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For next-generation DAS, 
there’s only one name for passives.
It’s simple. Better signals equal better care. Today’s hospitals personify
the need for next-level Distributed Antenna Systems (DAS). And the
engineers that are building them turn to MECA for passive components. 
American ingenuity and 52 years of experience have resulted in the deepest, 
most reliable product line of ready-to-ship and quick-turn solutions, such as: 

Power Dividers Up to 16 way and 18 GHz
Attenuators Up to 60 dB and 500W
Terminations Up to 500W
Couplers Up to 40 dB and 1kW
Integrated Rack Units Delivered in 3-6 weeks

They come with an industry leading 3 year guarantee and true MECA pride.

Ready to build a better DAS? Start with a visit to www.e-MECA.com.  

BETTER BUILDINGS
BETTER CARE

     Microwave Electronic Components of America
The Professional’s Choice for RF/Microwave Passive Components

Microwave Electronic Components of America
The Professional’s Choice for RF/Microwave Passive ComponentsLook for the expanding 

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

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

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

(…110 GHz to be exact.)

Picoprobe elevates probe cards to a higher level…

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

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

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

Typical Specs
Insertion Loss
Return Loss

20GHz
0.8 dB
18 dB

10GHz
0.6 dB
22 dB

40GHz
1.3 dB
15 dB

GGB INDUSTRIES, INC.     •     P.O. BOX 10958     •     NAPLES, FL 34101
Telephone  (239) 643-4400     •     Fax   (239) 643-4403     •     E-mail  email@ggb.com     •    www.picoprobe.com

®
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448 rev L

POWER
SPLITTERS

COMBINERS
 as low as79 ¢

from2 kHz to18 GHzNOW!

The Industry’s Largest Selection includes THOUSANDS  
of models, from 2 kHz to 18 GHz, at up to 300 watts power, and 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! 

o S
C O M P L I A N T

RoHS Compliant 
Product availability is listed on our website. 

Mini-Circuits®

www.minicircuits.com    P.O. Box 35166, Brooklyn, NY 11235-0003   (718) 934-4500   sales@minicircuits.com
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Yeah, we do that.

Repeater Dilemma
that must be resolved.

TX

RX

www.polezero.com

Trying to send and  
receive a small signal  
among big interferers on 
your repeater platform?

We should talk.
 513.870.4087
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Under powered and over budget? 
Problem solved.

If you’re in need of driving 

up the power handling and

driving out cost in your next

switch design, Aeroflex /

Metelics’ MSW series surface

mount PIN diode switches 

and supercharged (+125 V, 

-200 V) MPD drivers are the 

perfect combination. It only

takes a single driver to drive

several of our high power 

(100 W CW or 500 W peak

input power) switches—even

symmetrical and asymmetrical

T-R switches at the same

time—saving you precious real

estate and overhead. MPD

drivers are TTL input compati-

ble (single or double control)

and offer a typical switching

speed of 2 μs. Covered

with a high performance RF

shield they’re also worry free.

Get your hands on an evalua-

tion board today and put the

perfect switch in your 

control. 

Visit our website or call 

888-641-7364.

www.aeroflex.com/metelics

Part Number Configuration Drive 
Voltage*

Recommended
Switch Driver

Frequency Band
(MHz)

MSW2000–200 T-R Switch, TX Left +V Only MPD2T28125-700 10 to 1,000

MSW2001–200 T-R Switch, TX Left +V Only MPD2T28125-700 400 to 4,000

MSW2002–200 T-R Switch, TX Left +V Only MPD2T28125-700 2,000 to 6,000 

MSW2022-200 T-R Switch, TX Right +V & -V MPD2T5N200-702 2,000 to 6,000 

MSW2050–205 T-R Switch, TX Left +V Only MPD2T28125-700 20 to1,000

MSW2051–205 T-R Switch, TX Left +V Only MPD2T28125-700 400 to 4,000

MSW2030–203 Symmetrical SP2T +V Only MPD2T28125-700 10 to 1,000

MSW2031–203 Symmetrical SP2T +V Only MPD2T28125-700 400 to 4,000

MSW2032–203 Symmetrical SP2T +V Only MPD2T28125-700 2,000 to 6,000

MSW2040–204 Symmetrical SP2T +V Only MPD2T28125-700 50 to 1,000

MSW2041–204 Symmetrical SP2T +V Only MPD2T28125-700 400 to   4,000

MSW2060-206 Symmetrical SP2T +V & -V MPD2T5N200-702 10 to 1,000

MSW2061-206 Symmetrical SP2T +V & -V MPD2T5N200-702 400 to 4,000

MSW2062-206 Symmetrical SP2T +V & -V MPD2T5N200-702 2,000 to 6,000

MSW3100–310 Symmetrical SP3T +V Only MPD3T28125-701 10 to 1,000

MSW3101–310 Symmetrical SP3T +V Only MPD3T28125-701 400 to 4,000

MSW3200-320 Symmetrical SP3T +V & -V MPD3T5N200-703 10 to 1,000

MSW3201-320 Symmetrical SP3T +V & -V MPD3T5N200-703 400 to 4,000

MSW4102-410 Symmetrical SP4T +V Only MPD2T28125-700 (2 each) 4,000 to 6,000

MSW5000-500 Symmetrical SP5T +V Only MPD2T28125-700 &
MPD3T28125-702 (1 each)

30 to 512

MSW6000-600 Symmetrical SP6T +V Only MPD3T28125-702 (2 each) 30 to 512

MSWLM2420-242 Asymmetric T-R with
Rx limiter +V Only MPD2T28125-700 2,000 to 4,000

PIN Diode Switch and Driver Combinations

+V Only = +5 V and +28 V to +125 V
+V & -V = +5 V and -28 V to -200 V 

Eval Boards 
Available 

From Stock
Buy Online at

Aeroflex.com/MSW
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  Info & Free Samples Signal Chain Components

www.linear.com/product/LTC5510

1-800-4-LINEAR
LTC5567   +26.9dBm IIP3, 

1.9dB Gain Mixer

LTC5569   Dual +26.8dBm IIP3, 
Low Power Mixer

LTC6430-15 +50dBm OIP3 
@240MHz, 15dB Gain
Differential Amplifier

LTC6431-15 +47dBm OIP3 
@240MHz, 15dB Gain 
Single-Ended Amplifier

LTC2158-14  Dual 14-Bit, 
310Msps ADC

LTC2209  16-Bit, 
 160Msps ADC

LTC5582   10GHz, 57dB Dynamic
Range RMS Detector

LTC5587   6GHz 40dB Dynamic Range 
RMS Detector + ADC

LTC6412 31dB Gain Control, 
Analog VGA with 
+35dBm OIP3

LT®5554    16dB Gain Control,        
0.125dB/Step 
Digital VGA

LTC6946 Low Phase Noise
Integer-N PLL + VCO

LTC6945 Low Phase Noise
Integer-N PLL

L

L
ADC

Detector

50Ω Matched Input
30MHz to 6GHz Mixer

Excellent Dynamic Range, High Port-to-Port Isolation
The LTC®5510’s continuous 50Ω matched inputs and high IIP3 from 30MHz to 6GHz set a new level of performance for 
ultra-wideband scanning receivers, broadcast radios, VHF and white-space receivers, wireless microphone receivers, 
public safety radios, cable infrastructure receivers and RF test instrumentation. The device’s up or downconversion 
capability provides flexibility while its excellent isolation performance simplifies your design.  
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     , LT, LTC, LTM, Linear Technology and the Linear logo are
registered trademarks of Linear Technology Corporation. All other 
trademarks are the property of their respective owners.
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FieldFox Vector Network Analyzers
Four models up to 26.5 GHz

MIL-PRF-28800F Class 2 rugged

Agrees with benchtop measurements

94 dB dynamic range

TTTTiiiigghhttt qquuaarterss, 
crowded connddiittiioonnnnssss,,,,  nnnnoooo rrrrooooooommm ffoorr eerrrrroorr. 

IItt’’ss  aallllll iiiinnn aaaa ddddaaaayyyy’’sss wwwoooorrrkkk..

Agilent and our 
Distributor Network
Right Instrument. 
Right Expertise. 
Delivered Right Now.

Buy from an
Authorized Distributor
www.agilent.com/find/distributors

Learn about hassle-free calibration and 
more with our application note series
www.agilent.com/find/FieldFoxVNA

People count on you every day. And you can count 
on the compact Agilent FieldFox vector network 
analyzer (VNA). It’s a full 2-port VNA delivering 
the precise measurements you’ve come to expect 
from a benchtop unit, but in a kit-friendly 6.6 lb. 
package. So no space is too small to stop you from 
achieving big success.

© Agilent Technologies, Inc. 2012
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Surviving 
Sequestration
Editor’s note: In this special report, Microwave Journal looks at the recent 
economic and political events that led to the budget cutting program known 
as sequestration, how the cuts are implemented with regard to defense 
spending, the projected and realized impact on the economic fortunes of 
defense contractors six months into sequestration and how forward-thinking 
contractors are adjusting their business plans to succeed in a shifting 
landscape of tightening government budgets.

It was five years ago this fall that the finan-
cial crisis responsible for the great reces-
sion set off a chain reaction of Federal Re-

serve monetary actions and government stimu-
lus programs which, along with plummeting tax 
revenues, led to unprecedented U.S. budget 
deficits, alarm among deficit-conscious fiscal 
conservatives and the birth of a political move-
ment known as the Tea Party. In the 2011 fight 
over raising the debt ceiling − the amount the 
government can borrow in order to meet its 
existing fiscal obligations − Tea Party activists 
emboldened by their wins in the 2010 congres-
sional elections forced the Republican major-
ity in the House to reject a compromise with 
Democrats to raise the debt ceiling unless ac-
ceptable cuts in spending could be met.

At the time, the imminent failure to raise 
the borrowing limit threatened to shut down 
the government and would have resulted in 
a default of its fiscal obligations, presumably 
creating new panic among financial markets as 
the world’s largest debtor stopped making pay-
ments on existing loans. Despite negotiations 
between the White House and the congressio-
nal leadership to impose deep targeted cuts to 
the federal budget’s largest items (entitlements 

and defense spending), individual members of 
Congress, fearing a backlash from their constit-
uents and the resulting political fallout, could 
not muster up the will to accept draconian cuts 
to specific programs.

As a result of the impasse, the credit rating 
agency Moodys downgraded the U.S. Govern-
ment credit rating from AAA to AA, citing in-
creased lending risk due to the lack of political 
leadership in dealing with the pending crisis. 
The rating downgrade conceptually would 
make it more expensive for the government to 
borrow money. In actuality, investors contin-
ued to pour money into U.S. bonds, a sign of 
how the global economy remained at consider-
able risk of falling back into recession or worse.

To resolve the immediate crisis, lawmakers 
needed to devise an acceptable plan that would 
satisfy a highly divided and partisan Congress. 
In general, Democrats would fiercely protect 
entitlement programs, Republicans would do 
the same for defense programs and the Tea 
Party caucus would not compromise on reduc-

David Vye
Microwave Journal Editor
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campaigning for 
office based 
on their posi-
tions on how 
to address revenue (what to 
do about expiring Bush tax cuts) and 
spending. The selection of the president 
and members of the House of Repre-
sentatives and Senate would serve as a 
referendum on the country’s priorities, 
although the meaning of the results 
would still be open to interpretation.

After the November election, inten-
sive debate and media coverage over 
the looming fiscal cliff and its projected 
short-term fiscal and economic impact 
drew widespread public attention. The 
Washington interpretation of the elec-
tion results swayed lawmakers to en-
act the American Taxpayer Relief Act 
in the final weeks of 2012, making the 
lower tax rates for the lower and mid-
dle class established under the Bush 
tax cuts permanent, while retaining the 
higher tax rate and eliminating various 
deductions for upper income levels. 
The act did not tackle the spending 
cuts issue, but did delay sequestration 
for two months (March 1st).

What actually is 
“Sequestration?”

The word sequester comes from the 
Late Latin word sequestro, meaning 
to set aside or to take something away 
until a debt has been repaid. In the 
context of funding federal programs, 
sequestration is intended to implement 
broad automatic spending cuts in “par-
ticular categories of federal outlays” as 
mandated by the Budget Control Act 
(2011), thereby lowering government 
spending by approximately $1.2 trillion 
over a 10-year period. The $1.2 trillion 
reduction in spending (from 2013 to 
2021) would come from $984 billion 
dollars in sequester split evenly over 
nine years ($109 billion/year) and $216 
billion dollars in saved debt servicing 
(interest payments).1

The total annual spending cut of 
$109 billion would be divided equal-
ly between defense and nondefense 
spending, roughly $55 billion. Gener-
ally speaking, these cuts are divided 
proportionately between the discre-
tionary and nonexempt direct spend-
ing within each broad category. Since 
much of direct spending is exempt, 
sequestration would primarily affect 
discretionary spending ($813 billion 
of the $984 billion in non-interest sav-

net departments would be reduced 
through broad cuts referred to as 
budget sequestration. Reductions in 
defense spending would make up half 
of the spending cuts called for under 
sequestration.

Before reaching that cliff, the Bud-
get Control Act called for the creation 
of a Joint Select Committee on Deficit 
Reduction, known as the super com-
mittee, which was tasked with devel-
oping a deficit reduction plan to cut 
at least $1.5 trillion over the coming 
10 years. The super committee rec-
ommendation would be subject to a 
simple vote by the full legislative bod-
ies without amendment in order to 
bypass congressional debate and pass 
a bill by the December 23, 2011 dead-
line. However, in late November the 
committee issued a statement that it 
would be unable to make any bipar-
tisan agreement before the deadline 
and the committee was disbanded on 
January 31, 2012.

With 2012 being an election year 
and the fiscal cliff set to occur shortly 
thereafter, politicians held off resolv-
ing the budget issue and focused on 

ing the size of the cuts they hoped 
would shrink the deficit. In addition, 
the “kick-the-can-down-the-road” ap-
proach of deferring problems through 
legislative wizardry was unacceptable 
to these new hard-line congressional 
members who had been elected on the 
platform of ending business as usual in 
Washington. And so the Budget Con-
trol Act of 2011 was devised to allow 
the president to raise the debt ceiling 
in exchange for debt reduction levels 
(budget cuts) acceptable to Tea Party 
members of Congress.

The remaining issue of how to re-
duce the budget would be handled by 
a legislatively-engineered “fiscal cliff.” 
The fiscal cliff, which many felt would 
plunge the country back into reces-
sion, called for simultaneous increases 
in tax rates and decreases in govern-
ment spending starting on January 1, 
2013. Under the fiscal cliff scenario, 
select programs such as Social Secu-
rity, Medicaid, federal pay (including 
military pay and pensions) and veter-
ans’ benefits would be exempt from 
spending cuts. Discretionary spend-
ing for federal agencies and cabi-
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Distributed Amp Provides  
2 dB of Positive Gain Slope.
That’s right, positive gain slope. Which  
means if you’re cascading amplifiers, you get 
incrementally more power, not less. And with 

fewer amps now required to do the job you 
have as much to save as you do to gain.

Download the full CMD192 datasheet 
today.

www.CustomMMIC.com

IMPACT 
ON 
DEFENSE SPENDING

The FY 2013 DoD budget calls for 
$620 billion, which includes $525.4 
billion in discretionary funding and 
$6.3 billion in mandatory funding 
with an additional $88.5 billion for 
ongoing military operations, primarily 
in Afghanistan. Total defense-related 
spending also includes $19.4 billion 
in discretionary and mandatory fund-
ing for defense-related atomic energy 
programs, $7.7 billion for defense-re-
lated activities in other agencies, and 
$137.7 billion for veterans’ benefi ts 
and services. The Treasury must also 
set aside $67.2 billion to cover un-
funded liabilities in the Military Re-
tirement Trust Fund. Together these 
expenses total $852 billion, or 23 per-
cent of the total federal budget.3

So while sequester cuts may seem 
daunting, they only represent a 7 per-
cent cut of total federal spending for 
FY 2013, which pales in comparison 
to the 54 percent loss in stock mar-
ket value from 2007 to 2009 and the 
33 percent loss in the housing mar-
ket from 2006 to 2009. Additionally, 
starting in 2014 and for the next seven 
years, discretionary limits will actually 
increase 1 to 2 percent per year, off-
setting some of sequestration’s impact. 
The immediate outlook for vendors is 
further improved by the billions of 
contract dollars currently obligated.

Across the DoD, allocated budget 
is spent at different rates. The major-
ity of military personnel funding and 
more than two-thirds of Operations & 
Maintenance (O&M) funding is spent 
in the year it is appropriated. There is 
more of a delay between budget au-
thority and outlays when it comes to 
procurement (up to three years) and 
Research Development Test & Evalu-
ation (RDT&E) funding, which have 
a two year obligation period. Only 22 
percent of procurement funding and 
49 percent of RDT&E funding be-
come outlays in the year in which they 
are appropriated. The delay between 
budget authority and outlays means 
that the impact of sequestration on 
vendors has been less immediate. 
Moreover, because budget authority 
becomes outlays at different rates in 

U.S. 
Treasury 

to the vendor, 
it becomes an outlay. 

Sequestration will cause 
overall defense outlays to drop by 

roughly 4.6 percent in FY 2013 in ad-
dition to a 2.5 percent reduction al-
ready associated with the decline in 
war-related funding.4

Since the yearly forced reduction 
of $55 billion is a fi xed number and 
the defense budget cap will actually 
continue to increase yearly, the se-
questered amount as a percentage of 
the overall defense budget will de-
crease. The Congressional Budget 
Offi ce (CBO) estimates that seques-
tration will produce cuts ranging from 
10 percent in 2013 to 8.5 percent in 
2021. Between now and 2021, seques-
tration of new defense discretionary 
appropriations will result in a total cut 
in budget authority of $492 billion, 
which is estimated to yield $454 bil-
lion in outlay savings.5

ings).2 Defense spending is 
largely discretionary.

The mechanics of how se-
questration works can be di-
vided into two parts. The fi rst 
part calculates the dollar amount 
of the required defense reduction 
($55 billion/year). The second part of 
the Budget Control Act sets a cap on 
discretionary defense spending. For 
FY 2013, this cap starts at $546 bil-
lion. Funding is then reduced by $55 
billion, making the effective budget 
for the FY 2013 discretionary national 
defense budget equal to $491 bil-
lion. The budget caps for future years 
would in turn be reduced by an identi-
cal amount of $55 billion.3

Budget caps apply to the amount 
of money appropriated by Congress 
in a given year. The DoD has multiple 
years to spend its budget authority de-
pending on the type of funding appro-
priated. Defense acquisitions often 
take multiple years to award contract, 
obligate funding, and provide the 
vendor time to develop and produce 
the system/platform being acquired. 
When money is transferred from the 
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ability to award new contracts and ex-
ercise options on contracts. If allowed 
to continue long term, sequestration 
will result in a decline in revenues for 
defense fi rms, but it will be three or 
four years before defense companies 
feel the full impact.

This has given industry more time 
to adjust employment levels through 
natural attrition and early retirements 
rather than forcing immediate layoffs. 
In addition, RDT&E funding was 
only reduced by 3 percent (~$7 bil-
lion) compared to the previous year. 
The smaller reductions in O&M and 
RDT&E relative to other accounts are 
consistent with two of the priorities 
highlighted in the new strategic guid-
ance: maintaining “a ready and capable 
force” even as overall force structure is 
reduced, and continuing investments 
in science and technology “to sustain 
key streams of innovation that may 
provide signifi cant long-term payoffs.”

SPECULATION, REACTIONS AND 
REALITY

Last fall, there was a consensus 
among many analysts that sequestra-
tion would have a disastrous impact 
on U.S. jobs and gross domestic prod-
uct (GDP). The CBO initially project-
ed that sequestration would reduce 
2013 economic growth by about 0.6 
percentage points (from 2.0 percent 
to 1.4 percent or about $90 billion) 
and affect the creation or retention 
of about 750,000 jobs through its fi rst 
year.6 The National Association of 
Manufacturers (NAM) and Aerospace 
Industry Association (AIA) painted 
more dour predictions in two separate 
reports. NAM projected that budget 
caps and across-the-board cuts in de-
fense spending would result in:
•  The loss of over 1 million jobs 

in the private sector, including 
130,000 manufacturing jobs

•  A 1 percent drop in GDP
•  A 0.7 percent increase in the na-

tional unemployment rate
•  The loss of 3.4 percent of aerospace 

jobs, 3.3 percent of jobs in the ship 
and boat industry and 9.3 percent 
of jobs in the search and navigation 
industry.
The projected loss of over a million 

jobs involves a “multiplier effect,” ac-
cording to NAM president Jay Tim-
mons, “since the job losses, including 
workers in the defense manufacturing 
supply chain and those employed in 

the same year it is appropriated, the 
reduction in outlays for these funds 
will be higher at 6.9 percent.3

That sequestration acts on budget 
authority rather than outlays provides 
some insulation for defense compa-
nies as it allowed more time for ad-
justment. Because sequestration does 
not affect funding that has already 
been obligated, defense fi rms were 
able to continue working on contracts 
already awarded. However, sequestra-
tion is expected to affect the DoD’s 

different accounts, the reduction in 
outlays will not be uniform across all 
parts of the budget. Due to the lag 
between procurement appropriations 
and outlays, this year’s outlays should 
experience only a 3.5 percent reduc-
tion ($120.2 billion vs. pre-sequestra-
tion outlays of $124.5 billion), accord-
ing to “Analysis of the FY 2013 De-
fense Budget and Sequestration” by 
Todd Harrison. Because more O&M 
funding (maintenance, logistics, and 
other support functions) is spent in 
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Comtech’s latest development expands 
on its proven innovative integrated GaN 

RF Power Amplifier designs by further 
increasing the RF power density, while 
improving overall operating efficiency. 

These highly integrated designs are ideal 
for use in communication, electronic 

warfare, and radar transmitter systems 
where space, cooling, and power are 
limited. Applications include ground, 

surface, and airborne platforms. 

Contact us today with your requirements 

and specs...we’ll meet your needs and 
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POWER UP!
Soar with the highest power density  

solid state RF amplifiers available.

Fortunately, these predictions 
failed to materialize. Despite the 
cutbacks, the U.S. economy has not 
imploded. The stock market reached 
record highs and the housing market 
continues to rebound. By the end of 
August, the Commerce department 
announced that the GDP actually rose 
at a 2.5 percent annualized rate, up 
from the initial estimate of 1.7 per-
cent. As a result, the CBO predicts 
the defi cit will shrink this fi scal year 
to $642 billion, or just four percent 
of GDP. Thanks to sequester, coupled 
with higher tax revenue and improved 
economic growth, the defi cit has been 
shrinking by about $42 billion a month 
for the past six months.9

Contractors have been pleasantly 
surprised that the automatic spend-
ing cuts were not hurting nearly as 
much as the industry’s lobbying arm 
warned in the months leading up to 
the sequester. Defense contractors 
have been reporting solid earnings 
and dividends and their stocks are on 
the rise. Teledyne Technologies, Boe-
ing, Northrop Grumman and United 
Technologies have hit record highs. 
Lockheed Martin, General Dynam-
ics and Rockwell Collins are within 10 
percent of their all-time peaks.

In late July, Lockheed Mar tin re-
ported that its profi t rose 10 percent to 
$859 million during the second quar-
ter, despite a slight dip in revenue. Ac-
cording to Lockheed’s chief fi nancial 
offi cer, Bruce Tanner, the company is 
“seeing less impact than we had ex-
pected to see through the fi rst half of 
the year, it’s somewhat hard for us to 
imagine that the full [anticipated] im-
pact will be realized.”

So what happened? The long lead 
up to sequester allowed many large 
contractors to insulate their businesses 
as much as possible. Some manufactur-
ers rushed to get contracts signed be-
fore the sequester went into effect and 
are in the process of fulfi lling those con-
tracts now, which means the cutbacks 
haven’t hit their balance sheets yet. 
Others have diversifi ed their portfolios 
by making acquisitions in areas such 
as unmanned aerial vehicles (UAV), 
computer security, health care IT, and 
C4ISR (command, control, communi-
cations, computers, intelligence, sur-
veillance and reconnaissance).

“Cuts to the defense budget are 
part of the overall reductions in gov-
ernment spending necessary to ad-

nesses. The report predicted that 
2013 would “constitute the greatest 
one-year reductions in GDP, per-
sonal earning and employment” with 
the GDP taking a $215 billion hit and 
unemployment rising to above nine  
percent. The study went on to report 
that cuts in DoD procurement would 
lead to over 130,000 direct job losses 
to the professional and business sec-
tor including contractors who pro-
vide scientifi c, engineering and tech-
nical services.8

the military and as defense contrac-
tors, will result in lower disposable in-
come and reduced consumer demand 
— creating a ripple effect across the 
entire economy.”7

In their study for the AIA (July 
2012), Dr. Stephen S. Fuller and 
Dwight Schar, faculty chair and 
director for Regional Analysis at 
George Mason University, projected 
a loss of 2.14 million American jobs 
with nearly half of all sequestration 
job losses coming from small busi-
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busi-
ness, main-
taining hardware 
and space systems. According to Herr, 
“If you look at the history, in the last 
downturn those companies that sat 
back and did nothing fared the worst. 
There will be consolidators and those 
that will be consolidated. BAE would 
like to be one of the consolidators.”

The company is also diversifying 
into more commercial markets and 
opportunities outside the U.S. BAE is 
developing next-generation cabin elec-
tronics for commercial aircraft. It is 
not alone in pursuing opportunities in 
commercial and international markets. 
Earlier this year, General Dynamics 
announced a partnership with Sam-
sung to deliver enhanced security to 
that company’s mobile devices.

What about the small 
companies?

Dan Stohr, a spokesman for the 
Aerospace Industries Association (AIA), 
told lawmakers that his association was 
concerned that smaller suppliers might 
feel the pain more acutely than large 
contractors, despite the minimal impact 
on their bottom lines. One concern is 
that small firms do not have access to 
the kind of capital and credit the larger 
firms do, and they are far less likely to 
be diversified. Many of these smaller 
companies rely on large DoD contrac-
tors for 25 to 50 percent or more of their 
business. On the other hand, small com-
panies have the advantage of agility and 
willingness to innovate.

According to the Small Business 
Administration (SBA), 20 percent of 

David Herr, executive vice president for 
services at BAE Systems, speaking to the 
National Journal Daily, shared his beliefs 
that big firms such as Lockheed Mar-
tin, Northrop Grumman, BAE and 
General Dynamics would do some 
“portfolio-shaping” to strengthen 
their ability to go after new busi-
ness. In the service business, Herr 
is predicting a lot of consolidation 
that will probably create some very 
big players interested in the IT 

dress the nation’s debt issue,” said 
Steve Brecken, a spokesman for Hon-
eywell’s aerospace division. “We have 
been anticipating and planning for 
sequestration for over a year, and to 
date, the impacts have been largely as 
we expected. We do not anticipate any 
changes in our financial outlook nor 
any layoffs or furloughs due to seques-
tration, mainly due to our thoughtful 
planning and our large commercial 
aerospace businesses.”10
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may eventually trickle upward and be 
felt on a national scale, resulting in 
layoffs, mergers and further industry 
consolidation among aerospace com-
panies. According to Herr, BAE has 
brought some smaller subcontrac-
tors to visit policy makers and discuss 
concerns over losing certain skills 
and preserving capabilities within the 
supply chain. One fear among prime 
defense contractors is that they will 
muscle through this sequestration 
and budget downturn, and when they 
put out a request for bids, there won’t 
be anyone there to fill them. This is 
a network of thousands of small and 
midsize businesses spread across all 
50 states.

Several lawmakers in Congress are 
concerned for the plight of small busi-
nesses under sequester, among them 
U.S. Senator Mary Landrieu (R-La.), 
chairwoman of the Small Business and 
Entrepreneurship Committee. “Small 
businesses are going to be the ones 
that feel the most immediate effects 
as these government budget cuts come 
down, because contrary to popular no-
tion, government spending does affect 
private-sector jobs,” Senator Landrieu 
told Politico this past April.

Landrieu held a roundtable event 
entitled, “Sequestration: Small Busi-
ness Contractors Weathering the 
Storm in a Climate of Fiscal Uncer-
tainty,” to urge federal agencies to 
maintain their small business con-
tracting goals. While the senator’s ef-
forts may help small businesses that 
contract directly with the U.S. govern-
ment, it will not directly provide sup-
port to companies far down the supply 
chain from the largest defense con-
tractors. As budget tightening trickles 
down from top defense contractors, 
small companies will need to adapt.

So how are these companies 
weathering sequestration? Some 
small defense suppliers say sequestra-
tion already cut into their businesses, 
reporting that the Pentagon has been 
slow to place orders because of bud-
get indecision, compounded by fur-
loughs of civilian defense employees. 
Still, the Pentagon has worked hard 
to shield big weapons programs such 
as the F-35 jet, the military’s most 
expensive weapons system, from the 
mandatory cuts. According to Lock-
heed’s Bruce Tanner, “The Pentagon 
has done a fairly masterful job kind of 
deflecting” cuts to weapons programs.

ploy half of all private sector employees. 
According to the U.S. Census Bureau, 
small businesses create 90 percent of 
all new jobs on an annual basis. “From 
a national security perspective, letting 
the avoidable occurrence of sequestra-
tion force small businesses to exit the 
defense industry or go out of business 
altogether would not only hurt our 
economy but taxpayers,” said Macken-
zie Eaglen, resident fellow at the Mari-
lyn Ware Center for Security Studies.

In turn, hits to small companies 

Defense Department prime contracts 
and 35 percent of DoD subcontracts 
in 2011 were awarded to small firms. 
In 2011, 18 percent of NASA prime 
contracts went to small businesses and 
38 percent of its subcontracts to small 
companies. Additionally, between 
two-thirds and three-quarters of de-
fense industrial purchases are direct-
ed to small suppliers, many of which 
are the only source of specialty parts 
and technologies for the U.S. military.

The SBA says that small firms em-

See us at MILCOM 2013 – Booth 1633 – November 18-20
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fell 14 percent in the fi ve months be-
fore sequestration kicked in, partly re-
fl ecting concerns they would be more 
vulnerable to budget cuts. The surge 
comes as second-quarter profi ts and 
raised outlooks for the full year were 
reported from defense contractors 
such as Lockheed Martin, Raytheon 
and Northrop Grumman.11

There has been a nice bit of 
bounce back for small defense stocks, 
“because the sky is not falling and 
companies are not going out of busi-
ness,” said Mark Jordan, a St. Louis-
based analyst at Noble Financial 
Capital Markets. For example, the 
shares of API Technologies, which 
makes RF/microwave components 
and integrated microwave assemblies 
for defense and medical applications, 
have risen 16 percent since March 1 
after falling four percent during the 
previous fi ve months. API Technol-
ogy,  with a market capitalization of 
$167 million, hasn’t been “affected 
by any programs that were either 
eliminated or are to be eliminated,” 
commented Bel Lazar, API’s chief 
executive offi cer, during a confer-
ence call in July. According to Lazar, 
the Pentagon is now “more careful in 
terms of what they’re procuring and 
how much they’re paying.”

Executives at Anaren, a leading 
manufacturer of microwave passive 
components, assemblies and subsys-
tems for telecommunications and mili-
tary radar systems, “assumed the cuts 
would prevent sales from increasing 
more than roughly fi ve percent. In-
stead, the company now projects a 10 
percent boost in revenue from its de-
fense and space businesses this year,” 
according to president Larry Sala. 
Anaren’s stock has jumped 19 percent 
since March 1, which Sala attributed 
mostly to a buyout offer from a private 
equity fi rm, which the company reject-
ed in May. Apparently, Anaren isn’t the 
only one “pretty optimistic about 
growth. Right now, we’re planning 
on our business being even stron-
ger next year than it is this 

year,” said Sala.11

portunities among its government and 
prime contractor customers.

Wall Street has taken notice. Ac-
cording to Bloomberg, investors are 
returning to many of the smaller 
government suppliers whose shares 
slumped during months of budget 
uncertainty leading up to sequestra-
tion. A Bloomberg index providing a 
sample of 17 small and mid-sized con-
tractors, including API Technologies, 
Anaren  and CPI Aerostructures, has 
gained 20 percent since March 1. It 

As a result, much of the dooms-
day predictions have yet to material-
ize for small- to mid-size contractors. 
Sequestration may have cut some 
spending, but it may be an improve-
ment over the budget uncertainty re-
curring since 2011. Sequestration has 
also changed priorities for a Pentagon 
looking to maintain its objectives to 
meet future threats with a more effi -
cient use of its procurement and R&D 
money. As a result of these new priori-
ties, contractors are fi nding new op-
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(or should be) redoubling their mar-
keting and sales efforts. While they 
may lay off a few folks, I think there 
are opportunities out there to at least 
remain even in sales. We are mainly 
talking about companies with sales 
of $10 million or less, so it does not 
take much to replace the small share 
of programs they were on. These are 
really Business 101 type things, and 
should not be a revelation to anyone. 
However, with so many small compa-
nies in our industry, the thought of 
increasing spending to add sales guys 
and increase advertising in a down 
economy is counter-intuitive.”

To protect and serve the govern-
ment, business consultants to the 
defense industry make the following 
suggestions:12

•	 �Know your existing contracts: 
Take the time to do a full inven-
tory and determine what types they 
are – indefinite delivery/indefinite 
quantity are increasingly common, 
time-and-materials less so. Under-
stand what accounts are funding 
the contracts and how they will be 
cut, if at all.

•	 �Know your contract/program life-
cycle: When does it expire, what are 
the option periods? Contracts later 
in their lifecycle may be less flex-
ible. Determine which are sever-
able and which are non-severable: 
some will have to be carried over 
beyond the current fiscal year, but 
others may allow spending in fiscal 
2013 for services carried out later. 
Also know the termination provi-
sions and option expirations for 
their contracts and subcontracts.

•	 �Strengthen ongoing performance: 
“Nothing will succeed in this area 
like a well-performing program.” 
Take preemptive measures to pro-
tect contracts from cancellation by 
working with clients on proactive 
approaches to reduce scope/cost of 
contracts and don’t give the govern-
ment an excuse to cancel a contract 
by addressing any performance de-
ficiencies immediately. Also, main-
tain relevant records – such as past 
performance – ensuring they are as 
accurate and favorable as possible.

•	 �Engage customers, both at the con-
tracting officer and end-user levels, 
to understand the importance of 
the work, the status, the perfor-
mance, their plans and strategies 
going forward.

than ever, it is important to maintain 
high visibility with existing and poten-
tial customers.

Jim Assurian, director of business 
development at Reactel, a leading 
manufacturer of RF/microwave filters, 
believes companies will react in a va-
riety of ways. “For the larger guys [de-
fense contractors], their best defense 
may be to let people go. On a much 
smaller scale (say for companies 100 
employees and less), I think they are 

Strategies for Surviving 
Sequestration

Defense contractors large and small 
need to utilize their core strengths to 
navigate the evolving nature of gov-
ernment spending and provide solu-
tions that meet the DoD’s long-term 
objectives. These companies need to 
consider how to protect existing busi-
ness, diversify into new markets, and 
look for ways to cut costs internally 
and for their customer. Now more 
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we also have a strong presence in the 
commercial telecom marketplace via 
base station power amplifiers, point to 
point digital microwave radio through 
our ferrite lines, and test and instru-
mentation through our control com-
ponents line, as well as low noise and 
CNG test equipment lines. We also 
see several opportunities to leverage 
our technology into homeland secu-
rity applications.”13

As in the Mercury System exam-
ple, the commercial sector can actu-
ally help win new government busi-
ness, especially when the Pentagon is 
looking for off-the-shelf commercial 
components to lower their costs. In 
addition, the Pentagon is working to 
maintain military readiness with ex-
isting defense assets, technology and 
operational support. With several ma-
jor contracts in limbo, the electronics 
industry is the beneficiary of an in-
creasing need for replacement parts 
or enhanced technology to improve 
current systems that are being kept 
operational longer.

“With sequestration lingering 
earlier this year, we saw a signifi-
cant reduction in the bid solicita-
tion from government sources,” says 
Julian Andrews, operations manager 
of Coaxial Components Corp., which 
manufactures RF connectors, attenu-
ators, terminations and other micro-
wave components. “With cuts now in 
place, we’re seeing a growing focus 
on maintaining or upgrading exist-
ing communication and defense sys-
tems.”

Looking Ahead
America’s future military will be 

defined as a globally agile force char-
acterized by small, precision engage-
ments that feature minimal violence 
applied with surgical precision. Over 
the coming decades, the U.S. military 
will look to “pivot from the past and 
a turn to the future.” The Pentagon’s 
new vision represents a shift from 
the types of missions and forces that 
dominated the wars in Iraq and Af-
ghanistan, emphasizing “strategic flex-
ibility” made possible through special-
ized, tailored capabilities, from cyber 
warfare tactics to special operations 
forces.

There will also be a rebalance of 
the global posture and presence to 
emphasize the Asia-Pacific region 

mature their processes quickly to 
improve their bottom line.
To find growth opportunities, con-

tractors should look to utilize their 
current areas of expertise applied to 
the commercial sector and/or foreign 
markets. As an example, Anthony 
Sweeney, general manager of Mercu-
ry Systems RF and Microwave Com-
ponent Group, points out, “While a 
significant portion of our revenue is 
aimed at the EW and radar markets, 

•	 �Evaluate agency funding and 
spending priorities for both ex-
isting and new work. What must 
be saved, deferred or deleted? 
Perform an inventory of contracts 
based on their importance to 
fulfilling federal customers’ mis-
sions to assess areas most at risk 
for cuts.

•	 �Agencies will be eager to use fixed-
price contracts to shift cost risk to 
contractors. Companies should 
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for the 2014 fiscal year, which began 
on October 1, that were about $90 
billion apart, but never settled on a 
final figure. The fate of the sequester, 
scheduled under current law to con-
tinue through 2021, is uncertain in the 
next round of budget and debt ceiling 
negotiations.

As Jim Fallon, president and CEO 
of Fallon and Associates LLC, ad-
vised last year in Microwave Journal, 
companies should, “keep looking for 
growth opportunities in defense and 
commercial markets by focusing on 
the technology trends and programs 
that will survive. Look for platform 
upgrades, electronic warfare systems, 
low cost SATCOM terminals, and IP 
based tactical radios, to name a few 
applications. Develop new customer 
relationships in emerging applications 
like UAV data links, autonomous ve-
hicular guidance, and electronically 
scanned arrays.” As the country asks 
lawmakers to trim waste from the 
budget, look for government dollars 
to flow to companies willing to help 
them get lean and mean. ■
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maintained through funding for re-
search and development (R&D) of 
technologically advanced capabili-
ties.14

In Washington, Congress is ex-
pected to pass another stopgap bill, 
known as a continuing resolution, to 
fund government operations for fiscal 
year 2014, but it is unclear whether 
such funding will stay at current levels 
or shrink. Earlier this year, the House 
and the Senate passed spending bills 

and the Middle East, building upon 
key alliances in all regions. Procure-
ment and RDT&E plans will protect 
investments in key technology areas 
and advance new capabilities, as well 
as the DoD’s capacity to grow, adapt 
and mobilize as needed. These goals 
will lead to continued investments in 
intelligence, surveillance, and recon-
naissance (ISR) and further develop-
ments in improved precision strike, 
cyberspace, and space capabilities 
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Perspective

For radar and communication 
driven military applications, 
system designers are under 

continuous pressure to achieve the 
aggressive size, weight and power 
(SWaP) profiles that can help ensure 
a sustained, strategic battlefield advan-
tage. But achieving higher power and 
smaller, lighter components using con-
ventional silicon and GaAs-based pow-
er transistors is an ever mounting chal-
lenge. For these devices, limitations in 
component power density, breakdown 
voltage and thermal reliability are in-
troducing increasingly problematic 
performance constraints, with signifi-
cant implications for system reliability, 
ruggedness and functionality to meet 
new mission objectives.

This problem is impeding the evo-
lution and proliferation of small form 
factor radar and communication sys-
tems optimized for mobile and air-

borne applications, particularly UAVs. 
In these domains, parallel advances in 
radar and sensor fusion innovation are 
driving greater operational autonomy, 
situational awareness and responsive-
ness for remote military personnel, 
vehicles and aircraft – which are criti-
cal advances to sustain strategic bat-
tlefield advantage.

Meanwhile, for sea-borne applica-
tions, momentum is gathering behind 
the development of a new generation 
of more versatile, multifunction radar 
and communication systems that con-
solidate large numbers of co-located 
antenna masts within a single stream-
lined, multifunction Active Electroni-
cally Scanned Array (AESA) aperture. 
This naturally reduces system size and 
complexity while enhancing battle-
field performance and versatility.

Meaningful forward progress on 
these strategic initiatives hinges on 
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GaN in Plastic:  
A Disruptive 
Technology

the ability to develop and manufac-
ture smaller, wider bandwidth, lighter 
and functionally more flexible power 
transistors that promote multifunc-
tion integration. What is needed in 
all of these cases is a new approach to 
power transistor design and packaging 
technology that provides greater over-
all power performance in a smaller 
form factor with the greatest possible 
ease of assembly.

Achieving The Promise Of 
GaN

The recent emergence of GaN-
based power amplifiers is equipping 
radar system designers to achieve 
high-power operation using smaller 
power transistors while improving 
efficiency, frequency bandwidth and 
reliability. These new GaN-driven 
capabilities are yielding a new genera-
tion of more agile, ruggedized radar 

Paul Beasly and Damian McCann
MACOM, Lowell, MA
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more challenging impedance match-
ing and additional board manufactur-
ing.

BENEFITS OF GaN IN PLASTIC 
PACKAGING

The landscape of the GaN power 
transistor market has shifted radically 
with the introduction of new GaN in 
plastic power transistors. Ideally suit-
ed for high-performance military ra-
dar applications, GaN in plastic-based 
power transistors defy the power, size 
and weight limitations of competing 
GaN-based offerings to enable a new 
generation of high-power, ultra-com-
pact radar systems for use in mobile 
and/or multifunction battlefi eld elec-
tronics systems.

MACOM has demonstrated the 
benefi ts of GaN in plastic packaging 
technology with new GaN in plastic 
power transistors that scale up to 100 
W – among the industry’s highest power 
levels for this product category. Achiev-
ing this level of power performance re-
quires sophisticated thermal dissipation 
techniques to ensure reliability that’s 
comparable to conventional ceramic-
packaged GaN-based offerings.

By optimizing the transistor die 
layout and using advanced heat sink-
ing and die attachment methods, these 
GaN in plastic power transistors have 
demonstrated less than 115°C aver-
age junction temperature (80°C base-
plate) for a pulsed power output of 93 
W, using a 1 mS pulse, 10 percent duty 
cycle. These performance metrics have 
been verifi ed using stringent thermal 
imaging testing methodologies.

These transistors operate at 50 V 
drain bias resulting in outstanding 
power density and performance, high-
er effi ciency and smaller impedance 
matching circuits due to improved 
device parasitics. The high voltage 
operation also benefi ts overall system 
design with smaller energy storage ca-
pacitors and lower current draw.

GaN in plastic-based power tran-
sistors are also extremely lightweight 
compared to ceramic-packaged GaN-
based offerings. Combined with sig-
nifi cant size reduction in the external 
application solution and aggregated 
across the hundreds of power amplifi -
ers within a typical modern military ra-
dar system, this can reduce overall sys-
tem weight considerably. The resulting 
weight reduction ensures greater ease 
of movement for mobile radar systems.

systems optimized for increasingly de-
manding performance and multifunc-
tion fl exibility requirements.

The higher breakdown voltage 
performance of GaN semiconductor 
technology allows scaling to a higher 
operational voltage, which minimizes 
power loss, reduces power supply 
demand, allows for wideband imped-
ance matching, enables system de-
signers to use smaller energy storage 
capacitors and reduces current han-
dling within the power supply system. 
High breakdown voltage signifi cantly 
improves ruggedness under load 
mismatch conditions and allows for 
greater fl exibility in signal wave-forms 
for multifunction roles. GaN-enabled 
power effi ciency gains improve overall 
thermal performance, which provides 
greater fl exibility in pulse and CW op-
erational modes.

GaN semiconductor technology 
has clearly set a new standard in pow-
er performance for power transistors 
targeted at military radar and com-
munication systems. Going forward, 
it is the implementation of this GaN 
technology – the packaging and as-
sembly – that will require our focused 
innovation if we are to unlock the full 
benefi ts of GaN.

To date, most vendor approaches 
to applying GaN to power amplifi ers 
have relied on packaging techniques 
found in earlier generation ceramic, 
fl ange-mount packaged devices like Si 
LDMOS and Si BJT. By replacing the 
silicon material in these packages with 
GaN, improvements in power density 
and effi ciency have been achieved.

But GaN is not Si LDMOS or Si 
BJT, nor should it be thought of as a 
mere enhancement of a power semi-
conductor. GaN on SiC offers the 
chance to make a complete paradigm 
shift based on the fact it can dissi-
pate heat better and run hotter more 
reliably than any other power semi-
conductor technology to date. The 
continued reliance on conventional 
ceramic packaging has not yielded 
meaningful reductions in component 
size or weight, or for that matter per-
formance and cost – nor has it taken 
advantage of advances in commer-
cial, surface-mount packaging tech-
nologies. Metal-ceramic based fl ange 
mount packages have a number of 
limitations compared to plastic, sur-
face-mount packages, including larger 
size, manual assembly, higher cost, 

Visit us at PCB Carolina, Oct. 23, Raleigh, NC
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Of course, the military domain 
is more sensitive to dual-sourcing  
requirements than the commercial 
domain, and dual-sourced GaN-based 
components have been hard to come 
by to date. But this too is changing. 
Dual-source supply chains for high-
performance GaN devices are now 
a reality with the recent partnership 
between MACOM and Global Com-
munications Semiconductors (GCS). 
This dual-source agreement – an 
 industry first – unlocks one of the 
key remaining barriers to mainstream 
GaN market adoption by providing a 
secure supply chain.

New Generation of High-
Performance Military Radar 
Systems

Continued innovation in high-pow-
er GaN in space-saving plastic is en-
abling radar system designers to take 
full advantage of GaN technology and 
achieve new levels of power density 
while significantly reducing system 
size and weight. Utilizing sophisti-
cated packaging and thermal man-
agement techniques, GaN in plastic 
power transistors, accompanied by 
industry small application solutions, 
are helping designers overcome chal-
lenging development hurdles and 
pioneer a new generation of high-
performance, rugged radar systems 
for mobile and multifunction military 
radar applications that transcend the 
capabilities of systems based on con-
ventional power transistors. ■

From Military to the 
Mainstream

As mass production and deploy-
ment of GaN in plastic power transis-
tors accelerates, we can expect this 
class of product to follow a commod-
itization trajectory that aligns with 
most other plastic-packaged products, 
both military and commercial. Manu-
facturing efficiency gains and cost of 
material reductions drive reduced 
production and product costs, which 
drive volume demand – a historical 
trend followed by many product types 
after they translate to lead-frame 
based plastic packaging.

This naturally leads to penetration 
into other markets. With the advent 
of low-cost GaN in plastic power tran-
sistors, we can envision this technol-
ogy being deployed in government 
and commercial applications including 
centralized and remotely-based weath-
er and early-warning radar systems, 
and even radar-driven automotive ap-
plications such as advanced driver as-
sistance.

AESA technology itself has already 
extended beyond the military domain 
into commercial communication link 
equipment, and it will find its way 
into other non-military applications 
in the years ahead. The accelerating 
proliferation of AESA systems, which 
can integrate hundreds to tens of 
thousands of active RF elements, will 
contribute to the growing ubiquity of 
low-cost GaN in plastic power transis-
tors – and vice versa.

The first entries in MACOM’s GaN 
in plastic power transistor product 
portfolio include 90, 50 and 15 W 
transistors, all of which are available in 
standard 3 × 6 mm DFN packaging. 
The devices can be mounted on PCBs 
via ground/thermal arrays. Internal 
stress buffers allow these devices to 
be reliably operated at up to 200°C 
channel temperature. All of these 
transistors are capable of operating at 
frequencies up to at least 3.5 GHz.

Ease-of-Assembly Evolution
The GaN in plastic approach also 

allows for ultra-small, fully matched, 
integrated module solutions. The next 
evolutionary step is to develop high 
gain power modules based upon the 
GaN in plastic power transistors for the 
L- and S-Band radar markets. These 
modules can be fully matched with two 
stages of high gain and are realized us-
ing surface-mount technology (SMT) 
assembly on a compact RF board. The 
GaN power transistors are assembled 
using standard reflow techniques and 
the module can be easily integrated 
into a radar system front end.

The ability to offer a full SMT so-
lution using GaN combines the best 
of advanced military power technolo-
gies and high volume commercial 
manufacturing expertise. With this 
combination, it is possible to break 
through the current boundaries of 
SWaP and realize a new level of per-
formance and capability in future ra-
dar systems.

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

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

Visit our web site at www.ciaowireless.com for our complete product offering.
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Defense News
Cliff Drubin, Associate Technical Editor

Lockheed Martin’s Latest Aegis Combat 
System Demonstrates Extended Line of 
Sight Capability

The latest Naval Integrated Fire Control-Counter Air 
(NIFC-CA) test marks the fi rst test at sea, and the sec-
ond consecutive time this year, where Aegis used re-

mote data to successfully intercept a target. Using the Co-
operative Engagement Capability (CEC) to interpret data 
from remote sources, Aegis launched a Standard Missile-6 
(SM-6) missile from the USS Chancellorsville (CG-62) to 
intercept the target.

“The latest NIFC-CA test demonstrated how the Aegis 
Combat System has taken a signifi cant step forward in in-
creasing interoperability with remote systems to extend the 
distance that we can detect, analyze and intercept targets,” 
said Jim Sheridan, director of U.S. Navy Aegis programs for 
Lockheed Martin. “We continue to use our advanced solu-
tions to provide the Navy with the robust and reliable capabil-
ities needed to defend our nation from sophisticated threats.”

As a result of the successful NIFC-CA test, Aegis proved 
once again that it can transform and adapt to threats and 
address a changing defense landscape. The U.S. Navy and 
Lockheed Martin are committed to modernization pro-
grams for the Aegis Combat System on cruisers and de-
stroyers to extend service life and provide new technolo-
gies to the ships and their crews. Ships receiving Aegis 
system upgrades will fi eld Open Architecture and Com-
mercial Off-the-Shelf technologies that will reduce total 
ownership costs and ensure military readiness for ongoing 
missile defense needs.

U.S. Army, Raytheon Achieve First Infl ight 
Intercept of Low Quadrant Elevation Rocket

Raytheon Co. successfully intercepted and destroyed a 
low quadrant elevation (QE) 107mm rocket as part of 
the second series of guided test vehicle (GTV) fl ight 

tests of the Accelerated Improved Intercept Initiative (AI3) 
program. The intercept is a major test milestone before the 
U.S. Army live-fi re engagements begin in September.

“Beginning only 18 months and one week ago, and with 
fi rm cost requirements, the AI3 interceptor project suc-
cessfully engaged and destroyed an infl ight rocket on a 
challenging, high-speed fl ight profi le greatly enhancing the 
range of existing capabilities,” said Michael Van Rassen, 
the U.S. Army’s project director for Counter Rockets, Ar-
tillery and Mortars (C-RAM) and AI3. “The project used a 
system of systems approach that lowered risk and enabled 
an accelerated schedule by leveraging existing government 
components and off the shelf subsystems to expand the 
footprint of the protected area for our warfi ghters.”

The AI3 Battle Element system includes: a Raytheon Ku Ra-
dio Frequency System (KRFS) Fire Control Radar, an Avenger-

Boeing Advanced Super Hornet Demos 
Signifi cant Stealth

During three weeks of fl ight testing the Advanced Su-
per Hornet, Boeing and partner Northrop Grumman 
demonstrated that the fi ghter can outperform threats 

for decades to come with improvements that make the jet 
much harder for radar to detect and give it signifi cantly 
more combat range. 

Through 21 fl ights in St. Louis and Patuxent River, MD, 
that began August 5, the team tested conformal fuel tanks 
(CFT), an enclosed weapons pod (EWP), and signature 
enhancements, each of which can be affordably retrofi tted 
on an existing Block II Super Hornet aircraft or included 
on a new jet.

“We continually insert new capabilities into today’s 
highly capable, already stealthy Super Hornet, and the Ad-
vanced Super Hornet is the next phase of this technology 
evolution,” said Debbie Rub, Boeing Global Strike vice 
president and general manager. “Boeing and our industry 
partners are investing in next-generation capabilities so 
warfi ghters have what they need when they need it, and 
so the customer can acquire it in a cost-effective manner.” 

Improvements to the aircraft’s radar signature, includ-
ing the enclosed pod, resulted in a 50 percent reduction 
compared with the U.S. Navy’s stealth requirement for 
the current Super Hornet variant. The tests also showed 
that the CFTs increase the jet’s combat radius by up to 130 
nautical miles, for a total combat radius of more than 700 

nautical miles.  
“Even though 

we added compo-
nents to the air-
craft, their stealthy, 
low-drag design will 
enhance the com-
bat capability and 
survivability of the 
Super Hornet on 
an aircraft that has a 
combat-proven his-
tory launching and 
recovering from air-
craft carriers,” said 
Mike Wallace, the 
Boeing F/A-18 test 
pilot who fl ew the 
Advanced Super 
Hornet confi gura-
tion. 

The improvements will ensure that the Advanced Su-
per Hornet outpaces enemy aircraft and defenses through 
2030 and beyond, especially when that enemy tries to deny 
access to a specifi c area, such as skies over international 
waters near its assets.    

Go to mwjournal.com for more defense news items
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 Source: U.S. Navy photo by Mass Com-
munication Specialist 3rd Class Nathan 
R. McDonald/Released
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Defense News

based AI3 launcher, a C-RAM command and control, Technical 
Fire Control, and the Raytheon AI3 interceptor missile.

After launch, the AI3 interceptor initially guided on 
inflight radio frequency (RF) data link updates from the 
Ku RF Sensor radar, which was tracking an inbound rocket 
target threat. The interceptor then transitioned to terminal 
guidance using the interceptor’s onboard seeker and the 
illumination from the radar to guide the missile to within 
lethal range. The target was then detected using an active 
RF proximity fuze that determined the optimal detonation 
time for the warhead. With these measurements, the mis-
sile calculated the appropriate warhead burst time and de-
feated the incoming threat. 

“This is a significant technical and performance mile-
stone for the program and our team that met the Army’s 
tight schedule and costs objectives,” said Steve Bennett, 
Raytheon Missile Systems AI3 program director. “This sec-
ond GTV demonstrated full integration of the AI3 Battle 
Element with the C-RAM command and control architec-
ture against the threat target.”

U.S. Army Awards Lockheed Martin $206M

T he U.S. Army awarded Lockheed Martin $206 mil-
lion in additional orders for the AN/TPQ-53 (Q-53), 
a long-range counterfire radar that provides soldiers 

with enhanced 360-degree protection from indirect fire.
This contract is for 19 Q-53 systems, formerly designat-

ed as EQ-36. To date Lockheed Martin has delivered 32 
initial production systems to the U.S. Army and is currently 
producing an additional 33 systems, which were awarded 
in March 2012. This latest contract builds on those 33 sys-
tems currently in production.

 “The Q-53 radar is helping to save the lives of U.S. forc-
es through its exceptional performance in theater” said Lee 
Flake, program director for counterfire target acquisition ra-
dar programs at Lockheed Martin’s Mission Systems & Train-
ing business. “Deployed since 2010, we have listened to feed-
back from our soldiers to ensure the system meets operational 
demands and is evolving to stay ahead of global threats.”

Mounted on a five-ton truck, the Q-53 can be rapidly 
deployed, automatically leveled and remotely operated 
with a laptop computer or from a fully equipped climate-
controlled command vehicle.

Lockheed Martin won the competitive development con-
tract for the Q-53 radar – then known as EQ-36 – in 2007. 
Responding to urgent need statements from theater and 
following early program successes, the Army awarded the 
company an accelerated contract for 12 initial production 
systems in July 2008 and a contract with options for an addi-
tional 20 systems in April 2010. The Army began deploying 
Q-53 systems to combat in Iraq and Afghanistan in fall 2010. 
The March 2012 contract for 33 systems was a combination 
of low-rate initial production orders one and two.
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and engagement that 
deliver a competitive 
advantage to both or-
ganisations’ customer 
base and the wider UK 
technology industry.

Multi-sector product design and development consul-
tancies like Plextek are ‘innovation hubs’ where the transfer 
of sector skills happens under a single roof. Hethel Inno-
vation and its innovation hub Hethel Engineering Centre 
are dedicated to supporting the growth and success of high 
performance engineering and manufacturing companies. 
Its remit involves developing new ways to exploit the in-
novation potential in businesses and harness the innovation 
power of the private and public sectors. 

“Using existing technology and applying it differently 
can be a cheaper and easier way to market than ‘re-invent-
ing the wheel.’ However a lack of recognition and aware-
ness of these processes means that many entrepreneurs are 
looking for innovation in the wrong places and pursuing 
new product design ineffectively,” commented Dr. Jon 
Lewis, chief innovation offi cer at Plextek Consulting. 

“The best ideas require information, not just inspira-
tion, and this information should be drawn from a much 
wider pool of sector experience. Partnering with Hethel 
Innovation creates a fantastic collaborative platform to 
engage with other public and private business and inspire 
true innovation, breakthrough technologies and ideas for 
our customers.”

QinetiQ Expands UK UAS Environment    

QinetiQ and Llanbedr Airfi eld Estates (LAE) have 
signed an agreement to further develop the Wales 
Unmanned Aircraft System (UAS) Environment, 

incorporating Llanbedr Airfi eld in North West Wales 
as an operating centre which further enhances the UK’s 
reputation in facility and capability provision for UAS 
operations.

The QinetiQ and LAE ‘Teaming Agreement,’ sup-
ported by Welsh Government, is the catalyst to deliver-
ing extended UK UAS operating capability in early 2014 
and enables UAS programme development in support of 
both civil and defence related opportunities. The regen-
eration of Llanbedr Airfi eld as an operational centre for 
unmanned aviation complements the existing infrastruc-
ture and services currently being delivered by QinetiQ’s 
West Wales UAV Centre (WWUAVC) and affi rms the 
Wales UAS Environment as a unique capability dedi-
cated to accelerating the growth of the UAS industry in 
the UK and beyond.

Building on the existing capability developed and de-
livered by the QinetiQ WWUAVC, Llanbedr will provide 
enhanced airfi eld services and access to the dedicated in-
frastructure and airspace already in place through recent 
regional government investment. Combining the Llanbedr 

ESiP Research Enables Miniaturization of 
Microelectronic Systems 

T he largest research project in Europe for researching 
and developing highly integrated system-in-package 
solutions has been successfully completed. The Ef-

fi cient Silicon Multi-Chip System-in-Package Integration 
(ESiP) project partners have worked out future system-in-
package solutions that are more compact and reliable. They 
have also developed methods for simplifying analyses and 
tests. 

Under management of Infi neon Technologies, 40 re-
search partners – microelectronics companies and research 
institutions – from a total of nine European countries 
worked together. ESiP was funded by public authorities of 
all nine countries and the ENIAC Joint Undertaking. 

Technologies for combining chips in SiP packages and 
manufacturing them were developed and procedures for 
measuring reliability and methods, as well as equipment 
for failure analysis and testing. Basic technologies were 

developed that enable 
the integration of vari-
ous types of chips in 
the smallest volume of 
an SiP package – for ex-
ample, customer-specifi c 
processors with the lat-

est CMOS technologies, light-emitting diodes and DC-DC 
converters, MEMS and sensor components and passive 
components such as miniaturized capacitors and inductors. 
These compact SiP solutions will fi nd application in, for 
example, electric vehicles, industrial applications, medical 
equipment and communications technology. 

“The successful ESiP research enhances Europe’s posi-
tion in the development and manufacture of miniaturized 
microelectronics systems,” said Dr. Klaus Pressel, ESiP 
project head. “With the ESiP fi ndings we will be able to 
further miniaturize and improve microelectronic systems. 
We have developed new manufacturing processes and 
materials for SiP solutions along with methods for testing 
them, running a failure analysis on them and evaluating 
their reliability.” 

New Collaboration Between Plextek and 
Hethel 

Product innovation and design consultancy Plextek 
Consulting has formalised a partnership with Hethel 
Innovation to stimulate a collaborative innovation 

process and champion the cross-pollination of technology 
ideas. Rather than waiting for light-bulb moments, true in-
novators today look at other sectors and apply existing tech-
nologies in unexpected ways. By working together, Plextek 
Consulting and Hethel Innovation hope to nurture an eco-
system that creates opportunities for cross-sector research 

Go to mwjournal.com for more international news items

regional government investment. Combining the Llanbedr 

“The best ideas 
require information, 

not just inspiration...”

“...ESiP research 
enhances Europe’s 
position...”
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Airfield infrastructure with the experience, knowledge and 
facilities already available through the QinetiQ WWUAVC 
presents access to world leading test and evaluation, demon-
stration and training capabilities, as well as increased options 
for permanent operations for future civil UAS opportunities. 

Paul Hearn, air division strategy director, at QinetiQ, said, 
“We are delighted to sign this agreement and be at the fore-
front of UAS growth in the UK. With QinetiQ’s UAS opera-
tions and facility provision expertise, alongside LAE and the 
support of the Welsh Government, we look forward to further 
expanding UK UAS capability and consolidating the UK’s 
ability to remain at the forefront of UAS development.”

Cassidian’s TRSS Naval Radar Thinks Small

Cassidian, the defence division of EADS, has intro-
duced a new naval X-Band radar optimized for the 
detection of extremely small objects and countering 

asymmetric threats. Based upon the latest Active Elec-
tronically Scanning Array (AESA) radar technology, the 
new Tactical Radar for Surface Surveillance (TRSS) sub-
stantially increases the detection capabilities, and thus the 
protection level, of navy ships and coastguard vessels. 

“Our new radar constitutes a quantum leap in terms of 
detection capabilities,” said Elmar Compans, head of sen-

sors & electronic warfare at Cassidian. “It provides high-
performance surveillance not only at sea but also over land 
which makes it unique in the market.” 

TRSS with its low weight, power consumption and space 
requirements makes the AESA technology now affordable for 
small and medium-sized vessels. This is beneficial particularly 
to ships operating in litto-
ral waters which previous-
ly could not accommodate 
radars at all or had to use 
conventional mechanical-
ly rotating models. TRSS 
is able to detect and distinguish small objects precisely at close 
ranges, e.g., individual swimmers. These features allow opera-
tors an optimal overview of the situation, e.g., against terrorist 
attacks, and additionally enable operators to monitor move-
ments on land. 

AESA technology and electronic beam steering en-
ables the radar to fulfil several tasks at the same time 
while increasing detection capability substantially. This 
detection performance derives from a multitude of Cas-
sidian’s transmit and receive modules, based on state-
of-the-art technology. The technology applied holds 
unique electronic characteristics such as high power 
added efficiency and allows for very efficient industrial 
production processes.

“...a quantum leap 
in terms of detection 

capabilities...”
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BLE and sensor fusion vita,” commented senior analyst, 
Patrick Connolly. “By 2014, hybrid solutions will have al-
ready surpassed standalone indoor location technologies 
on smartphones, with Wi-Fi and sensor fusion hybrid solu-
tions reaching over 900 million units in 2018. Longer term, 
technologies around optical light, object recognition and 
LTE-direct are all forecast to offer differentiation.”

Practice director Dominique Bonte added, “We are 
already seeing start-ups pivot out of this space, but there 
is still huge opportunity for partnerships/acquisitions with 
major Android handset vendors, carriers and large appli-
cation developers. Clearly Google is developing its own 
Wi-Fi indoor location solution; however, it may well open 
up its indoor location framework, enabling the market to 
expand much more rapidly. For IC vendors, with access to 
the hardware abstraction layer, indoor location innovation 
is vital for future socket wins.”

Interactive Security to Reach $1.6 Billion in 
Western Europe by 2018

Strategy Analytics’ research and analysis of the market 
for interactive security in Western Europe and the 
U.S. concludes that a robust market is developing to 

expand home security beyond consumers who traditionally 
subscribe to such services. Analysis of the $6 billion market 
for home security in Western Europe points to a dramatic 
shift in spending from traditional to interactive security with 
its remote monitoring and control capabilities. Home secu-
rity market leader Securitas Direct launched its Verisure 
platform and SFR, Swisscom and others introduced ser-
vices to capitalize on the opportunity. Security with home 
automation capabilities will hit $1.6 billion and account for 
over 26 percent of total security revenues in the region by 
2018 according to Strategy Analytics’ Smart Home Strate-
gies (SHS) advisory service report, “Interactive Security: 
Market Outlook and Competitive Landscape.” In the U.S., 
interactive security will hit $10 billion and account for over 
40 percent of total security revenues by 2018.

“The home security market is larger in the North America 
than Western Europe, but we’ve detected robust interest and 
willingness to pay for professionally monitored security, as 
well as remote monitoring and control in Western Europe,” 
commented Bill Ablondi, director, Smart Home Strategies 
advisory service and author of the report. “However, the pic-
ture is different for remote, self-monitoring and control. The 
Western European market will hit $2.9 billion by 2018, higher 
than the $2.7 billion we project for the U.S. market.”

MSS Operators Generating Revenue of $1.5 
Billion in 2012

A ccording to Euroconsult, the leading global consult-
ing fi rm in the space sector, the active MSS terminal 
base grew at a CAGR of 10 percent over the past fi ve 

Half of New Vehicles Shipping in North 
America to Have Driverless, Robotic 
Capabilities by 2032

In North America, the fi rst driverless vehicles will appear 
in the beginning of the next decade, evolving to more 
than 10 million robotic vehicles shipping in 2032.
“While the technological feasibility of autonomous 

vehicles is being demonstrated by Google, Audi, Volvo, 
Bosch, and Continental, obstacles such as high costs and 
lack of legislation remain. On the other hand, the benefi ts 
of autonomous vehicles in terms of safety, cost savings, ef-
fi ciency, and positive impact on the economy, are driving 
research and development efforts globally. With ADAS-

type assistance features 
already being imple-
mented on a wide scale, 
the next phase of au-
tonomous Co-Pilot type 
vehicles will materialize 
in this decade. Fully au-
tonomous, self-driving, 

robotic vehicles will appear 10 years from now,” says VP 
and practice director Dominique Bonte.

The disruptive effects of autonomous driving are only 
just being discovered and its transformative impact on the 
auto industry and society as a whole will be huge with car 
sharing and declining vehicle ownership being two of its 
main exponents.

Autonomous driving technology represents a long term 
vision and forms a framework for automotive strategy de-
velopment. The current focus on passive safety functional-
ity, such as emergency calling, integrated smartphone-based 
infotainment, advanced HMI addressing driver distraction, 
and UBI will become less relevant as the gradual move to-
ward active safety and automation renders driver-centric 
features at least partially redundant. This will require chang-
ing attitudes from governments favoring V2X mandates and 
autonomous driving legislation and subsidization over eCall 
mandates, HMI guidelines, and banning portable devices.

Hybrid Indoor Location to Dominate Billion 
Unit Smartphone Market

A pple’s acquisition of WiFiSLAM has brought smart-
phone indoor location technologies to the fore. With 
over 1 billion new smartphones forecast to utilize 

indoor location technologies in 2018, there are still signifi -
cant opportunities for companies with the right technolo-
gies and strategies.

In ABI Research’s latest Location Technology report, 
“Smartphone Indoor Location Technologies,” it has fore-
cast the adoption of different indoor location technolo-
gies, and the companies best placed to be successful. “We 
see a signifi cant trend towards hybridization, with Wi-Fi, 

Go to mwjournal.com for more commercial market news items

base grew at a CAGR of 10 percent over the past fi ve 

“Fully autonomous, 
self-driving, robotic 
vehicles will appear 
10 years from now…”
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years with over 2.9 million active MSS terminals deployed 
on a global basis in 2012. Revenues generated by the six 
active MSS operators stood at around $1.5 billion in 2012. 
The industry remains very concentrated with the leading 
three operators, Inmarsat, Iridium and Thuraya still ac-
counting for close to 90 percent and Inmarsat alone having 
a market share of 55 percent.

“MSS wholesale service revenues grew at around 5 per-
cent in 2012, strongly driven by MSS broadband as well as 
by the low-data-rate machine-to-machine (M2M) devices,” 
said Wei Li, senior consultant at Euroconsult. “M2M devic-
es account now for more than half of total MSS terminals, 
however due to their much lower APRU levels they only ac-
counted for ~13 percent of wholesale service revenues.”

Troop withdrawal, Ku-Band VSAT competition and the 
anticipated migration toward new generation Global Xpress 
Ka-Band services will limit the revenue growth potential for 
the L-Band business in the next decade. Nevertheless, the 
bulk of MSS customers will remain satisfied with the L-Band 
business, and a range of emerging applications are entering 
into a fast growing phase for the next 10 years.

Overall the MSS sector has been strongly diversifying its 
product and service portfolio over the past years to reach 
an increasing number of addressable markets including 
the maritime, aeronautical and land-mobile market. More 
enhanced MSS products will become available once MSS 

operators have completed their next generation satellite 
systems. While Globalstar has already launched its 2nd gen-
eration satellite constellation in 2013, and after Inmarsat’s 
launch of its Alphasat 
satellite in July 2013, 
Orbcomm is expected to 
launch its 2nd generation 
constellation in 2014 and 
Iridium over 2015-17.

Looking forward, Eu-
roconsult forecasts that 
the MSS market will 
grow at an annual rate 
of 12 percent in num-
ber of terminals from 
2.9 million in 2012 to 
close to 9.4 million active terminals by 2022. Wholesale 
service revenues are projected to grow at a 10 year CAGR 
of 5 percent over 2012 to 2022. “The market is likely to re-
main dominated by North America, but we also see strong 
growth in emerging markets, notably in Asia,” concluded 
Li. “Land should be the largest market segment by 2022 
with over $1 billion in wholesale service revenue, while the 
aeronautical segment will be the fastest growing vertical 
market in terms of revenue, with double-digit growth in 
service revenue over the coming decade.”

“The market is 
likely to remain 

dominated by North 
America, but we also 
see strong growth in 

emerging markets, 
notably in Asia…”
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MERGERS & ACQUISITIONS
Microsoft Corp. and Nokia Corp. announced that the 
boards of directors for both companies have decided to 
enter into a transaction whereby Microsoft will purchase 
substantially all of Nokia’s Devices & Services business, li-
cense Nokia’s patents, and license and use Nokia’s mapping 
services. Under the terms of the agreement, Microsoft 
will pay EUR 3.79 billion to purchase substantially all of 
Nokia’s Devices & Services business, and EUR 1.65 bil-
lion to license Nokia’s patents, for a total transaction price 
of EUR 5.44 billion in cash. Microsoft will draw upon its 
overseas cash resources to fund the transaction. The trans-
action is expected to close in the fi rst quarter of 2014.

Verizon Communications Inc. announced that it has en-
tered into a defi nitive agreement with Vodafone Group 
Plc. to acquire Vodafone’s U.S. group with the principal 
asset of 45 percent of Verizon Wireless for $130 billion, 
consisting primarily of cash and stock. Verizon expects 
the transaction at close to be immediately accretive to the 
company’s earnings per share (EPS) by approximately 10 
percent, without any one-time adjustments. The transac-
tion is expected to close in the fi rst quarter of 2014.

Molex Inc. announced that it has entered into a defi nitive 
agreement to be acquired by Koch Industries Inc. Under 
the terms of the agreement, Koch Industries will acquire 
all of Molex’s outstanding shares, including the Common 
Stock (MOLX), the Class A Common Stock (MOLXA) and 
the Class B Common Stock, for $38.50 per share in cash, 
for a total equity value of approximately $7.2 billion. At the 
close of the transaction, Molex will become a standalone 
subsidiary of Koch Industries and will continue to be oper-
ated by the company’s current management team. Molex 
will retain the company name following the transaction.

TriQuint Semiconductor Inc. announced that it has ac-
quired CAP Wireless (Newbury Park, CA) and its patented 
Spatium™ RF power combining technology that replaces 
traveling wave tube amplifi ers (TWTA) in communications 
and defense systems. The acquisition leverages TriQuint’s 
position as a GaN pioneer and CAP Wireless’ high power 
RF solid state amplifi er system expertise. The combined 
company now offers a wider selection of high power/high 
frequency products. TriQuint is continuing operation of 
CAP Wireless product sales and contracts while it develops 
new devices based on Spatium technology using TriQuint 
GaN and GaAs MMIC amplifi ers. 

Renaissance closed on a stock purchase agreement 
with LEC Acquisition LLC and K Acquisition LLC, 
both of DE. LEC Acquisition LLC owns 99 percent of 
Renaissance, and in turn is majority owned and controlled 
by Southvest Funds VI LP. Southvest Funds VI is in turn 
controlled by Gen Cap America, a private investment fi rm 
headquartered in TN. The company’s new name is now 

Renaissance Electronics & Communications LLC. 
All operations, including manufacturing, will remain un-
changed in its Harvard, MA facility, and it is anticipated 
that the change in ownership will be seamless for custom-
ers. Its subsidiary, HXI LLC, will also remain unchanged as 
part of the Harvard, MA facility.

COLLABORATIONS
SK Telecom and Rohde & Schwarz announced that they 
have signed a memorandum of understanding (MOU) on 
joint research and development of next-generation anten-
na technologies. Under the MOU, SK Telecom and Rohde 
& Schwarz will work together to create a test bed for AAS, 
a core technology in next-generation antenna systems, for 
performance verifi cation. Under this agreement, the two 
companies will also conduct research and development 
for next-generation antenna system equipment. Rohde & 
Schwarz will provide SK Telecom with signal generators 
(R&S SMW200A, R&S SGS100A) and a radio network 
analyzer (R&S TSMW).

Peregrine Semiconductor Corp. and LG Electronics 
announced they have teamed up to develop the high-
performance antenna tuning design solution in the LG 
Optimus G Pro smartphone that was recently introduced 
to the Korean market. Peregrine’s DuNE™ technology op-
timizes the performance of the main antenna by bringing 
the best of what its UltraCMOS® and DuNE technologies 
offer — namely, optimized handset effi ciency, data rate, 
call integrity and battery life. By enabling one antenna 
to more effi ciently cover multiple frequency bands, the 
DuNE-based tuning solution enables the Optimus G Pro 
to support a subset of the more than 40 frequency bands 
available with 4G LTE.

DuPont Circuit & Packaging Materials and IQLP LLC, 
a division of Interplex Industries Inc., announced their on-
going efforts to further develop and refi ne liquid crystal 
polymer (LCP) thin-fi lm technology for use in high-speed 
circuit applications. The development efforts are being 
conducted pursuant to a joint development agreement and 
a license agreement previously entered into by the parties. 

The NGMN Alliance offi cially welcomes BT, SingTel, Tele2, 
Turkcell, VimpelCom, Broadcom and University of 
Toronto, which have all recently joined NGMN. With these 
new partners, the NGMN Alliance membership base now 
comprises 22 global mobile network operators, 33 major tele-
com vendors and 12 international research institutions.

To prepare for the growing number of smartphone users in 
Thailand, Real Future, a subsidiary of True Corp. Plc under 
the True Mobile Group, has chosen Ericsson as a key sup-
plier to expand its mobile broadband network in Thailand. 

For up-to-date news briefs, visit mwjournal.com
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and material contract award worth up to $44.4 million origi-
nally received by KOR Electronics (now Mercury Defense 
Systems) in March 2010, which has been recently extended 
by the U.S Navy for an additional 63 units for a total contract 
value of $56.7 million. All other terms and conditions remain 
unchanged from the original contract award.

Comtech Telecommunications Corp. announced that 
its Santa Clara, CA-based subsidiary, Comtech Xicom 
Technology Inc., has received an additional $1.4 million 
in orders to supply solid-state high-power amplifiers to a 
military integrator. The orders included X-Band, C-Band 
and Ku-Band SSPA products for use in highly mobile satel-
lite communications (SATCOM) systems providing voice, 
data, video conferencing, internet and high resolution vid-
eo connectivity for military forces deployed worldwide.

FIRST RF Corp. announced that it has been awarded 12 
Small Business Innovative Research (SBIR) Phase I con-
tracts from the DoD 13.1 competition. The company earned 
10 Air Force and two Navy SBIR Phase 1 projects. These 
12 awards bring the company’s total SBIR wins to 77 Phase 
Is, 44 Phase IIs, several Phase 2.5 and numerous Phase IIIs 
since 2003. The company has also been awarded three Rapid 
Innovation Fund (RIF) programs in the last year intended 
to quickly transition innovative products to the marketplace.

DiTom Microwave has received a contract from a major 
U.S. satellite manufacturing company for thermal vacuum 
(TVAC) compatible X- and Ka-Band isolators. Under the 
contract agreement, DiTom will supply ferrite isolators for 
the Wideband Global Satcom (WGS) program. These isola-
tors will be used in a thermal vacuum environment where 
low outgassing materials are critical for space ground sup-
port testing. The manufacturing work will be performed at 
DiTom’s facility in Fresno, CA and is expected to be com-
pleted by the beginning of Q4 FY2013.

Telefónica has been selected by the UK Department of 
Energy and Climate Control as the preferred commu-
nications service provider for two out of three lots in the 
UK’s smart meter tender, subject to contracts being agreed. 
Telefónica’s proposed communications solution is based 
on its existing cellular network in the UK, supported by 
Connode’s IPv6 based wireless mesh solution which will con-
nect meters in areas without cellular coverage. The Smart 
Meter Implementation Programme is a major national infra-
structure project that will involve the roll out of 53m gas and 
electricity meters across the UK by 2020, helping consumers 
to better understand and control their energy usage.

People
QRC Technologies (QRC) announced 
that its board of directors has appointed 
Tom Callahan as president of the com-
pany. Callahan has played a central role in 
the development of QRC’s product lines. 
He has been QRC’s general manager for 
two years, and prior to this, Callahan was 
VP of engineering since joining the  

ss Tom Callahan
company in 2006. He came to QRC from 

PCTEL, formerly DTI, a world leader in commercial cellular 
test solutions, where he was the VP of engineering overseeing 
the development of world class software defined scanning re-
ceivers and software solutions. 
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This expansion will allow the True Mobile Group to offer 
their 21.5 million subscribers with improved mobile broad-
band experiences based on HSPA and LTE technologies.

Achievements
Emerson Network Power, a business of Emerson and 
global leader in RF, microwave and optical connectivity solu-
tions for the delivery of voice, video and data, announces the 
Occupational Health and Safety Assessment Series (OHSAS) 
18001:2007 certification at their Chelmsford, UK facility.

Isola Group S.a.r.l. announced that it has become a full 
member of the Electronic Industry Citizenship Coalition 
(EICC). Isola has been an applicant member of the EICC 
since July 2011. The EICC is a collaboration of leading 
electronics companies that promotes an industry code of 
conduct to collectively address issues of social, ethical and 
environmental concerns in the industry.

AeroVironment Inc. announced that a recent outdoor 
test flight of a solar-powered prototype version of the com-
pany’s proven Puma AE™ small unmanned aircraft system 
(UAS), operating with the company’s newest long-endur-
ance battery, lasted 9 hours, 11 minutes – significantly lon-
ger than the flight endurance of a small UAS being used 
in the field today. AeroVironment is working with Alta 
Devices, a Sunnyvale, CA company that provides flexible, 
portable power that can be embedded into any other ma-
terial, in the development of the solar Puma AE.

Cassidian has developed a flexible airborne ground sur-
veillance radar, which can be deployed on a variety of 
manned and unmanned platforms for the detection of 
ground and sea targets. As part of a major flight test series 
carried out from the German air base in Hohn, Cassidian’s 
SmartRadar showed record detection performance, now 
including various operating modes for maritime surveil-
lance. This success confirms Cassidian’s concept of a soft-
ware-defined sensor, which can be used for different sur-
veillance tasks while only requiring minor modifications.

Contracts
Harris Corp. has received authorization from the Federal 
Aviation Administration to begin work on the seven-
year, $150 million Data Communications Network Services 
(DCNS) element of its Data Communications Integrated 
Services (DCIS) program. DCNS will help to transition U.S. 
air traffic control from primarily analog voice communica-
tions to digital data connectivity — significantly increasing the 
efficiency and safety of the nation’s air traffic control system. 
Under DCNS, Harris will provide the terrestrial circuits and 
very high frequency data links that connect ground-based air 
traffic controllers and airborne flight crews.

Mercury Systems Inc. announced that its Mercury Defense 
Systems subsidiary has received a $2.3 million delivery or-
der from the U.S. Navy for advanced Digital RF Memory 
(DRFM) jammers to support both U.S. Navy and U.S. Air 
Force requirements. The order is part of the firm-fixed-
price, indefinite delivery/indefinite quantity (IDIQ) time 
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Around the Circuit
David Choi joins Mercury Systems as 
technical director, RF power amplifiers. 
Choi brings over a decade of experience 
and a wide breadth and depth of knowl-
edge spanning the commercial and de-
fense industries as well as academia. 
During his time as Visiting Scholar at 
University of California, San Diego, 

ss David Choi
Choi led cutting edge academic re-

search in highly linear and efficient (envelope tracking/
EER) RF transmitters. Choi earned his Ph.D. from the 
Department of Electrical and Computer Engineering at the 
University of California, Santa Barbara and a bachelor’s de-
gree in physics from the University of California, Berkeley. 

Obituaries
Michael Adlerstein, former consult-
ing scientist at Raytheon Advanced 
Device Center and associate editor of 
the IEEE Transactions on Electron 
Devices, passed away on August 14th. 
Adlerstein served on various interna-
tional conference technical commit-
tees including the High Temperature 
Semiconductor Committee of the 

ss Michael Adlerstein
National Research Council and as the 

Proceedings Editor of the Cornell University Conference 
on Advanced Concepts in High Speed Semiconductor 
Devices and Circuit. He received a B.S. degree in math-
ematics and M.S. degree in physics from Polytechnic 
Institute of Brooklyn, Brooklyn, NY. He received a sec-
ond M.S. and the Ph.D. in applied physics from Harvard 
University, where he was a National Science Foundation 
Fellow and a Woodrow Wilson Fellow.

John Aubin passed away on August 
28, 2013 at the age of 59. Aubin was 
the CTO at ORBIT/FR Inc. in 
Horsham, PA. He received his BSEE 
from Virginia Tech in 1977, his MBA 
from Temple University in 1982, and 
his MSEE from Drexel University in 
1988. His career began at Harris 
Corp. in 1977. Except for a few years ss John Aubin

in between, Aubin spent the majority 
of his career working for Flam & Russell (now Orbit/FR 
Inc.) which he joined in 1980. Aubin served as principal de-
sign engineer on a number of automated antenna and radar 
measurement systems ranging from VHF up to millimeter 
waves, including a microwave imaging system for evaluation 
of biological tissue, a high performance low frequency radar 
cross section measurement system, and a dynamic radar 
cross section measurement system using an integrated 
tracking and signature measurement radar. From its incep-
tion Aubin was a regular contributor to the Antenna 
Measurement Techniques Association (AMTA). He has au-
thored over 40 papers on antennas, radar, and measurement 
technology and is the co-inventor on several patents.
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Rep Appointments
Hirose Electric signed a North American distribution 
agreement with Sager Electronics to expand its product 
availability and customer support. The new agreement au-
thorizes Sager to distribute Hirose’s full product portfolio 
to its customers across North America. 

Intercept Technology Inc. announces its newest autho-
rized reseller, Fusion CADSoft LLC. As an experienced 
EDA software reseller in the eastern U.S., Fusion CADSoft 
aims to supply Intercept’s PCB, RF, and Hybrid design and 
engineering software in the regions from ME to FL and 
MN to NJ. Post-sales support will remain Intercept’s re-
sponsibility.

Maury Microwave Corp. announces its European stock-
ing distribution program with BSW (BeNeLux, Germany), 
EMCO (Germany) and MB Electronique (France). 
Holding European stock of Maury’s ColorConnect™, Test 
Essentials™ and Stability™ lines will allow worldwide cus-
tomers access to next-day delivery. 

MITEQ Inc. announced the appointment of Disman 
Bakner Northwest Inc. as the company’s exclusive sales 
representative in WA, OR, ID and British Columbia. 
Disman Bakner Northwest will represent MITEQ’s com-
ponent division of products. 

Spacek Labs has appointed APC Novacom of Nettleham, 
Lincoln, UK, to represent Spacek Labs in the United 
Kingdom. APC Novacom has over 22 years experience as 
sales representatives. 

Places
Hesse Mechatronics Inc. recently opened its newest 
training and applications lab in Tempe, AZ. The company 
has appointed Allan Camp, who joined the company as 
technical support manager in June 2012, responsibility for 
the new lab. Camp’s role and the new lab are additional 
steps in Hesse Mechatronics’ strategy to improve custom-
ers experience and convenience in qualifying and learning 
about the company’s wedge bonding equipment and taking 
advantage of support services. 

On July 16, National Instruments (NI) held a ribbon-cut-
ting event to mark the opening of its new Santa Clara, CA 
site. NI relocated three of its existing Silicon Valley groups 

(Phase Matrix 
Inc., Ettus 
Research, and 
NI’s field sales 
e n g i n e e r i n g 
team) under 
one roof to 
reinforce its 
commitment to 

driving growth in the RF market while also boosting ef-
ficiency.
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Technical Feature

Design,  
System Integration 
and Testing of  
Radar Systems
This article discusses some of the fundamental research and development 
challenges in both the digital and RF/millimeter wave domains (such as waveform 
generation, receiver algorithms and transmit/receive front ends) and addresses 
current and future directions in design, system integration and test.

Radar applications are becoming more 
diverse and commercialization is ac-
celerating due to significant advances in 

digital and RF/microwave technologies. Today, 
there are numerous radar applications from tra-
ditional defense and surveillance1 to automo-
tive radar for driver assistance2 to biomedical 
radar for imaging, monitoring and treatment.3 
For all of these applications, the competitive 
environment demands rapid cycles of design, 
system integration, prototyping and testing.

An emerging area of development in cellu-
lar communication systems, for example, is fo-
cused on the issue of localization for handsets. 
Due to the FCC’s E911 initiative in 2004, ac-
curate localization techniques for use in emer-
gency calls and mobile applications have been 

researched 
extensively. 
One of the 
techniques 
e m p l o y s 
time dif-
f e r e n c e 
of arrival 
(TDoA) from 
m u l t i p l e 
nearby base 
stations to 
obtain ac-

curate location information. Many of the prin-
ciples used in passive radar systems are applied 
to this application as well. The challenge is that 
the localization algorithms must work with RF 
front ends designed with requirements and 
capabilities that are very different from radar 
systems. An LTE standard compliant front end 
has limited resources for signal processing and 
variations in operating environment such as in-
door and outdoor environments.4

Background
Radar is used to detect and/or track tar-

get objects and their attributes such as range, 
speed and other information obtained through 
signals at RF and microwave frequencies. The 
broad classes of radar systems are active and 
passive (see Figure 1). Passive radar systems 
use non-cooperative source(s) of illumination, 
such as a target’s emitted signals, broadcast sig-
nals or cellular communication signals, to ob-
tain information about the target. Since radar 
performance relies on the sensing capabilities 
of the receiver, significant innovations have 
been made in areas such as phased array anten-
nas, digital beamforming, detection algorithms 

Takao Inoue
National Instruments, Austin, TX
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s Fig. 1  Passive radar (left) and active radar (right).

__10M32 FINAL.indd   70 9/25/13   8:14 AM



MWJ OML 0913.indd   71 9/24/13   1:59 PM

http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=71&exitLink=http%3A%2F%2Fwww.omlinc.com%2Ffind%2Fimd
http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=71&exitLink=http%3A%2F%2Fwww.omlinc.com


72 	 	 MICROWAVE JOURNAL  OCTOBER 2013

Technical Feature

888񡑅−395%3񡑅∋1/
񡑇񡑈񡑔񡑔񡑀񡑘07,.811(񡑀񡑘7)06)񡑀<񡑀!60097%.)񡑃񡑀񡑠񡑘񡑀񡑕񡑐񡑆񡑔񡑕

∀1..񡑀񡑣 񡑢񡑢񡑖񡑀񡑂񡑇񡑅񡑔񡑓񡑓񡑅񡑓񡑉񡑐񡑅񡑑񡑕񡑕񡑕񡑀<񡑀񡑣񡑘∃񡑖񡑀񡑂񡑇񡑅񡑐񡑆񡑔񡑅񡑓񡑉񡑐񡑅񡑉񡑆񡑇񡑓񡑀<񡑀񡑢񡑄/%,.񡑖񡑀4%.)4񡑗−395%3񡑅∋1/

����������������
��������
��

����������������
��������
��

񡑙񡑨񡑥%񡑥񡑀∀∃񡑩 񡑣񡑩∀񡑰񡑥%
񡑦!∃񡑱񡑀&񡑨񡑥񡑀񡑢񡑡%񡑩%񡑀񡑦!∃
&񡑨񡑥񡑀%&񡑥񡑡񡑤+񡑀񡑧∃!)&񡑨񡑀&񡑨񡑡&񡑀񡑨񡑡%񡑀񡑥񡑡∃ 񡑥񡑤
񡑖񡑘񡑠񡑙񡑐񡑘񡑀񡑡 񡑀񡑥 (񡑩񡑡񡑢񡑰񡑥񡑀∃񡑥∀∋&񡑡&񡑩! 񡑀񡑩 
&񡑨񡑥񡑀񡑱񡑩񡑣∃!)񡑡(񡑥񡑀񡑣!񡑱񡑱∋ 񡑩&+񡑃

񡑆񡑦!񡑠񡑩񡑀∀񡑦 񡑩񡑀񡑘񡑗񡑰񡑠񡑰񡑃 񡑑! &񡑡񡑣&
񡑖񡑘񡑠񡑙񡑐񡑘񡑀&!񡑤񡑡+񡑀񡑦!∃񡑀񡑱!∃񡑥񡑀񡑩 񡑦!∃񡑱񡑡&񡑩! 񡑃

񡑖񡑘񡑠񡑙񡑐񡑘񡑁񡑀񡑕 񡑣񡑃񡑁񡑀񡑦!∋ 񡑤񡑥񡑤񡑀񡑩 
񡑄񡑈񡑇񡑅񡑁񡑀%∀񡑥񡑣񡑩񡑡񡑰񡑩,񡑥%񡑀񡑩 񡑀&񡑨񡑥񡑀񡑤񡑥%񡑩񡑧 
񡑡 񡑤񡑀񡑱񡑡 ∋񡑦񡑡񡑣&∋∃񡑩 񡑧񡑀!񡑦񡑀∋񡑰&∃񡑡񡑂񡑢∃!񡑡񡑤񡑢񡑡 񡑤
񡑱񡑩񡑣∃!)񡑡(񡑥񡑀񡑣!񡑱∀! 񡑥 &%񡑀񡑡 񡑤񡑀&񡑥%&
񡑥#∋񡑩∀񡑱񡑥 &񡑀񡑦!∃񡑀񡑢!&񡑨񡑀񡑣!񡑱񡑱񡑥∃񡑣񡑩񡑡񡑰񡑀񡑡 񡑤
񡑱񡑩񡑰񡑩&񡑡∃+񡑀񡑡∀∀񡑰񡑩񡑣񡑡&񡑩! %񡑃

񡑗∃!񡑤∋񡑣&%񡑀񡑣!(񡑥∃񡑀&񡑨񡑥񡑀񡑒񡑑񡑀&!񡑀񡑆񡑇񡑀񡑓񡑔,
񡑦∃񡑥#∋񡑥 񡑣+񡑀∃񡑡 񡑧񡑥񡑀񡑡 񡑤񡑀񡑡∃񡑥񡑀񡑤񡑥%񡑩񡑧 񡑥񡑤񡑀񡑦!∃
񡑡񡑀)񡑩񡑤񡑥񡑀∃񡑡 񡑧񡑥񡑀!񡑦񡑀񡑡∀∀񡑰񡑩񡑣񡑡&񡑩! %񡑀񡑩 񡑣񡑰∋񡑤񡑩 񡑧񡑉

� 񡑕񡑠񡑰񡑱񡑀񡑈񡑨 񡑢񡑧񡑤񡑠񡑥񡑱

� 񡑔񡑢񡑤 񡑣񡑗񡑱񡑢񡑦񡑥񡑀񡑔∀񡑰񡑱񡑠񡑤񡑰

� 񡑔񡑅񡑕񡑆񡑒񡑑񡑀񡑁񡑀񡑔񡑒񡑕񡑑

� 񡑐񡑗񡑤񡑤񡑠񡑩񡑰񡑀񡑡񡑦񡑩񡑀񡑓񡑗񡑙񡑗񡑩񡑀񡑁񡑀񡑉񡑈񡑇񡑰

� 񡑓񡑗񡑙񡑗񡑩񡑀񡑔∀񡑰񡑱񡑠񡑤񡑰

� 񡑈񡑖񡑄񡑀񡑈񡑆񡑑񡑂񡑀񡑈񡑆񡑆񡑑񡑀񡑁񡑀񡑈񡑔񡑑

񡑖񡑘񡑠񡑙񡑐񡑘񡑀񡑨񡑡%񡑀񡑡񡑀񡑣!񡑱񡑱񡑩&񡑱񡑥 &񡑀&!
&񡑥񡑣񡑨 񡑩񡑣񡑡񡑰񡑀񡑥∗񡑣񡑥񡑰񡑰񡑥 񡑣񡑥񡑀񡑡 񡑤񡑀񡑣∋%&!񡑱񡑥∃
%񡑡&񡑩%񡑦񡑡񡑣&񡑩! 񡑃

񡑨񡑦񡑧񡑄񡑱6%.,∗,)(񡑀 񡑣񡑃񡑀񡑨,∋318%7)񡑀񡑁񡑀//#񡑀񡑠1/210)054

� 񡑡,3)∋5,10%.񡑀񡑠162.)34񡑀񡑀51񡑀񡑒񡑓񡑀񡑤񡑥:

� 񡑉񡑀(񡑙񡑀񡑕񡑆;񡑀񡑥9&3,(񡑀񡑠162.)34񡑀51񡑀񡑐񡑆񡑀񡑤񡑥:

� 񡑉񡑀(񡑙񡑀񡑇񡑔񡑆;񡑀񡑥9&3,(񡑀񡑠162.)34񡑀51񡑀񡑈񡑒񡑅񡑑񡑀񡑤񡑥:

� 񡑙)%/∗13/,0+񡑀񡑩)5813−4񡑀51񡑀񡑇񡑔񡑀񡑤񡑥:

� 񡑰18)3񡑀񡑡,7,()34񡑀51񡑀񡑐񡑑񡑀񡑤񡑥:

� 񡑡)5)∋5134񡑀51񡑀񡑐񡑆񡑀񡑤񡑥:

� 񡑠6451/񡑀񡑘22.,∋%5,104

񡑘񡑱∀!񡑣񡑱񡑀񡑔񡑤񡑀񡑕񡑥 񡑨񡑧񡑰 񡑢񡑘񡑱∀!񡑣񡑱񡑁񡑖񡑣񡑩񡑦񡑠񡑧񡑁񡑙񡑨񡑩񡑁񡑔񡑕񡑁񡑙񡑡񡑗񡑀񡑀񡑐񡑂񡑄񡑉񡑂񡑄񡑃񡑀񡑀񡑄񡑓񡑈񡑉񡑀񡑠񡑙񡑀񡑀񡑠񡑣񡑧񡑥񡑀񡑄

and source separation algorithms. Ac-
tive radar uses cooperative sources 
of illumination by generating its own 
signal(s) to illuminate the target. 
Within the class of active radar, there 
is monostatic radar where the signal 
source is collocated with the receiver 
and multistatic radar where there are 
two or more receiver locations.

Among the class of active radar sys-
tems, there are several common signal 
types. The most basic is continuous 
wave (CW) radar where a constant 
frequency sinusoidal signal is trans-
mitted. The CW signal allows the re-
ceiver to detect phase/frequency vari-
ations (Doppler shift) from the target 
reflection. Unless a special provision 
for absolute time marker is used, 
however, range detection is not pos-
sible. A modified CW signal using a 
stepped frequency modulated (SFM) 
signal obtains a better range estimate 
by hopping over multiple discrete fre-
quencies (see Figures 2 and 3). A fur-
ther modification of the CW signal to 
linearly ramp up and down a range of 
frequencies is called linear frequency 
modulation (LFM) or frequency mod-
ulated CW (see Figures 4 and 5). An 
LFM radar allows detection of Dop-
pler as well as range by observing the 
frequency difference of the time de-
layed received signal from the trans-
mitted signal. If a stationary object is 
detected, a constant beat frequency 
(transmit to receive frequency differ-
ence) is observed.

Pulsed signals of CW, SFM and 
LFM are also widely used. An ex-
treme example, the ultra-wideband 
(UWB) pulse signal radar is receiving 
renewed interest due to its low inter-
ference characteristics resulting from 
low spectral power density. UWB 
pulse radar is characterized by a pulse 
width that is typically on the order of a 
nanosecond or less.

The magnetron has been one of the 
popular components for higher power 
signal generation in applications such 
as aviation and marine radar. Since the 
early development of radar magnetron 
by Henry A. H. Boot, John T. Randall 
and their associates in late 1939, the 
resonant cavity tube structure con-
tinues to evolve to serve a variety of 
radar applications to this day. Over 
the last few decades, however, rapid 
advancements in solid state devices 
have had a significant impact on the 
radar’s capability and system design. 

s Fig. 2  Example SFM waveform where a pulse sweeps through four different frequencies.
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cessing and the RF/microwave front 
end (including the antenna). Figure 6
shows a high level block diagram of an 
active radar system.

Digital Signal Processing
Thanks to widely available com-

mercial processors, embedded pro-
cessors, fi eld programmable gate ar-
rays (FPGA), digital signal processors 
(DSP) and, more recently, graphics 
processing units (GPU), radar sig-
nal processing engineers now have a 
breadth of platforms to choose from. 
The choice largely depends on the 
type of signal processing that is needed 
and the cost of implementation. Gen-
eral purpose, personal computer, type 
hardware may be suffi cient for radar 
systems with relatively low through-
put and simple signal processing re-
quirements. An FPGA or GPU based 
processor might be needed if large 
parallel processing is needed. In this 
case, however, the cost of the hard-
ware increases substantially. In most 
platforms, pulse generation and re-
ceiver algorithms can be implement-
ed with appropriate software bringing 
benefi ts such as programmability and 
reuse of intellectual property. At the 
same time, radar signal processing en-
gineers are faced with the challenge of 
incorporating more and more sophis-
ticated algorithms, consuming longer 
simulation times within the system 
and exhausting the available computa-
tional resources.

Pulse compression is a technique 
used to improve range resolution and 

Some of the high im-
pact advancements 
include higher den-
sity digital circuits 
and faster analog-
to-digital converters, 
RF and microwave 
circuit integration 
techniques (MMIC 

and CMOS), and 
advances in device 
technologies (GaN, 
GaAs, SiGe and 
high electron mobil-
ity transistor varia-
tions).

DESIGN, 
INTEGRATION 
AND TESTING

Without loss of 
generality, today’s 
active radar system 
design can be bro-
ken into two major 
components: the 
baseband signal pro-

 Fig. 4  Example LFM waveform where a pulse ramps from high frequency to low and back again.
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 Fig. 5  Spectrogram of LFM showing the instantaneous frequency 
across time.

 Fig. 6  General radar block diagram.
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 Fig. 3  Spectrogram of a SFM waveform showing the instanta-
neous frequency over time.
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where rect(x) is a square window 
function which is 1 for x<1/2 and 0 for 
x>1/2, T is the pulse width, f0 is the 
carrier frequency, and  is the LFM 
slope given by ±B/T (the example in 
Figures 4 and 5 is a down-chirp with 
-B/T). The cross correlation of the 
transmit and receive LFM pulse can 
be written as
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where τ is the time difference of the 
received signal and fd is the Doppler 
frequency of the target. The main 
benefit here is that the mainlobe of 
Rxy is significantly narrower than the 
actual pulse width T. In fact, the main-
lobe width depends on the bandwidth 
B and not the pulse duration T. The 
challenge is in controlling the range 
sidelobes through windowing and 
other means to obtain the desired 
resolution appropriate for the target 
of interest.

For many radar applications, infor-
mation about a moving target is need-
ed. Moving target indication (MTI) is 

the pulse duration. Thus a very short 
pulse is desired for higher range reso-
lution. A very short pulse, however, 
imposes more stringent radar front 
end requirements. It is also more dif-
ficult to concentrate the energy of a 
short pulse waveform, limiting the ra-
dar’s range. Pulse compression over-
comes this problem by computing the 
cross correlation of the transmit signal 
and the receive signal. An LFM signal 
can be expressed as

signal to noise ratio. Range resolution 
depends on the signal bandwidth:

Range Resolution=
c

2B

where c is the speed of light and B 
is the bandwidth. Therefore, bet-
ter range resolution (or lower range 
granularity) is obtained when the 
bandwidth of the signal is high. Unfor-
tunately, the bandwidth of the time-
gated sinusoid is inversely related to 

s Fig. 7  Classical delay line canceller 
architecture for MTI.

THRESHOLD
CIRCUIT

DELAY
LINE

s Fig. 8  A digital implementation of MTI.

COMPRESSED
PULSE Z–N
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often the first processing performed 
at the receiver to discriminate mov-
ing targets from stationary objects (or 
clutter). The main idea is to remove 
the constant contribution of the sta-
tionary clutter in the received signal. 
The classical approach is to use a delay 
line canceller (see Figure 7). Today, 
the delay line canceller can be imple-
mented digitally by a simple filter with 
a delay corresponding to the range of 
the clutter. Digital implementation of 
MTI is shown in Figure 8 where N 
is the number of samples in the pulse 
repetition interval. The benefits are 
that it is very simple to implement 
and that the delay element can be ei-
ther hard coded or adaptive providing 
greater flexibility.

A moving target detector (MTD) is 
often used to detect and track the mo-
tion of the target. In the mid-1970s, 
MTD was computed using a parallel 
bank of filters which led to the wide-
spread use of this technique. Today, 
this is efficiently realized using fast 
Fourier transforms (FFT) in mod-
ern processing platforms. Suppose 
that the pulse is repeated at a speci-
fied pulse repetition interval (PRI). 
The principle for MTD calculation is 
shown in Figure 9. Figure 10 is an 
example MTD output indicating four 
moving targets.

While each of the processing blocks 
have relatively simple functions, it 
becomes a complex task to integrate 
these algorithms, partition them onto 
appropriate platforms, coordinate and 
communicate with the RF/micro-
wave front end and compensate for 
its non-idealities. Does it make sense 
to implement all of the processing in 
the FPGA at the cost of hardware, 
development time and less flexibility? 
Does it make sense to implement all 
of the processing on the CPU perhaps 
at the cost of performance? Or does it 
make sense to partition the algorithms 
for the CPU and FPGA (and maybe 

s Fig. 9  Graphical illustration of MTD operation.

PERFORM FFT IN THE 
PRI DIMENSION

SAMPLING
INTERVAL

NOTE: SAMPLED COMPRESSED PULSES

PRI

PULSE AT t

PULSE AT t+PRI

PULSE AT t+2PRI

s Fig. 10  Example output of MTD indicat-
ing four moving targets.
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while satisfying the amplification and 
spurious emission requirements.

While LNA design is relatively 
mature, its performance is crucial to 
achieving front end sensitivity and 
overall radar performance goals.  Link 
budget and noise figure analyses have 
historically been performed with sim-
ple hand calculations or spreadsheets; 
however, use of a graphical tool like 
AWR’s (a National Instruments Com-
pany) Visual System Simulator (VSS), 
or similar, greatly enhances the de-
signer’s ability to close in on the speci-
fication and spot problem areas (see 
Figure 12).

Integration – Putting It All Together
The radar system architect has an 

enormous task of understanding vari-
ous tradeoffs in the digital domain as 
well as in the RF/microwave domain 
and putting it all together. Many years 
ago, radar systems might have been de-
signed and integrated by a small team 
of hardware engineers, but today’s 

amplifier (HPA) and 
low noise amplifier 
(LNA) design.

The HPA per-
forms the critical 
function of amplify-
ing the illumination 
signal to the high-
est power permitted 
without adding dis-
tortion, while hav-
ing high enough ef-
ficiency to maintain 
power consumption 
within specified 

limits. Depending on the application, 
transmit power levels can range from 
milliwatts to kilowatts. Linearity of the 
power amplifier is of great importance 
since nonlinearity can cause pulse 
degradation and introduce spurs that 
violate spectral mask requirements or 
corrupt the receive signal. In recent 
years, field plate technology has al-
lowed GaAs HPAs to be operated at 
higher voltages. Field plate technolo-
gy and air-bridges increase the break-
down voltages of high electron mo-
bility transistors (HEMT). Increased 
power density, however, introduces 
heat dissipation issues. Field plate 
technology has been used with devic-
es that already support higher voltages 
and power densities, such as gallium 
nitride (GaN) on silicon carbide (SiC) 
substrates. PA designers are faced with 
a multitude of problems in trading off 
devices, component count, thermal 
management and miniaturization, all 

DSP) such that each algorithm is run 
in some optimal way? If so, what are 
the throughput, latency and synchro-
nization requirements between these 
processing units? These are some of 
the challenges faced by radar signal 
processing engineers in developing 
the next generation of radar systems.

RF/Microwave Front End
The transmitter and receiver unit 

(see Figure 11) plays a key role in 
acquiring the information for process-
ing. Many radar systems today operate 
at S-Band (2 to 4 GHz), X-Band (8 to 
12 GHz) and higher. Design choices 
for the transmitter upconverter and 
receiver downconverter depend on 
many factors, such as the target fre-
quency range, available local oscilla-
tors, interfaces to the DAC and ADC, 
phase/amplitude control and cost to 
name a few. Perhaps the most heav-
ily researched areas are high power 

s Fig. 11  High level block diagram of a radar front end transmit 
and receive unit.
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s Fig. 12  Link budget analysis using AWR’s 
Visual System Simulator.
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Conclusion
Today’s radar systems are as com-

plex as they are diverse. What is com-
mon, however, is that they each con-
tain a digital signal processing section 
and RF/microwave front end. In this 
article, we looked at a few key ele-
ments in both of these areas with ex-
amples for pulse compression radar 
and discussed several technology chal-
lenges as well. While radar systems 
were previously developed by a few 
hardware engineers, today’s systems 
often rely on the design contributions 
of multiple domain experts.  Various 
software tools simplify the complexity 
of the design process and allow engi-
neers to think across the traditional 
boundaries. ■
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grated tool chain that supports micro-
wave design, digital signal processing, 
hardware-in-the-loop (either hardware 
based processing such as on FPGAs or 
measurements), and the correspond-
ing hardware capability to support rap-
id prototyping of designs (see Figure 
13). Various systems software pack-
ages allow multiple designers to easily 
create and evaluate subsystem archi-
tectures, bringing their designs from 
concept to simulation and, ultimately, 
to physical implementation in a single 
system within a single framework.

radar systems are becoming increas-
ingly complex with domain experts 
from several areas contributing to the 
development of one system. How can 
an algorithmic tradeoff be adequately 
balanced with microwave circuit re-
quirements and cost? There is clearly 
a greater need for mixed digital-and-
RF/microwave design, simulation and 
a prototype framework so that the cor-
responding domain experts can com-
municate with each other to address 
this complex design problem. One 
approach is to consider a well-inte-

s Fig. 13  An example of an integrated tool chain by AWR and National Instruments.
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A New 
Understanding  
of Mismatch Error

Amplitude accuracy is a signal measure-
ment challenge that increases with fre-
quency and in many RF and microwave 

measurements, mismatch uncertainty is the 
largest single component of amplitude uncer-
tainty. In instrumentation, it is common for only 
the magnitude of the reflection coefficient to be 
specified, and for these measurements this ar-
ticle shows how expected mismatch uncertain-
ties may be lower than previously predicted by 
a factor of three to six. This article shows how 
a statistical approach, validated by real-world 
measurements, can yield more accurate un-
certainty bounds than commonly used models. 
Depending on the need, the benefits of reduced 
uncertainty can yield a tightening of DUT speci-
fications, of course, or can be traded off for im-
proved yield or measurement speed.

Reducing Mismatch Uncertainty:  
A Statistical Approach

The effects of mismatch of microwave com-
ponents are well known to engineers working 
at these frequencies, and the total effect of 

the combined mismatches in a system will be 
a major component of measurement uncer-
tainty. While the general expectation is that the 
worst case effects due to each element will not 
add, the current method of setting uncertainty 
guard-bands is only modestly different from 
straightforward worst-case analysis.

Most of the industry uses the statistical meth-
ods of the Guide to the Expression of Uncer-
tainty in Measurement (GUM).1 This article will 
describe the authors’ recent work to develop 
and validate a more accurate statistical model 
for mismatch uncertainty, and how to use this 
model to replace older approaches. It is a briefer 
version of the authors’ longer conference paper2 
and will explain the concepts without the math-
ematical derivation and details. This material is 
also covered as part of Agilent Application Note 
1449-3.3 A convenient way to do the computa-
tions is an online spreadsheet.5 The result of us-
ing this new model is more accurate estimates of 

Joe Gorin and Michael Dobbert
Agilent Technologies, Santa Rosa, CA
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flection coefficients. This article will 
emphasize a model of Gaussian distri-
bution in the real and imaginary parts 
of the reflection coefficient, which re-
sults in a Rayleigh distribution of the 
magnitude of the reflection coefficient.

The simplest statistical model, 
sometimes called the “ring” model, as-
sumes a constant (known) magnitude 
reflection coefficient with uniformly 
distributed phase. Classic (and now 
updated with the information of this 
article) Application Note 1449-3 from 
Agilent Technologies3 calls this “case 
b.” This can be visualized with Figure 
1 showing a simulated distribution of 
the reflection coefficient in the real-
imaginary plane.

Because this model is obviously 
too conservative in many cases, an-
other model has been in use. The 
“disk” model, shown in Figure 2, as-
sumes that the maximum magnitude 
is known but the complex reflection 
coefficient will be equally likely to 
have a value anywhere within a circle 
in the complex plane. The effect of 
modeling both the source and load 
with the disk model is to give only half 
as much amplitude uncertainty due to 
mismatch as for the ring model.

The third model, newly-validated 
by the research described here, is the 
“Rayleigh” model, named because the 
probability density of the magnitude 
of the reflection coefficient is Rayleigh 
distributed if the probability density of 
both complex parts is Gaussian distrib-
uted. The simulation is shown in Fig-
ure 3a. The simulation figure is anno-
tated with the 95th percentile ring and 
a “max” ring. These are also shown in 
the probability density function plot in 
Figure 3b on a different scale.

mismatch uncertainty which are three 
to six times lower than the older meth-
ods.

Power Delivery and 
Mismatch

The power delivered to an im-
perfect power sensor is given by this 
equation:

P P
1

1
(1)a gZ0

2

g
2=

− Γ

− Γ Γ

ι

ι

The term PgZ0 is the amount of 
power delivered to an ideal matched 
load. The numerator term, 1 - |Γι|2, 
is accounted for in the calibration of 
the power sensor. The denominator 
term, |1 -ΓιΓg |2, represents the mis-
match error. If we make the assump-
tion that the cable between the DUT 
and the power sensor is long, practi-
cally speaking we will often not know 
the phase of the reflections, leading to 
uncertainty that depends on Γι and Γg.

When we want to combine the un-
certainty from the mismatches with 
other measurement uncertainties, us-
ing the method of the GUM, we will 
usually find the standard deviation of 
the uncertainty and combine that (a 
sensitivity-weighted root-sum-square 
addition) with the standard deviation 
of other uncertainties; we multiply 
that by the coverage factor, usually 
2, to get the 95th percentile measure-
ment uncertainty. In order to do this, 
we must have a model of the statisti-
cal distribution of the magnitudes of 
Γι and Γg.

The older literature documents the 
assumptions of known reflection mag-
nitude and uniform-inside-a-circle re-

s Fig. 1  Simulation of reflection coefficient 
in the complex plane for a constant magni-
tude .

�

s Fig. 2  Simulation with  is equally likely 
anywhere within a circle.

�max
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Just as the real and imaginary parts 
with their Gaussian distributions have 
no true maximum value, neither does 
the magnitude of the refl ection coef-
fi cient with its Rayleigh distribution. 
In order to compare this distribution 
with the earlier distributions, let us as-
sume that the maximum value given 
by the manufacturer of the power 
sensor corresponds to the equivalent 
of a “3σ” performance level, such that 
99.73 percent of manufactured units 
pass the “max” level and the remain-
ders are not sold.

We can compare the uncertainties of 
the three models as shown in Table 1.

To summarize: When we know the 
maximum magnitude of the refl ec-
tion coeffi cient of a source and a load, 
and we assume one of three statistical 
distributions for that refl ection coeffi -
cient, and when assuming a Rayleigh 
distribution, we assume that the “max-

imum” is equiva-
lent to a “3σ” yield 
level, the Rayleigh 
distribution gives 
an uncertainty six 
times smaller than 
the most commonly 
used distribution 
for analysis (the ring 
distribution) and 
three times smaller 
than the uniform 
distribution.

EVIDENCE AND 
THEORY AGREE 
THAT THE 
DISTRIBUTION 
SHOULD BE 
RAYLEIGH

Theory dates to a 
1957 paper by Mul-
len and Prichard4

that explains how 
the real and imagi-
nary parts of the 
refl ections of any 
moderately complex 
microwave instru-
ment should follow 
the central limit 
theorem, yielding a 
Rayleigh magnitude 
distribution.

Let us next look 
at experimental evi-
dence. We will con-
sider three common  Fig. 4  FIT of observations to Rayleigh CDF in two frequency 

regions.
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TABLE I
STANDARD UNCERTAINTY FOR THE THREE MODELS OF 

DISTRIBUTION

Distribution of 
Source 

and Load

Standard 
Uncertainty

Alternate Statement

Fixed (Ring) 2 gΓ Γι

Uniform (Disk) 1
2

max maxgΓ Γι

Rayleigh 0.239 max maxgΓ Γι 4 2
mean meangπ

Γ Γι

 Fig. 3  Rayleigh simulation (a) and prob-
ability density function (b).
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ucts and to our business success. Us-
ing the Rayleigh distribution in esti-
mating uncertainty is more accurate 
than established methods and gives 
three to six times lower mismatch un-
certainty. ■
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instruments: a power sensor, a signal 
generator and a signal analyzer. The 
authors did their study with the older 
model 8481A power sensor from Agi-
lent Technologies. The reflection co-
efficient is specified in the three fre-
quency ranges. For the best and worst 
ranges, we see plots of the cumulative 
distribution function (CDF) versus 
magnitude of the reflection coefficient 
in Figure 4. The CDF is the integral 
of the PDF. It is a graphical way of 
observing the fit that compares dis-
tributions without the distractions of 
using a histogram as the experimental 
approximation to the PDF. It can be 
seen that, even for such a simple de-
vice as a power sensor, the fit to a Ray-
leigh distribution is excellent. For a 
signal source, we see the CDF plot of 
Figure 5. Finally, one signal path for a 
signal analyzer is representative of all 
the signal paths as seen in Figure 6. 
In all the cases studied, the Rayleigh 
distribution is an excellent model of 
the behavior of the instrumentation.

Conclusion
The GUM recommends that mea-

surement uncertainties be estimated 
as accurately as is feasible. Overesti-
mating measurement uncertainties is 
a disservice to the users of our prod-

s Fig. 5  CDF for a signal generator (Agilent MXG).
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s Fig. 6  CDF for the high-band preamp path in a signal analyzer (Agilent PXA, Preamp from 
3.5 to 26.5 GHz, 0 dB attenuation).
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Technical Feature

Reliably Bend  
and Form  
Microwave PCBs

Most RF/microwave printed-circuit-
board (PCB) applications are planar 
and can be built with a flat circuit 

board. But some circuit applications may call 
for a PCB to be bent and formed into a three-
dimensional (3D) shape. Bending PCB mate-
rials consistently and reliably can be challeng-
ing, and many circuit designers will confess to 
fractured conductors among other problems 
incurred during their initial experiences in try-
ing to form a PCB into some nonplanar shape. 
Still, when the basic mechanical principles be-
hind bending and forming PCB materials are 
better understood and properly applied, such 

as the capability to predict the 
minimum bend radius for a par-
ticular PCB construction, 3D 
circuits can be formed with re-
liable performance and without 
those fractured conductors.

A PCB consists of various 
materials, such as copper and 
dielectric layers. The layers are 
very different in terms of their 
mechanical properties and, ac-
cordingly, a PCB is considered 
a composite beam. When me-
chanical composite-beam theo-
ry is applied to the bending and 
forming of PCBs, there are four 

major areas of concern:
1.	 The applied bend radius and related 

forces
2.	 Strain on the different layers of the 

PCB
3.	 The neutral axis location
4.	 The modulus (stiffness of the different 

materials in the PCB).
A simple example may help to understand 

the basic concepts of bending a circuit. Al-
though this example is not particularly com-
mon in the RF/microwave industry, it is well 
suited for describing the mechanical issues 
of bending a PCB. Once these issues are re-
viewed, some circuit configurations more com-
monly used in the microwave PCB industry 
will be considered. This simple initial example 
consists of a circuit formed on a single conduc-
tive layer of copper, with dielectric substrate on 
both sides of the copper. It is similar to the flex-
ible printed-circuit construction used in very 
high dynamic flexing applications, such as the 
read-write servo arm interconnection inside 
a computer’s hard disk drive (HDD). Figure 
1 shows a cross-sectional view of this simple 
single-sided circuit example, with an applied 
bend radius.

John Coonrod
Rogers Corp., Chandler, AZ
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s Fig. 1  A PCB with a single conductive 
layer circuit with dielectric substrate mate-
rial above and below, and the tension and 
compression that result from an applied bend 
radius.
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Limiter Diode

Part Number
Freq.
(MHz)

Breakdown 
Voltage (V)

Insertion Loss 
(dB)

Max. Pulsed Input 
Power (dBm)

Series Resistance
(Ω)

Capacitance 
(pF)

Recover Time 
(ns)

SMP1330-040LF DC–600 20 0.3 70 1.5 0.26 1000

Switching PIN Diode

Part Number Freq. (MHz) Breakdown Voltage (V) Insertion Loss (dB) Series Resistance (Ω) Capacitance (pF) Carrier Lifetime (ns)

SMP1345-040LF DC–6000 50 0.4 1.5 0.18 100

Schottky Diode

Part Number Freq. (GHz) Breakdown Voltage (V) Video Resistance (Ω) Capacitance (pF) Forward Voltage (mV)

SMS7630-061 DC–100 1 5000 0.2 180

Varactor Diode

Part Number Freq. (GHz) Breakdown Voltage (V) Q Factor @ 4 V CT @ 4 V (pF) CT @ 20 V (pF)

SMV2201–SMV2205 Series DC–10 22 500 0.73 min. / 0.98 max. 0.18 min. / 0.33 max.

Attenuator

Part Number Freq. (MHz) Control Accuracy (Bits) Attenuation (dB) Insertion Loss (dB) Input P1 dB  (dBm) Input IP3 (dBm)

SKY12343-364LF 10–4000 7 31.75 1.8 35 50

Low Noise Amplifiers (LNAs)

Part Number Freq. (MHz) Noise Figure (dB) Gain (dB) Input IP3 (dBm) P1 dB  (dBm) Vbias (V @ mA)

SKY67015-396LF 30–300 0.80 18.5 7.5 12.5 3.3 @ 18

SKY67151-396LF 700–3800 0.25 26.0 8.5 21.5 5 @ 80

Switches

Part Number Freq. (MHz) Insertion Loss (dB) Isolation (dB) Input P1 dB  (dBm) Input IP3 (dBm) Switching Time (ns)

SKY12208-478LF 20–2700 0.3 45 47 70 85

SKY12211-478LF 50–2700 0.3 47 46 73 32

SKY13286-359LF 100–6000 0.35 34 39 – 500

Phase Locked Loop (PLL) Frequency Synthesizer

Part Number Freq. (MHz) Synthesizer Divide-by Input P1 dB  (dBm)

SKY73134-11 350–6000 Integer-N 1/2/3/4/8 4

Direct Quadrature Demodulator

Part Number
RF and LO Freq. 

Range (MHz)
IF Freq. Range 

(MHz) Input IP3 (dBm) Input P1 dB  (dBm)
I/Q Amplitude 

Imbalance (dB)
I/Q Phase Error 

(Deg.)

SKY73012 400–3900 DC–250 29 12 ±0.3 1s

Low Drop-out (LDO) Linear Regulators

Part Number Dropout Voltage (mV) Output Voltage (V)
DC Output Voltage 

Tolerance (%) Output Current (mA) Quiescent Current (µA)

AAT3223IGU3.0T1 190 3.0 ±2 250 1.1

AAT3223IGU3.3T1 180 3.3 ±2 250 1.1
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interface as on the bottom copper-
substrate interface. This will also be 
true for Figure 2b, although with 
thinner copper, the copper-substrate 
interface will be closer to the neutral 
axis and will exhibit less strain. Figure 
2c shows a geometrically balanced 
circuit (substrate layers of equal thick-
ness). However, the top substrate layer 
uses high modulus substrate material, 
and the neutral axis will shift toward 
the high modulus material, creating a 
greater distance between the neutral 
axis and the bottom copper-substrate 
interface. With this high modulus sub-
strate layer, this lower metal-substrate 
interface will suffer much more strain 
than the top copper-substrate inter-
face. Finally, Figure 2d shows a circuit 
that uses the same substrate materi-
als, although with a thinner substrate 
layer at the top than at the bottom. As 
a result, the neutral axis will shift to-
ward the thicker material and create 

bend a circuit without fracturing its 
conductors. In general, the threat of 
fracturing copper is a concern for any 
copper-substrate interface that must 
endure strain of any kind. A crack that 
starts at this interface can propagate 
through the thickness of the copper, 
resulting in a fractured conductor.

A PCB’s neutral axis exhibits zero 
strain; the strain increases at any dis-
tance from the neutral axis. Essential-
ly, further distance from the neutral 
axis translates into higher strain, and 
higher strain translates into increased 
potential for circuit fracturing. For 
the example circuit, a thinner copper 
layer will be a better choice for bend-
ing without fracturing the copper. 
For a PCB with thinner copper, the 
copper-substrate interface furthest 
from the neutral axis will be a shorter 
distance from the neutral axis than a 
PCB with thicker copper. For this rea-
son, thin copper is used with the thin 
balanced circuitry inside HDDs.

Figure 2 shows the variations for 
this example circuit. In Figure 2a, the 
balanced circuit will have the same 
strain(s) on the top copper-substrate 

If this circuit board was handheld 
and bent, the substrate would undergo 
compression on the inside of the bend 
and tension on the opposite side of 
the substrate. A transition from com-
pression to tension would take place 
within the circuit material, occurring 
within an almost infinitely thin plane. 
Within this plane, called the neutral 
axis of the PCB, there is zero strain. 
For a balanced circuit board, the 
neutral axis is located at the geomet-
ric center of the board. The example 
circuit is considered a balanced circuit 
because it assumes that the substrate 
layers at the top and bottom of the 
copper layer have the same thickness 
and same modulus (stiffness). With 
thicker top and bottom substrate lay-
ers, more force is needed to achieve a 
given bend in the PCB. In such a case, 
even though the neutral axis will have 
zero strain, the amount of strain away 
from the neutral axis will be signifi-
cantly increased compared to a circuit 
with thinner substrate layers.

Understanding the amount of 
strain at a specific material interface 
within a PCB is critical when trying to 

s Fig. 2  Neutral axis location and maxi-
mum strain(s) on one of the copper-substrate 
interfaces for balanced circuit (a), balanced 
circuit with thinner copper (b), geometrically 
balanced circuit with high modulus substrate 
on one layer (c), and offset balanced circuit 
with the same substrate material of different 
thicknesses (d).
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to reduce strain for better bending 
and forming capability. When consid-
ering the amount of strain within a cir-
cuit, reducing the amount of copper 
will reduce the overall strain. Copper 
can be reduced by making the vari-
ous copper layers thinner, reducing 
the percentage of copper per copper 
layer, or reducing the number of cop-
per layers.

To understand how bending and 
forming circuits can impact circuit 
designs employed in the microwave 
industry, it might be helpful to exam-
ine how bent circuits are made using 
microstrip transmission lines. Such 
circuits are often formed for 3D an-
tennas and interconnections that are 
nonplanar. As an example, Figure 3
shows a simple microstrip transmis-
sion line with an applied bend radius. 
The neutral axis will be at different 
locations depending on where it is 
evaluated within the cross-sectional 
view of the circuit.

When bending and forming mi-
crostrip circuits, the signal layer is 
typically considered more critical 
than the ground plane for strain mod-
eling and predicting copper fractur-
ing. If micro-fractures appear on the 
ground plane copper, it will probably 
have less electrical impact than the 
narrower signal conductor. Follow-
ing that reasoning, Figure 3b shows 
maximum radius Rmax as the high 
strain plane that would need to be 
modeled to predict copper fracturing 

The modulus values of the various 
materials used to produce a PCB can 
be signifi cantly different. The modu-
lus value for copper is typically the 
highest in a PCB, normally orders of 
magnitude higher than the modulus 
value of the substrate. Table 1 shows 
modulus values for various materials 
used in PCBs intended to be bent or 
formed.

Since copper is the highest-valued 
modulus component in a circuit con-
struction, it is important to consider 
when evaluating mechanical models 

higher strain on the top copper-sub-
strate interface.

The neutral axis location is a seri-
ous concern when bending and form-
ing PCBs, but the modulus of the dif-
ferent layers within the PCB is also 
very important. The modulus has an 
impact on the neutral axis location 
as well as increasing the strain with-
in the circuit. PCBs intended to be 
bent or formed should be fabricated 
with nonwoven glass reinforced ma-
terials. Many PCBs are constructed 
with woven-glass reinforcement. A 
woven-glass layer has areas of voids 
between knuckles of glass strands and 
these different areas of the woven-
glass layer cause large transitions in 
modulus in isolated areas. Stress can 
be concentrated at these transitions 
and high strains develop in these areas 
where the modulus value changes sig-
nifi cantly over a short distance; such 
variations in modulus value can also 
be diffi cult to model. Due to these 
issues, circuit materials with woven-
glass reinforcement should be avoided 
when fabricating a circuit that will be 
bent or formed.

TABLE I
MODULUS VALUES FOR VARIOUS PCB 

MATERIALS INTENDED TO BE BENT 
OR FORMED

Modulus 
(kpsi)

Copper 17,000

PTFE with micro-fi ber glass 175

Ceramic fi lled PTFE 300

LCP (Liquid Crystalline Polymer) 330

FEP 80

Soldermask 350

 Fig. 3  A microstrip transmission line 
circuit with an applied bend radius in three-
dimensional view (a) and cross-sectional view 
with the isolated area of the signal conductor 
on top and ground plane on bottom (b).
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where the origin is considered the 
bottom of the circuit where the bend 
radius is applied. Parameter Ei is the 
modulus of each layer within the cir-
cuit while Ai is the area of each layer. 
The neutral axis location, R0, is the 
distance from the origin or bottom of 
the circuit, as shown in Figure 3b.

If performing calculations for dif-
ferent PCBs and different materials, 
it might be useful to have some strain 
values as guidelines or reference 
points. For example, studies have been 
done in the flexible circuit industry 
that give a correlation of strain to cop-
per fracturing and when using smooth 
rolled copper the maximum strain is 
2 percent. PCBs with rolled annealed 
copper handle bending and forming 
much better than PCBs with standard 
electrodeposited (ED) copper. Still, 
some confusion exists between these 
two copper types because of the way 
they are tested. PCB copper is typical-
ly tested for elongation within a plane, 
where a copper foil is pulled apart in a 
planar manner but without any bend. 
When a bend radius is applied, rolled 
copper will perform much better than 
standard ED copper due to its copper 
surface roughness and copper grain 
structure. Figure 4 offers an exag-
gerated and simple drawing to explain 
this issue. When a bend is applied to 
standard ED copper, the peaks of the 
surface will be pulled apart from each 
other and a crack will easily form. 
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with Yi being the mean distance from 
the origin for each layer of material, 

during PCB bending and forming. In 
the case of the signal conductor, Rmax 
is at the furthest distance from the 
neutral axis.

To calculate values for the neutral 
axis and the percent strain, an Excel® 

worksheet can be created to predict 
those values. Predictions can be made 
based on the following equations for 
the neutral axis, R0, and the percent 
strain (% strain):

s Fig. 4  An exaggerated, simple compari-
son of standard ED copper and rolled copper. 
The red lines show potential for crack initia-
tion and propagation for the different types 
of copper.

ELECTRO-DEPOSITED COPPER
GRAIN STRUCTURE

ROLLED ANNEALED COPPER
GRAIN STRUCTURE
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is difficult for a crack to initiate. The 
smoother surface makes it more dif-
ficult for a crack to start and even if it 
does, the grain structure of the rolled 
copper does not allow the fracture to 
propagate easily through the thickness 
of the copper.

PCB bending and forming can be 
affected by copper and other plating 
materials applied to a circuit board. 
For example, a PCB with ED cop-
per plated on top of smooth rolled 
copper can cause issues with bending 
and forming. Because copper is the 
highest modulus material in the PCB, 
the additional copper thickness is not 
desired and will raise the strain of 
the circuit board. Also, the plating of 
ED copper has a vertical grain struc-
ture that makes it easy for a crack to 
form when a bend radius is applied. 
The intermetallic boundary between 
the rolled copper and the ED copper 
plating can act as a stress concentra-
tor and cause fracturing of the copper 
during bending and forming.

Electroless nickel/immersion gold 
(ENIG) plating is commonly used 
as a finish for PCB conductors. The 
same issues apply as mentioned with 
plating rolled copper with ED copper, 
however, an additional concern is that 
nickel is very brittle and can initiate 
fracturing easily when the circuit is 
bent.

Bend radius is an important con-
cern for PCBs that must be bent and 
formed. Put simply, a smaller bend 
radius will cause more strain on the 
PCB’s interfaces, resulting in condi-
tions where fractures are more like-
ly. To demonstrate the mechanical 
theory, a simple study was conducted 
where microstrip circuits of the same 
construction were bent around a con-
trolled radius (metrology measure-
ment mandrels). Many precautions 
were taken to ensure that the forces 
on the circuit were uniform around 
the mandrel when applying the bend 
radius. Table 2 shows the results of 
this study/model in terms of percent 
strain compared to the circuit bend-
ing information using different bend 
radius.

The mandrel testing results shown 
in Table 2 were produced using a 
simple microstrip transmission line 
circuit, made from a print/etch pro-
cess and did not use plated through-
holes (PTH). The PCB’s ½ oz. rolled 

Once a crack is ini-
tiated in ED cop-
per, the fracture will 
readily propagate 
through the thick-
ness of the copper.

In the case of 
rolled copper and 
with an applied 
bend radius, there 
are no distinct stress 
concentrators and it 

TABLE II
results of bend radius study performed on 

microstrip transmission line pcb

Bend Radius 
(in.)

Neutral Axis 
(in.)

Strain (%) @ 
R_max

Mandrel Test

0.250 0.0031 1.21 Pass

0.125 0.0031 2.36 Pass

0.100 0.0031 2.92 Fail

0.078 0.0031 3.68 Fail
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circuit was found to have microcracks 
in the copper when inspected at 30×.

It should be noted that the value 
of 2 percent for maximum strain pro-
vided previously is a general guideline 
and that this value may appear to be 
conservative next to the results shown 
in Table 2. The 2 percent value is a 
general guideline and if a greater pop-
ulation of circuits was tested, a better 
trend might have been found for this 
particular example circuit construc-
tion.

A real microwave application ex-
ample, but a more diffi cult PCB con-
struction to model is a stripline trans-
mission-line circuit. The application 
requirements were that the circuit be 
bent once, bend radius of 0.200 in., 
circuit using 1 oz. copper and ENIG 
plating on the outer ground layers. 
The application required low inser-
tion loss of 1.0 dB/in. or less at Ka-
Band frequencies, specifi cally at 31 
GHz.

Electrically, a thin laminate was 
needed, with low dissipation factor 
and smooth copper for minimal con-
ductor loss. A PCB with lower dielec-
tric constant would make it possible 
to use a wider conductor and reduce 
conductor loss. The material chosen 
was 5-mil-thick Rogers RT/duroid® 

5880 laminate and is available in a 
minimum thickness of 5 mils with 
rolled copper. For the mechanical re-
quirements, the laminate does not use 
woven-glass reinforcement and con-
sists of low modulus substrate. Figure 
5 shows a cross-sectional view of the 
stripline circuit used for this example.

For this example, it is possible to 
have relatively low strain on the inter-
nal signal layer, because the neutral 
axis will be very near this copper layer. 
However, the top and bottom ground 
planes will be very far from this PCB’s 
neutral axis and they will experience 
much higher amounts of strain when a 
bend radius is applied.

Several mechanical models were 
run and found changes had to be 
made. Table 3 shows the results of 
some of the mechanical models, using 
1, ½ and ¼ oz. copper. As the values in 
Table 3 indicate, strain on the signal 
layer in the stripline example was not 
a concern. However, the higher strain 
numbers for the outer ground planes 
may be some cause for concern. The 
original model had strain fi gures of 

copper did not have 
any copper plating 
on top, and no oth-
er fi nish or solder 
mask was applied 
(PCB used a 5 mil 
thick PTFE lami-
nate). In addition, 
the pass/fail results 
from the mandrel 
test yielded a failed 
response when the  Fig. 5  A cross-sectional view of a stripline transmission line circuit.

PLATED COPPER

PLATED COPPER
COPPER

PLATE
THROUGH
HOLE VIA

5 mil RT/DUROID® 5880 SUBSTRATE

5 mil RT/DUROID® 5880 SUBSTRATE

FEPCOPPER

COPPER
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to achieve improvements in strain val-
ues by using thinner copper layers in 
½ and ¼ oz. copper circuit models.

Even with thinner copper, strain 
values were 2.8 and 2.9 percent for the 
stripline models – of some concern, 
but accepted as being within the limits 
of the different tradeoffs for this study. 
To gain a real-world perspective, pro-
totype circuits were fabricated based 
on the model parameters, then bent 
into shape and inspected for copper 
fracturing. These prototypes did suf-
fer copper fracturing, so changes were 
necessary. After evaluating several dif-
ferent models and prototype builds, 
successful results were obtained by 
addressing a number of issues. For ex-
ample, the original prototype circuits 
featured plated copper at an average 
thickness of 1.2 mils and this was re-
duced to an average of 0.5 mils. The 
thinner copper improved the strain 
numbers to about 2.2 percent.

The ENIG plating used in the first 
round of these stripline prototype 
circuits was also viewed as a poten-
tial cause of copper fracturing, and 
was replaced with immersion silver. 
Implementing these changes in the 
prototype stripline circuits improved 
their bending capabilities significantly, 
although a small percentage of prob-
lems existed when evaluating a large 
number of circuits after bending. It 
was then determined to heat the cir-
cuits during the bending process. The 
substrate is based on polytetrafluoro-
ethylene (PTFE) and this material be-
comes softer (its modulus decreases) 
as it is heated. The same applies to the 
FEP bonding layer. Heating results in 
less strain during the circuit bending/
forming process, improving upon the 
mechanical model. A heating fixture 
was assembled to form the circuit 
around a controlled mandrel and at 
a temperature of +250°F. After fine 
tuning the fixture to ensure even pres-
sure was applied to the circuit, with 
strain evenly distributed, very good 
results were obtained.

There are always tradeoffs with any 
new circuit design. The same applies 
when considering mechanical engi-
neering for a circuit. Understanding 
the multiple tradeoffs for the strip-
line circuit example is typical of the 
process required for obtaining a mi-
crowave PCB that can be bent and 
formed reliably. ■

specifications for the model, it became 
evident that the 1 oz. copper thickness 
could be reduced, making it possible 

about 3.5 to 3.6 percent for the outer 
copper layers, a range where copper 
fracturing is a risk. After reviewing the 

TABLE III
results of mechanical models for various materials

Strain (%) on copper layers

Top Ground Center, Signal Bottom Ground

1 oz. - 5 mil material 3.631 0.508 3.543
1/2 oz. - 5 mil material 3.14 0.342 3.054
1/4 oz. - 5 mil material 2.926 0.272 2.844
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High Performance 
Optical Oscillators 
for Microwave 
and mm-wave 
Applications

Exponential growth in our appetite for 
information underscores the need for 
communications systems capable of 

transmitting, receiving and processing of ever-
increasing data at higher data rates. Since sys-
tem capacity is limited by bandwidth and chan-
nel capacity, current approaches for addressing 
this challenge include systems with multi-input 
to multi-output capabilities. Given the inher-
ent relationship between cost and scaling in 
these architectures, a more effective approach 
to meet present and future needs is the use of 
low noise carriers at microwave, mm-wave and 
higher frequency.

Reference oscillators generate the carrier 
waves in systems that receive and transmit in-
formation.  The ideal carrier signal is a pure 
sinusoid, with a frequency many times larger 
than the information rate, which is modulated 
on it. This is because the capacity or the infor-
mation bandwidth of a system is a fraction of 
its carrier’s frequency. Furthermore, any noise 
that spoils the “spectral purity” of the carrier’s 
sinusoidal signal further limits this capacity. 
Thus, reference oscillators with higher spec-
tral purity at higher frequencies are required 
to meet the demands of high throughput infor-
mation links. The same requirements pertain 
to high performance test and measurement 
systems, and high performance radar, which 

have similar needs for high frequency and high 
spectral purity.

OPTICAL VERSUS OTHER OSCILLATOR 
TECHNOLOGIES

Traditionally, quartz oscillators have been 
used for high spectral purity carriers.1 Indeed, 
today’s high performance quartz oscillators 
provide unmatched spectral purity, but for fre-
quencies at or below a few hundred MHz. In 
systems where data rates exceed these frequen-
cies, high quality quartz oscillators cannot be 
used directly; rather, the oscillator frequency 
must be multiplied to accommodate the data 
rate. Frequency multiplication is widely used, 
but at the penalty of system complexity, as well 
as the multiplication of oscillator noise. Other 
types of electronic oscillators producing signals 
at higher frequencies (such as SAW oscillators, 
dielectric resonator oscillators [DRO], and 
Gunn oscillators) have relatively high associat-
ed noise. This is because oscillators essentially 
consist of a narrowband high Q element (such 
as a resonator) that filters the noise generated 
by an amplifier within a feedback loop, result-
ing in self-sustained oscillation. The high Q el-

Lute Maleki
OEwaves, Pasadena, CA
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Alternatively, the 
high Q energy stor-
age element may be 
an optical resonator, 
in which case its free 
spectral range (FSR) 
sets the frequency 
of the oscillator. The 
feedback loop con-
sists of electronic 
and optical compo-
nents, which can be 
interchanged in the 
optical or electrical 

segment of the loop.  In its most com-
mon confi guration the gain elements, 
the fi lter and the phase shifter are in-
cluded in the RF segment.

OEO is a versatile architecture 
that allows for the interchange of 
components in the optical loop with 
their electronic counterparts, or vice 
versa. For example, the needed gain 
in the loop can be provided with ei-
ther an electronic amplifi er or an opti-
cal amplifi er. The same is true for the 
element that adjusts the phase in the 
loop to keep the oscillator stable. Fur-
thermore, since the center frequency 
of the fi lter determines the operation 
frequency, any desired frequency sup-
ported by the bandwidth of the modu-
lator, the gain elements, and the PD 
may be obtained.  Conveniently, the 
use of a tunable fi lter can produce a 
tunable OEO with the unique feature 
of same spectral purity for any fre-
quency within the bandwidth.3 More 
importantly, even the light source can 
be inside the loop. This may be ac-
complished by using an optical ampli-
fi er with its output connected to its 
input, and by coupling it to the modu-
lator as part of the optical segment of 
the OEO. This latter scheme is known 
as a coupled opto-electronic oscillator, 
or COEO (see Figure 2 and Figure 
3), and includes the benefi t of an ac-
tive element to multiply the Q of the 
oscillator.4 In the confi guration shown 
in Figure 2, the optical signal is pro-
duced in the upper loop with an opti-
cal gain. The optical loop and the RF 
loop are coupled through the modula-
tor.

Examples of OEOs with various 
confi gurations are now numerous and 
may be readily found in the literature.5 
OEOs with fi ber delay lines as the en-
ergy storage elements that produce 
signals with frequencies as high as 

ement in conventional oscillators typi-
cally determines both the frequency 
of operation and the achievable spec-
tral purity. Since a resonator’s size 
(volume) decreases with increasing 
frequency, high frequency electronic 
resonators have lower Q, resulting in 
lower oscillator spectral purity.

Photonic oscillators do not have 
these inherent limitations. Since mi-
crowave, mm-wave and even THz sig-
nals are a fraction of the frequency of 
light, the use of optical elements min-
imizes loss with increased frequency. 
Furthermore, optical waveguides and 
resonators can be produced with ex-
tremely low loss, providing very high 
Q elements for photonic oscillators. 
Finally, as described in this article, 
the extremely high Q of certain opti-
cal resonators enables the emergence 
of nonlinearities that can be put to ad-
vantage for generations of reference 
signals.

OPTO-ELECTRONIC OSCILLATOR
The most widely known photonic 

oscillator is the opto-electronic oscil-
lator (OEO).2 The OEO is based on 
a feedback loop that converts modu-
lated light from a laser to RF (micro-
wave/mm-wave) frequency. In its ge-
neric form (see Figure 1), the modu-
lated light is generated by direct mod-
ulation of the laser current, or by use 
of an amplitude, or phase modulator. 
The modulated light passes through 
a high Q energy storage element, be-
fore it is detected by a high frequen-
cy photodetector (PD). The output 
of the PD is amplifi ed, adjusted for 
phase, and fed back to the modula-
tor to complete the loop. The high Q 
element in the optical segment of the 
loop can be a long fi ber delay, in which 
case the center frequency of a fi lter in 
the electronic segment of the loop de-
termines the frequency of operation. 

 Fig. 1  Schematic diagram of the generic Opto-Electronic Oscilla-
tor. 
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quency interval between the modes of 
the oscillator to make filtering of the 
unwanted modes more effective. The 
use of the Fabry-Perot cavity aids this 
approach to further clean up the spec-
tral density of the phase noise. De-
spite this gain, implementation of the 
Fabry-Perot cavity in the loop leads to 
additional complexity, and more sen-
sitivity to environmental disturbances 
such as temperature variations and vi-
bration.

WHISPERING GALLERY MODE 
oscillator

Recently, a new type of miniature 
optical resonator has been employed 
for use in the OEO. Known as whis-
pering gallery mode (WGM) resona-
tors, these are structures made with 
a transparent material and are geo-
metrically axio-symmetric, ranging in 
size from a few mm to a few tens of 
microns in diameter (see Figure 4).9 
This resonator is made out of glass 
by heating the tip of an optical fiber. 

48 GHz have been demonstrated. An 
X-Band OEO with spectral purity of 
–163 dBc/Hz at 10 kHz has also been 
demonstrated.6 These architectures 
generally employ several km of optical 
fiber, which results in rack mountable 
units. A high performance compact 
OEO about the size of a computer 
mouse pad has also been developed.7

Aside from their size, fiber based 
OEOs are also unsuitable for certain 
applications where the noise spec-
trum must be absolutely smooth. 
This is because OEO is inherently a 
multi-mode oscillator, with the filter 
selecting the oscillating mode.  Modes 
other than the one selected by the fil-
ter, present due to the length of the 
loop (in which the fiber is the longest 
element), are suppressed; unless the 
loop is so long as to produce modes 
with frequency separation smaller 
than the filter bandwidth. In this case 
the surviving modes, although much 
diminished by the filter, appear as 
noise peaks in the oscillator phase 
noise spectrum. Since narrowband 
electronic filters at X-Band and higher 
frequencies are difficult to realize, 
high performance OEOs exhibit noise 
peaks in the spectrum starting at a fre-
quency corresponding to the length of 
the fiber, and at harmonics of this fre-
quency, with diminishing amplitude 
based on the filter shape.

One approach for avoiding this 
problem is the use of an optical reso-
nator in place of the fiber. High-Q op-
tical resonators such as Fabry-Perot 
cavities are readily available, and can 
serve both as the filter and the stor-
age element. This approach has been 
employed with COEO to successfully 
reduce the phase noise due to the so 
called “super mode” noise peaks.8 The 
COEO architecture already reduces 
the noise peaks due to the smaller 
length of fiber, and thus wider fre-

s Fig. 2  The Coupled Opto-Electronic Oscillator.
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100 micro-seconds or longer. The nar-
row bandwidth associated with high 
Q in WGMs can be used as an opti-
cal filter in the OEO loop. More im-
portantly, WGM resonators made of 
electro-optic material such as lithium 
niobate can be used to serve both as 
the high Q element in the OEO loop, 
and as the modulator function. Since 
whispering gallery modes extend out-
side the resonator with an evanescent 
tail, light can be coupled in and out of 
the resonator with any structure that 
produces an evanescent field, such 
as a prism or a fiber taper. Oscillators 
of this type have recently been intro-
duced in a miniature package the size 
of a postage stamp, producing spec-
trally pure signals at X- and Ka-Bands 
(see Figure 5).10

The advent of femto second (fs) 
mode lock lasers has provided a new 
approach for generation of spectrally 
pure RF signals. These lasers consist 
of an optical material with Kerr non-
linearity placed in an optical cavity to 
produce a train of short pulses that in 
frequency domain represent an opti-
cal frequency comb (see Figure 6).11 

Light is coupled in with a fiber faintly 
visible on the left. Excited modes are 
visible as a band of light that forms 
close to the surface of the sphere at the 
equator.  The name whispering gallery 
mode was coined by Lord Rayleigh to 
describe special acoustic modes sup-
ported by high (acoustic) Q structures 
such as the dome of St. Peter’s cathe-
dral in London. The optical counter-
parts are modes that propagate close 
to the surface of the resonator and dis-
play extremely high quality factors, so 
that light may be trapped in them for 

s Fig. 4  A spherical whispering gallery 
mode optical resonator.  This photograph was 
obtained by submerging the sphere and the 
fiber in a liquid.

s Fig. 5  Schematic diagram of a microresonator-based OEO (a) and photo of the packaged 
component (b).  The oscillator produces the performance shown in (c) at 12 GHz.
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of the comb. This scheme results in 
realization of a true frequency divider 
to relate the optical frequency to the 
comb repetition rate. As with any di-
vider, the fs comb divides the noise of 
the laser by the ratio of the laser fre-
quency to the RF repetition rate. So by 
locking the laser to a high finesse opti-
cal cavity and narrowing its linewidth, 
the output of the photodiode on which 
the comb harmonics mix can result in 
an exceptionally low noise RF signal. 
Such a scheme has produced the low-
est noise for close to carrier frequen-
cies at 10 GHz.12 Despite their great 
promise, fs mode lock lasers are rela-
tively large in size, as compared to elec-
tronic oscillators, and are susceptible 
to environmental perturbations. They 
also are limited in frequency to RF and 
X-Band.

Recently, a new generation of opti-
cal frequency comb has been demon-
strated with the WGM resonator. One 
of the consequences of the extremely 
high Q of WGM resonators is that a 
small amount of input power can gen-
erate a large power density in the mode. 
Thus a few milliwatts of light can build 
up to MW levels in the tiny volume of a 
high Q mode. Such large power densi-
ties excite nonlinearities, such as Bril-
lioun, Raman, and parametric effects, 
depending on the characteristics of 
the resonator host material. In mate-
rial with cubic nonlinearity, four-wave 
mixing can be excited. In this process, 
two photons from a light field exciting 
a given mode can be transferred to two 
photons each in a mode on either side 
of the excited mode.13 If the field in 
the originally excited mode is strong 
enough, the fields in adjacent modes 
will grow to a point where their own 
adjacent modes are excited. This cas-
caded parametric process can produce 
a comb of frequencies separated by the 
FSR of the modes in the resonator (see 
Figure 7).14

Certain parameters such as the 
frequency of the laser and geometry 
of the resonator may be adjusted to a 
point where all tines of the comb are 
coherent with respect to each other, 
and can beat to produce a highly spec-
trally pure signal. Since crystalline 
WGM optical micro-resonators can 
be readily fabricated with an FSR in 
X-Band or at higher frequencies, the 
approach promises a new generation 
of small, low power, and highly spec-
trally pure microwave and mm-wave 

todetector to produce an RF signal at 
the output. Optical frequency combs 

produced by fs mode 
lock lasers can span 
an octave, a property 
that allows stabilizing 
them by comparing 
the frequency of a 
comb tine multiplied 
by 2 with its second 
harmonic, to lock the 
frequency interval 

The harmonics of this optical comb 
are coherent, and can mix on a pho-

s Fig. 6  An optical frequency comb can be generated with a fs 
pulsed mode lock laser.
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researchers continue to shed light on 
many aspects of it, particularly as per-
tains to production of spectrally pure 
microwave and mm-wave signals.

CONCLUSION
The subject of optical generation 

of microwave and mm-wave reference 
signals is fairly new. However, the tech-
nology is evolving rapidly, and already 
presents a new and compelling ap-
proach for improving the performance 
of advanced data, communications, ra-

WGM resonators can also be excited 
with light, when properly designed.17 
These opto-mechanical resonances 
are in the MHz range, and are rather 
weak, so they do not readily compete 
with high performance quartz oscil-
lator. Nevertheless, they provide an 
optical means for RF generation that 
may find use in future integrated 
photonics circuits. The study of Kerr 
combs produced by WGM resona-
tors is by no means complete, and 

sources.15 Such an all-optical oscilla-
tor has been produced at OEwaves 
in a tiny package the size of a postage 
stamp (see Figure 8).16 A feature of 
this oscillator, related to its tiny size, 
is its extremely low acceleration sen-
sitivity, smaller than 10-11/g for a bare, 
uncompensated device. This low level 
of acceleration sensitivity is unprece-
dented in any type of uncompensated 
oscillator previously demonstrated.

Finally, mechanical resonances of 

s Fig. 7  An optical frequency comb (a) pro-
duced via four-wave mixing process (b) 
with a magnesium fluoride resonator (c).

–10
–20
–30
–40
–50
–60
–70

1535 1540
WAVELENGTH (nm)

I I–1

I+1I

I I–1

I+2I+1

(a)

(b)

(c)

1545 1550

P
O

W
ER

 (
dB

m
)
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and its phase noise at Ka-Band (b).

FREQUENCY (Hz)

0
–20
–40
–60
–80

–100
–120
–140

10,000,000100,0001,000

P
H

A
SE

 N
O

IS
E 

(d
B

c/
H

z)

(a)

(b)

_10M34 FINAL.indd   116 9/25/13   11:42 AM

http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=116&exitLink=http%3A%2F%2Fwww.frontlynk.com
http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=116&exitLink=mailto%3Ainfo%40frontlynk.com
http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=116&exitLink=mailto%3Ainfo%40bsw-ag.com


22 Years of Custom Filter Design and 
Manufacturing Expertise…and 

Thousands of Standard Models Too! 

Bring us your challenge, we’ll provide the answer 

For quick-turn filter, duplexer, 
and triplexer models 

visit:                           www.AMCrf.com 

 Defense systems 

   Our library of custom filter  
   designs let us meet your 
   requirements fast – with  
   exceptional performance. 
   Indoor, outdoor, SMT,  
   connectorized, low and 
   high power, custom 
   footprints, military
   screening, and much more. 
 
  

Cellular and public safety 

CUSTOM CAPABILITIES 

• All wireless bands 
• Low-PIM for LTE 
• >40 dB rejection 700 kHz 
    from passband edges 
• Indoor or weatherized 

• INMARSAT 
• Iridium 
• GPS 
• All satcom bands to 40 GHz 
• Low and high power 

Satellite communications 

E-mail: sales@anatechelectronics.com    Call us at (973) 772-4242 

• DC through 40 GHz 
• Screening to MIL-STD  
• GSA-approved vendor 
• Land, sea, and airborne 

Visit us at IMS 2013 
Booth 2710 

 www. anatechelectronics.com 

MWJANATECH0513.indd   117 9/25/13   1:00 PM

http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=117&exitLink=http%3A%2F%2Fwww.AMCrf.com
http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=117&exitLink=mailto%3Asales%40anatechelectronics.com
http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=117&exitLink=http%3A%2F%2Fwww.anatechelectronics.com


118   MICROWAVE JOURNAL  OCTOBER 2013

Technical Feature

Don’t let the same olD 
supplier solution rain on your 

Development paraDe.

We’ve got you covereD!

High dynamic range 
front-end assembly

With today’s emphasis on superior performance in a smaller, lighter, more cost-
effective package, why settle for yesterday’s chip and wire solutions? 

Narda Defense Technology Solutions has pioneered the development of high-
performance, densely packaged integrated microwave assemblies and subsystems 
in footprints previously unachievable. By leveraging commonly available multi-layer 
board materials with unique interconnection techniques, and incorporating DSP 
and sophisticated monitor and control functions, our solutions are currently 
redefining “State of the Art.” For more information, please visit our website at 
www.nardamicrowave.com/defense, or call us at (631) 231-1700.

n   Module and Subsystem Solutions to 40 GHz  

n   Frequency Converters, LNAs, BUCs & SSPAs

n   EW, Radar, Radio and SATCOM Applications 

n   Pin Diode Switch Products Defense
Technology
Solutions

communications companyan

NAR31167UmbrellaAdMJ.indd   1 8/15/13   2:54 PM

Technology Letters, Vol. 22, No. 20, Octo-
ber 2010, pp. 1497-1499.

5.  X.S. Yao, L. Davis and L. Maleki, “Coupled 
Optoelectronic Oscillators for Generating 
Both RF Signal and Optical Pulses,” Jour-
nal of Lightwave Technology, Vol. 18, No. 
1, January 2000, pp. 73-78.

6.  P. Devgan, “A Review of Optoelectronic 
Oscillators for High Speed Signal Process-
ing Applications,” ISRN Electronics, Vol. 
2013, Article ID 401969, 2013, 16 pages.

7.  D. Eliyahu, D. Seidel and L. Maleki, 
“Phase Noise of a High Performance OEO 
and an Ultra Low Noise Floor Cross-Cor-
relation Microwave Photonic Homodyne 
System,” IEEE International Frequency 
Control Symposium Proceedings, May 
2008, pp. 811-814.

8.  D. Eliyahu and L. Maleki, “Modulation 
Response (S21) of the Coupled Opto-elec-
tronic Oscillator”, IEEE International Fre-
quency Control Symposium Proceedings, 
August 2005, pp. 850-856.

9.  J.M. Kim and D. Cho, “Optoelectronic Os-
cillator Stabilized to an Intra-Loop Fabry-
Perot Cavity by a Dual Servo System,” Op-
tics Express, Vol. 18, No. 14, July 2010, pp. 
14905-14912.

10.  A.B. Matsko and V.S. Ilchenko, “Opti-
cal Resonators With Whispering-Gallery 
Modes-Part I: Basics,” IEEE Selected Top-
ics in Quantum Electronics, Vol. 12, No. 1, 
January-February 2006, pp. 3-14.

11.  L. Maleki, V.S. Ilchenko, A.A. Savchenkov 
and A.B. Matsko, Practical Applications 
of Microresonators in Optics and Photon-
ics, CRC Press, Boca Raton, FL, 2009, pp. 
133-210.

12.  L. Maleki, “Sources: The Optoelectronic 
Oscillator,” Nature Photonics Technology 
Focus, Vol. 5, No. 12, December 2011, pp. 
728-730.

13.  K. Volyanskiy, P. Salzenstein, H. Tavernier, 
M. Pogurmirskiy, Y.K. Chembo and L. 
Larger, “Compact Optoelectronic Micro-
wave Oscillators Using Ultra-High Q Whis-
pering Gallery Mode Disk-Resonators and 
Phase Modulation,’’ Optics Express, Vol. 
18, No. 21, October 2010, pp. 22358-
22363.

14.  T. Udem, R. Holzwarth and T.W. Hansch, 
“Optical Frequency Metrology,” Nature, 
Vol. 416, No. 6877, March 2002, pp. 233-
237.

15.  F. Quinlan, T.M. Fortier, M.S. Kirchner, 
J.A. Taylor, M.J. Thorpe, N. Lemke, A.D. 
Ludlow, Y. Jiang, C.W. Oates and S.A. Did-
dams, “Ultralow Phase Noise Microwave 
Generation With an Er:Fiber-Based Optical 
Frequency Divider,” Optics Letters, Vol. 36, 
No. 13, August 2011,  pp. 3260-3262.

16.  A.B. Matsko, A.A. Savchenkov, D. 
Strekalov, V.S. Ilchenko and L. Maleki, 
“Optical Hyperparametric Oscillations in 
a Whispering Gallery Mode Resonator: 
Threshold and Phase Diffusion,” Physical 
Review A, Vol. 71, No. 3, 2005, p. 33804.

17.  P. Del’Haye, A. Schliesser, O. Arcizet, T. 
Wilken, R. Holzwarth and T.J. Kippenberg, 
“Optical Frequency Comb Generation 
From a Monolithic Microresonator,” Na-
ture, Vol. 450, No. 7173, December 2007,  
pp. 1214-1217.

ieee-uffc.org/frequency-control/tutorials.
asp.

2.  X.S. Yao and L. Maleki, “Optoelectronic 
Oscillator for Photonic Systems,” IEEE 
Journal of Quantum Electronics, Vol. 32, 
No. 7, July 1996, pp. 1141-1149.

3.  D. Eliyahu and L. Maleki, “Tunable, Ultra-
Low Phase Noise YIG based Opto-Elec-
tronic Oscillato r,” IEEE MTT-S Interna-
tional Microwave Symposium Digest, Vol. 
3, June 2003, pp. 2185-2187.

4.  S. Fedderwitz, A. Stoehr, S.  Babiel, V. Ry-
manov and D. Jager, “Optoelectronic Band 
Oscillator With Gigahertz Tuning Range 
and Low Phase Noise,” IEEE Photonics 

dar and other systems that require high 
performance oscillators with small size, 
weight and power, at frequencies in 
the range of 10 to 300 GHz. This excit-
ing fi eld is still growing and is poised 
to radically change the way we think 
of the generation of high performance 
signals for electronic applications. ■
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Highly Efficient 10 W 
GaN Class F Power 
Amplifier Using DPD
This article describes the design of a 2.12 GHz Class F transmitter power 
amplifier (PA) using Cree’s CGH40010 GaN HEMT. Input and output matching 
networks are designed to approximate the fundamental and second harmonic 
impedances obtained in source and load pull simulations. It achieves both high 
efficiency and excellent linearity by employing the digital predistortion (DPD) 
technique. Measurements using continuous wave (CW) signals demonstrate a 
high power-added efficiency (PAE) of 75.2 percent at the maximum output power 
of 39.4 dBm. For a 20 MHz 4-carrier Wideband Code Division Multiple Access 
(WCDMA) excitation signal with 7.1 dB peak-to-average power ratio (PAPR), 
adjacent channel power ratios (ACPR) of the PA are –28.3 and –27.5 dBc at an 
average output power of 33.3 dBm. This is improved to –51.9 and –54.0 dBc after 
DPD. For a 20 MHz Long Term Evolution (LTE) signal with 6.6 dB PAPR, ACPR 
of the designed PA below –53 dBc is achieved after DPD at the same average 
output power. Drain efficiency (DE) of the PA is 37.8 percent with an average 
output power of 33.3 dBm.

In order to obtain high spectral efficiency 
and throughput in modern wireless com-
munication systems, complex modulation 

schemes such as WCDMA and LTE are nor-
mally employed at the cost of large high PAPR. 
This requires that the PA in these systems op-
erate at large back-off power levels to satisfy 
linearity requirements, resulting in poor effi-
ciency. It is a challenge to maintain high effi-
ciency during operation over the wide instanta-
neous power range of modern modulation sig-
nals such as WCDMA and LTE, while meeting 
their demanding linearity requirements.1

Switching mode PAs, such as Class E, Class 
F and inverse Class F,2-4 have demonstrated 
high efficiency, but have the problem of poor 
linearity caused by the bias at cut-off. To avoid 

the nonlinear distortions caused by the PAs, 
DPD is considered one of the most cost effec-
tive methods among all the linearization tech-
niques.

In the past few years, many behavioral mod-
els have been proposed to characterize the 
nonlinear and memory effects of the PA.5-7 
Among these models, the Volterra series model 
is considered a general way to model a nonlin-
ear system with memory effects, but it has high 
computational complexity. The dynamic de-
viation reduction-based Volterra series model 
proposed by A. Zhu et al.8,9 and the subse-
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connected serially 
on the input is used 
to improve circuit 
stability. To prevent 
damaging the Class 
F operation, the λ/4 
bias line is placed at 
the outer side of the 
network rather than 
at the drain or gate 
port of the transis-
tor.

Load Pull/Source Pull 
Simulation

The Class F PA design is biased with 
a gate voltage of -2.8 V and a drain volt-
age of 28 V. The input power level is set 
to 26 dBm. The load pull/source pull 
simulation using Cree’s CGH40010 
large signal transistor model is carried 
out with Agilent’s Advanced Design 
System (ADS) software. The objec-
tive is to maximize PAE with a high 
output power. In this setup, the opti-
mized source and load impedances at 
the fundamental and second harmon-
ics are determined. The simulation is 
performed as follows:
1.	 �Set the fundamental source im-

pedance at a default value and 
perform a fundamental load pull 
simulation to determine the opti-
mum fundamental load impedance 
(ZL_fund). With a load impedance 
of ZL_fund, perform a fundamental 
source pull simulation to obtain 
the optimum fundamental source 
impedance (ZS_fund). After several 
iterations, the optimum funda-
mental impedances are found to 
be ZS_fund of (9.1-j1) Ω and ZL_fund 
of (12.5+j15.8) Ω.

2.	 �Perform harmonic load pull simu-
lations with ZS_fund and ZL_fund. In 
this simulation, only the second 
harmonic is considered and the 
impedance value is restricted to 
be purely reactive. The optimum 
second harmonic load impedance 
(ZL_2nd) is j120 Ω.

3.	 �Perform harmonic source pull sim-
ulation. The optimum second har-
monic source impedance (ZS_2nd) 
is -j18.3 Ω.
Design of the input and output 

matching network can be conducted 
with the optimized impedance values. 
The design approach has been report-
ed in many experimental works.12,13 
Figure 2 shows the simulated drain 

quent simplified vision10,11 not only 
significantly reduce the complexity 
of the Volterra series model, but also 
make the extraction of model param-
eters more flexible.

This article describes the design of 
a Class F 2.12 GHz transmitter PA us-
ing Cree’s CGH40010 GaN HEMT. 
The input and output matching net-
works are designed to optimally ap-
proximate the fundamental and sec-
ond harmonic impedances obtained 
in source and load pull simulations. 
The simplified second-order dynamic 
deviation reduction-based Volterra 
series model10,11 is used to improve  
linearity. Both techniques optimize 
the PA’s intrinsic efficiency-linearity 
tradeoff. Experimental results with 
a 20 MHz 4-carrier WCDMA signal 
and a 20 MHz LTE signal reveal that 
the digital predistorted Class F PA 
achieves high efficiency and excellent 
linearity at an average output power of 
33.3 dBm.

Class F POWER AMPLIFIER 
Design

With an infinite number of har-
monic terminations, 100 percent 
drain efficiency is theoretically achiev-
able with square voltage and half-rec-
tified sine current for Class F opera-
tion. However, it is not practical in a 
realistic design to consider an infinite 
number of harmonic terminations. In 
this work, only the fundamental and 
second harmonic impedances are con-
sidered. The topology of the circuit is 
shown in Figure 1.

The output matching network 
presents a short at the second har-
monic and conjugately matches the 
transistor’s fundamental output im-
pedance to 50 Ω. The input matching 
network provides the proper second 
harmonic impedance at the transis-
tor’s gate to improve efficiency and 
provides an impedance match with 
50 Ω at the fundamental. A resistor 

s Fig. 1  Circuit topology of the Class F power amplifier.
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greater than 38 dBm from 2.07 to 2.14 
GHz. Figure 5 shows the PAE, out-
put power and gain at 2.12 GHz with 
the input CW signal power level swept 
from 8 to 28 dBm. A peak PAE of 75.2 
percent is achieved with a maximum 
output power of 39.4 dBm. The ac-
tual effi ciency may deviate signifi cantly 
from its theoretical maximum due 
to device characteristics, bias points, 
matching network complexity, as well 
as device and packaging parasitics.

DIGITAL PREDISTORTION 
EXPERIMENTAL RESULTS

The DPD model employed is a 
simplifi ed version derived from the 
second-order truncated dynamic devi-
ation reduction-based Volterra model,9
which can be written as:10

voltage and current waveforms of the 
proposed Class F PA. Some distortion 
of the ideal Class F waveforms may be 
due to nonlinear parasitics associated 
with the transistor package. With the 
optimized source and load impedanc-
es, a simulated maximum PAE of 80 
percent is predicted at 2.12 GHz with 
an output power of 40.1 dBm and a 
transducer power gain of 13 dB.

IMPLEMENTATION AND 
MEASUREMENT RESULTS

The Class F PA is fabricated on a 
Taconic RF-35 substrate with a relative 
dielectric constant of 3.5 and a thick-
ness of 30 mils (see Figure 3). The 
gate is biased at –2.8 V, and the drain 
voltage is 28 V.   Figure 4 shows the 
measured PAE, output power and gain 
with an input power of 25 dBm from 
2.07 to 2.17 GHz. The PAE is greater 
than 60 percent and output power is 

 Fig. 2  Simulated drain voltage and cur-
rent waveforms.
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 Fig. 3  Photograph of the designed Class 
F power amplifi er.

 Fig. 4  Measured PAE, Gain and Pout 
versus input frequency with an input power 
of 25 dBm.
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versus input power at 2.12 GHz.
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 Fig. 6  The experimental validation platform for linearization.
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the PC are connected to a local area 
network (LAN). The excitation sig-
nal can be downloaded from the PC 
(MATLAB) to the vector signal gen-
erator and the data collected in the 
vector signal analyzer can be trans-
ferred to the PC through the LAN.

The PA operating at 2.12 GHz is 
excited by a 4-carrier WCDMA signal 
with 7.1 dB PAPR. A total of 3556 I/Q 
samples with an oversampling factor 
of 4 are generated in MATLAB and 
downloaded to the vector signal gen-
erator. The 20 MHz WCDMA signal 
is generated by configuring the vector 
signal generator with a sample rate 
of 80 Msps. The excitation signal is 
modulated and up-converted to 2.12 
GHz in the SMBV100A, and then dis-
torted by the PA. After appropriate at-
tenuation, the output distorted signal 
from the PA is down-converted and 
demodulated by the N9030A. A total 

of 7112 I/Q sam-
ples are captured 
with a sample rate 
of 80 Msps. After 
time alignment and 
normalization, 3556 
samples are used for 
the PA modeling.

In order to ac-
curately model the 
nonlinearity and 
memory effects, the 
nonlinearity order in 
the Volterra model 
is set to 9, while the 
memory depth is set 
to 7. The AM/AM 
and AM/PM plots 
of the PA with and 
without DPD are 
shown in Figure 
7. You can see that 

u n g i x n x n i (1)

g i x n x n x n i

g i x n x n x n i

g i x n x n x n i

i 0

M

k 0

P 1
2 2k

i l

M

k l

P 1
2 2 k 1 2

i l

M

k l

P 1
2 2 k 1 2

i l

M

k l

P 1
2 2 k 1 2

2k 1,1

2k 1,2

2k 1,3

2k 1,4

� � � �

� � � �

� � � �

� � � �

∑∑

∑∑

∑∑

∑∑

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

= −

+ −

+ −

+ −

( )

( )

( )

==

−

==

−

− ∗

==

−

−

==

−

− ∗

+

+

+

+

where u~(n) and x~(n) are the com-
plex envelopes of the input and 
output of the PA, respectively, and 
g~2k+1,i(.) is the complex Volterra ker-
nel. The symbol (.) represents the 
complex conjugate operation and |.| 
is the magnitude. P and M are the 
nonlinear order and memory depth, 
respectively. Only odd-order nonlin-
earities are considered – i.e., P is an 
odd number, because the effects from 
even order kernels can be omitted in a 
band-limited modulation system.

The experimental platform4 in Fig-
ure 6 is used to validate the linearity 
improvement of the designed Class 
F PA. It consists of a vector signal 
generator (Rohde & Schwarz SMB-
V100A), a vector signal analyzer (Agi-
lent N9030A), a PC with Matlab and 
Agilent’s 89600 vector signal analyzer 
(VSA) software, and the fabricated 
Class F PA. All the instruments and 
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s Fig. 7  AM-AM and AM-PM plots for the Class F power amplifier 
with and without DPD.
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and without DPD at an average output 
power of 33.3 dBm. Measured ACPRs 
are improved to –51.9 dBc (lower) and 
–54.0 dBc (upper) from –28.3 dBc 
(lower) and –27.5 dBc (upper), respec-
tively. Figure 9(b) shows the PSD of 
the PA for the 20 MHz LTE excita-
tion signal at the same output power. 
ACPR is suppressed to below -53 dBc 
after DPD. A drain efficiency (DE) of 
37.8 percent is achieved. In Table 1, 
the linearized Class F PA described in 
this article is compared with a selec-
tion of other state-of-the-art linearized 
switching mode PAs.

Conclusion
A Class F power amplifier using 

Cree’s CGH40010 GaN HEMT for 
a 2.12 GHz transmitter application 
is described. The input and output 
matching networks are designed to 
approximate the optimum fundamen-
tal and second harmonic impedances 
obtained through source and load pull 
simulations. The PA demonstrates 
75.2 percent peak PAE with a maxi-
mum output power of 39.4 dBm. For 
the 20 MHz 4-carrier WCDMA sig-
nal, the ACPR is suppressed to –51.9 

both nonlinear distortion and mem-
ory effects have been successfully 
compensated. Comparison of the ex-
perimental results with the different 
average output powers are shown in 
Figure 8. Excellent linearization re-
sults in terms of ACPR below –50 dBc 
are obtained after DPD at the average 
output power of no higher than 33.3 
dBm.

Figure 9(a) shows the measured 
power spectral density (PSD) of the PA 
for the WCDMA excitation signal with 

s Fig. 8  Measured drain efficiency and 
ACPR versus average output power level 
with and without DPD.
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s Fig. 9  Measured PSD of the power ampli-
fier output with and without DPD for a 20 
MHz 4-carrier WCDMA signal (a). Measured 
PSD of the PA output with and without DPD 
for a 20 MHz LTE signal (b).
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is achieved at an average output pow-
er of 33.3 dBm. ■
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the ACPR is improved to below –53 
dBc after DPD. A DE of 37.8 percent 

and –54 dBc by using DPD tech-
niques. For the 20 MHz LTE signal, 

TABLE I
LINEARIZED SWITCHING MODE PA COMPARISON

Ref PA
Sig. BW 
(MHz) DE (%)

Pout 
(dBm) Freq. (GHz)

ACPR after 
DPD (dBc)

3 Class E 10 45 33.5 2.1 -50(-)/-50(+)

4 Class F-1 20 31.3 33.6 2.55 -51.9(-)/-54.1(+)

14 Class F-1 10 27.9 29.8 3.3 —

This article Class F 20 37.8 33.3 2.12 -51.9(-)/-54(+)
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Miniaturized 
Microstrip Balun Filter
A balun bandpass filter, very miniaturized, is demonstrated. It utilizes a 
combination of diagonal end-shorted coupled lines and parallel end-shorted 
coupled lines, both with shunt lumped capacitors instead of the g/4 line 
branches of the conventional Wilkinson power divider. The proposed balun, 
based on that phase inverter, is included in the diagonal end-shorted coupled 
lines. Since these coupled lines with a lumped capacitor have a shunt resonance, 
the new balun can be a bandpass filter at the same time. A compact balun 
filter, operating at 1 GHz for experimental verification, is fabricated on a PCB 
substrate, with coupled lines of 15° electrical length. The die area is 3×21 mm. 
The balun filter achieves good amplitude and phase characteristics, as well as 
proper filtering performances.

Baluns are key components in many wire-
less and mobile communication systems, 
as well as microwave and millimeter-

wave or RF circuits, such as double balanced 
mixers, push-pull amplifiers, frequency doublers 
and multipliers, in order to reduce the noise and 
higher-order harmonics and improve the dy-
namic range of the systems. In many cases, the 
input or output port of these baluns needs to be 
connected to a bandpass filter. Therefore, prop-
er integration of the balun and bandpass filter is 
of practical importance to reduce the cost and 
size of wireless circuit systems.

Over the last few years, a lot of research has 
been conducted to realize the integration of 
the balun and bandpass filter. Some of them 
were based on the conventional Marchand bal-
un with two identical coupled lines.1,2 Integrat-
ed, symmetric, four port balun bandpass filters 
were developed by applying specific boundary 
conditions.3,4 However, these balun bandpass 
filters were developed from the classic quarter- 
and half-wave resonators. Therefore, a major 
challenge for size reduction of balun filters still 
remains. Recently, a balun filter, composed of 
a hybrid resonant circuit employing shunt and 
series resonance circuits, has been developed.5 
These resonators are relatively compact, lg /10 
in length, where lg is the guided wavelength at 
the center frequency.

In this article, a balun filter for size minia-
turization is introduced, using the Wilkinson 
power splitter structure. One side branch, 
which has a pair of diagonally end-shorted 
coupled lines and lumped capacitors, acts as a 
3 lg/4 line section. The other side, which has 
a pair of parallel end-shorted coupled lines 
and lumped capacitors, is operated as a lg/4 
line section. The method of adding lumped 
capacitors to the conventional coupled line 
section can largely reduce the required elec-
trical length of a coupled line. To demonstrate 
its miniaturized application, a proposed balun 
filter was designed and fabricated. Compared 
with other miniaturized balun filters of differ-
ent types, the realized balun bandpass filter is 
capable of providing a smaller size as well as 
maintaining good output balanced signals and 
useful bandpass filter.

Reduced Size Balun Filter Design 
Theory
Size Reduction Method of the Quarter-
Wavelength Transmission Line

The quarter-wavelength transmission line 
has been playing a very important role in 

In-Ho Kang and Xin Guan
Korea Maritime University,  
Busan, South Korea
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Ordinary Balun Design
Among the various kinds of baluns, a planar version of 

Marchand balun has been adopted for a long time, due to its 
various advantages. This kind of balun has been well devel-
oped.10 A block diagram of the balun is shown in Figure 3. 
It provides balanced outputs to load terminations Z2, from 
an unbalanced input with source impedance Z1. In general, 
the impedances Z1 and Z2 are different. When the source 
and load impedances are equal to Z1, it gives the best attain-
able S matrix of a lossless balun as follows:
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New Structure for Miniaturized Balun Filter
By employing two pairs of coupled lines instead of the  

lg/4 transmission line in the structure of the traditional 
Wilkinson power divider, a miniaturized coupled line bal-
un is proposed (as 
shown in Figure 4). 
Since a coupled line 
section, grounded at 
the diagonal end in 
one branch of the 
modified Wilkinson 
power splitter bal-
un, acts as a phase 
inverter, the phase 
difference is 180° at 
the output ports A 
and B. In addition, 
by comparing the 
baluns of figures 3 
and 4, a balun with 
coupled lines be-
comes a bandpass 
filter with two shunt 
resonant circuits. 
Contrary to the 
Marchand balun, 
the miniaturized cir-
cuit has significant 
advantages, having 
a miniaturized balun 
and bandpass filter 
at the same time. 
The theoretical anal-
ysis is described as 
follows, in order to 

many microwave 
circuits. However, 
in many cases, it 
is too large to be 
compatible with 
other parts of mi-
crowave systems. 
The size reduction 
method proposed 
by Hirota6 has the 
limitation of using 
a high impedance 
transmission line 
in an extremely re-
duced size.

One method 
of improving size 
reduction is by re-
placing the high 
impedance section 
by the diagonally 
shorted coupled 
lines with shunt 
lumped capaci-
tors,7 as shown in 

Figure 1. It is equivalent to a quarter-wave transmission 
line if the following equations are satisfied:
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where ZA, Z0, uA and v are the characteristic impedance 
of the shorted coupled lines, the characteristic impedance 
of the quarter-wavelength line, the electrical length of the 
shorted line and the angular frequency, respectively. CA0 is 
the lumped capacitor for the miniaturization of transmis-
sion line, CA1 is the capacitor for the resonance with shunt 
distributed inductor and CA is the combination of CA0 and 
CA1. Zoe and Zoo are the even- and odd-mode character-
istic impedance of the coupled lines. However, this min-
iaturized coupled line is actually operated as a 3 lg/4 line 
section, because the diagonally end-shorted coupled line 

section includes 
a phase inverter 
and has previously 
been used in a rat 
race coupler.8

Another meth-
od is utilizing par-
allel end shorted 
coupled lines, with 
shunt lumped ca-
pacitors.9 Figure 
2 shows its sche-
matic diagram (a) 
and its equivalent 
circuit (b), when 
Equations 3 and 4 
are satisfied.

s Fig. 1  Diagonally shorted miniaturized 
coupled lines with shunt lumped capacitors 
(a) and its equivalent circuit (b).
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s Fig. 2  Parallel, end shorted, miniaturized 
coupled lines with shunt lumped capacitors 
(a) and its equivalent circuit (b).
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By a series of relationship about the properties of the two kinds of 
coupled lines deduced from Equations 1 to 4, every element of Y pa-
rameters in Equations 8 and 9 can be worked out as follows:
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prove it functions as a balun.
The corresponding Y parameters of two kinds 

of coupled lines expressed in terms of the even- 
and odd-mode characteristic admittances Yoe and 
Yoo are given as follows:
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After shunting the capacitors at each side of 
the coupled lines, the Y parameters of two parts 
are:

_10M33 FINAL.indd   136 9/26/13   9:01 AM

http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=136&exitLink=http%3A%2F%2Fwww.shp-seals.com
http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=136&exitLink=mailto%3Asales%40shp-seals.com


Marki Microwave offers accurate simulation models for all new Microlithic mixers.
These models can predict isolations and spurious products.
Microlithic mixers feature superior performance with a 14x size reduction. Markimicrowave.com/microlithic

MWJMARKI0913.indd   137 9/26/13   8:20 AM

http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=137&exitLink=http%3A%2F%2FMarkimicrowave.com%2Fmicrolithic


138   MICROWAVE JOURNAL  OCTOBER 2013

Technical Feature

ing the extended ports for testing). 
The width of the coupled lines is 0.65 
mm, the length is 8.2 mm and the slot 
between the two coupled lines is 0.54 
mm. The balun fi lter is realized on a 
PCB substrate having a thickness of 
0.8 mm and a dielectric constant �r = 
4.4. For measurement convenience, 
all the balanced and unbalanced ports 
impedances are fi xed to be 50 �.

In Figure 7, the measured S11, S21
and S31 are compared with the simula-

Y Y j
Y Y

2
cot j

Y
tan

jY (13)B12 B21
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B
B

B

0= =
−

θ =
θ

=

where Y0 is the  characteristic admittance of the equivalent quarter-wave trans-
mission line of the two kinds of coupled lines. Y1 is assumed as the characteristic 
admittance of one branch of the modifi ed power divider for the matching of 
input point of view. Then, the relationship below is satisfi ed:

=Y
Y
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1

Thus, the Y parameters of the whole tri-port circuit can be derived:
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Based on the port terminations defi ned previously, Equation 15 can be con-
verted to the scattering parameter matrix:
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This is equivalent to Equation 5, the S matrix of the ordinary Marchand bal-
un. It is also the best attainable S-parameter matrix of a lossless balun, which is 
matched at the input (S11 = 0) and has transmission coeffi cients of -3 dB (|S21| = 
|S31| = (1/2)½) with opposite phase.

SIMULATION AND MEASUREMENT RESULTS
To validate the analytical results and demonstrate the design approach, the 

circuit parameters are converted to physical fi lter structures and simulated by 
ADS and HFSS. For the sake of simplifying the fabrication procedure as easy 
as can be realized, the circuit is implemented with microstrip transmission lines.

The  initial miniaturized balun fi lter model illustrated in Figure 5, drawn in 
HFSS, where the electrical length of the coupled-lines being 15° at 1 GHz, was 
obtained. The electrical length is fl exibly chosen and could be miniaturized fur-
ther. When the even-mode impedance Zoe was arbitrarily chosen as 80 �, the 
value of the lumped capacitor CA and CB was calculated to be 9.68 pF, according 
to Equations 2 and 4 and the odd-mode impedance of the coupled-line Zoo was 
50 Ω, making the coupling coeffi cient K = 0.23.

The layout of the balun fi lter drawn with AutoCAD and its photograph are 
shown in Figure 6. The dimensions of the circuit are 3×21 mm (not includ-

 Fig. 5  Initial two-stage miniaturized 
balun fi lter model drawn in HFSS.

z

yx

 Fig. 6  Layout of the two-stage circuit 
drawn with AutoCAD (a) and its photo-
graph (b).
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 Fig. 7  Simulated and measured fre-
quency performance.
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this work. The proposed bandpass fil-
ter in this article shows the advantage 
of more compact size and good inser-
tion loss characteristics.

Conclusion
In this article, the design theory and 

procedure for a balun bandpass filter 
with extremely small size is carried 
out, utilizing the combination of di-
agonal shorted coupled lines and par-
allel end shorted coupled lines, both 
with shunt lumped capacitors, which 
offers good amplitude and phase bal-

tion results from HFSS. The insertion 
loss for the simulated result by HFSS 
is 3.22 dB and the measurement re-
sult is 0.98 dB worse. The measure-
ment performances agree well with 
the simulation. The additional loss is 
caused by surface and edge roughness 
of the metal, inferior metal conductiv-
ity, the dielectric loss of the substrate, 
and so on, which were not taken into 
account in the calculations.

Finally, Table 1 summarizes the 
characteristic of several published 
bandpass balun filters compared with 

s Fig. 8  Simulated and measured phase.
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TABLE I
comparison of different typEs of balun filters

Reference This Work [5] [11] [12]

Technology PCB PCB LTCC PCB

Center Frequency (GHz) 1 2.7 2.2 3 

Electrical Length g/24 g/10 g/2.3 –

Bandwidth 0.23f0 0.11f0 0.045f0 0.087f0

Insertion Loss (dB) 4.2 4.43 5.26 5.33

Die Area (mm2) 321 14.915.2 1.220.76 5050

Year 2012 2010 2012 2011

ance performance (see Figure 8). In 
contrast with the conventional March-
and balun with two coupled lines, the 
proposed balun has the advantage 
that offers a miniaturized balun and 
a bandpass filter at the same time. In 
addition, this approach is theoretical-
ly able to reduce up to an extremely 
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small size to some extent. To demonstrate the feasibility 
and validity of the design equation, a miniaturized balun 
filter, with the size of 3×21 mm, is designed and fabricated 
on a PCB substrate. The electrical length of the coupled 
lines for the fabrication could be chosen as short as 15°. 
The measurements agree well with the simulation results. 
This class of balun filter is expected to be invaluable in the 
design of miniaturized balanced microwave circuits. ■

References
1.		 K.S. Ang, Y.C. Leong and C.H. Lee, “Analysis and Design of 

Miniaturized Lumped-distributed Impedance-transforming 
Baluns,” IEEE Transactions on Microwave Theory and Tech-
niques, Vol. 51, No. 3, March 2003, pp. 1009-1027.

2.		 R. Kravchenko, K. Markov, D. Orlenko, G. Sevskiy and P. 
Heide, “Implementation of a Miniaturized Lumped-distrib-
uted Balun in Balanced Filtering for Wireless Applications,” 
2005 European Microwave Conference Digest, Vol. 2, pp. 
1303-1306.

3.		 C.H. Wu, C.H. Wang and C.H. Chen, “Novel Balance Cou-
pled-line Bandpass Filters with Common-mode Noise Sup-
pression,” IEEE Transactions on Microwave Theory and 
Techniques, Vol. 55, No. 2, Part 1, February 2007, pp. 287-
295.

4.		 C.H. Wu, C.H. Wang, S.Y. Chen and C.H. Chen, “Balanced-
to-unbalanced Bandpass Filters and the Antenna Applica-
tion,” IEEE Transactions on Microwave Theory and Tech-
niques, Vol. 56, No. 11, Part 1, November 2008, pp. 2474-
2482.

5.		 T. Yang, M. Tamura and T. Itoh, “Compact Hybrid Resona-
tor with Series and Shunt Resonances Used in Miniaturized 
Filters and Balun Filters,” IEEE Transactions on Microwave 
Theory and Techniques, Vol. 58, No. 2, February 2010, pp. 
390-402.

6.		 T. Hirota, “Reduced-size Branch-line and Rat-race Hybrids 
for Uniplanar MMIC’s,” IEEE Transactions on Microwave 
Theory and Techniques, Vol. 38, No. 3, March 1990, pp. 270-
275.

7.		 I. Kang, S. Shan, X. Wang, Y. Yun, J. Kim and C. Park, “A 
Miniaturized GaAs MMIC Filter for the 5 GHz Band,” Mi-
crowave Journal, Vol. 50, No. 11, November 2007, pp. 88-96.

8.		 S.P. Marsh, “A Wide-band Stripline Hybrid Ring,” IEEE 
Transactions on Microwave Theory and Techniques, Vol. 16, 
No. 6, June 1968, pp. 361-368.

9.		 I. Kang and J.S. Park, “A Reduced-size Power Divider Using 
the Coupled Line Equivalent to a Lumped Inductor,” Micro-
wave Journal, Vol. 46, No. 7, July 2003, pp. 72-79.

10.		K.S. Ang and I.D. Robertson, “Analysis and Design of Im-
pedance Transforming Marchand Balun,” IEEE Transactions 
on Microwave Theory and Techniques, Vol. 49, No. 2, Febru-
ary 2001, pp. 402-406.

11.		T. Yang, M. Tamura and T. Itoh, “Compact and High-per-
formance Low-temperature Co-fired Ceramic Balun Filter 
Using the Hybrid Resonator and Symmetric Four-port Net-
work,” IET Microwave Antennas and Propagation, Vol. 6, 
No. 2, 2012, pp. 121-126.

12.		C.H. Ng, E.H. Lim and K.W. Leung, “Compact Microstrip 
Patch Balun Filter,” IEEE 2011 Cross Strait Quad-Regional 
Radio Science and Wireless Technology Conference Digest, 
Vol. 1, pp. 1749-1751.

_10M33 FINAL.indd   142 9/26/13   9:02 AM

http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=142&exitLink=http%3A%2F%2Fwww.wamicon.org
http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=142&exitLink=mailto%3Aalen.fejzuli%40electrotechnik.com
http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=142&exitLink=mailto%3Ajassurian%40reactel.com
http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=142&exitLink=http%3A%2F%2Fwww.wamicon.org


An Amphenol Company

www.timesmicrowave.com

World Headquarters: 358 Hall Avenue, Wallingford, CT 06492 • Tel: 203-949-8400, 1-800-867-2629  Fax: 203-949-8423
International Sales: 4 School Brae, Dysart, Kirkcaldy, Fife, Scotland KY1 2XB UK • Tel: +44(0)1592655428  

Instantly Improve the
Performance of Your 
Phased Array Radar!

Phased Array Radar system performance has long been limited by the phase change over 
temperature of coaxial cables.  

Not anymore!  

TF4™ - our proprietary, ultra stable dielectric material significantly improves Phased Array Radar
system performance by reducing the phase change of the interconnecting coaxial cables.

Typical PhaseTrack TF4™ Performance Typical Low Density PTFE Performance

• Available NOW in various flexible coaxial cable and semi rigid coaxial cable assembly sizes
• Perfect for all Ground, Naval, Airborne or Spaceflight Phased Array Radar applications
• Frequency ranges to 40 GHz
• Wide range of connector types available
• Best Phase Tracking and Absolute Phase Change performance available

Phase Array Radar-Ad-4:Layout 1  6/13/2013  2:28 PM  Page 1

An Amphenol Company

www.timesmicrowave.com

World Headquarters: 358 Hall Avenue, Wallingford, CT 06492 • Tel: 203-949-8400, 1-800-867-2629  Fax: 203-949-8423
International Sales: 4 School Brae, Dysart, Kirkcaldy, Fife, Scotland KY1 2XB UK • Tel: +44(0)1592655428  

Instantly Improve the
Performance of Your 
Phased Array Radar!

Phased Array Radar system performance has long been limited by the phase change over 
temperature of coaxial cables.  

Not anymore!  

TF4™ - our proprietary, ultra stable dielectric material significantly improves Phased Array Radar
system performance by reducing the phase change of the interconnecting coaxial cables.

Typical PhaseTrack TF4™ Performance Typical Low Density PTFE Performance

• Available NOW in various flexible coaxial cable and semi rigid coaxial cable assembly sizes
• Perfect for all Ground, Naval, Airborne or Spaceflight Phased Array Radar applications
• Frequency ranges to 40 GHz
• Wide range of connector types available
• Best Phase Tracking and Absolute Phase Change performance available

Phase Array Radar-Ad-4:Layout 1  6/13/2013  2:28 PM  Page 1

An Amphenol Company

www.timesmicrowave.com

World Headquarters: 358 Hall Avenue, Wallingford, CT 06492 • Tel: 203-949-8400, 1-800-867-2629  Fax: 203-949-8423
International Sales: 4 School Brae, Dysart, Kirkcaldy, Fife, Scotland KY1 2XB UK • Tel: +44(0)1592655428  

Instantly Improve the
Performance of Your 
Phased Array Radar!

Phased Array Radar system performance has long been limited by the phase change over 
temperature of coaxial cables.  

Not anymore!  

TF4™ - our proprietary, ultra stable dielectric material significantly improves Phased Array Radar
system performance by reducing the phase change of the interconnecting coaxial cables.

Typical PhaseTrack TF4™ Performance Typical Low Density PTFE Performance

• Available NOW in various flexible coaxial cable and semi rigid coaxial cable assembly sizes
• Perfect for all Ground, Naval, Airborne or Spaceflight Phased Array Radar applications
• Frequency ranges to 40 GHz
• Wide range of connector types available
• Best Phase Tracking and Absolute Phase Change performance available

Phase Array Radar-Ad-4:Layout 1  6/13/2013  2:28 PM  Page 1

MWJTIMES0813.indd   143 9/26/13   8:20 AM

http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=143&exitLink=http%3A%2F%2Fwww.timesmicrowave.com
http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=143&exitLink=http%3A%2F%2Fwww.timesmicrowave.com%2Fcms%2Fproducts%2Fassemblies%2Fphase-critical-assemblies%2F


Special Report

Fusion Processing 
of Surface Mount 
Components 
to Mitigate Tin 
Whiskers

W ith the implementation of the Eu-
ropean RoHS directive, lead-free 
mandates have resulted in obso-

lescence of commercially available electronic 
components with tin-lead finishes. This raises 
the risk of system failures as related to tin whis-
ker formation as a tin finish without lead can 
ultimately develop conductive tin whiskers that 
result in electrical shorts within circuitry.

Mission critical applications requiring tin-
lead finishes need to establish other design 
approaches or consider mitigating RoHS com-
ponents that are only available with pure tin 
finishes. The first option is not practical given 
that alternate component options are not com-
mercially available with tin-lead finishes. This 
article will explore a tin whisker mitigation pro-
cess applicable to both passive and active com-
ponents that utilizes a thermo-chemical fusion 
process in order to prevent whisker formation.

Background
Tin whiskers are single crystal filament 

growths that are known to achieve lengths of up 
to one inch. Tin whiskers grow unpredictably on 
pure tin surfaces and whiskers can cause cata-
strophic short circuits as they are conductive.

Pure tin, which contains less than 0.1 per-
cent lead, is a high reliability risk because of 
its propensity to form tin whiskers. There is a 
consensus that at least 3 percent lead is needed 
to prevent tin whisker formation. To date there 
is no clear understanding of the mechanism of 
tin whisker growth although stresses, internally 
and externally, to the tin surface are believed to 
be contributing factors.

Globally, electronic components continue to 
move toward lead-free finishes and solder as-
sembly with continued implementation of the 
European RoHS directive. Certain countries, 
such as the United States, have not mandated 
similar directives, but have no choice other 
than to follow suit given that their products are 
sold worldwide.

Issues with Lead-Free
Components need to withstand higher cir-

cuit board assembly temperatures. Lead-free 
solders typically require re-flow temperatures 
of 40°C and above that of tin-lead alloys. In-

Scott Sentz
AEM Inc., San Diego, CA
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cation that the product shipped does 
not contain exposed pure-tin. This 
requirement is more easily met at the 
factory level than at the distributor 
level since there are clearer identifica-
tions of product and product coding at 
the factory level. Risks increase with 
increased product handling, especially 
with components that are not clearly 
marked with catalog number and lot 
date codes. With unmarked chip size 
components this could be a problem 
even at the factory level, especially 
since a single factory is likely to pro-
duce both versions. With the likeli-
hood that components get re-reeled, 
the mix-up between pure-tin and tin-
lead components at the distributor 
level is understandably tenuous.

Incoming materials inspection to 
guard against accidental receipt of 
pure-tin products is usually the next 
level of assurance. Incoming materi-
als inspection is practiced in high re-
liability industries such as space and 
medical. The added tool to protect 
against pure-tin is the X-ray fluores-
cence (XRF) at the receiving dock. 
Handheld XRF machines are avail-
able and are calibrated to detect 
lead in components, enabling easier 
analysis on a lot sampling basis. Alter-
natively, samples from the incoming 
lot could be sent to analysis labora-

face. Organic brightener additives that 
give shine but add stress to tin plating 
are theorized to contribute to whisker 
growth while a “matte” tin finish with-
out the additives is less prone to grow 
whiskers.

It is further theorized that copper 
substrates are more prone to form 
whiskers than other metals because 
of the formation of tin-copper inter-
metallics where the volume increase 
contributes to stress on the tin-layer. 
Additionally, tin-nickel intermetallics 
are also well known and tin whiskers 
can grow with either precious metal 
ceramic chip capacitors (silver elec-
trodes, silver termination and nickel 
barrier below the tin) or base metal 
(nickel electrodes, copper termination 
and nickel barrier below the tin) ver-
sions of the same OEM device. Both 
versions of this pure-tin ceramic chip 
capacitor grew measurable whiskers 
after 88 temperature cycles from -55° 
to +85°C. See Figure 1 which shows 
tin whisker formation.

Ways to Avoid Tin Whiskers
Until there is an accepted accel-

erated test for tin whiskers, pure-tin 
finishes will be prohibited in mission 
critical programs where failure is not 
an option. Prohibition of pure-tin usu-
ally takes one of two forms: blanket 
prohibition for a program and pro-
hibition by program risk. The latter 
is an attempt to quantify the risk in 
terms of program life and difficulty of 
equipment replacement to justify the 
costs of enforcing blanket prohibition 
of pure tin. Risk assessment is weigh-
ing the necessity of whether the risk 
of tin whiskers is worth the efforts and 
expense of guarding against pure tin 
from “sneaking” into electronic com-
ponents and assemblies.

Enforcement of pure-tin prohibi-
tion across an entire program could 
take one or more steps from the fol-
lowing sequence:
•	 �Procurement/subcontract vendor 

notices
•	 Incoming materials inspection
•	 �Mitigation of materials available 

only in tin plate
Pure-tin prohibition is usually en-

forced on the vendor side through no-
tices first in quote or bid activities and 
later in requirements within purchase 
orders. Vendors and their distributors 
are then required to provide certifi-

stead of 220°C for tin-lead, lead-free 
solders are typically recommended to 
re-flow at 260°C. Aside from equip-
ment conversion costs, components 
and circuit boards have to be manu-
factured to withstand typical lead-free 
soldering temperatures of 40°C high-
er than tin-lead.

Two separate but related issues 
stand out with lead-free:
1.	 Lead-free solders
2.	 Lead-free plating

Wetting properties of no-lead sol-
ders are not as good as tin-lead.1 Ac-
tually, the same reference also cited 
tin-lead as more stable than other tin 
based no-lead alloys as measured by 
their electrode reduction potential. 
Wetting difficulties could lead to voids 
in the solder joint.

Leaded components can be sol-
der dipped, but chip size components 
(01005 and larger) must use plating 
techniques to yield solderable sur-
faces. For inexpensive passive chip 
components, palladium-nickel, the 
only other commonly used plating 
for components besides tin-lead and 
pure-tin, would raise the price beyond 
being competitive. What is left is only 
pure-tin if lead were to be eliminated.

The most critical lead-free issue 
has to be the propensity of pure-tin 
plated components to develop whis-
kers. As of yet there is no pure-tin 
plating that can claim to be whisker-
free even those claiming to offer stress 
relief through a “matte” finish. Whis-
kers appear at unpredictable times 
and neither the onset conditions nor 
the growth habits are well understood. 
Furthermore, there is no accepted tin 
whisker growth acceleration method. 
From the body of knowledge on this 
subject, pure-tin plating will form 
whiskers under certain sets of unpre-
dictable conditions.

Tin Whiskers
For tin whisker formation, a cur-

rent theory is that diffusion related 
to intermetallic formation may cause 
stresses in the tin layer that are re-
lieved with whisker growth; addi-
tionally, stresses related to the com-
ponent’s environment (i.e. thermal, 
mechanical, electrical, atmospheric) 
may contribute as well. Stresses can 
also come from the plating conditions, 
from the substrates, or from external 
scratches/bends on the pure-tin sur-

s Fig. 1  Tin whiskers on a multilayer ce-
ramic capacitor - precious metal construction 
(a) and base metal construction (b).
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terminal to give it solder plate at-
tributes of fi ve percent lead content. 
This is achieved by adding lead to the 
pure-tin plating. Furthermore, the 
lead must be evenly distributed in the 
entire pure-tin plated area which is 
accomplished through a low tempera-
ture fusion process that melts the tin 
and tin-lead and homogenizes the two 
layers into a monolithic tin-lead layer.

Figure 2 shows scanning electron 
microscope (SEM) cross-sectional pic-
tures of a typical terminal of a ceramic 
electronic chip component. Under 
back-scatter scans in the SEM, lead 
particles are white and tin is the lightest 
gray and outer-most layer to the right. 

shock which can lead to crack-
ing and de-lamination. Robotic 
handling improves precise dip-
ping angle and travel. However, 
it is very diffi cult to dip inside the 
meniscus at the lead egress points 
of leaded devices, which increases 
the chance of potential tin whisker 
growth in these areas. Additionally, 
dipping of chip components intro-
duces the risk of thermal shock and 
terminal coverage variation.

•  SMT chip size active or passive de-
vices:
 Pure-tin plated chip-size devices 
are too small and not practical 
to dip in tin-lead solder. To do so 
would risk the chance of thermal 
shock and present handling prob-
lems during dipping especially for 
small case sizes such as 01005 and 
0201. The ideal mitigation would 
convert pure-tin into the previously 
universally used “solder plate” with 
at least three percent lead content.

FUSION PROCESSING
The concept behind the fusion 

process is to treat the pure-tin plated 

tories for Energy Dispersion, X-ray 
Spectroscopy (EDXS) using the same 
principle as XRF. Mostly, inspectors 
look for a minimum three percent 
lead content, the level commonly 
found in formerly ubiquitous tin-lead 
“solder plate.”

Blanket prohibition of pure-tin 
plate is currently practiced where the 
offered electronic equipment is to be 
“fail safe.” This includes industries in 
the satellite, space exploration, medi-
cal devices, missiles and other high-
technology weapons or where life 
and limb are at risk. However, blan-
ket prohibition is possible only when 
other acceptable plating or mitigation 
methods are still available (or where 
re-designs are possible to use alterna-
tive components that are still available 
in tin-lead).

Tin whisker mitigation of electronic 
components can be divided into two main 
categories, leaded and un-leaded surface 
mount technology (SMT) devices.
• Leaded active or passive devices:

 Pure-tin leaded devices can be 
dipped in standard tin-lead solder. 
Preheating can prevent thermal 

 Fig. 2  SEM photo of historic industry 
baseline solder plate, ~3% lead (a), pure-tin 
plate, (b) and fusion processed for tin whis-
ker mitigation, 5%+ lead (c).
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The 4th Applied Electromagnetics Conference, an initiative of IEEE AP-MTT Joint 
Chapter, Kolkata section, shall be held during 18 – 20 December 2013 at & in 
association with the KIIT University, Bhubaneswar. With more than 100,000 
temples, Bhubaneswar is known as City of Temples and is a junction of Hindu, 
Buddhist and Jain archeological monuments. The Khandagiri & Udayagiri are rich 
with partly natural and partly artificial caves of archaeological, historical and 
religious importance most of which were carved out as residential blocks 
for Jain monks. A dumb witness of the Kaling War, the Dhauligiri has many rock 
edicts besides a dazzling white peace pagoda on the hill top built by the Japan 
Buddha Sangha and the Kalinga Nippon Buddha Sangha in the 1970s. 

The panel of distinguished speakers includes, among others Prof. Raj Mitra, Penn 
University, USA; Prof. Lotfollah Shafai, University of Manitoba, Canada; Prof. 
Mats Gustafsson, Lund University, Sweden; Prof. Yahia M. M. Antar, Royal 
Military College, Canada. 

As in its previous editions, the AEMC in 2013 aims at providing an opportunity 
for presentation, discussion and promotion of research on contemporary topics 
in applied electromagnetics. The AEMC 2013 will focus on new ideas and the 
latest developments for both academia and industry throughout the 
international community.  

Students are encouraged to participate in Student Paper Contest and Student 
Project Contest. Free tutorials and short courses are being planned for all 
interested participants. 

Papers are invited in the following 18 tracks: Antennas for Defence and Space 
Applications (ADS), Antenna Theory and Techniques (ATT), Bioelectromagnetics 
(BEM), CAD Algorithms and Techniques (CAD), Computational Electromagnetics 
(CEM), Dielectric Resonator Antennas (DRA), Electromagnetic Compatibility 
(EMC), EM Education (EME), Electromagnetic Materials (EMM), Electronic 
Packaging and Interconnects (EPI), Materials for Antenna Technology (MAT), 
Microwave Devices and Circuits (MDC), Microstrip and Printed Antennas (MPA), 
Mobile and Wireless Antennas (MWA), Radar and Satellite Technology (RST), 
Tera Hertz Technology (THT), Transformation Electromagnetism (TREM), Wave 
Propagation and Remote Sensing (WPR). 

For more information please visit: http://www.ieee-aemc.org 

Capability of Fusion 
Processing for Tin Whisker 
Mitigation

Fusion processing for tin whisker 
mitigation (TWM) can be effective 
with the following:
1.	 �All passive monolithic chip compo-

nents where:
•	 �Tin plating is part of the termi-

nation process
•	 �Component is intended for sol-

der assembly
2.	 �Some passive SMT components 

where:
•	 Pre-tinned leads are molded
•	 �Component is intended for sol-

der assembly
3.	 �Some active discrete SMT chip 

size, components
TWM utilizing fusion processing 

may not be as effective where compo-

the same device produced by the same 
manufacturer; the light gray tin area has 
no lead, and no visible white particles. 
Figure 2c is the same pure-tin micro-
graph 2b chip component after fusion 
re-processing. Notice the distribution 
of lead (white particles) throughout the 
previously pure-tin layer; with mini-
mum of five percent lead there is addi-
tional security from a tin whisker mitiga-
tion standpoint.

The dark gray area immediately adja-
cent to the left is the nickel barrier (see 
Figure 2a). This termination cross sec-
tion is representative of the historic in-
dustry standard of approximately three 
percent lead, achieved by co-plating tin 
lead (typically 90-10) in methanesul-
fonic acid (MSA) solution. Again, this 
co-plating is known commonly as “sol-
der plate.” Figure 2b shows the cross-
section of a typical pure-tin version of 

s Fig. 3  Components processed with fusion 
TWM process; chip capacitor array (a, b) 
and tantalum chip capacitor (c).
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nents have open sub-assemblies (i.e., wire-wound chip in-
ductors, devices with radial leads, or tightly formed reverse 
J-leads). If there is any doubt, pre-evaluation testing is per-
formed. For products where no source of tin-lead plated 
terminations are available, solder dipping appears to be the 
best short term solution for leaded components.

Figure 3 shows examples of passive components 
that have been processed using the fusion TWM pro-
cess. The resistor and capacitor chip arrays were fusion 
processed with all 24 surfaces passing XRF and EDXS 
screening for fi ve percent minimum lead content. The 
tantalum chip capacitor fusion process resulted in the 
inside and outside surfaces of the formed leads passing 
XRF and EDXS screening for fi ve percent minimum 
lead content as well.

A current (but not limited) listing of compatible compo-
nent types for the fusion TWM process is:
•  Surface mount chip capacitors (01005 to 2220 package 

size or larger)
•  Surface mount chip resistors (0402 to 2220 package size 

or larger)
•  Surface mount chip inductors (0402 to 1812 package 

size or larger)
•  Surface mount chip beads (0402 to 1812 package size 

or larger)
•  Surface mount fuses (0402 to 1812 package size or larg-

er)
•  Surface mount varistors (0603 to 1812 package size or 

larger)
•  Resistor arrays/capacitor arrays/chip bead arrays
•  Molded body diodes (SMA, SMB, SMC, SMD packages 

with reverse J-leads and molded body MOSFETs)
• DPAK packages
• SOT-23 and SOT-223 packages
• DO-214AB package
• QFN packages
•  Tantalum capacitors (all standard sizes)
• Lug connectors
•  EMIFL packages and most chip and molded body fi l-

ters.

CONCLUSION
Tin whisker growth is a high reliability risk when pure-

tin is present anywhere in the electronics assembly. The 
fact is that when there is pure tin, whiskers may appear. 
The onset is unpredictable, but inevitable.  As of right now 
there is no defi nitive theory of tin whisker genesis, nor is 
there an accepted accelerated whisker test method to vali-
date these claims. There are a lot of activities in industry, 
government and academia to develop and qualify an accel-
erated whisker test methodology as well as understand tin 
whisker growth and prevention. CALCE and NASA (espe-
cially Goddard Space Center) are active in this endeavor, as 
is the industry group iNEMI. ■

References
1.  Samsung Electronics, Evaluated Technical Data:  “The Com-

parison of Reduction Potential on Materials.”
2.  CALCE Tin Whisker Site, www.calce.umd.edu/tin-whiskers/
3.  NASA Tin Whisker Site, http://nepp.nasa.gov/WHISKER/

_10M38 FINAL.indd   152 9/26/13   9:02 AM

http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=152&exitLink=http%3A%2F%2Fmwjournal.com
http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=152&exitLink=http%3A%2F%2Fwww.calce.umd.edu%2Ftin-whiskers%2F
http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=152&exitLink=http%3A%2F%2Fnepp.nasa.gov%2FWHISKER%2F


MWJSPECTRUM1013.indd   153 9/26/13   8:21 AM

http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=153&exitLink=http%3A%2F%2Fwww.spectrum-et.com
http://www.mwjournal-digital.com/mwjournal/201310/TrackLink.action?pageName=153&exitLink=mailto%3ASales%40Spectrum-et.com


Product Feature

Microwave sensor modules are key 
components in any radar system. 
Today, the industry is continuously 

seeking low cost and high performance sensors 
for target speed, direction and ranging (dis-
tance) measurement for both commercial and 
military applications. Some of the applications 
include collision avoidance detection, liquid 
level sensing, traffic control, missile guidance 
and object profiling.

SAGE Millimeter has introduced a K-Band 
low cost FMCW sensor module with model 
number SSP-24303-D1 for speed, direction 
and ranging measurement. The FMCW based 
sensor is a true ranging sensor, meaning it can 
detect both still and moving target distance. 
The operation frequency of the featured sen-
sor is at 24.125 GHz. The sensor is based on 
traditional TE10 waveguide cavity mode and 
packaged Gunn/varactor device technology, 

which offers low phase noise, 
high frequency stability and 
high sensitivity. Compared to 
its MMIC device/planar cir-
cuit based counterpart, model 
SSP-24303-D1 delivers lower 
harmonic and spurious emis-
sion and improved false signal 

detection due to the instinct waveguide cut-off 
nature. The entire sensor module is configured 
within a single die-cased aluminum housing, 
which allows low cost production.

Figure 1 is the function block diagram of the 
featured FMCW sensor module. From the func-
tion block diagram, one can see that three main 
function components are indicated: 1) Varac-
tor tuned oscillator (VTO), 2) I/Q dual channel 
mixer and 3) diplexer. Due to its flexible design, 
the FMCW sensor module can be easily trans-
formed into various function modules without 
redesigning, new circuits or additional tooling 
implementations. For example, if the VTO is 
replaced by a fixed tuned oscillator by extract-
ing the varactor diode from the oscillator circuit, 
the module is transformed into a Doppler speed 
sensor with directional detector capacity. Fur-
thermore, the sensor can be downgraded to a 
single channel Doppler sensor by extracting one 
Schottky diode from its I or Q channel to form 
speed detection only modules for simple speed 
measurement applications.

Table 1 shows the main electrical and me-
chanical specifications of the featured sensor 

SAGE Millimeter Inc.
Torrance, CA
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K-Band FMCW 
Ranging Sensor 
Modules

s Fig. 1  FMCW sensor module block 
diagram.
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ment. Figure 3 shows the I/Q channel 
output, which displays well-balanced 
and near 90 degree phase difference 
between the two signals.

The RF interface of the sensor 
module is a standard WR-42 wave-
guide, which allows quick interface 
with various antenna structures. SAGE 
Millimeter offers a variety of antennas 
to interface with the featured sensor 
module directly. These standard anten-
nas include microstrip antennas (5° × 
7°, 5° × 15°, and 12° × 12° half power 
beamwidth) and lens corrected anten-
na (12° × 12° half power beamwidth) 
models. All antennas have at least 20 
dB sidelobe rejections to allow for 
proper applications. Custom designed 
antennas are also available on request.

As mentioned previously, many 
sensor modules can be transformed 
from the featured module’s existing 
design and housing hardware. SAGE 
Millimeter offers many model num-
bers to cover sensor modules with 
various function capacities, such as 
single channel FMCW ranging sen-
sor, single and dual channel Doppler 
sensors, and sensor heads with various 
integrated antenna options.

SAGE Millimeter Inc.,  
Torrance, CA  
(424) 757-0168,  
info@sagemillimeter.com,  
www.sagemillimeter.com.

module. The typi-
cal output power 
and frequency ver-
sus tuning voltage 
is shown in Figure 
2. From the tun-
ing curve, very flat 
power output and 
near linear tuning 
characteristics are 
observed. The flat 
power output level 
and high linear tun-
ing performance are 
highly desirable fea-
tures for system inte-
grators to configure 
and develop their 
system hardware and 
software algorithms. 
The featured sen-
sor module is also 
equipped with a me-
chanical self-locking 
tuning structure for 
easy frequency set-
ting/trimming and 
simple frequency 
mechanical adjust-

TABLE I
Specifications of SSP-24303-D1 Module

TX Frequency (GHz) 24.125

TX Power (dBm, Min) +3.0

Frequency Modulation Bandwidth (MHz, Min) ±150

Frequency Modulation Rate (kHz, Typ) 250

Frequency Modulation Voltage (Volts, Typ) 0 to +20

Mechanical Tuning Bandwidth (MHz, Min) ±250

Receiver I/Q Phase  (Degree, Max) 90°±30°

Receiver I/Q Amplitude  (dB, Max) 0 dB ±3 dB

IF Frequency Range (MHz, Min) DC to 100

IF Offset Voltage (Volts, Typ) -0.5 to -1.0

Frequency Stability (MHz/°C, Max) -0.80

Phase Noise (dBc/Hz @ 100 kHz Offset, Typ) -95

Power Stability (dB/°C, Max) -0.03

Oscillator Bias Voltage/Current (Vdc/mA, Typ) +5.0/250

RF Connector WR-42 Waveguide, 
UG595/U Flange

Oscillator Bias Connector Solder Pin

Frequency Modulation Connector Solder Pin

IF Connectors Solder Pins

Dimension/Weight (Typ) 0.8" W  0.8" H  
1.0" D / 1.2 oz

s Fig. 2  K-Band FMCW ranging sensor 
tuning characteristic.
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s Fig. 3  Sensor module I/Q channel output.
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Protecting your radar system 
just got a whole lot easier

New high power surface

mount limiters from

Aeroflex / Metelics are

making your receiver/

protector sections a whole

lot easier to design. These

drop-in devices include 

11 completely integrated

components that have

been optimized for S 

and C band radar systems. 

In comparison to silicon

and GaAs MMICs, which

lack thermal capacity and

thermal conductivity, these

devices offer stable peak

power handling through 

8 GHz. 

• Frequency bands from
20 to 8000 MHz

•  100 W C.W. and 1 KW
Peak Power Handling 

• Flat Leakage Power 
of 20 dBm

• 8 x 5 x 2.5 mm SMT
Packaging

We’ve put our semicon-

ductor experience to work

in developing a variety of

broadband and octave

band models. Call or visit

our website for details. 

603-641-3800

www.aeroflex.com/metelics

High Power Surface Mount Limiters

Part Number  Type
Frequency

(MHz)
Loss
(dB)

C.W. 
Power (W)

LM200802-M-A-300   Medium Power Broadband 20-8000 1.4 20

LM501202-L-C-300 Octave Band, Low Power 500-2000 0.4 5

LM501202-M-C-300 Octave Band, Medium Power 500-2000 0.4 30

LM202602-H-A-300
High Power 2000-6000 0.85 4

LM202602-H-C-300

LM202802-L-C-300 Octave Band, Low Power 2000-8000 1.0 5

LM202802-M-C-300  Octave Band, Medium Power 2000-8000 1.2 30

LM401102-Q-B-301
Octave Band, High Power “Quasi-Active” 400-1000 0.3 125

LM401102-Q-C-301

LM102202-H-C-301
Octave Band, High Power “Quasi-Active” 1000-2000 0.35 125

LM102202-Q-C-301

LM202402-Q-C-301 Octave Band, High Power “Quasi-Active” 2000-4000 0.5 100

LM202402-Q-E-301 Octave Band, High Power “Quasi-Active” 2000-4000 0.5 125

LM202402-Q-F-301 Octave Band, High Power “Quasi-Active” 2000-4000 0.5 100

LM202802-Q-C-301 Octave Band, High Power “Quasi-Active” 2000-8000 1.1 125

LM2933-Q-B-301 High Power, Passive Two-stage Power Limiter 2900-3300 0.6 100

AeroflexMetelics_Limiters_MJ  8/16/2013  4:57 PM  Page 1
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Product Feature

Today’s airline passengers expect to have 
easy access to internet servers, email 
and in-flight entertainment while air-

borne. GORE Leaky Feeder Antennas im-
prove signal propagation while potentially re-
ducing the amount of hardware required on 
the plane. These antennas provide reliable 
connectivity to different wireless systems, in-
cluding picocells for mobile phone coverage 
and access points for airborne Wi-Fi. Ideal for 
both wide-body and single-aisle passenger air-
craft, these antennas significantly reduce dead 
spots, enabling passengers to connect to wire-
less networks throughout the cabin. Typical ap-
plications for the leaky feeder antennas include 
Wi-Fi 801.11 a/b/g/n/ac and WiMAX as well as 
connectivity to Bluetooth, GSM and MMS.

With a single antenna installed along the 
length of the cabin, passengers can access 
wireless networks from their laptops, tablets, 
mobile phones and in-flight entertainment 
systems regardless of their location in the 

cabin. These antennas dramatically reduce 
dead spots because of the proprietary technol-
ogy that maintains excellent antenna gain and 
coupling loss over a broad range of frequen-
cies and antenna lengths (see Figures 1 to 6) 
as measured according to IEC 61196-4, Free 
Space Method. GORE Leaky Feeder Anten-
nas provide consistent connectivity across a 
broad frequency range — from 400 MHz up 
to 6 GHz — making the antennas compatible 
with numerous communication standards (see 
Table 1).

INTEGRATED HARDWARE RUNS 
MULTIPLE PROTOCOLS

Wireless technology used in aircraft gener-
ally requires separate antennas for each wireless 
protocol. However, the leaky feeder antennas en-
able integrated hardware to run multiple proto-

W. L. Gore & Associates
Landenberg, PA
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Leaky Feeder 
Antennas for 
Airborne Wi-Fi
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Pushing the boundaries 
of RF and digital integration

The Exelis microwave systems business has been designing and 
manufacturing high performance direct, digital-based (DDS) 
synthesizers and radio frequency (RF) waveform generators for 
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(IFF), electronic warfare (EW) or signals intelligence systems (SIGINT) 
requires fast switching and clean signals, trust the expertise of Exelis 
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through, reducing the potential for 
damage during installation.

GORETM Leaky Feeder Antennas 
make possible new in-flight systems 
that allow aircraft passengers to use 
their own mobile phones and other 
electronic devices. They can make 
calls, send texts and access the inter-
net just like they do when sitting in 
their offices: simply pick up the device 
and start using it.

W. L. Gore & Associates Inc., 
Landenberg, PA,  
www.gore.com/electronics.

applications in both single-aisle and 
wide-body aircraft.

DURABLE, FLAME-RETARDANT 
CONSTRUCTION

The engineered fluoropolymers 
used in the construction of GORETM 
Leaky Feeder Antennas are inherent-
ly flame-retardant. They meet Airbus 
ABD0031 and FAR Part 25.1359(d) 
specifications for flame and smoke 
toxicity, ensuring reliable flame pro-
tection without the need for addition-
al flame retardants. These materials 
are also resistant to abrasion and cut-

cols through a single antenna, reducing 
the quantity of access points necessary 
to ensure signal coverage. This reduces 
the cost for wireless access as well as re-
ducing exposure to wireless radiation.

These lightweight antennas reduce 
equipment costs by offering a single 
solution that provides connectivity 
for a variety of electronic devices. Be-
cause of their durable construction, 
these leaky feeder antennas do not re-
quire any maintenance for the life of 
the aircraft, further reducing operat-
ing costs. They offer easy installation 
for new production as well as retrofit 

TABLE I
Product specifications

Properties LFA280 LFA355 LFA500

E
le

ct
ri

ca
l Operating Voltage (V RMS)         300

Impedance (ohms)         50+5/-2

Frequency Range (MHz)       400 to 6000

M
ec

ha
ni

ca
l

Nominal Cable Diameter (mm) 6.5 8.1 11.7

Minimum Bend Radius (mm) 40 50 70

Operating Temperature Range (°C)        -55 to 85

Maximum Weight (g/m) 72 85 153

Flame and Smoke Toxicity     Airbus ABD0031 and FAR Part 25.1359(d)

s Fig. 1  Antenna Gain: GORE™ Leaky 
Feeder Antennas 355.
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s Fig. 4  Coupling Loss: GORE™ Leaky 
Feeder Antennas 280.
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s Fig. 2  Coupling Loss: GORE™ Leaky 
Feeder Antennas 355.
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s Fig. 5  Antenna Gain: GORE™ Leaky 
Feeder Antennas 500.
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s Fig. 3  Antenna Gain: GORE™ Leaky 
Feeder Antennas 280.
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s Fig. 6  Coupling Loss: GORE™ Leaky 
Feeder Antennas 500.
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Product Feature

In order to more accommodate both data-
hungry, well-served subscriber markets 
like Europe and North America, and 

emerging markets like India, Brazil, and China 
where basic, lower-cost cellular plans and wire-
less internet access are the current objective, 
participants at all levels of the wireless infra-
structure segment continue to evolve. One sign 
of this process is the increased appearance of 
lower-power, small cell base stations that are 
designed to be cost effective and easy to deploy 
and maintain. Another indication is the need 
for lower cost, higher performing passive com-
ponents – in ever-smaller package sizes – at the 
sub assembly level.

As a case in point, Anaren Microwave has 
introduced a new family of Xinger®-III brand, 
Femto-sized hybrid and directional couplers 
offering noteworthy advances in both electrical 
and physical characteristics. The line includes 
five hybrid coupler part numbers and two di-
rectional couplers covering 700 to 3800 MHz 
with performance tuned for UMTS, AMPS, 
GSM, WCDMA, LTE and WiMAX applica-
tions.

Footprint friendly
As RF amplifier designers know, standard 

coupler footprints for all bands and coupling 

values make both board design and board 
population/production stages easier and more 
efficient. This is especially true given the cur-
rent emphasis on using one standard board lay-
out across multiple applications or systems. It 
can also be a benefit later in a board layout’s 
life cycle, should any of the components sur-
rounding the coupler need to be swapped out 
or updated.

Measuring 0.200 × 0.125 inches (5.08 × 
3.18 mm) and reflecting the latest iteration of 
the company’s well known multi-layering in-
novations, this new Femto-size coupler line is 
quite literally a fit for such size-minded manu-
facturers, offering an industry-standard, much 
reduced footprint without any sacrifice in per-
formance compared to Anaren’s larger, still 
available counterparts.

Hybrids
Even in this compact form factor, the new 

Xinger-III Femto hybrids offer a low insertion 
loss of less than 0.15 dB and tight amplitude 
balance and high isolation – which can be criti-
cal to OEMs seeking to squeeze every last bit 

Anaren Microwave
Syracuse, NY
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Femto Size 
Coupler Line
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ily, also offers a maximum VSWR of 
1.15:1 from 800 to 1000 MHz, with 
maximum VSWR of 1.12:1 from 869 
to 894 MHz and maximum VSWR 
of 1.12:1 from 925 to 960 MHz. The 
hybrid’s small size and carefully con-
trolled transmission lines result in 
worse-case amplitude balance of ±0.3 
from 800 to 1000 MHz. And the phase 
balance is within ±4 degrees from 800 
to 1000 MHz, within ±2 degrees of 90 
degrees from 869 to 894 MHz, and 
within ±2 degrees of 90 degrees from 
925 to 960 MHz (see Figures 1 to 4). 
These are high performance speci-
fications for the hybrid category and 
should be of interest to the RF system 

of performance out of their systems.
One example from the family is 

model X3C09F1-03S, which can be 
used for applications in 800 to 1000 
MHz. This part exhibits a maximum 
insertion loss (IL) of 0.15 dB maxi-
mum over its full frequency range 
and at extreme temperature ranges 
that are not a-typical in today’s sta-
tions – from -55°C all the way up to 
105°C. This small, 90 degree coupler 
also achieves 23 dB minimum isola-
tion from 800 to 1000 MHz with 26 
dB minimum isolation from 869 to 
894 MHz and 925 to 960 MHz (see 
Table 1). The same part, which is a 
fair representative of the entire fam-

TABLE I
Hybrid coupler specifications

Part No. Dimensions in./
(mm)

Frequency 
(MHz)

Power (W) 
(avg)

Insertion Loss 
(dB)* 
(max)

Amplitude 
Balance 
(max)*

Return Loss 
(dB)* 
(min)

Operating Temp

X3C07F1-03S 0.200"  0.125" 
(5.08  3.18 mm)

600-900 25 0.15 ±0.3 25 -55° to +105°C

X3C09F1-03S 0.200"  0.125" 
(5.08  3.18 mm)

800-1000 25 0.15 ±0.3 25 -55° to +105°C

X3C19F1-03S 0.200"  0.125" 
(5.08  3.18 mm)

1700-2300 25 0.15 ±0.3 25 -55° to +105°C

X3C25F1-03S 0.200"  0.125" 
(5.08  3.18 mm)

2300-2700 25 0.15 ±0.3 25 -55° to +105°C

X3C35F1-03S 0.200"  0.125" 
(5.08  3.18 mm)

3300-3800 25 0.15 ±0.3 25 -55° to +105°C

* Performance listed for narrow bands.

s Fig. 1  Coupling for X3C09F1-03S  
(feeding port 1).
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s Fig. 2  Isolation for X3C09F1-03S  
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s Fig. 3  Phase balance for X3C09F1-03S 
(feeding port 1).
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(feeding port 1).

0

10

20

30

40

50
1000960920880840800

FREQUENCY (MHz)

R
ET

U
R

N
 L

O
SS

 (
dB

)

–55°C 25°C
 85°C 105°C

TABLE II
Directional coupler specifications.

Part No. Dimensions in./
(mm)

Frequency 
(MHz)

Power (W) 
(avg)

Insertion Loss 
(dB)* 
(max)

Directivity 
(min)*

Return Loss 
(dB)* 
(min)

Operating Temp

X3C09F1-20S 0.200"  0.125" 
(5.08  3.18 mm)

700-1000 25 0.05 25 25 -55° to +105°C

X3C19F1-20S 0.200"  0.125" 
(5.08  3.18 mm)

1700-2700 25 0.05 25 25 -55° to +105°C

* Performance listed for narrow bands.
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worthy, their softboard construction 
offers coefficient of thermal expan-
sion (CTE) properties that match 
commonly used FR4, G-10, RF-35, 
RO4003 and polyimide. Of impor-
tance particularly in the aforemen-
tioned, hotter running micro-cell sta-
tions – this material choice can help 
avoid solder cracks that are not un-
common when ceramic solutions op-
erate at high temperatures.

Additionally, these new Femtos 
are RoHS and REACH compliant. 
They offer very stable RF perfor-
mance up to 105 degrees, making 
them well-suited to today’s high 
temperature micro cells (see Fig-
ures 1-6). And should mounting tem-
peratures exceed 105°C, they’ll still 
perform reliably provided the input 
power is derated per the derating 
curve on each part’s datasheet.

Anaren Microwave,  
Syracuse, NY  
(800) 411-6496,  
www.anaren.com.

designer seeking to maximize perfor-
mance. Anaren currently derates all 
parts assuming RoHS compliant SAC 
(96.5Sn3.0Ag0.5Cu) solder.

Directionals
The new line-up of Xinger-III Fem-

tos also offer very low loss for the direc-
tional couplers category (max 0.1 dB). 
As an example from this branch of the 
family, 20 dB directional coupler mod-
el number X3C19F1-20 can handle 25 
W CW input power from 1400 to 2700 
MHz in a package measuring 0.200 × 
0.125 inches (see Table 2). The mean 
coupling is 20.5 and varies 1.50 dB 
across the full frequency range, with 
maximum insertion loss of 0.1 dB and 
maximum VSWR of 1.22:1. The mini-
mum full-band directivity is 20 dB, 
with directivity of 25 dB and insertion 
loss of only 0.05 dB from 1805 to 1880 
MHz, 1930 to 1990 MHz and 2110 to 
2170 MHz (see Figures 5 to 8).

Other Advantages
Beyond electrical performance, 

these Femto couplers afford other 
useful characteristics. Most note-
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s Fig. 5  Coupling for X3C19F1-20S  
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s Fig. 7  Insertion loss for X3C19F1-20S 
(feeding port 1).
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s Fig. 8  Return loss for X3C19F1-20S 
(feeding port 3).
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Dual-Band Switchable 
Ka-Band BUC

T he 290-310 Ka-Band block up-
converter (BUC) from Tele-
dyne Microwave Solutions is 

designed to convert an L-Band IF 
input in the range of 1 to 2 GHz to 
an RF output in one of two exter-
nally-selectable RF bands within the 
Ka-Band spectrum. Though the se-
lectable bands in the standard con-
fi guration include 29 to 30 GHz and 
30 to 31 GHz, the converter can be 
optionally-confi gured to address any 
two portions of the Ka-Band in seg-
ments of 1 GHz or less.

The linear output power is 10 dBm 
minimum with 30 dB minimum gain. 
The group delay variation over the full 
band is 2 nsec maximum. Input power 
is up to 5 dB and input voltage is +8 
to +36 VDC.

The BUC-290-310 is packaged in a 
hermetically-sealed module for maxi-
mum performance and reliability, and 
has a footprint of 4" × 4", making it an 
excellent choice for airborne and mo-
bile applications that require minimal 
size and weight.

Available options include:
• Auto-ranging DC input
•  Internal or external reference (10 or 

50 MHz)
• Direct L.O. injection
• Bias via coax or external connector
• Type N or SMA IF input connector
Teledyne Microwave Solutions, 
Mountain View, CA 
(800) 832-6869, 
microwave@teledyne.com, 
www.teledynemicrowave.com.
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Affordable  
Vector Signal Generators

S tanford Research Systems has 
introduced the SG390 Series 
vector signal generators — high 

performance, affordable RF sources. 
Three new RF signal generators, with 
carrier frequencies from DC to 2.025, 
4.050 and 6.075 GHz, support both 
analog and vector modulation. The in-
struments utilize a new RF synthesis 
technique which provides spur free 
outputs with low phase noise (–116 
dBc/Hz at 1 GHz) and excellent fre-
quency resolution (1 µHz at any fre-
quency). Both analog modulation and 
vector baseband generators are in-
cluded as standard features.

The instruments use an ovenized 
SC-cut oscillator as the standard time-
base, providing a 100 fold improve-
ment in the stability (and a 100 fold 

reduction in the in-close phase noise) 
compared to instruments which use a 
TCXO time-base.

The SG390 Series signal genera-
tors are based on a new frequency 
synthesis technique called rational 
approximation frequency synthesis 
(RAFS). RAFS uses small integer di-
visors in a conventional phase-locked 
loop (PLL) to synthesize a frequency 
that would be close to the desired fre-
quency (typically within ±100 ppm) 
using the nominal PLL reference 
frequency. The PLL reference fre-
quency is adjusted so that the PLL 
generates the exact frequency. Doing 
so provides a high phase comparison 
frequency (typically 25 MHz) yield-
ing low phase noise while moving the 
PLL reference spurs far from the car-
rier where they can be easily removed. 
The end result is an agile RF source 
with low phase noise and essentially 

infinite frequency resolution, without 
the spurs of fractional-N synthesis or 
the cost of a YIG oscillator.

The generator has built-in support 
for the most common vector modula-
tion schemes: ASK, QPSK, DQPSK, 
π/4 DQPSK, 8PSK, FSK, CPM, QAM 
(4 to 256), 8VSB, and 16VSB. It also 
includes built-in support for all the 
standard pulse shaping filters used in 
digital communications: raised cosine, 
root-raised cosine, Gaussian, rectan-
gular, triangular and more. Lastly, it 
provides direct support for the con-
trolled injection of additive white 
Gaussian noise (AWGN) into the sig-
nal path.
Stanford Research Systems Inc., 
Sunnyvale, CA  
(408) 744-9040,  
www.thinkSRS.com,  
info@thinkSRS.com.
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High Performance 
9 GHz Signal Sources

T he SignalCore SC5502A and 
SC5503A are 9 GHz synthe-
sized CW signal sources with 

instrument grade performance in 
stunningly compact sizes. To meet de-
manding low phase noise applications, 
these sources employ multiple phase-
locked loop architectures with YIG 
oscillators at the heart of their syn-
thesizers. They have automatic level-
ing control (ALC) circuits to ensure 
precise amplitude control over fre-
quency and temperature. Frequency 
accuracy is provided by an onboard 
10 MHz temperature compensated 

crystal oscillator (TCXO) that can be 
phase-locked to an external reference 
source if required.

The frequency range is 50 MHz to 9 
GHz with exact frequency tuning reso-
lution of 1 Hz. Phase noise measured 
for 1 GHz carrier at offsets of 10 kHz 
and 1 MHz are –120 and –150 dBc/Hz, 
respectively. Amplitude range is from 
–60 to 10 dBm with amplitude resolu-
tion of 0.1 dB.

The SC5502A is offered for PXI/
cPCI Express platform while the 
SC5503A is available for USB, SPI, or 
RS-232 interfaces. To make integration 
of SignalCore’s modules into your sys-
tem quick and easy, the company offers 
full implementation instructions, driv-
er software and examples with each 
platform module. A soft front panel 
application is included that allows basic 

control without the need for program-
ming. Driver code may be available 
upon request.

Both SC5502A and SC5503A may 
be used as standalone CW signal 
sources, or as LO sources for frequen-
cy conversion systems such as the Sig-
nalCore IQ modulators and demodu-
lators. They are designed to meet the 
requirements of many modern appli-
cations such as wireless device testing, 
software-defi ned radio research, point-
to-point radio, multi-channel coherent 
systems and other academic and mili-
tary programs.

SignalCore, 
Austin, TX (512) 501-6000, 
sales@signalcore.com, 
www.signalcore.com.

with the NEW MWJ APP

Go
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The IEEE Microwave Theory and Techniques Society’s 2014 
International Microwave Symposium (IMS2014) will be held 
1 - 6 June 2014 in Tampa, Florida as the centerpiece of 
Microwave Week 2014. IMS2014 offers technical sessions, 
interactive forums, plenary and panel sessions, workshops, 
short courses, industrial exhibits, application seminars, historical 
exhibits, and a wide variety of other technical and social 
activities, including a guest program. As usual, the Microwave 
Week technical program also comprises the RFIC Symposium  

(www.rfic2014.org) and the ARFTG conference (www.arftg.org). 
Unique to Microwave Week 2014, Florida’s own WAMICON  
(www.wamicon.org) will be held jointly with ARFTG for this 
year. With over 9,000 participants and 600 industrial exhibits 
of 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 research 
advances in the field.

 CONFERENCE DATES: 1- 6 JUNE 2014!

PAPER SUBMISSION: 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 9 December 2013. Paper submissions 
should be three pages in length (PDF format), and should not 
exceed one megabyte in file size. Hardcopy and email submissions 
will not be accepted. Please refer to the IMS2014 website (www.
ims2014.mtt.org) for detailed instructions concerning paper 
submission. Authors must adhere to the format provided in the 
conference paper template available on the symposium’s website. 
It is the authors’ responsibility to obtain all required company and 
government clearances prior to submission. Please don’t wait until 
the last day to start using the paper submission process. Those 
unfamiliar with the process may encounter paper formatting or 
clearance issues that may take time to resolve.

A double blind review process will be used. Papers will be 
evaluated on the basis of originality, content, clarity, and relevance 
to the symposium. For accepted papers, the electronic submission 
of a final manuscript along with a copyright assignment to the 
IEEE will be required no later than 3 March 2014. Symposium 
proceedings will be recorded on electronic media and archived 
in IEEE-Xplore. Authors of accepted papers should consider 
submitting an extended version of their symposium paper for 
possible publication in the IEEE Transactions on Microwave Theory  
and Techniques.

Come join us in Tampa, Florida and enjoy the 
flagship Microwave Theory and Techniques 
Society (MTT-S) Conference on the beautiful 
Gulf Coast of Florida.

For more information please visit:  
HTTP://IMS2014.MTT.ORG
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IMS2014 enthusiastically invites submission 
of papers that report state-of-the-art 
progress in technical areas that are outside 
the scope of those specifically listed in 
this Call for Papers, or that may be new 
to the symposium, but are of interest to  
our attendees.

EMERGING TECHNICAL AREAS:

Eligible students are encouraged to submit 
papers for the student paper competition. 
The papers will be evaluated using the 
same standards as all contributed papers. In 
addition, eligible students or student teams 
are invited to consider taking part in student 
design competitions during the IMS2014, 
which are organized and sponsored by 
various Technical Committees (TC) of the 
MTT-S Technical Coordination Committee 
(TCC). Please visit the IMS2014 website for 
full details.

STUDENT PAPER AND  
STUDENT DESIGN COMPETITIONS: The Microwave Application Seminars 

serve as a forum for exhibitors at the IMS 
to present the technology behind their 
commercial products and their special 
capabilities. The presentations are open to 
all conference and exhibit attendees. 

Electronic Submission Deadline:  
9 December 2013  
All submissions must be made  
through email:  
tpc_microapps@ims2014.org

MICROAPPS: 
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EMC & RF Testing 
Catalog

AR’s new product catalog is now 
available from your local AR sales 
associate. The catalog is easy to 
use, with “find-it-fast” charts and 
color coding to help get right to 
whatever you need for RF and 
EMC testing. It is available for 
free download, either in full or by 
section on the company’s website.
AR RF/Microwave 
Instrumentation, 
www.arworld.us.

Savant Brochure

Aircrafts, ships, land vehicles and 
satellites have complicated elec-
tromagnetic (EM) environments. 
Savant, a product of Delcross 
Technologies distributed world-
wide by CST, is a simulation tool 
that predicts installed antenna 
performance and antenna-to-
antenna coupling in complex en-
vironments. The brochure details 
the key features of the computa-
tional electromagnetic tool, as well 
as the different result types and 
visualization tools available. Rep-
resentative graphical results, such 
as an installed performance simu-
lation on a humvee, are illustrated, along with the user interface.
Computer Simulation Technology AG,
www.cst.com.

Lightwave Catalog

Agilent’s new 2013 Lightwave 
Catalog set is now available. This 
three-volume set is the largest 
catalog for high-performance 
optical T&M products, with in-
formation on the new optical 
modulation analyzer, transceiver 
test, single and multimode appli-
cations, products for the Telecom 
and Datacom market and also a 
brand new volume on bit error 
ratio test solutions. The set can 
be downloaded as three PDFs 
from Agilent’s website or you can 
request to have hard copies sent 
to you.
Agilent Technologies Inc.,
www.agilent.com.

Microwave Capabilities 
Catalog 

Crane Aerospace & Electronics 
Microwave Solutions launched an 
updated Microwave Capabilities 
Catalog that features a wide range 
of product solutions from com-
ponent level devices to complex, 
advanced integrated microwave 
assemblies. Products are illustrat-
ed from major product areas and 
represent the breadth of techni-
cal capability of Crane. The com-
pany’s microwave brands include 
Merrimac, Signal Technology and 
Polyflon.
Crane Aerospace & Electronics,
www.craneae.com.

PA Products Brief
Mercury Systems’ linear and ultra-
linear power amplifiers for com-
mercial and military applications 
are designed to operate up to 18 
GHz with output powers ranging 
from 1 W up to 1 kW. These linear 
and ultra-linear power amplifiers 
continuously demonstrate their 
ability to significantly improve the 
performance of our customers’ 
systems, while reducing size and 
cost. Pioneer linearization capabil-
ity allows Crane to produce some 
of the smallest multi-carrier power 
amplifiers in the world with a frac-
tion of the power. 
Mercury Systems, 
www.mrcy.com.
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Catalog Update

Product Brochure
MIcable Inc. produces a wide va-
riety of high quality coaxial cable 
assemblies with flexible, conform-
able and semi-rigid cables and 
customer specified connectors. 
MIcable offers prototypes or vol-
ume quantities, all fully tested up 
to 40 GHz and delivered on time. 
This product brochure highlights 
a few of the company’s products 
along with providing performance 
data. 
MIcable Inc.,
www.micable.cn.
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Product Catalog
Microsemi’s brand new product 
catalog is now available online. 
Products include: ASICs and  
FPGAs; discrete; display and driv-
ers; high reliability; ICs; memory, 
processors and storage; modules 
and hybrids; relays and contac-
tors; RF, microwave and millime-
ter; services; software and IP, and 
systems and subsystems. These 
solutions are targeted at defense/
security, aerospace, communica-
tions and industrial applications. 
When performance matters, reli-
ability is vital and security is non-
negotiable, customers choose Mi-
crosemi. 
Microsemi,
www.microsemi.com.   

Catalog Update

RF/Microwave Assembly 
and Products Brochure
SemiGen announces the release 
of its RF/Microwave Assembly 
and Products Brochure. The bro-
chure entails the overview of the 
company’s contract RF/microwave 
assembly services, testing services 
and the RF supply center featur-
ing microwave PIN diodes, limiter 
diodes and passive components. The brochure details the company’s full 
assembly and test capabilities and includes detailed information on the 
RF/microwave components and bonding supplies. 
SemiGen Inc.,
www.semigen.net.

2013-2014 Product 
Guide

Celebrating its 10-year anniver-
sary, RFMW has seen a con-
tinual acceptance of its “niche” 
philosophy in that “RFMW Ltd. 
is a specialty electronics distri-
bution company focused on RF 
and Microwave technology.” It 
serves customers that require 
RF and microwave components 
and semiconductors, as well as 
component engineering support. 
RFMW continues to expand its 
list of products from selective 
suppliers with RF/microwave 
expertise. RFMW deploys a highly experienced, technically skilled team 
to assist customers with component selection and fulfillment.
RFMW Ltd.,
www.rfmw.com.

Product Catalog
This catalog provides you with 
descriptions and classifications of 
products including attenuators 
and terminations, coaxial switches, 
phase shifters, directional couplers, 
power meters, power dividers/com-
biners, and precision adapters and 
test accessories. The catalog can be 
downloaded from the company’s 
website. 
Shanghai Huaxiang Computer 
Communication Engineering 
Co. Ltd.,
www.shx-sh.com.

RF/Microwave 
Components Catalog

Narda Microwave-East an-
nounced the availability of its 
newly updated RF and microwave 
components catalog. The 360 plus-
page catalog features more than 
700 in-stock components available 
for immediate delivery or in very 
short turnaround times. Catalog 
32 is available in either printed 
form or on a CD. It provides tech-
nical specifications, outline draw-
ings, application notes and techni-
cal articles to help guide engineers 
and purchasing agents in component selection. The catalog also includes 
detailed summaries of Narda’s growing family of Integrated Microwave 
Assemblies (IMA).
Narda Microwave East,
www.nardamicrowave.com.

Harness Capabilities 
Brochure
The Teledyne Storm Microwave 
Multi-Channel Microwave Solu-
tions brochure details the compa-
ny’s capabilities in the design and 
manufacture of both standard 
and custom multi-channel mi-
crowave harness assemblies. The 
harnesses, found in a wide range 
of airborne, ground and sea-
based military and commercial 
applications, are backed by Tele-
dyne Storm’s more than 30 years 
of microwave cable design and 
manufacturing expertise. The 
brochure includes a case study.
Teledyne Storm Microwave,
www.teledynestorm.com.
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New Waves: Government and Military Electronics
for more new products, visit www.mwjournal.com/buyersguide 
featuring V  storefronts

Sn/Pb Conversion Process
AEM announced a hi-rel-qualified Sn/Pb (tin/
lead) conversion process designed to mitigate 
the formation of tin whiskers in surface-mount 

c o m p o n e n t s . 
The AEM pro-
cess eliminates 
potential dam-
age to sensitive 
electronic de-
vices caused by 
convent iona l 
hot-solder dip-
ping while en-
suring that con-

verted component terminations contain a mini-
mum of 5 percent Pb as verified by SEM/EDS 
and XRF inspection methods. AEM’s Sn/Pb 
conversion process is best suited for chip-scale 
passive components. 
AEM Inc., 
www.aem-usa.com.

High Power Pulsed Amplifier
Aethercomm has recently completed a high 
power SSPA using GaN with a frequency range 
covering 6 to 18 GHz, Aethercomm part  
number SSPA 6.000-18.00050. This broadband 

power amplifier 
offers high pow-
er over a multi-
decade band-
width with ex-
cellent power 
added efficien-

cy. It produces 25 to 50 W Psat typical. The am-
plifier design includes an external DC blanking 
command that enables and disables the module 
in less than 20.0 µSec and is housed in an 
8.50"(w) by 3.50" (l) by 1.38" (h) module. 
Aethercomm Inc., 
www.aethercomm.com.

GaN Amplifier
COMTECH PST introduced a new GaN ampli-
fier for applications in the X-Band radar market. 

The AB linear 
design operates 
over the 8.5 to 
10 GHz fre-
quency range 
and is intended 
for use in radar 
applications. The 

amplifier design features include options for 
control of phase and amplitude to allow for inte-
gration into high power systems utilizing con-
ventional binary or phased array combining ap-
proaches for power levels of up to 10 kW. 
COMTECH PST, 
www.comtechpst.com.

GaAs MMIC 

Custom MMIC announced the addition of the 
CMD192 to its growing MMIC library of stan-
dard products. The CMD192 is a wideband DC 
to 20 GHz GaAs MMIC distributed amplifier 
available in die form. This amplifier delivers 
greater than 20 dB of gain with a corresponding 
output 1 dB compression point of +22 dBm and 
a noise figure of 2.8 dB at 18 GHz. The 
CMD192 is suitable for microwave radio and 
VSAT, telecom infrastructure, test instrumenta-
tion, and military and space applications.

Custom MMIC, 
www.custommmic.com. 

Radar Transistor 
Newly intro-
duced, the  
IGN2731M200 
S-Band radar 
transistor is ca-
pable of produc-
ing more than 
60 percent effi-
ciency. This GaN 

on SiC HEMT transistor is designed for the 2.7 to 
3.1 GHz instantaneous operating frequency 
band and offers peak output power = 200 W at 
300 us/10 percent/44 V. It utilizes a complete 
gold metallization system: chip, wire bond and 
package. It features internal impedance pre-
matching structures. Production devices are 
100 percent high power RF tested in a fixed 
tuned broadband RF test fixture.
Integra Technologies Inc. 
www.integratech.com.

Image Reject Mixer
RCIR-161LH+ 
is a surface-
mount image 
reject mixer that 
operates in a 
frequency range 
from 80 to 168 

MHz. Features include: excellent image rejec-
tion of 32 dB typical, low conversion loss of 6.1 
dB typical and is aqueous washable. Applica-
tions include: VHF, military and avionics. Price: 
$19.95 each, Qty: 10.

Mini-Circuits, 
www.minicircuits.com.

SP5T Switches
RFMW announced de-
sign and sales support 
for two new Peregrine 
Semiconductor SP5T 
switches targeting T/R 
and filter-band switch-
ing in land mobile radio 
(LMR) and military ra-
dio applications where 
high power handling 
(17 W) is required. 

Both the PE42850 and PE42851 feature low 
power consumption of 130 microamperes 
which helps to extend battery life in mobile ap-
plications. The Peregrine PE42851 covers the 
frequency range of 100 to 1000 MHz while the 
PE42850 extends the low end frequency to 30 
MHz. 

Peregrine Semiconductor,  
distributed by RFMW Ltd., 
www.psemi.com.

Differential Attenuator 

Skyworks Solutions Inc. unveiled a new device 
for cellular infrastructure, VHF/UHF military 
and public safety radios. The SKY12408-321LF 
is a 50 to 600 MHz, 6 dB differential attenuator 
that is pin-for-pin compatible with its 12 dB 
SKY12407-321LF attenuator, but ideal for IF 
radio applications requiring lower overall at-
tenuation and gain control. The new solution 
also offers a novel differential I/O design and 
fast settling time for applications that down 
convert to a low Intermediate frequency.

Skyworks Solutions Inc., 
www.skyworksinc.com.

Wet Tantalum High-Energy 
Capacitor
Vishay Intertechnology introduced a new 
wet tantalum high-energy capacitor with  
low maximum ESR down to 0.025  at +25°C 
and 1 kHz, and the highest capacitance of any 
similar device on the market. Manufactured to 
withstand high stress and hazardous environ-
ments, the HE4 features a unique case design 
for improved reliability and performance in 
military and aerospace applications. The HE4 
utilizes Vishay’s proven SuperTan® hybrid cath-
ode technology in combination with industry-
leading anode designs to achieve its low ESR. 
Vishay Intertechnology Inc., 
www.vishay.com.
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Mini-Circuits®

www.minicircuits.com    P.O. Box 35166, Brooklyn, NY 11235-0003   (718) 934-4500   sales@minicircuits.com
519 rev B

0.25 to 6,400 MHz     
Models and Key Features

More models for more applications, all small enough to fit 
into a laptop case – and all at game-changing prices!  
You asked, so we’re growing our line of synthesized signal 
generators to meet your needs.  Four unique models now 
offer capability to fit your application without burdening you 
with the cost of extra features you don’t need.  All models 
are cased in a compact, rugged metal package (as small as 
8.37”x8.5”x 2.15”) and  feature pulse modulation, frequency 
and power level scheduling, frequency and power hopping, 
USB control, and easy-to-use GUI software.  Our newest 
model, SSG-6400HS also features expanded frequency 
range from 0.25 to 6400 GHz, AM, PM, and FM capability, 
fast tuning (<300µs), and Ethernet control.  You can even set 
power levels in step sizes as small as 0.01 dB and frequencies 
in step sizes as small as 0.001 Hz. Visit minicircuits.com to 
find the right model for your application with detailed specs, 
great prices, and off-the-shelf availability!      

 SIGNAL 
GENERATORS

To fit your budget. 

 SSG-6400HS  $4,995
•  0.25 to 6400 MHz
• AM, PM, FM, and pulse modulation
•  USB and TCP/IP Ethernet Control
• Fast tuning (<300 µs)
• + 10 dBm max. output pwr.

 SSG-6000  $2,695
•  25 to 6000 MHz
• Pulse modulation
•  USB Control
•  0.5 Hz frequency resolution
• + 10 dBm max. output pwr.

 SSG-4000LH  $2,395
• 25 to 4000 MHz
• Pulse modulation
• USB Control
• Low Harmonics (-66 dBc typ.)
• + 10 dBm max. output pwr. 

 SSG-4000HP  $1,995
• 25 to 4000 MHz
• Pulse modulation
• USB Control
• High Power (+20 dBm max.)

New

from

$1995ea.

30 day

MONEY-BACK

GUARANTEE!

See minicircuits.com/30day 

for details
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Components
Femto Couplers
Richardson RFPD announced that it is taking 
orders for Xinger® III Femto Couplers. The 

Femto family is 
a new class of 
Xinger® cou-
plers which are 
available in a 
miniature 5 × 3 
mm footprint. 
There is no 

electrical performance tradeoff with the re-
duced footprint. The new devices cover a wide 
frequency range (700 to 2700 MHz), offer out-
standing insertion loss, and 25 W power han-
dling at 105ºC mounting temperature, making 
them ideal for small cell or active antenna sys-
tems.

Anaren, distributed by Richardson RFPD Inc., 
www.anaren.com.

Bandpass Filters 
Anatech’s cavity band-
pass filters for 700 MHz 
LTE are available for all 
uplink and downlink 
bands and meet the 
stringent requirements 
posed by dense channel 
spacing. They have 

more than 40 dB of rejection at 700 kHz from 
passband to stopband at band edges, low inser-
tion loss, and PIM as low as -150 dBc. Models 
are available for indoor and outdoor installation 
and can have Type-N or 7/16 DIN connectors. 
Anatech can also quickly build bandpass filters 
for 700 MHz to meet custom requirements.

Anatech Electronics Inc., 
www.anatechelectronics.com.

Directional Couplers

Two new high performance directional couplers 
from AtlanTecRF cover the entire frequency 
range from 375 MHz to 18 GHz with at least 3 
GHz of overlap. Available in a choice of 10, 20 
or 30 dB, the 50 W couplers with SMA connec-
tors and built-in terminations will operate over 
a temperature range of -55° to +55°C, making 
them suitable for use in applications from air-
borne ECM to the benign test bench. 

AtlanTecRF,  
www.atlantecrf.com

Transmitter Capacitor Equivalents 
ATC announced the introduction of a new fam-
ily of high RF power capacitor assembly trans-
mitter capacitor equivalents. ATC’s extensive 
line of high RF power capacitor assemblies 
offers a cost-effective alternative to large and 
costly fixed vacuum capacitors, doorknobs and 

transmitter capacitors. ATC assemblies are 
ideal for the most demanding applications re-
quiring high RF power at low frequencies. They 
are constructed with the finest materials and are 
engineered to provide the most reliable perfor-
mance in the most demanding applications.
American Technical Ceramics, 
www.atceramics.com.

Digitally Controlled Attenuator 
Model A6P-68N-0JL is 
a phase invariant digi-
tally controlled PIN di-
ode attenuator that op-
erates from 6 to 18 
GHz. It is capable of 
63.75 dB range in 
monotonic 0.25 dB 

steps. The attenuation flatness is ±3.0 dB at 64 
dB and the delta phase is ±15° at 64 dB. With a 
maximum VSWR of 2.0:1 and an insertion loss less 
than 7 dB, this phase invariant attenuator is digi-
tally controlled via 8 bits of TTL compatible bina-
ry logic with a switching speed less than 1.0 µSec. 
G.T. Microwave Inc., 
www.gtmicrowave.com.

Waveguide to Coaxial Adapter 
The company 
has announced 
the optimization 
of the WR28 
waveguide to co-
axial adapter. It 

operates over 26.5 to 40 GHz in the full wave-
guide frequency range, with a VSWR of less than 
1.25:1, insertion loss less than 0.3 dB and power 
handling is 50 W (average). The material is cop-
per with a gold plating finish. The optimized de-
sign features integral machining for optimum 
electrical performance and high reliability.
HengDa Microwave,  
www.hdmicrowave.com.

Right Angle Adapter 
Mesa Micro-
wave intro-
duced a new 
TNC (F) to 
TNC (M) right 
angle adapter. 
Specs include 

DC to 18 GHz, operating temperature of 65° to 
+165°C and VSWR of 1.25:1. Visit the company’s 
website to learn more about its full line of RF 
components such as precision coaxial connec-
tors, cable assemblies and electronic compo-
nents.
Mesa Microwave, 
www.mesamicrowave.com.

Absorptive Switch 
PMI Model No. P8T-500M40G-60-T-55-292FF  
is a high speed, single pole, eight throw, 

a b s o r p t i v e 
switch operat-
ing over the fre-
quency range of 
0.5 to 40 GHz. 
This switch has 
over 60 dB of 
isolation and  
is capable of 

switching within 50 ns.

Planar Monolithics Industries Inc., 
www.pmi-rf.com.

Digital Attenuator 
S2D Microwave 
Inc. offers a 
broadband, high 
p e r f o r m a n c e 
RF/microwave 

7 bit digital attenuator. This is a high perfor-
mance compact unit with low insertion loss, fast 
switching speed, high power handling, low har-
monic distortion, stable attenuation vs. tempera-
ture and TTL 7 bit attenuation control. Specs 
include: frequency: 0.5 to 20 GHz, insertion loss: 
8.0 dB max, VSWR: 2:1 max, attenuation range: 
61 dB, RF power handling: 22 dBm CW, 2 W 
peak (1 μS PW ) and switching speed: 100 ns typ.
S2D Microwave Inc., 
www.s2dmicrowave.com.

Low Pass Filter
The unique sur-
face-mount low 
pass filter, mod-
el number  
FLS-100, has a 
passband from 
DC to 92 MHz 
and a cut-off 
frequency at 

100 MHz. The passband loss is 1 dB maximum 
and has sharp stopbands of 20 dB (min.) at 135 
MHz and 35 dB (min.) at 175 MHz. The pass-
band VSWR is 1.3:1 typical and can handle 1 W. 
Built in a small surface mount package 0.840" × 
0.520" × 0.440". Contact the factory for other 
LP as well as BP and HP models.
Synergy Microwave Corp., 
www.synergymwave.com.

Amplifiers
Solid State Amplifiers

With AR’s dual 
band amplifiers, 
you have free-
dom like never 
before. You pick 
the power from 
5 to 80 W. You 
pick the band-

width from 0.7 to 8 GHz, 0.7 to 10.6 GHz or 0.7 
to 18 GHz. The company puts it together for you 
in one package that costs less, weighs less and 
takes less space than two separate amplifiers.

AR RF/Microwave Instrumentation, 
www.arworld.us.

Low Noise Amplifier
Eclipse Micro-
devices’ EMD-
1725 is a 40  
GHz GaAs 
MMIC PHEMT 
distributed gen-
eral purpose low 
noise amplifier. 

This 2.3 × 1.55 × 0.1 mm thick LNA has a small 
signal gain of 15 dB and is ideal for applications 
that require a typical P1dB output power of +15 
dBm at 36 GHz, while requiring only 110 mA 
from a +8 V supply. The EMD-1725 has a slightly 
positive gain slope above 15 GHz which is ideal for 
most commercial and industrial applications. 
Eclipse Microdevices, 
www.eclipsemicrowave.com.
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Technical Education Training Series
•	Fundamentals	of	Envelope	Tracking	and	Test
•		INSIGHT–	Analysis	and	Diagnostic	Software	for	Antenna	

Measurement	Post	Processing
•	Filtering	Solutions	Improve	Dynamic	Range	of	IMD
•	An	Introduction	to	Continuous	Mode	RF	Power	Amplifier	Design
•	RF	PCB	Design
•	Fundamental	Tradeoffs	for	Space,	Air	and	UAV	SAR

CST Webinar Series 
•		Modeling	and	Simulation	of	Metamaterial-based	Devices		

for	Industrial	Applications
•	High	Speed	and	High	Power	Connector	Design

Innovations in EDA/Signal Generation & Analysis
Presented by: Agilent EEsof EDA/Agilent Technologies
•	Advanced	Passive	Intermodulation	(PIM)	Measurement	System
•		Designing	Custom	RF	and	Analog	Filters	Through	Direct		

Synthesis
•		Beyond	CMOS	vs.	GaAs	–	Finding	the	Best	Technology	Mix	for	

a	Handset	PA

Agilent in Aerospace/Defense Series
•	Vector	Modulation	and	Frequency	Conversion	Fundamentals
•		LTE	Design	and	Test	Challenges	for	Public	Safety	Radio	and	

SDR	Applications
•	Multi-Antenna	Array	Measurements	Using	Digitizers	

Agilent in LTE/Wireless Communications Series
•		Validating	Performance	of	Satellite	Navigation	Systems	and	

Receivers
•	MIMO	Over	the	Air	(OTA)	Handset	Performance	and	Testing
•	Your	LTE	Devices	Need	to	Pass	Conformance	Tests	–	Now	What?

FieldFox Handheld Analyzers Series
Presented by: Agilent Technologies
•		Correlating	Microwave	Measurements	Between	Handheld	and	

Benchtop	Analyzers

RF/MicrowaveTraining
•	Mixers	and	Frequency	Conversion

Past Webinars On Demand

October Short Course Webinars
RF/Microwave Training
RF and Microwave Filters
Sponsored by: AWR and Rohde & Schwarz
Live	webcast:	10/2/13,	11:00	AM	ET

Innovations in EDA
Designing with 4G Modulated Signals for Optimized  
Multi-Standard Transceiver ICs 
Presented by: Agilent Technologies
Live	webcast:	10/3/13,	10:00	AM	ET	or	1:00	PM	ET

Technical Education Training
VCO Fundamentals
Sponsored by: Mini-Circuits
Live	webcast:	10/15/13,	11:00	AM	ET

Market Research Series
Technology Trends for Land-Based Electronic Warfare Systems
Sponsored by: Rohde & Schwarz
Live	webcast:	10/17/13,	11:00	AM	ET

Register to attend at  
mwjournal.com/webinars

Technical Education Training
Novel Very-Near-Field Measurement Technique to Test Large 
Directional Antennas in Minutes 
Presented by: EMSCAN
Live	webcast:	10/30/13,	11:00	AM	ET

CST Webinars
High-Speed Serial Link: Full-Wave EM Modeling  
Methodology and Measurement Correlation 
Live	webcast:	10/1/13,	11:00	AM	ET

Simulation and Measurement: Complementary Design Tools 
Live	webcast:	10/17/13,	11:00	AM	ET

MIMO Antenna Systems for Advanced Communication
Live	webcast:	10/24/13,	11:00	AM	ET

Electromagnetic Simulation of Composite Materials and 
Cable Harnesses in Aircraft
Live	webcast:	10/31/13,	11:00	AM	ET
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Clock Oscillator
Crystek Crystals 
announced the 
release of a 
245.760 MHz 
SAW clock oscil-
lator (in single 
frequency 
band), the CC-
SO-

914X-245.760. Crystek designed the module 
using proprietary circuitry and surface acoustic 
wave (SAW) resonator technology to provide 
ultra-low jitter/phase noise performance with 
true SineWave output. The resulting oscillator 
features -150 dBc/Hz phase noise at 10 KHz 
offset and a noise floor of -169 dBc/Hz.
Crystek Crystals, 
www.crystek.com.

OCXO
NEL Frequen-
cy Controls an-
nounced the re-
lease of a new, 
tiny ultra low 
phase noise 

OCXO at 100 MHz. The O-CS8-0X Series 
comes in a 14 × 21 × 6.8 mm surface-mount 
package. This OCXO offers superior close-in 
phase noise of -135 dBc/Hz and -180 dBc/Hz 
phase noise on the floor. The O-CS8-0X fea-
tures an SC-cut crystal and a frequency range of 
80 to 120 MHz. Stabilities range from ±50 ppb 
with temperatures of -55° to 85°C. It has a Sine 
wave +17 dBm output. 
NEL Frequency Controls Inc., 
www.nelfc.com.

Gunn Oscillator
Model SOL-24307-42-VG is a low cost, produc-
tion ready K-Band varactor tuned Gunn 

oscillator. The VCO’s 
center frequency is set 
at 24.125 GHz with 
±150 MHz frequency 
modulation bandwidth 
and +7 dBm nominal 
output power. The 
VCO operates from a 

single +5 V DC power supplier and typically 
draws 250 mA current and requires 0 to +15 V 
voltage swing for electrical tuning. The VCO is 
designed and manufactured to meet FCC Parts 
15 regulations and exhibits -0.8 MHz/°C fre-
quency and -0.03 dB/°C power stability. 

SAGE Millimeter Inc., 
www.sagemillimeter.com.

SSPO
Tokyo Keiki in-
troduced an 
ISM band (2.45 
GHz) power 
source. The sol-
id state power 

oscillator (SSPO) operates with 28 V DC and 
offers up to 1 kW output, including 2.45 GHz 
oscillator, power amplifier, I/F control cards, 
protection circuits, monitor, etc. Features are: 
small size, light weight and long operating life 
(>10 years). Output power (1 to 100 W at CW ) 
and frequency (2.4 to 2.5 GHz) are adjustable 
as per your request.
Tokyo Keiki Inc., 
www.tokyo-keiki.co.jp.

Materials
Antenna Grade Laminates
Rogers Corp. Advanced Circuit Materials Di-
vision introduced improved high frequency 
materials to address several market needs. The 
improved RO4700JXR™ Series antenna grade 
laminates were designed for use in base station, 
RFID and other antenna designs and combine 
low-loss dielectric with low-profile copper foil 
for reduced passive intermodulation (PIM) and 
low insertion loss. The specially formulated 
RO4700JXR thermoset resin system incorpo-
rates a hollow microsphere filler resulting in 
a light weight, low density laminate, which is 
approximately 30 percent lighter weight than 
woven-glass PTFE materials. 

Rogers Corp., 
www.rogerscorp.com.

Antenna
Omni Antenna

Signal Antenna Sys-
tems’ (SAS) UWB300 
is an ultra-wide vertical 
omni, suitable for 
transmit/rcv, and cov-
ers 300-12, 400 MHz 
(useable to 20 GHz), 
with dipole or better 

gain. SAS is a small dynamic organization dedi-
cated to the design, development and produc-
tion of state of the art antennas and related 
systems for military and commercial applica-
tions in the frequency range of 0.01 to 13 GHz. 
SAS provides design services as well as prod-
ucts, all supported by outdoor and indoor (an-
echoic chamber) test facilities. 
Signal Antenna Systems, 
www.signalantenna.com.

Test Equipment
Handheld Tester
Anritsu Co. introduced the MT8220T BTS Mas-
ter, a multi-function handheld durable tester 
with all the capabilities network  

operators, sub-
contractors, in-
stallers, and regu-
latory authorities 
need when mea-
suring base sta-
tions. The third 
generation of 
Anritsu’s field-

proven BTS Master family, the MT8220T has 
improved performance, including a standard 
GPS receiver, enhanced two-port dynamic 
range, faster LTE scanner, and expanded spec-
trum analysis capability, in a design that is thin-
ner and lighter than previous models. 

Anritsu Co., 
www.anritsu.com.

GaN MMIC PA
Hittite an-
nounced the 
HMC1086F10, 
a 25 W GaN 
MMIC power 
amplifier that 
operates be-

tween 2 and 6 GHz, and is provided in a 10-lead 
flange mount package. The amplifier typically 
provides 23 dB of small signal gain, +44 dBm 
saturated output power and delivers +46 dBm 
output IP3 at +33 dBm output power per tone. 
The amplifier draws 1100 mA quiescent current 
from a +28 V DC supply. It features compact 
die sizes, high output power capability and sim-
plified biasing.

Hittite Microwave Corp., 
www.hittite.com.

Zero-Drift Amplifier
Linear introduced the LTC2057HV, a zero-drift 
amplifier featuring self-calibrating circuitry that 
provides high DC precision and stability over 
changes in temperature, time, input range and 
supply voltage. With 5 µV input offset voltage, 
0.025 µV/°C offset drift and 220nVP-P low fre-
quency noise with no 1/f noise, the LTC2057HV 
offers more than 140 dB dynamic range while 
operating on a 60 V (±30 V) supply. This wide 
dynamic range enables tiny signals to be ampli-
fied in the presence of much larger signals with-
out saturating the amplifier or losing precision. 

Linear Technology, 
www.linear.com.

Broadband Amplifier 
Model MSH-4482501 is a new ultra-broadband 
amplifier offering low noise figures, good gain 

flatness, and 
output power. 
This model op-
erates on 1 to 6 
GHz with 28 dB 
gain, noise fig-
ure of 2.5 dB, 
+24 min. Pout 

(1 dBm), VSWR 2.0:1, and DC power +12.0 
V/300 mA. The bandwidth makes this amplifier 
useful for many applications including ECM in-
strumentation and test sets. 
Microwave Solutions, 
www.microwavesolutions.com.

Low Noise/High Gain Amplifier
MITEQ’s new model JS5-26004000-27-10P is a 
state-of-the-art 26 to 40 GHz low noise high 

gain amplifier with only 
2.7 dB maximum noise 
figure and +10 dBm 
minimum P1dB. This 
model has a gain of 36 
dB minimum in a small 
hermetically sealed 

package with field replaceable K-connectors. 
MIL-883 screening is also available. Different 
options such as low gain, noise figure and power 
output are also available.
MITEQ, 
www.miteq.com.
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754 Fortune Crescent, Kingston, ON, K7P 2T3, Canada
Tel: 613 384 3939 -  Fax: 613 384 5026 

e-mail: info@astswitch.com
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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

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

HIGH-REL
Waveguide Switches
WR10 thru WR975

Since 1961

LOGUS.comLOGUS.com

Ultralight

Ground·Sea
Air ·Space

VALUE · QUALITY · FAST DELIVERY

See Our
Augmented 
Reality Issue
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January 2014

31st

MICRO-ADS

DI COAX SETUPS

www.damaskosinc.com

(610)358-0200  fax(610)558-1019

⚫Std Sizes  ⚫ Cal Stdʼs  ⚫ Loading Aids 

µ,ε, σ - MuEpsln™ sfwr

Granular Materials,  Liquids,  Solids

M07T 1 MHz - 18 GHz, 1000T 1 MHz - 5 GHz 

1500T 1 MHz - 3 GHz, 3000T 1MHz - 2 GHz

Model M07T with Platform

Jan Feb Mar April May June July Aug Sept Oct Nov Dec

APS

MTT

Micro-
waves 
& rf

1500T 
platform

Micro-
wave
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2006 Ads

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

FAST PULSE TEST SOLUTIONS

AVR-EB4-B: for reverse-recovery time tests
AV-156F-B: for airbag initiator tests
AVO-9A-B: for pulsed laser diode tests
AV-151J-B: for piezoelectric tests
AVOZ-D2-B: for production testing attenuators
AVR-DV1-B: for phototriac dV/dt tests

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

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

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

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

MICROWAVE SWITCHES FOR THE TELECOM INDUSTRY
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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

Advances in FDTD Computational 
Electrodynamics: Photonics and Nanotechnology

Allen Taflove, Editor
Ardavan Oskooi and Steven G. Johnson, Coeditors
 
 Edited by an outstanding team of authorities in computational electrodynamics, 
including the pioneer of the FDTD method, this book helps you understand the  
latest developments in:

•  Computational modeling of nanoscale optical microscopy and microchip 
lithography;

•  Modeling plasmonics, including nonlocal dielectric functions, molecular inter-
actions, and multi-level semiconductor gain;

•  Nanoscale biophotonics, especially for detecting early-stage cancers;

•  Quantum vacuum, including the Casimir effect and blackbody radiation.

Hardcover • 670 pp. • 2013 
ISBN: 978-1-60807-170-8 • $139 / £92

685 Canton Street, Norwood, MA  02062  USA 
16 Sussex Street, London SW1V 4RW UK

ARTECH HOUSE
B O S T O N   L O N D O N

For complete description and to order, visit 

ArtechHouse.com
Plus shipping/handling and applicable taxes. 

New 2013 Publication!ARTECH HOUSE
 

The Book End

Information warfare/information op-
erations (IW/IO) has evolved as an 
approach to bring information tech-

nologies (IT) to the battlefi eld. This 
book is one of the fi rst in the fi eld to ad-
dress communication electronic warfare 
(EW) systems in the context of informa-
tion warfare. Authored by a recognized 
leading authority, Richard Poisel, this 
book includes EW system performance 
and presents results of system simula-
tions that have not appeared previously 
in any related literature. The book ex-
plores the properties of information, the 
properties of information communica-
tion means, information theory, EW sys-
tem architectures and two operational 

that are usually considered within the 
domain of matrix theory. Some of the 
material is useful for understanding the 
characteristics of information as a dis-
cipline and is relatively nontechnical in 
nature. A working knowledge of prob-
ability theory is also useful; however, the 
necessary fundamental material is intro-
duced when needed. Overall, this is a 
good book for engineers looking to ex-
plore or learn more about EW systems.

simulations – one in Northeast Asia and 
the other in urban terrain.

This book focuses on EW and how 
EW systems and principles can be em-
ployed in the IW/IO discipline. EW in-
cludes all aspects of electronic systems 
that radiate electromagnetic waves in 
some sense. It is a fairly broad area, but 
this book focuses on communications 
EW and how well EW systems oper-
ate against an adversary’s attempts to 
exchange information. The taxonomy 
of EW includes three separate but re-
lated areas that are covered in this book: 
electronic support, electronic attack and 
electronic protection.

This book is intended for technical 
engineering personnel who are either 
new to the EW fi eld or are practicing 
professionals who would like a different 
view of evaluating EW system perfor-
mance. A degree in engineering is gen-
erally required with a working knowl-
edge of linear system theory. The book 
includes linear mathematical systems 

Information 
Warfare and 
Electronic 
Warfare 
Systems

Richard A. Poisel

To order this book, contact:
Artech House 

685 Canton Street 
Norwood, MA 02062

(800) 225-9977
or 

16 Sussex Street, 
London, SW1V 4RW, UK
+44 (0) 20 7596 8750

415 pages, $129
 ISBN: 978-1-60807-705-2
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David Intercontinental Hotel, Tel Aviv, Israel, October 21-23, 2013

IEEE COMCAS 2013, The International IEEE Conference on Microwaves, Communications, Antennas and 
Electronic Systems, continues the tradition of providing a multidisciplinary forum for the exchange of ideas, research 
results, and industry experience in the areas of microwaves, communications, antennas, solid state circuits, 
electromagnetic compatibility, electron devices, radar and electronic systems engineering. It includes a technical 
program, industry exhibits, and invited talks by international experts in key topical areas. 

Keynotes speakers will be Dr. Adam Drobot, Past President, Advanced Technology Solutions and CTO, Telcordia 
Technologies, Inc., USA.

The conference program will be complemented with a Technical Exhibition of over 90 displays, offering attendees 
from industry, academia and government a unique opportunity to network with relevant companies, vendors and 
technologies from Israel and abroad.

The conference will take place in Tel Aviv, ranked by Lonely Planet third in the list of top 10 cities of the world for 
2011, as well as among the 10 best beach cities of the world. Tel-Aviv is not only the cultural center of Israel and 
a major touristic attraction in itself (declared a “World Cultural Heritage Site” by UNESCO in 2003), but also a 
convenient base for country-wide tours of major cultural, historical, religious and natural attractions such as Jaffa, 
Jerusalem, Nazereth, Capernaum, The Sea of Galilee, The Dead Sea, Massada and more.

On both a professional and personal level, we have something for 
everyone and we look forward to welcoming you in Tel Aviv!

Conference Chair:  
Shmuel Auster

Technical Program Chair and Co-chairs:  
Stephen B. Weinstein, Richard V. Snyder, Peter de Maagt, Lance M. Kaplan

For further information and registration forms: 

www.comcas.org

Register Now
Take advantage of our advanced registration at reduced cost! 

3-day International IEEE Conference
2-day Technical Exhibition with over 90 displays

Technical Co-Sponsors:

Diamond Patron:

Platinum Patrons:
ISO 9001    ISO 14001    AS 9100

lusiteMC logo.indd   1 5/6/11   10:35 AM

Gold Patrons:
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Over 167 models…only 0.12 x 0.06" These tiny hermetically sealed 
filters utilize our advanced Low Temperature Co-fired Ceramic (LTCC) 
technology to offer superior thermal stability, high reliability, and very low 
cost, making them a must for your system requirements. Visit our 
website to choose and view comprehensive performance curves, data 
sheets, pcb layouts, and everything you need to make your choice. 
You can even order direct from our web store and have units in your 
hands as early as tomorrow! 

           Choose any 8 LFCN or HFCN models
  Receive 5 of ea. model, for a total of 40 filters
  Order your KWC-LHP FILTER KIT TODAY!

Wild Card KWC-LHP LTCC Filter Kits        
$98 only

U.S. Patents 7,760,485 and 6, 943,646RoHS complianto S
C O M P L I A N T
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