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Prepare yourself for a new kind of relationship with San-tron. A relationship

that combines experience and service with a passion to earn your business.

Over the last 50 years, we’ve taken pride in being a trusted supplier of 

standard and custom engineered coaxial solutions. We have an extensive 

catalog of products from SMA to LC to cable assemblies and our custom

engineering capabilities are unsurpassed. Engage with us today, and 

experience the quality, service, selection, and pricing you’re looking for.

www.santron.com  

978-356-1585
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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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Want a miniature surface mount, shielded plug-in, or rugged
connectorized voltage controlled oscillator with the right stuff
for your project? Contact Mini-Circuits! From custom designs to
standard catalog models always in stock, we’ll supply extra
robust, 100% tested VCO solutions you need at a  price you can afford. Choose from narrow, to broad, to
octave bandwidths. Select from models with low phase noise, linear tuning, load insensitivity, dual output,
wide modulation bandwidths, or 5V models optimized for PLL ICs and synthesizers. And pick from an innovative
array of miniature surface mount packages as small as 0.25" square, all featuring our exclusive glue-down
process on each circuit component to give you ultimate reliability during reflow soldering. You can quickly find the
model you need using our online catalog or "The YONI2 Search Engine" at the Mini-Circuits  web site.
With YONI2, you just enter your specs…click…and immediately start evaluating suggested VCO solutions
using the actual  measured performance data displayed. But perhaps you need a custom design.
Not a problem! Contact us  for our fast response, low prices, and quick turnaround. For your commercial,
industrial, and military applications, choose Mini-Circuits VCOs!

Mini-Circuits ...we’re redefining what VALUE is all about!

10 to4400MHz from
$1195

VCOsVCOs
ea. (qty.5)

RoHS models available, consult factory.

o S
C O M P L I A N T

TM
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Detailed Performance Data & Specs For Mini-Circuits VCOs 
Available Online at: www.minicircuits.com/oscillat.html

For high reliability, all Mini-Circuits
VCOs are tested with the

Agilent E5052A Signal Source Analyzer.
www.agilent.com/find/ssa

402 Rev C

The Design Engineers Search Engine Provides ACTUAL Data Instantly From MINI-CIRCUITS At: www.minicircuits.com

RF/IF MICROWAVE COMPONENTS

P.O. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718) 332-4661 For detailed performance specs & shopping online see Mini-Circuits web site
TM

®

ISO 9001 ISO14001 CERTIFIED

 minicircuits.com
ALL NEW
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Waveguide Diplexers  •

Waveguide Switches  •

Flexible Waveguide  •

Waveguide to Coaxial Adapter  •

Low Noise Amplifiers  •

SP3T Coaxial Switch  •

Printed Circuit Board Integration  •

Command/Status 

& Power Interconnects  •

Combining years of experience and proven 
technology in waveguide components and 
custom waveguide assemblies, Continental

is forging the route to integration. 

The Continental Roadmap 
to Integration

Defense Electronic Systems

Custom integration offers fewer individual
components and interfaces, compact
mechanical packaging, and reduced test
and integration times which translates
into enhanced system performance and
reduced cost.

CONTINENTAL DIVISION
11 Continental Drive

Exeter, NH 03833

603-775-5200

www.contmicro.com

Visit http://mwj.hotims.com/11715-28 or use RS# 28 at www.mwjournal.com/info
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435 Moreland Road, Hauppauge, New York 11788
USA Tel: 631.231.1700 • Fax: 631.231.1711
e-mail: nardaeast@L-3com.com
www.nardamicrowave.com

Narda...High Performance Control products

in standard or custom configurations.

Narda...High Performance Control products

in standard or custom configurations.

Narda’s control products are currently being

deployed in military, space and commercial

applications.  BAE, Boeing, L-3 Communications,

Lockheed Martin, Northrop Grumman, and

Raytheon are among the many corporations

utilizing Narda’s products in the systems they

design and build.

Narda offers a comprehensive selection of

high performance control products for a variety

of applications including pin diode switches,

multi-port switching assemblies, switched

attenuators and phase shifters. Custom-designed

products for demanding commercial and

defense electronic are also available.

For detailed specifications, visit our web site

or contact us today!
� Hermetically Sealed and

meets MIL-STD-883

� Full Military Specifications
including – 55˚ C to +95˚C

Visit http://mwj.hotims.com/11715-101 or use RS# 101 at www.mwjournal.com/info
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Let M/A-COM maximize your power and performance

M/A-COM MSAG™ technology provides the industry's best

functionality and performance with the most mechanically

robust MMICs available on the market today. These MMICs are

produced on a mature and reliable process line that is highly

repeatable for minimizing chip variation. M/A-COM 

has customized solutions for defense and commercial 

applications including point-to-point radios, SatCom, military

and commercial radar, test instrumentation and avionics.

For complete information visit www.macom.com 

or contact our sales office.

*Contact us for additional performance data.

M/A-COM high power, 
high performance GaAs MMICs

MSAG technology
(Multifunction Self-Aligned

Gate MESFET)
for highly integrated MMICs

M/A-COM MMIC
power to the extreme

Tyco Electronics Corporation

North America 800.366.2266 • Europe +44 (0)1908.574200
• Asia/Pacific +81.44.844.8296 • www.macom.com
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Microwave Journal
Buyer’s Guide

Product Focus: 
Amplifiers and Oscillators 

In conjunction with this month’s editori-
al theme, we’ve compiled a complete
listing of amplifier and oscillator prod-
ucts currently featured in our on-line
Buyer’s Guide. The Microwave Journal
on-line Buyer’s Guide is the RF/mi-
crowave engineers’ complete source
for products and services featuring
over 1000 companies.

RF & Hyper Europe 2007
March 27–29, 2007

CNIT-Paris la Defense

Richard Mumford, Microwave Journal’s
European Editor, provides a wrap-up of
select news, information and product
announcements at this year’s RF & Hy-
per show, including a detailed look at
the new products on display.

Lean Manufacturing
UltraSource Inc.

While much of the microelectronics
world is struggling to figure out if Lean
Manufacturing is achievable in their fa-
cilities, one thin film electronics supplier
has embraced it whole-heartedly—and
in the process has already increased
daily production rates on its main pro-
duction line by 475%. The lessons
learned are ready to be explored and
documented for companies who are
struggling with adopting this idea at the
microelectronics level.
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© Agilent Technologies, Inc. 2006

Agilent EEsof EDA has the most RF software developers

www.agilent.com/find/eesof-innovations

A team of absolute value
With hundreds of RF software developers and partners,

Agilent works the high frequency EDA equation like no

other company.

Our 25-year experience in high-frequency design began with

Agilent RF engineers creating design software for their own

use. The result has been the absolutely broadest selec-

tion of capabilities to meet both technical and budget needs

of high-frequency designers. And as our team grows you

can expect upgrades and new technologies proportional to

our size – all focused on helping you tackle the latest

design challenges and communication standards. 

Now the Agilent EEsof EDA team has grown larger with the

addition of Eagleware-Elanix and its own team of experts.

Combine this with technical support that consistently

ranks the best in the high-frequency EDA industry – and

you can be confident that you’re with the right team.

Let the world’s largest team of RF EDA experts help you

find the right solution for your needs and budget. Visit

www.agilent.com/find/eesof-innovations for details

Eagleware-Elanix is now part of Agilent EEsof EDA.
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GUEST EDITORIAL

on a romantic dinner cruise while ad-
miring the beautiful Waikiki skyline.

Since we know that Hawaii cannot
be captured in 12 simple tours, we
have also arranged for additional
tours that can be booked any day of
the week, offering a little flexibility
for our attendees during the confer-
ence. And for those that would like to
plan an outer-island getaway before
or after the conference, as many visi-
tors to Hawaii do, we have arranged
three-night rental car and hotel pack-
ages for your convenience.

A full list of guest tours and outer-
island packages can be viewed at
w w w. m c a h a w a i i . c o m / g r p s 0 7 /
ims2007hi. The advance registration

deadline for all recreational ac-
tivities is May 15, but for those
that miss this deadline, a desk
will be set up at the Hawaii
Convention Center and both
Hospitality Suites during the
convention. We strongly en-
courage advance registration,
however, due to the limited
number of openings for some
tours.

All in all, I believe you will see that
there is a wide assortment of tours for
both children and adults to choose
from, and I invite all IMS 2007 atten-
dees to invite family and friends to
share in this wonderful opportunity. I
hope to see you in June!  ■

Hawaii’s unique location in the
middle of the vast Pacific
Ocean has created an envi-

ronment that is home to a distinctive
blend of sights, sounds and cultures.
Its warm, clean blue waters, awe-
inspiring volcanic eruptions, and fu-
sion of Asian/Pacific/Western customs
have captured the hearts of both visi-
tors and residents alike. As a ka-
ma’aina (person born and raised in
Hawaii), these islands have a special
place in my heart, and I have always
loved playing the role of tour guide
with friends and family that come to
visit. As such, I am very excited to
present to you the IMS 2007 guest
tours.

After months of careful planning, I
believe the Steering Committee and I
have chosen an exciting array of 12
guest tour programs, allowing you to
marvel at the destruction of molten
lava flows, taste the melt-in-your-
mouth feel of an ancient Hawaiian-
style imu roasted pig, travel across
the varied cultures of the South Pa-
cific through song and dance, or relax

IMS 2007:
GUEST TOUR
PROGRAM

KENDALL S. CHING
Guest Program Chair, IMS 2007

Visit http://mwj.hotims.com/11715-22
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How it works: Harlan has selected one question from his “Ask Harlan” column to
be featured in the magazine. Please visit www.mwjournal.com/askharlan to provide an
answer to this month’s featured question (see below). Harlan will be monitoring the
responses and will ultimately choose the best answer to the question. Although all of
the responses to the featured question will be posted on our web site, we plan to pub-
lish the winning answer in the June issue. All responses must be submitted by May 4,
2007, to be eligible for the participation of the April question.

The winning response will win a free book from Artech House, along with an “I
Asked Harlan!” t-shirt. In addition, everyone who submits a legitimate response will
be sent an “I Asked Harlan!” t-shirt.

Satyajit Chakrabarti from SAMEER Kolkata Centre has submitted this
month’s question:
How can a single antenna be made to operate at three or four frequencies? Is
there any bandwidth limitation?

If your response is selected as the winner, 
you’ll receive a free book of your choice from Artech House. 

Visit the Artech House on-line bookstore at www.artechhouse.com
for details on hundreds of professional-level books in microwave engineering and related areas

(maximum prize retail value $150).

The February question was submitted by Peter Saul from Saul 
Research:
Dear Harlan,
What happened to the “Hula Hoop” antenna, AKA DDRR? It was reported in
the 1960s, but not since. It appears from the references (Microwave Journal, Vol.
6, No. 11, November 1963, pp. 89–90; how can I get a copy?) to have had lots of
promise.

The winning response to the February question is from Randy
Williams of SunShine Electronic Repair:
I have found that the “Hula Hoop” antenna is alive and is researched by different
people including a physicist. Mobile communications applications for handsets was
one use of the Hula Hoop antenna. The DDRR, invented by Dr. Boyer from
Northrop, is used for military applications on warships. Dr. Boyer published an arti-
cle that included technical information and a mathematical formulation of DDRR
based on transmission line theory. Entitled “Suprising Miniature Low Band Anten-
na,” the article should be easy to find through research. The antenna had a very low
impedance, very selective, low noise antenna responding to the magnetic component
of the radio wave, low angle, tunable, very high Q. Below is where you can find the
article on Dr. Boyer and where to purchase a publication that expands on the Hula
Hoop antenna and mobile communication. VE2DLJ and VE2AMT found some ten
years ago an old copy of the 73 magazine articles and decided to build a prototype.
They contacted Dr. Boyer and have had numerous discussions with him. He warned
them and told them “not to cut corners.” His recommendations included: use big
tubing (four inches or more for 75 m); do not use automotive exhaust pipe (it will
rust and contact losses will transform the antenna into a dummy load); all contacts
and connections must be A1; solder corners, if you make it square, use Penetrox
everywhere; use very high voltage vacuum capacitors and high quality isolators to
support the rings; do not use chicken wire. Dr. Boyer was horrified by some descrip-
tion of DDRRs using chicken wire. He explained that measurements made by
Northrop engineers showed that the near field is in concentric rings on a one ring
DDRR and that chicken wire could add losses. For the complete article, go to:
http://www.orionmicro.com/ant/ddrr/ddrr1.htm. Also look for a publication called
HandBook of Antennas in Wireless Communications.

February Question and Winning Response

This Month’s Question of the Month
(answer on-line at www.mwjournal.com/askharlan)
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including high ESD levels, the SIM mixers are

competitively priced for military, industrial, 
and commercial applications.Visit our website

to view comprehensive performance data, 
performance curves, data sheets, pcb layouts,

and environmental specifications. And, you can
even order direct from our web store. 

Now…rugged, ceramic SIM mixers offer
unprecedented wide band, high frequency 
performance while maintaining low conversion 
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APRIL

IEEE RADAR CONFERENCE
April 17–20, 2007 • Waltham, MA 
www.radar2007.org

JUNE

IEEE MTT-S INTERNATIONAL MICROWAVE
SYMPOSIUM
June 3–8, 2007 • Honolulu, HI
www.ims2007.org

IEEE RADIO FREQUENCY INTEGRATED CIRCUITS
SYMPOSIUM (RFIC 2007)
June 3–8, 2007 • Honolulu, HI 
www.rfic2007.org

69TH ARFTG CONFERENCE
June 7–8, 2007 • Honolulu, HI
www.arftg.org

IEEE INTERNATIONAL SYMPOSIUM ON ANTENNAS
AND PROPAGATION (AP-S)
June 10–15, 2007 • Honolulu, HI
http://hcac.hawaii.edu/conferences/aps2007/

WCA 2007
June 12–15, 2007 • Washington, DC
www.wcai.com/events.htm

4TH INTERNATIONAL WORKSHOP ON
ADVANCED GROUND PENETRATING RADAR
(IWAGPR 2007)
June 27–29, 2007 • Naples, Italy
www.irea.cnr.it/IWAGPR2007

JULY

IEEE EMC SYMPOSIUM
July 8–13, 2007 • Honolulu, HI
www.emc2007.org

AUGUST

INTERNATIONAL SYMPOSIUM ON ANTENNAS AND
PROPAGATION (ISAP 2007)
August 22–24, 2007 • Niigata, Japan
www.isap07.org

SEPTEMBER

IEEE INTERNATIONAL CONFERENCE ON
ULTRA-WIDEBAND (ICUWB 2007)
September 24–26, 2007 • Singapore
www.icuwb2007.org

OCTOBER

EUROPEAN MICROWAVE WEEK (EUMW 2007)
October 8–12, 2007 • Munich, Germany
www.eumweek.com
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AOC INTERNATIONAL SYMPOSIUM AND
CONVENTION
October 28–31, 2007
Orlando, FL
www.crows.org

MILITARY COMMUNICATIONS CONFERENCE
(MILCOM 2007)
October 29–31, 2007
Orlando, FL
www.milcom.org

NOVEMBER
ANTENNA MEASUREMENT TECHNIQUES
ASSOCIATION (AMTA 2007)
November 4–9, 2007 • St. Louis, MO
www.amta2007.com

DECEMBER
ASIA-PACIFIC MICROWAVE CONFERENCE
(APMC 2007)
December 11–14, 2007 • Bangkok, Thailand
www.apmc2007.org

Signal
Processing
Passive Power Solutions®

HybriX® SMT Power Dividers:
• Power to 50 Watts
• 440 MHz to 2.3 GHz
• 2-, 3-, 4-way divisions
• As small as 0.56 x 0.35 inches (14.22 x 8.89 mm)

HybriX® Crossover:
• RF cross DC or RF cross RF 
• 30 Watts power rating
• DC to 7 GHz
• 0.20 x 0.20 inches (5.08 x 5.08 mm)

DC Block:
• 20 KHz to 10 GHz
• Low Loss
• 16 Volts
• 1.02 inches long (25.91 mm) SMA M/F

HybriX® Couplers:
• 3 dB Hybrid and Directional Couplers
• Low Insertion Loss
• 130 MHz to 4 GHz
• Power to 250 Watts

emct.com • rflabs.com
772-286-9300

ISO 9001 and 14001 Certified

Visit http://mwj.hotims.com/11715-39

COMING EVENTS

CALL FOR PAPERS

Antenna Measurement Techniques
Association (AMTA 2007)

by May 7, 2007
Asia-Pacific Microwave Conference

(APMC 2007)
by June 15, 2007
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REVERBERATION CHAMBER
THEORY AND EXPERIMENT SHORT
COURSE

■ Topics: This course is designed for
engineers who will be involved in ra-
diated emission or immunity testing
of commercial or military systems us-
ing reverberation chambers. The the-
ory portion will cover the statistical
nature of reverberation chamber test-
ing, characterization of the EM test
conditions, and the tradeoff between
uncertainty in test results and test
time. The experiments include typical
measurement techniques, chamber
calibration, immunity, emission and
pulse testing in reverberation cham-
bers.
■ Site: Stillwater, OK
■ Dates: April 30–May 4, 2007
■ Contact: For more information,
visit http://rc-course.okstate.edu.

2007 IEEE MICROWAVE
THEORY AND TECHNIQUE (MTT)
SHORT COURSE

■ Topics: “Power the Future” is a
short course with leading researchers
and distinguished professors. The
course will cover WLAN, WiMAX,
cellular and emerging 60 GHz+ appli-
cations.
■ Site: Menlo Park, CA
■ Date: May 5, 2007
■ Contact: For more information,
visit www.mtt-scv.org.  

MAKING ACCURATE LOW LEVEL
ELECTRICAL MEASUREMENTS

■ Topics: This course provides users
with a detailed understanding of how
to make accurate low level electrical
measurements. Users will learn what
constitutes a low level measurement,
the limitations of these measure-
ments, sources of measurement error
and techniques to eliminate these er-
rors. Additional topics include select-
ing the proper product for a desired
measurement and understanding the
basics of how to communicate with an
instrument from a PC. The session
consists of lectures, demonstrations
and hands-on labs.
■ Site: Cleveland, OH
■ Dates: June 19–20, 2007
■ Contact: For more information,
visit www.keithley.com.

PRACTICAL ANTENNA DESIGN

■ Topics: The course covers the im-
portant and timely issues involving
modern antenna design and theory.
Developed specifically for engineers
and designers who work with radar
and radio communications, this work-
shop will give participants the under-
standing of antenna theory and tech-
niques, the skills to analyze, design
and measure various antennas, and
the knowledge of antenna measure-
ments. For more information, visit
www.conted.ox.ac.uk.
■ Site: Summertown, Oxford, UK
■ Dates: June 20–21, 2007
■ Contact: University of Oxford
Continuing Education, +44 (0) 1865
286958 or e-mail: electronics@
conted.ox.ac.uk.

THE ENTREPRENEURIAL ENGINEER

■ Topics: This short course is an effi-
cient and memorable introduction to
the personal, interpersonal, business
and organizational skills necessary to
help engineers of applied science and
mathematics perform at high levels in
today’s increasingly opportunistic or-
ganizations and enterprises. For more
information, visit http://online.engr.
uiuc.edu/shortcourses/tee/index.html.
■ Site: Archived on-line course.
■ Dates: Archived on-line for any-
time viewing.
■ Contact: University of Illinois at
Urbana-Champaign, 117 Transporta-
tion Bldg., 104 S. Mathews Avenue,
Urbana, IL 61801 (217) 333-0897 or
e-mail: deg@uiuc.edu.

PCB DESIGN TECHNIQUES FOR
EMC AND SIGNAL INTEGRITY

■ Topics: This course will assist prac-
ticing engineers who are responsible
for PCB designs and system-level
products. Disciplines include PCB lay-
out, logic design, regulatory compli-
ance and EMC. For more information,
visit http://epdwww.engr.wisc.edu.
■ Site: For location information,
please visit url.
■ Dates: For date information,
please visit url.
■ Contact: University of Wisconsin,
Department of Engineering Profes-
sional Development, 432 North Lake
Street, Madison, WI 53706 (800) 462-
0876.

J microTechnology, Inc.
(503) 614-9509

(503) 531-9325 [FAX]
info@jmicrotechnology.com

www.jmicrotechnology.com

• Portable low cost 
microwave and DC probing 
test station to verify models 
and components. Test and 
validateASICs, MMICs and 
subassemblies. Precise, 
rugged and feature rich for 
professional use. 

• High functionality with 
modular accessories 
results in rapid and easy 
setup. Large platen for 
probe accessories on all 
sides, 150mm X 175mm 
chuck travel on a swing-
out stage. 

• Brings the high precision 
and repeatability of 
CPW probes to the high 
accuracy test needs of 
microstrip devices.
• Calibration substrates 
available for > 50 GHz 
calibration.

• Manual Probe Stations Offer a 
Cost Effective Option for Both 
General Purpose Probing and 
Dedicated Test Stations

•  Improve Design & Development 
Test Characterization Productivity 
Using a Lab Microprobe Station

• Apply CPW Probes to Microstrip 
Devices Using CPW Adapter 
Substrates

Useful for qualification testing of semiconductors.

Thermal chuck option available.

Probe CardAdapter makes this an ideal prober 
for probe card and test program check out.

Jmicro Technology

Visit Our Web Site for Application 
Info & Data Sheets

Precision Lab Accessories at 
Affordable Prices

Visit http://mwj.hotims.com/11715-64

WORKSHOPS & COURSES
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Our Speedy Off-the-shelf Shipment program will
have them at your door the next day.
Imagine getting the same high-quality power splitters and couplers that
Microlab is famous for…overnight. Our $ Saver Program makes it a 
reality with one of the largest inventories in the industry—all in stock 
and all at unbelievable savings.
• Fastest turnaround time
• We cover from 380 to 2700 MHz and beyond
• Low loss and low specified PIM
Microlab/FXR. Price, performance and delivery that will make you smile.
For details, call +1 (973) 386-9696 or visit www.Microlab.FXR.com

SAVER PRODUCTS

Need high-quality power splitters and couplers overnight?

Visit http://mwj.hotims.com/11715-76 or use RS# 76 at www.mwjournal.com/info

 4M12 FINAL  3/27/07  11:54 AM  Page 21

http://www.Microlab.FXR.com
http://mwj.hotims.com/11715-76
http://www.mwjournal.com/info


www.IMS2007.org
www.gohawaii.com

Photo by Laszlo Ilyes

International Microwave Symposium
RFIC Symposium · ARFTG Symposium

Microwave
Honolulu, Hawai‘i

Reserve a room at conference rates now at www.IMS2007.org
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www.IMS2007.org
For further information, please
contact Kristen Dednah at:
kdednah@mwjournal.com

or 781-769-9750

Week 2007
3–8 June 2007

The premier microwave and wireless conference featuring
technical sessions and workshops for commercial and

military applications
• Field Analysis and GuidedWaves
• Frequency Domain Techniques

• Time Domain Techniques
• CAD Algorithms and Techniques

• Linear Device Modeling
• Nonlinear Device Modeling

• Nonlinear Circuit Analysis and System Simulation
• Transmission Line Elements
• Passive Circuit Elements

• Planar Passive Filters and Multiplexers
• Non-Planar Passive Filters and Multiplexers

• Active and Integrated Filters
• Ferroelectric, Ferrite and AcousticWave Components

• MEMS Components and Technologies
• Semiconductor Devices and Monolithic IC Technologies

• Signal Generation
• Frequency Conversion and Control

• HF/VHF/UHF Technologies and Applications

• Power Amplifier Devices and Integrated Circuits
• High Power Amplifiers

• Low Noise Components and Receivers
• Millimeter-wave and Terahertz Components

and Technologies
• Microwave Photonics

• Digital Circuits and Systems at GHz Speeds
• Packaging, Interconnects, MCMs

and Hybrid Manufacturing
• Instrumentation and Measurement Techniques
• Biological Effects and Medical Applications
• Smart Antennas, Spatial Power Combining

and Phased Arrays
• Radars and Broadband Communication Systems
•Wireless and Cellular Communication Systems

• Sensors and Sensor Systems

• Full guest program for the family
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wireless technology, is almost invisible in the
distance; and, finally, the economic water-
spout, which caused all the damage, is leaning
ominously toward that rescuer. Was there any
hope? Indeed, there was. Wireless technology
has taken hold more strongly than most of us
would have predicted, and has replaced a lot
of volatile military business with more stable
commercial business, motivated by a genuine
demand from the public instead of the mercu-
rial interests of politicians. Still, that technolo-
gy has presented challenges that are startlingly
difficult to meet, and they have changed the
face of amplifier and oscillator design dramati-
cally. Many of us, accustomed to heavily fund-
ed, ultra-high tech aerospace industries, were
tempted to think that commercial electronic
design would not be particularly challenging.
Those of us beset by that illusion have been
humbled, indeed.

I thought it might be fun to look at some of
these technologies and see how they have af-
fected amplifier and oscillator design, how

24 MICROWAVE JOURNAL ■ APRIL 2007

STEVE MAAS
Applied Wave Research Inc.
El Segundo, CA

Adozen years ago, it crossed my mind
that Winslow Homer’s dramatic (some
would say melodramatic) painting,

“The Gulf Stream” (see Figure 1), was a near-
ly perfect metaphor for the microwave indus-
try. The ship of microwave industry is
foundering in the turbulent, tropical water,
afloat but with the mast snapped off and rud-
der missing; the poor engineer is still support-
ed by that industry, but it is unclear how long
that will continue; the sharks of unemploy-
ment are circling; the only hope of rescue,

AMPLIFIERS AND
OSCILLATORS: THE
LANDSCAPE IN 2007

COVER FEATURE
INVITED PAPER

Fig. 1  Winslow Homer’s
“The Gulf Stream”—a
metaphor for the wireless
industry? ▼
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RLC ELECTRONICS, INC.
83 Radio Circle, Mount Kisco, New York 10549 
Telephone: 914-241-1334 • Fax: 914-241-1753
e-mail: sales@rlcelectronics.com • www.rlcelectronics.com

RLC HAS THE SWITCH
For over 45 years RLC has been the Leader in

Coaxial Switches with Standard and Custom

Designs, Excellent Reliability, High Volume

Production and Cost Effective Solutions... 

and RLC is ISO Certified.

RLC is your complete Microwave Component

source… Switches, Filters, Power Dividers,

Couplers, Terminations, Attenuators, DC

Blocks, Hybrids, Bias Tees, Diplexers,

Multiplexers, Equalizers & Detectors

• Frequency Range: DC to 65 GHz 

• Surface Mount or Connectorized

• Low Insertion Loss & VSWR

• Excellent Repeatability

• Low Intermodulation

• Failsafe, Latching or

Manual Operations

• SPDT to SP12T

• 50 or 75 Ohms

• High Isolation 

QPL APPROVEDMIL-3928

Visit http://mwj.hotims.com/11715-122 or use RS# 122 at www.mwjournal.com/info
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they have created new demands, and
how well those demands are being
met. As it happens, I think we are do-
ing pretty well. Certainly, challenges
remain, and most of us would not
have it any other way. This is one of
those times when it is genuinely fun
to be an engineer.

POWER AMPLIFIERS
Nowhere has the microwave land-

scape been changed more profoundly
than in the area of power amplifier
(PA) design. Not long ago, a solid-
state PA with approximately 45 per-
cent efficiency was considered quite a
nice thing to have, even for such tra-
ditional high efficiency applications
as spacecraft. Today, even for high
linearity applications, that efficiency
is marginal, and for applications
where linearity is not needed (such as
GSM cellular handsets), totally unac-
ceptable. Efficiency alone is rarely
enough; other requirements, such as
size, cost and distortion, have as-
sumed equal importance.

Power
Power really is not the problem.

We can build amplifiers that provide
any reasonable (or maybe even un-
reasonable) level of power that a user
decides he must have. The real prob-
lem is to generate the required power
consistent with all the other require-
ments placed upon the poor, suffer-
ing little PA chip. The most difficult
of these are efficiency and linearity,
directly opposing tradeoffs.

Efficiency
Obviously battery-powered equip-

ment, such as cell phones and wire-
less network cards in laptop comput-
ers, must be efficient. The need for
high efficiency is not limited to such
applications, however. Efficiency is
important even in cellular base sta-
tions, which seemingly have an inex-
haustible supply of power. One rea-
son is thermal management of the
amplifiers and other equipment. A
second reason, perhaps less obvious
to the design engineer but painfully
clear to the cellular operator, is the
cost of electricity. A cellular base sta-
tion can easily use $2500 worth of
electricity per year; a large operator,
who may have 40,000 such stations,
pays $100M per year for electricity.
As both energy prices and the num-

ber of base stations increase, this
number has nowhere to go but up, as
well as the air pollution and carbon
emissions from the electrical generat-
ing stations needed to power them.
As with other important power ampli-
fier characteristics, efficiency intrinsi-
cally is not a problem. Amplifiers
with power-added efficiencies well
above 75 percent at cellular frequen-
cies have been produced, even by this
author, who claims no special exper-
tise in the area, and efficiencies well
into the 90 percent range regularly
have been achieved, at low frequen-
cies, by class-E amplifiers. The real
problem is to achieve good efficiency
along with other requirements, which
often include linearity. Resolving
these diametrically opposing trade-
offs is today’s greatest challenge in
power amplifier design.

Gain
At first glance, gain seems not to

be very important. The higher the
gain of the power stage, however, the
smaller—and lower power—the dri-
ver stage needs to be. Viewing this
another way, we might note that pow-
er-added efficiency increases as gain
increases. This is important, as the
gain of silicon devices is generally
lower than that of GaAs heterojunc-
tion devices, so any move to the use
of SiGe for handset power amplifiers
will encounter this difficulty.1

Linearity
Linearity is probably the most dif-

ficult requirement to meet, not only
because it is a direct tradeoff with
other requirements, especially effi-
ciency, but also because it is very dif-
ficult to identify the best approach to
meeting it. It is indeed interesting to
note that no theory of nonlinearity in
large-signal circuits, similar to, say,
Volterra-series theory in small-signal
circuits, currently exists. Lack of such
a theoretical basis makes modeling of
devices and intuitive optimization of
circuits a genuine dilemma. We
know, for example, that much distor-
tion of modulated signals is related to
peak clipping, but what else? What
parts of a transistor’s I/V characteris-
tic are most significant? What is the
relative importance of resistive and
capacitive nonlinearities? We gener-
ally assume that numerical simulation
can answer such questions, but the

results depend strongly on device
models, and we need to answer those
questions to model a device appropri-
ately. Furthermore, numerical analy-
sis of particular cases does not always
provide the intuitive insight we need
for a general understanding of design
optimization. The best situation exists
when numbers provide insight, and
insight provides ideas that can be val-
idated by numbers. As things stand,
we are missing half that process.

Size and Cost
It seems that cell phones can nev-

er be small enough to satisfy con-
sumers. Since the power amplifier is
invariably a separate package from
the rest of the digital and RF hard-
ware, it consumes a disproportionate
amount of space in the phone, in
spite of its tiny package. Similarly, the
cost of the power amplifier, although
low, is still a significant part of the
handset manufacturing cost. Any new
technology that increases the size of
the PA chip will be a hard sell to
handset manufacturers. Technologies
that require, say, quarter-wave trans-
mission lines at 1800 MHz, are non-
starters for this application. Others,
which employ digital signal process-
ing (DSP) chips and, perhaps, modest
improvements in size, might be bet-
ter received, especially if they offer
significantly increased efficiency. As
Steve Cripps summarized it two years
ago,2 “Efficiency, power, linearity:
pick any three.” In the case of cellular
PAs, I might increase the total to five
by adding small size and low cost to
the list.

APPROACHES TO PA DESIGN
Currently, the dominant method

for achieving high efficiency, low dis-
tortion operation needed by cellular
handsets is with class-AB, InGaP
HBT amplifiers. These can have sur-
prisingly good distortion characteris-
tics, exhibiting adjacent-channel pow-
er ratios (ACPR) below –45 dBc with
40 to 45 percent efficiency. It is
worthwhile to note that ideal class-B
amplifiers do not produce odd-order
intermodulation distortion (IMD).
IMD, of which ACPR is a manifesta-
tion, probably arises primarily from
peak clipping, nonlinear input/output
characteristics and nonlinearity near
the turn-on point of the devices. As
we shall note, this evaluation of dis-
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www.endwave.com
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tortion sources is somewhat uncertain
and necessarily incomplete, as a gen-
eral theory of distortion in large-sig-
nal devices so far does not exist. An
interesting question surrounds the
possibility of using silicon technolo-
gies for handset power amplifier ap-
plications. The use of SiGe technolo-
gy, in particular, could provide signifi-
cant improvements in cost and
integration. At present, some new ca-
pabilities are critically needed in sili-
con technologies before this can hap-
pen. An interesting invited paper at
the 2007 SiRF Symposium explored
some of the limitations.1 Beyond the
well recognized problem of low
breakdown voltage, the author identi-
fied the need for through-wafer vias,
thick gold or copper conductors (both
to handle high current densities and
to provide thermal uniformity), de-
vice and interconnect modeling, and
thermal interaction in high density
circuits as areas that must be ad-
dressed. It is remarkable to see that
many old ideas for power amplifier
design are currently being reevaluat-
ed. Many of these were well de-
scribed by Cripps in his article two
years ago, and in the recently pub-
lished second edition of his classic
text.3 Many of these approaches are
large, and thus are not likely ever to
be used in handsets, although other
applications are possible. One excep-
tion is the idea of envelope elimina-
tion and restoration, which is being
approached in a number of variants.
In this idea, the signal is compressed,
leaving only the phase information,
and the amplitude information is re-
stored by a more or less conventional
amplitude modulation process (see
Figure 2). Although this approach
seems simple and elegant, it suffers
from a number of limitations, espe-
cially the need for a high efficiency,
broadband modulator and the prob-
lem of phase shift introduced by the
AM modulation process. Much of this
can be addressed through DSP tech-
niques. Other methods involve simi-
lar, direct phase- and amplitude-mod-
ulation of the PA. Again, DSP is nec-
essary to overcome some of the
difficulties.

LOW NOISE AMPLIFIERS (LNA)
We have come a long way from the

days when a low noise FET cost $300
and provided a 3 dB noise figure at 12

GHz, and we felt lucky to have it.
Low noise GaAs, and even InP, FET
technologies are mature, epitaxial
MESFET technologies have almost
completely given way to heterojunc-
tion technologies, and such devices
are now available in low cost epoxy
packages for a few cents each. Device
noise figures, in the middle mi-
crowave region, are so low that the
devices can be viewed as virtually
noiseless, in that their noise is negligi-
ble relative to other noise sources.
Similarly, the large-signal handling of
such devices is indeed impressive, al-
though it does come at the cost of DC
power. As long as DC power is avail-
able, it is relatively easy to realize
FET amplifiers with output third-or-
der intercept points (IP3) above 40
dBm, although this generally occurs
at some cost to the noise figure. Mi-
crowave FET amplifiers still must be
optimized for high IP3 or low noise,
but cannot be optimized for both.
However, low device noise figure
means that there is more room to
trade off noise figure when the ampli-
fier is optimized for IP3, showing that
low noise provides a modest, albeit in-
direct, distortion benefit. But techni-
cal problems, like cockroaches, never
disappear; they just find another place
to reside. In this case, they have taken
up residence in silicon, and now in-
habit the land of CMOS and SiGe
technology. Device noise figures in-
evitably fall as technology improves.
Now, 0.15 µm CMOS technologies
are considered standard tools, and
much shorter gate technologies, 0.090
µm and even 0.065 µm, are available.
The latter can produce circuits oper-
ating well into the millimeter region;
indeed, 60 GHz circuits are readily
produced in 0.13 µm technology.4
These technologies are valuable not
only for low noise operation at high
frequencies; they also provide high
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▲ Fig. 2  Envelope elimination and
restoration is a general term for technologies
that remove a signal’s amplitude information
and use it to modulate a high efficiency
amplifier.
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performance at low DC operating
power. This is especially important for
a wide variety of portable equipment.
While reduction in noise figure is au-
tomatic as technologies improve, the
same is not true of large-signal han-
dling ability. Indeed, if anything, the
use of smaller devices and lower oper-
ating voltages, necessary for these
technologies, results in substantial re-
duction in large-signal capability. This
comes from two characteristics. First,
it is possible to show that scaling a
particular device to a smaller size in-
herently decreases its linearity.5 If this
scaling includes reduction in gate
length as well as width, the nonlinear-
ity becomes even more pronounced.
Second, an amplifier’s output power is
fundamentally limited by DC input
power. As the signal level reaches a
point where the amplifier cannot pro-
vide more output power, it saturates
and the signal is distorted. Thus, even
an ideally linear but power-limited
amplifier must inevitably generate
distortion as its output power ap-
proaches its limits. This has profound
implications for LNAs in mobile, low
power transceivers. Amplifiers in cell
phones and computers, for example,
must operate at very low DC power,
but at the same time, must tolerate
strong interfering signals. The com-
munication techniques used in such
applications are designed to be toler-
ant of interference from other users,
but they cannot compensate for a sig-
nal completely blocking the front-end
of the receiver. Thus, large-signal han-
dling is an important requirement for
such amplifiers, and, along with all
the requirement of low DC power, a
difficult one to meet. The DC power
limitation is fundamental, so any way
around it must involve increasing
power, at least temporarily, in some
manner. It is interesting to note that
the research community seems to be
addressing the matter of noise figure
through technology improvements,
but is not addressing the issue of
large-signal handling and linearity in
any non-obvious way. It seems, there-
fore, that some improvements might
be possible if more fundamental re-
search were applied to this problem.

OSCILLATOR TECHNOLOGY,
DESIGN AND OPTIMIZATION

Oscillators are a mature technolo-
gy. They have been around for a long

time. It would therefore seem that,
by now, we should have been able to
figure out how they work. But we still
have not. Lest the reader dismiss that
remark as a provocative overstate-
ment (which it is, after all, but please
don’t dismiss it quite yet), consider
this question: in how many areas of
technology do we depend, for design
information, on technical concepts
that have not changed much in the
last 40 years? Kurokawa theory,7

Barkhausen criterion,5 describing-
function concepts8 and Leeson’s
model of phase noise9 are still the
dominant tools for oscillator design.
Although it is true that new methods
for oscillator and phase noise analysis
have been developed,10–12 these are
largely numerical means for comput-
er-aided analysis of such circuits, and,
with few exceptions (for instance in
Refs. 13 to 17), provide little new, in-
tuitive understanding of these com-
ponents. Little new information has
worked its way into the psyches of
designers as general methods for de-
signing and optimizing oscillators.
The dominant approach for low noise
oscillator design is to create negative
resistance, maximize the Q of the
tuning circuitry, minimize the noise
through device selection, analyze it
on the computer (as long as the de-
vice model includes low frequency
noise sources; most do not) and hope
for the best. If some designs work any
better than others, it is not because of
this kind of design process. One big
hang-up is the idea of different types
of designs. Four basic design ap-
proaches can be described: negative-
resistance design, stemming from the
ideas first proposed by Kurokawa;7
the use of Barkhausen’s criterion,
which is a fundamental idea de-
scribed in many texts;8 the use of
classical circuit structures such as the
Pierce and Colpitts structures; and,
finally, the numerical formulations
used in circuit simulators, harmonic-
balance methods in particular. These
have always been viewed as distinctly
different design approaches, but, in
fact, it is possible to show that they
are equivalent. The Colpitts oscilla-
tor, for example, can be described as
a feedback oscillator with an LC, pi-
section feedback circuit.8,19 Rhea
generalized this idea, showing that
oscillators could use a wide variety of
feedback circuits, many of which
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were more appropriate for certain ap-
plications or frequency ranges than
the classic ones.20 These were inher-
ently linear designs, but oscillators
are strongly nonlinear circuits. These
approaches depend on a concept
called describing functions, in which
the oscillator is modeled in terms of
the circuit’s effect on the fundamen-
tal frequency alone. Although this ap-
proach provides some insight into
their operation, oscillators, in reality,
are nonlinear components and must
be treated as such. Describing an os-
cillator’s operation in terms of
changes in the fundamental-frequen-
cy component and behavior of pseu-
do-linear poles, as the active part of
the circuit goes into oscillation, is a
pretty severe oversimplification. Go-
ing beyond that kind of description
requires consideration of the circuit’s
nonlinearities. The equivalence of
Rhea’s generalized feedback circuit
(which, recall, is equivalent to the
Barkhausen criterion), Kurokawa’s
negative-resistance approach, and, fi-
nally, the modern harmonic-balance
approach, are a little more difficult to
see. Consider the classical division of
a circuit into linear and nonlinear
subcircuits for harmonic-balance
analysis, as shown in Figure 3. It ap-
plies to oscillators as well as driven
circuits. In the oscillator case, there
are no excitations. (We assume that
the DC excitation is inherent in the
negative-resistance device and need
not to be shown explicitly.) This divi-
sion is basic to harmonic-balance
analysis. Let Z be the impedance ma-
trix of the linear subcircuit and Y be
the admittance matrix of the lin-
earized nonlinear subcircuit. Clearly,

V = ZI (1)

For oscillation to occur, the voltages
at the nonlinear subcircuit must pro-
duce the set of harmonic current
components that satisfy Equation 1.
This is equivalent to saying that the
voltage produces a current, from the
active element, which in turn pro-
duces that same voltage after feed-
back, a statement, in effect, of the
Barkhausen criterion. This is the ba-
sis of the feedback description. Thus,

–I = YV (2)

From Equations 1 and 2,

–ZYV = V (3)

Thus, oscillation conditions for the
linear oscillator require that the ma-
trix –ZY have an eigenvalue equal to
1. Reducing this to Kurokawa’s nega-
tive-resistance case of a single port
and a single frequency (the funda-
mental, of course), we have

–ZL Ys V = V (4)

or

ZL = –Zs (5)

which is the well known oscillation
condition for negative-resistance os-
cillators.

This simple derivation also shows
why a purely linear oscillator cannot
exist: the voltage vectors satisfying
Equation 3 are eigenvectors of the
system, which are never unique.
Thus, a unique oscillatory solution
does not exist. Some nonlinearity is
necessary to create a unique solution.
In the nonlinear case, Equation 3 be-
comes

–Z FI(V) = V (6)

where FI(V) is a nonlinear vector
function, providing harmonic ele-
ment currents as a function of har-
monic voltages. Although I start to
bleed internally while doing this, it is
possible to express Equation 6 in this
form

–Z Y(V) V = V (7)

generalizing the describing-function
approach, which is based on the idea
of a fundamental-frequency, psuedo-
linear circuit whose admittances de-
pend on voltage magnitude.

NONLINEAR ANALYSIS OF
OSCILLATORS

My favorite way to illustrate the
problems of nonlinear oscillator
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▲ Fig. 3  The classical division of a circuit
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analysis is through an example, the
Van der Pol oscillator. The Van der
Pol oscillator is beloved of circuit the-
orists because it can be treated ana-
lytically, without resorting to numeri-
cal methods. The oscillator is shown
in Figure 4. It consists of a nonlinear,
negative-resistance device having the
I/V characteristic

I(V) = –GV + GaV3 (8)

and an ordinary parallel LC res-
onator. We assume that this resonator
is high Q, so only a single harmonic
of voltage can exist; thus,

V(t) = V1 cos(ωt) (9)

Substituting this into Equation 8
shows that only first- and third-har-
monic currents exist, and the latter
simply idle in the resonator. Satisfy-
ing Kirchoff’s current law and solving
for V1 gives the simple result

V1 = [4/3 (G – GL)/Ga]1/2 (10)

Applying some numbers to Equa-
tion 10, G = 0.015, GL = 0.01 and a =
1/3, gives V1 = 1.1547 V. The device-
current waveform is shown in Figure
5 and its fundamental-frequency
component is I1 = –0.01547 A. Note
that we have satisfied the oscillation
conditions in the negative-resistance
sense, as the device admittance (de-
fined as in Kurokawa’s theory) is I1/V1
= –0.01 = –GL. Note also that the de-
vice’s small-signal admittance, found
by differentiating Equation 8, is
–0.015. Thus, the magnitude of the
small-signal conductance has de-
creased, as the voltage magnitude in-
creased, as required by negative-re-
sistance oscillator theory. The figure
gives a good, intuitive sense of why
this occurs: as V1 increases, the cur-
rent waveform flattens, and its funda-
mental-frequency component no
longer increases as rapidly as V1.
Therefore, |I1/V1| inevitably decreas-
es, until an equilibrium is reached
that satisfies the oscillation condi-
tions. This idea contradicts a com-
monly held belief about transistor os-
cillators, namely, that the circuit, un-
stable in the small-signal sense,
“blows up,” and is saved from obliv-
ion only by saturation of the active
device. In reality, a kind of nonlinear
balancing act occurs, with the venera-
ble Kirchoff doing the balancing. The
whole process is really quite civilized,
and thoroughly non-violent.

The circuit has other stories to tell,
which are profoundly important for
oscillator analysis. To do so, we put
the circuit into harmonic-balance
form, create the Jacobian, and discov-
er that, when the oscillation condi-
tions are satisfied, the Jacobian is sin-
gular! In practice, this means that os-
cillator analysis, by harmonic-balance
methods, is inherently numerically ill
conditioned, and its ill conditioning
gets worse as the iterative process ap-
proaches a solution. This is one rea-
son why nonlinear analysis of oscilla-
tors is so difficult. However, one can
also show that when the nonlinear
analysis problem is formulated as an
optimization problem, instead of the
more traditional multi-dimensional
Newton approach, the problem is
much better conditioned. This may
be one reason why methods based
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heavily on optimization, such as the
use of an auxiliary generator, seem to
be considerably more robust than
those based more strongly on New-
ton’s method.

PHASE NOISE ANALYSIS
One of the more contentious re-

search subjects has been the matter
of phase noise analysis and optimiza-
tion. As such, it is interesting to view
this situation both historically and
technically.

One of the earliest treatments of
phase noise in oscillators, and often
the only one familiar to designers, is
that of Leeson.9 Leeson formulated
the oscillator noise problem as a kind
of phase feedback circuit containing
an amplifier and resonator, in which
noise was treated as an input signal
near the frequency of oscillation. The
model is shown in Figure 6. Analyz-
ing this model by a baseband equiva-
lent circuit, and assuming the noise
spectrum to have a 1/f shape, gives
Leeson’s well known expression for
the SSB carrier-to-noise ratio, �(fm),

where Ps is the signal power, QL is
the loaded Q of the resonator, fm is
the offset frequency and f0 is the fre-
quency of oscillation. F is called the
noise figure, but it is actually a mea-
sure of the level of upconverted 1/f
noise; it is decidedly not the high fre-
quency noise figure of the amplifier.
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This model essentially tells us that,
for a particular frequency of oscilla-
tion and offset frequency, we should
maximize the signal-to-noise ratio
and minimize the loaded Q of the
resonator, both of which seem intu-
itively reasonable. The model, how-
ever, is not quantitatively very useful,
as it does not tell us anything about
the upconversion process of 1/f noise
from baseband to the oscillation fre-
quency, and the concept of “loaded
Q,” while clear in the model, is not
clear in a real oscillator circuit; the
loaded Q of a negative-resistance os-
cillator is always infinite! Thus, while
useful qualitatively, Leeson’s model
has no real quantitative value.

A more complete phase noise
analysis has been a research goal for
many years. One of the most interest-
ing early works was that of Rizzoli, et
al.,21 who discovered that ordinary,
nonlinear-noise theory, applied to os-
cillators, simply did not work at low
offset frequencies. They did discover,
however, that an alternative but
equivalent method, based on phase
sensitivities, worked well at those
small offsets. Thus arose the dichoto-
my between conversion noise, the
standard method and modulation
noise, based on phase sensitivities.
Many of today’s harmonic-balance
phase noise analyses still use these

concepts. The problem with conver-
sion noise at small offsets is closely
related to the problem of Jacobian
singularity. The conversion matrix,
used in the conversion-noise analysis,
is, in effect, a Jacobian evaluated at
the offset frequency. Thus, the small-
er the offset, the worse the Jacobian
conditioning, and the less stable the
solution. This can be illustrated dra-
matically with the Van der Pol oscilla-
tor. Figure 7 shows the results of a
conversion-noise analysis of the oscil-
lator (a), which seems quite credible.
However, changing a single term of
the conversion matrix from 0.005 to
0.005000001 gives the result shown
in (b). The original calculation seems
right only because the analysis of the
Van der Pol oscillator can be per-
formed analytically, and, fortuitously,
the matrix entries can be expressed
exactly with few decimal places.
Note, however, that the graphs are
identical beyond 10 kHz. This is typi-
cal of conversion-noise analysis. The
dual treatment of conversion and
modulation noise has always present-
ed a small, but real, dilemma: at what
point does one switch from one type
of analysis to another? It is not always
clear that the intuitive answer to that
question is really the correct one. It is
better to have one analysis that uni-
fies the two. One such method, which
has been implemented in more mod-
ern circuit simulators, is that of
Ngoya.22 Experience indicates that
this method is quite robust and accu-
rate at all offset frequencies.

OSCILLATOR DESIGN AND
OPTIMIZATION

These methods, while important
for numerical analysis of oscillators,
provide little insight into design tech-
niques for minimizing phase noise.
Surprisingly, only a little work based
on ideas other than manipulation of
Leeson’s model has been presented.
One exception is the work of Zirath, et
al., who showed that millimeter-wave
oscillator phase noise, in both SiGe
and InGaP HBT technologies, could
be minimized through the use of a
small set of thoroughly straightforward
design methods. One of their VCOs
exhibited –120 dBc noise at 100 kHz
offset, at an output frequency of 13
GHz.17,18 One of the clear implica-
tions of Leeson’s model, as well as oth-
er approaches to phase noise analysis,
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▲ Fig. 7  Conversion noise calculations of
the Van der Pol oscillator phase noise.
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is the need for a high resonator Q.
High resonator Q not only minimizes
phase noise, but makes the oscillator’s
stability (which is, in reality, a kind of
phase noise at low offset frequencies)
more a function of the resonator’s
characteristics and less of the device’s.
The latter, of course, is thermally rela-
tively unstable, so it is beneficial to
make the oscillator’s performance de-
pendent primarily on a stable, well de-
signed resonator.

Unfortunately, making a good res-
onator is not easy, especially if small
size and complete integration is
needed. Most high performance os-
cillators today use dielectric res-
onators coupled to microstrip. These
must be shielded and located off-
chip, so even a monolithic oscillator
incurs the cost of a special housing
and extra components. Worse, opti-
mizing the dielectric resonator’s cou-
pling to the microstrip line usually re-

quires a degree of manual adjust-
ment, the last thing one desires in
low cost, high volume production.
Thus, the research literature is heavy
with attempts to create high quality
(or, shall we say, acceptable-quality)
resonators on-chip. This need is espe-
cially great in silicon RF CMOS and
BiCMOS, where virtually every chip
needs the high stability, frequency ac-
curacy and low phase noise provided
by a phase-locked loop. Inevitably,
the on-chip resonator is an LC circuit
using a spiral inductor. Because of
the inherently lossy substrates and
conductors used in CMOS circuits,
such inductors do not have high Qs.
Much research has been devoted to
optimizing those inductors.23–27

Some of this work has been quite so-
phisticated analytically,28 and a wide
variety of circuits have been pro-
duced.29–33 Other work has been de-
voted to finding other ways to make
tunable reactive elements34 or inte-
grating more conventional resonators
into fabrication media, obviating the
need for resonator tuning.35

OSCILLATORS AND AMPLIFIERS
AT MILLIMETER WAVELENGTHS

One of the most remarkable devel-
opments of the past few years has
been the ability to fabricate millime-
ter-wave (mmW) circuits in silicon
CMOS. The sophistication of silicon
technology, allowing thin oxides and
feature sizes well below 0.1 µm, with
good yield, allows practical circuits
well above 100 GHz. Although many
difficulties remain, such capabilities
indicate that commercial mmW ap-
plications may exist in the near fu-
ture. At the same time, modern cir-
cuit-analysis and electromagnetic-
analysis software is instrumental in
addressing the very difficult problems
of low cost, practical circuit interfaces
and packaging. Automotive applica-
tions serve as a prototype for the
commercial exploitation of such tech-
nologies. The obvious one is the auto-
motive radar band at 77 GHz. GaAs
and InP heterojunction technologies
have been, and probably always will
be, too expensive for making automo-
tive radars that can be installed in all
types of vehicles. Silicon will proba-
bly be necessary for a broad applica-
tion of such systems. Similarly, many
types of automotive sensors, such as
anti-theft devices and backup and
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Gain Noise Output VSWR DC Power
Frequency Gain Flatness Figure Power In/Out @ +15V

Model Number (GHz) (dB, Min.) (±dB, Max.) (dB, Max.) (dBm, Min.) (Max.) (mA, Nom.)

AMF-3D-00100200-60-27P 0.1–2 25 2 6 27 2:1/2.3:1 475
AMF-4D-00100200-40-27P 0.1–2 40 1.5 4 27 2:1/2.3:1 750

AMF-4D-00100800-40-28P 0.1–8 37 1.5 4 28 2:1 800

AMF-2B-02000800-70-27P 2–8 15 1.5 7 27 2:1 560
AMF-3B-02000800-55-27P 2–8 25 1.5 5.5 27 2:1 660
AMF-4B-02000800-45-27P 2–8 36 1.5 4.5 27 2:1 720

AMF-5B-08001800-80-27P 8–18 20 2 8 27 2:1 1200
AMF-6B-08001800-70-27P 8–18 25 2 7 27 2:1 1300
AMF-7B-08001800-60-27P 8–18 30 2 6 27 2:1 1400
AMF-9B-08001800-70-29P 8–18 30 2.5 7 29 2:1 3000

AMF-1B-01000200-40-25P 1–2 10 1 4 25 2:1 250
AMF-2B-01000200-13-25P 1–2 30 1 1.3 25 2:1 300
AMF-3B-01000200-10-25P 1–2 42 1 1 25 2:1 360

AMF-2B-02000400-30-25P 2–4 22 1 3 25 2:1 330
AMF-3B-02000400-15-25P 2–4 35 1 1.5 25 2:1 400
AMF-4B-02000400-13-25P 2–4 47 1 1.3 25 2:1 440

AMF-3B-04000800-25-25P 4–8 25 1 2.5 25 2:1 450
AMF-4B-04000800-15-25P 4–8 36 1 1.5 25 2:1 490
AMF-5B-04000800-15-25P 4–8 47 1 1.5 25 2:1 540

AMF-6B-12001800-45-25P 12–18 33 1.5 4.5 25 2:1 740
AMF-5B-12001800-60-28P 12–18 18 2 6 28 2:1 1600
AMF-6B-12001800-50-28P 12–18 24 2 5 28 2:1 1700
AMF-8B-12001800-60-29P 12–18 32 2.5 6 29 2:1 2400
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blind-spot warning sensors, already
exist, albeit only in high end vehicles.
Cost reductions likely from silicon
mmW realizations may make these
more generally available, improving
security and safety of many kinds of
vehicles. Another important applica-
tion is millimeter-wave imaging for
security purposes. Such systems al-
ready exist, but they are often too ex-
pensive for small-scale use. One of
the most important advantages of

mmW technology is the availability of
broad bandwidths. This is especially
important for one of the more inter-
esting applications, point-to-point
and point-to-multipoint high data-
rate communications at 60 GHz. The
60 GHz band offers up to 7 GHz of
spectrum for such applications. Para-
doxically, the high loss caused by oxy-
gen absorption at this frequency of-
ten is an advantage. It creates an ex-
ponential loss component on top of

the ordinary inverse-square loss due
to range, which can be used, along
with power adjustment, to minimize
interference. Such techniques have
been of interest to the military, for se-
cure communications, for many
years. A recent workshop at the 2006
European Solid-state Circuits Con-
ference in Montreux, Switzerland,
showed that, although packaging and
interfacing issues remain, silicon IC
technologies are largely mature
enough for the development of com-
mercial circuits. Papers at the confer-
ence described, for example, 20 and
77 GHz automotive sensors37,38 and a
60 GHz power amplifier39 with sur-
prisingly good performance. Other
conferences and journals have of-
fered similarly encouraging results,
including work on the packaging
problem.4,40–50 It appears that mil-
limeter waves may no longer be the
perpetual technology of the future.

CONCLUSION
Amplifiers and oscillators, while

seemingly mature technologies, are
still subjects of great importance and
substantial research. Efficiency and
linearity in power amplifiers, perfor-
mance of high frequency LNAs in sili-
con CMOS, and all aspects of low
noise oscillator design and analysis are
areas of great interest, both in terms of
practical needs and research interest.
We should see some exciting results in
these areas in the next few years.  ■
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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 
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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.
Visit http://mwj.hotims.com/11715-27 or
use RS# 27 at www.mwjournal.com/info
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R aytheon Co.’s Excal-
ibur precision-guided

155 mm artillery round
has passed its final testing
hurdle for fielding with
the successful completion
of a so-cal led Limited
User Test in February at
Yuma Proving Ground,
AZ. Pending additional
system-level certification,

Excalibur will be fielded to US Army and Canadian
field artillery units. When Excalibur is fielded, it will
mark the deployment of the world’s first autonomous
precision-guided artillery projectile, providing soldiers
and Marines with unprecedented fire support accuracy
from weapon systems organic to the current Brigade
Combat Team Force structure. 

“This is great news from the Excalibur team,” said Maj.
Gen. David Ralston, commanding general, US Army
Fires Center of Excellence. “As the first autonomous
guided field artillery projectile, Excalibur provides the
users—our field artillery soldiers and Marines—an en-
hanced capability for responsive, precise and lethal fires
in support of the ground commander while simultaneous-
ly reducing collateral damage to civilian personnel and fa-
cilities.” 

“Excalibur is out of the lab and in the hands of our sol-
diers and Marines,” said Jim Riley, vice president of the
Raytheon Land Combat Product Line. “Excalibur pro-
vides the ground commander with a powerful tool to
shape the battlefield in real time and dominate the battle-
space.” 

“The successful Limited User Testing was due to hard
work on the part of the development team, the Excalibur
new equipment training team and soldiers from 1st Battal-
ion, 76th Field Artillery Regiment of the 3rd Infantry Divi-
sion,” Riley said. 

“The soldiers operated as truck drivers during their
last Iraqi employment. They quickly learned how to use
Excalibur with support from the new equipment train-
ing team, the unit’s soldiers and the user-friendly man-
ner in which Excalibur is integrated into the fire sup-
port system. The unit successfully conducted simulated
and live Excalibur missions in a tactical environment
and is looking forward to using Excalibur in the field,”
Riley concluded. 

With its accuracy and increased effectiveness, Excal-
ibur provides operational flexibility and reduces logisti-
cal burden for deployed ground forces. It also signifi-
cantly reduces collateral damage through increased
precision, near-vertical descent and optimized frag-
mentation pattern. The extended range of the Ia-2 Ex-
calibur (26 miles or 40 km when fired from LW155 and
Paladin howitzers), in development now with a planned
initial operational capability in fiscal year 2009, will en-
able positioning of forces and further extend maneuver
forces’ tactical reach.

Raytheon Excalibur

Successfully

Completes Final

Testing

The defense of the Unit-
ed States against poten-

tial missile threats is closer
to fruition, thanks to the ef-
forts of the 850th Electron-
ic Systems Group’s Up-
graded Early Warning
Radar Program Office,
which is charged with in-
corporating missile defense
into existing Air Force ear-

ly warning radars. “We will have a ballistic missile defense
option that allows us to not only identify and track, but
also intercept and destroy warheads in flight,” said Col.
Michael Cox, UEWR program manager. 

The office’s mission is to sustain the existing large-scale
ballistic missile early warning radars for the Air Force
while also developing the missile defense capabilities put
into these radars for the Missile Defense Agency (MDA).
It manages the sustainment and development efforts for
six ground-based radars. Four have been or are currently
being upgraded—COBRA DANE at Eareckson Air Sta-
tion, Shemya, AK; Beale AFB, CA; R.A.F. Fylingdales,
UK; and Thule Air Base, Greenland. The upgrade effort
will eventually include radars located at Cape Cod, MA,
and Clear, AK. Incorporating the Missile Defense mission
into the Ballistic Missile Early Warning System and PAVE
PAWS radars allows offensive responses to shoot down
missiles. This will act as the nation’s first ballistic missile
defense by a ground-based sensor network and feed into
the Ballistic Missile Defense System that MDA is also
putting in place. 

“This new capability allows the war fighter to do some-
thing against incoming ballistic missiles,” Colonel Cox
said. Additionally, the upgrade brings with it capabilities
that better equip the war fighter to take on threats. Im-
proved tracking capabilities and a clearer picture will
translate into a more thorough battlespace view. “It gives
the war fighter more flexibility, and a better view of what
the real situational awareness of a threat is,” the colonel
said. 

The radars provide tracking data and estimate launch
and impact points of the missile. That data is fed into the
Integrated Tactical Warning and Attack Assessment sys-
tem. Analysis of this information allows for the mobiliza-
tion of forces—moving equipment and airplanes and pro-
viding launched bomber fleets with responses. At the
same time, data is passed on to MDA’s Ground-based
Midcourse communication network. This in turn provides
information for the launching and guidance of intercep-
tors against incoming missile threats. And though the en-
tire BMDS is currently in development, Colonel Cox said
what lies ahead is equally important. For the system, the
future means a continual capability evolution, bringing
with it more defensive and offensive options against long-
range threats. It also means improvements in radar accu-
racy and reporting times that will consequently feed into
offensive capabilities already in place, he said.

850 ELSG Office

Leads Way in

Integrating Radar’s

Missile Defense
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TEL 717-766-0223   FAX 717-790-9509  sales@greenrayindustries.comMade in the USA

Need TCXO Performance
that’s Off the Charts?

Need TCXO Performance
that’s Off the Charts?

You need Greenray.
Our TCXOs offer Frequency Stability over

Temperature of 1ppm or less in a variety of pack-
ages and are available from 20kHz to 1GHz. 

With excellent vibration, shock and acceleration
sensitivity for use in mobile and airborne applica-
tions, our oscillators also deliver optimum stability
and phase noise characteristics. The stability per-
formance of several of our TCXOs matches that of
an OCXO, but without the excessive power draw
and warm-up time.

With over 45 years of experience, we utilize
leading edge design and innovative manufacturing
techniques to produce oscillators for the military,
communications, SATCOM, GPS, and
instrumentation markets, as well as for
emerging technologies like WiMAX.

For more information and to receive
our latest product catalog, call today
or visit us online.

T75

Rugged 5x7 mm Pkg.,

Low g-Sensitivity Option   

to <5x10-10/g

ZT-601

Lowest Phase Noise

ZT5050

Euro Pkg., Tightest Stability

<0.05 ppm

T1177

9 x 14 mm Pkg.,

Freq. to 800 MHz

T1178

Low Jitter, 

PECL <1 ps

T75 TCXO Shown
Actual Size

www.greenrayindustries.com

Harris Corp. has deliv-
ered the first 12 of 39

Large Aperture Multiband
Deployable Antenna
(LAMDA) terminals to be
used by the US Marine
Corps and US Air Force
for multiband, mobile
satellite communications.
The order for 39 LAMDA
terminals is part of a $42 M

contract awarded to Harris in 2004 by the US Army that
also includes 25 Lightweight High Gain X-band Antenna
(LHGXA) terminals. 

The LAMDA is an enhanced version of the field-
proven LHGXA, a rugged, highly mobile tactical antenna
deployed and operated by military personnel worldwide.
The LAMDA provides field units with user-friendly, large
aperture tri-band (C-, X- and Ku-band) antenna that with-
stands the rigors of harsh operating environments. The
terminal supports tri-band operation by using inter-
changeable antenna feeds that can be rapidly installed by
operators in the field. The LAMDA operates with the De-
fense Satellite Communications System, the Wideband
Gapfiller System, NATO, Skynet, XTAR and Intelsat
satellite constellations. 

Harris Begins

Delivery of Large

Aperture Multiband

Deployable

Antennas

“These deliveries represent another key milestone in
the LAMDA program, and we expect to continue deliver-
ing three systems per month going forward,” said Sheldon
Fox, vice president and general manager of Department
of Defense Programs, Harris Government Communica-
tions Systems Division. “The LAMDA demonstrates Har-
ris’s ability to expand its proven technology and expertise
in satellite communications terminals to a new solution
that offers enhanced operational flexibility, greater data
rates, improved link reliability and significant satellite-
lease cost savings. In addition to its use by US forces, we
think LAMDA is ideal for international military applica-
tions as well.” 

Of the 39 LAMDAs currently under contract, 21 will
go to the Marines and 18 to the Air Force. Harris has to
date delivered nine LAMDAs to the Marines and three to
the Air Force. The LAMDA purchases are being made
under a larger umbrella contract to the US Army that also
covers the purchase of the LHGXA. 

The LAMDA incorporates a 4.9 m (16 ft.) diameter
reflector mounted on an HMMWV-towable trailer, yet
has the equivalent performance characteristics of a 20
ft. reflector due to its shaped, offset-fed design.
Rugged, yet lightweight outer panels allow a three-per-
son crew to set up or tear down the antenna in less
than 45 minutes.  ■

Visit http://mwj.hotims.com/11715-54
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plementary know-how and expertise with full flexibility for
prototyping and low to medium volume production. 

Under the terms of the MoU, Alcatel-Lucent will pro-
vide a ‘load’ commitment for a minimum of three years and
shall consider tbp for its new product introduction activities
and/or as a pilot production facility and industrialization
centre, including for the transfer of technology to larger vol-
ume plants when production processes reach maturity.

Commissioned by Alca-
tel Alenia Space, VTT

Technical Research Centre
of Finland has designed
and constructed the RF
Suitcase satellite testing
system for ESA’s Her-
schel/Planck mission. The
purpose of the RF Suitcase
is to demonstrate the RF
compatibility between

spacecraft and ground stations prior to launch and to test
the uplink and downlink functional and performance
characteristics. Among others, the values of several tens of
configuration parameters for the ground stations are de-
termined, such that each ground station can immediately
communicate with the two satellites, once they are re-
leased from the launcher. 

The RF parts of the RF Suitcase operating in X-band
are engineering models that are similar to actual flight
hardware. A set of programmable RF attenuators is used
to simulate the propagation losses between the spacecraft
and ground stations over a distance of about 1.5 million
km. These RF parts together with a Telecommand and
Telemetry Simulator are integrated into a single trans-
portable cabinet. The cabinet includes a user-friendly
control and monitoring subsystem that enables local and
remote operation of the RF Suitcase.

The unit was initially supplied for tests in spring 2006
with the final tests at Herschel-frequency planned for
summer 2007. Prior to the launch of the real satellites,
which is scheduled for mid-2008, the RF Suitcase will be
used in various complementary tests to demonstrate that
communications between ground stations and the satel-
lites will function.

C-MAC MicroTechnolo-
gy, a world leader in

high reliability electronic
systems, modules and com-
ponents for the aerospace,
automotive, industrial,
medical and communica-
tions markets, has been se-
lected as a partner in the
MEMS Application for De-
fence (MEAD) consor-

tium, led by QinetiQ. The consortium will develop micro-
electromechanical systems (MEMS) technology for the

C-MAC Joins MEAD

Consortium 

VTT Packs Suitcase

for Herschel/Planck

Mission

The European Maritime
Safety Agency (EMSA)

and the European Space
Agency (ESA) have signed
an agreement, which
strengthens the framework
for cooperation between the
two organisations in the
field of maritime monitoring
and surveillance. In particu-
lar, EMSA will be supported

by ESA on issues relating to the development of space tech-
nologies for maritime monitoring and surveillance. In light
of its role as a long-term operational European user of satel-
lite technology, EMSA will advise ESA on user require-
ments for new space systems and infrastructure.

The agreement was signed at the final preparatory
stage of EMSA’s new satellite-based oil spill monitoring
service covering all European waters and adjacent high
seas. Under this service, potential oil slicks are detected
using satellite radar images and an alert is provided to EU
coastal states and EMSA within 30 minutes of the satellite
acquiring the image.

Willem de Ruiter, executive director of EMSA, com-
mented, “The agreement with ESA is very valuable for
the Agency’s new European oil spill monitoring service.
ESA’s earth observation satellite ENVISAT is an extreme-
ly powerful tool that will enable us to provide valuable ad-
ditional services to EU Member States in the fight to con-
trol ship-sourced pollution.” For ESA, its director of
Earth observation programmes, Volker Liebig, stated,
“We see this agreement with EMSA as a major milestone
in the operational use of data from Earth observation
satellites in Europe.”

tbp Electronics B.V. has
signed a binding Memo-

randum of Understanding
(MoU) with Alcatel-Lucent
in Belgium to buy its man-
ufacturing activities at
Geel, with the agreement
expected to be completed
in the second quarter of
2007. A new company—
tbp Electronics Belgium—

will be formed. The terms of the MoU include the trans-
fer of all customer contracts, the 319 employees and man-
ufacturing assets, with the current management of the
manufacturing plant taking an equity stake in the share-
holders structure of the new company.

The core business of tbp, which is to provide manufac-
turing and assembly services for high tech electronic prod-
ucts for the telecom, medical, semiconductor and industrial
sector, perfectly fits with the external mission of Geel.
Therefore, it is envisaged that the formation of tbp Elec-
tronics Belgium together with tbp Electronics B.V. will cre-
ate one of the major electronics manufacturing providers in
the Benelux region with an extensive customer base, com-

tbp Acquires

Alcatel-Lucent

Facility in Belgium 

EMSA and ESA Sign

Maritime Monitoring

Agreement  
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Wideband VCOs: high frequency, low phase noise, predictable —
what else could you want?

how about....

•• fastest modulation   
bandwidth

•• fast prototyping
•• knowledgeable 

application driven
engineers

•• over 350 1/2”  
designs to start from 

Visit our website at 
MICRONETICSMICRONETICS..COMCOM

to obtain instant access to
more than 400 designs, or

call 603-579-0900 

rely on the predictable consistency of Micronetics’
VCOs, designed to meet your exacting requirements—

Capabilities:

• 50 MHz - 7.8 GHz

• Exceptional

phase noise

• +3 to +15 V supply

• output power up  to

12 dBn

• Octave band from 50 MHz and up

• Narrow band VCOs

• YIG replacement VCOs

• Industry Standard Packaging

• Custom VCO’s and Packaging

defence industry in a project backed by the UK MoD,
with £3.2 M of funding over three years.

The MEAD consortium brings together world-class
organisations spanning systems integration and MEMS
device supply, including key groups from the world of
academia and research. Initially, it will roadmap the
technology, explore exploitation routes and investigate
novel MEMS approaches for use in key defence appli-
cation areas.

C-MAC’s role will be to use its MEMS packaging exper-
tise to provide the consortium with high reliability hermetic
enclosures for the delicate MEMS devices, protecting them
from environmental contamination and ensuring their in-
tegrity in the harsh environments in which they will operate.
The company was chosen as it has demonstrated the ability
to deliver robust, precision electronic modules, which are
reliable under the most severe conditions experienced by
electronic devices in defence applications. 

Indro Mukerjee, CEO of C-MAC MicroTechnology,
commented, “C-MAC has worked in the defence sector
and with QinetiQ for several years and we have a thor-
ough understanding of their stringent technical and oper-
ational requirements. MEMS technology is experiencing
an exciting and progressive stage of evolution, and being
invited to join the MEAD consortium is a reflection of the
world class expertise and knowledge that C-MAC engi-
neers can deliver in this area.”

The Estonian govern-
ment has signed the

contract for the new Eston-
ian Air Defence System—
the Very Short Range Air
Defence Missile System
(VSHORADMS). Follow-
ing fierce competition be-
tween leading European
and US defence companies
the contract, valued at

around €60 M, was awarded to MBDA and Saab. The
VSHORADMS is based on MISTRAL missiles from
MBDA, Giraffe AMB radars, command and control cen-
ters, and a communication system, including NATO links
from Saab Microwave Systems. 

The 3D Multirole Giraffe AMB search and surveillance
radar, which is a vital part of the system, belongs to the latest
generation of Saab’s ground-based surveillance radars.
When delivered the VSHORADMS system will be fully
NATO compatible by using NATO data links such as Link
11B and LLAPI, integrated by Saab Microwave Systems. 

Mikael Johannison, head of sales for Baltic and Central
Europe at Saab Microwave Systems, said, “Estonia’s selec-
tion of Saab for this contract is an important milestone for
us in providing tailor-made ground-based air defence
systems.”  ■

Saab Wins Estonian

Air Defence

Contract
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TYPICAL SPECIFICATIONS
Model Frequency (MHz) LO Pwr. IP3 1dB Comp. Conv.Loss Isolation (dB) Price $ ea. 
No. RF LO IF (dBm) (dBm) (dBm) (dB) L-R L-I Qty.(1-9)

LAVI-9VH+ 820-870 990-1040 120-220 +19 +36 +23 7.2 46 46 15.95
LAVI-10VH+ 300-1000 525-1175 60-875 +21 +33 +20 6.3 50 45 22.95
LAVI-17VH+ 470-1730 600-1800 70-1000 +21 +32 +20 6.8 52 50 22.95
LAVI-22VH+ 425-2200 525-2400 100-700 +21 +31 +20 7.7 50 45 24.95
LAVI-2VH+ 2-1100 2-1100 2-1000 +23 +34 +23 7.5 48 47 24.95
LAVI-25VH+ 400-2500 650-2800 70-1500 +23 +32 +20 7.5 50 45 24.95
U.S. Patent Number 6,807,407

• Very Wide Band, 2-2500 MHz
• Very High Isolation, up to 52 dB

• Very High 1 dB Compression, up to +23 dBm
• Very Low Conversion Loss, from 6.3 dB

VERYHIGH IP3...to+36dBm

MIXERS
2to2500 MHz

Mini-Circuits shielded RoHS LAVI frequency mixers
deliver the breakthrough combination of very 

high IP3 up to +36 dBm, ultra-wideband operation, 
and outstanding electrical performance. 

By combining our advanced ceramic, core & wire, and
semi-conductor technologies, we’ve created these
evolutionary broadband mixers that are specially
designed to help improve overall dynamic range so you
can realize lower distortion and combat interference in
today’s crowded spectrum. They’re the very best, very
low in cost, and immediately available off-the-shelf
from the world leader in mixer technology, Mini-Circuits!

IN STOCK

ea. Qty. (100)From1395$

It’s an industry first…only from Mini-Circuits! 
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WORLD’S SMALLEST
2WAY-0°SPLITTERS

$169
each ( qty.1000 )from

Measuring only 0.15"square, Mini-Circuits tiny SBTC power
splitters are also the world’s lowest priced 2 way-0°
splitters operating within the 5 to 2500 MHz band. But
that's not all! Patented technology provides outstanding
performance features including low insertion loss
down to 0.3 dB typical, excellent 0.2 dB amplitude and
1degree phase unbalance (typ), and
superior temperature stability. 

Pads are solder plated, and connections are assembly welded
for high temperature reflow reliability. As demand for smaller
gets bigger, blow away the competition with Mini-Circuits
space saving, money saving SBTC power splitters.

Model Freq. Z Price $ea.
(MHz) (Qty. 25)

SBTC-2-10+ 5-1000 50 Ω 2.49
SBTC-2-20+ 200-2000 50 Ω 3.49
SBTC-2-25+ 1000-2500 50 Ω 3.49

SBTC-2-10-75+ 10-1000 75 Ω 3.49
SBTC-2-15-75+ 500-1500 75 Ω 3.49
SBTC-2-10-5075+ 50-1000 50/75 Ω 3.49
SBTC-2-10-7550+ 5-1000 50/75 Ω 3.49
U.S. Patent No. 6,963,255

5 to 2500 MHz…Immediate Delivery
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toring. Two of the leading wire industrial monitoring sys-
tem vendors—Emerson and Honeywell—have introduced
wireless monitoring technology and more wireless product
introductions are expected in the next few years from other
vendors as well. Furthermore, a wireless extension to the
ubiquitous HART protocol, which is the basis of most in-
dustrial monitoring networks, is expected this summer,
along with an ISA SP-100.11a standard expected in 2008
and “industrial-grade” ZigBee trying to gain traction. Al-
though this is an intrinsically cautious industry, notes
Lucero, “We do expect a fairly strong growth rate, owing to
the financial benefits and ease of deployment wireless tech-
nology provides. We saw about 100,000 802.15.4 chipsets
going into the industrial sector in 2006; that will rise to al-
most five million in 2012. Some of that growth will be
based on replacement of wire process monitoring nodes,
some will be from an increase in total process monitoring
nodes enabled by the use of wireless technology and some
will be growth due to the use of wireless technology in con-
dition monitoring applications.” ABI Research’s Wireless
Sensor Networking (WSN) in Industrial Automation ana-
lyzes the market opportunities for industrial deployments,
detailing where it will find traction (and where it will not);
the implications of the key standard efforts including Wire-
less HART, Sp-100.11a and industrial ZigBee; the implica-
tions WSN adoption will have for the market; and the key
players involved in making WSN a reality in industrial au-
tomation. It forms part of two ABI Research Services,
M2M and Short-Range Wireless.

Long Term Evolution
(LTE) of 3G technolo-

gies is about to benefit from
Rel-8 of the 3GPP standard,
planned for the third quar-
ter of 2007. This will be the
trigger for development of
components and systems to
provide 100 Mbps down-
load speeds to mobile de-
vices. According to a new

study from ABI Research, network operators will invest a
total of almost $18 B in LTE capital infrastructure over the
period to 2014. This will yield a significant payoff, both in
reduction of operating expenses and in the creation of new
revenue from IP-based services. “LTE faces competition
from other broadband wireless technologies and it will
need to demonstrate clear technical and economic advan-
tages to convince network operators,” says ABI Research
analyst Ian Cox. “WiMAX has a two-year lead over LTE but
suffers from not being backwards-compatible with current
3G technologies. LTE will not only be backwards-compati-
ble with UMTS but is likely to be used to upgrade CDMA
networks as well. But the industry is also working on
HSPA+, which could offer the same performance in a 5
MHz bandwidth. Without additional spectrum, operators
face a difficult choice.” Cox further comments that, “The
industry is also making progress in avoiding intellectual
property rights issues in the new standard. Next generation

Mobile Operators to

Invest $18 B in

UMTS LTE Networks

by 2014

Strategy Analytics ana-
lysts, speaking at the ple-

nary sessions of both the
IEEE CSIC Symposium
and the Power Amplifier
Symposium, reaffirmed that
GaAs technologies will con-
tinue to dominate the radio
front-end in cellular hand-
sets, despite competition
from silicon technologies.

The move toward 3G and beyond, coupled with the need
to maintain backwards compatibility, has led to multi-mode
and multi-band architectures, while increasing require-
ments for linear performance and efficiency in the power
amplifier (PA). According to Asif Anwar, director, GaAs and
Compound Semiconductor Technologies for Strategy Ana-
lytics, “GaAs is often portrayed as an expensive, exotic tech-
nology, but the reality is that GaAs continues to meet the
challenges of cost, packaging, time-to-market and integra-
tion for the cellular handset market. LTE (long term evolu-
tion) and beyond will lead to even higher frequencies and
data rates and the PA will continue to be the critical com-
ponent in mobile phones through 2012.” Stephen En-
twistle, vice president of the Strategy Analytics Strategic
Technology Practices, adds, “W-EDGE has emerged as the
de facto standard for new handsets operating across multi-
ple regions by supporting W-CDMA, EDGE and legacy
GSM and GORS modes. Moving forward, Strategy Analyt-
ics expects to see the emphasis on multi-mode operation to
remain vital for handset OEMs.” A précis of the presenta-
tion, “Challenges and Opportunities for Compound Semi-
conductors in the Mobile Handset Roadmap,” is available
at www.strategyanalytics.net.

Those who remember the
night of December 2,

1984, when water acciden-
tally entered a methyl-
isocyanate storage tank at a
Union Carbide factory in
Bhopal, India, will under-
stand the importance of
monitoring industrial
processes. Gauges measur-
ing the temperature and

pressure were known to be unreliable, so staff ignored early
signs of trouble and a cloud of toxic gas rolled across the
crowded working-class district. In what has been called the
world’s worst industrial accident, at least 3000 died and
hundreds of thousands were injured. The factory was sub-
sequently closed down. Clearly, reliable industrial monitor-
ing systems are critical and according to ABI Research ana-
lyst Sam Lucero, “Wireless monitoring systems increase the
number of monitoring points that you can deploy. You can
get more information about your processes, using fewer
employees and without having to check instrument read-
ings manually.” A new study from ABI Research analyzes
the global market for wireless, networked industrial moni-

Wireless Sensors

Offer Efficiencies

and Savings for

Process Monitoring

GaAs Will Remain at

Forefront of 

Cellular Handsets
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mobile networks (NGMN) have been set up by leading op-
erators to ensure a level playing field.” For users, says Cox,
LTE will enable broadband services, including VoIP, to be
offered over SIP-enabled network. Each service will be IP-
based, offering high data rates and low latency, with on-line
gaming becoming a reality, along with mobile network data
speeds comparable to those of fixed networks. For vendors,
LTE will allow development of a new market to replace 3G
revenues. For operators, an all-IP network with simpler,
flat architecture will reduce operating costs and boost rev-
enues.

These are the words that
can label you as a non-

believer and a heretic. For
the telecom industry,
thoughts like this must be
exterminated before they
spread like a virus. Yet, re-
cently an example of how
little technology matters
surfaced. Deutsche Tele-
kom (DT) killed its Fixed-

Technology Does

Not Matter!

Mobile Convergence (FMC) service. The FMC service,
named T-One, was offered by the wireline division of
Deutsche Telekom in Germany. Since its introduction in
August 2006, the WiFi/GSM service attracted only 10,000
subscribers. The reasons for the failure range from high
prices, poor marketing, minimal features and the lack of
alternative handset models. Competition from the cheap-
er T-Mobile Fixed-Mobile Substitution (FMS) service is
also blamed. The @home service bills cellular calls made
from home as fixed-line calls. In-Stat Research has consis-
tently found strong consumer interest for both FMC and
FMS services. Over 57 percent of broadband households
in North America have a strong interest in Home/Zone
FMS services. Nearly 40 percent favor making VoWLAN
calls from a mobile handset. Yet, consumers indicate their
interest in FMC/FMS services is driven by greater conve-
nience and value, not technology. Deutsche Telekom lost
sight of this fact when they introduced its FMC service.
Other FMC service offerings sporting premium prices or
nifty new roaming technology will likely follow in DT’s
path. Ultimately, service providers will understand that
the value of convergence is simplicity. The way to increase
ARPU is by giving customers what they want, regardless
of technology.  ■
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company—Harris Stratex Networks Inc. The new com-
pany brings together the former Harris Microwave Com-
munications Division and Stratex Networks Inc. The new
company, with calendar year 2006 revenue of about $650
M, is the largest independent provider of wireless trans-
mission network solutions, with customers in over 150
countries.

■ Bliley Technologies Inc., an international provider of
crystal-based frequency control solutions, and Allan
Space-Time Solutions LLC, led by renowned atomic
clock physicist, David W. Allan, have teamed up to form a
new, co-owned company, EQUATE Space-Time Tech-
nologies LLC. EQUATE Space-Time Technologies’ im-
mediate plans include development of a test system to
prove the company’s technology concepts.

■ Power Module Technology Inc. (PMT), formerly IMT
RF Products, announced the teaming of solid-state RF pow-
er industry veterans, Terry Simons, Bobby McDonald, Dave
Gill and Sam Klein. PMT’s focus is to provide customers
with RF power pallets and modules that are high power,
wideband and highly reliable. These cost-effective, 50 ohm
building blocks serve a multitude of applications for the
broadcast, industrial, scientific and military markets. The
company’s established high volume manufacturing capabili-
ty, combined with quick turn-around development capabili-
ty, allows PMT to offer customer specific products as well as
a wide range of standard RF power products. The company
is located in Carson City, NV. For more information, visit
www.PMTRF.com.

■ Andrew Corp. has significantly expanded its strategic
relationship with PCT International Inc. and its holding
company, Andes Industries Inc., through an agreement
that will combine the companies’ broadband cable assets
and create the first global entity that provides complete
last-mile cable connectivity solutions to the broadband in-
dustry. Under terms of the agreement, Andrew will re-
ceive approximately $16 M in cash and short-term notes,
and will convert an existing note from Andes into a 30
percent equity stake in Andes, a Gilbert, Arizona-based
developer, manufacturer and distributor of products for
broadband communications networks.

■ Nurad Technologies, a division of Cobham Defense
Electronic Systems, announced the recent acquisition of a
new 10 foot diameter by 20 foot length autoclave. This au-
toclave will provide Nurad with the capability to manufac-
ture large RF composite structures (up to 8’ × 18’), as well
as providing additional manufacturing capacity for smaller
products. Nurad designs and produces state-of-the-art
composite structures for use in RF and millimeter-wave
antenna systems. These structures are built with the latest
materials and are designed using a proven, Cobham de-
veloped electromagnetic simulation tool that yields first
pass success on complex shapes. This new addition to the
Baltimore, MD facility enables Nurad to offer the high
quality, high performing composite structures demanded
by the largest antenna systems.
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INDUSTRY NEWS
■ Laird Technologies, a designer and manufacturer of
antenna solutions, electromagnetic interference (EMI)
shielding products, telematics, signal integrity products
and thermal management solutions, announced the acqui-
sition of AeroComm for $38 M.

■ Spectrum Control Inc., a designer and manufacturer
of electronic control products and systems, announced
that Spectrum Microwave Inc., its wholly owned sub-
sidiary, has acquired substantially all of the assets and as-
sumed certain liabilities of EMF Systems Inc. (EMF).
EMF, based in State College, PA, designs and manufac-
tures custom oscillator-based products, including phase-
locked oscillators and synthesizers. The total purchase
price of the acquisition was approximately $2.3 M.

■ Vectron International, a leader in the design, manufac-
ture and marketing of frequency control, sensor and hybrid
product solutions, announced it has completed the acquisi-
tion of BiODE Inc., a designer and manufacturer of fluid
viscosity sensors and viscometer readers. The BiODE orga-
nization will be integrated into Vectron’s Sensors and Ad-
vanced Packaging (SAP) business unit. The deal represents
the company’s continued commitment to driving change
and innovation in the $50 B global sensor market through
the delivery of ground-breaking acoustic wave sensor tech-
nology. Customers will now have access to first-of-its-kind
fluid viscosity monitoring technology that delivers time and
cost savings as well as increased scalability.

■ Fluke Corp., a leader in portable, professional elec-
tronic test tools, announced the acquisition of DH Instru-
ments Inc. (DHI). DHI is a manufacturer of high perfor-
mance pressure and gas flow standards, including calibra-
tion process software. DHI also offers A2LA accredited
pressure and gas flow calibration services, as well as
metrology training courses at its facility in Phoenix, AZ.
Under the agreement, DHI will become part of the Fluke
Precision Measurement division, joining the Fluke cali-
bration product and service teams.

■ Wurth Elektronik eiSos Group announced the acqui-
sition of Midcom Inc. The previous owner, the Holien
Group, sold the transformer division for strategic reasons.
Midcom Inc. is based in Watertown, SD, with the majority
of the staff employed in the production facilities in Long-
gang near Shenzhen and in Fuling near Chongqing, China.

■ Silicon Laboratories Inc., a leader in high performance,
analog-intensive, mixed-signal integrated circuits (IC), an-
nounced a definitive agreement with NXP, formerly Philips
Semiconductor. NXP will purchase the Aero transceiver,
AeroFONE™ single-chip phone and power amplifier prod-
uct lines, for $285 M in cash, with additional earn-out poten-
tial of up to an aggregate of $65 M over the next three years.

■ Harris Corp. and Stratex Networks Inc. announced
the completion of the transaction that has created a new

 4M6 FINAL  3/27/07  12:18 PM  Page 58

http://www.PMTRF.com


Visit http://mwj.hotims.com/11715-139 or use RS# 139 at www.mwjournal.com/info

 4M6 FINAL  3/27/07  12:19 PM  Page 59

http://mwj.hotims.com/11715-139
http://www.mwjournal.com/info
mailto:sales@synergymwave.com
http://www.synergymwave.com


60 MICROWAVE JOURNAL ■ APRIL 2007

■ RF Micro Devices Inc. (RFMD) announced the offi-
cial opening of its new customer support center in Shang-
hai, China. The new facility underscores RFMD’s grow-
ing presence in Greater China and the company’s com-
mitment to expansion in the world’s largest market for
cellular handsets. The new center will expand RFMD’s
capacity to support wireless customers throughout the Far
East by expanding and complementing RFMD’s opera-
tions in Beijing and Shenzhen, China, and Taipei, Taiwan. 

■ Provigent, a provider of system-on-a-chip (SoC) solu-
tions for the broadband wireless transmission market, has
moved its offices from Los Altos to Santa Clara, CA. The
new office details are: Provigent Inc., 3333 Bowers Av-
enue, Santa Clara, CA 95054 (408) 701-2250, fax: (408)
715-0188.

■ RF Monolithics Inc. (RFMI) announced the accelera-
tion of the restructuring plan for its components business.
This restructuring includes completing the process of out-
sourcing all Dallas, TX manufacturing and becoming fab-
less. The company expects to increase the profitability of
the components business by leveraging existing lower-cost
contract manufacturing relationships. This action will en-
able the company to increase its focus on the wireless so-
lutions business.

■ American Technical Ceramics (ATC), a manufactur-
er of high performance electronic components, including
capacitors and thin film circuits for a broad range of com-
mercial and military applications, announced the official
commencement of an outsourced passive component fin-
ishing and assembly operation in Costa Rica. ATC will be
working with CAMtronics s.a., an electronics contract
manufacturing firm located in the Zeta Free Zone Indus-
trial Park in Cartago, Costa Rica.

■ Auriga Measurement Systems LLC announced that it
has entered into a multi-year research project with Delft
University of Technology, The Netherlands, on devel-
opment of RF characterization and modeling tools. Auriga
hopes to have the university’s initial efforts on display at
the MTT show in Hawaii this year.

■ QUALCOMM Inc. announced the expansion of its
product roadmap to include HSPA+. The next generation
of WCDMA systems, HSPA+ delivers broadband mobility
at unparalleled data speeds and a superior user experi-
ence for applications such as Internet browsing, realtime
location services, multimedia sharing and other services
that can become a fundamental part of everyday life with
the freedom that mobility can offer. QUALCOMM will
sample the Mobile Data Modem™ (MDM™)
MDM8200™ solution, a chipset supporting HSPA+, by
the end of 2007. The MDM8200 solution will support de-
ployments in existing frequency bands, as well as in the
2.5 GHz IMT-2000 extension band.

■ White Mountain Labs, an innovative leader in test
and characterization of advanced technologies, an-
nounced that its new lab facility, The Center for ESD, has
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been certified as a suitable lab by the US Defense Supply
Center, Columbus (DSCC).

CONTRACTS
■ Agilent Technologies Inc. announced that it has been
awarded a $12.6 M contract by Raytheon Co., Tucson, AZ.
Under the contract, Agilent will deliver an advanced, next-
generation automated manufacturing test platform.
Raytheon expects this new platform to provide benefits in
cycle time, test equipment utilization and labor content.

■ Merrimac Industries Inc. announced that it has re-
ceived an order for $430,000 to supply several Multi-Mix®

Microtechnology products for a next generation military
communications satellite program. The satellite commu-
nications system is designed to significantly improve com-
munications for mobile US forces. Merrimac was selected
based on the company’s ability to provide dividing and
combining devices that are able to handle high RF power,
provide low insertion loss, and are contained within a
caseless fusion bonded assembly. The program signifi-
cantly improves communications for warfighters while
maintaining backward compatibility to the existing com-
munications systems for the US Department of Defense.

■ Elcom Technologies Inc. announced the receipt of
an order valued at $428K from Rockwell Collins in sup-
port of the FAB-T program. The order was for a quantity
of Elcom’s ruggedized type synthesizer. This is a follow-
on order, which Elcom previously received last year,
which was valued at approximately $819K.

■ W.L. Gore & Associates has been awarded the con-
tract to provide GORE™ Umbilical Assemblies for the A-
10 Precision Engagement (PE) Kit by Lockheed Martin.
This is the second contract awarded to Gore for the A-10
program following the initial award of PE kits to the A-10
Prime Team in March 2005.

FINANCIAL NEWS
■ Fairchild Semiconductor announced the successful
completion of the previously-announced tender offer by
one of its wholly owned subsidiaries to acquire up to 100
percent of the outstanding shares of System General
Corp. for NT$93 per share.

■ Tower Semiconductor Ltd. reports sales of $187.4 M
for the year end 2006, compared to $94 M (excluding $8
M income in 2005 from a technology-related agreement)
for the same period in 2005. Net loss for the year was $87
M ($1.05/per share), compared to a net loss of $203 M
($3.06/per share) for year-end of last year.

■ Silicon Laboratories Inc. reports sales of $111 M for
the fourth quarter ended December 30, 2006, compared
to $110 M for the same period in 2005. Net income for
the quarter was $5.2 M ($0.09/per diluted share), com-
pared to $15.3 M ($0.27/per diluted share) for the fourth
quarter of last year.
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ZX85-12G+ 0.2-12000 0.6 N/A 1.20 99.95
ZX85: U.S. Patent 6,790,049.
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ZX85+ RoHS compliant.

TCBT: LTCC, Actual Size .15”x.15”, U.S. Patent 7,012,486.    
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Navigation & Radar

U.H.F, V.H.F. Receivers

GPS Receivers

Satellite

Point-to Point Radio www.nickc.com

e-mail: sales@nickc.com

913.685.3400

Custom Designs

High Reliability, Excellent Repeatability

Surface Mount or Connectorized

Advanced In-House Testing

L.C., CRYSTAL, CERAMIC FILTERS

DIPLEXERS + MULTIPLEXERS

SWITCHED FILTER BANKS

PHASE SHIFTERS + FILTER/AMPLIFIERS

FILTER/LIMITERS

TCXO’s + VCTCXO’s

RF + MICROWAVE FILTERS
AND ASSEMBLIES

Celebrating
20 Years
of Excellence

NETWORKS INTERNATIONAL CORPORATION

www.nickc.com

Visit our
new website!

■ ANADIGICS Inc. reports sales of
$49.1 M for the fourth quarter of 2006
ended December 31, 2006, compared
to $33.3 M for the same period in 2005.
Net loss for the quarter was $0.1 M
($0.00/per share), compared to a net
loss of $3.9 M ($0.11/per share) for the
fourth quarter of last year.

■ Ansoft Corp. reports sales of
$22.7 M for the third quarter of fiscal

2007 ended January 31, 2007, com-
pared to $19.7 M for the same period
in 2006. Net income for the quarter
was $6.3 M ($0.24/per diluted share),
compared to a net income of $4.3 M
($0.16/per diluted share) for the third
quarter of last year.

■ RF Industries Ltd. reports sales of
$4.1 M for the fourth quarter ended
October 31, 2006, compared to $3.4
M for the same period in 2005. Net
income for the quarter was $473,000
($0.13/per diluted share), compared
to a net loss of $119,000 ($0.04/per

diluted share) for the fourth quarter
of last year.

PERSONNEL
■ Jerry Brown
has been named
president of LBA
Technology Inc., an
international sup-
plier of communi-
cations products
and infrastructure.
Since August of
2005, he has held 
the position of vice

president of sales for the LBA Group,
including both LBA Technology Inc.
and Lawrence Behr Associates Inc.

■ N e x t r e m e
Thermal Solu-
tions, a manufac-
turer of advanced
thin film thermo-
electric compo-
nents designed
and produced to
address the ther-
mal management 
needs of the elec-

tronics, photonics, bio-tech and de-
fense/aerospace industries, has re-
cently appointed Seri Lee as chief
technology officer. Prior to joining
Nextreme, Lee served as senior ther-
mal scientist for the Silicon and Plat-
form Solutions Group at Intel Corp.,
where he was responsible for execut-
ing corporate thermal directions for
consumer products and technology
development requirements. 

■ Internat ional
M a n u f a c t u r i n g
Services Inc. (IMS)
announced the ap-
pointment of
Daniel Ziroli to di-
rector of sales and
marketing. Ziroli
brings more than
30 years of elec-
tronics industry ex-

perience to IMS, and has served in a
number of senior sales and manage-
ment positions for companies including
SRC Devices, Crydom Corp., Douglas
Randall and Elmwood Sensors.

■ Cobham Defense Electronic Sys-
tems announced the addition of Den-
nis “Denny” Mitchell as director, sales
and marketing Nurad Technologies.
Mitchell brings over 30 years of experi-

▲ Daniel Ziroli

▲ Seri Lee

▲ Jerry Brown
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HMC Deutschland GmbH Ph +49 8031-97654 germany@hittite.com
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FUNDAMENTAL & ½ FREQUENCY OUTPUT VCOS, 8.45 TO 14.9 GHZ

We Offer Hundreds of Standard & Custom VCOs Covering 2 to 80 GHz!

IN STOCK STANDARD PRODUCT MULTIPLE OUTPUT VCOs
Fo Frequency

(GHz)
Fo/2 Frequency

(GHz)
Function

Fo Output
Power (dBm)

100KHz  SSB Phase 
Noise (dBc/Hz)

Bias
Supply

Package
Part

Number

8.45 - 9.55 4.225 - 4.775 VCO with Fo/2 & ÷4 13 -113 +5V @ 315mA LP5 HMC510LP5 (E)

10.43 - 11.46 5.215 - 5.73 VCO with Fo/2 & ÷4 7 -110 +3V @ 275mA LP5 HMC513LP5 (E)

10.6 - 11.8 5.3 - 5.9 VCO with Fo/2 & ÷4 11 -110 +5V @ 350mA LP5 HMC534LP4 (E)

11.17 - 12.02 5.585 - 6.01 VCO with Fo/2 & ÷4 7 -110 +3V @ 275mA LP5 HMC514LP5 (E)

11.5 - 12.5 5.75 - 6.25 VCO with Fo/2 & ÷4 10 -110 +5V @ 200mA LP5 HMC515LP5 (E)

11.5 - 12.8 5.75 - 6.4 VCO with Fo/2 & ÷4 11 -110 +5V @ 350mA LP5 HMC583LP5 (E)

12.4 - 13.4 6.2 - 6.7 VCO with Fo/2 & ÷4 8 -110 +5V @ 260mA LP5 HMC529LP5 (E)

12.5 - 13.9 6.25 - 6.95 VCO with Fo/2 & ÷4 10 -110 +5V @ 330mA LP5 HMC584LP5 (E)

13.6 - 14.9 6.8 - 7.45 VCO with Fo/2 & ÷4 7 -110 +5V @ 260mA LP5 HMC531LP5 (E)

NEW!NEW!

NEW!NEW!

NEW!NEW!

NEW!NEW!

HMC510LP5(E) VCO with Fo/2 &HMC510LP5(E) VCO with Fo/2 & ÷÷4, 8.45 to 9.55 GHz4, 8.45 to 9.55 GHz

Fo SSB Phase Noise @ Vtune = +5V

�  Fo Low SSB Phase Noise:
-116 dBc/Hz @ 100 kHz Typ.

�  Dual Frequency Output:
Fo = 8.45 to 9.55 GHz @ +13 dBm
Fo/2 = 4.225 to 4.775 GHz @ +11 dBm

�  Divide-by-4 Output

�  No External Resonator Needed
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Request Your Catalog Now!

High Performance Analog & Mixed-Signal ICs, Modules & Subsystems

2007 Designer’s Guide 2 Volume Catalog Set Released!
Hittite offers a broad product portfolio of over 482 standard products including 
those featured in the Microwave Modules & Subsystems catalog. Our web 
site features full specifications for all of our IC, SMT and Module Amplifiers, 
Attenuators, Data Converters, Frequency Dividers/Detectors, Frequency 
Multipliers, Mixers, Modulators/Demodulators, Phase Shifters, Power Detectors, 
Switches, Synthesizers and VCOs/PLOs.

These components are well-suited to a wide variety of Automotive, Broadband, 
Cellular, Microwave/Millimeterwave, Test & Measurement, Fiber Optic, Military
and Space market applications.

To request your 2007 Microwave Modules & Subsystems catalog and our new 2007 Designer’s Guide catalog set,
please visit www.hittite.com and select the “Submit Inquiry” button. Quantities are limited - order today!

INTRODUCING OUR NEW MODULE CATALOG FOR 2007!

AMPLIFIERS

ATTENUATORS

FREQUENCY DIVIDERS & DETECTORS

FREQUENCY MULTIPLIERS

MIXERS

PHASE SHIFTERS

SWITCHES

SYNTHESIZERS

VCOs

IN STOCK STANDARD PRODUCTS, DC - 46 GHZ

Test & Measurement, Telecom, Military & Space Applications

JANUARY 2007JANUARY 2007

�  Test & Measurement Accessory Components

�  Military & Space Upscreening

�  Ruggedized Construction

�  Integrated CMOS Control & DC Power Regulation

�  Over-Voltage and Reverse Polarity Protection

�  RoHS-5 Compliant

Hittite Microwave Corporation is proud to announce the 
release of our first Microwave Modules & Subsystems Catalog, 
featuring full specifications on 42 microwave components and
synthesizers ideal for Test & Measurement, Telecom, Military
and Space applications.
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Request Your Catalog Now!

2007 Edition Includes 3 New Product Lines & 91 New Products

Volume 1

AMPLIFIERS

ATTENUATORS

PHASE SHIFTERS

POWER DETECTORS

SWITCHES

CONNECTORIZED MODULES

Volume 2

DATA CONVERTERS

FREQUENCY DIVIDERS & DETECTORS

FREQUENCY MULTIPLIERS

MIXERS

MODULATORS & DEMODULATORS

SYNTHESIZERS

VCOs & PLOs

CONNECTORIZED MODULES

2007 Designer’s Guide Released!
Hittite’s New Catalog Set Details 482 Standard Products

Hittite announces the release of our 12th edition Designer’s Guide catalog for 2007. This popular publication 
includes 91 new RFIC and MMIC product data sheets, as well as quality/reliability, application and packaging/
layout information. Full specifications are provided for 482 components, covering DC to 46 GHz, which are ideal 
for a wide variety of Automotive, Broadband, Cellular, Microwave/Millimeterwave, Test & Measurement, Fiber 
Optic, Military and Space applications.

To request your 2007 catalog 2 volume set please visit www.hittite.com and select the “Submit Inquiry”
button. Quantities are limited - order today!

INTRODUCING OUR NEW 2 VOLUME SET FOR 2007!
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ence in the field of microwave commu-
nications and antenna experience to
Nurad. He was formerly a design engi-
neer for Raytheon’s RADAR Receiver
lab in Wayland, MA. Mitchell also
founded Microwave Research and
Manufacturing, a subsystems house in
Hopkinton, MA, and was a vice presi-
dent of millimeter-wave products for
the OMRON Corp.

■ Q Microwave Inc. announced the
appointment of Dan Czagany as
sales manager of the company. With
more than 25 years of marketing and
sales experience within the RF and
microwave industry, Czagany brings a
wealth of knowledge to the compa-
ny’s growing business opportunities.
His experience includes sales of a va-
riety of microwave components and
subsystems for military, industrial
and commercial applications. His
past positions were with companies
including REMEC Defense and

Space Inc., KW Microwave Inc., In-
tegrated Microwave Corp. (IMC) and
Andersen Laboratories.

■ R e n a i s s a n c e
Electronics an-
nounced the ap-
pointment of Gabe
Romero to the
sales staff. Romero
is a 2005 graduate
of MIT and will be
a member of the
RF subsystems 
product group. His

main focus will be supporting existing
base station product customers in
North America.

REP APPOINTMENTS
■ Electronic component distributor
Digi-Key Corp. and FlexiPanel an-
nounced the signing of a global distrib-
ution agreement. FlexiPanel develops
wireless ZigBee and Bluetooth solu-
tions, and provides a seamless wireless
integration solution for developers of
not only microchip MCUs but also de-
velopers who are not generally familiar
with RF. FlexiPanel’s products provide
a simple path to add ZigBee or Blue-
tooth to an existing or new product and
reduce the design/software knowledge
requirement by including the ZigBee
and Bluetooth software stacks on the
MCUs.

■ TRAK Microwave Corp. an-
nounced the appointment of Broad-
band Technical Sales as the compa-
ny’s exclusive sales representative in
northern California. Broadband will
represent TRAK Microwave Corp.’s
microwave products. Broadband can
be reached at: Broadband Technical
Sales, 1745 Saratoga Avenue, Suite
206, San Jose, CA 95128 (408) 813-
5000, e-mail: john@broadbandtech.
com or visit www.broadbandtech.com.

■ precisionWave Corp. announced
the selection of Sellex Corp. as its
exclusive sales representative in the
Republic of Korea. Sellex is a dynam-
ic, full service, high technology man-
ufacturer’s representative and export
management firm specializing in the
Republic of Korea’s (South Korea’s)
high technology industries with of-
fices located in Seoul, Korea and Las
Vegas, NV. Sellex will promote, sell
and support precisionWave’s line of
low cost, high performance RF test
instruments. 

▲ Gabe Romero
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NEW PRODUCTS OFFER BEST-IN-CLASS PERFORMANCE!

HMC600LP4(E) Logarithmic Detector / Controller, 50 MHz to 4.0 GHz

HMC602LP4(E) Logarithmic Detector / Controller, 1 MHz to 8.0 GHz

HMC601LP4(E) Logarithmic Detector / Controller, 10 MHz to 4.0 GHz

�  Wide Dynamic Range: >70dB

�  Flexible Supply Voltage:
+2.7V to +5.5V

�  Power-Down Mode

�  Excellent Stability
 Over Temperature

�  Wide Dynamic Range: >70dB

�  High Accuracy: ±1dB
w/ 60 dB Range @ 6 GHz

�  8ns Output Response Time:

�  Power-Down Mode

�  Buffered Temperature 
 Sensor Output

�  Wide Dynamic Range: >75dB

�  Fast Pulse Response:
 15/34ns (Rise/Fall Time)

�  Flexible Supply Voltage:
+2.7V to +5.5V

�  Power-Down Mode
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Error vs. Input Power, Fin= 900 MHz

Output Rise Time

LOGOUT Voltage &
Error vs. Input Power @ 3.6 GHz

Ideal for AGC & RSSI Applications for Communications, Test & Radar!
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HMC597LP4(E) SiGe Wideband Direct Demodulator, 100 - 4000 MHz

� High LO Suppression, > 40 dBcHigh LO Suppression, > 40 dBc

� -6 to +6 dBm LO Power-6 to +6 dBm LO Power

� Single Supply, +5V @ 170 mASingle Supply, +5V @ 170 mA

� 4x4 mm QFN Package4x4 mm QFN Package

HMC497LP4(E) SiGe Wideband Direct Modulator, 100 - 4000 MHz

ACPR for W-CDMA @ 2140 MHz
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�

High Linearity Basestations!

� High Linearity:High Linearity:
+25 dBm IIP3 & +60 dBm IIP2+25 dBm IIP3 & +60 dBm IIP2

� Low Noise Figure: 15 dBLow Noise Figure: 15 dB

� I/Q Gain Matching < 0.3 dBI/Q Gain Matching < 0.3 dB

�  1° I/Q Phase MatchingI/Q Phase Matching

� 4x4 mm QFN Package4x4 mm QFN Package

P1dB, NF & Gain vs. Frequency

Broadband Performance Covers
All Wireless Applications!
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NEW!

IN-STOCK DEMODULATOR & MODULATOR SOLUTIONS!
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HITTITE INTRODUCES A NEW PRODUCT FAMILY!

Die & SMT Products Can Be Upscreened for Military & Space Missions!

HMC543HMC543 4-Bit Digital Phase Shifter Die, 8 - 12 GHz4-Bit Digital Phase Shifter Die, 8 - 12 GHz

RMS Phase Error vs. Temperature

�  Low RMS Phase Error: 5°

�  Low Insertion Loss: 6.5 dB

�  22.5° Steps to 360°

�  Die Available From Stock

New!
New!

HMC543LC4BHMC543LC4B 4-Bit Digital SMT Phase Shifter, 8 - 12 GHz4-Bit Digital SMT Phase Shifter, 8 - 12 GHz

�  Low RMS Phase Error: 5°

�  Low Insertion Loss: 6.5 dB

�  22.5° Steps to 360°

�  24 Lead 4x4 mm SMT

New!
New! RMS Phase Error vs. Temperature
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TECHNICAL FEATURE

feed-forward linearization.2–4 Doherty amplifi-
cation combined with analog pre-distortion has a
simple operation, but its linear performance is
limited. Digital pre-distortion and feed-forward
linearization, when used in conjunction with a
Doherty amplifier, provide good linearity. How-
ever, they have the disadvantage of bulky size
and complex circuitry. The inherent linearity de-
terioration of a Doherty amplifier sets a thresh-
old for achievable performance.

72 MICROWAVE JOURNAL ■ APRIL 2007

K.J. CHO, W.J. KIM AND S.P. STAPLETON
Simon Fraser University
BC, Canada
J.H. KIM, J.Y. KIM, B. LEE, J.J. CHOI
AND J.C. LEE
Kwangwoon University
Seoul, Korea

High linearity and high efficiency are
important design issues in a high pow-
er amplifier for base station applica-

tions in modern wireless communications.
High efficiency power amplifiers, combined
with high linearity, have been very desirable.
The Doherty amplifier is a technique for im-
proving the efficiency at high output power
back-off.1 Unfortunately, the Doherty amplifi-
er has a poor intermodulation distortion
(IMD) performance when the main and peak-
ing amplifier’s signals are recombined at the
output, using load modulation. This is because
the peaking amplifier biasing mode is in class
C, which generates high order IMD products.

In order to improve the linearity of a Doherty
amplifier, a number of practical system-level
techniques have been proposed: analog pre-dis-
tortion (APD), digital pre-distortion (DPD) and

AN ENHANCED DOHERTY
AMPLIFIER DESIGN BASED
ON THE DERIVATIVE
SUPERPOSITION METHOD

An enhanced 20 W Doherty amplifier with highly optimized linearity using the derivative
superposition method (DSM) is proposed. DSM is a linearization technique based on the device’s
transconductance characteristics. The gain compression of the main amplifier, biased in class AB, can
be compensated by combining it with the gain expansion of the peaking amplifier, biased in class C.
The adjacent channel leakage power ratio (ACLR) performance of the Doherty amplifier is optimized
by adjusting the offset lines, shunt capacitors and gate biases. The shunt capacitors are an important
parameter to achieve optimum linearization performance in the Doherty amplifier. The results,
measured on an optimized Doherty amplifier for a single-carrier WCDMA signal, achieved –45 dBc
ACLR at a ±5 MHz offset frequency. This is an ACLR improvement of 16.7 dB in comparison to the
Doherty amplifier before optimization. The digitally pre-distorted optimized Doherty amplifier
achieved an ACPR of –52.5 dBc at a ±2.5 MHz offset frequency.
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An alternative approach is the cir-
cuit-level linearization technique,
based on the derivative superposition
method (DSM), which utilizes multi-
ple field effect transistors (FET) of
different gate widths and gate
biases.5–7 The DSM applications have
been primarily used on MMIC power
amplifiers. This technique can be
successfully applied to a Doherty am-
plifier. By comparing it with APD,
which is a popular linearization tech-
nique, the DSM can achieve good
linearity without the requirement of
any external circuitry. Doherty ampli-
fiers with improved efficiency and
linearity have been reported
recently.8,9 The stringent linearity
specifications required for WCDMA
repeater or base station applications
could not be met without an addi-
tional linearization technique. There-
fore, the ACLR specifications of the
Doherty amplifier require the use of
both circuit- and system-level tech-
niques simultaneously. In this article,
an optimized 20 W, high power and
highly linear, digitally pre-distorted
Doherty amplifier, which uses DSM,
is proposed. The linearity of the Do-
herty amplifier is first improved by
using the DSM at the circuit-level.
Digital pre-distortion is then utilized
so that the Doherty amplifier is maxi-
mally optimized.

ANALYSIS OF A LINEARIZED
DOHERTY AMPLIFIER
Derivative Superposition Structure

Figure 1 shows the configuration
of a multiple FET combined amplifi-

er, using the derivative superposition
method. The main and N-auxiliary
amplifiers are represented by their
transconductance stages. The main
amplifier is identified as transistor M,
which is biased by the gate voltage
VM. The auxiliary amplifier N consists
of a transistor MN, which is biased by
the gate voltage VgsN. The gate biases
are adjusted to compensate for the
nonlinear characteristics of the main
transistor.

The total output current of the mul-
ti-FET combination is expressed as

where

Gm= transconductance, controlled by
the gate-source bias Vgs

The DSM requires the summation
of the derivatives of the various FET
drain currents with respect to their
gate voltages in order to achieve the
desired transfer characteristics. The
nonlinear transconductance products
generated by the main amplifier can
be removed by independently com-
pensating with the transconductance
of the N-auxiliary amplifiers. This
multiple FET amplifier can be ap-
plied to the Doherty structure, using
two parallel LDMOS FETs. Figure 2
shows the transfer function deriva-
tives of a LDMOS FET model as a
function of gate bias
voltages. The third-
order G3 term,
which is of interest
in power amplifiers,
determines the in-
band third-order in-
t e r m o d u l a t i o n
(IM3) distortion
products. The G3
term can be ob-
served to change
slope and sign when
the mode of opera-
tion moves between
class AB and class
C. In general, LD-
MOS FETs biased
in class AB or class
C mode have differ-
ent transfer func-
tion derivatives ver-
sus gate bias and in-
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put voltage. C. Fager, et al. have
demonstrated the LDMOS FET
transfer function derivatives for dif-
ferent classes of operation.10 The
transfer function of a LDMOS FET
can be modeled by a Taylor series ex-
pansion as follows:
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▲ Fig. 1  Configuration of a multiple FET
combined amplifier using the DSM
technique.
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where vin is an input voltage and the
coefficients Gn are the transfer func-
tion derivatives of the nth-order IM
products. In the design of a Doherty
amplifier, the main amplifier is biased
in the class AB mode and the peaking
amplifier operates in the class C mode.
Linearization Optimization of the
Doherty Amplifier Using Shunt
Capacitors

The proposed linearization princi-
ple of the Doherty amplifier is shown

in Figure 3. The general principle is
similar to utilizing the DSM, by ad-
justing two different gate biases.
When the gain compression curve of
the main class AB amplifier is com-
pensated by the gain expansion curve
of the peaking class C amplifier, a lin-
ear transfer function can be obtained.
In order to understand the cancella-
tion of the third-order term in the
spectral domain, a two-tone input sig-
nal is applied

When a two-tone signal is injected
into the main and peaking amplifier,
the upper and lower sideband third-
order IM terms (IM3) generated at
the output of the main and peaking
amplifiers can be calculated. In the
memory-less amplifier model, the up-
per and lower sideband frequency
components are symmetrical; there-
fore, the focus is on just the upper
sideband. Using a Volterra series, the
upper sideband third-order IM
terms, 2w2–w1, of the main and peak-
ing amplifier outputs at point A and
A', in terms of Iout(vin), are given by

where H(w) is the nonlinear transfer
function and G3m and G3p are the
transconductances generated by the
main and peaking amplifiers, respec-
tively. Also, φm and φp are the phases
of the third-order IM terms, which
depend on G3m and G3p of the main
and peaking amplifiers. The adjust-
ment of the two variable capacitors
will result in the phase of the main
and peaking amplifier outputs being a
function of the frequency and capaci-
tance. This can be respectively writ-
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▲ Fig. 4  Third-order intermodulation
linearization of the Doherty amplifier using
the shunt capacitors.
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Incorporating Equations 6 and 7 into Equations 4 and 5 at
point B and B', the IM3 of the main and peaking ampli-
fiers can be simply written as
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where the IM3 magnitude of the
main and peaking amplifiers, α3m and
α3p, are

In order to reduce the IMD3 term,
Equation 11 must be minimized

Accordingly, if the IM3 magnitudes
of G3m and G3p are assumed to be
the same, then the IM3 phase be-
tween the main and peaking ampli-
fiers can be written as

Using ∆θm and ∆θp, the minimum
IMD3 can be achieved, as shown in
Figure 4. Note that the third-order
G3 terms of the class C biased peak-
ing amplifier have a sign opposite to
that of a class AB biased main ampli-
fier. Consequently, after the shunt ca-
pacitors values are adjusted, the gate
bias of the main and peaking ampli-
fiers and the input voltages could be
properly optimized and the third-or-
der IM products generated by the
Doherty amplifier should be ideally
cancelled out. The two critical para-
meters, which affect the minimiza-
tion of the IMD3, include the gate
bias and the output shunt capacitors.

DESIGN AND SIMULATION
A 20 W, high power Doherty am-

plifier is designed by using a push-pull

Φ ∆ ∆m m p p+ + + =θ φ θ π ( )12

20

11

3

3

log

– ( )

α

α

φ θ φ θ

m

p

m m p p

∠

+( ) +( )∆ ∆

α ω ω

α ω

3 3
3

1
2

2

3 3
3

1

3
4
3
4

m m m m

p p p

G A H H

G A H

= ( ) ( )

= (
_

_

,

)) ( )Hp
2

2

10

ω

( )

78 MICROWAVE JOURNAL ■ APRIL 2007Visit http://mwj.hotims.com/11715-50

TECHNICAL FEATURE

90

0

A

B CZ0

RF
Output

RF
Input

Offset LineMain Amplifier

Peaking
Amplifier

Output
matching

−@   ZOx−λ
4 2

ZOCp

Cm

Zout

Output
matching

Input
matching

Input
matching

+Vgs,peak

+Vgs,main

−@ZO
λ
4
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packaged MRF6P21190 (Freescale’s
LDMOS FET) with a P1dB of 190 W.
The simulation of the Doherty circuit
was performed using Agilent’s ADS
software. Figure 5 shows the
schematic diagram for the highly lin-
ear Doherty amplifier proposed in this
article. One device is used as the main
amplifier, while the other is the peak-
ing amplifier. A 90° hybrid coupler is
used to achieve the –90° phase shift at
the peaking amplifier. The peaking

compensation lines and shunt capaci-
tors are inserted so that both the effi-
ciency and linearity of the Doherty
amplifier are optimized. The output
impedance, Zout, of the peaking ampli-
fier was simulated to be 5.4 + j48.8
(Γout = 0.895 – 91.1°). By inserting the
offset line, this point can be moved at
822+j260 (Γout = 0.895 ∠ 2.0°). There-
fore, this corresponds to an optimum
high resistance, Ropt = 822 Ω. The
high impedance of the peaking ampli-

fier enables the output power of the
main amplifier to be fully delivered to
the load. Thus, the offset line is neces-
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sary to prevent leakage power from
the main amplifier into the peaking
amplifier. The offset line has been
shown to be very sensitive to the over-
all efficiency and linearity of Doherty
amplifier.4

Figure 6 shows the simulated gain
performance of the Doherty amplifier

as a function of the gate bias of the
main and peaking amplifiers. The bias
dependent gain expansion characteris-
tics of the peaking amplifier and also
the gain compression characteristics of
the main amplifier can be observed.
The designed Doherty amplifier has
gate bias points of 2.88 V for the main
amplifier and 2.07 V for the peaking
amplifier. Figure 7 shows the simulat-
ed upper IM3 performance at points
A, B and C. Using shunt capacitors,
the phase mismatch between the IM3
of the main amplifier and the IM3 of

the peaking amplifier can be removed.
The IM3 of 0.160 ∠ 143° for the main
amplifier was moved to 0.155 ∠ 156.7°
and the IM3 of 0.145 ∠ –4.7° for the
peaking amplifier was simultaneously
moved to 0.148 ∠ –23.1°. Therefore,
the necessary 180° out of phase char-
acteristic for a highly linear Doherty
amplifier could be achieved. Figure 8
shows the simulated IM3 performance
of a high power Doherty amplifier
based on a two-tone input signal. The
linearity performance of the Doherty
amplifier was optimized using the gate
biases, the offset lines and the shunt
capacitors. The IM3 performance of
the Doherty amplifier, based on the
optimization of shunt capacitors, could
be improved by 10 dB in comparison
to that of the Doherty amplifier before
optimization. The corresponding pow-
er-added efficiency (PAE) was 24.8
percent at an average 20 W output
power at 10 dB back-off.

EXPERIMENTAL RESULTS
A Highly Linear Doherty Amplifier

A highly linear Doherty amplifier,
using Freescale’s MRF6P21190HR6,
was fabricated and measured at a
center frequency of 2140 MHz using
a single-tone signal, a two-tone signal
and a single carrier WCDMA signal
with a peak-to-average ratio of 9.8
dB. Figure 9 shows the measured ef-
ficiency characteristics of the highly
linear Doherty amplifier compared to
that of a Class AB amplifier data-
sheet11 and the simulated Doherty
amplifier. The PAE of the Doherty
amplifier could be improved by 7.1
percent compared to that of the Class
AB amplifier at an average 20 W out-
put power at 10 dB back-off. Figure
10 shows the measured IM3 perfor-

mance of the Do-
herty amplifier
based on a two-tone
input signal (2137.5
and 2145.5 MHz).
Through optimiza-
tion of the shunt ca-
pacitors (Cm = 0.6
pF and Cp = 0.4
pF), the IM3 per-
formance of the
Doherty amplifier
improved 20 dB in
comparison to that
of the Doherty am-
plifier without
shunt capacitors.
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▲ Fig. 12  Simple structure of an indirect
learning algorithm.
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▲ Fig. 13  Test bench set-up for the measurement of the digitally
predistorted Doherty amplifier.
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These shunt capacitors must be se-
lected with small values, which do not
affect the matching circuit. At an av-
erage power of 43 dBm, the IM3 per-
formance of the optimized Doherty
amplifier achieved –51 dBc. At this
point, the gate voltages of main and
peaking amplifiers were +2.95 and
+2.12 V, respectively. Figure 11
shows the IM3 performance of the
Doherty amplifier as a function of
output power. From the measured

results, it is confirmed that an IM3
sweet-spot region with high linearity
was obtained using the derivative su-
perposition method in the Doherty
structure. The measured results
agree well with the simulation results.

Digitally Pre-distorted Doherty
Amplifiers

Digital pre-distortion has been ap-
plied, using the indirect learning al-
gorithm for a memory polynomial

predistorter (PD), as shown in Fig-
ure 12. For the memory polynomial
PD, the indirect learning using a re-
cursive least square (RLS) algorithm
was applied.12 The coefficients up-
date equation can be expressed as

where a is the column vector for co-
efficients in the memory polynomial
predistorter, e(n) is the error signal
defined by

where y(n) is the row vector equal to
[y(n) y(n)⏐y(n)⏐ … y(n–1)⏐y(n–1)⏐
…], and K(n) is the gain vector de-
fined by

where λ is the forgetting factor, * rep-
resents the complex conjugate and
the P(n) is updated as follows

Figure 13 shows the test bench
set-up of the digitally pre-distorted
Doherty amplifier. This test bench
consists of a programmable signal
generator (ESG E4438C) as a direct
up-conversion path, a Doherty power
amplifier (DPA), a vector signal ana-
lyzer (VSA 89641A) as a digital re-
ceiver to collect digital baseband
samples from the output of the DPA,
and a personal computer for digital
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1 1
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▲ Fig. 14  Measured WCDMA one-channel
spectrum of a Doherty amplifier.
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Ultra-Low Phase Noise
(as low as -181 dBc/Hz@100 kHz)
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signal processing. In the personal
computer, Agilent ADS™ has been
used for synchronizing both the sam-
ples from the signal analyzer and the
samples at the output of the memory
polynomial predistorter, that is, the
original input for the first iteration,
implementing the memory polynomi-
al predistorter, and interfacing with

the signal generator and after having
both samples time-aligned, the indi-
rect algorithm for parameter extrac-
tion has been implemented using
Mathworks MATLAB.™

Figure 14 shows the measured
WCDMA one-channel spectrum of
the Doherty power amplifier with
and without the inclusion of shunt ca-
pacitors as well as when digital pre-
distortion is applied. At an output
power of 20 W, the ACLR of an opti-
mized Doherty amplifier with shunt
capacitors improved by 16.7 dB com-
pared to the Doherty amplifier be-
fore optimization, at the upper fre-
quency offset of 2.5 MHz. By apply-
ing digital pre-distortion, a further
ACLR improvement of 7.5 dB was
obtained. The resultant WCDMA
ACLR performance was –52.5 dBc at
a 2.5 MHz frequency offset. The cor-
responding power-added efficiency
was 24 percent. At this point, the gate
voltages of the main and peaking am-
plifier are +2.93 and +2.17 V, respec-
tively. Figure 15 shows the measured
ACPR of the Doherty amplifier as
function of output power. All the re-

sults were measured at ±2.5 MHz
frequency offset from a center fre-
quency of 2140 MHz. From the mea-
sured results, it is confirmed that the
linearity of the Doherty amplifier can
be improved by using the proposed
optimization methodology.

CONCLUSION
An enhanced Doherty amplifier

with highly optimized linearity using
the derivative superposition method
was designed and implemented for
WCDMA repeater applications.
Since DSM is a linearization tech-
nique based on the transconductance
characteristics, it was found that the
gain compression of the main amplifi-
er, biased in class AB, can be com-
pensated by combining it with the
gain expansion of the peaking ampli-
fier, biased in class C. In order to
achieve IM3 cancellation in the Do-
herty structure, the gate biases of the
main and peaking amplifiers must be
optimized. The linearity optimization
of the Doherty amplifier can be ob-
tained by adjusting these important
parameters: the offset lines, the gate
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▲ Fig. 15  Measured ACPR of the Doherty
amplifier as a function of output power.
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biases and the shunt capacitors. A
combination of digital pre-distortion
along with the highly linear Doherty
amplifier achieved an ACLR of –52.5
dBc at ±2.5 MHz offset frequency for
a WCDMA signal.  ■
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With the explosion of the wireless market,
all this is changing. Consumers want more fea-
tures for the same price, vendors need more
performance at a lower price and module de-
signers are being pressured to deliver. With
more functionality going into a smaller foot-
print, the module can no longer be simply an
integration platform. As performance require-
ments become more stringent, there is pre-
cious little margin to meet specifications, let
alone design so that functional blocks can be
merely cascaded; coupling among components
must be minimized or even leveraged, if a
PA/FEM module is to be successful in the mar-
ketplace. Taking advantage of ever-shrinking
market windows means that there may be time
for a few design paths, but the days of doing it-
eratively endless module EM designs, followed
by yet another printed circuit board (PCB)
manufacturing run, are a thing of history.

In this article, a modern module design ap-
proach is explored, with emphasis on efficient
design flow and effective methodology. The
historical approach is reviewed and compared
with a newer approach, looking at breaking

92 MICROWAVE JOURNAL ■ APRIL 2007

MICHAEL HEIMLICH
Applied Wave Research Inc. 
El Segundo, CA

Module designs, and specifically hand-
set power amplifier (PA) and front-
end module (FEM) designs, are at a

crossroads. Traditionally, the module has been
an integration platform for discrete functional
blocks enabled by considerable design margin,
reasonable size and power constraints, and the
luxury of predicted performance from cascad-
ed analysis. Although these issues may not be
of concern in many current module designs,
they soon will be, because increasing cost,
complexity, integration and functionality will
drive modules into realms of new design con-
cerns. For years, going back to the Radiation
Laboratory days, the majority of the time and
effort invested in module design was spent on
individual components. Cascaded analysis by
hand and then by spreadsheet, with the associ-
ated tradeoff among related blocks, left the
majority of the module design task to finding
either what combinations of individual block
parametrics gave the highest yield, or what the
various bonding or surface-mount technology
(SMT) passive values were for “tuning in”
marginal designs. Later, with the advent of
easy-to-use electromagnetic (EM) solvers or
tools, some post-layout consideration was giv-
en to “design” of the module but, in reality,
this was and continues to be more of a verifi-
cation step.

DESIGNING MODULES
FOR CONCURRENCY IN
MULTIMEDIA CO-DESIGN
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* Isola utilizes the IPC-TM650-2.5.5.5 Stripline Resonator to test material with thickness of 0.030 and above as a means of determining a nominal value for dielectric constant and loss tangent test frequency is set at 10 GHz. Please note that for laminate dielectric 
thickness below .030 the test method that is utilized to determine the Dk and Df values is referred to as the Bereskin Stripline Resonator method. The Bereskin Stripline Resonator test method lends itself to the test and measurement of Dk and Df values of thinner
dielectric laminate materials as those that would fall below .030. In the event we are requested to test the Dk and Df of a dielectric laminate that is below .030 per the IPC-TM650-2.5.5.5 test method we would employ a
buildingblock stack method to construct the test specimens in order to arrive at a laminate dielectric thickness that would be sufficient for the test to be conducted accurately. The effect of air gaps between the dielectric
test specimens would then be back calculated out of the equation to provide for a more accurate result. Departures from these test methods and/or frequency may produce different values. Isola ensures the consistency and
repeatability of the property sets in the product that we produce, however we encourage prospective users to conduct a thorough evaluation with appropriate modeling software during the design process to determine the value
sets that are best suited for his/her application.
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down the previous barriers to actually
designing modules by focusing on
some very fundamental changes in
design: multimedia design, co-simula-
tion and early availability of EM. At a
very high level, the flow is the same:
partition the design, implement the
individual functional blocks, integrate
on the module and verify. But this is
where the similarity ends, and the
overall effect of the new design ap-
proach is to provide a higher degree
of confidence in less design cycle
time, ensuring that the module will
be manufacturable in volume, cost-
effective and will achieve its market
window of opportunity.

DESIGN FLOW OVERVIEW
Traditional Approach

In the design flow used for years
to design modules, the flow proceeds
very serially, as shown in Figure 1.
From system partition to the individ-
ual design of multiple components
(today normally limited to monolithic
microwave integrated circuits
(MMIC) or radio frequency ICs
(RFIC)), to their layout, etc., elec-
tronic design automation (EDA) tools
are underlying the flow, supporting
pair-wise integration of adjacent
steps. This means that while the sys-
tem and circuit simulation tools may
have a translator to share schematics
or a way to pass S-parameter files to
each other, the circuit tools’ integra-
tion to layout does not provide a di-

rect or obvious path
to system simula-
tion. The databases
for the tools sup-
porting any given
step are distinct
and, therefore, the
data representing
the design is spread
out over multiple
tools with no single
database encom-
passing the entire
design. Once the
many IC compo-
nents are designed
and physically im-
plemented, the
module design pro-
ceeds. In this sub-
flow, the “design” is
actually driven by
cramming all of the components into
the mechanical outline defining the
module package. Module “design” is
normally done in a PCB layout tool
for this reason, and interconnects
consideration is relegated to a sec-
ondary, parasitic analysis role rather
than a primary design role. On-mod-
ule components, such as couplers,
duplexers, or filters, may be designed
using circuit tools, but then they are
treated as isolated components simi-
lar to the ICs rather than as integrat-
ed elements. Within the last 10 years,
EM tools have matured substantially,
so that the circuit designer can inter-
cept the PCB layout prior to manu-
facturing and begin tweaking the in-
terconnects to back the design into
acceptable performance. The design,
as it were, is iterated between moving
traces in the PCB, extracting a model
for them with EM and simulating this
model with behavioral or S-parame-
ter models for the IC in a circuit tool.
The ICs are not modified much be-
yond what their previously portioned

performance dictates, except in rare
circumstances. Once again, the pair-
wise integration limitation of the sup-
porting EDA software dictates that
EM is done after layout and layout is
done after circuit simulation, as
shown in Figure 2.

There is no doubt that EM is an
invaluable part of module design. Its
proper use provides the most accu-
rate models for the user’s design. For
modules below 5 GHz or so, the ma-
jority of the design is done using RF
lumped element design techniques,
and the interconnects are better
treated as parasitic and extracted
rather than primary and modeled
(presumably with microstrip or
stripline models). However, the EM
value in this flow is diminished and
limited, because it is not accessible to
the circuit designer during design
and is used more to limit the parasitic
impact of the module as opposed to
leveraging the module to the design-
er’s advantage. Furthermore, the
same can be said to be true of many

TECHNICAL FEATURE
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provides accessability to the whole design.
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▲ Fig. 1  Traditional module design flow.
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▲ Fig. 2  The integration limitations of the traditional EDA software
necessitating multiple iterations.
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parts of the flow. Individual IC de-
signs are not mutually accessible, so
there is limited opportunity to con-
sider cascaded elements until a for-
mal integration. In the case of the
traditional flow, this integration is fur-
ther hampered by the need to some-
times limit the modeling of ICs to S-
parameter files and bonding diagrams
rather than full, transistor-level de-
scriptions and editable layouts. Op-
portunities early in the design flow to
look at coupling issues, both IC-IC
and IC-module, are nonexistent. As
such, these can only be dealt with
very late in the flow when time is
short and re-design options are few.

Concurrent Approach
In order to look at coupling issues

early in the design flow, it is neces-
sary to reach down into the flow and
break the barrier between the circuit
designer and the EM solver. At the
same time, the same should be done
for the system designer. By doing so,
concurrency is enabled in the design
flow, because all members of the
electrical design team have access to
the same data through an interface
between the tools that support their
task in the design flow. Such design
flows are said to be concurrent. If this
concurrency extends beyond the de-
sign media—the same tools and data-
base being used for RFICs, MMICs
and modules—the flow is said to be
multimedia as well. The key is to cre-
ate a database or data model for the
design that provides accessibility to
the whole design for all participants
through their step in the process.
Furthermore, elements of the design,
such as a microstrip, represent a sin-
gle entry in the data model and each
tool accesses the same entry for its
use. So notions, such as cross-probing
or schematic-driven layout, are no
longer features written to integrate a
set of tools, but rather are a funda-
mental consequence of the way the
data is stored. Such unifying databas-
es have been implemented in space-
craft design,1 for example, and have
enabled concurrent flows that reduce
design time and increase the ability
to handle complex designs. Databases
of this sort exist for module design
and enable a flow, as shown in Fig-
ure 3. In this arrangement of tools, it
is difficult to see how the flow plays
itself out. In a word, it is flexible and

can be anything from the arbitrary
pinging back-and-forth to the highly
serialized arrangement of the tradi-
tional approach. A more realistic ap-
proach can be seen in Figure 4. The
flow appears to be very serial; howev-
er, the key difference is that each step
is actually very concurrent, as will be
discussed later. How would this im-
pact module design? Before the de-
sign flow can be considered at a very
high level, with a step-by-step ap-
proach and seeing the radical effect
concurrency can have on cycle time
through this change in the module
design process, it is important to look
at how it changes a critical part of the
module flow: the EM solver.

EM IN CONCURRENT DESIGN
In the traditional flow, EM is only

available post-layout and is de facto a
module design step. This is very late
to be using the most accurate means
to model critical design elements.
Conceptually, it would be desirable to
have early access to it. Concurrent
flows permit this by primarily remov-
ing the data barrier that exists among
the tools. Since the layout and the
EM are working from the same data-
base, instead of an exported GDSII
or DXF file, the EM can be driven
directly from layout at any time with-
out having to stop to export a file.
The generated model is then auto-
matically placed into the database as
one of the possible electrical models
for that portion of the design. This
creates an interesting dynamic if the
way in which the EM analysis is initi-
ated is changed at this point. Imagine
a circuit designer whose primary view
of the design is the schematic, and
now has direct access to the layout.
By selecting larger and smaller sec-
tions of the layout, or parametrically
tuning components—even intercon-
nects—and then initiating the EM
analysis through the circuit simulator,
the designer has effectively moved
EM into the circuit design flow and
created a schematic-driven EM capa-
bility. The notion of parametric de-
sign and a concurrent database en-
ables the designer to go even further.
Rather than simply having parametric
elements automatically create layout
structures, as in the traditional flow’s
schematic-driven layout, in a concur-
rent data model these elements could
also use highly optimized EM solvers,
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built right into the models, to bring
EM into the simulation and provide
accessibility during real-time tuning,
optimization, or statistical/yield analy-
sis. Other methods rather than an ex-
plicit EM solver in the model are also
possible.2 One example is bond wire
modeling. Combining the parametric
definition of bond wires, including
multiple profiles, embedding di-
electrics and material parameters,
with layout cell generators and spe-
cialized EM solvers, three-dimen-
sional (3D) EM simulation of bond
wires can be driven by the schematic.
This makes EM analysis of module-
IC interconnects accessible very early
in the design flow, ensuring that it is
the same bond wire matrix that is in

the layout and is sent to manufactur-
ing. As shown in Figure 5, by para-
metrically varying the land location of
the ground bonds for a silicon germa-
nium (SiGe) PA at 1600 MHz be-
tween –50 to +150 µm from the nom-
inal position, it can be seen that the
performance shifts without explicit
3D EM. For many interconnect
structures, it is desirable to incre-
mentally add parasitic and coupling
effects early on, as the design pro-
gresses, considering them perhaps as
innocuous shorts, then as simple dis-
tributed elements and finally as more
and more complex coupling arrange-
ments. A new technology available in
some software packages offers an in-
telligent net (iNet) capability, which
enables a wire on the schematic to be
routed on the layout and modeled us-
ing circuit elements.3 A new EM-like
technology, circuit extraction (see
Figure 6), can then group together
these iNets and instead of doing
time-consuming full-wave EM analy-
sis, can effectively create a schematic
model using distributed and coupled-
line circuit elements. Circuit extract,
when combined with EM-based
models, brings the design full-circle,
having effectively used schematics to
kick-off EM, which in turn generates
an EM analysis that produces a
schematic with embedded-EM.

SYSTEM SIMULATION
The module flow uses system sim-

ulation in three areas. Requirements
flow-down is used very early in the
process to partition the design into
functional blocks. Behavioral models
represent each component to be de-
signed. Following this, the flow-down
can be modified into a module verifi-
cation mode by swapping out behav-
ioral models for simulation-based
ones. These simulation-based models

TECHNICAL FEATURE
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▲ Fig. 6  Circuit extraction converts
geometry data into distributed models.

98 MICROWAVE JOURNAL ■ APRIL 2007Visit http://mwj.hotims.com/11715-79

 4M32 FINAL  3/27/07  12:42 PM  Page 98

http://mwj.hotims.com/11715-79
mailto:sales@microwavesolutions.com
http://www.microwavesolutions.com


Visit http://mwj.hotims.com/11715-124 or use RS# 124 at www.mwjournal.com/info

 4M32 FINAL  3/27/07  12:43 PM  Page 99

http://mwj.hotims.com/11715-124
http://www.mwjournal.com/info
http://www.rogerscorporation.com/acm/antenna


reuse the component schematics at
the circuit level and automatically ex-
tract the needed system model
through the single data model, even
to the point that real-time tuning can
be used as well as optimization of the
system using circuit elements. System
simulation can be used in co-simula-
tion with the circuit designs in a fash-
ion similar to the module verification.
Individual circuit designs can be in-
serted into test benches and the cir-
cuit schematic can be tuned or opti-
mized for system performance. For a
PA module, for example, this could
be error vector magnitude (EVM),
adjacent channel power ratio
(ACPR), or bit error rate (BER).

CIRCUIT DESIGN
At some level, the designer must

start by creating a schematic, doing
some simulation and implementing
with a little bit of layout. The value in
the method under discussion in this ar-
ticle is that all these tasks are in the
same tool, sharing the same database
and the elements being placed in the
schematic instantly have meaning in
the other relevant steps in the process.
Thus, the manipulation of the design
can then switch to the layout, if that is
the best way to manipulate the design,
with the schematic automatically up-
dating with each and every layout edit.
EM can be implemented very early in
the flow by using EM-based models or
using EM to extract models directly
from the layout under schematic con-
trol. This can also be done from the lay-
out via the single data model because
of the layout-schematic concurrency.
This extends also to wires in the
schematic. As shown in Figure 7, the
wire in the schematic is automatically
implemented knowing the precise via
type that is needed—the connection to
the capacitor is able to discriminate be-
tween cap top and bottom and can
draw the appropriate via structure. This
can then be extracted to circuit models,
using circuit extract or S-parameters,
using a full-wave EM solver. Because of
the ease with which the circuit designer
can introduce EM, it is relatively sim-
ple to incrementally add more and
more peripheral metal to the EM until
there is greater certainty of the desired
performance. Because this incremental
EM is done very early in the flow, it is
much easier to make design changes
when suggested by the EM results. As

previously discussed, this can be done
with system co-simulation as well, be-
cause the concurrent flow removes the
overhead in the traditional flow of ex-
tracting behavioral models from the
circuit tool and moving them to the sys-
tem tool.

MODULE-IC CO-DESIGN
Once there is a semblance of a de-

sign for each of the components, the
designer can now begin taking advan-
tage of the concurrencies across the
media. Figure 8, for example, shows
that the heterojunction bipolar transis-
tor (HBT) die can be individually de-
signed in a concurrent fashion, as can a
complementary metal oxide semicon-
ductor (CMOS) or any other IC tech-
nology, in the same toolset, while si-
multaneously being co-designed with
each other and the module itself. The
determining factor in where the con-
currencies occur is the needs of the
design and the creativity and problem
solving of the engineer. The primary
feature enabling this, beyond the con-
current data model, is the ability to
load multiple process design kits
(PDKs) for electrical and physical de-
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sign. For the example above, this
means having multiple layer defini-
tions and library elements for all three
of these processes, as shown in Figure
9. Once the multiple PDKs are loaded,
different IC-module co-design oppor-
tunities can be considered. One obvi-
ous area is evaluating the tradeoff be-
tween a component on-die or on-mod-
ule. It can be seen in Figure 10 that
the original CMOS PA design calls for
an inductor on the source of the sec-
ond stage. For die cost concerns, the
designer may choose to explore mov-
ing this inductor, implemented as a
spiral in the IC layout, to the module.
Taking into account line lengths on the
die and the module, as well as the lay-
out-driven bond wire model with built-
in EM, a module inductor can be syn-
thesized that gives the equivalent ef-
fective inductance on-module as
on-die, with a high degree of confi-
dence in the results, as seen in the cir-
cled region in Figure 11. Typically,
this sort of analysis in the traditional
flow would require the use of nearly all
the tools (IC layout, PCB layout, cir-

cuit simulation and 3D EM), taking
hours if not days to coordinate, simu-
late and analyze for a single iteration of
the analysis. Here, in comparison, the
whole process takes minutes, including
optimizing the module line length.
While it is true that as the module is fi-
nalized more and more direct current
(DC), control and other routed lines
will perturb the off-chip inductive so-
lution, the critical design constraints
for properly realizing the inductor
through the layout-driven bond wire
and the parameterized description of
the inductive module line have been
identified very early in the design
process. Good design practices, from
this point forward in the flow, will en-
able the designer to incrementally ex-
amine how these other lines perturb
the solution. In this way, a warning can
be flagged and a second look taken at
the module inductor as soon as it be-
comes an issue. In contrast, in the tra-
ditional flow, there would not be any
incremental knowledge of this, and the
designer would not be able to see
which “extra line” tipped the balance,
since he/she would only be doing a
full-up, complete module EM at the
end of the complete, or nearly com-
plete, module layout. Also shown on
top of the figure is a large matching in-
ductor for the SiGe PA implemented
off the chip. Co-designing this with the
IC enables the designer to further
minimize die size as well as performing
sensitivity analysis for oscillations, be-
fore formally completing either the IC
or the module design and layout. Once
again, all of this is done very early in
the flow, before formal or final layout
of the module, enabling the SiGe PA
designer and the module designer to
have a dialog, if not do the outright de-
sign, using their preferred tools with a
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▲ Fig. 9  The ability to load multiple PDKs
for electrical and physical designs means
having multiple layer definitions and library
elements.

(a)

(b)

▲ Fig. 10  The original CMOS PA design
calls for an inductor on the source of the
second stage.

▲ Fig. 11  A module inductor synthesized,
giving an equivalent effective inductor 
on-module as on-die.
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single database. This can be extended
further to IC-IC co-design. In this
mode, the module can be considered
immediately, or later on the intercon-
necting medium. As shown in Figure
12, the subject SiGe PA is now com-
bined with a pseudomorphic high elec-
tron mobility transistor (PHEMT) PA
via a coupler, presumably for feeding a
common, broadband antenna. Once
sufficiently designed, the individual die
can initially be directly combined or,
later at the module level, used to con-
sider the loading of one chip by anoth-
er. When this is done at the module
level, the module interconnect source
circuitry on one IC and load circuitry
on the other IC become, instead of im-
pediments, opportunities for perfor-
mance improvement. Thanks to the
concurrency in the tools underlying
the flow, the performance need not be
just circuit, but also system. Complete
implementation of the module can
proceed once the (transistor-level) ele-
mental descriptions of all the compo-
nents are added. Co-design across all
media boundaries is enabled or, for
sufficiently mature and match-insensi-
tive designs, just the module can be
considered through design layout and
unit verification.

FINAL ANALYSIS AND
VERIFICATION

Once the module layout is com-
pleted, the designer “pops” back to
the top level of the flow and does a fi-
nal EM analysis and verification at
the module level. The EM analysis
may be full-module, but more likely
than not, it will only be key areas of
the module. The identification and
partitioning of these areas were iden-
tified in the early parts of the IC, IC-
module and IC-module-IC co-design
segments with the incremental tech-
niques discussed previously. Those
areas, flagged as suspect or critical,
will be analyzed one more time in
this step and then combined with the
transistor-level descriptions of the
non-EM areas for final circuit- and

system-level simulation and yield
analysis. Any design rule check
(DRC) and layout versus schematic
(LVS) are done prior to generating
data for IC fabrication, PCB manu-
facturing and module assembly.

CONCLUSION
Module design is no longer a mat-

ter of cascaded S-parameters and
PCB layout. Design and market de-
mands are forcing the module design
focus to shift from component inte-
gration to a co-designed medium.
The traditional design flow and un-
derlying design tools are incapable of
achieving this within the time-to-
market requirements of modern
PA/finite element method (FEM)
products. Leveraging the lessons of
concurrency from other areas, a set of
tools and a flow based on a common
database provides a low risk path to
actually using the module to achieve
greater performance, higher yield
and lower cost.  ■
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▲ Fig. 12  SiGe PA combined with a
PHEMT via a coupler.
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sertion losses, a gain block, such as an LNA, is
integrated with the passive filtering part to
compensate for the loss. 

BASIC DESIGN CONCEPT
A tunable filter with loss compensation can

be constructed by cascading passive tunable
filters (or tunable resonators), an RF gain
block and external/internal equalizers, as
shown in Figure 1. Here, the filtering parts
are responsible for creating the needed fre-
quency response, while the gain block com-
pensates for the insertion losses. If the filters
(resonators) are tunable (mechanically or elec-
trically) their input/output impedance varia-
tions may be considerable, leading to varia-
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B. KAPILEVICH
The College of J&S
Ariel, Israel

Varactor-tunable filters attract the atten-
tion of microwave specialists due to a
number of advantages that can improve

the overall performance of communications
and radar receivers, as well as measuring
equipment. One of the drawbacks of such fil-
ters is a considerable variation in bandwidth
(BW) and insertion losses (IL) within the tun-
ing range. The problem can be solved by the

proper design of equalizing cir-
cuits, providing stabilization of
these parameters. This article
describes the basic concept and
realization of such an approach,
when the filter components are
using step-impedance res-
onators matched by L- and T-
types of equalizing elements.
Since implementing additional
equalizers leads to increased in-

A VARACTOR-TUNABLE
FILTER WITH CONSTANT
BANDWIDTH AND LOSS
COMPENSATION
This article presents the basic concept and realization of a bandpass varactor-
tunable filter with constant bandwidth and loss compensation. The filter
components are based on step-impedance planar resonators, while the equalizing
circuits of L- and T-types are lumped capacitances. The integration of the filter
passive parts with a gain block is implemented to compensate for the insertion
losses. Examples of practical realizations of two- and four-pole varactor-tunable
filters in the 1.1 to 1.5 GHz frequency range are reported.

MCext

Tunable
BPF

Tunable
BPF

Filter
Tuning

RF
Amp

fRF 

MCint 

MCext

Fig. 1  Tunable bandpass
filter configuration with
external (MCext) and internal
(MCint) equalizers and loss
compensation. ▼
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tions of IL and BW within the tuning
range. To avoid such an undesirable
phenomenon, external and internal
equalizing circuits must be added to
improve the overall performance.
The practical realization of a tunable
filter with constant bandwidth and
loss compensation (stabilization) re-
quires performing the following basic
steps:
• The design of tunable resonators
from which the tunable filter is as-
sembled. In this article, step-imped-
ance varactor-tunable resonators will
be employed to realize such filtering
elements;
• The choice of a configuration of
coupling (equalizing) elements pro-
viding stabilization of the bandwidth
within a specified tuning range. If the
filter consists of several resonators,
both external and internal equalizers

must be determined to provide the
best stabilizing effect;
• The choice of the gain block and
the design of equalizing elements to
minimize the IL variation within the
tuning range;
• Integrating all the components
into a single assembly, in order to
reach the goal: a bandpass varactor-
tunable filter with constant IL and
BW and loss compensation.

STEP-IMPEDANCE VARACTOR-
TUNABLE RESONATORS

Tunable resonators and filters can
be realized through a number of
methods.1–5 However, a step-imped-
ance resonator (SIR) is an excellent
candidate for creating microwave
tunable filters due to some advan-
tages:6
• Easy fabrication using planar tech-
nology;
• Reasonable manufacturing toler-
ances;
• Easy integration with varactors
and other lumped or distributed
components;
• Simple biasing circuitry;
• Wide-range tuning ability (up to
50 percent) with commercially avail-
able varactors.

The symmetrical configuration of
the SIR, shown in Figure 2, is con-
sidered below. It consists of the two
lines with different impedances, Z1
and Z2 and electrical lengths θ1 and
θ2, respectively. The varactor diode,
used as a tuning element, is placed in
the center of the resonator. A more
detailed analysis of these configura-
tions6 showed that the frequency tun-
ing range and mode separation de-
pend on the parameter ζ = θ1/(θ1 + θ2)
as well as the type of coupling ele-
ment at the input/output ports—ca-
pacitive or inductive. The best results
are obtained for the parameter ζ =
0.7 to 0.8, assuming Z1 = 20 Ω and Z2
= 80 Ω. The SIR with a series varac-
tor demonstrates a higher separation
between the principal and nearest
higher mode, while its counterpart,
with a parallel varactor, has better
tunability. Since both SIRs have a
symmetry plane with respect to the
varactor, only odd (or even) modes
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▲ Fig. 4  Simulated frequency response of
the varactor-tunable SIR.
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▲ Fig. 2  Schematics of tunable SIR with
the varactor V in series and parallel.
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▲ Fig. 3  Varactor-tunable SIR with
capacitively coupled input/output ports.

TABLE I
BASIC CHARACTERISTICS OF THE

VARACTOR-TUNABLE SIR

Capacitance of varactor CV1 (pF) 0.75
2.25

Resonance frequency (MHz) 1546
1088.7

IL at resonance (dB) –2.9
–4.2

3 dB bandwidth (MHz) 36.5
23.7

Tuning range (MHz) 450

BW variation (%) 55

IL variation (%) 45

IL
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▲ Fig. 6  Simulated frequency response of
the varactor-tunable SIR with input and
output equalizers.

Z2LZ2L

Z1L

Tunable
Resonator

Out

Z1L

In

▲ Fig. 5  Tunable resonator with L-type
equalizers at the input and output ports.

TABLE II
BASIC CHARACTERISTICS 

OF THE VARACTOR-TUNABLE SIR 
WITH EQUALIZERS

CV1 (pF) 0.75
2.25

Resonance frequency (MHz) 1544.2
1096.4

IL at resonance (dB) –4.9
–5.46

3 dB bandwidth (MHz) 23.7
20.5

Tuning range (MHz) 447.8

BW variation (%) 15

IL variation (%) 11
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can be tuned while the others are fixed, depending on the
position of the varactor-parallel or series. This effect re-
duces the frequency separation of the resonant modes.
However, if the cut-off frequency of the gain block is cho-
sen near the second harmonic, this parameter can be im-
proved in principle. Consider, as an illustration, the varac-
tor-tunable SIR with capacitive input/output couplings
shown in Figure 3. The varactor (capacitor CV1 with Q =
100 at 1 GHz) is connected in series and its capacitance
varies in the range 0.75 to 2.25 pF, depending on the ap-
plied bias voltage. The biasing circuitry is not shown for
simplicity.

The SIR is assumed to be fabricated on a Duroid RO-
3006 substrate: εr = 6.15, tanδ = 0.001, thickness H = 1.28
mm and a conductor thickness T = 0.035 mm. For these
parameters, Z1 = 19.9 Ω, Z2 = 80 Ω, θ1 = 60° and θ2 =
24.3°, resulting in the parameter ζ = 0.71. The other
schematic elements are indicated in the figure, assuming
that the capacitors Q = 100. The IL was simulated using
the Ansoft Designer SV-2.28 circuit simulator for two ca-
pacitances of the varactor CV1 = 0.75 and 2.25 pF (see
Figure 4). The other characteristics of this tunable res-
onator are given in Table 1. It is clear that the variations
of bandwidth and insertion loss are not acceptable and
need the stabilization discussed below.

STABILIZATION OF BW AND IL
When it is necessary to stabilize BW and IL within a

tuning range, the following factors should be taken into
account:
• Frequency dispersion of the constitutive characteristics
of the substrate, namely εr and tanδ;
• Frequency dispersion of the parameters of both
lumped and distributed elements of the filter, responsible
for its frequency performance;
• Frequency behavior of the coupling
coefficients of the input/output and in-
ter-resonator coupling elements.

The roles of these factors and their
real contributions in degrading the filter
performance depend on the operating
frequency. However, in many practical
situations, the coupling elements are the
most essential factors leading to variations of BW and IL.
A variety of equalizing circuits can be employed to stabi-
lize BW, but only simple capacitive L and T configura-
tions are considered, which can be easily integrated with
planar technology. 

SINGLE-TUNABLE RESONATOR
A single-tunable resonator with L-type equalizing cir-

cuits at the input/output ports is shown in Figure 5. As-
suming that the transmission matrix ABCD of a tunable
resonator ⏐Tr⏐ is known, the transmission matrix of the
tunable resonator with equalizers ⏐Tre⏐ can be written as  

where ⏐Te
in⏐ and ⏐Te

out⏐ are the transmission matrices of
the input and output equalizers consisting of reactances
Z1L and Z2L

T T T Tre e
in

r e
out= × × ( )1
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After multiplying the matrices in Equation 1, the ele-
ments of ⏐Tre⏐ are determined as

where Ar, Br, Cr and Dr are elements of the transmission
matrix of the tunable resonator.6 Assuming a symmetry
with respect of the input and output ports results in Ar =
Dr; q = Z1L/Z2L. By transforming the ABCD matrix into a
scattering matrix,7 with a system impedance Z0, S21 can
be written as

or

where t = 1 + q. The insertion loss expression, IL = –20
log⏐S21⏐, can now be used for optimizing the tunable fil-
ter’s frequency response within a specified tuning range.
The equalizing reactances Z1L and Z2L are considered
now as independent variables satisfying the two criteria:
a) minimum variation of insertion loss;
b) minimum variation of bandwidth.

To simplify the minimization procedure to reach the
goal, the capacitive elements, Z1L = 1/j2πfC1L and Z2L =
1/j2πfC2L are tried, so that the following error function
ER can be introduced
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TINY CERAMIC

LOW&HIGHPASS
FILTERS

Passband Stopband MHz
Model MHz ( Loss >20 dB)

Min.
LFCN-80+ DC-80 200
LFCN-95+ DC-95 230
LFCN-105+ DC-105 250
LFCN-120+ DC-120 280
LFCN-160+ DC-160 330

LFCN-180+ DC-180 370
LFCN-190+ DC-190 400
LFCN-225+ DC-225 460
LFCN-320+ DC-320 560
LFCN-400+ DC-400 660

LFCN-490+ DC-490 800
LFCN-530+ DC-530 820
LFCN-575+ DC-575 900
LFCN-630+ DC-630 1000
LFCN-800+ DC-800 1400

LFCN-900+ DC-850 1275
LFCN-1000+ DC-1000 1550
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Passband Stopband MHz
Model MHz ( Loss >20 dB)

Min.
HFCN-650+ 710-2490 480
HFCN-740+ 780-2800 550
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HFCN-1300+ 1400-5000 930
HFCN-1320+ 1400-5000 1060
HFCN-1500+ 1600-5500 1250
HFCN-1600+ 1650-5000 1290
HFCN-1760+ 1900-5500 1230
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HFCN-2100+ 2200-6000 1530
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HFCN-4600+ 5000-11000 3800
HFCN-5050+ 5500-10000 4200
HFCN-5500+ 6000-11500 4500
HFCN-7150+ 7900-11000 6150
HFCN-8400+ 9000-13000 6000

HFCN Models: -3800+, -5500+, -8400+ Patent Pending
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where t1 and t2 are weighting coefficients (t1 + t2 = 1) and
V1 and V2 are the varactor biasing voltages corresponding
to the specified tuning range of the resonator. A search for
a minimum of the error function (the details are omitted
due to space limitation) results in the value of the equaliz-
ing capacitors of CIL ≈ 2.2pF and C2L ≈ 1pF. The simulat-
ed frequency responses obtained for these equalizers are
shown in Figure 6, with the same varactor’s capacitors
values as before.

A comparison of both responses demonstrates that the
stabilizations of IL and BW are successful, namely the
BW variation is reduced by more than three times and the
IL variation is reduced by approximately five times. Table
2 summarizes the results of the above optimization.

COUPLED-TUNABLE RESONATORS
Coupled-tunable resonators, with a

T-type capacitive equalizing circuit as an
inter-coupling element, are shown in
Figure 7. Assuming that the transmis-
sion matrix ABCD of a single-tunable
resonator |Tr| is known, the transmission
matrix of the coupled-tunable resonator
with external and internal equalizers
|Tre| can be written using the same ap-
proach as described above for the sin-
gle-tunable resonator. However, the er-
ror function must now be modified to
include the parameters of the inter-cou-
pling elements of the T-equalizer, C1T
and C2T. It can be written as 

By optimizing the error function, the values of the equal-
izing capacitors have been determined to be

C1T = 3 pF, C2T = 1.4 pF, C1L = 3 pF and C2L = 1.7 pF

The schematic of the equalized two-pole filter is shown
in Figure 8 and its simulated frequency responses are
shown in Figure 9 for CV1 and CV2 varying in the range
0.75 to 2.25 pF. The BW varies from 18 to 22 MHz and
the variation of IL is 6 to 7 dB, within the tuning range
1.08 to 1.53 GHz. However, this level of insertion loss is
unacceptable for many applications. To compensate for
the insertion losses, a gain block is added between the
two-pole tunable filters, as shown in Figure 10. It should
be pointed out that implementing the gain block may re-
quire a correction of its gain slope within the specified
tuning range in order to obtain a flatter IL.

FABRICATION AND TESTING
In order to verify the suggested concept and the results

of the nonlinear optimization of the error functions
(Equations 9 and 10), varactor-tunable filters were fabri-
cated using planar microstrips on Duroid RO-3006 sub-
strates, SMA connectors and the step-impedance topology
previously described. Abrupt junction tuning varactors
SMV1405 from Skyworks Solutions Inc. were employed
with a biasing circuit providing 0 to 15 V. A photograph of
the two-pole tunable filter is shown in Figure 11. The
measured IL of this filter is shown in Figure 12. Its tun-
ing range is from 1.0 to 1.4 GHz, its 3 dB BW = 60 ±5
MHz and its IL = 3.5 to 5.0 dB. A four-pole tunable filter
has been assembled, using two identical two-pole tunable
filters, with a gain block between them. The Mini-Circuits
LNA-ZFL1000LN with a gain of approximately 20 dB
was integrated within these filters for loss compensation.
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▲ Fig. 9  Simulated frequency response of
the two-pole varactor-tunable SIR filter.
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▲ Fig. 10  Four-pole tunable filter
configuration with L- and T-type equalizers,
varactor-tunable SIRs (R) and gain block
(G).
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▲ Fig. 7  Tunable two-pole filter with L-type equalizers at the
input/output ports and an inter-resonator T-type equalizer.
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▲ Fig. 8  Schematic of a tunable two-pole filter with L- and T-type
equalizers.
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A photograph of the whole assembly
is shown in Figure 13. A special con-
troller-driver has been designed to
distribute the biasing voltages be-
tween the four varactors from a single
DC power supply. Figure 14 shows
the measured IL for different biasing
voltages. Table 3 summaries the per-
formance of the fabricated four-pole
tunable filter.

CONCLUSION
Varactor-tunable bandpass filters

based on SIRs have been presented
in this article. The major limiting fac-
tors such as variation of BW and IL
were overcome by using L- and T-
types of equalizers. Almost constant
BW and IL over the 40 percent tun-
ing range have been achieved with
varactor diodes available in the mar-
ket today. The filters are easy to fabri-
cate using planar microstrip technolo-
gy suitable for mass-production.  ■
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TABLE III
PERFORMANCE OF THE FOUR-POLE

VARACTOR-TUNABLE SIR FILTER 
WITH LOSS COMPENSATION

Tuning range (MHz) 1080 to 1440

Insertion loss (gain) (dB) +10 ±1.5

Response type maximally flat

VSWR 1.5

Number of resonators 4

Number of varactors 4

Connectors SMA, 50 Ω

DC power supply 15 V/100 mA

Tuning time depends on the 
type of driver

Dimensions (mm) 105 × 32 × 32
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▲ Fig. 12  Measured insertion loss of the
two-pole SIR filter.
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▲ Fig. 14  Measured insertion loss of the
four-pole tunable SIR filter with a gain block
compensation.

▲ Fig. 11  The two-pole tunable filter.

▲ Fig. 13  The four-pole varactor-tunable
SIR filter with its controller-driver.

Microwave Week 2007: The IMS 2007
technical sessions will run from Tuesday
through Thursday of Microwave Week. Work-
shops will be held on Sunday, Monday and
Friday. In addition to IMS 2007, a microwave
exhibition, a historical exhibit, the RFIC Sym-
posium (www.rfic2007.org) and the ARFTG
Conference (www.arftg.org) will also be held
in Honolulu, HI, during Microwave Week
2007. Following this will be the IEEE Anten-
nas and Propagation Society International
Symposium, also in Honolulu, HI, from June
9–15, 2007.

IEEE MTT-S INTERNATIONAL

MICROWAVE SYMPOSIUM

June 3–8, 2007
Honolulu, Hawaii

Visit www.ims2007.org
for more information
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TECHNICAL FEATURE

shaped monopole4 was constructed and inves-
tigated. Its band-rejected property in the un-
desired frequency band was observed.
Crossed planar monopole antennas5 with sin-
gle and multiple U slots were also implement-
ed. There are two major techniques to reject a
frequency band in cross monopole antennas:
One is by using slots, the other by using slits.
A broadband UWB antenna, using a cross
semi-elliptic monopole with a finite ground
plane, was successfully achieved.7 The band-
width obtained was from approximately 1.85
to more than 12 GHz and a good radiation
property was shown. By adding four narrow
slits, a 5.25 to 6.40 GHz rejected frequency
band was created.
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WEN-SHAN CHEN AND MAO-KAI HSU
Southern Taiwan University of Technology
Taiwan, ROC

Planar monopole antennas, with their ad-
vantages of low cost and wideband char-
acteristics, are widely used in wireless

applications.1 However, they suffer from dis-
tortion of the radiation pattern at higher oper-
ating frequencies, which leads to a directional
radiation.2,3 A cross monopole antenna has
been implemented to overcome the pattern
distortion at higher operating frequencies. A
cross-planar monopole, with an omni-direc-
tional radiation in the horizontal plane and a
wide operating impedance bandwidth, has
been described.2 A cross semi-circular mono-
pole has also been proposed,3 but without a
rejected frequency band. The interference be-
tween the UWB and WLAN systems is an im-
portant issue4,5,6 for UWB applications. The
demand for band-rejected characteristics of an
antenna is rapidly increasing and some studies
of band-rejected cross monopole antennas
have been published. A dual-frequency cross-

THE DESIGN OF A
BAND-REJECTED CROSS
SEMI-ELLIPTIC MONOPOLE
ANTENNA FOR UWB
APPLICATIONS
A cross semi-elliptic monopole antenna with a band-rejected characteristic is
presented and investigated. By embedding four L-shaped slits on the cross semi-
elliptic monopole, an antenna with a rejected band from 5.29 to 6.20 GHz can be
implemented. The good dipole-like radiation characteristics of the constructed
prototype are shown. The broadband bandwidth and good radiation properties
of the proposed design make it suitable for wireless applications when a rejected
band is needed.
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In this article, a novel design of a
cross-shaped semi-elliptic monopole
antenna with a rejected band is pre-
sented and investigated. The band-re-
jected property is obtained by embed-
ding four L-shaped slits into the lobes
of the antenna. The characteristics of
the proposed antenna are compared
to the cross semi-elliptic monopole

antenna with four narrow slits and the
crossed planar monopole antennas
with single and multiple U slots.5

ANTENNA DESIGN
Figure 1 shows the geometry of the

cross semi-elliptic disc monopole an-
tenna. The cross monopole is made of
0.1 mm copper sheets, with two semi-
elliptic conducting plates located or-
thogonally above a square ground
plane of dimensions G × G × 0.1 mm.
The length of the major axis is 2H1 and
the length of the minor axis is W1, as
shown. The design rules and measured
results for this antenna have been pub-
lished previously.7 The configuration of
the new, band-rejected, cross semi-el-
liptic monopole antenna is shown in
Figure 2. The four L-shaped slits of
approximate length D2 + D1 and width
S2 = S1 = 2 mm are symmetrically em-
bedded into the cross semi-elliptic disc
monopole antenna. The cross semi-el-
liptic monopole is composed of four
lobes, which are located in the planes
along the x- and y-axes. The ground

plane, located in the x-y plane, has the
dimensions 120 × 120 × 0.1 mm.
When the four L-shaped slits are em-
bedded in the cross semi-elliptic disc
monopole antenna, they strongly dis-
turb the current distribution in the
specified rejected frequency band.
This results in the band-reject charac-
teristics of the antenna. Since most of
the current tends to be concentrated
near the curved edge of the lobes of
the antenna, the location of the slits,
used in the proposed band-rejected
technique, will be optimum. The cur-
rent distribution of this design is more
effectively disturbed than that of the fi-
nite ground plane cross semi-elliptic
monopole antenna with four narrow
slits.7 The effect of this strong distur-
bance is shown in the antenna gain.
The overall length of the proposed
narrow slit is approximately equal to
(D1 + D2) – (S1 + S2) or approximately
0.22 λc, where λc is the wavelength at
the center frequency of the rejected
band. The center frequency is a strong
function of the overall length of the
slit. The bandwidth of the rejected
band is determined by the position of
the L-shaped slits. In addition, com-
pared to the cross semi-elliptic mono-
pole antenna with four narrow slits,7
the proposed design has a better gain
suppression because the L-shaped slits
disturb the current distribution more
strongly.

PARAMETRIC STUDIES AND
DISCUSSION

The parametric study of the pro-
posed antenna offers some helpful in-
formation to antenna engineers. The
parameters considered include D1,
D2 and D3. Through these investiga-
tions, an antenna for UWB applica-
tion can easily be designed.

Different Values of D1
Figure 3 shows the measured re-

turn loss for different length D1. The
other parameters are fixed: W1 = 32
mm, H1 = 28 mm, H = 1 mm, G = 120
mm, S1 = S2 = 2 mm, D2 = 8 mm and
D3 = 4 mm. As D1 increases, the re-
jected band moves to a lower fre-
quency. It also shows that the band-
width of the rejected band is not sen-
sitive to D1.

Different Values of D2
Figure 4 shows the measured re-

turn loss with different length D2. The

TECHNICAL FEATURE
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▲ Fig. 3  Measured return loss for different
lengths of D1.
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▲ Fig.4  Measured return loss for different
lengths of D2.
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▲ Fig. 1  Geometry of the cross semi-elliptic
monopole antenna; (a) 3D view and (b) side
view.
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▲ Fig. 2  Geometry of the band-rejected
cross semi-elliptic monopole antenna; (a) 3D
view and (b) side view.
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other parameters include: W1 = 32
mm, H1 = 28 mm, H = 1 mm, G = 120
mm, S1 = S2 = 2 mm, D1 = 10 mm and
D3 = 4 mm. As D2 increases, the re-
jected band also moves to a lower fre-
quency. It also shows that the band-
width of the rejected band is not sensi-
tive to D2. The length of (D1 + D2) –
(S1 + S2) is approximately equal to the
overall length of the slit. It is expected
that the rejected band of the proposed
design will move to a lower frequency
as D1 or D2 are increased.

Different Values of D3
Figure 5 shows the measured re-

turn loss with different length D3, the
other parameters being: W1 = 32 mm,
H1 = 28 mm, H = 1 mm, G = 120 mm,
S1 = S2 = 2 mm, D1 = 10 mm and D2
= 8 mm. As D3 increases, the center
frequency of the rejected band is
slightly affected. However, the band-
width of the proposed antenna is
strongly affected by the length of D3.
When D3 increases, the L-shaped slit
is moved toward the antenna feed
and the bandwidth of the rejected
band is monotonically increased.
Table 1 is a summary of the antenna
characteristics for different values of
D3. It is also observed that the band-
width of the rejected band varies
from 24 to 56 percent, which is suit-
able for the proposed application.

A DESIGN FOR UWB
APPLICATIONS

An antenna design for a UWB sys-
tem has been implemented. The
measured return loss of the proposed
antenna with dimensions H1 = 28
mm, W1 = 32 mm, H = 1 mm, G =
120 mm, S1 = S2 = 2 mm, D1 = 6 mm,
D2 = 4 mm and D3 = 8 mm is plotted

in Figure 6 and is compared to a
cross semi-elliptic monopole antenna
without slots of similar dimensions.7
The rejected band of this proposed
antenna is from 5.15 to 6.04 GHz,
which fits the requirement of the DS-
UWB proposal.8 In other words, this
design succeeds in suppressing the
interference between the UWB and
WLAN systems. The measured re-
sults for the band-rejected antenna
proposed show operating bandwidths
of 1.85 to 5.29 GHz and 6.3 to 9.8
GHz for a return loss greater than 10

TECHNICAL FEATURE

TABLE I
SUMMARY OF THE ANTENNA CHARACTERISTICS FOR DIFFERENT VALUES OF D3

Center Frequency Return Frequency Range Bandwidth
D3 (mm) of Rejected Loss at of Rejected of Rejected

Band (fc ) (GHz) fc (dB) Band (GHz) Band (%)

2 3.841 2.812 3.33~4.25 24

4 3.841 1.902 3.13~4.49 35

6 3.841 1.335 2.81~4.62 47

8 3.9055 1.110 2.74~4.94 56

R
ET

U
R

N
 L

O
SS

 (
dB

)

FREQUENCY (GHz)

0

5

10

15

20

25

30
0

D3 = 2 mm
D3 = 4 mm
D3 = 6 mm
D3 = 8 mm

2 4 6 8 10 12
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dB. Figure 7 shows the real and
imaginary impedances of the pro-
posed antenna. It is found that the
real impedance of the proposed an-
tenna is dramatically increasing with-
in the rejected frequency band, while
the imaginary impedance is rapidly
changing, leading to the band-reject-
ed characteristics of the antenna.

Figure 8 shows the measured radia-
tion patterns of the proposed antenna

in the x-y plane at f = 2, 4 and 8 GHz.
The x-y plane radiation patterns are al-
most omni-directional. Figure 9 shows
the radiation pattern in the y-z plane.
The measured patterns of the proposed
antenna are dipole-like radiation, which
makes the proposed antenna suitable in
practical UWB applications. The mea-
sured x-y plane peak antenna gain for
the referenced antenna7 and the pro-
posed antenna are shown in Figure 10

over the impedance bandwidth. It is
obvious that the proposed antenna with
four L-shaped slits significantly affects
the x-y plane peak gain within the re-
jected bandwidth. The measured y-z
plane peak antenna gains for the refer-
enced antenna and the proposed an-
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tenna over the impedance bandwidth
are shown in Figure 11. It is obvious
that the proposed antenna with four L-
shaped slits significantly affects the x-y
and y-z plane peak gains over the band-
rejected bandwidth. Compared with
the gain of the referenced antenna, the
proposed antenna shows a maximum
gain drop of approximately 12.2 dBi at
6.2 GHz in the y-z plane and a maxi-
mum gain drop of approximately 3.2
dBi at 6.0 GHz in the x-y plane. There-

fore, the gain drop over the rejected
band of the proposed antenna is signifi-
cantly improved, compared to the ref-
erenced antenna with four narrow
slits.7

CONCLUSION
A band-rejected cross semi-elliptic

monopole antenna with four L-
shaped slits has been implemented
and investigated. The experimental
results show that the impedance

bandwidth obtained for this antenna
design fits the requirements of wire-
less applications. The dipole-like ra-
diation patterns over the operating
bandwidth are also shown. In addi-
tion, the proposed antenna shows a
good gain drop within the rejected
band, compared to a corresponding
cross semi-elliptic monopole antenna
with four narrow slits.7 The proposed
design of this antenna is suitable for
practical wireless applications.  ■
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fore, to the power amplifier designer, high lin-
earity and high efficiency are critical issues.
Hence, a compromise between power effi-
ciency and linearity must be considered, oth-
erwise a linearization technique to overcome
the nonlinearity of the power amplifier is the
only solution.

Various linearization methods, such as
feed-forward, feedback, predistortion, LINC
(linear amplification with nonlinear compo-
nents), CALLUM (combined analog locked-
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Modern wireless communication sys-
tems utilize digital modulation tech-
niques employing linear complex

coding schemes to maximize the channel
throughput available capability. Also, a broad-
er channel bandwidth is used for more data
transmission than before. In addition, as vari-
ous communication services, such as cellular
phone (IS-95), personal communication serv-
ice (PCS), IMT-2000 and mobile Internet are
provided, the service frequency bandwidth is
also broadened. These linear modulation
schemes increase the peak-to-average ratio of
the RF signal and the envelope variation of
the signal is changed seriously.

A power amplifier is usually operated in the
saturation region for maximum efficiency and
high output power. As the power amplifier op-
erates close to saturation, its linearity degrada-
tion becomes significant, due to the nonlinear
characteristic of the power amplifier. There-

A FEED-FORWARD
AMPLIFIER USING AN EQUAL
GROUP-DELAY SIGNAL
CANCELLATION TECHNIQUE
In this article, new signal cancellers that can match the out-of-phase and group
delay of two signal paths simultaneously are proposed. The simultaneous
matching of the out-of-phase and group-delay time between two paths can permit
broadband signal cancellation. A feed-forward linear power amplifier that uses
the proposed signal cancellers was fabricated for the IMT-2000 base station
transmitting band. The main signal cancellation (first) loop of the fabricated feed-
forward amplifier cancels the input signal by more than 26.3 dB and the
intermodulation distortion (IMD) signal cancellation (second) loop cancels the
IMD signal by more than 15.2 dB over a 200 MHz bandwidth. In the two-tone
signals amplification process, the C/I ratio of the amplifier was improved by 21.2
dB, where the two tones were 2115 and 2165 MHz (∆f = 50 MHz), respectively.
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loop universal modulator) and EER
(envelope elimination and restora-
tion) have been reported.1,2 The ana-
log predistortion method is conceptu-
ally the simplest form of linearization
for an RF power amplifier, but its in-
termodulation reducing effect is not
as good as for the feed-forward
method. Digital predistortion shows
good linearization results, but has a
limited linearization frequency band-
width because of the memory ef-
fect.3–6 Among the numerous ampli-
fier linearization techniques, feed-
forward linearization has been
extensively used in base station am-
plifiers, because of its intrinsic advan-
tages of providing high linearity and a
broadband linearizing bandwidth.1–3

Although the feed-forward method

can linearize over a broader band
than any other linearizing methods,
the bandwidth, for more than 20 dB
reduction of the IMD components, is
limited in practice. Previously, several
broadband feed-forward applications,
having a delay line phase equalizer or
a multi-stage hybrid, have been pre-
sented.7,8 However, the phase equal-
izer has difficulty in matching the
phase characteristics of the power
amplifier, because the amplifier con-
sists of several transistor stages and
its phase characteristics change ac-
cording to the operating conditions
and case-by-case differences. The
multi-stage 3 dB hybrid method uses
only its broadband characteristics.
The previous approaches focus on the
amplitude and out-of-phase matching

between the two
paths of the feed-
forward loop, but
ignore the group-
delay matching. In
this article, new sig-
nal cancellers that
match the broad-
band out-of-phase
and group-delay
characteristic simul-
taneously between
the two paths of the
feed-forward loop

are proposed. The proposed can-
cellers provide broadband signal can-
cellation in the feed-forward loop.

THEORY OF OPERATION 
OF A LINEARIZER
Analysis of a Feed-forward
Equivalent Loop

Basically, a feed-forward amplifier
consists of two signal cancellation
loops that have the same operating
principle and the same frequency
components are cancelled in each
loop. Figure 1 shows the block dia-
gram of a feed-forward amplifier,
where the principle of operation is
well illustrated for a two-tone spec-
trum. Figure 2 shows an equivalent
loop of the feed-forward amplifier for
amplitude analysis, and phase and
group-delay matching. Assuming that

the signal in each
path of the equiva-
lent loop is sinu-
soidal, then the sig-
nal in the two paths
can be written as

where

If there are amplitude, phase and de-
lay mismatchings between the two
paths, then the cancellation perfor-
mance (CP) can be written as9

where f0 and λ0 are the center fre-
quency and wavelength. α, ∆φ and
λerr are the amplitude, phase and
group-delay mismatching parameter,
respectively. The amplitude and the
phase matchings are important for
single frequency component cancella-
tion, but the group-delay time match-
ing is also an important parameter for
broadband signal cancellation. Fig-
ure 3 is a good example of the impor-
tance of group-delay matching in the
feed-forward loop, where the charac-
teristics of a Wilkinson canceller,
which is one of the usual signal can-
cellers, are shown. The transmission
phase and group-delay characteristics
of a Wilkinson canceller, with one in-
put port connected to a λ0/2 trans-
mission line, were measured. If the
signals in the two paths have equal
amplitude, linear phase characteris-
tics and slight group-delay mismatch-
ing due to the λ0/2 transmission line,
then a perfect signal cancellation
would be obtained around the center
frequency. However, a signal at a
±100 MHz frequency offset would be
partially cancelled due to its group-
delay time mismatching. As a result,
group-delay matching is shown to be
important on broadband signal can-
cellation, in addition to the amplitude
and phase matching.

Design of an Equal Group-delay
Signal Canceller

Figure 4 shows transmission lines
terminated with short and open cir-
cuits. If the transmission lines have the
same electrical length, the reflection
signals are –1e–j2θ and 1e–j2θ, respec-
tively. The reflection signals are out-
of-phase, but their group-delay time is
the same. Even though the input sig-
nal condition and the length of trans-
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transmission characteristics of a Wilkinson
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mission line are changed, these prop-
erties are not. Figure 5 shows the
block diagrams of the proposed first
loop signal cancellers of the feed-for-
ward amplifier. The two input signals
of the hybrid-based circuit are fed to a
3 dB hybrid for which the coupling
and the through ports are terminated
with open and short circuits, respec-
tively. The two output signals of the 3
dB hybrids are out-of-phase and fed
into an in-phase combiner. Since the
two input signals in the final output
port experience the same group-delay
time and are out-of-phase, a perfect
signal cancellation is obtained. The 3
dB hybrid is used to obtain a good re-
flection characteristic. The 3 dB hy-
brid could be replaced with a circula-
tor. However, the frequency depen-
dence of a circulator is more severe
than for a 3 dB hybrid. So the use of
hybrids is preferable in the first loop
signal canceller. Figure 6 shows the
block diagrams of the second loop sig-
nal canceller of the feed-forward am-
plifier. The operating principle of the
second loop canceller is almost the
same except for the 90° phase com-
pensation of the loose coupling hybrid.

MEASURED RESULTS
To show the validity of a feed-for-

ward amplifier adopting the proposed
signal cancellers, several circuits such

as a main amplifier, an error amplifi-
er, variable attenuators and variable
phase shifters as well as the proposed
first and second cancellers, using 3
dB hybrids, were fabricated. For
comparison, a Wilkinson combiner
and a 10 dB hybrid were also fabri-
cated as conventional signal can-
cellers, where the operating frequen-
cy was 2.14 ±0.1 GHz. The feed-for-
ward amplifiers used the same
circuits except for the cancellers, be-
cause the cancellation results of the
feed-forward amplifier depended on
the electrical characteristics of the
sub-circuits. The fabricated main and
error amplifiers consisted of four
transistor stages. The measured gain,
maximum return loss and 1 dB com-
pression point (P1dB) were 44.7 ±0.3
dB, –14 dB and 28.7 dBm, respec-
tively. The variable attenuator and
the variable phase shifter were of the
reflection type for good reflection
characteristics. The maximum attenu-
ation and phase shifting range were
15 dB and 120°, respectively. Figure
7 shows the first loop signal cancella-
tion characteristics, using the conven-
tional Wilkinson and the proposed
signal cancellers. The input signal
was cancelled more than 16.4 dB
within 2.14 ±0.1 GHz with the con-
ventional Wilkinson canceller. How-
ever, the proposed canceller can-
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▲ Fig. 5  Proposed first loop signal
cancellers (a) using hybrid couplers and (b)
using circulators.
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using circulators.
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celled the signal more than 26.3 dB
within the same frequency range.
The frequency bandwidth where the
signal was cancelled by more than 20
dB was broader than 300 MHz.

Figure 8 shows the second loop
signal cancellation characteristic using
the conventional canceller and the
proposed canceller. The input signal
was cancelled by more than 11.7 dB
within 2.14 ±0.1 GHz with the con-
ventional canceller. However, the pro-

posed canceller cancelled by more
than 15.2 dB within the same frequen-
cy range. The frequency bandwidth
that the signal was cancelled more
than 20 dB was improved from 94 to
173 MHz. With a two-tone signal am-
plification process, the improvements
in the carrier-to-intermodulation (C/I)
ratio were also measured, where the
two-tone signals were 2115 and 2165
MHz, respectively. Before the error
path of the second loop was connect-
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ed, the C/I ratio and the output power
level at the feed-forward amplifier
output port were just 26.84 dBc and
17.5 dBm/tone, respectively. When
the amplifier was linearized with the
conventional cancellers, the C/I ratio
was improved to 42.63 dBc. Figure 9
shows the output characteristics of the
feed-forward amplifier with and with-
out the conventional cancellers. The
improvement of the fifth C/I was not
good, whereas that of the third C/I

was fairly good. That was due to the
out-of-phase and group-delay mis-
matching of the cancellers in the feed-
forward loop. When the amplifier was
linearized with the proposed can-
cellers, the C/I ratio was improved to
48.03 dBc. Figure 10 shows the out-
put characteristics of the feed-forward
amplifier with and without the pro-
posed cancellers. The third C/I was
improved as well as the fifth C/I. The
comparison of the C/I measurements,

between the conventional and the pro-
posed feed-forward amplifier, shows
that the proposed cancellers improve
C/I over a broader band.

CONCLUSION
In this article, new signal cancellers

are proposed that match simultaneous-
ly the phase and group-delay proper-
ties of the feed-forward loops. Concep-
tually, a feed-forward amplifier that
adopts the proposed cancellers can
cancel carrier signals in the first loop
and IMD signals in the second loop
perfectly over a broad band. IMT-
2000, mobile Internet and wireless
LAN using OFDM have a broader
service frequency bandwidth than pre-
vious other communication services. A
feed-forward amplifier, using conven-
tional cancellers, is limited in linear
frequency bandwidth, so that it cannot
operate over the necessary frequency
band. However, the proposed feed-for-
ward amplifier can be linearized over
the whole frequency band without a
partition of the service band. The pro-
posed feed-forward amplifier may be
advantageous to communication serv-
ice providers and amplifier manufac-
turers, because of better operating
convenience and good manufacturing
yield. ■
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TUTORIAL

The oscillator is a critical part of modern
wireless communication systems. It is
the local oscillator that is used to up-

convert the baseband signal to the desired RF
frequency in the transmitter. Vice versa, the
local oscillator is used to down-convert the de-
sired signal in the receiver. In the past, the os-
cillator has been mostly implemented with
discrete transistors and stands as an individual
module. With advances in CMOS technology,

complete CMOS
transceivers have be-
come very common.
Integrated CMOS os-
cillators are replacing
discrete oscillators in
more and more appli-
cations.

There are many de-
sign considerations in-
volved. The phase
noise of the oscillator
directly impacts the

system’s overall performance. For example,
the phase noise of the VCO affects the cell
phone receiver adjacent channel rejection
performance. Its current consumption is a ma-
jor part of the overall receiver power budget
as in a low power GPS receiver. Since an in-
ductor is used in the oscillator design, the real
estate of the oscillator is a high percentage of

the overall IC. There are many design topolo-
gies available to the designers. There is no sin-
gle design that will fit all the requirements. It
is the designer’s job to determine the most
suitable topology based on the applications
and requirements. This article is intended to
present four commonly used CMOS oscillator
topologies. Their theory of operations is pre-
sented and their pros and cons are discussed
in detail.

The first topology presented is an inductor-
less, generic, three-stage ring oscillator. The
ring oscillator typically has an odd number of
stages to prevent latch up. Each stage pro-
vides an equal amount of the gain and phase
shift needed. Its schematic is shown in Figure
1. It is a much simpler circuit than it looks.
This circuit contains three identical gain
stages. M1 to M6 forms the first gain stage. To
further simplify the analysis, only the left half
of stage 1 is examined. M1 is the NMOS that
provides the gain. M4 is essentially a diode-
connected PMOS load. M3 is used as a trick
to enhance the gain. The gain of the diode-
connected load amplifier depends on the
geometry of both NMOS and PMOS. The
gain equation is
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where
W/L = channel width over channel

length ratio
In order to get a higher gain, W/L for
the PMOS device needs to be small.
However, this will result in a higher
overdrive voltage for the PMOS de-
vice since the bias current is fixed.
Thus, it will reduce the voltage swing
at the drain of the PMOS and NMOS
transistors. The trick is to bias M3 to
“steal” part of the bias current that
has to flow in the PMOS. This way, a
compromise is reached between volt-
age gain and voltage swing range.
M2, M5 and M6 provide the other
half of the differential gain stage. The
first gain stage is repeated three
times to complete the overall ring os-
cillator. The outputs of each stage are
taken at the drains and the inputs are
located at the gates. The positive side

gain
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of the output drives
the positive input of
the next stage. The
exception happens
at the last stage
where the positive
output drives the
negative input. The
reason is that each
gain stage provides
a 60° phase shift at
the frequency of
operation. The
three stages provide
a 180° phase shift.
The remainder of
the phase shift comes from the out-
put inversion. The frequency tuning
is done by controlling the bias cur-
rent. The most attractive feature of
this topology is that no inductor is
used. It saves a large amount of real
estate. The design is also very simple
to implement since identical gain
stages are used. No varactor design is
needed since the frequency control is
accomplished by varying the bias cur-
rent. The best feature of this topology
is also the root of its problem. With-

out an LC filter bank, the phase noise
performance is much worse.

To improve the phase noise per-
formance, an oscillator with an LC
tank is typically preferred. Its basic
form is presented in Figure 2. The
basic idea is based on negative resis-
tance theory. An oscillator can be re-
duced to a simple parallel RLC (re-
sistor, inductor and capacitor) circuit.
In an ideal oscillator, the parallel re-
sistance should be infinite. The ener-
gy is transferred back and forth be-
tween the inductor and the capacitor.
A positive resistance means that some
of the energy will be taken away by
the resistor and dissipated as heat. If
the positive resistor takes energy,
then a negative resistor must provide
the energy to sustain the oscillation.
This is the fundamental idea of this
topology. M1 and M2 form the VCO
core. By cross coupling M1 and M2,
the positive feedback provides a neg-
ative impedance looking back into the
drain of M1 and M2. The negative
impedance is given by

TUTORIAL
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▲ Fig. 2  NMOS-only cross-coupled
oscillator.
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▲ Fig. 1  The CMOS ring oscillator.
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where
gm= transconductance of the NMOS

Here, the varactor tuning diode is rep-
resented by a variable capacitor. L1 and
L2 each form half of the inductance for
the LC tank. M3 and M4 are the
source followers. They are the output
buffer to help lower the output imped-
ance in order to drive the mixer effi-
ciently. This topology is easy to under-
stand and relatively easy to implement.
It offers good phase noise and good
tuning range. It has been a very popu-
lar topology for the oscillator designer.
There is still room for improvement in
the area of power efficiency. This will
lead to the third oscillator topology.

The third oscillator topology, shown
in Figure 3, is typically labeled a com-
plementary cross-coupled oscillator. It
gets its name because both NMOS and
PMOS devices are used to obtain the
negative resistance. M1, M2, M5 and
M6 are the active elements contribut-
ing to oscillation. M3 and M4 are the
output buffers. During half the cycle,

Z neg
gm

( ) = – ( )
2

2
M1 and M6 are on while M2 and M5
are off. The full bias current flows
through the RLC network. Vice versa,
during the other half of the cycle, M2
and M5 are on while M1 and M6 are
off. This is the major difference be-
tween the cross-coupled oscillator and
the NMOS-only cross-coupled oscilla-
tor. Note that the sum of L1 and L2 in
the NMOS-only cross-coupled oscilla-
tor is equivalent to L1 in the comple-
mentary cross-coupled oscillator. In the
NMOS-only design, during each half
cycle of the oscillation, the bias current
only flows through one half of the in-
ductor. Because of this, the cross-cou-
pled design has many advantages over
the NMOS-only. First, the cross-cou-
pled oscillator is twice as power effi-
cient as the NMOS-only design. Sec-
ond, the voltage swing in the cross-cou-
pled oscillator is twice that of the
NMOS-only oscillator, which improves
the phase noise by 6 dB. Thus, the
cross-coupled oscillator is becoming
the oscillator of choice by more and
more designers.

There are many design variations
derived from the complementary

cross-coupled oscillator topology.
One topology is to eliminate the bias
current source. Voltage bias at the
gate of the active element is used in-
stead. The bias current source is typi-
cally implemented with a current
mirror. Without the NMOS for a cur-
rent mirror, the design will gain extra
overdrive voltage swing headroom.
The downfall is a higher power con-
sumption because of the higher volt-
age swing needed to drive the transis-
tor. The other improvement includes
adding an AC ground capacitor at the
source of the FET. The idea is that
the virtual ground at the source is not
perfect. It has been reported to im-
prove phase noise. The cross-coupled
oscillator has its disadvantage as well.
Because the PMOS performance is
typically lower than the NMOS for
the same geometry, the upper fre-
quency range will be compromised
compared to an NMOS-only topolo-
gy. Since the transconductance of the
PMOS is lower than the NMOS,
proper scaling is required. Otherwise
an asymmetrical waveform will result.

The topologies of the cross-cou-
pled oscillators can be used as a build-
ing block for a more advanced oscilla-
tor. In most wireless devices using
digital modulation/demodulation,
both I and Q channels are required.
Traditionally, an oscillator is designed
and then an extra device is used to
convert the oscillator output to an I/Q
signal path. In many IC designs, an
RC network is used to get I/Q. How-
ever, a one-stage RC network has a
very limited frequency range. It is not
suitable for today’s wideband, multi-

TUTORIAL

M3

M1 M2

M5 M6

M4

L1

C1

Out+ Out-

Vdd 

▲ Fig. 3  Complementary cross-coupled
oscillator.
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ple-band, multiple-mode, highly inte-
grated transceivers. To improve the
frequency range, multi-stage RC
polyphase filters are used. But the is-
sue is high insertion loss through the
RC network; hence, the power effi-
ciency suffers. A better design is to
use a quadrature VCO (QVCO), as
shown in Figure 4. The QVCO is
based on the idea of sympathetic os-
cillation. With proper coupling, a pair

of VCOs can oscil-
late in harmony. An
NMOS-only oscilla-
tor is used as the ba-
sic building block.
M1 to M4 along
with the LC tank
form the first oscil-
lator. M5 to M8
complete the sec-
ond oscillator. M1,
M2, M5 and M6 are
the negative resis-
tance generating ac-
tive elements. M3,
M4, M7 and M8
make up the output
buffers. The circuit
design itself is

straightforward once the individual
VCO design is under control. Com-
pared with the polyphase RC net-
work-based I/Q generation, QVCO is
far more efficient in power and space.
One area that needs to be watched is
bimodal oscillation. Basically the
QVCO will oscillate either with 90°
phase shift or –90° phase shift. Both
phase shifts satisfy the oscillation re-

quirement. Bimodal oscillation is
highly undesirable. It can be resolved
by introducing a proper phase shift in
the buffer driver circuit. By using a
cascade topology in place of the M3,
M4, M7 and M8, bimodal oscillation
is eliminated.1

CONCLUSION
This article has presented com-

monly used CMOS oscillator topolo-
gies. Each topology has its own ad-
vantages and disadvantages. There
are many tradeoffs involved as in
most RF designs. For applications
with tight space requirements and re-
laxed phase noise, the ring oscillator
is a good choice. For best power effi-
ciency, the cross-coupled oscillator
deserves strong consideration. For
simplicity and higher frequency oper-
ation, the NMOS-only oscillator is
still a good candidate. All the basic
oscillator topologies can be reused in
a more complex design like the
QVCO. There are still many practical
design considerations involved in in-
ductor and varactor designs. With so
many design choices, oscillator de-
signers need to choose the right
topology based on the application at
hand.  ■
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TECHNICAL NOTE

emitter voltage by an incremental thermal
voltage VTH.3 This is illustrated as follows:

where

Vbe0 = base-emitter voltage at ambient
temperature T0

Pdsp = dissipated power in the device
Rth = thermal resistance

DETERMINATION OF THERMAL
RESISTANCE

The proposed method of determining ther-
mal resistance uses forward Gummel mea-
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Heterojunction bipolar transistors
(HBT) have demonstrated high power
output densities at microwave fre-

quencies and are increasingly utilized in the
design of RF circuits such as power amplifiers,
oscillators and mixers.1 Thus, an accurate
large-signal model for HBT devices is of great
importance in designing such circuits, espe-
cially when the transistor is operated in non-
linear regions where self-heating effects be-
come significant. Although the temperature
sensitivity of transistor parameters is signifi-
cant for all types of power transistors, it is par-
ticularly important for the HBT, with its rela-
tively poor thermal conductivity. It is well
known that the saturation currents and ideali-
ty factors of model diodes change with ambi-
ent temperature. This change has been fitted
to exponential and polynomial functions in
HBT models.2 However, if it is assumed that
the saturation currents and ideality factors re-
main fixed at their ambient temperature val-
ues, their associated temperature dependence
can be attributed to the increase of the base-

A PRACTICAL METHOD FOR
DETERMINATION OF HBT
THERMAL RESISTANCE AND
ITS POWER DEPENDENCE
A practical and reliable method for the determination of thermal resistance and
its power dependence is presented. This method requires only forward Gummel
data at different ambient temperatures and at different collector-emitter bias
voltages. The determined thermal resistance was successfully used to calculate the
junction temperature in a DC model of a 2 × 25 µm2 GaInP/GaAs HBT device.
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surements for different ambient tem-
peratures and for different collector-
emitter bias voltages Vce. This
method was applied to an on-wafer 2
× 25 µm2 GaInP/GaAs HBT in a
common-emitter configuration. The
DC measurements were accom-
plished using a Cascade probe sta-
tion, monitored by a program devel-
oped using HP-VEE software. A
thermal chuck was used to set the
ambient temperature of the device.
MATLAB software was used for pro-
gramming the extraction of the ther-
mal resistance.

As proven by Zhang et al.,4 for a
constant emitter current IE, the base-
emitter voltage Vbe varies linearly
with the junction temperature Tj.
Thus, around an arbitrary tempera-
ture T1(T1≥T0), the voltage Vbe at
temperature Tj can be written as

where

Vbe1 = base-emitter voltage at
temperature T1

Knowing that Tj = T0 + RthPdsp,
Equation 4 becomes

Two sets of measurements are neces-
sary to determine the thermal resis-
tance Rth. The first set of measure-
ments contains the Gummel data at a
fixed collector-emitter voltage of 1.5
V and variable ambient temperature
(see Figure 1). The second set of
measurements contains the Gummel
data for a fixed ambient temperature
(25°C) and a variable collector-emit-
ter voltage. The extraction of the
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thermal resistance is illustrated in the
following two steps:

Step 1
Considering the parameter P1 as

the slope of the linear variation of the
voltage Vbe versus the temperature
T1 while the dissipated power Pdsp is
maintained constant, as shown in
Figure 2, one can write

The dissipated power was calculated
from: Pdsp = IcVce with Ic ≈ IE since Ic
> 100Ib in the considered bias cases.
The values of Ic and Vce were deter-
mined at a 25°C ambient tempera-
ture in each case, for the considered
emitter current IE. In this first step, a
set of values of the parameter

for different dissipated power is ob-
tained.

Step 2
Considering the parameter P2 as

the slope of the linear variation of the
base-emitter voltage Vbe versus the
dissipated power Pdsp (corresponding
to a constant emitter current IE)
while maintaining the temperature T1
constant, one can write

The dissipated power was calculated
from Pdsp = IcVce with Ic ≈ IE. The
values of Ic were determined at a
25°C ambient temperature in each
case of the considered constant emit-
ter current IE (see Figure 3). The
collector-emitter voltage was fixed at
1.5 V. The values of the emitter cur-
rent IE were the same as those con-
sidered in the first step. In this sec-
ond step, a set of values of parameter

for different dissipated powers was
obtained. The used values of the dis-
sipated powers were the same as
those determined in the first step.

Finally, using the values of para-
meters P2 and P1, the ratio P2/P1 was
calculated, which allows for determi-
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nation of the thermal resistance at
each considered dissipated power
Pdsp and emitter current IE

Experimental validation showed that
the determined thermal resistance

R
P
Pth

IE

= 2

1
8( )

varies linearly versus the dissipated
power. As shown in Figure 4, this
variation is linear and can be calculat-
ed using the following derived formu-
la

INCLUSION OF THERMAL EFFECT
IN A HBT DC MODEL

The determined Rth was used to
calculate dynamically the self-heating
in a developed HBT DC model. A set
of parameters for this model was de-
termined, using methods reported
previously.5,6 The proposed HBT DC
model was implemented in the com-
mercial simulator ADS as a symboli-
cally defined device (SDD). The im-
plemented electro-thermal model has
predicted accurately the DC charac-
teristics of a 2 × 25 µm2 InGaP/GaAs
HBT device, as shown in Figure 5.

CONCLUSION
A practical and detailed method

for accurate determination of thermal

R P Pth dsp dsp( ) = +311 6 646 3 9. . ( )

resistance Rth and its power depen-
dence was developed. This method
used forward Gummel data at differ-
ent ambient temperatures and at dif-
ferent collector-emitter bias voltages.
The linearly power dependent ther-
mal resistance was successfully used
to calculate the junction temperature
variation in a DC model of a 2 × 25
µm2 GaInP/GaAs HBT device.  ■
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TECHNICAL NOTE

thors at microwave ranges.1–3 To this author’s
knowledge, however, there has not been a sin-
gle publication on the design of microstrip di-
rectional couplers using multi-layer structures
in the HF range.

In this article, the design of a three-line mi-
crostrip directional coupler for high power RF
applications in the HF range using multi-layer
dielectrics is reported for the first time. This is
accomplished by designing the directional
coupler at a frequency that is higher than the
operational frequency and using its forward-
coupling slope characteristic to obtain the fi-
nal design at the operational HF frequency.
The multi-layer dielectric structure that is
implemented in this design improves the

150 MICROWAVE JOURNAL ■ APRIL 2007
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It is common practice to use directional
couplers in the HF range (3 to 30 MHz)
for high power RF/microwave applica-

tions, such as magnetic resonance imaging
(MRI), plasma generation for semiconductor
processing equipment and laser drivers, in or-
der to measure the transmitted and reflected
powers accurately. Microstrip-type directional
couplers have several advantages over
lumped-element-type directional couplers,
such as ease of manufacture, repeatability and
low cost. However, the length of the mi-
crostrip lines is inversely proportional to the
operational frequency. As the operational fre-
quency decreases, the length of the microstrip
lines increases. As a result, it is impractical to
implement microstrip designs in the HF range
using conventional techniques because of the
length factor. Three-line microstrip directional
couplers have been investigated by many au-

DESIGN OF THREE-LINE
MULTI-LAYER MICROSTRIP
DIRECTIONAL COUPLERS AT
HF FOR HIGH POWER
APPLICATIONS
A practical method for designing three-line microstrip directional couplers at
high frequency (HF) for high power applications is given for the first time using
multi-layer dielectrics. The forward-coupling slope characteristic of the
directional coupler is used to obtain a directional coupler in the HF range. A
three-line microstrip directional coupler, using multi-layer dielectrics, is designed
and simulated using electromagnetic (EM) simulation tools and then constructed
and measured. The measured results are found to be very close to the simulated
results.
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performance of the directional cou-
pler by effectively increasing the min-
imum arcing distance between the
coupled lines and the main line,
which is necessary in high power ap-
plications. A three-line microstrip di-
rectional coupler is designed and
then simulated using an EM simula-
tion tool. The directional coupler is
then constructed and measured. The
simulation and the measured results
are compared and found to be very
close.

DIRECTIONAL COUPLER DESIGN
The operational frequency of the

directional coupler is specified to be
27.12 MHz. This is a common opera-
tional frequency for plasma and MRI
applications. The forward coupling of
the directional coupler is specified to
be –24 dB. Teflon is the specified
substrate and is chosen because of its
cost effectiveness. The physical
length of the standard coupled lines
would be impractically long to be re-
alizable as mentioned in the introduc-
tion, when the operational frequency
is in the HF range. For instance, a
quarter-wavelength 50 Ω microstrip
on a 100 mil-thick Teflon substrate at
27.12 MHz would be over 80 inches
long. One way to overcome this prob-
lem is to design the directional cou-

pler at a higher frequency and use its
forward-coupling slope characteristic
to have the desired coupling level at
the operational frequency. This re-
duces the physical length of the di-
rectional coupler significantly and
gives the desired coupling level at the
operational frequency. For this rea-
son, a three-line directional coupler
at 300 MHz for a –10 dB forward-
coupling level was designed using a
method of moment (MoM)-based
field solver. A two-layered Teflon di-
electric structure was used. Each lay-
er in the multi-layer structure is 60
mils thick. The EM simulation is per-
formed initially to confirm the design
and obtain the final physical parame-
ters of the directional coupler. EM
simulation results are then verified
with the experimental results.

SIMULATION RESULTS 
A method of moment-based EM

simulation tool was used to simulate
the directional coupler. The forward
coupling and the directivity levels of
the coupler are shown in Figure 1.
The simulation results for the for-
ward coupling and the directivity lev-
els at 27.12 MHz are –24.57 and
–20.71 dB, respectively. Based on the
simulation results, the forward cou-
pling and the directivity levels are
found to be –9.51 and –19.76 dB at
300 MHz, respectively.

EXPERIMENTAL RESULTS
The three-line directional coupler

was built based on the final parame-
ters obtained by the EM simulator. A
photograph of the coupler is shown in
Figure 2. The dimensions of the di-
rectional coupler are shown in Fig-
ure 3 and given in Table 1.

The measured results for the for-
ward coupling and the directivity are
shown in Figure 4. The measured
results for forward coupling and the
directivity levels at 27.12 MHz are
–23.03 and –21.69 dB, respectively.
The forward coupling and the direc-
tivity levels at 300 MHz are found to
be –10.05 and –18.21 dB, respective-
ly. There is approximately a four per-
cent error between the measured and
the specified forward-coupling levels.
The improved directivity response of
the coupler seen around the opera-
tional frequency is due to the opti-
mization implemented on the struc-
ture to get a higher directivity level.
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▲ Fig. 1  Simulated forward coupling and
directivity.

▲ Fig. 2  The constructed directional
coupler.
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CONCLUSION
A multi-layer three-line directional

coupler for high power RF applica-
tions in the HF range has been de-
signed, simulated, built and mea-
sured. The results show that it is pos-
sible to design microstrip directional
couplers in the HF range, if the cou-
pler is designed at a higher frequency
and its forward-coupling slope char-
acteristic is used to meet the desired
coupler specifications. This design
technique significantly reduces the
physical length of the directional cou-
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pler. In addition, it is shown that a
multi-layer structure for microstrip
directional couplers in the HF range
increases their performance and
makes them attractive for high power
applications, since a multi-layer con-
figuration effectively increases the
minimum arcing distance between
the main and coupling lines.  ■
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TABLE I
DIMENSIONS (IN MILS) OF THE

CONSTRUCTED DIRECTIONAL COUPLER

L1 L2 L3 L4 L5 L6

7250 1225 1375 2107 2736 646

W1 W2 W3 W4 W5 h1 h2

150 75 225 75 150 60 60
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▲ Fig. 4  Measured forward coupling and
directivity.
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▲ Fig. 3  Layout of the directional coupler indicating the dimensions. 
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A HIGH SPEED
FAMILY OF
COMMERCIAL
TRACK-AND-HOLD
DEVICES FOR
ULTRA-WIDEBAND
APPLICATIONS

Anew class of very high input analog band-
width and high sampling rate track-and-
hold amplifiers (THA) has been devel-

oped for test and measurement, automatic test
equipment (ATE), digital receivers and radar
systems using a commercially available indium
phosphide (InP) technology. Inphi® Corp.’s
GigaTrack™ family of 2 GS/s track-and-hold
amplifiers features an analog input bandwidth
of 12 GHz at 1 Vpp input and a sampling rate as
high as 2 GS/s. The photograph above shows
the THA in a ceramic ball-grid-array (BGA)
package. These products deliver ultra-wide 18
GHz analog bandwidth. The combined band-
width, sample rate and linearity of these track-
and-holds make direct conversion and software-
defined receivers possible, and advance the
state-of-the-art in high sample rate test and
measurement equipment. The GigaTrack track-
and-holds operate from a single –5.2 V power
supply and dissipate only 1.3 W. They are avail-
able in a 49-pin ceramic ball-grid-array and in
24 pin QFN packages.

InP technology is the fastest semiconductor
technology in production today. Because of
this inherent advantage, circuits made in InP
typically outperform those made in traditional
gallium arsenide (GaAs) and silicon germani-
um (SiGe) for high speed applications. InP
technology is also a cost-effective solution for
circuits with reasonable complexity up to
about 5000 transistors, competing very well
with GaAs and SiGe technologies for high
speed front-end applications. Inphi Corp., for
example, has shipped InP circuits in high vol-
ume since 2002, and continues to develop ad-
vanced InP products to meet the ever-increas-
ing demands for high performance integrated
circuit solutions.

Fast sampling oscilloscopes and direct con-
version receivers in radios, radar or electronic
warfare systems all demand wider-bandwidth
and higher sample rate analog-to-digital con-

INPHI CORP.
Westlake Village, CA

PRODUCT FEATURE
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version. With the GigaTrack THAs,
engineers can, for the first time, re-
place numerous components in tradi-
tional heterodyne receiver architec-
tures with a track-and-hold and a
high sample rate analog-to-digital
converter (ADC). The resulting re-
ceivers are lower power and more
compact than traditional heterodyne
receivers and provide far more flexi-
bility. Signal processing (that is,
down-conversion or channelizing)
that was “hard-wired” in heterodyne
receivers, can now be performed dig-
itally and can be “software defined.”
A direct conversion receiver can
serve multiple applications with sys-
tem differentiation occurring in soft-
ware or firmware.

Track-and-hold amplifiers are of-
ten used as the high speed front-end
of an ADC. The THA’s primary func-
tion is to track the input signal and
hold its voltage constant during the
interval required for the ADC to per-
form the analog-to-digital conversion.
By using a high performance THA as
the front-end of a low cost commer-
cially available ADC, system design-
ers can extend the input analog band-
width of the ADC from megahertz to
gigahertz frequencies. The resulting
circuit offers a significant cost advan-
tage over alternative approaches such
as diode bridges and mixers.

High input analog bandwidth, high
sampling rate and low harmonic dis-
tortion are key parameters for THAs.
Existing THAs are made in GaAs and
more recently SiGe technology.
These devices typically have an input
analog bandwidth of 4 to 6 GHz.
Table 1 compares the performance
of an InP THA (Inphi model
1821TH) against competing products

in GaAs and SiGe. The InP THA of-
fers a 12 GHz input analog band-
width at full swing, 1 Vpp, which is an
exceptionally high value for any com-
mercial-off-the-shelf THAs today.

Because of the high input analog
bandwidth of the InP THA, system
designers now can extend the input
analog bandwidth of the ADC from
around 100 MHz to well over 12
GHz. Figure 1 depicts the block dia-
gram of such a design, in which an
InP THA is driving a commercial-off-
the-shelf ADC with 100 MHz input
analog bandwidth. The resulting cir-
cuit offers a significant cost advantage
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TABLE I
COMPARISON OF GIGAHERTZ-CLASS TRACK-AND-HOLD AMPLIFIERS

Inphi InP Competitor Competitor
1821TH GaAs SiGe

Input analog bandwidth (small signal) (GHz) 18 9 N/A

Input analog bandwidth (1 Vpp) (GHz) 12 6 3.95

Single tone, total harmonic distortion, 1 Vpp, 1 GHz (dB) –60 –59 –54

Single tone, total harmonic distortion, 1 Vpp, 5 GHz (dB) –40 –25 N/A

Maximum sampling clock (GHz) 2 1 3

Power dissipation (W) 1.3 2.4 1.2

Inphi
1821TH

100 MS/s
ADC

▲ Fig. 1  System block diagram of a 12 Gb/s
digital sampling scope front-end.
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▲ Fig. 2  Single-tone total harmonic
distortion of the National Semiconductor
ADC (model ADC08D1500) with and
without the Inphi THA, model 1821TH
(external clock Fs=1.5 GHz).
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Filtronic Compound Semiconductors, Ltd.
Heighington Lane Business Park, Newton Aycllffe, Co. Durham, DL5 6JW, United Kingdom

Main Phone: +44 (0)1325 301111; Main Fax: +44 (0)1325 306177
US Sales: Phone: 408.850.5740 / Fax: 831.621.8074 / www.filtronic.com

Filtronic Compound Semiconductor products meet the needs of both current and emerging
wireless markets.  Products are manufactured using 6" high performance pHEMT technology
and are available in die form or packaged in industry standard outlines.  Filtronics' range of DFN
and SOT343 packaged discrete devices are high frequency low noise parts eminently suitable for:
  •  the complete 2-11 GHz WIMAX Band
  •  the 2.4 and 4.9-5.8 GHz WLAN Band
  •  the new 4.9 GHz Public Safety Band
  •  all current Cellular Infrastructure Bands

Inspired Wireless Solutions From
Filtronic Compound Semiconductors

www.rfwireless.rell.com
These and other Filtronic Products are available through our Authorized Distributor, Richardson Electronics.

Samples and eval boards available.  Contact your local Filtronic Representative or Richardson Electronics for samples, eval boards, and pricing.

Filtronic is a world leader in the design and manufacture of RF, microwave and millimeter wave
components and subsystems. Filtronic offers a broad range of products used in wireless commu-
nications infrastructure equipment, point-to-point communications and electronic defense
systems.

Part Number Typical 2 GHz Typical 12 GHz VDS IDSS
Performance Performance (Vdc) (mA)

Gain P-1 IP3  NF Gain P-1 IP3  NF
                         (dB)                 (dBm)               (dBm)                (dB) (dB)                (dBm)               (dBm) (dB)

FPD1500DFN 18 27 42 1.2 7*  27  40 N/A  5 465
FPD750DFN 20 24 38 0.3 11.5*  24  38 N/A  5 230
FPD750SOT343 18 20 38 0.3  8*  20  38 N/A 3.3 230
FPD6836SOT343 20 20 32 0.5  9*  19  32  1.2 3 105

DFN SOT343
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over alternative approaches and is
now in mass production for high
speed digital sampling scope and sig-
nal analyzer applications.

Another popular application for
high input analog bandwidth THAs is
for automatic test equipment. At
speed testing, it is critical that the
high speed signal be captured and
digitized in real time. This applica-
tion requires a very high speed ADC
operating at multi-giga samples per
second. Such an ADC has recently
become available commercially, but
its input analog bandwidth is usually
not high enough to capture the signal
faithfully above 1 or 2 GHz. A high
input analog bandwidth THA allevi-
ates this issue, extending the band-
width of the ADC while improving
the overall performance of the
system.

As an example, Figure 2 com-
pares the performance of a National
Semiconductor high speed ADC
(model ADC08D1500) with and
without the Inphi THA at a 1.5 GHz
sampling clock. Without the Inphi
THA, the performance of the ADC,
as expected, begins to degrade at in-
put frequencies above 1 GHz, where-
as with the Inphi THA, the perfor-
mance of the combined THA/
ADC continues to be excellent up to
approximately 3 GHz before experi-
encing distortion. Five to 10 dB im-
provements in single-tone total har-
monic distortion were obtained with
the Inphi THA “front-end” over the
entire frequency range from 100
MHz to 3 GHz.

The GigaTrack family consists of
four track-and-hold amplifiers with 2
GS/s sample rates. The ball-grid-
array versions offer 18 GHz (small
signal) and 15 GHz (0.5 Vpp) input
analog bandwidths with very fast
settling times (60 ps) and low power
consumption (1.3 W). Plastic QFN
versions provide 13 GHz analog
bandwidth (100 mVpp).

To deliver a wider hold time win-
dow for the downstream ADC, a
master/slave (dual) track-and-hold ar-
chitecture was developed. This pro-
vides higher accuracy in the digitiza-
tion process by increasing the hold
time window to almost one full cycle
of the THA. For users who want to
sub-sample the output of the master
track-and-hold with the slave track-
and-hold, the 1821TH and lower per-

formance 1321TH devices provide a
flexible clock mode select pin which,
in one mode, allows the user to pro-
vide different clocks to the master
and slave track-and-holds.

The GigaTrack family’s best-in-
class settling time (< 60 ps) maxi-
mizes timing margin to improve accu-
racy and performance, while the
best-in-class total harmonic distortion
(–70 dB typical at 1 GHz and 500
mVpp input) and aperture jitter (< 50
fs) support improved ADC signal-to-
noise-and-distortion ratios leading to
more sensitive and accurate acquisi-
tion systems. Also, by eliminating the
requirement for two separate power
supply voltages, these track-and-hold
devices simplify board layout, lower
system cost and help reduce power
consumption by up to 20 percent.

The GigaTrack family supports all
popular, broadband analog-to-digital
ADC devices including National
Semiconductor ADC08100/81500, At-
mel AT84AS003/008, ADI 9480, Max-
im/Dallas MAX104/108 and others.

In summary, a new class of high in-
put analog bandwidth, high sampling
rate GigaTrack THAs is now available
for test and measurement, automatic
test equipment, digital receivers and
radar systems applications. These
THAs offer system designers attrac-
tive solutions to directly capture and
digitize high bandwidth signals at gi-
gahertz frequencies, which result in
higher performance, lower cost,
smaller size and lower weight systems.
Additional information may be ob-
tained from the Inphi GigaTrack web
site at www.inphi-corp.com/products/
1821th.shtml.

Inphi Corp., 
Westlake Village, CA 
(805) 446-5100, 
www.inphi-corp.com.
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A 10 TO 20 GHZ
SOLID-STATE
AMPLIFIER

AR RF/Microwave Instrumentation is in-
troducing a new 5 W solid-state mi-
crowave amplifier (SSMA) that oper-

ates from AC power. The model 5S10G20 am-
plifier features high gain, low noise and good
linearity making it an excellent replacement
for traveling wave tube amplifiers (TWTA). It
provides instant power with the press of a but-
ton and requires no warm-up time.

PRODUCT DESCRIPTION
The 5S10G20 solid-state amplifier’s block

diagram is shown in Figure 1. The design uti-
lizes numerous GaAs FETs and MMICs in a

balanced configuration. All devices are biased
class A using an active bias circuit. The output
stages are combined using AR proprietary
technology.

The instrument features a minimum of 5 W
output power, 40 dB of gain and a typical noise
figure of 6 dB (a significant improvement over
a typical TWT amplifier). Gain flatness is with-
in ±1.5 dB across the band, as shown in Figure
2. All second harmonics are better than 20 dBc
and the third-order intercept is typically +46
dBm. In addition, the broadband amplifier is
protected with an overdrive circuit at the in-
put. Figure 3 shows the amplifier’s typical
power output characteristics.

The model 5S10G20 amplifier is self-
contained, air-cooled and designed for appli-
cations where instantaneous bandwidth and
high gain are required. Housed in a stylish
contemporary cabinet, the unit is designed for
benchtop use, but can be removed from the
cabinet for equipment rack mounting. When
used as a sweep generator, it will provide a
minimum of 5 W of RF power. A front panel

AR RF/MICROWAVE INSTRUMENTATION
Souderton, PA

PRODUCT FEATURE
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Fig. 1  The model 5S10G20
amplifier’s block diagram. ▼
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gain control is included that permits
the operator to conveniently set the
desired output level.

The new amplifier is protected
from RF overdrive by an RF input
leveling circuit that controls the input
level applied to the first stage of am-
plification when the RF input is in-
creased above 0 dBm. In addition,
the individual RF amplifier stages are

protected from over temperature by
removing the DC voltage applied to
them if an over temperature condi-
tion occurs due to a cooling blockage
or fan failure. There is a digital dis-
play on the front panel to indicate the
operational status and fault condi-
tions when an over-temperature or
power supply fault has occurred. The
unit can subsequently be returned to

normal operation when the condition
has been cleared.

The 5S10G20 amplifier includes a
digital control for both local and re-
mote control of the amplifier. This
eight-bit RISC microprocessor-con-
trolled board provides both IEEE-
488 (GPIB) and asynchronous, full
duplex RS-232 control of all amplifier
functions. Table 1 lists the model
5S10G20 amplifier’s electrical specifi-
cations.

ADVANTAGES OVER TWTAS
AR RF/Microwave Instrumenta-

tion manufactures high grade mi-
crowave and millimeter-wave ampli-
fiers based on a hybrid thin film and
GaAs chip technology. Compared to
TWT amplifiers, solid-state ampli-
fiers offer significant advantages over
TWTAs in similar applications. As the
tube in a typical TWTA ages, the out-
put power continually decreases and
readjustment is required. Eventually
the tube will need to be replaced. On
the contrary, solid-state microwave
amplifiers do not require readjust-
ment. The SSMA will outlast the
TWTA. The average mean time be-
tween failure (MTBF) for a SSMA is
greater than 20 years, while the
MTBF for a TWT has an average of
eight years.

The SSMA is more cost effective
than a TWTA. The amplifier provides
good linearity for low power levels up
to P1dB. Meanwhile, the dynamic
range of a TWT amplifier is less than
the SSMA because of its noise floor
at low power levels, and its harmonics
and spurious outputs at high power
levels. In conclusion, the SSMA pro-
vides a much cleaner, more stable
output and better intermodulation
performance.

AR RF/Microwave
Instrumentation, 
Souderton, PA (215) 723-8181,
www.ar-worldwide.com.
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TABLE I
MODEL 5S10G20 SPECIFICATIONS

Rated power output (W) 5 minimum

Power output @3 dB compression (W)
nominal 7
minimum 5

Power output @1 dB compression (W)
nominal 6
minimum 5

Gain flatness (dB) ±2.0 typical; ±3.0 maximum

Frequency response (GHz) 10–20 instantaneously

Input for rated output (dBm) 0 max

Gain (at maximum setting) (dB) 40 minimum

Gain adjustment (continuous range) (dB) 10 minimum

Input impedance (Ω) 50, VSWR 2.5:1 maximum

Output impedance (Ω) 50, nominal

100% of rated power without foldback.

Mismatch tolerance Will operate without damage or oscillation
with any magnitude and phase of source

and load impedance.

Modulation capability will faithfully reproduce AM, FM 
or pulse modulation appearing on the input signal

Harmonic distortion (dBc) –20 maximum at 5 W

Third-order intercept point (dBm) 43 typical

90–132, 180–264 VAC
Primary power (selected automatically) 50/60 Hz, single phase

< 550 W maximum

Go to www.mwjournal.com
for this month’s MWJ web

exclusives, including a report from
RF & Hyper Europe 2007 

in Paris, France
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Heavy duty, ruggedness and reliable operation to meet 
your demanding communication applications describe
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AN ULTRA-LOW
NOISE VHF OCXO

Over the past 50 years crystal oscillators
have become ubiquitous wherever a
stable reference is needed in RF sys-

tems. The new Pascall OCXO has been devel-
oped to address the most critical applications
where ultra-low noise is required; for exam-
ple, as a reference for phase noise measure-
ment, or as the master oscillator in radar sys-
tems or low noise frequency multipliers/
synthesizers.

PHASE NOISE
In order to better understand the OCXO’s

development, consider the factors affecting
phase noise, starting with the fact that if an os-
cillator is considered as a feedback amplifier
combined with a resonator, Leeson’s model
predicts that the close-to-carrier noise is de-
termined by the signal level, the amplifier’s
noise figure and the Q of the resonator. As-
suming the signal is taken from the amplifier
output, the single-sideband (SSB) noise densi-
ty at a given offset is the amplifier’s noise floor
plus the noise floor multiplied by a –20
dB/decade slope, with the two curves inter-
secting at the resonator’s half bandwidth. (At
offsets lower than the amplifier’s flicker corner
frequency, the slope is –30 dB/decade.)

In real oscillators, the steady-state loop
gain is maintained at unity by either limiting
or automatic gain control (AGC) action. This
has the effect of suppressing AM noise, which
typically shows a –10 dB/decade slope below
the amplifier’s flicker corner frequency.

Crystal oscillators generally have much
worse phase noise than the Leeson model pre-
dicts. This is because the resonators them-
selves exhibit 1/f FM noise, which translates to
1/f3 phase noise. In low noise oscillator de-
signs, the close-to-carrier noise is generally
dominated by the crystal’s noise rather than its
loaded Q or the circuit noise. Crystal selection
is essential if low phase noise is important, as
there can be more than 20 dB variation even
within a single batch of crystals.

High Q is still important, as it reduces the
oscillator circuit’s contribution to close-in
noise, and minimizes supply pushing and load
pulling. At frequencies around 100 MHz, fifth
overtone SC-cut crystals offer the best combi-
nation of low noise and high Q, together with
a flat frequency/temperature characteristic at
their turnover point, typically about 80°C.

PASCALL ELECTRONICS LTD.
Ryde, Isle of Wight, UK

PRODUCT FEATURE
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At higher offsets, the noise is de-
termined by the drive level and the
circuit’s noise floor. SC-cut crystals
generally allow higher drive levels to
be used than AT-cut. Taking the oscil-
lator output via the resonator utilizes
the filtering action of the crystal, so
that only the output buffer con-
tributes to the noise floor.

It is important to operate the ac-
tive devices linearly if the full poten-
tial of the lowest noise crystals is to
be realized. Nonlinear operation gen-
erally increases the transistors’ flicker
noise and also causes modulation of
the signal by power supply noise and
ripple. The degree of degradation
tends to vary with factors such as
crystal motional resistance and tem-
perature.

Linear operation also helps when
tuning the oscillator, as SC-cut crys-
tals in particular need large series re-
actance to tune them away from se-
ries resonance. If the RF operating
conditions are not well defined, the
tuning range may be limited by wide
variation in output power and/or un-
wanted oscillation modes, particularly
with the drive levels needed for low
noise floor.

DESIGN CONSIDERATIONS
Practical oscillator design almost

always involves compromises and
tradeoffs. The Pascall OCXO aims to
provide the lowest possible phase
noise within a relatively compact 2" ×
2" × 0.75" package.

A low noise regulator is followed
by further filtering and careful atten-
tion is paid to ground paths, in order
to minimize the effect of supply noise
and prevent oven current noise af-
fecting the oscillator’s performance.
Fairly high signal levels must be used
in order to achieve a very low noise
floor. In combination with the linear

operation required for lowest possi-
ble close-in noise, this inevitably re-
sults in higher dissipation than in os-
cillators with lower performance.

To ensure good temperature con-
trol up to 70°C, the oven needs to be
maintained at ~80°C. In the great
majority of applications, the oscillator
will not need to be operated continu-
ously at its maximum temperature. In
order to maximize reliability and re-
duce oven power requirements, only
the crystal and certain critical compo-
nents are held at 80°C. A tempera-
ture compensation circuit minimizes
drift due to the oscillator circuit.

The Pascall standard part is de-
signed to operate with base plate
temperatures of –30° to +70°C. Al-
ternative temperature ranges are
available, down to –40°C and up to
85°C. The supply voltage is +12 V,
while +15 V is available as an option.

The new OCXO has a relatively
wide tuning range, to give ample al-
lowance for aging or locking to external
references. At 100 MHz the range is
typically ±10 ppm for 0 to 10 V input,
with virtually no change in phase noise
across the range. The standard oscilla-
tor has electrical tuning. It is also avail-
able with internal mechanical tuning,
or a reference voltage output can be
provided to enable the oscillator to be
tuned by an external potentiometer.

TYPICAL PERFORMANCE
Figure 1 shows a phase noise plot

of a pair of OCXOs at 100 MHz. This
is an uncorrected plot, and therefore
shows the combined noise of two os-
cillators. The noise floor measurement
is limited by the test system noise,
which is actually higher than the oscil-
lator’s noise floor. (Accurate measure-
ment of very low noise is always a dif-
ficult exercise.) Allowing for the test
system noise and subtracting 3 dB for

the two-oscillator measurement shows
the OCXO’s phase noise floor to be
~–180 dBc/Hz per oscillator.

The best-selected crystals have
been found to yield well under –140
dBc/Hz at 100 Hz offset from 100
MHz. However, it is important not to
over specify when designing an
OCXO into a system, as this will have
a major impact on cost. As previously
stated, a crystals’ phase noise varies
widely even within a single batch, so
careful screening is necessary to meet
the most stringent specifications.
Also, reliable measurement of low
phase noise is very time consuming.
The new unit’s output power is 13
dBm ±2 dB into 50 Ω and harmonics
are ≤ –20 dBc.

The total frequency drift from
–30° to +70°C is typically ~1 × 10–7

(see Figure 2). Warm-up power is
typically 5 W and the steady-state
power at 25°C is ~2.5 W. There is al-
ways a tradeoff between operating
temperature range and power con-
sumption. Specifying a higher maxi-
mum temperature will increase the
consumption at all temperatures, as
the oven must be held a few degrees
above the highest working ambient
temperature. Reducing the minimum
operating temperature will increase
the warm-up current, as the heater
must be able to maintain a larger dif-
ferential between oven and ambient
temperature.

CONCLUSION
The new OCXO addresses the

most critical applications where ultra-
low noise is required and aims to pro-
vide the lowest possible phase noise
within a compact package. It features
a relatively wide tuning range and a
temperature compensation circuit.

As for the future, Pascall is now
well into development of a vibration-
isolated variant. This unit utilizes
low-g-sensitivity crystals and elas-
tomer AV mounts to reduce the influ-
ence of shock and vibration on phase
noise. This new unit will be suited to
fast jet and helicopter vibration and
environmental requirements.

Pascall Electronics Ltd., 
Ryde, Isle of Wight, UK 
+44 (0) 1983 817412, 
e-mail: enquiries@pascall.co.uk,
www.pascall.co.uk.
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Measurement Journal
The Agilent Measurement Journal
is a quarterly technical publication
that provides today’s engineers
with the information they need to
stay ahead of the competition and
on top of the latest technologies,
trends and Agilent measurement
solutions. It covers a wide range of
industries, including aerospace and
defense, wireless communications
and industrial, and feature articles
with significant contributions from
Agilent engineers in the fields of
electronics as well as life sciences
and chemical analysis.

Product Catalog
The “What’s New at AVX” catalog
highlights more than 18,000 new
parts and 60 new product families
introduced in 2006. The catalog
includes new capacitors, circuit
protection, filters, RF/microwave,
integrated passives, resistive de-
vices, timing devices, module de-
vices and connectors that provide
design solutions for a wide variety
of applications. The catalog con-
tains 62 product families as well as
details on new software and litera-
ture.  

Course Catalog
The 2007 General Course catalog
includes detailed outlines of over
100 specialized training courses
available to professionals in the
RF and wireless industry. Instruc-
tor biographies are included as
well as a listing of courses grouped
by subject area. All courses can be
ordered for presentation at indi-
vidual company facilities.

Product Catalog
This catalog features the compa-
ny’s Johnson® Type N connectors
that meet or exceed the perfor-
mance requirements of MIL-
PRF-39012. All designs are based
on a 50 Ω system impedance per
MIL-STD-348 and operate at fre-
quencies up to 11 GHz minimum.
All contacts are plated with 50 mi-
cro-inches of gold for good dura-
bility and high frequency perfor-
mance. Applications include: an-
tennas, base stations, cable
assemblies, microwave radio, RF
and microwave components.

Product Brochure
This product catalog details the
company’s design and production
of a complete line of voltage-con-
trolled oscillators in a variety of
packages that cover the frequency
range of 5 MHz to 12 GHz. The
intra-company design standards
set for the military grade product
line carry over to the commercial
product line providing a rugged
unit capable of withstanding vi-
bration, shock, temperature and
other environmental extremes.

Systems Brochure
AR RF/Microwave Instrumenta-
tion’s newest brochure highlights
the company’s systems’ capabili-
ties and ARCell Pre-compliance
Test Systems. AR has the capabili-
ties to customize systems to solve
RF and EMC test problems with
power and frequency from 10 kHz
to 45 GHz. The ARCell systems
are out-of-the-box immunity and
emissions test systems that per-
form pre-compliance testing to
IEC 61000-4-3 requirements as
well as other industry specific
standards.

Agilent Technologies Inc., 
Santa Clara, CA (800) 829-4444, www.agilent.com/go/journal.

RS No. 310

AR RF/Microwave Instrumentation, 
Souderton, PA (215) 723-8181, www.ar-worldwide.com.

RS No. 311

Emhiser Micro-Tech, 
Verdi, NV (775) 345-0461, www.emhiser.com/vco.

RS No. 315

Emerson Network Power Connectivity Solutions, Johnson Division,
Waseca, MN (800) 247-8256,
www.emersonnetworkpower.com/connectivity.

RS No. 314

Besser Associates, 
Mountain View, CA (650) 949-3300, www.besserassociates.com.

RS No. 313

AVX Corp., 
Myrtle Beach, SC (843) 448-9411, www.avx.com.

RS No. 312
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Designer’s Guide
The 12th edition Designer’s Guide
catalog for 2007 includes full
specifications for 482 compo-
nents, 91 new RFIC and MMIC
product data sheets, quality/relia-
bility, application and packaging/
layout information. New for 2007
the two-volume catalog format
now includes: Volume 1: Ampli-
fiers, Control Devices & Power
Detectors; and Volume 2: Data
Converters, Frequency Genera-
tion, Mixers & Modulators. To re-
quest a 2007 catalog two-volume
set, visit www.hittite.com and se-
lect the “Submit Inquiry” button.

Short Form Catalog
The microwave and millimeter-
wave conversion products short-
form catalog features a sampling
of the company’s latest state-of-
the-art mixers, image rejection
mixers, modulators, multipliers
and custom products. There are
also sections discussing quality as-
surance, manufacturing flow dia-
grams, MITEQ’s Space Heritage
and options available to the cus-
tomer.

Product Selection Guide
This product selection guide fea-
tures the company’s precision,
high frequency connectors and
adaptors that operate in a fre-
quency range from DC to 50
GHz. The brochure provides se-
lection tables that include electri-
cal and mechanical specifications
for the new 2.4 mm, 2.92 mm and
3.5 mm, precision SMA and
SSMA families. Connectors are
available in flanges or thread-in
configurations. A family of push-
on adaptors in N, SMA, 2.4, 2.92
and 3.5 is offered to facilitate test-
ing in lab environments.

Solutions Guide
The RF cable assembly solutions
guide features three easy steps to
building cables. WiFi connectors
are indicated. RF Cable Assem-
blies division of RF Industries
(RFI) offers custom coaxial cable
assemblies. It also fabricates a full
line of standard cable assemblies,
shown in the RF Connectors Cat-
alog. A connector ID chart is also
included in the solutions guide.
The guide is also available on a
CD-ROM.

Selection Guide
This 36-page product selection
guide features new RF products
for existing and emerging RF
markets, and catalog parts ranging
from signal source and signal pro-
cessing components, and the com-
pany’s amplifiers—which include
patented active-bias gain blocks,
LNAs, award-winning WiMAX
amplifiers, LDMOS and others.
Also look for new passive devices
from Premier Devices and new
ISM transceiver and networking
solutions from Micro Linear. 

Product Catalog
The 2007 test and measurement
product catalog serves as a desk-
top reference guide that offers de-
tails and specifications on the
company’s general-purpose and
sensitive sourcing and measure-
ment products, DC switching, RF
switching and measurement, data
acquisition solutions, semiconduc-
tor test systems and optoelectron-
ics test hardware. Tutorials simpli-
fy choosing solutions for specific
applications. To request a free
copy of the 2007 catalog, visit
www.keithley.com/pr/065.  

Hittite Microwave Corp., 
Chelmsford, MA (978) 250-3343, www.hittite.com.

RS No. 316

Keithley Instruments Inc., 
Cleveland, OH (800) 688-9951, www.keithley.com.

RS No. 317

Sirenza Microdevices, 
Broomfield, CO (303) 327-3030, www.sirenza.com.

RS No. 321

RF Industries, 
San Diego, CA (858) 549-6340, www.rfindustries.com.

RS No. 320

Response Microwave Inc., 
Framingham, MA (978) 456-9184,
www.responsemicrowave.com.

RS No. 319

MITEQ, 
Hauppauge, NY (631) 436-7400, www.miteq.com.

RS No. 318
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Visit www.rell.com/locations.asp for a complete listing of our 70 worldwide locations.
Call 1-800-737-6937 (USA/Canada) • 630-208-3637 • rfwireless.rell.com • rwc@rell.com

Some things just go together
Two of  the leading RF/Wireless companies have joined resources. Avago Technologies’

complete line of  RFIC, Transistor, Schottky and PIN Diode, and millimeter wave (mmW)

products is now available from Richardson Electronics.

Combining Avago’s expertise in developing and manufacturing leading-performance,

top-quality RF semiconductor products with Richardson Electronics’ marketing,

distribution and technical expertise is a recipe for success.

• Leader in GaAs LNAs

• Broad offering of

wireless products

• Exceptional applications

support

• Global RF & Wireless distributor

• In-stock inventory

• Technical sales engineers

• Design-in, testing and

applications support

Learn more about Avago products available from Richardson Electronics with the

Product Selection Guide and Designer Kits at www.rell.com/Avago.

Visit http://mwj.hotims.com/11715-121 or use RS# 121 at www.mwjournal.com/info
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Product Selection Guide
This selection guide highlights the
various products from recent ac-
quisitions of Amplifonix, FSY Mi-
crowave, Magnum Microwave, Q-
bit, Salisbury Engineering and Ra-
dian Technologies. Products
covered include RF amplifiers,
power amplifiers, mixers, VCOs/
DROs and attenuators. Featured
microwave filters include lumped
element, waveguide, tubular and
cavity filters, and suspended sub-
strates. Microwave systems in-
clude integrated assemblies,
switched filter banks, frequency
multipliers and synthesizers.

Selection Guide
The microwave switches selection
guide features 20 families of coax-
ial switches and relays in a tabular
format. The guide, designed to
help engineers quickly choose a
product, now features schematic
drawings for all switches and re-
lays. The 24-page digest provides
detailed information about the
switches and relays, which span
the range from DC to 26.5 GHz
and cover SPDT up to SP8T and
transfer switches.

Capabilities Brochure
This brochure details how Tera-
beam/HXI and BTP Systems have
joined forces to provide customers
the best choice for repair and re-
furbishment of complete radar,
RF communications and SAT-
COM systems. Collectively, its
employees have served this indus-
try successfully for over 30 years.
This repair and refurbishment
vendor possesses a high level of
skills in electromechanical, RF,
microwave and millimeter-wave
systems.

Product Catalog
This catalog provides the latest
technical information and a com-
prehensive listing of the compa-
ny’s robust line of quick connect
electrical terminals. FASTON
quick connect electrical terminals
are a popular connection method
for a number of OEM electronics
applications in a wide range of in-
dustries. FASTON quick connect
electrical terminals are used ex-
tensively in industrial and com-
mercial electronics for power con-
nections in wire harnesses and
printed circuit boards.  

Commercial Amplifiers
Brochure
The Tyco Electronics M/A-COM
commercial amplifier brochure
covers the most widely used plas-
tic packaged solutions for wireless
applications such as WiMAX,
WLAN, cellular infrastructure,
RFID, cordless and mobile. It
contains an easy to use selection
guide sorted by frequency with
full parametric data.  

Product Brochure
This brochure has been updated
to reflect the expansion of the ex-
tra-durable Storm Flex™ minia-
ture cable line to include a larger,
0.160" diameter cable that is a
high strength flexible replacement
for RG-402 semi-rigid cable. Me-
chanical, electrical product speci-
fications; competitive analysis
graphs for VSWR, phase, insertion
loss vs. flexure; applications; and
complete ordering information
are also included.

Spectrum Microwave Inc., 
Palm Bay, FL (888) 553-7531, www.specwave.com.

RS No. 327

Storm Products–Microwave, 
Woodridge, IL (630) 754-3300,
www.stormproducts.com/microwave.

RS No. 322

Tyco Electronics M/A-COM, 
Lowell, MA (800) 366-2266, www.macom.com.

RS No. 326

Tyco Electronics Corp., 
Harrisburg, PA (800) 522-6752, www.tycoelectronics.com.

RS No. 325

Terabeam/HXI, 
Haverhill, MA (978) 521-7300, www.terabeam-hxi.com.

RS No. 324

Teledyne Relays, 
Hawthorne, CA (800) 284-7007, www.teledynerelays.com.

RS No. 323
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The Custom Cable Assembler

FREE online design tool for subscribers:

• Choose from six connector series, or easily specify a different series.

• Click on a connector series and configuration, and it’s added to your 
drawing instantly.

• Specify all common requirements, including markers, in the form—the 
vendors receive all the information they need to provide a quick quote.

• The vendors get your form data and the drawing via e-mail, ensuring 
complete accuracy—you get a copy via e-mail as well.

• Length references change automatically with each connector configuration
for clarity and consistency.

• You can even upload your own drawings with the click of a button if needed.

There’s never been an easier way to draw and specify cable assemblies, and
send RFQs to multiple vendors! Visit mwjournal.com to use it today.

The Custom Cable Assembler

A free service from Microwave Journal

Design and specify flexible or semi-rigid cable assemblies online,
and send your specs to multiple vendors for quotation. 

All with one click—and NO plug-ins or special software required!
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Join us for the Education • Join us for the Networking • Join us for the Celebration
www.EMC2007.org

New for the EMC Symposium is the Global EMC University. Recognizing the 
need for low cost, high quality education on EMC, the Global University was 
developed to provide tutorials with Continuing Educational Unit Credits (CEUs).
Instructors are leading experts from around the world. A few of the University 
topics include:

• Printed Circuit Board Layout considerations for Reduced Emissions
• High-Frequency behavior of Resistors, Capacitors, Inductors, Ferrites
• General Properties of Antennas, both Intentional and Unintentional

This special track will complement the outstanding technical program of over 
150 papers, numerous workshops and tutorials.

With EMC 2007 promoting “East meets West” this is an excellent opportunity for 
Attendees and Companies to become a part of the EMC Community throughout
the Pacific Rim Region.

A Special Anniversary Celebration will be held on the final day 
of the Symposium. To be honored are past EMC Society 
Presidents and some of the most influential EMC Papers 
presented since the founding of the EMC Society.
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NEW WAVES: Amplifiers and Oscillators
■ GaN Broadband Power

Amplifier
The model SSPA 0.5-3.0-50 is a high power,
broadband, GaN RF amplifier that operates in 

a frequency range
from 0.5 to 3
GHz. This PA is
ideal for broad-
band military
platforms as well
as commercial ap-
plications because
it is robust and of-

fers high power over a multi-octave bandwidth.
This amplifier was designed for broadband
jamming and communication systems plat-
forms. This amplifier operates with a base
plate temperature of 85°C with no degradation
in the MTBF for the GaN devices inside. The
RF line up is comprised of all GaN devices.
This amplifier has a minimum P3dB of 50 W at
room temperature. Size: 7" × 9" × 1.5".
Aethercomm Inc., 
San Marcos, CA (760) 598-4340,
www.aethercomm.com.

RS No. 216

■ Successive Detection Log Video
Amplifier

The model SDLVA-61F-80-582987-004 option
TBRK, MS is a matched set of successive de-
tection log video amplifiers in a compact
stacked configuration. This unit operates over
61.25 MHz ±250 kHz with a transfer function
of E – 22.5 PIN+ 200, where PIN is the input
power in dB above –80 dBm and E = output
voltage in millivolts. The unit has been de-
signed so that both modules share a common
power terminal.
Planar Monolithics Industries Inc.,
Frederick, MD (301) 631-1579,
www.planarmonolithics.com. 

RS No. 221

■ Broadband Power Amplifier
The model QPJ-02064230-A0 is a 2 to 6 GHz,
15 W broadband power amplifier that utilizes 

unique power
combining tech-
niques to deliver
15 W (+42 dBm)
output power with
flatness of ±0.50
over the 2 to 6

GHz frequency range. The measured gain of this
amplifier is 33 dB minimum with gain flatness of
±1.50 dB over 2 to 6 GHz. The amplifier resides
in a housing of 2.50" × 1.75" × 0.50" and the RF
connectors are removable SMA(F). 
QuinStar Technology Inc., 
Torrance, CA (310) 320-1111,
www.quinstar.com.

RS No. 222

■ Upgrade Existing Amplifiers

This new concept called “Subampabilty” en-
ables labs to upgrade their existing “S” series (1
to 800 W, 0.8 to 20 GHz) amplifiers to higher
power without purchasing new amplifiers.
Once an initial upgrade is performed, the sky’s
the limit. Models 20S4G11A (20 W, 4 to 10.6
GHz) and 35S4G8 (35 W, 4 to 8 GHz) are
building blocks that can easily be expanded by
adding sub amps and controller/combiner
units. The 20S4G11A can expand to 40, 60 or
80 W, while the 35S4G8 can grow to 60, 90 or
120 W. 
AR RF/Microwave Instrumentation, 
Souderton, PA (215) 723-8181, 
www.ar-worldwide.com.

RS No. 217

■ Solid-state Power Amplifier

The model BM2719-80 is a class AB linear am-
plifier that operates over the full 20 to 1000 
MHz frequency range with output power of 80
W. The amplifier is compact (6.4" × 3.4" ×
1.06") and weighs only 1 pound.
Comtech PST, 
Melville, NY (631) 777-8900,
www.comtechpst.com.

RS No. 218

■ RF Amplifiers
The JCA line of RF amplifiers includes over a
dozen models with an average gain tracking of 

±0.75 dB and ±1.5
dB gain matching
across a 2 to 18
GHz bandwidth.
The high perfor-
mance and relia-
bility of these am-
plifiers is primari-
ly achieved as a
result of an auto-

mated assembly process using precise pick-and-
place machinery and automatic wire-bonding.
Minimizing gaps between components and
maintaining efficient, consistent wirebond
lengths in the assembly process yields signifi-
cantly improved gain and phase tracking perfor-
mance unit-to-unit, and often reduces RF tun-
ing times by 30 percent.
Endwave Defense Systems, 
Sunnyvale, CA (408) 522-3180,
www.endwave.com.

RS No. 219

■ GaAs MMIC Buffer Amplifiers

Models XB1007-BD and XB1008-BD are
GaAs MMIC two-stage buffer amplifiers. Us-
ing 0.15 micron gate length GaAs PHEMT de-
vice model technology, these buffer amplifiers
cover 4 to 11 GHz and 10 to 21 GHz, respec-
tively. Both devices deliver +20 dBm P1dB
compression point and +30 dBm OIP3. The
XB1007-BD has a noise figure of 4.5 dB and
23 dB small-signal gain; the XB1008-BD has a
noise figure of 5.5 dB and 18 dB small-signal
gain. These buffer amplifiers are ideal for wire-
less communications applications such as mil-
limeter-wave point-to-point radio, local multi-
point distribution services (LMDS), SATCOM
and VSAT applications. 
Mimix Broadband Inc., 
Houston, TX (281) 988-4600,
www.mimixbroadband.com.

RS No. 220

■ High Stability OCXOs

These rad-hardened oven-controlled crystal os-
cillators (OCXO), with a radiation tolerance of
up to 1 G, are designed for use in a variety of
industrial and military applications. Using pro-
prietary compensation and stabilization meth-
ods, the OCXOs can maintain a frequency sta-
bility of 1 ppb over a wide operating tempera-
ture range of –55° to +85°C. Customers can
specify sine wave, HCMOS, TTL or PECL out-
put; a frequency range of 1 MHz to 120 MHz;
and an input of 3.3, 5, 12 and 15 V. Custom fre-
quencies and input voltages are also available.  
MMD Components, 
Rancho Santa Margarita, CA 
(949) 753-5888, www.mmdcomp.com.

RS No. 247
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■ Ultra-low Noise Oscillator
The SR W150 ultra-low phase noise RF oscilla-
tor comes in a 51.5 by 51.5 by 20.5 mm pack-

age and is de-
signed for the in-
s t r u m e n t a t i o n
and radar mar-
kets. It exhibits
many technical
state-of-the-art
characteristics in-
cluding a fre-

quency of 500 MHz, with frequencies possible
from 300 to 600 MHz. The frequency is stabi-
lized by temperature control and an external
control voltage. Other characteristics include a
low phase noise of  –165 dBc/Hz at 10 kHz
from the carrier and a phase noise floor of –175
dBc/Hz. Stability is 1 ppm in the 0° to 50°C
temperature range with a target of –30°C to
+70°C. Once adjusted in the factory, the oscilla-
tor never requires any additional calibration. 
Temex, 
Sophia-Antipolis, France 
+33 (0) 4 97 23 30 00, www.temex.com.

RS No. 223

■ Mini TWT for SATCOMs
The TH 4080 mini traveling wave tube has
been developed to incorporate a transmitter 

amplifier for Very
Small Aperture
Terminal (VSAT)
light SATCOM
mobile systems. It
is designed for
both commercial
and military ap-
plications that re-
quire up to 150

W peak power. It operates in the Ka-band at
27.5 to 31 GHz and its lightweight, compact
design and wide bandwidth make it an ideal so-
lution for portable mobile systems. The device
applies the proven technology of the company’s
TH 4062, TH 4072 and TH 4082 families of
high power TWTs for satellite uplinks and
meets military standards for vibration, shock
and temperature.
Thales Electron Devices, 
Velizy, France +33 (0) 1 3070 3500,
www.thalesgroup.com/electrondevices.

RS No. 224

■ L-band Voltage-controlled
Oscillator

The model V602ME37-LF is an L-band (1300
to 1600 MHz) voltage-controlled oscillator 

(VCO) that offers
a low phase noise
performance of
–100 dBc/Hz at
10 kHz offset
from carrier. This
model combines
linear tuning with
superior harmon-
ic suppression. It
provides a typical

tuning sensitivity of 110 MHz/V and harmonic
suppression better than –13 dBc while deliver-
ing an O/P power of 0 ±2.5 dBm over the ex-
tended operating temperature range of –40° to
85°C. Size: 0.50" × 0.50" × 0.22". Price:
$18.95/VCO. Delivery: stock to four weeks.
Z-Communications Inc., 
San Diego, CA (858) 621-2700,
www.zcomm.com.

RS No. 225
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COMPONENTS
■ High Current Bias Tee
This 7/16 DIN bias tee is designed for wireless
communication applications and operates in a 

frequency range
from 500 MHz to
2.5 GHz with 7
amps DC current
and 100 V DC
voltage. There are
a variety of con-
nector options for
the DC input.
Typical insertion

loss is 0.25 dB, 0.50 dB maximum while typical
VSWR is 1.25, 1.50 maximum. The unit pic-
tured is the model 8820D, and it is also avail-
able in a weatherproof version, model 8821D.
Because of their rugged construction, both
models are well suited for base station opera-
tions. 
Aeroflex/Inmet, 
Ann Arbor, MI (734) 426-5553,
www.aeroflex-inmet.com.

RS No. 226

■ Programmable Attenuator
The model M-DVAN-6018-60DD-SK is a pro-
grammable attenuator that incorporates a new 

linearization cir-
cuit to enable fast
and accurate at-
tenuation switch-
ing. The new de-
sign focuses on
quick settling and
stable operation
over temperature

extremes. Switching between any attenuation
level is typically settled within 1 dB in about
400 ns. Temperature stability is ±1 dB over
–10° to 85°C. The M-DVAN-6018-60DD-SK
uses a hermetic MIL-C-28747 14 pin connec-
tor. Size: 1.34" × 1.34" × 0.5".
American Microwave Corp., 
Frederick, MD (301) 662-4700,
www.americanmicrowavecorp.com.

RS No. 227

■ High Power, Low Capacitance
Resistors

From 20 to 250 W, this new resistor series is
specifically designed to offer maximum power 

performance with
low capacitance
in power combin-
er and divider ap-
plications. These
resistors are avail-
able in aluminum

nitride and BeO. The resistors are offered as
flange-mount, leaded chips, or as a surface-
mount chip. When designing a Wilkinson pow-
er combiner or divider, this series eliminates
the need to choose either high power or low
capacitance because the resistors offer both.
Barry Industries, 
Attleboro, MA (508) 226-3350,
www.barryind.com.

RS No. 229

■ Bias Tee

The SE bias tee 4-21 has been designed to pro-
vide DC power via the RF feeder coaxial cable.
It is capable of supplying devices with DC
power in the range of 24 to 72 VDC, with a
maximum DC power of 12 A at 24 VDC. The
SE bias tee 4-21 consists of two RF paths, one
that can be switched on and off manually. It is
used for coupling the DC voltage onto the
coaxial cable and for separating the DC voltage
from the RF signal. The bias tee exhibits low
insertion loss over the applicable frequency
ranges of 132 kHz, 10.7 MHz and 380 to 2170
MHz. It has dimensions of 68 by 229 by 94
mm, the RF connectors are of type 7/16 DIN
and with ingress protection to IP65, the bias
tee is capable of a wide range of applications,
especially outdoors.
Andrew Wireless Systems GmbH,
Buchdorf, Germany +49 9099 69 151,
www.andrew.com.

RS No. 228

■ Non-blocking Matrix
The DK-PXI-1001 is a multi-functional radio
frequency (RF) switching module designed for 

mobile, desktop
testing stations.
The matrix is
compatible with a
PXI standard
chassis and cards.
Originally config-
ured as an 18
GHz, 4 × 4 non-
blocking matrix,
the new PXI card
offers the flexibil-
ity and cost sav-
ings of multiple
switching config-

urations in one unit. After the removal of six
semi-rigid cables, the user has direct access to
12 internal ports allowing further standard or
custom arrangements of the switching net-
work. 
Dow-Key Microwave Corp., 
Ventura, CA (805) 650-0260,
www.dowkey.com.

RS No. 230

■ Hand-formable Semi-rigid
Assemblies

Visit http://mwj.hotims.com/11715-78

NEW PRODUCTS

 4M5 FINAL  3/28/07  9:06 AM  Page 186

http://www.aeroflex-inmet.com
http://www.americanmicrowavecorp.com
http://www.barryind.com
http://www.andrew.com
http://www.dowkey.com
http://mwj.hotims.com/11715-78
http://www.microwavefilter.com
mailto:mfcsales@microwavefilter.com


.3-3000 MHz as low as99¢
each (qty. 100)

TRANSFORMERS

IN STOCK

TCN+

Mini-Circuits wide selection of broadband transformers
demonstrates excellent VSWR with impedance ratios from
1:1 up to 16:1, covering from 300 KHz to 3 GHz. To meet
your demanding size, performance, and environmental
requirements Mini-Circuits offers three package styles to
accommodate your transformer Microwave & RF needs. 

TCN+ mini-packaged Low Temperature Co-fired
Ceramic transformers deliver outstanding thermal stability
high reliability, and permit fast high volume manufacturing.

TC+ models have compact open case design,
all-welded construction, and offer high-strength plastic
base for low cost commercial applications.

TC-G2+ ceramic base with gold plated terminations,
for military and high reliability requirements.
These low cost transformers are the best price/performance
buy in the business! For detailed specifications, full data,
and Designer Kits see our Website.

.15"x .15"   

TINY RF &MICROWAVE

TC+

Mini-Circuits...we’re redefining what VALUE is all about!

TC-G2+

Available as RoHS compliant.

.12"x .06" 

377 Rev L

The Design Engineers Search Engine Provides ACTUAL Data Instantly From MINI-CIRCUITS At: www.minicircuits.com

RF/IF MICROWAVE COMPONENTS

P.O. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500  Fax (718) 332-4661 For detailed performance specs & shopping online see Mini-Circuits web site
TM

®

ISO 9001 ISO14001 CERTIFIED
 minicircuits.com

ALL NEW
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features an innov-
ative quick-lock
coupling mecha-
nism. This cou-
pling technology
provides reliabili-
ty and facilitates
easy and fast
mounting. The
medical RF con-
nectors are suit-

able for applications up to 5800 MHz. The
service load at 2.4 GHz is 500 W and typical
applications are in therapeutic devices like
magnetic field therapies as well as RF con-
trolled medical measurement and monitoring
systems. The connectors have an extended
connector housing, which provides strain relief
and prevents bending and cable damage, en-
suring good electrical performance throughout
their lifetime.
IMS Connector Systems, 
Löffingen, Germany, 
+49 7654 901 401, 
www.imscs.com.

RS No. 233

■ Duplexer

The model WD-00069 is a duplexer that covers
the full advanced wireless services (AWS) fre-
quencies. The WD-00069 duplexer exhibits
less than 0.5 dB of insertion loss across the
passbands of 1710 to 1755 MHz and 2110 to
2155 MHz while providing greater than 80 dB
of rejection. The unit measures 5.0" × 4.0" ×
2.3" and is available from stock. Other mechan-
ical configurations and weatherproofing op-
tions are available.
Lorch Microwave, 
Salisbury, MD
(410) 860-5100, 
www.lorch.com.

RS No. 234

■ Isolators/Circulators
These connectorized isolators and circulators
are designed for high frequency X- and Ku-

band (8 to 18
GHz) applica-
tions that feature
S M A - F e m a l e
connectors and
average power
ratings of 2 W.
Other specifica-
tions include 0.4
dB insertion loss,
1.30 VSWR and

18 dB isolation across the entire band. Units
are available from stock to four weeks ARO.
Made in the USA.
MECA Electronics, 
Denville, NJ (973) 625-0661, 
www.e-meca.com.

RS No. 248

■ DC Block

The model HR-25N is a low cost DC block for
wireless coaxial cable feed applications. This
model blocks the DC and low frequency cur-
rent surges from passing on the inner conduc-
tor of a transmission line, while allowing unim-
peded transmission of RF signals. RF loss is
specified as below 0.08 dB over the frequency
range from 380 to 2700 MHz. Common appli-
cations include blocking surges in subway tun-
nels and at wireless antenna sites. Units are
RoHS compliant and sealed to IP65.
Microlab/FXR, 
Parsippany, NJ (973) 386-9696,
www.microlab.fxr.com.

RS No. 235

■ High Power PIN Diodes
These non-magnetic metal electrode leadless
faced (MELF) packaged PIN diodes feature 

high power han-
dling and low dis-
tortion. These
MELF PIN
diodes are de-
signed for switch-
ing and attenua-
tor applications
from HF through
UHF frequen-

cies. The diodes are manufactured using the
company’s propriety glassing process that fea-
tures full-face bonding on the anode and cath-
ode of the device to ensure full surface contact
of the square ceramic package. This creates
lower electrical and thermal resistance and
provides higher average performance at RF
power levels up to 100 W CW. The diodes also
feature low series resistance that leads to low
inductance characteristics, and low junction ca-
pacitance, which delivers high isolation. 
MicroMetrics Inc., 
Londonderry, NH (603) 641-3800,
www.micrometrics.com.

RS No. 236

These semi-rigid assemblies (E Z Bend) are
hand-formable during installation and feature
low loss. The assemblies have been tested to 18
GHz and offer 100 percent RF shielding with
copper or solderable aluminum outer conduc-
tor for 50 percent weight savings, sizes 0.086"
and 0.141" diameter. The SMA style connec-
tors offer guaranteed performance and elimi-
nate costly drawings. Two inch to 18" straight
lengths are available from stock for $10.00
each, 10 piece minimum. Other connector
styles are available as well as longer lengths.
Haverhill Cable and Manufacturing Corp.,
Haverhill, MA (978) 372-6386,
www.haverhillcable.com.

RS No. 231

■ SMT MMIC Mixers

Models HMC144LH5 and HMC338LC3B are
GaAs MMIC mixers that are ideal for point-to-
point and point-to-multipoint radios, VSAT,
telecom, test instrumentation, radar, ECM and
space applications from 6 to 34 GHz. The
HMC144LH5 is a double-balanced MMIC
mixer that can be used as an upconverter or
downconverter from 6 to 20 GHz and requires
no external components or DC biasing. The
HMC338LC3B is a compact 24 to 34 GHz
sub-harmonically pumped (×2) MMIC mixer
with an integrated LO amplifier housed in a
leadless RoHS compliant ceramic SMT pack-
age. 
Hittite Microwave Corp., 
Chelmsford, MA (978) 250-3343,
www.hittite.com.

RS No. 232

■ Medical RF Connectors 
The MedLock RF coaxial connector series is
designed for use in medical equipment and 

Visit http://mwj.hotims.com/11715-111
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Rogers Corporation is a global technology leader in the 
manufacture of specialty materials for wireless communications,
computer, transportation, military and consumer markets. Join us
in Arizona, Chicago or Connecticut and build on our leadership
position and your expertise. Rogers offers relocation assistance
and outstanding career opportunities in:

•Engineering 
•Marketing

•Research & Development
•Manufacturing 

Additional Positions
Available

IT TAKES SOMEONE SPECIAL TO WORK
AT THE WORLDS BEST SPECIALTY

MATERIALS COMPANY.

Learn more about Rogers and become part of our team. Visit our website at

www.rogerscorporation.com/careers

■ Absorptive Bandstop Filter

These absorptive bandstop filters are designed
for ruggedized high reliability applications. The

filters operate in a frequency range from 10 to
1000 MHz and feature a tight shape factor notch
of 1.44:1 and high operating power of 50 W.
Custom designs and package options are avail-
able (BNC, GPO, GPPO and SMA interfaces). 
Networks International Corp., 
Overland Park, KS (913) 685-3400,
www.nickc.com.

RS No. 238

■ Bias Tees and DC Blocks

In addition to the company’s high frequency 40
GHz bias tees and DC blocks, MITEQ has
now introduced a new line of low frequency,
low cost bias tees and DC blocks. Frequency
ranges start from 30 kHz to 20 GHz.  Both
have low insertion loss. Both connector (Size:
0.64" × 0.7" × 0.29") and surface-mount (Size:
0.69" × 0.60" × 0.18") versions are available.
Options include different frequency band-
widths and various connector types. 
MITEQ Inc., 
Hauppauge, NY (631) 436-7400,
www.miteq.com.

RS No. 249

■ Adapter/Attenuator
This line of adaptenuators is simply an attenua-
tor with different type input and output con-

nectors. These
a d a p t e n u a t o r s
feature improved
interface match-
ing and eliminate
the hassle of
working with,
misplacing and
stocking all dif-

ferent types of adapters to fit specific attenua-
tors. These adaptenuators are designed with an
ultra-wideband frequency response, usable to
4 GHz with a super flat frequency response.
This line is durably built with solid unibody
construction. Price: $19.95 each (1–24). Deliv-
ery: in stock.
Mini-Circuits, 
Brooklyn, NY (718) 934-4500,
www.minicircuits.com.

RS No. 237

■ GPS Notch Filter

The part number 9R7-1575.42-50S11 is a high-
ly selective cavity notch filter. This unit is cen-
tered at the GPS frequency of 1575.42 MHz
and offers a nominal 1 dB bandwidth of 50
MHz. The notch depth is greater than 70 dB at
a center frequency of ±25 MHz and offers an
insertion loss measuring less than 0.5 dB. 
Reactel Inc., 
Gaithersburg, MD (301) 519-3660,
www.reactel.com.

RS No. 239

■ Two-way High Power Combiner
This two-way high power combiner is designed
for the 800 and 900 MHz cellular band appli-

cations. This com-
biner is aimed for
providing a com-
mon antenna port
for two different
cellular networks
that operate on
different power
levels. The com-
biner incorporates

NEW PRODUCTS
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611 Industrial Way West, Eatontown, NJ 07724 • Tel 732 460-0212 • Fax 732 460-0214   www.advanced-control.com

Celebrating our 25th ANNIVERSARY

• AMPLIFIERS
• ATTENUATORS
• DETECTORS
• LIMITERS
• SWITCHES

• SWITCHH MATRICES
•• PHASEE SHIFTERS
•• FREQUENCYY CONVERTERS
•• SYNTHESIZERS
•• INTEGRATEDD ASSEMBLIES

PUTTING THE COMPONENTS TOGETHER
SHOULDN’T BE A PUZZLE.

At Advanced Control Components we’ve been putting great ideas together 

since 1982. We provide the quality components and assemblies that are a perfect 

fit for your important projects.

Our industry leading team of design engineers will put all the pieces in place 

for you. They have extensive experience and an impressive track record in passive

and active component design and sub-system integration up to 40GHz. Utilizing 

the latest and most advanced CAD software, they can solve the toughest design 

puzzles with comprehensive solutions.

Advanced Control Components supplies high performance solid-state RF and

microwave components and sub-systems to the military, aerospace, commercial

and instrumentation markets. Let us put the pieces together for you.

Visit http://mwj.hotims.com/11715-1 or use RS# 1 at www.mwjournal.com/info

 4M5 FINAL  3/28/07  9:08 AM  Page 191

http://www.advanced-control.com
http://mwj.hotims.com/11715-1
http://www.mwjournal.com/info


192 MICROWAVE JOURNAL ■ APRIL 2007

Our solutions  solutions are focused, are focused,
  because ourbecause our people people have vision have vision

Great People. Great Products. A Great Place to Grow.EOEEOE

Come see what RFMD has for you.Come see what RFMD has for you.
Some might call it a sixth sense. Others view it as innate talent. Or maybe it’s a 
combination of hard work and intestinal fortitude. Whatever “it” is, our people 
have it at RFMD. It’s one of the reasons why we’re one of the fastest-growing 
companies in wireless communications. We have immediate openings for
experienced engineers in the following areas who want to move their career 
to the next level:

* Power Amplifi er/TX Module design* Power Amplifi er/TX Module design
* Power Management IC design* Power Management IC design
* Transceiver design* Transceiver design

Join us in one of our following Design Centers for any of the positions above:

• Greensboro, NC • Cedar Rapids, IA• Greensboro, NC • Cedar Rapids, IA
• Boston, MA • Phoenix, AZ• Boston, MA • Phoenix, AZ

• Scotts Valley, CA• Scotts Valley, CA
We offer excellent salaries and a comprehensive benefits package in a company
environment that is family-friendly and offers our employees the opportunity to expand
their careers and achieve the rewards that high-level performance deserves.

Please apply directly to our website below or email your resume to employment@rfmd.com.

To learn about RFMD, To learn about RFMD,
visit www.rfmd.comvisit www.rfmd.com

a novel Wilkinson resistor arrangement coupled
with a fan cooled, high efficiency heat sink that
enables input power imbalance of up to 200 W
between ports. For balanced signals on the in-
put ports, this combiner can sustain power lev-
els up to 1000 W composite per channel. Size:
5" × 5" × 4". 
Renaissance Electronics Corp., 
Harvard, MA (978) 772-7774, 
www.rec-usa.com.

RS No. 240

■ SMA Switch

The micro miniature SMA switch is a single-
pole two position type. The switch incorporates
SMA connectors to allow high density packag-

ing and good electrical performance through
26.5 GHz. The switch is available in failsafe
and latching configurations with a choice of
three different frequency ranges and three dif-
ferent coil voltages.
RLC Electronics Inc., 
Mount Kisco, NY (914) 241-1334,
www.rlcelectronics.com.

RS No. 241

■ Extension Shaft

This extension shaft option is designed for mul-
ti-turn trimmer capacitors. Extension shafts
can now be specified as short as 1/2" to over
40" or longer. Shorter length shafts will be
metallic and longer lengths will be Delrin.
Other materials may be specified per a cus-
tomer’s specific needs. Pricing for this exten-
sion shaft option based on its material is $40
each plus the cost of the capacitor. Delivery:
four weeks.
Voltronics Corp., 
Denville, NJ (973) 586-8585,
www.voltronicscorp.com.

RS No. 243

■ Coaxial Resonators

These ceramic coaxial resonators utilize a pro-
prietary metallization process that provides ex-
cellent electrode adherence and superior Q.
The resonators, which are built with rugged,
thermally stable ceramics, are offered in three
sizes and four dielectric constants with a fre-
quency range from 800 MHz to 5.9 GHz. Typi-
cal applications for this product include volt-
age-controlled oscillators (VCO), bandpass fil-
ters and duplexers. Special features include
excellent solderability, circuit miniaturization,
high quality factor Q and repeatability of de-
sign.
Tusonix, 
Tucson, AZ (520) 744-0400,
www.tusonix.com.

RS No. 242

SOFTWARE
■ EM Software Alternative

Newly introduced is the facility for users to run
CST Studio Suite’s™ EM simulation solvers on
Red Hat Enterprise Linux version 3 or 4, as an
alternative to Microsoft Windows versions.
Alongside the five fully featured high frequen-
cy CST Microwave Studio® (MWS) solvers, the
low frequency and static modules included in
Studio Suite have been ported to Linux. In ad-
dition to Linux support, the MWS 2006B of-
fers enhanced performance and robustness
particularly in the Time Domain solver, thanks
to the new Fast PBA mesher and flexible sub-
gridding scheme with drastically reduced
memory requirements. Also, users of the Fre-
quency Domain solver now benefit from nu-
merous new features and improvements such
as the facility to excite structures by plane
waves and slanted ports.
CST, 
Darmstadt, Germany +49 (0) 6151 73030,
www.cst.com.

RS No. 245
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ISO 9001-2000 • MIL-PRF-38534  • Class H & Class K Certified

Top Performers:
85 MHz to 18 GHz

VCOs

Typical and guaranteed specifications vary versus frequency; see detailed data sheets for specification variations.

Teledyne Cougar’s VCO circuits are designed for
best overall phase noise and fastest settling time.
Using silicon bipolar transistors and silicon 
varactor diodes make Cougar VCOs the smart
choice for performance challenges.

Cougar’s designs use a fundamental oscillator
approach for the 85 MHz to 9 GHz VCOs and a 
doubling oscillator approach for the 9 GHz to 18
GHz VCOs.

Teledyne Cougar is your
one-stop source 

for catalog and custom
VCOs, RF and 

Microwave components,
subsystems, and 

value-added 
service needs..

Tuning Output Typical Nominal Typical
Freq. Voltage Power/ Phase Modulation Harmonic

Range Range Variation Noise Sensitivity Suppression D.C. Bias
Offset at Min.-Max.

(dBm/ 10kHz/100kHz Voltage Current
Model (MHz) (Volts) ±dB) (dBc/Hz) (MHz/V) (dBc) (Volts) (mA)

Oscillator with internal MMIC amplifier available in SMTO-8 or CougarPak™

OAS5100 4300-5100 0-15 13.0/2.0 -84/-108 50-85 -22 5.0 94
OAS7700 5700-7700 0-15 10.0/2.0 -75/-100 70-250 -30 5.0 95
OAS8900 6900-8900 0-15 10.0/2.0 -70/-95 100-270 -30 5.0 95

Oscillator available in SMTO-8 or CougarPak™

OS6700 5400-6700 0-15 0/2.0 -75/-100 80-180 -17 5.0 25
OS7700 5700-7700 0-15 2.0/2.0 -75/-100 70-250 -17 5.0 25
OS8900 6900-8900 0-15 1.0/2.0 -70/-95 100-270 -25 5.0 24

Oscillator available in TO-8, SMTO-8 or CougarPak™

OC150 85-150 0-20 10.0/2.0 -100/-120 2-8 -8 15.0 35
OC1850 1250-1850 0-15 8.0/2.0 -83/-111 20-70 -12 15.0 37
OC4500 3500-4500 0-15 8.0/2.0 -75/-100 50-150 -10 15.0 60

Oscillator, Amp, Filter and Voltage Regulator in 2- and 3-Stage CougarPak™

OA2CP1001 500-1000 0-(-12) 15.0/2.0 -75/-105 30-60 -15 15.0 250
OA2CP12500 9000-12500 0-(-12) 15.0/2.0 -65/-95 150-450 -25 15.0 250
OA3CP18001 12000-18000 0-(-12) 15.0/2.0 -55/-85 150-750 -15 15.0 350

Visit http://mwj.hotims.com/11715-144 or use RS# 144 at www.mwjournal.com/info
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■ Filter Synthesis Software

ACS has recently released a new version of its
LINC2 filter synthesis software. LINC2 Filter
Pro designs lumped and distributed filters in
both single-ended and differential configura-
tions. Version 1.13 adds DXF export capability
to its layout viewer for transferring layout files
to other programs. LINC2 DXF layout files
can be translated to Gerber format for PCB
fabrication. Microstrip and stripline filters can
be analyzed with the built-in circuit simulator
or exported to Sonnet’s EM simulation pro-
gram for electromagnetic simulation. 
Applied Computational Sciences (ACS),
Escondido, CA 
(760) 612-6988,
www.appliedmicrowave.com.

RS No. 244

TEST EQUIPMENT
■ VNA for mm-wave Testing

The Lightning Broadband ME7808C vector
network analyzer has been enhanced to have
high output power and improved calibration
stability for accurate measurement of active
and passive devices. Designed to address de-
manding mm-wave test applications, it can be
configured for three completely independent
configurations; 40 MHz to 110 GHz, 1 mm
broadband coaxial systems, 65 GHz V-connec-
tor coaxial systems, and 65 GHz to 110 GHz
extended W-band waveguide mm-wave sys-
tems. The system can also be upgraded to in-
clude a full range of banded mm-wave mod-
ules, which can be used to extend the frequen-
cy range beyond 110 GHz in standalone
waveguide bands.
Anritsu EMEA Ltd., 
Luton, Bedfordshire, UK 
+44 1582 433433, 
www.anritsu.com.

RS No. 246

NEW PRODUCTS

MICRO-ADS
Visit http://mwj.hotims.com/11715-(RS#)

RS 131

RS 68

RS 45

RS 130

RS 116

RS 3

Advanced

Switch

Technology

694 Fortune Cr

 Kingston, On

   K7P 2T3

   Canada

Tel: 613 384 3939  Fax: 613 384 5026

E-mail: info@astswitch.com

AST is the only company exclusively 

dedicated to the manufacturing 

of Microwave Switches.

Our commitment  to 

quality and 

performance 

is unmatched

in the 

industry.

www.astswitch.com

Please request our free catalog

For all your switching needs
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RF/LO IF LO Conversion LO-to-RF
Model Frequency Frequency Power Loss (dB) Isolation

Number (GHz) (GHz) (dBm) Typ./Max. (dB) Min.

DOUBLE-BALANCED VERSIONS

DM0052LA2 0.5 – 2 DC – 0.5 7 – 13 6.5/8.5 30
DM0104LA1 1 – 4 DC – 1 7 – 13 5.5/7 30
DM0208LW2 2 – 8 DC – 2 7 – 13 7/8 30
DM0408LW2 4 – 8 DC – 2 7 – 13 5/6 30
DM0812LW2 8 – 12 DC – 4 7 – 13 4.5/6 30
DM0416LW2 4 – 16 DC – 4 7 – 13 7/8 30
DB0218LW2 2 – 18 DC – 0.75 7 – 13 6.5/8.5 22
DB0226LA1 2 – 26 DC – 0.5 7 – 13 9/10 20
DB0440LW1 4 – 40 DC – 2 10 – 15 9/10 20
M2640W1 26 – 40 DC – 12 10 – 15 10/12 28

TRIPLE-BALANCED VERSIONS

TB0218LW2 2 – 18 0.5 – 8 10 – 15 7.5/9.5 20
TB0426LW1 4 – 26 0.5 – 8 10 – 15 10/12 20
TB0440LW1 4 – 40 0.5 – 20 10 – 15 10/12 18

Input Input Output Conversion Rejection
Model Frequency Power Frequency Loss (dB) (dBc) Typ.

Number (GHz) (dBm) (GHz) Typ./Max. Fund. Odd Harm.

DROP-IN VERSIONS
SXS01M 0.5 – 3 8 – 12 1 – 6 13/16 -20 -25
SXS04M 2 – 9 8 – 12 4 – 18 13/15 -20 -25
SXS07M 3 – 13 8 – 12 6 – 26 13/18 -18 -25

CONNECTORIZED VERSIONS
SXS2M010060 0.5 – 3 8 – 12 1 – 6 13/16 -20 -25
SXS2M040180 2 – 9 8 – 12 4 – 18 13/15 -20 -25
SXS2M060260 3 – 13 8 – 12 6 – 26 13/17 -18 -25
MX2M130260 6.5 – 13 8 – 12 13 – 26 11/13 -15 -15
MX2M004010 0.02 – 0.5 8 – 12 0.04 – 1 10.5/13 -25 -25

Additional models available with 60 day lead time, please contact MITEQ. 
Above models also available with optional LO power ranges, please contact MITEQ.

Visit http://mwj.hotims.com/11715-99 or use RS# 99 at www.mwjournal.com/info
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The 2008 IEEE Radio and Wireless Symposium (RWS 2008) incorporating IEEE Wireless and Micro-
wave Technology Conference (WAMICON) will be held in Orlando, FL, on 22 - 24 January 2008 as part 
of the Radio Wireless Week technical event. In addition to oral presentations and posters, RWS 2008 
includes workshops, panels, and an exhibition. Others collocating in the event are the Topical Meet-
ing on Silicon Monolithic Integrated Circuits in RF Systems (SiRF) and the IEEE Topical Workshop on 

RWS 2008 sessions will highlight applications including (but not limited to):
3G/4G Wireless Communication including Emergency/Location Services
Satellite Network and Wireless LAN Systems

802.16/LMDS Broadband Fixed Wireless and Last-Mile Access Techniques
Wireless Mesh and Broadband Local/Personal Area Networks
Wireless Sensors and Ad Hoc Networks towards Anytime Anywhere Internetworking
Ultrawideband (UWB) Technologies

Low-Power/Low Noise RF/Analog IC and System-On-Chip Solutions
Propagation, Channel Characterization and Fading Countermeasures
Heterogeneous Mobile Networks and Mobile Network Convergence
Wireless Security and RFID Technologies
Seamless Mobility and All-IP Mobile Networks
Multicasting and Broadcasting

Sessions will cover systems and enabling technologies in the areas of: 
Wireless System Architecture, Integration, and Convergence Issues
Digital/Analog Adaptive/Collaborative Signal Processing
System Level Design, Modeling, and Simulation
MIMO/Space-Time Processing, Relaying Technology, and Smart Antennas

Front-end Passive and Active Sub-systems
Cross-Layer Design
Radio on Fiber and optical techniques for UWB communications 
Electrically Small Antennas and handset Packaging

Workshop Proposals
Proposals for workshop topics are solicited, and must be received by 28 June 2007. Details on the
process and requirements can be found at www.radiowireless.org.

Paper Submission Instructions

www.radiowireless.org web page by 13 July 2007
Authors can indicate their preference for oral or poster presentation format but the Technical Program

-

papers (4 pages in length) must be received by 4 November 2007 to be included in the published 
Proceedings.

•
•
•
•
•
•
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•
•
•

Call For Papers
GeneralChair
AlyEFathy,UniversityofTennessee
fathy@ece.utk.edu

GeneralCo-Chair
RichardAbrahams, 
HarrisGCSDRF/MicrowaveEngineering
rabrah01@harris.com

TechnicalProgramChair
AfshinDaryoush,DrexelUniversity
daryoush@ece.drexel.edu

TechnicalProgramCo-Chairs
PeterHill,CranfieldUniversity(Europe)
AbbasJamalipour,UniversityofSydney
(Asia/Pacific)

PublicationsChair
JeremyMuldavin,MITLincolnLaboratory

ElectronicSubmissionCo-Chairs
JeremyMuldavin,MITLincolnLaboratory
GeorgeHeiter,HeiterMicrowaveConsulting 

Workshop/ShortCourseChair
GamalHegazi,RockwellCollins

Plenary/Focused/SpecialSession 
Co-Chairs
AryeRosen,DrexelUniversity
MohammadMadihian, 
NECLaboratoriesAmerica

PosterSessionsCo-Chairs 
JenshanLin,UniversityofFlorida
ClemensRuppel,EPCOSAG

Panel/RumpSessionChair
CharlieJackson, IEEE

StudentPaperAwardChair
AryeRosen,DrexelUniversity

PublicityCo-Chairs
TakaoInoue,TheUniv.ofTexasatAustin
LucianoBoglione,CustomOneDesign

LocalArrangementsCo-Chairs
BobHelsby,Ansoft
EricSchwartz,Agilent
SergioPalmaPacheco,FreeScale

RegistrationCo-Chairs
NitinJain,Anokiwave

WAMICONLiaison
LarryDunleavy,UniversityofSouthFlorida
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EXHIBIT AT...

Europe’s Premier Microwave, 
RF, Wireless and Radar Event

The European Conference on
Wireless Technology European Radar Conference 

The 37th European Microwave Conference Formerly GAAS Symposium

EXHIBIT AT...EXHIBIT AT...

Europe’s Premier Microwave, 
RF, Wireless and Radar Event

8-12 October 2007
ICM, Munich International Congress Centre, 

Munich, Germany

EuMW2007 will provide:
• 7000 sqm of gross exhibition space • 5000 key visitors from around the globe

• 1700 – 2000 conference delegates • In excess of 250 exhibitors

The exhibition will provide an invaluable platform to present the latest
technological developments and a forum for discussion on industry, scientific
and technical trends. 

Interested in Exhibiting? Book Online at www.eumweek.com or contact:

Richard Vaughan Kristen Dednah
Rvaughan@horizonhouse.co.uk kdednah@mwjournal.com
Tel: +44 207 596 8742 Tel: +1 781 769 9750

FIVE DAYS FOUR CONFERENCES ONE EXHIBITION

R

European Microwave Association

Official PublicationOrganised by:

In co-operation with:

Visit http://mwj.hotims.com/11715-49 or use RS# 49 at www.mwjournal.com/info
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MONTHLY WORLDWIDE SEMICONDUCTOR REVENUE

The Semiconductor Industry Association (SIA) has released revenue numbers
for December 2006 of $22.3 B (raw numbers not three-month moving average).
The December numbers are up from $21.85 B in December of 2005 and repre-
sent a weak 2.1% growth month over month. Year-to-date growth for the full
year ended at 8.5% down from 9.2% the prior month.

Notice how 2005 ran ahead of 2004 until May, took a three month pause
and then began growing again. 2006 began the year even with 2005, then
showed steady growth until December that once again ran even with 2005. De-
cember was a disappointing month and brought down the year-to-date average
growth to 8.5% versus the expected 9% growth.

2006 DSP CHIP REVENUE UP 9 PERCENT

DSP chip shipments rose to $8.3 B for calendar year 2006, a 9% increase over
the prior year (and 1% under the forecast of 10%). This is slightly above the 8.7%
growth of all monolithic integrated circuits. DSP shipments would have been
higher if Q4 had at least been flat. Unfortunately, DSP shipments for the quarter
were down 6.8% to the $2.01 B level, attributable mostly to a 6.5% drop in
wireless. Consumer DSP shipments were up 10.3% while catalog and multipur-
pose DSP shipments were up 1.6%. The dramatic 60% quarterly drop in the rela-
tively small “computer” segment is attributed to both inventory corrections and
reclassification of disk drive controllers (to an “ASIC” category) in the PC mar-
ket.
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Source: Forward Concepts, 1575 W. University Dr., Suite III, Tempe, AZ 85281-3283
(www.fwdconcepts.com)

Source: IC Knowledge LLC, PO Box 20, Georgetown, MA 01833
(www.icknowledge.com)

To see one’s work in print is
the rightful reward of every cre-
ative engineer and scientist. The
editors of Microwave Journal in-
vite you to submit your technical
manuscripts for consideration to
be published in one of  our up-
coming issues. Technical articles,
application notes and tutorial ar-
ticles based on the monthly edi-
torial themes are encouraged.
Editorial themes include wire-
less, radar and antennas; RF
components and systems; test,
measurement and CAD; ampli-
fiers and oscillators; semiconduc-
tors, MMICs and RFICs; satel-
lite and mm-wave applications;
communications and wireless ap-
plications; passive components;
and control devices and modula-
tion.

Design features should con-
tain new and innovative technical
ideas of practical use and interest
to our predominantly engineer-
ing readers. Papers should be 14
to 16 double-spaced pages and
contain 8 to 12 visual aids in the
form of sketches, graphs, pho-
tographs or tables. 

Papers should be submitted to
the attention of the Technical
Editor and will be reviewed
promptly by our Editorial Re-
view Board prior to acceptance.
Articles outside of the monthly
themes also will be encouraged.

SEND ALL MATERIAL TO:
Microwave Journal
685 Canton Street

Norwood, MA 02062
(781) 769-9750

Fax (781) 769-5037
e-mail:

fbashore@mwjournal.com
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Ingo Wolff
Wiley Interscience • 557 pages; $120
ISBN: 0-471-12101-0

THE BOOK ENDTHE BOOK END

The subjects of this book—materials,
technology, design and realization of

coplanar microwave integrated circuits—
combine the research results of a large re-
search group under the leadership of the
author. Chapter 1, the introduction, de-
scribes the different planar waveguides that
can be used in planar microwave circuits,
together with their properties, advantages
and disadvantages. The full-wave propaga-
tion characteristics of coplanar waveguides
are studied in Chapter 2, using rigorous
analysis techniques such as the spectral do-
main analysis that is known to be a fast and
accurate computation technique, especially
well-suited for the analysis of planar trans-
mission line structures. A first class of com-
ponents that are of essential influence in
the circuit design are the waveguide dis-
continuities, such as open and shorted
ends, impedance steps, line gaps, wave-
guide bends, T-junctions and crossings.

These elements are investigated in Chapter
3. One of the most important goals of mi-
crowave integrated circuits is the reduction
of the needed space on the substrate mate-
rial. Chapter 4 considers coplanar lumped
elements, such as capacitors, inductors,
transformers and resistors. Chapter 5 offers
a coplanar element library and a circuit de-
sign program. Chapter 6 deals with copla-
nar filters and couplers. Whereas the previ-
ous chapters have been dealing with copla-
nar waveguides and components as well as
coplanar techniques in general, Chapter 7
is dedicated to coplanar microwave inte-
grated circuits. It starts with a short de-
scription of the active elements and their
simulation background, after which design
examples of coplanar switches, coplanar ac-
tive filters and coplanar amplifiers are giv-
en. A coplanar electronic circulator and a
special frequency doubler in coplanar tech-
nology are also shown. 

Coplanar Microwave Integrated Circuits

Michael P. Gaynor
Artech House • 234 pages; $99, £60
ISBN: 1-58053-905-X

The packaging industry has evolved re-
cently from simple power amplifier

modules to full dual-band cellular phone
modules. The module advantages are size,
cost, yield and ease of assembly. The sys-
tem-in-package (SiP) designer has become
a full RF transceiver designer, requiring
complete RF knowledge of all the function-
al blocks of the transceiver as well as design
for high volume manufacturing, reliability,
shield requirements, substrate design rules,
substrate performance and cost tradeoffs.
The book starts with a brief history of the
packaging industry, comparing system-on
chip (SoC) to SiP, and concluding with the
requirements for the SiP designer. Chapter
2 describes the various substrate options,
with emphasis on the main substrates uti-
lized in the low cost wireless module indus-
try, LTCC and laminates. Chapter 3 is de-
voted to the assembly process, including
process flow, component placement, solder

paste and reflow, die attach, wirebonding,
and die protection. Advanced packaging
techniques are described in Chapter 4, in-
cluding shielding and embedding passive
components. SiP is no longer just a simple
transistor package or PA module. Chapter 5
is dedicated to system architecture issues
and concerns, while Chapter 6 offers RF
design and simulation tips. Some advanced
techniques for better RF performance
and/or smaller size are given in Chapter 7.
Chapter 8 describes a case study and offers
thoughts on the field’s future. A WLAN
a/b/g complete RF transceiver module in-
cluding a power amplifier has been de-
signed with a two-compartment shield. The
design process first reviewed all identifiable
options to meet the design requirements
without incurring new technology that
would require qualifying in the assembly
factory. Five options were identified and
the size and cost of each are analyzed. 

System-in-Package: RF Design and Applications

To order this book, contact:
John Wiley & Sons Inc.

One Wiley Drive
Somerset, NJ 08875

(800) 225-5945

To order this book, contact:
Artech House

685 Canton St.
Norwood, MA 02062 

(781) 769-9750 ext. 4030; or
46 Gillingham St.

London SW1V 1HH, UK
+44 (0) 207-8750

THE BOOK END
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MODELS ( Add Prefix BW- )
2 W SMA 5 W SMA 5 W Type-N

$29.95 $44.95 $54.95 Nominal     Accuracy*
S1W2 S1W5 N1W5 1 ±0.40
S2W2 S2W5 N2W5 2 ±0.40
S3W2 S3W5 N3W5 3 ±0.40
S4W2 S4W5 N4W5 4 ±0.40
S5W2 S5W5 N5W5 5 ±0.40
S6W2 S6W5 N6W5 6 ±0.40
S7W2 S7W5 N7W5 7 -0.4,+0.9
S8W2 S8W5 N8W5 8 ±0.60
S9W2 S9W5 N9W5 9 -0.4,+0.8
S10W2 S10W5 N10W5 10 ±0.60
S12W2 S12W5 N12W5 12 ±0.60
S15W2 S15W5 N15W5 15 ±0.60
S20W2 S20W5 N20W5 20 -0.5,+0.8
S30W2 S30W5 N30W5 30 ±0.85
S40W2 S40W5 N40W5 40 -0.5,+1.5

*At 25°C includes frequency and power variations. 

2 W&5 W
DC to18 GHz ATTENUATORS

$2995
ea. (1-49)from

Attenuation (dB)

Rugged Stainless Steel Construction, High Repeatability, Miniature Size, Low Cost,
and Off-The-Shelf Availability are some of the features that make Mini-Circuits “BW”
family of precision fixed attenuators stand above the crowd! This extremely broad
band DC to 18 GHz series is available in 5 watt Type-N and 2& 5 watt SMA coaxial
designs, each containing 15 models with nominal attenuation values from 1 to 40 dB.
Built tough to handle 125 watts maximum peak power, these high performance
attenuators exhibit excellent temperature stability, 1.15:1 VSWR typical, and cover a
wealth of applications. So contact Mini-Circuits today, and capture this next generation
of performance and value! Mini-Circuits…we’re redefining what VALUE is all about!

IN STOCK

Now Available! Adapters ( Prices: qty.1-49 )

SMA to BNC  Type-N to Type-N 
DC-2 GHz $395 ea. DC-6 GHz $995ea.

Type-N to SMA  
DC-18 GHz $2295 ea.

SMA to SMA QUICK CONNECT SMA  

DC-18 GHz from $495ea. o S
C O M P L I A N T

To order Attenuators as RoHS, add + 
to base model No. Example: BW-S1W2+
Adapters available as RoHS, see web site.

331 Rev K

The Design Engineers Search Engine Provides ACTUAL Data Instantly From MINI-CIRCUITS At: www.minicircuits.com

RF/IF MICROWAVE COMPONENTS

P.O. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500  Fax (718) 332-4661 For detailed performance specs & shopping online see Mini-Circuits web site
TM

®

ISO 9001 ISO14001 CERTIFIED

minicircuits.com
ALL NEW

Visit http://mwj.hotims.com/11715-96 or use RS# 96 at www.mwjournal.com/info
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