol

TDM Based IP Based/Hybrid

System Gain < 100 dB
with waveguide

> 100  dB
with waveguide

Transmission 
Power (dBm)

25 to 30 30 to 35

OAM SDH based Ethernet Service Capable 
(IEEE 1588v2, Ipv6)

Power 
Consumption

100+ W per channel Under 100 W per channel

 Fig. 2  Global long haul forecast.

Source: Sky Light Research
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Aviat: Aviat has three long haul/

trunking solutions – WTM6000, 
STR600 and IRU600, with the 
IRU600 only for North America. 
The WTM6000 is a traditional trunk-
ing radio, while the STR600 is split-
mount. The trunking radio can sup-
port up to 16 channels, transport 4 
Gbps of traffi c and has a L2 carrier 
Ethernet switch. The STR600 does 
not require waveguides which makes 
the radio much more economical and 
provides better system performance 
than higher power all indoor trunk-
ing radios.

Ceragon: Ceragon’s long-haul 
portfolio is built around the new, 
SDN-ready IP-20 platform and 
comes with a range of ANSI and 
ETSI confi gurations. Ceragon’s fully 
protected longhaul solutions feature 
high density and high capacity and 
offer rich functionality. The IP-20 
Platform simplifi es the migration 
from Native TDM and Hybrid to all 
packet architectures. Because the 
new IDUs are completely backwards 
compatible with Ceragon’s entire 
portfolio, including FibeAir and Evo-
lution radio units, Ceragon custom-
ers require the replacement of only 
the IDU while keeping the radios, 
antennas, branching and waveguides/
coax intact.

Ericsson: Ericsson has long been 
the leading microwave vendor and 
one of the leading vendors in the 
trunking/long haul radio market. They 
have recently made some changes to 
the Mini-Link LH radio, by offering 
a fl exible, semi-compact or trunking 
version. The Mini-Link LH is part of 
its Mini-Link platform, offering inter-
changeable short haul and long haul 
radios for maximum fl exibility and 
scaling.

Fujitsu: Fujitsu has one of the 
most OEM’d trunking/long haul ra-
dios around. Several microwave radio 
vendors private label their FRX-3E. 
Fujitsu prides itself on offering true 
hybrid quality. So instead of being 
solely focused on Ethernet services, 
and possibly sacrifi cing some tradi-
tional features, such as N+1 SDH, 
that can be critical for multi-path fad-
ing, Fujitsu is focused on helping cus-
tomers facilitate a smooth migration 
from TDM to Ethernet.

Huawei: Huawei has been a lead-
ing vendor in the short haul market 
and has recently introduced a com-

America, with Alcatel-Lucent and 
Huawei being among them. These 
two vendors represent a market bell-
wether of sorts because:
1) Alcatel-Lucent is the fi rst to have 

compact IP based long haul ra-
dios, and they have had great 
success in the North American 
market. Even though most of the 
demand stemmed from just two 
customers, AT&T and Verizon, 
the company clearly sees the ben-
efi t that compact IP based long 
haul radios offers a mobile opera-
tor deploying advanced mobile 
broadband services.

2) Huawei is a leading microwave 
vendor and has never had a long 
haul offering. Since they are mak-
ing their foray into the long haul 
market with an IP based compact 
long haul radio, they must have 
some very large customers asking 
for this solution. Huawei has been 
aggressive in winning 4G bids and 
SLR suspects that this latest radio 
is a product driven from customer 
requests.

THE LONG AND THE SHORT OF 
THE LONG HAUL MARKET

Historically, global long haul rev-
enue has paled in comparison to short 
haul revenue. Despite this, long haul 
radios are a vital and steady market 
for the manufacturers that sell them 
worldwide. Although they are not 
used as much as short haul radios, 
their price points are much higher, 
with prices typically between $14,000 
and $40,000 a link, depending on the 
application and load. The higher price 

points, combined 
with new applica-
tions for IP based 
compact long haul, 
will rejuvenate the 
market and drive up  
revenue.

Long haul radio 
applications run the 
gamut from back-
haul to intercon-
necting buildings. 
Key verticals include 
utility companies, 
government agen-
cies, enterprises, 
public service agen-
cies, fi xed line ser-
vice providers and 
mobile operators. 

Private networks use long haul to con-
nect remote locations to a headquar-
ters for redundant links or for public 
safety, security and surveillance. Mo-
bile operators use them nearer the 
central offi ce to transport the traffi c 
generated from cell sites on the edge 
back to the core. Public and private 
networks use long haul for connecting 
metro or building rings in the core of 
the network when fi ber is not a practi-
cal solution. Because of their mission 
critical applications, long haul radios 
need to be highly reliable with high 
capacity data services. To achieve the 
multi gigabit capacity often required, 
most long haul radios support tech-
nologies like XPIC.

COMPETITIVE LANDSCAPE
The competitive landscape for long 

haul/trunk radios is dominated by less 
than a dozen equipment vendors. All of 
these, except Fujitsu, have a traditional 
short haul microwave radio offering as 
well. Some of these vendors are new 
to the long haul market, and are using 
their strong position in the short haul 
arena to leverage long haul sales.

Alcatel-Lucent: Alcatel-Lucent 
was the fi rst to have a compact IP 
based long haul radio. Their innova-
tive 9500 MPR platform has been 
tried and tested in real LTE deploy-
ments and thus, Alcatel-Lucent un-
derstands what mobile operators re-
quire for mobile broadband long haul 
deployments. The MPR 9500 long 
haul version offers 20 channels/an-
tenna, up to 16 Gbps, and carrier class 
Ethernet services like redundancy, 
IEEE 1588 v2 and Synch E.

 Fig. 3  Networking features – low end to high end.
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pact IP based radio for the long haul 
market. Their radio seems to have 
all the bells and whistles – compact, 
very high capacity (16 Gbps), up to 
16 channels, up to 34 dBm transmit 
power and all the required Ethernet 
services.

NEC: NEC has two long haul ra-
dios – the 5000S (TDM) and the more 
recently introduced 5000IP (Hybrid/
IP). Both radios are indoor, “big iron”  
radios. The 5000IP has ethernet OAM 
for fault management and perfor-
mance monitoring as well as multiple 
clock sources such as synchronous 
Ethernet, IEEE 1588v2 and legacy 
TDM synchronization.

SIAE: SIAE’s TL trunking radio is 
a hybrid radio that offers 16 channels 
per rack. It not only supports variable 
bandwidth options, but also supports 
Ethernet services such as Synch E and 
IEEE 1588 v2. Its very high power of 
35 dBm is one of the highest available.

The features listed above are all 
important, but how do equipment ven-
dors stack up on the key specifi cations? 
SLR surveyed radio vendors based on 
the metrics listed in Table 1 and then 
assigned a score to each. These were 
then tabulated for a networking score 
(see Figure 3) – the higher the aggre-
gated score, the further to the right of 
the chart the radio lies. The higher the 
capacity, the further to the top of the 
chart the radio lies.

Specifi cations were from vendors’ 
data sheets and claims they made on 
surveys. Some of these claims were 
not able to be verifi ed. If no infor-
mation could be found, assumptions 
were made. ■

Emmy Johnson is the 
founder and principal 
analyst of Sky Light 
Research, a third-party 
analyst fi rm specializing 
in wireless point-to-
point mobile backhaul 
technologies such as 
microwave, sub 6 GHz 
and millimeter wave 
radios. The fi rm’s 
popular services include 

quarterly market share reports and forecasts. Sky 
Light Research was founded in 2001 and is 
located in Scottsdale, Ariz. For more information, 
please email info@SkyLightResearch.com or call 
(480) 563-2251.
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The proliferation of RF devices has 
benefi ted the world in many ways, 
providing readier and more conveni-
ent access to communications, en-
tertainment and information. But it 

has come with one unintended drawback: a 
huge increase in the frequency and severity of 
incidents of interference.

Cellular telephone networks have been hit 
particularly hard: the introduction of many 
new cellular technologies to an ever-growing 
number of subscribers has made it diffi cult for 
the network operators and spectrum regulation 
authorities to fi nd clean spectrum unaffected 
by interference. Interference in cellular trans-
missions increases noise, with the effect of:
• reducing the effective size of a cell
•  lowering data rates delivered to user equip-

ment
•  impairing the quality of voice and data com-

munications
As a result, radio technicians spend much 

time travelling around the country, hunting the 
sources of interference. Only once a source is 
precisely located can action be taken to lower 
the power of its transmissions or to disable it 
entirely, if appropriate.

On occasion, fi ltering an unwanted in-band 
signal can solve the problem. Otherwise, the 
technician’s job is to monitor the spectrum, un-
cover the nature of an interferer (permanent or 
intermittent) and track it to its source.

TYPES OF INTERFERENCE AFFECTING 
CELLULAR NETWORKS

The existence of interference affecting a cell 
is normally obvious to the operator, because it 

will have caused a drop in communications 
performance which will have been reported by 
the operator’s networking monitoring systems.  
The fi rst step in dealing with the problem is 
to observe what is happening in the affected 
frequency band. At this stage, the technician 
needs to know whether the interference is con-
tinuous or intermittent by measuring the am-
plitude and power of the interfering signal(s). 
This is best done by connecting an omnidirec-
tional antenna to a spectrum analyzer, placing 
it in the cell in question and leaving it to log 
network activity for a period of time.

The analyzer may fi nd one or more of a 
number of types of interference:
•  In-band interference: an unwanted signal 

from a different transmitter type that falls 
inside the operating bandwidth of the de-
sired signal. This corrupts the receiver as it 
is diffi cult to fi lter.

•  Co-channel interference: similar to in-band 
interference, except that the unwanted sig-
nal originates from a transmitter in the same 
network, but located elsewhere.

•  Out of band interference: in a wireless sys-
tem designed to transmit in a different fre-
quency band, part of a transmitted signal’s 
energy can fall into the operating frequency 
band of the cell under test, impairing its 
performance.

•  Adjacent channel interference: often seen 
in wideband transmission systems, when 
transmissions at the main operating fre-
quency also generate lower-amplitude sig-
nals in directly neighboring channels (called 
the lower and upper channels or left and 
right channels).
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Locating Sources of 
Interference
Cyril Noger, Anritsu S.A.
Villebon-sur-Yvette, France

_11M33S FINAL.indd   40 10/27/14   11:55 AM



Mobile Communications Mobile Communications

MOBILE COMMUNICATIONS SUPPLEMENT ■ NOVEMBER 2014 41

network which can 
time-stamp instanc-
es of interference. 
Now, radio techni-
cians have to iden-
tify the cause of the 
problem.

If the source of 
the problem is an 
RF emitter, one way 
to troubleshoot the 
system is to moni-
tor the frequency 
band of the affected 
transmitter or re-
ceiver. A modern 
handheld spectrum 
analyzer connected 
to an omnidirec-
tional antenna can 

accurately monitor a frequency band 
over a period of time (typically up 
to 72 hours) by continuously logging 
spectrum measurements.

Figure 1 shows the spectrogram 
display of continuous measurements. 
Its advantage is that the power (am-
plitude) of each detected frequency 
is color-coded, so when analyzing the 
measurements it is easy to see wheth-
er or not an unwanted signal appears 
in the frequency band under investi-
gation. This fi rst step will commonly 
identify the frequency and amplitude 
of the interfering signal, and the na-
ture of its emissions (random, regular 
or continuous). Measurements taken 
from a single location are not suffi -
cient to precisely locate the interferer.

The next step is to attempt to locate 
the source with the use of directional 
antennas (see Figures 2 and 3). In 
the past, the preferred way to locate a 
source was to use an analog meter to 
measure the strength of a signal or car-
rier (see Figure 4). These meters gave 
an audible beep which rose in frequen-
cy as the signal strength rose. This al-
lowed technicians driving vehicles with 
roof-mounted antennas to gauge signal 
strength without taking their eyes off 
the road.  While this was convenient, it 
was not an accurate means to locate in-
terference, as the meter had no embed-
ded mapping capability.

An improvement on this method is 
to perform a mapped drive test. Us-
ing the same omnidirectional anten-
na mounted on the roof of a car, the 
technician drives on a route through 
the affected area logging the power of 
signals at the suspected frequency. By 

•  Uplink and downlink interference: 
unwanted signals affecting the re-
ceiver (uplink) or the transmitter 
(downlink) of a base station when 
it communicates with a mobile ter-
minal.

•  Impulse noise: created whenever a 
fl ow of electricity is abruptly start-
ed or stopped, impulse noise can 
affect any transmitter’s or receiver’s 
characteristics, with the effect of 
scrambling communications.
Other types of interference may be 

found, but the most common types 
are those listed.

LOCATING THE SOURCE
In today’s cellular telephone net-

works, the operator will be alerted to 
a problem by built-in alarms or dedi-
cated sensors distributed through the 

 Fig. 1  Spectrogram showing occurrences of signals in the GSM 
frequency band over a period of a few minutes.

 Fig. 2  A Yagi antenna can isolate an 
interference source at a particular frequency.

 Fig. 3  A Log Periodic antenna can 
capture a variety of interferers across a wide 
frequency spectrum.
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GPS receiver to enable the precise 
location at which measurements are 
taken to be logged in the spectrum 
analyzer. Finally, a built-in electronic 
compass (magnetometer) senses the 
exact direction in which the antenna 
is pointed. The user just has to pull a 
trigger and turn around 360° to fi nd 
the direction of the strongest signal at 
the frequency in question. The loca-
tion and direction are displayed on the 
instrument’s screen.

By repeating this process from 
multiple locations, the user can per-
form triangulation (see Figure 7); the 
various measurements should almost 
always point towards a single location 
on the map. This is the source of the 
interference.

This technique can be used by any 
network technician, since it uses fa-
miliar equipment and easy-to-operate 
software tools. Normally, this tech-
nique on its own is suffi cient to enable 
the technician to fi nd and fi x the inter-
ference problem.

There are many kinds of interference 
sources that affect the performance 
of wireless transmission systems. The 
handheld spectrum analyzer, combined 
with omni- and unidirectional antennas, 
is the most convenient and effective 
instrument for identifying and locating 
the position of the interferer. In addi-
tion, by integrating GPS and mapping 
software in the spectrum analyzer, the 
time taken to troubleshoot interference 
problems is minimized.

Anritsu S.A. 
Villebon-sur-Yvette, France 
www.anritsu.com

Signal Strength Indi-
cator, or RSSI).

The easyMap Tools 
software allows for 
the car’s variable 
speed: the user can 
confi gure the spec-
trum analyzer to take 
a measurement at 
set distances, for ex-
ample, every 10 m. 
Subsequent analysis 
of the drive test re-
sults might indicate 
the area in which the 
interfering signal is 
strongest.

To this point the 
interference-hunting 
process has narrowed 

the search down to a small area. But it 
has not precisely located the source: this 
means that the technician can still not 
identify it, so it cannot be attenuated, 
fi ltered or disabled.  Finding the pre-
cise location of the interferer calls for 
the use of the same handheld spectrum 
analyzer, but now with a directional, 
narrowband antenna. The process of ‘di-
rection fi nding’ in the suspected area is 
uncovered by the drive test.

Since this normally involves going 
out on foot in the area under investi-
gation while holding a portable spec-
trum analyzer, it is helpful to have an 
accessory for holding the directional 
antenna. For example, Anritsu pro-
vides the MA2700A, an ergonomic 
handle that secures the antenna via a 
standard connector (see Figure 6).

The MA2700A also includes a 
broadband pre-amplifi er to boost the 
antenna’s sensitivity and a built-in 

pre-loading the route into a software 
application such as easyMap Tools , a 
map can be hosted on the spectrum 
analyzer and directly displayed while 
driving. As Figure 5 shows, the analyz-
er can display the car’s location in real-
time (derived from a GPS signal) and 
the power of the received signal at the 
chosen frequency (known as Received 

 Fig. 4  A spectrum analyzer can emulate the display style of an 
analog meter to show signal strength.

 Fig. 5  A drive test records the signal strength at a chosen fre-
quency over the course of a known route.

 Fig. 7  Triangulation locates the source of interference on the 
instrument’s map.

 Fig. 6  Direction fi nding in the fi eld with 
a handheld spectrum analyzer and unidirec-
tional antenna.
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he WBT-200 Wideband Transcord-
er® by QRC Technologies records 
and plays back 80 MHz of RF band-
width, in two separately tunable 40 
MHz sections, anywhere between 

50 MHz and 6 GHz.
Contained in a single box and weighing less 

than 10 lbs, the WBT-200 is capable of play-
ing back the recorded signals anywhere within 
the tuning range without the need for any addi-
tional equipment (see Figure 1). It eliminates 

the need for a separate spectrum analyzer to 
digitize the signal, a signal generator to play 
back the RF and a PC to interface and control 
the unit. The WBT-200’s simple user interface 
has a single button for RF record or playback.

Many other RF recording and playback sys-
tems require additional equipment with nu-
merous interconnects, which increases the total 
cost of ownership and complicates the test set-
up and run procedures for the user. According 
to QRC Technologies, the WBT-200 has better 
performance and costs less than other similar 
products, most of which only collect data and 
can’t reconstruct and play back the RF.

WBT APPLICATIONS
The WBT-200 can be used for the following 

applications:
Reference Signal Recording and Play-

back: A reference signal (e.g., test cases, stan-
dard compliance vectors) can be recorded, easily 
recalled and repeatedly played back. The WBT 
can replace expensive single-purpose communi-
cation test sets, which is especially advantageous 
in manufacturing operations that require numer-
ous workstations to certify products.

Signal Analysis: Analysis can occur while 
the signal is being recorded, either by playing 
the recording back or directly analyzing the 
data.
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Transcorder Records 
80 MHz Bandwidth 
Between 50 MHz and
6 GHz
QRC Technologies
Fredericksburg, Va.

 Fig. 1  WBT-200 display showing RF playback.
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Market Penetration: Utilization 
of licensed spectrum can be measured 
easily and quickly.

Competitive Analysis: A rough 
comparison of mobile operators can 
be obtained by measuring the amount 
of licensed spectrum each utilizes.

Interference Analysis: Looking 
directly at the spectrum can often 
determine the presence of an un-
licensed signal. Playing back the re-
cording can prove this to the interfer-
ing entity.

Training: The RF environment of 
interest can be recorded and played 
back to personnel being trained.

Receiver Test and Design: Par-
ticular signal confi gurations and tests 
can be recorded and played back for 
a deterministic design and test of RF 
receivers.

Security: The presence of unwant-
ed transmissions can be detected any-
where in the frequency range.

Arbitrary Waveform Transmit-
ter: Programmatically generated 
waveforms (e.g., in MATLAB) can be 
easily transmitted.

In the near future, the WBT-200 
will also simultaneously record and 
retransmit 40 MHz of received spec-
trum in realtime at a different center 
frequency, enabling it to be used as a 
repeater or downconverter.

DATA STORAGE AND TRANSFER
The WBT platform records to and 

plays back from standard 2.5" com-
mercial solid state drives (SSD) using 
the VITA 49 Radio Transport (VRT) 
industry standard open format. SSDs 
have the necessary read and write 
speeds and ensure a robust, portable 

product that will 
withstand shock and 
vibration.

The WBT-200 
includes two drive 
bays. While data is 
recorded and played 
back using one SSD, 
the other SSD can 
easily be replaced 
without affecting 
the operation of the 
system. This unlim-
ited disk swapping 
enables continuous 
recording and play-
back, limited only by 
the number of SSDs 
available.

Data on the drives can be visual-
ized and analyzed using the WBT’s 
Signal Analysis Toolkit or other analy-
sis packages that utilize the QVRT fi le 
format.

If the signal has less than 80 MHz 
of instantaneous RF bandwidth, the 
recording bandwidth can be reduced 
to conserve disk space.

A gigabit Ethernet port is provided 
to transfer data from the SSDs over 
a network, remotely control a WBT 
and allow one WBT to control other 
WBTs. A future capability will allow 
data to be streamed directly to another 
device, at greatly reduced bandwidth. 
The interface supports both DHCP 
and static network confi guration.

An eSATAp (powered eSATA) port 
enables additional high-speed disks to 
be directly connected to the WBT. In 
the future, data may be recorded di-
rectly onto the eSATA disks; however, 
maximum bandwidth may be reduced, 
depending on disk performance.

TIMING AND 
SYNCHRONIZATION

The WBT-200 contains an embed-
ded GPS disciplined oscillator (GPS-
DO) that provides a precise internal 
10 MHz timing reference, which is 
made available externally. The oscilla-
tor also generates a 1 pulse per second 
(PPS) signal with ±50 nanosecond ac-
curacy, also available externally. These 
frequency and timing reference ports 
can be used to synchronize the WBT 
with other components, including ad-
ditional WBTs for simultaneous re-
cording and playback.

The 50-channel GPS receiver has 
an acquisition sensitivity of -144 dBm 

and tracking sensitivity of -160 dBm. 
The RF recordings are tagged with 
GPS geo-location.

WBT APPS
To expand the utility of the WBT-

200, QRC has created a series of ap-
plications that supplement the role of 
many test systems. A patented, open 
architecture application programmer’s 
interface (API) and VRT-based IQ fi le 
format (QVRT) make it possible. The 
WBT’s core fi rmware provides the ba-
sic hardware level control of the sys-
tem and application management. Ev-
erything else is available through the 
WBT API and open for anyone to use.

The following free apps will soon 
be available to download and install 
from the online WBT App Store:

Spectrum Waterfall: RF spectro-
gram (see Figure 2).

AGC: Confi gurable automatic gain 
control of both WBT receivers.

SCPI Control: WBT control via 
Standard Commands for Program-
mable Instruments.

Timed Record/Playback: Record 
and/or playback fi les at specifi ed times.

Tune and Dwell: Record specif-
ic sections of spectrum for a specifi c 
time and loop, if necessary.

Level Trigger: Record when pow-
er exceeds a threshold (peak or aver-
age), for a user-defi ned time, and stop 
recording when the signal falls back 
below a user-set power threshold.

RF DVR: In a temporary buffer, 
perpetually store the last received 
RF data for a user-defi ned duration. 
When a user-defi ned event has oc-
curred, users can write the buffered 
RF information to the disk and con-
tinue to record the RF following the 
event.

Sweep To File: Sweep from a start 
to a stop frequency and save the spec-
trum results as a CSV fi le for analysis.

Users can also develop custom ap-
plications — even resell them through 
the WBT App Store — using common 
tools and languages such as C++, Py-
thon and familiar programming envi-
ronments like Qt. QRC offers a full, 
prepackaged development environ-
ment and all necessary documentation.

QRC Technologies 
Fredericksburg, Va. 
(540) 446-2270
http://wbt.qrctech.com/

 Fig. 2  RF spectrogram obtained with the spectrum waterfall app.
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Field Analyzer with 
PIM Testing Capability

nritsu Co. has introduced 
the MW82119B PIM 
Master that combines a 
40 W, battery-operated PIM 
analyzer with a 2 MHz to 3 

GHz cable and antenna analyzer, elimi-
nating the need to carry multiple instru-
ments to measure the RF performance 
of a cell site. The MW82119B provides 
tower and maintenance contractors, net-
work installers and wireless service pro-
viders with the fi rst handheld fi eld pas-
sive intermodulation (PIM) analyzer 
with line sweep capability that fully cer-
tifi es cell site cable and antenna systems.

The MW82119B PIM Master with 
Site Master option supports the full 
array of site tests. Field users can con-

duct PIM versus time, swept PIM, 
distance-to-PIM (DTP), return loss, 
VSWR, cable loss and distance-to-fault 
(DTF) measurements. In addition to 
eliminating the need to carry multiple 
instruments to the top of a tower, the 
integrated MW82119B PIM Master al-
lows all site data to be stored in one lo-
cation for fast retrieval.

The MW82119B PIM is MIL-STD-
810G drop test rated and is designed to 
withstand transportation shock, vibra-
tion and harsh outdoor test conditions. 
The MW82119B PIM Master has also 
achieved an IP54 ingress protection 
rating, certifying its ability to operate 
without damage after exposure to blow-
ing dust and water spray.

The MW82119B PIM Master has 
an outdoor viewable 8.4" display and 
intuitive user interface (UI) that is op-

timized for fi eld conditions. New stain-
less steel lifting rings in the chassis and 
a padded soft case make the analyzer 
well suited for hoisting during tower-top 
testing. The analyzer’s rugged design, 
lightweight and small size enable both 
PIM and line sweep testing at the top 
of the tower.

Covering various bands and featur-
ing unprecedented measurement capa-
bility, the MW82119B PIM Master is 
well suited for a number of applications, 
including the deployment and main-
tenance of LTE remote radio heads 
(RRH), small cells and distributed an-
tenna systems (DAS).

Anritsu Co.
Morgan Hill, Calif. 
www.anritsu.com

Low PIM, Plenum Rated 
Cable Assembly and 
mini-DIN Connectorhe Times SPP-LLPL 50 

ohm, low loss plenum rat-
ed/UL listed coaxial cable 
assembly family has been 
expanded to include SPP-

375-LLPL 3/8" and SPP-500-LLPL 
1/2" cables for even lower loss. With 
excellent electrical performance com-
pared to many other copper cable as-
semblies, SPP-LLPL cables are well 
suited for in-building solutions for 
PIM-sensitive installations and system 
interconnects. Meeting the fi re resis-
tance requirements of UL 910 for 
plenum rated applications, the new 
larger sizes of SPP-LLPL cable as-
semblies are ideal for installations 
where lower loss is needed. High 
quality connectors assure excellent 
and reliable static and dynamic PIM 
performance: better than -155 dBc for 

applications up to 6 GHz. All Times 
plenum cables are UL listed and 
printed with the UL fi le number. SPP-
LLPL cable assemblies are available 
in 1, 2 and 3 meter pre-assembled 
lengths with N, 716 DIN and SMA 
connector interfaces, and the new 
4.1/9.5 mini DIN connectors.

The new 4.1/9.5 mini-DIN straight 
male connector, TC-SPP250-4195M-
LP, is available for the SPP-250-LLPL 
(SuperFlexible Plenum PIM) 50 ohm 
low loss plenum rated coaxial cable 
assemblies for use in distributed an-
tenna system (DAS) applications. 
SPP-250-LLPL is a ¼" super fl exible 
type corrugated cable with low den-

sity PTFE dielectric and FEP jacket 
that meets the requirements of UL 
910 for plenum applications. The 
cable assemblies are suitable for in-
building jumpers and interconnects 
up to 6 GHz. The factory installable 
connectors attach via soldering of the 
center pin and induction soldering to 
the cable outer conductor, providing 
excellent VSWR performance and re-
liable PIM performance better: than 
-155 dBc.

Times Microwave Systems
Wallingford, Conn.
(203) 949-8400
www.timesmicrowave.com
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DC to 6 GHz SDR

rimson is a fl exible, wide-
band, high gain Software 
Defi ned Radio (SDR) 
platform that comes 
equipped with four inde-

pendent receive and four indepen-
dent transmit chains, each capable of 
up to 322 MHz of RF bandwidth to 6 
GHz. At the core of the digital front, 
Crimson is powered by an AlteraTM 

Arria V FPGA (5ASTMD3E3F31I3N) 
with an on-chip, dual-core ARM Cor-
tex-A9 processor, and comes with a 
high stability internal reference clock.

Crimson has an RF tuning range of 

100 kHz to 6 GHz with receive gain of 
67 dB, SFDR of 55 dB at 200 MHz, 
SNR up to 73 dB and P1dB of -11 
dBm. The transmit power is 10 dBm 
maximum at 6 GHz with P1dB of 14 
dBm and SFDR of 61 dB from DC to 
500 MHz.

Features
•  Operating frequency from DC to 6 

GHz (MF-HF-VHF-UF)
•  Over 1200 MHz of RF bandwidth 

across four independent, control-
lable Rx channels, and over 1200  
MHz across four independent, 
controllable Tx channels

• Low noise and high dynamic range
•  High stability internal reference 

clock (± 5 ppb)

•  On-board Altera ST FPGA with 
ARM processor

•  Dual 10 Gigabit Ethernet back-
haul

Applications
• Near real-time signals analysis
•  Signal recording and spectrum 

monitoring
• Spectrum allocation analysis
•  Multiple-input-multiple-output 

(MIMO) applications
• Mobile backhaul and base station
• Wideband communications

Per Vices 
Toronto, Canada
solutions@pervices.com 
www.pervices.com

with the MWJ APP

Go
Mobile
Get the free Microwave Journal Magazine App that 
includes the monthly issue, favorite archives and real-
time industry news, blogs and interviews. Available 
on iTunes, Google Play and Amazon.

Download your MWJ app now  
at www.mwjournal.com/MWJapp

Download Now

http://bit.ly/VQxL2o
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Flat Antennas SENCITY 
Matrix
As mobile data traffi c levels con-
tinue to rise, small cells are in-
creasingly being seen as a vital 
component of a modern heteroge-
neous network. The small size of 
HUBER+SUHNER SENCITY® 
Matrix antennas allows operators 
to access rooftop, wall and street 
level sites. HUBER+SUHNER 
offers a range of stand-alone an-
tennas including radome, back-
plane and standard waveguide-

interface that allows for quick adaption of this revolutionary technology. 
For entirely individual radio designs the antennas can also be purchased 
without housing. Visit www.hubersuhner.com for more information.
HUBER+SUHNER
www.hubersuhner.com

Equipment & 
Components Catalog

Celebrating its 53rd anniversary, 
MECA (Microwave Equipment 
& Components of America) de-
signs and manufactures an array 
of Low PIM DAS Equipment and 
RF/microwave components with 
industry leading performance. 
MECA is recognized worldwide as 
a primary source of supply for rug-
ged and reliable components to 
commercial and military OEMs, 
service providers and installers by 
only providing products made in 
the U.S. Download the company’s 

components catalog at www.e-meca.com/pdfs/MECA_catalogo-2014.pdf.
MECA Electronics Inc.
www.e-MECA.com

EM Simulation for 
Mobile Communications

As mobile communication devices 
become thinner, smaller and more 
complex with every generation, 
designs need to meet new stan-
dards of performance. Using 
electromagnetic (EM) simulation, 

engineers can not only design and optimize the antenna of mobile de-
vices, but also test its performance within the handset, for example, by 
evaluating coupling effects and the impact of dielectric materials, and 
investigating the infl uence of the human body on performance. Find out 
more about CST STUDIO SUITE®, an EM simulation tool, by visiting 
the company’s website.
Computer Simulation Technology AG (CST)
www.cst.com

LTE-Advanced 
Application Note

Keysight Technologies’ LTE-
Advanced: Technology and Test 
Challenges application note offers 
insights into 3GPP Releases 10, 
11, 12 and beyond, with a focus on 
the LTE-Advanced air interface. It 
also covers 3GPP specifi cations for 
core network standards and servic-
es. Topics include LTE and LTE-
Advanced, including summaries 
of LTE Release 8/9 features, ITU 
requirements for 4G, and 3GPP 
requirements for LTE evolution; 
Release 10 and LTE-Advanced; 

Release 11 LTE-Advanced enhancements; Release 12 radio evolution; Re-
lease 13 update; and LTE-Advanced product design and testing challenges.
Keysight Technologies Inc.
www.keysight.com

Custom Rack Mount 
Test Equipment Guide

Mini-Circuits announced the pub-
lication of the 2014 Custom Rack 
Mount Test Equipment Guide, a 
52-page, full color brochure show-
casing a wide selection of custom 
test solutions ranging from DC 
to 18 GHz including amplifi ers, 
signal generators, routing and dis-
tribution systems, and more.  The 
brochure highlights Mini-Circuits’ 
ability to deliver affordable, reli-
able custom test solutions with 
turnaround times as fast as two 
weeks and also introduces the 

company’s user-friendly control software, programming support and test 
accessories. To request a copy, email sales@minicircuits.com. 
Mini-Circuits
www.minicircuits.com

CRM/TEG-14

Custom Rack Mount  
Test Equipment Guide

Mini-Circuits®

ISO 9001   ISO 14001   AS 9100  CERTIFIED

www.minicircuits.com

CRM_TEG_v3.indd   1 9/22/14   10:57 AM
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Military Microwaves

RF and Microwave Technology

Anaren Inc. is a Syracuse-based, global leader in RF and microwave tech-
nology used in wireless infrastructure, satellite, defense and consumer-
electronics applications. The company has approximately 1,000 employ-
ees and fi ve state-of-the-art facilities worldwide. Product lines include: 
standard passive components (e.g., couplers, power dividers, baluns, re-
sistors, attenuators, terminations), RF multichip modules, high-reliability 
softboard and ceramic PCBs, and complex assemblies (e.g., switching, 
beamformers, antenna feed networks, DRFMs, IMAs).
Anaren Inc.
www.anaren.com

Mobile Communications
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Getting Started With 
4.3-10
SPINNER GmbH released their 
new 4.3-10 catalog. The catalog 
refl ects the current 4.3-10 prod-
ucts showing connectors, jump-
ers, measurement and calibration, 
loads and attenuators, and cou-
plers and splitters. The SPINNER 
Group has been setting standards 
with its RF technology products 
for more than 65 years. The com-
pany’s high quality standards for 
design, material and manufactur-
ing ensure the best possible con-
nectivity, optimized installation 
and failure-free operation, even 

under the toughest environmental conditions. For more information visit 
the company’s website at www.spinner-group.com.
Spinner GmbH
www.spinner-group.com

Advancing the Wireless 
Revolution

NI AWR software products accel-
erate the design and product de-
velopment cycle of high-frequency 
ICs and systems found within the 
aerospace/defense, semiconductor, 
computer, consumer electronics 
and telecommunications markets 
by reducing the time it takes from 
concept through manufacturing. 
NI AWR Design Environment pro-
vides an intuitive use model that 
delivers an exceptional user expe-
rience and open design fl ow that 

supports third party tools, resulting in more compelling solutions. These 
unique aspects of NI AWR software maximizes user productivity by elimi-
nating errors and design redundancies, quickening the pace to market.
National Instruments (formerly AWR Corp.)
www.ni.com/awr

Mobile CommunicationsMobile Communications

Filters, Multiplexers 
and Multifunction 
Assemblies

Reactel offers a variety of fi lters, 
multiplexers and multifunction as-

semblies for the mobile communication industry. Reactel’s experienced 
engineers can come up with a creative solution for all of your Tx, Rx or co-
site requirements. Reactel has designed a broad range of fi lters from high 
power units operating to 5 kW and beyond to extremely small ceramic 
units that are suitable for handheld or portable applications. The compa-
ny’s product line includes bandpass, lowpass, highpass and notch fi lters as 
well as multiplexers and multi-passband fi lters. Offering fast turnaround, 
competitive pricing and high quality, Reactel can satisfy most any require-
ment you may have.
Reactel Inc.
www.reactel.com

T&M Instruments That 
Meet Your Needs

Whatever your job is, you do not 
always need the ultimate high-end 
T&M equipment. You do need 
precise, reliable, universal measur-
ing instruments. That is what you 
get with Value Instruments from 
Rohde & Schwarz. They combine 
practical features with excellent 
measurement characteristics that 
are easy to use and easy on the 
budget. Find out more in the Val-
ue Instruments Catalog 2014 from 
Rohde & Schwarz. (Order num-
ber: PD 3606.6463.42). 

Rohde & Schwarz GmbH & Co. KG
www.rohde-schwarz.com
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Please visit us at the 
Mobile World Congress
in Barcelona,
hall 6, booth  C40

Dreamteam
for success.
Signal generation and analysis for demanding requirements
When working at the cutting edge of technology, you shouldn’t
waste your time with inferior tools. Rely on measuring instruments
evolved in the spirit of innovation and based on industry-leading
expertise. Instruments like the ¸SMW200A vector signal generator 
and the ¸FSW signal and spectrum analyzer. Each is at the crest of 
today’s possibilities. As a team, they open up new horizons.

See for yourself at www.rohde-schwarz.com/ad/highend
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© Keysight Technologies, Inc. 2014

Representative on every key wireless
standards organization globally

Hundreds of applications engineers in
100 countries around the world

Thousands of patents issued in Keysight’s history

US A: 800 829 4444     
CAN: 877 894 4414

We know LTE-Advanced.
In fact, our engineers co-wrote the book on it.
We know what it takes for your designs to meet LTE-A standards. After all, Keysight
engineers have played signi cant roles in LTE-A and other wireless standards bodies
and forums, including 3GPP. Our engineers even co-authored the  rst book about
LTE-A design and test. In addition, we have hundreds of application engineers.
You’ll  nd them all over the world, and their expertise is yours for the asking.

HARDWARE + SOFTWARE + PEOPLE = LTE-A INSIGHTS

Download a free chapter of the LTE and
the Evolution to 4G Wireless book at
www.keysight.com/find/LTE-A-Insight
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