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Technical Feature

Solid State, 95 GHZ
Tracking Radar System

J. A. Scheer and P. P. Britt
Georgia Institute of Technology,
Engineering Experiment Station,

Atlanta, GA

Introduction

Millimeter wave radar technol-
ogy is maturing to the point that
95 GHz systems are being con-
sidered for operational tactical ap-
plications, in particular for air-to-
ground seeker and reconnais-
sance applications.

Optimum system design re-
quires a full understanding of the

reflectivity characteristics of the
targets and clutter as they apply
to potential signal processing
techniques. An instrumentation
sensor has been developed to pro-
vide the capability to evaluate vari-
ous signal processing techniques
applicable to 95 GHz air-to-
ground radar systems. This paper
describes the 95 GHz terminal
homing studies sensor.

Georgia Institute of Technology,
Engineering Experiment Station
(GIT/EES) has designed and de-
veloped a state-of-the-art milli-

meter wave tracking radar system
under subcontract from the Gen-
eral Electric Company Aircraft
Equipment Division. The system
is being used by Massachusetts
Institute of Technology, Lincoln
Laboratory (MIT/LL) in the Lin-
coln Laboratory Millimeter Termi-
nal Homing Program as an instru-
ment to help evaluate various
millimeter wave system concepts.

Objective
The objective of the program
was to develop a sensor which

Route 128 Radar Scan

A narrow field-of-view TV camera co-lo-
cated with a radar scan antenna on pod
gimbals (upper right), photographs the
highway segment being mapped (lower
right). The radar scan to the right of the
picture shows a typical reflection obtained
from a moving truck. Scan geometry is
shown by the dotted white outline. The
radar mapped with an antenna depression
angle of 20° and a slant range to the
ground of approximately 500 m. This pro-
duced a beam footprint about 10 m in
cross range and 30 m in range. Azimuthal
scan angle was set to 8° (about 80 m in
cross-range) and the scan rate was set at
6° per second. The scan shows receiver
thermal noise in blue, vegetation in green,
and strong reflections in red.
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could be used toinvestigate tech-
niques associated with millimeter
wave terminal homing system de-
velopment. Lincoln Laboratory is
using the tracking radar systemin
a closed looped mode on a heli-

TABLE |
RADAR PARAMETERS
Transmitter
Type: Pulsed Impatt
Frequency: 94 to 95 GHz

Pulse Length: 100 ns (nanoseconds)
Chirp Bandwidth: 250 MHz nominal

Power: 5 watts peak
PRF: 20 kHz (max.)
Antenna
Type: 4 horn monopulse lens
Aperture: 10 inch diameter
Beamwidth: 1° to 3°
Gain: 42 dB (including mono-
pulse comparator losses
Receiver
Type: Integrated mixer/preamp
Linear

Dynamic Range: 40 dB instantaneous

AGC: 120 dB gain control
Bandwidth: 500 MHz (IF)

5 MHz (video)
Noise Figure: 8 dB (SSB)

Input Losses: 3 dB (waveguide losses)

Fig. 1 Radar RF unit in test fixture.

copter platform to evaluate vari-
ous tracking and signal proces-

sing techniques. The helicopter
flies a flight profile approaching a
target and the radar, mounted in
the chin of the helicopter, in con-
junction with the General Electric
data acquisition system, provides
detection and tracking data for
later evaluation.

Radar Parameters
The radar is described as an in-

strumentation system with the fol-
lowing salient features:

Solid State

Chirped Transmitter
FourHorn Monopulse Tracking
Simultaneous Lobing Tracking
Variable Beamwidth

Range Tracker

Automatic Gain Control
Digital Interface

Table 1 is a

parameters.
The radar is comprised of two

assemblies — an RF unit contain-

list of the radar

Fig. 2 RF unit mounted in
gimballed pedestal.

MIXER/PREAMPS

> AAIF

JATTENUATOR

IWORD

:FROM Tcu 8

| LATCH CURRENT!
1 AMPLIFIER!
| ____INRECENERUNIT ___ |

L.O.

TEFLON
LENS MONOPULSE
COMPARATOR
AA
AE1
AAz 1
s ‘ CIRCULATOR
4-HORN
FEED
P FERRITE|
SWITCH
Tl e e vt L )
{TRANSMITTER :TRANSMIT.

ATTENUA

2IF

LO

T SWITCH DRIVER

PRETRIGGER
TRANSMIT

MODULATOR

X

TRIGGER

TEST
’COUPLER

60

Fig. 3 RF unit block diagram.
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ing all millimeter wave compo-
nents, and the receiver unit con-
taining IF processing circuitry,
signal conditioning circuits and
power supplies. Figure 1 shows
the RF unit mounted in a test fix-
ture with a separate 1° x 3° fan
beam antenna. All the control sig-
nals for the radar system are sup-
plied via the serial data buss from
the General Electric timing and
control uint (TCU). All radar data,
i.e., digitized sampled video and
tracking signals are supplied to
the TCU on a 12 bit data buss.

RF Unit

The RF portion of the system is
mounted in a gimballed pedestal
as shown in Figure 2 on the chin
of the helicopter. It includes the
antenna, transmitter and receiver
components up to and including,
the mixer/preamplifiers and the
local oscillator. Figure 3 is a block
diagram of the RF portion of the
system.

The antenna is a lens which is
illuminated with a 4 horn feed.
The lens, shown in Figure 4, is
made of Teflon. The inside sur-
faceis hyperbolically shaped, and
the outside surface consists of
stepped parallel surfaces. The 10-
inch diameter provides a beam-
width of 1° when focused. The
beam can be defocused by “screw-
ing” the lens in or out relative to
the feed, providing a beamwidth
of up to 3°. Figure 5 shows the 4
horn feed and the monopulse com-
parator.

The signals associated with the
four received lobes are processed
inaconventional monopulse com-
parator (hybrid array) to provide
the sum (), delta azimuth (AAz),
delta elevation (AEl) and delta
delta (AA) channels. The AA
channel is not terminated, rather
the AA signal is preserved and
processed at IF in a manner simi-
lar to that of the other channels.
The reason for preserving the sig-
nal in this channel will be made
clear later.

Comparator output signals for
each of the three delta channels
are fed directly to integrated wide
band mixer/preamplifiersin which
the RF signals are mixed with the
local oscillator signal to generate
the intermediate frequency (IF)
signal, nominally at 750 MHz. The

MICROWAVE JOURNAL ¢ OCTOBER 1982

Fig. 4 Teflon lens.

sum channel has a similar mixer/
preamplifier, but between the

mixer and the monopulse compar-
ator are a coupler (to provide a
sample of the RF for transmitter
measurements or to inject a sig-
nal for receiver tests), a circulator
and a ferrite switch (used as a re-
ceiver protector).

The ferrite switch, which is in
the high attenuation state during
the transmit pulse, switches to the
low attenuation mode in approxi-
mately 0.5 us, providing a mini-
mum range capability of about 80
meters. The IF signals out of the

f Military communications switches
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[From page 61] TRACKING SYSTEM

four mixer/preamplifiers are sent
to the receiver unit by way of four
low loss coaxial cables. All further
IF processing, sampling and digi-
tal interface controlling is per-
formed in the receiver unit.

The local oscillator must pro-
vide enough power to drive each
of four mixers with about 5 milli-
watts of LO power. The local oscil-
lator output is divided into four
channels; each channel contains
a phase shifter and an isolator
leading to a mixer input port. The
losses associated with the split-
ters, phase shifters and isolators
require that the local oscillator
output be about 30 milliwatts.
Since at the time of development,
this much power was not avail-
able inatunable Gunn local oscil-
iator (a Gunn was desired for low
noise characteristics and tuning
is required to match the transmit-
ter frequency) at 95 GHz, a 47
GHz Gunn source is used with a
frequency doubler.

The balanced mixer/preampli-
fiers use beam-lead Gallium Arse-
nide diodes for reliability. The
SSB noise figure is 8 dB, and the
RF to IF gain is approximately 35
dB. The bandwidth at the pream-
plifier output is about 2 GHz. The
high gain of the preamplifier stage
allows for the use of all the re-
quired signal tailoring elements
(i.e., filters, attenuators, couplers)
before another stage of gain is
required.

The transmitter, shown in Fig-
ure 6, is a pulsed Hughes Impatt
diode oscillator providing about5
watts peak power fora pulse length
of about 100 nanoseconds. The
modulator provides a pulsed cur-

Fig. 5 TRG 4-horn feed and
monopulse comparator.
rent ramp which creates a chirped
RF output signal when combined
with the heating effects in the di-

ode junction. The chirp bandwidth
is approximately 250 MHz.

This chirped RF output signal is
processed through acurrent con-
trolled ferrite attenuator[controlled
by the radar timing and control
unit (TCU)|that provides up to 30
dB of transmitter attenuation to
avoid receiver saturation due to
large targets at close range. The
transmitter/attenuator output is
then processed through a three
port circulator (duplexer) to the
sum channel.

Receiver Unit

Thereceiver unit consists of the
IF processing circuits, detectors,
integrating sample-and-hold cir-
cuits, video amplifiers, tracking
phase detectors, analog-to-digital

Fig. 6 Hughes IMPATT pulsed oscillator.

(A/D) converters, signal condi-
tioning circuits and power sup-
plies. Figure 7 is a block diagram
of the receiver unitshowing the IF
processing. Figure 8 shows the de-
tection, sampling and digital sig-
nal conditioning functions.

The four IF signals from the RF
unit are supplied to the receiver
unit by way of four low loss coax-
ial cables. Each signal goes
through a channel consisting of:

e coupler
low pass filter (LPF)

e two voltage controlled
attenuators
high pass filter (HPF)
two way splitter

The coupler allows injection of
a built-in-test signal which is gen-
erated by gating a 750 MHz oscil-
lator. The test signal is controlled
by the radar TCU, to confirm
proper operation of the receiver,
sampling, analog-to-digital con-
verting and digital interface
functions.

The high pass filter passes sig-
nals above 500 MHz, and the low
pass filter cuts off at 1,000 MHz.
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These two filters define the IF
bandpass and limit the noise
bandwidth to 500 MHz.

Two voltage controlled attenu-
ators, each providing up to 60 dB
of attenuation, are used to control
the IF gain. Although normal oper-
ation seldom requires a total atten-
uation of more than 40 dB, two
attenuators are used because the
phase characteristics are well
matched over the lower attenua-
tion ranges. The resulting phase
match (between channels) is bet-
ter for two 20 dB attenuators than
for one 40 dB attenuator.

Each channel has a two way
splitter, allowing each channel to
have an input to the IF hybrid ar-
ray as well as allowing the sum
channel and the AAz and AEI
channels to be applied to the
angle and range tracking and de-
tection circuits. The four IF chan-
nels are applied to the hybrid ar-
ray which is an image of the RF
monopulse comparator array. This
array reconstructs the four origi-
nal receive lobes so that the simul-
taneous lobing technique can be
used for angle tracking. Although
the information contained in the
AA channel is not useful for con-
ventional monopulse tracking, it
is required for reconstruction of
the four original receive beams. IF
amplifiers are used between the
two way splitters and the hybrid
array to provide adequate signal
level for reliable detection. The
four channels are named A, B, C
and D.

The sum channel, beside being
applied to the hybrid array, goes
to a four way splitter to provide a
sum signal for range tracking, de-
tection and references for the azi-
muth and elevation error detec-
tors. The four way splitter is pre-
ceded by an amplifier and followed
by amplifiers as appropriate for
setting the signal levels for the var-
ious functions.

The AAz and AEI channels, in
addition to being applied to the
hybrid array, are amplified and ap-
plied to the azimuth and elevation
phase detectors and amplifier cir-
cuits which use the sum channel
as a reference to determine the
azimuth and elevation tracking
errors.

The A, B, C, D and sum chan-
[Continued on page 64]
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[From page 63] TRACKING SYSTEM
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nels all gothe integration sample
and hold circuits; the sample time
is determined by the TCU. The
sum channel actually goes to two
such circuits; one samples the
total return from the designated
range cell, and the other uses an
early gate and late gate to provide
range tracking signals. The azi-
muth and elevation tracking error
signalsare applied to conventional
sample and hold circuits.

The outputs from all the sam-
pling circuits are applied to 12 bit
A/D converters. The sampled sig-
nals are converted to digital words
and multiplexed over the serial
data buss to the radar TCU. The
early gate/late gate signals are
used for range tracking and the
AAz and AEI signals are used for
angle tracking. The sampled sum
signal is used in the AGC loop to
maintain relatively constant sum
channel amplitude for consistent
angle tracking loop gain. All of
the tracking loops are closed
through the radar TCU. The AGC
loop may be closed through the
TCU or in the radar receiver unit
itself; the mode being determined

64

Fig. 7 IF processing block diagram.

by a command on the serial data
buss to the radar from the TCU.

The following commands and
signals are supplied to the radar
from the TCU:

e Transmit command
e Test target injection command

AGC mode

AGC offset/AGC control
Transmitter attenuator
Pretrigger (pulse)
Transmit trigger (pulse)
Early gate (pulse)

Late gate (pulse)

Angle gate (pulse)

AGC CONTROL
(DIGITAL)—»

12 SERIAL
I DATA
BUSS

A

ANGLE
GATE

ZVIDEO

EARLY GATE

LATE GATE

Fig. 8 Detector, sampling and A/D converter circuits.
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e Test Target (pulse)
e Various operating commands
and signals

The block diagrams in Figures 3,
7 and 8 show where these signals
are used.

Except for the 6 pulse signals,
the command and control words
are all received on the serial data
buss. The transmit trigger pulse is
gated or “anded” with the trans-
mit command before being ap-
plied to the transmitter modulator.
Pretrigger is used to switch the
receiver protectorinto the high at-
tenuation mode. Early gate, late
gate and angle gate control the
sample circuits. The test target is
generated at the test target pulse
time if the test target injection
command is on. The transmitter
attenuator word is converted to a
current and applied to the ferrite
attenuator.

The AGC function has two
modes; TCU control and radar
control. When the AGC is con-
trolled by the TCU, the digital
AGC word from the TCU is con-
verted to an analog signal, scaled
and applied to the voltage con-
trolled attenuators. When the AGC
is in the radar mode, the circuits
in the receiver unit control the at-
tenuators. In this case, the refer-
ence forthe AGC loop is supplied
by the TCU and a digital represen-
tation of the attenuator control
voltage is sent back to the TCU
via the serial data buss.

Summary

The radar described above is a
state-of-the-art, versatile instru-
mentation sensor which demon-
strates the fact of tracking system
capability at 95 GHz. The system
isused to evaluate tracking perfor-
mance limitations with such a sys-
tem. The airborne platform allows
evaluation of tracking perfor-
mance for actual targets in a real-
istic clutter environment at real-
istic depression angles. The adap-
tation of the system permits evalu-
ation of a variety of signal pro-
cessing techniques over a wide
dynamic range of conditions.
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Frequency Agile
Microstrip Antennas

P. Bhartia and \. J. Bahl*

Abstract

Microstrip antennas suffer from
having a very low bandwidth char-
acteristic. This paper describes a
novel technique forincreasing the
operational frequency range of
microstrip patch antennas using
varactor diodes at the radiating
edges of the stucture. Theoretical
and experimental results confirm
that bandwidths of the order of
30% are achievable with this
method compared to the 1-2%
bandwidth of the unloaded patch.

Introduction

Narrow bandwidth has been one
of the limitations of microstrip an-
tennas'.Bandwidth of microstrip
patch radiators may be improved
by coupling parasitic A/4 reso-
nators to the radiating edges® or
parasitic elements to the non-radi-
ating edges®, of rectangular
shaped antennas. Using this
method itis notdifficultto double
the bandwidth of rectangular
microstrip patch antennas.
Another technique of improving
the bandwidth is by using the log-
periodic arrangement of rectangu-
lar patches® °. Using a 9-element
log-periodic structure, 30% band-
width in terms of good input
VSWR, radiation control and effi-
ciency better than 70% has been
obtained”.

In all the above reported tech-
niques, the size of the antenna

*Dr. P. Bhartia is with the Defence Electron-
ics Division, Defence Research Establish-
ment, Ottawa, Ottawa K1A 0Z4, Canada.
Dr. I. J. Bahl is with the Electro-Optical
Products Division, ITT, Roanoke, Va.
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structures becomes prohibitively
large and such methods are not
very suitable in realizing large
arrays where good control over
sidelobe and other radiation char-
acteristicsisrequired. In addition,
these techniques cannot be used
for other geometries of microstrip

antennas. In this paper, a new ap-
proach for obtaining wide-band-
width operation of microstrip
patch antennas is described. The
method can be used with any
patch configurationand also does
notincrease the size of the anten-
na element.

FEED

RECTANGULAR PATCH

GROUND PLANE

| G S S S S B A G T T G T A A ARG S A A M O A S

Fig. 1 Broadband rectangular patch microstrip antenna.
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Fig. 2 Equivalent circuit for a microstrip antenna with tuning varactors.
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Analysis

It is a well known fact that the
electrical length of a transmission
line loaded periodically with reac-
tive components can be increased
ordecreased depending upon the
type of reactance used. For ex-
ample, if voltage controlled tun-
ing varactors are connected across
the open ends (radiating edges)
of a rectangular patch antenna as RL

shown in Figure 1, the electrical

length is increased and thus the
L—L=4.65cm—>l

MEASURED

— — — — CALCULATED

resonant frequency is decreased.
Thus by varying electrically the
capacitance of the varactors, the
resonant frequency of the patch
can be adjusted (within the speci-
fied limits). Thisincreases the op-
erational frequency range for the
structure, making it suitable for
frequency diversity operation,
multifrequency transmitting an-
tennas etc.

The rectangular microstrip an-
tenna of width W and length L hav-
ing tuning varactors at the radiat-
ing edges may be analyzed by
using the equivalent transmission
line model. As shown in Figure 2,
amicrostrip radiatoris represented
by two admittances connected by
a transmission line of length L
and characteristic impedance Z,.
Theinputadmittance of the radiat-
ing element may be expressed as:

Yin= G (B Bl
5 Gl (B+Bu+YotanpL)
Yotj (G+JB+jB,)tanBL

Fig.3 Resonantfrequencyand returnloss for the varactor loaded
rectangular patch microstrip antenna.

B, = wC,, C, is the varactor
capacitance

Equation (1) may be rewritten as
Yo = G+ (B+B,)+ Yo
x[{ [G+j(B+B,+YotanBL) |  (2)
X [Yo-(B+B,)tanBL-jGtangL ]}

+{[Yo-(B+B,)tanBL|® +G*tan’pL }]

At resonance, the imaginary part
of the inputadmittance Yi, is zero

— N - B B Fe - BN BN

e - S =Em B

where and theresonantfrequency of the
v 1 microstrip antenna is calculated
et from
Z,
_2m JE. € tavip L =SSy
ﬂ i A e ;Ce (B+Bv)2+G2-Y02
o

is the effective dielectric constant®
G = radiation Conductance

2
= __V_V__ for W<<A,
90A%

AW O R WSS
12072,

B = susceptance due to open end
capacitance

5 KAl En
Zo
Al is the line extension due to
fringing field®

or f,:__c_x
2m Vel

tan™’ { _2Yo(B+By) }(4)
(B+B,)?%+G -Y,>

where c is the velocity of light. For
(B+By) = 0 and first order reso-
nance of the patch,

o cm =

C
2w \esl  2\/ell

This shows that the resonant
length of the microstrip patch is
A/2. For finite value of (B+B,) and
first order resonance,

(5)

Fig. 4 Other broadband configurations.

(6)

f, = oM/ i C
2 \eoL 2z L

where 6 is a fraction. This shows
that for a given length of the
patch, the resonant frequency is
decreased by connecting a capa-
citive susceptance to the radiat-
ing ends. Hence by varying the
varactor’s capacitance, the reso-
nant frequency of the microstrip
patch antenna can be changed.

Experimental Results
In order to verify the theoretical
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results for the resonant frequency,
some experiments were carried
out. A matched rectangular patch
microstrip antenna was designed
and fabricated using duroid sub-
strate (&, = 2.32 and h=0.159cm).
The matching was obtained by se-
lecting a suitable feed position
along the length of the patch. The
dimensions of the rectangular

beamwidths orcross polarization.
Inthe broadside direction, the ax-
ial ratio was generally 35dB down
with its beinga maximum of about
20dB around 45°. Although E
plane characteristics do not
change, the H plane beamwidth
decreases with increasing fre-
quency as shown in Figure 6,
which is as expected. Finally, no

significant variations were found
inthe measured gain values, which
were measured at 5+.5dB.
Conclusions

A new technique toimprove the
operational bandwidth of micro-
strip patch antennas has been de-
scribed. The technique does not
improve the instantaneous band-
width and work is currently under-

patch were W = 3.0cm and L =
4.65cm. At the center frequency
the measured value of the VSWR
was less than 1.2 and the band-
width (VSWR =< 2.0) value was
about 2%.

The two identical varactor di-
odes (Model Alpha DVH-6733-
168-001) were mounted as shown
in Figure 1. These diodes have a
tuning range of 2.4-0.4 pF when
reversed biased between 0 and
30V. The measured values of the
resonant frequency and the re-
turn loss as a function of bias vol-
tage are shown in Figure 3. The
theoretical values of the resonant
frequency calculated from (4) are
alsoshown. These calculationsin-
clude the additional connecting
line lengths due to diodes. There
is good agreement between the
measured and calculated results.
The measured values of the band-
width (the fractional frequency
range over which the VSWR = 2)
obtained with these diodes was
22%.

To verify this technique with
other configurations (shown in
Figure 4), the commonly used cir-
culardisk was designed and tested
on duroid substrate having h =
0.159cm. The radius of the circu-
lar disk was 2.0 cm. The antenna
was fed at one third of the radius
from the center of the disk. At the
center frequency the measured
VSWR was less than 1.2 and the
bandwidth of this configuration
was about 2%.

The measured resonant fre-
quency and return loss as a func-
tion of bias voltage for the circular
disk antenna are shown in Figure
5. The measured bandwidth in
this case was found to be about
30%.

Radiation characteristics were

o

|

Fig. 5 Resonance frequency and return
loss for the varactor loaded circular disk
microstrip antenna.
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v also investigated over the band-

‘ width range. In general, no signifi-
| cant Cha.ng.es occurred 'n'e't.he" Fig. 6 H-plane patterns at 5V and 20V
i ’ the radiation characteristics, biases for the circular patch antenna.
| m
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way to investigate the possibility
of applying ramp voltages to the
varactors to overcome this prob-
lem. However, this method of in-
creasing frequency range for mi-
crostrip patch configurations is
useful even in its present form for
a large number of applications.
Good agreement between the the-
oretical and experimental results
provides the confidence in using
this simple technique for obtain-
inguptoa30% increasein opera-
tional frequency range.
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Technical Feature

A Microprocessor Gontrolied
Variable Phase and Amplitude

Antenna Feed Network Unit

J. P. Starski, B. Ingemannsen
and A. Olausson
Chalmers University
of Technology
Gothenburg, Sweden

Introduction

During the period of 1976 to
1980 the Division of Network
Theory at Chalmers University of
Technology worked on a special
antenna feed network unit (AFNU).
The goal of the project was to de-
sign and build a 16 channel an-
tenna feed network unit with vari-
able phase and amplitude in each
channel separately. The antenna
feed network unit utilizes a corpo-
rate feed technique and subse-
quently it consists of 1 input and
16 outputs. The specification al-
lowed a narrow band design. The
AFNU operates at X-band (8.9-9.1

L.
Lo
Ls

\
2 WAY
POWER DIVIDER

Fig. 1 A 16-way power divider.

5000 Z,=59.5Q 141Q 2Z,=59.5Q 500
- — A —
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Z.. = 84.1Q
Zoo =Zoe

=0

500

Fig. 2 A 2-way power divider with
2-section maximally flat matching
of the input port.

GHz). Everychannelcan besetin
phase from 0° to 360° in steps by
5°%and in attenuation from 0 dB to
20 dB in steps by 1 dB. Phase and
attenuation settings are independ-
ent of each other.

The projectwas partly supported
by the National Defense Research
Institute in Sweden.
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Power Divider

The power divider' is de-
signed asa 1:16 module, Figure 1.
The incoming power is equally
split between the outports. The
power divider is built in stripline
with the dielectric Rexolite 2700
and with a ground plane spacing
of 3.18 mm (1/8”). The power
divider consists of 2-way power
dividers of Wilkinson type, Fig-
ure 2. Theelectric length between
the 2-way power dividers L., Lo
and L3 are chosen to give a maxi-
mum bandwidth. The resistive film
is used as an isolating resistance.

The power divider module has
the following performance (fre-
quency range 8-10 GHz).

Insertion loss, max 13.5dB
Power loss due to power split 12 dB
Net insertion loss, max 1.5 dB
Net insertion loss, average 0.9dB
Return loss, input port 20 dB
Return loss, output ports 13 dB

Isolation between adjacent ports 15 dB

Fig. 3 Performance of the 16-way power
divider module: a) Return loss,
b) Isolation, c) Insertion loss.

90° PHASE
SHIFTER
PIN-DIODE
—» | 3dB POWER 3dB POWER| —»
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Fig. 4 Variable attenuator consisting of 2 PIN diodes, 2 matched power dividers
and 2 90 degrees phase shifters.

........ s aALIMmAIAl . AA~TADED 1009

Fig. 5 Typical performance of the
variable attenuator: a) Return loss at
different attenuation levels,

b) Insertion loss.
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In Figure 3 an overall perform-
ance of the power divider module
is shown for a frequency range
8.9-9.1 GHz.

Attenuator

The attenuator® consists of
two 3 dB power dividers, 90° phase
shifters and PIN diodes, Figure 4.
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The principle of operation can
be most easily explained with even
and odd modes. The even mode is
the transmission one. The diodes
are biased simultaneously and
create reflections which are ab-

Fig. 6 Phase variation versus attenuation
for the variable attenuator.

ek

Fig. 7 A schematic of the DC block.

o

(a)

-
o
1

N
o

RETURN LOSS (dB)

W
o

.9 9.0 9.1
FREQUENCY (GHz)

o

(b)

INSERTION
LOSS (dB)

N

2.0 9.1
FREQUENCY (GHz)

®
©

sorbed in the isolation resistors
(odd mode). Usually the function
of the power divider and the 90°
phase shiftis achieved by a quad-
rature coupler. This design uses,
however, a Wilkinson power di-
vider and transmission lines as
90° phase shifters.

Fig. 8 Typical performance of the DC
block: a) Return loss, b) Insertion loss.

(a)

FERRITE ~ _ MEANDER LINE
DIELECTRIC
FERRITE  MAGNETIZING COIL
oy
s 5
L A

UNIT CELL: 2(S+W)

Fig. 9 a) A cross section of the meander-
line ferrite-dielectric phase shifter,
b) A meander line pattern used in
the phase shifter.
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g o @ The performance of the atten-
o uatoris shown in Figure 5. Figure
§‘°' 6 shows the measured phase vari-
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5 currents.
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Fig. 12 AFNU — Block diagram.
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avoided. A3 dB CTL coupler with
no output arms was used instead,
Figure 7.

The performance of the DC
block is shown in Figure 8. Two
DC blocks were used, one on
each side of the attenuator.

Phase Shifter

A meander line phase shifter
with multi-layer, ferrite-dielectric
structure was used, Figure 9a.
The phase shifter is constructed
with 0.125 mm (0.005") thick RT-
Duroid as a dielectric. A 50Q
meander line pattern is etched on
adielectric sheetas shownin Fig-
ure 9b. The magnetic circuit con-
sistsof 1.6 mm thick ferrite pieces
and thin rectangular steel pieces
accurately machined to a thick-
ness of 0.25 mm. The steel pieces
are tightly fitted in the slots made
inthe dielectric. The 4-piece toroid
is latched to various magnetiza-
tions with the help of a magnetiz-
ing coil printed on the dielectric
piece itself. Trans-Tech ferrite is
used in the phase shifter.

Figure 10 shows the maximum
differential phase shift along with
insertion loss and return loss. In
the vicinity of the design frequency
the matching and insertion loss
figure are good, while at higher
frequencies the reflections in-
crease sharply due to the ap-
proaching stop-band of the
meander circuit. The same phe-
nomenon occurs at lower frequen-
ciesdueto therapid changeinthe
impedance of the lines arising
from the frequency dependence
of the permeability. All measure-
ments are done at a constant
température.

Figure 11 shows the variation of
the phase shift and offset phase
with temperature. A significant
temperature dependence can be
observed.

Steering and Control System
The steering equipment® was
designed to take care of the cor-
rect setting of the phase and the
attenuation. Studying the pre-
viously described attenuator and
phase shifter circuits it is obvious
that none is perfect. There is a
considerable phase change due
to the increase of the attenuation
in the attenuator, Figure 6, and the
attenuation in the phase shifter is

MICROWAVE JOURNAL e OCTOBER 1982
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GET
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2

OUTPUT DC-CURRENT TO
PHASE SHIFTER OUTPUT
DC-BIAS TO ATTENUATOR

CHANNEL - CHANNEL + 1

Fig. 13 The flowchart of the AFNU steering program.




both temperature and phase de-
pendent. Moreover there is a
temperature dependence of the
zero phase and the differential
phase shift. This complexity of
the steering task directed the solu-
tion to the use of a microcom-
puter. Figure 12 shows the block
diagram of the AFNU.

There are 3 main units: micro-
computer, operator console and
the RF-module. The microcom-
puter unit consists of an INTEL
SBC 80/10 A single board com-
puter,an INTEL 16K PROM mem-
ory expansion board containing
the calibration data and an 1/0O
expansion board. The INTEL
MULTIBUS system bus is used
for communication between the
modules.

Figure 13 shows the flowchart
for the program. Two modes of
operation are available, a “nor-
mal” mode and a “locked tempera-
ture” mode. Afterinitialization the
computer checks the temperature
in the RF-enclosure. The required
currents for the phase shifters
and attenuators are then calcu-
lated for channels 1 to 16. Then
the temperature is checked again.

If the temperature is the same the
settings are maintained un-
changed. Ifthe temperature differs
from the previous value by more
than 0.5°C, new current values
are calculated and applied to the
RF-components if the system
operates in the “normal” mode.

When the computer is switched
into the “locked temperature”
mode it uses the temperature value

present at the switching moment
(locked temperature), and any
change in actual temperature is
neglected by the system. This
gives a possibility to avoid RF-
transients during a measurement
cycle if the feed network is incor-
porated in a test setup. Both the
locked temperature and the actual
temperature are displayed on the
console panel.
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1-TeK (pact)

PHASE
SHIFTER

D/A

ERROR

MULTIPLYING D/A

1/0
INTER-
FACE

ERROR

COMPANDING D/A i i
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<5

DIODES

Fig. 14 The simplified driver circuits for the phase shifter and attenuator.
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[From page 78] NETWORK UNIT

Figure 14 shows the simplified
! schematic of the driver circuits.

@os ! The companding DAC performs
I

the linearization of the PIN diode

characteristics. The error de-

& ofT) tectors check the current drivers,

phase shifter coils and PIN diodes

1

i

1

i

: for proper operation. If a contin-
PHASE SHIFTER uous error is detected, the cor-

|

|

1

@ (Areq)

™ PrReQ Pact !
SWITCH

P | (¢ac1)

CURRENT responding front panel error indi-
’(") > cator is activated. The average
‘ power to each driver output stage
K (@act) ——1 - (K (@acr) ® T is limited to avoid burnout of the

puter or driver malfunction.

The calculation procedure of
the current value for the phase
shiftersisshown in the upper part
of Figure 15. The lower part of this
figure explains the calculations
for the attenuators. The calibra-
tion data are obtained by a special
ATTENUATOR calibration procedure for each

DC-BIAS channel.

Bl 1(Ac) EEEEE LIN Aos = Attenuation offset at
18°C
ke AAos (T) = Variation in Aos as a

DATA function of tempera-
------ ture
AA (@act) = Attenuationvariation

as a function of @acr
[Continued on page 82]
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Fig. 15 The calculation procedure of the current value for the phase shifter
(upper part) and attenuator (lower part).
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[From page 80] NETWORK UNIT
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Fig. 16 Temperature constant as a ' .
function of the actual phase shift. ‘ 2 '
O
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giving Agea \
@os = Phase offset at 18°C
Agos (T) = Variationin ®os as a “ / "
function of tempera- "’ ’ "
ture 3
A@(Areq) = Phase variation as a
function of Area 90°
| (pacr) = Phase shifter current
giving @acr at 18°C

15 = Normalized operat-
ing temperature Fig. 17 A typical performance of the AFNU.

K (pact) = Temperature con-
stant as a function of
@act see Figure 16

New Family of
Terminations to 40 GHz

& been designed. Each channel can
Q Lt 8746 ,m% be set from 0° to 360° in steps by

5°and from 0 to 20 dB in steps by
1dB. The settings are temperature
independent for a range of 18-
30°C. Allchannels can be setinde-
pendent of each other. The AFNU
works in the frequency range 8.9-
9.1 GHz. Figure 17 shows a typi-
cal performance of the AFNU.
The total loss per channel is about
20 dB after loss equalization in-

Summary
An antenna feed network unit
with 1 input and 16 outputs has

8747 A

@ 0
5 10
*8744 Precision Sliding Termination,KMC SMJack 8741 Same as 8740 only KMC SM Plug o]
}?;3ef°0%';zwayggﬁgt;g§1g Vo 8748 Open Circuit, KMC SM Jack D.C. 10 40 GHz | |2 20
= 8745 Same as 8744 only KMC SM Plug Compensated Fringing effects 2
ek B 8750 Same as 8748 only KMC SM Plug TR
8746 Precision Fixed Termination, KMC SM Jack 8749 Short Circuit. KMC SM Jack D.C. to 40 GHz 8.9 90 94

40 GHz VSWR 1.05:1 :
,.g%% Sgrge és 8746 only KMC SM Plug Reflection Reference Plane same as open circuit. FREQUENCY (GHz)

8751 Same as 8749 only KMC SM Plug
8740 Miniature Fixed Termination, KMC SM Jack

D.C. to 40 GHz
VSWR 1.30:1  (26-40 GHz) KEVL.N Fig. 18 Return loss at all 16 outputs

}fg] &)%%g gn?) MICROWAVE CORP. for the AFNU.
s 4 B 26 Conn St. ® Woburn, MA 01801 :
*Beadless airline with finely tapered absorber (61719352800 TW)X: 710 385-1239 [Continued on page 84]
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low
distortion

IXers

hi level (+17 dBm LO)

5 to 1000 MHz
only $31% 524

IN STOCK . . . IMMEDIATE DELIVERY
e micro-miniature, pc area only
0.5x0.23 inches
* RFinput up to +14dBm

e guaranteed 2 tone, 3rd order
intermod 55 dB down
ateach RFtone 0dBm

» flat-pack or plug-in mounting
* jow conversion loss, 6.2dB
e hiisolation, 40 dB
* MIL-M-28837/1A performance*
* One year guarantee
*Units are not QPL listed
TFM-2H SPECIFICATIONS
FREQUENCY RANGE, (MHz)

LO, RF 5-1000

IF DC-1000

CONVERSION LOSS, dB TYP. MAX.

One octave from band edge 6.2 7.0

Total range 7.0:.:10.0

ISOLATION, dB TYP. MiIN.
LO-RF 50 45
LO-IF 45 40
LO-RF 40 30
LO-IF 35 25
LO-RF 30 20
LO-IF 25 4

SIGNAL 1 dB Compression level +14 dBm min

finding new ways. . .
setting higher standards

[JMini-Circuits

A Dwvision of Scientific Components Corporation
World's largest manufacturer of Double Balanced Mixers

2625E. 14th St. B'klyn, N.Y. 11235 (212) 769-0200

C82-3REV.A

[From page 82] NETWORK UNIT

Fig. 20 The AFNU with RF module and operator console. The microcomputer is fitted
inside the operator console.

cluding 12 dB originating from
the power divider. VSWR at the
input is better than 1.5:1. Return
loss at the outputs is better than
10 dB for all settings and the en-
tire temperature range, Figure 18.
The isolation between the chan-
nels is better than 32 dB. Figure
19 shows the RF network during
assembly.Figure 20, finally, shows
the entire system with RF module,
microcomputer and operator
console.
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Introduction and Background

Spread spectrum communica-
tions have, until recent years, been
of principal interest to designers
of special military systems and
were often treated only in classi-
fied literature. Recently there has
been a proliferation of interest in
spread spectrum techniques for
commercial,as well as military, ap-
plications. The following discus-
sion is intended either to intro-
duce the topic to those not already
familiar with it, or to provide fresh
insights for those who are already
familiar with spread spectrum
applications.

The following sections will re-
view the theoretical background,
asdrawn frominformation theory,
in order to identify the advantages
of spread spectrum techniques.
Then the implementation of a
spread spectrum system will be
described, followed by a discus-
sion of applications, with special
emphasis on one application of

LIIADAWAVE INLIDAIAI a NCTNARER 1QR2

particular interest forcommercial
uses.

Many discussions of spread
spectrum techniques begin with a
definition of “spread spectrum”,
followed by a description of the
four principal types of spread
spectrum signals', with answers
to the question, “Why spread
spectrum?” left implicit. In con-
trast, the discussion here will be-
gin with a consideration of some
basic reasons for choosing spread
spectrum techniques.

Traditionally, communication
system designers have used fre-
guency as a means to separate
onecommunications channel from
another. The art and science of
developing frequency-stable
sources, bandpass filters, and all
the assorted modulation tech-
niques needed to preventinterfer-
ence of one channel with another
is well-documented in the litera-
ture. Within a given frequency
channel, high-signal power has al-
ways been associated with com-
munication reliability. As the user
population has increased, de-
signers have sought methods for
narrowing transmission band-

widths toaccomodate more users
within the existing spectrum, while
maintaining high signal power for
communications reliability. As
noted by Costas, “this philosophy
of spectrum usage is based on a
particular course of development
which the radio art happened to
take, rather than on any funda-
mental physical principles.”® The
inherentcommunication capacity
of the spectrum can be exploited
in other ways, and spread spec-
trum represents one method of do-
ing so.

Theory

In any communication system,
the information rate is limited by
three basic features of the commu-
nication channel: the inherent
noise density within the channel,
No (typically in units of watts/Hz),
the channel bandwidth W (in Hz),
and available signal power, P (in
watts). In principle, considering
the basic properties of informa-
tion, itis possibleto encodeitinto
either the power or bandwidth in-
tensive domain. Each domain ex-
hibits properties which the com-
munication system designer can
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exploit to solve the problem of
transferring information from the
sender to the receiver with an arbi-
trarily small error rate.

In the discussion to follow, it is
assumed that information content
is quantified, and that rate of trans-
mission of information can be ex-
pressed as a certain number of
quantum units per second. Fol-
lowing convention, where logar-
ithmic expressions of probability
are used, the base two is chosen,
with the units being expressed as
binary digits or bits.

Shannon, in his seminar paper
of 1949, presented a theorem stat-
ing the limit on the rate at which
information can be transmitted
with as small a frequency of er-
rors as desired.? According to his
Theorem 2, channel capacity, C,
in bits per second, is given by

C = W log., (1 + P/N), (1)

where W is the system bandwidth
in hertz, P is the signal power in
watts, and N is the channel noise
power in watts. It is not possible
by any encoding method to send
at a higher rate and have an arbi-
trarily low frequency of errors.
This theorem is shown to hold
true for the worst case of white
thermal noise, for which each am-
plitude distribution is Gaussian.
Since C represents the theoreti-
cal limit on channel capacity, one
can define an actual channel ca-
pacity, C,, such that the close-
ness of C, to C represents the
goodness of encoding the signal
to fit the channel statistics.

In Equation 1, the channel ca-
pacity is a function of three inde-
pendent variables, W, P, and N.
However, by proper normalization,
this dependence can be essen-
tially reduced to a single variable.
The noise power can be expressed

as:
(2)

where N, and W were previously
defined. The available signal
power, P, and the channel noise
density can also be used to define
a new variable, W, such that

P = NUWU Or W(l = P/N(l (3)

where W, is the bandwidth which
would yield a noise power equiva-
lent to the signal power. Combin-
ing Equations 2 and 3, the signal

N = NW
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power-to-noise ratio can be ex-
pressed as:

= NW, _
PIN =5 = Wo/W.

0

(4)

Thus, the power-to-noise ratio is
equated to a bandwidth ratio. Sub-
stituting Equation 4 into Equation
1 and normalizing yields:

C/W, = W/W, log, (1 + W /W), (5)

where W/W, is the normalized
bandwidth, and C/W, is the nor-
malized channel capacity. The
normalized variable, C/W,, reflects
the systematic use of the availa-
ble signal power, P, and inherent
channel noise density, N, to ef-
fect communications within the
channel.

The expression for channel ca-
pacity is now reduced to an ex-
pression where normalized chan-
nel capacity is a function of a
single independent variable, W/W,,.
A plot of normalized channel ca-
pacity versus normalized band-
width (Equation 5) is shown in Fig-
ure 1. The channel power-to-noise
ratio is also plotted on the same
graph in order to aid in the inter-
pretation of the expression.

Notice that the normalized
channel capacity decreases
rapidly as the normalized band-
width, W/W,, is reduced below un-
ity. In this region of the graph,
shown cross-hatched in Figure 1,
the power-to-noise ratio is greater
than one, and increases rapidly as
normalized bandwidth, W/W, de-

creases. This is the region tradi-
tionally used for reliable power do-
main communications.

However, another region exists,
W/W,>1 (shown shaded in Figure
1), within which information can

also be transmitted within a chan- _

nel. The power-to-noise ratio in
this region is less than one, and
for that reason the information is

not readily recoverable by a simple .

detection of signal power (as
“power domain’ communications
would typically be detected). But

if information can be coded be- ™

fore it enters a channel, and later
decoded for detection, advantage
can be taken of the P/N<1 region
for information transfer. These

properties are protection of the |

signal from unwanted interference,
protection from detection in the
power domain, and near-maximum
normalized channel
capacity.

Note that in Figure 1, to the left
of the W/W, = 1, C/W, = 1 point,
the curve of C/W, is strongly
power-sensitive (small changes
in W/W, relate to large changes in
P/N), whereas to the right of this
point, the curve is bandwidth-sen-
sitive. The rationale for spread
spectrum communications is to
coherently convert the signal, be-
fore it enters the channel, from
the power-intensive domain to the
bandwidth-intensive domain to
take advantage of the P/N<1
region of Figure 1. At the receiv-
ing end, the bandwidth-spread

—— s e . . e s S e e, e e, e, . . .

o+ Wo/W)

C/W, (BITS/SECOND - Hz)

P/N <1 REGION

.......

°
®
P/N

0.1

W/W,

Fig. 1 Normalized channel capacity vs. normalized bandwidth.
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m signal is converted (correlated)

back to the power domain and de-
tected as a standard power do-
main signal.

From Figure 1, it can be ob-
served that if the average signal
power, P, and the noise-power
density, N, are fixed, but the
normalized bandwidth, W/W,, is
increased sufficiently, the normal-
ized channel information capac-
ity, C/W,, becomes essentially in-
dependent of the normalized
bandwidth. This constancy of nor-
malized information capacity
holds true even though the re-
ceiver noise power, N, is increas-
ing (because of increasing band-
1 width) and may greatly exceed
the signal power. This effect is par-
ticularly significant for a system
subjected to unwanted interfer-

bandwidth of the pseudorandom
clock generator is generally much
wider than that associated with
the data rate from the information
source. Thus, the adding of the
information data with the pseudo-
random sequence greatly in-
creases the signal bandwidth and
determines the spectral character-
istics of the resultant signal.

In a generic communication
system, a low-frequency baseband
signal is transferred to a higher
frequency channel by a process
called modulation. The low fre-
quency information source
changes or modifies a parameter
of the high-frequency carrier. The
three parameters that can be mod-
ified within the carrier are ampli-
tude, frequency, or phase. Varia-
tions among these three para-

INFORMATION A/D > M-ARY TO
SOURCE MOD 2 MODULATOR CHANNEL
PSEUDORANDOM
LOCK
GECNERATOR RF CARRIER

Fig. 2 Spread spectrum modulation system.

ence. The power necessary to in-
terfere with a system designed for
a wide-band, ‘“spread spectrum’,
operation is in direct proportion
to the system bandwidth. This
concept, then, of spreading the
information over a wide bandwidth
in which incoherent noise exists,
establishes the basis for the imple-
mentation of spread spectrum
techniques.

Spread Spectrum
System Implementation

The term “spread spectrum” im-
plies a technique in which the in-
formation is first converted to a
digitized data stream. This data
stream is then added to another
bit stream which is pseudoran-
dom in nature. The combined data
is then used to modulate an RF
carrier in either an M-ARY Fre-
quency Shift Keyed (FSK) or Phase
Shift Keyed (PSK) fashion. A sim-
plified block diagram of the pro-
cess is shown in Figure 2. The
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meters give rise to the many forms
of modulation techniques. The
three primary forms used for
spread spectrum systems are PSK,
FSK, and amplitude (pulse), or
On-Off keying (OOK). In each of
these modulation forms, the car-
rier is changed in discrete steps in
an ordered set of M total states.
Hence the term M-ARY modula-
tion.

In spread spectrum communi-
cations, the type of modulation
and its modification rate deter-
mine the type of spread spectrum
involved. In the Direct Sequence
Type, the carrier phase is usually
shifted between the discrete val-
ues of 0° or 180° (bi-phase PSK).
The shifting is in response to a
single bit of the sum of the data
stream and the pseudorandom
clock generator. The resulting
spectrum is shown in Figure 3.
Quadraphase and higher-order di-
rect sequence signals can also be
generated.

Fig: 3 Direct sequence, biphase
PSK signal.

In the frequency hop form of
spread spectrum, the sum bit of
the data and the pseudorandom
generator are assembled into an
N-bit pseudorandom word. This
N-bit word represents an instan-
taneous value of a variable be-
tween 0 and 2% The instantane-
ous value designates one of the 2~
frequency cells within the carrier
frequency range. The resulting
spectrum then appears as shown
in Figure 4.

Fig. 4 FSK or frequency hop signal.

On-Off keying is a technique
often used with PSK or FSK for
hybrid spread spectrum modu-
lation.

One other type of implementa-
tion, stacked carrier, is often clas-
sified with spread spectrum tech-
niques. In the stacked carrier form
of spread spectrum communica-
tions, numerous modulated car-
riers transmit the same informa-
tion. The primary purpose of this
method is transmission reliability.
By transmitting the same informa-
tion at numerous different carrier
frequencies, the effects of selec-
tive fading, especially on the high
frequency bands, are reduced. In
the strict sense, stacked carrier
signals differ from most spread
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spectrum signals in that pseudo-
random sequences are usually not
used in generating the signals.

Applications and Advantages

The choice of spread spectrum
techniques may appear strange
when the assumed goal of most
communication engineers would
be to conserve the frequency
spectrum, and certainly not to use
many times the needed bandwidth.
However, with spread spectrum,
signal power requirements (power
per unitbandwidth) are converted
from the power domain to the fre-
quency domain, and frequency
bandwidth is used to perform the
same function that signal power
has performed in the past. Indeed,
in mostspread spectrum systems,
the signal level within the channel
is tens of dB below the channel
noise. The detection of a signal
on a power basis usuallyisimpos-
sible. Herein lies one of the princi-
pal advantages of the spread spec-
trum technique; thatis, the proba-
bility of intercept approaches
zero if the search is performed in
the power domain. Thus, signifi-
cant application of spread spec-
trum techniques is for secure
communications.

Surprisingly, spread spectrum
techniques solve a problem that
at firstglance they seem to create,
that is, spectrum conservation.
Traditionally, communication en-
gineers try to keep signals within
the radio frequency environment
separated by assigning each sig-
nal to an allocated frequency slot.
However, there are other ways to
separate signals, orin the general
case, information sources. Con-
sider, for example, the difference
between Frequency Division Mul-
tiplex (FDM) and Time Division
Multiplex (TDM). In the former,
each information source is as-
signed a preselected frequency
slot. That source is kept there by
carefully designing frequency fil-
ters, stable frequency sources,
and associated analog fre-
quency-dependentequipment that
maintains the integrity of the fre-
quency channel. In the latter, each
information source, after being
digitized, is assigned a time slot.
The bits of the data are main-
tained in thistime slot by carefully
designing accurate timing sources
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(clock), and digital time-depend-
ent circuits that maintain the inte-
grity of the time channel. Note
thatin both of the above multiplex-
ing techniques, the parameter that
maintainsthe separation of the in-
formation source is different (fre-
quency or time). Each of these
parameters maintains the separa-
tion and integrity of an informa-
tion source. Each can be con-
sidered a different dimension in
the world of message space.

As a result of the spread spec-
trum techniques developed over
the past twenty years, a third sig-
nal multiplexing technique can be
identified, i.e., Code Division Mul-
tiplexing. In this technique, both
time and frequency are utilized.

Each information source is as-
signed a unique orthogonal code
which, when added to the original
source data, spreads this data in
frequency and pseudorandomizes
the data in time. Code Division
Multiplexing allows communica-
tion system designers to actualize
the potential of Shannon’s exist-
ence theory of trading signal
power for bandwidth. Using this
multiplexing domain, many infor-
mation channels can be estab-
lished in the same frequency
channel and, at the same time,
without interference between
channels. Code Division Multi-
plexing may be the most promis-
ing spread spectrum technique
for commercial applications, be-
cause it allows implementation of
a multiple access system in which
many users can share the same
channelinanunsynchronized way,
with each user being assigned a
different pseudorandom code.

The above discussion states
several advantages of spread
spectrum. In addition to these,
the technique allows a proces-
sing gain (i.e., collapsing the re-
ceived signal spectrum back to
the original information source
spectrum with a gain in signal-to-
noise ratio), a high resistance to
signal jamming on a power dens-
ity basis, and an ability to main-
tain a communication path in the
presence of selected fading (as
with stacked carrier signals). This
latter advantage is of importance
in the sometimes fickle high fre-
quency band.

Conclusion

Whereas in the past the high
cost of equipment and difficulties
in synchronizing pseudorandom
codes limited the application of
spread spectrum techniques, on-
going technology advances have
reduced these limitations. Though
processing requirements are com-
plex, the development of inexpen-
sive medium-scale and large-scale
integrated circuits has made
spread spectrum systems not only
feasible, but economically attrac-
tive. High-speed digital logic tech-
niques have allowed designers to
cope with synchronization prob-
lems. Whether or not spread spec-
trum techniques will bring about
a true revolution in communica-
tions, it seems certain that the
technology will reach maturity and
that a wide variety of military and
commercial applications will be
seen.
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Broadband Fixture Characterizes any
Packaged Microwave Transistor

Richard Q. Lane*
Roger D. Pollard#
Mario A. Maury, Jr.t
James K. Fitzpatrick—~

Introduction

This article describes a univer-
sal transistor test fixture which
has been designed to allow the
maximum performance while still
providing for the characterization
of the greatest possible range of
devices.

The fixture fills aneed for some
common basis on which to inter-
change high performance transis-
tor data. At present, commercially
available transistor test fixtures
lack the facility to accomodate a
wide range of package types, have
limited frequency capability and
do not provide the means for cali-
bration to take full advantage of
the error correction capabilities
of the present generation of auto-
matic network analyzers. More-
over, modern transistors exhibit
exceptionally low noise and thus
a very low-loss fixture is required
in order to be able to measure
noise figure accurately.

The present design is derived
from a proven scheme', various
versions of which are now in use
in a number of laboratories.

*California Eastern Laboratories, Inc.,
3005 Democracy Way, Santa Clara, CA
95050

#Hewlett-Packard Company, Santa Rosa,
CA (onleave from the Department of Elec-
trical and Electronic Engineering, The
University of Leeds, Leeds LS2 9JT,
England)

+Maury Microwave Corporation, 8610
Helms Avenue, Cucamonga, CA 91730

~Hewlett-Packard Company, 1400 Foun-
tain Grove Parkway, Santa Rosa, CA 95404
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The vast bulk of the applica-
tions of packaged microwave tran-
sistors are at frequencies below
18 Ghz. In addition, many of the
uses of chip transistors in hybrid
microcircuits necessitate the test-
ing of a few chips from each
batch; the sample devices being
mounted in packages for this pur-
pose. However the wide range of
different package stylesemployed
has meant that the majority of
those users who wish to charac-
terize their devices have designed
their own test fixtures. Such diver-
sity coupled with numerous indi-
vidual measurement techniques
make it difficult to obtain any
concensus of the properties of a
particular device type.

The major problem associated
with the characterization of a tran-
sistor in a test fixture is that of
extracting the true value of the
transistor parameters from the
measurement of the circuit in
which itis necessarily connected.
In most instances the measure-
ment is made with an automatic
network analyzer; the problem
becomes one of calibration and
can be considered as being that
of finding a suitable set of known
components (“standards”) to en-
able the derivation of the ele-
ments of an error model and the
correction of subsequent measure-
ments.? The accuracy of the final
results is directly related to the
quality of the calibration devices

Fig. 1 (a) and (b) Principles of the fixture design. The network analyser is connected
by means of 7mm lines. The transistor sits in an insert with the leads in cut-outs in
the center conductor.
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system reference plane connectors. __

The transistor fixture described
belowemploys removeable inserts
to customize the structure for dif-
ferent package styles. The inserts
are, however, relatively simple
and can readily be fabricated to
accomodate any transistor pack-
age. The major portion of the fix-
ture is device-independent; it is
co-axial with 7mm precision con-
nectors and can be calibrated
with high quality standards. The
discontinuities associated with
the presence of the insert are

Fig. 2 The fixture dis-assembled to show the components. The insert is located
between the two halves of the fixture body with dowel pins. The lid section supplies
spring pressure to hold the halves in contact.

and, in general, precision calibra-
tion standards are only practica-
ble where the predictability of a
high quality connector provides a
repeatable interface. The transi-
tion from the calibration medium
(usually 7mm co-axial line at 50

ohms characteristic impedance)
to the region in which the transis-
tor package is located, creates a
discontinuity which will render
inaccurate any measurements
based on a calibration carried out
at the automatic network analyzer

Fig. 3 The fixture assembled on stand
with leveling screws to allow alignment
with connector on ANA test set.




modelled by the elements of an
equivalent circuit. The complete
transistor characterization system
comprises the fixture, a range of
inserts, fixture calibration stand-
ards and a program enabling
measurements to be made on a
Hewlett-Packard 8409B/C auto-
matic network analyzer. The soft-
Iware incorporates the element
values characterizing the insert/
fixture interface and de-embeds
the S-parameters of the transistor
I itself. With the addition of a further
set of calibration pieces, the users
can determine for themselves the
I values for the elements modelling
an insert for a particular transis-
tor. In addition, provision is made
for checking that the calibration
procedure has been correctly
carried outand that the de-embed-
ding process is operating with the

correct set of element values.

Mechanical Description

The basic principle of the con-
figuration is shown in Figure 1. A
7mm co-axial line with a slot to
I accomodate the transistor lead is
maintained up to the insert and
the transistor package itself is
located in asmall rectangular cut-
outinablock of metal (the insert).
In order to allow the insert to be
changed, the fixture is assembled
as a sandwich and is also split
along the center line to allow
insertion of the transistor to be
tested. When the fixture is closed,
the ground lead(s) from the tran-
sistor package, which are located
[Continued on page 101]

Fig. 4 Twelve term error model used for error correction on automatic network
analyser measurements.
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[From page 97] MICROWAVE TRANSISTOR

PORT 1

TRANSISTOR
o IO . e HEOM .
ERROR FIXTURE FIXTURE ERROR
O— MODEL [—O— —O— MODEL O

PORT 2

Fig. 5 Overall measurement circuit with transistor test fixture in place. The device to
be measured must be de-embedded from two layers of test circuit.

in recesses which provide for
repeatable positioning within the
package tolerances, are captured
between the two halves of the
insert and this serves also to
clamp the device in place. The
device input and output leads are
held in slots in the inner conduc-
tors of the 7mm lines by means of
.04 inch Rexolite rods and a small
lip ensures that contact is always
made at the extreme front edge of
the inner conductor.

Figure 2 is an exploded view of
the fixture and indicates how it is
assembled; the dowels ensure
accurate alignment of the parts.
Although constructed from four
distinct parts, the fixture nonethe-
less assembles into a single com-
plete unit with the top section
functioning as a hinged lid which
it sprung open by pressure on a
pair of push buttons.

Figure 3 is a photograph of the
complete fixture assembled on a
stand equipped with levelling
feet.

Calibration and Measurement
The use of a 12-term error
model to describe the systematic
errors in the measurement of the
scattering parameters of a two
port network on an automatic net-
work analyzer® is now widely
accepted by the microwave com-
munity. This model is shown in
Figure 4 and the calibration of the
system (i.e., the determination of
the 12 error coefficients) requires
that calibration devices be placed
at the reference planes. In the
case of a transistor fixture, the
“device under test” is the transis-
tor itself in spite of the fact that
both the fixture and the transistor
are connected between the cali-
brated ports. The measurement
circuitisshownin Figure 5, where
an additional network is inter-
posed between the reference
planes and the device under test.
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This network is the result of the

transition between the co-axial

line and the transistor insert and
experience has shown that it can
be modelled very successfully as

the pi network shown in Figure 6.

The values of the elements C,, Cz

and L need to be evaluated for the

insert foreach different transistor
package.

The automatic network analyzer
calibration and measurement pro-
cedure is then as follows:

e Separate the fixture, remove
the insert and connect the two
halves to the analyzer using a
return cable to link the second
port.

e Connect precision 50 ohm loads
to both halves (a“double load”,
constructed similar to an insert,
is provided to make this opera-
tion easy); measure and store
the directivity Eor and Epg.

e Connect a double short circuit
between the two halves of the
fixture; measure and store the
data.

e Connect a double shielded
open circuit between the two
halves of the fixture; measure
and store the data.

e Connect the two halves of the
fixture together to establish a
thru (athruinsertis provided to
ensure repeatability; the elec-
trical length and loss of this
insert are accounted for in the

ANA TEST PORT

1,Zo IT C: I INSERT

FIXTURE
CALIBRATION PLANE

Fig. 6 Circuit model for the transition
region between the fixture body and the
transistor within the insert. The elements

account for the change in dimensions

and a short length of transistor lead.
[Continued on page 102]

Termmnations

Immediate delivery is available from
factory or distributor stock on a wide range
of coaxial terminations.

Standard Units Offer:

e DC-26.5 GHz Frequency Range

e VSWR as low as 1.05:1 up to 18 GHz

e Average Power 0.5 to 10 Watts

e OSM(SMA), 0SSM(SSMA), Type N, TNC,
BNC, and 7mm Connectors

e Meet MIL-E-5400 and MIL-E-16400
Environmental Requirements.

In addition to the full range or terminations
in the New Microwave Component Catalog,
M/A-COM Omni Spectra will deliver units
which meet your specific requirements for
high power, special connectors, or other
provisions to best suit your application.

We're committed to delivering the best
quality and performance with less waiting . . .
at the most competitive prices. Contact
your local M/A-COM Component Sales Office
or Distributor — you won’t be disappointed.
Call or write: M/A-COM Omni Spectra, Inc.,
21 Continental Blvd., Merrimack, NH 03054,
(603) 424-4111 TWX 710-366-0674
TLX 95-3053
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PDC 10-1 SPECIFICATIONS
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COUPLING,dB  11.5
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one octave band edge 0:65 1.0
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DIRECTIVITY, dB TYRMIN,
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software). Measure and store
the data.

* At this stage the computer can
compute the 12 coefficients of
the error model up to the insert.
The calibration measurements
can be carried outin any order,
inspected, repeated if neces-
sary and the error terms re-
computed.

* Assemble the fixture with the
insert in place and notify the
controlling program which insert
isinusetoensurethattheappro-
priate circuit is used to model
the transition.

e Measure transistor packages
provided as check devices and
confirm that the results corres-
pond to the data provided. If
there are substantial differ-
ences, check the calibration
data and the insert model used,
then repeat some part or all of
the calibration procedure.

® Open the fixture, drop the tran-
sistor into the slots, close the
fixture.

® Turn on the bias supply and
initiate the measurement. The
transistor S-parameters will be
de-embedded from the fixture
after the data has been error
corrected.

* The results may be printed,
plotted, etc. as required.

A significant advantage of the
calibrationscheme is that dummy
packages are not employed. It is
therefore possible to use transis-
tor packages eitherempty or con-
taining passive networks as check
devices.

The software is an enhanced
version of the programs currently
used to control the Hewlett-
Packard 8409 series of automatic
network analyzers with additions
to store the individual measure-
ments of the calibration stages,
guide the user through the (slightly
more complicated) calibration
sequence, carry out the de-
embedding procedure and display
the output data. Additional soft-
ware is required to calibrate an
insert; this requires measurement
of a special set of items which are
specific to each insert and the
calculation of the element values
of the transition model. The insert
calibration devices comprise:

* A shorting piece which estab-

lishes a short circuit at the

plane of the package (effec-

tively removing C,).

* An “open circuit” insert with
device leads in place but no
package.

* A “zero length” insert (i.e. a
thin iris).

The first two items provide one-
port data, the third provides two-
port data which can be used to
derive the three element value for
the pi network. The frequency
variation of the data provides
enough information to check on
the validity of the model.

Conclusions

In figure 7, we show some S-
parameter dataforan NEC NE70083
0.5 micron gate gallium arsenide
MESFET. The data appears smooth
and well behaved, with Sz falling
at about 6dB per octave with
increasing frequency. The data
taken with the fixture has been
very consistent and yields good
results which are repeatable at
different times and locations.

The fixture is also well suited to
measurements of noise parameters
and load pull. Inthese applications
the fixture model is applied to
embed the device in the overall
test circuit.

The fixture will be available
from Maury Microwave Corpora-
tion as model MT950 and Hewlett-
Packard expects to have the com-
plete software (for the 8409B and
8409C ANAs only) available as a
productin early 1983. In addition,
Maury Microwave plans to expand
its offering of inserts to cover all
the popular transistor package
styles.

From the description of the
characterization problem and the
solution discussed here (espe-
cially the calibration process), it
becomes apparent that meaning-
ful, repeatable transistor measure-
ments only become practicable
when the power of an automatic
network analyzer is employed.
The entire fixture development
program was undertaken with the
assumption that ANA error cor-
rection routines would be applied.
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i50

S-MAGN AND PHASE
FREQUENCY (MHz)

2000
2500
3000
3500
4000
4500
5000
5500
6000
6500
7000
7500
8000
8500
9000
9500
10000
10500
11000
11500
12000
12500
13000
13500
14000
14500
15000
15500
16000
16500
17000
17500
18000

-j50

NE 70083 #111 @ 3V 10mA

+150°

+120°

+90°

+30°

+180°

-90°

$21: 5.00 full scale, $12: 0.10 full scale, 2.00 to 18.00 by 0.50 GHz
Cma=Cms if k less than 1

Ss11

0.952
0.925
0.908
0.886
0.855
0.850
0.835
0.827
0.813
0.807
0.774
0.753
0.733
0.709
0.697
0.675
0.664
0.660
0.660
0.633
0.613
0.603
0.611
0.645
0.633
0.634
0.636
0.651
0.670
0.693
0.684
0.673
0.666

s21

3.206
3.110
3.004
2.951
2.731
2.648
2.558
2.520
2.421
2.364
2.261
2.165
2.104
2.070
2.031
1.990
1.976
1.989
2.019
1.940
1.864
1.783
1.803
1.824
1.783
1.700
1.638
1.584
1.572
1.540
1.464
1.302
1212

S$12

0.036
0.043
0.049
0.056
0.058
0.061
0.064
0.066
0.068
0.068
0.068
0.067
0.068
0.067
0.067
0.067
0.067
0.067
0.069
0.071
0.069
0.072
0.074
0.075
0.076
0.078
0.080
0.082
0.082
0.087
0.091
0.088
0.087

-18

-25
-26
-31
-33
-37
-42
-48
-56
-63
-65

§22
0.713 ~29
0.705 -36
0.696 -43
0.691 -49
0.678 -56
0.677 -61
0.674 -66
0.674 -72
0.674 -76
0.677 -82
0.673 -86
0.667 -90
0.664 -94
0.660 -98
0.658 -102

.0.642 -104
0.631 -109
0.634 -112
0628 -117
0.626 -122
0.616 -127
0.601 -132
0.591 -138
0.584 -144
0.569 -151
0.546 -162
0533 -171
0511 -179
0.511 171
0.524 -160
0.540 148
0.531 136
0.538 124

0°

-60°

k GmadB
0.23 19.5
0.30 18.6
0.33 17.9
0.35 172
0.47 16.7
0.48 16.4
0.51 16.0
0.50 15.8
0.53 15.5
0.54 15.4
0.67 15.2
0.76 15.1
0.85 14.9
0.91 14.9
1.00 14.8
1.1 12.7
113 12.5
1.09 12.9
1.05 13.2
1.15 12.0
1.30 11.0
1.39 10.2
1.30 10.6
1.16 114
1.24 10.8
1.33 10.0
1.37 9.5
1.37 9.2
1.30 9.5
1.10 10.5
1.12 10.0
1.41 7.9
1.58 7.0
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Fig. 7 S-parameters of a GaAs FET measured in the test fixture after de-embedding.

[Continued on page 106]
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the contributions of many people.
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Carol Fuchs (Maury Microwave),
Gary McCollum and Fred Oey
(CEL).

APPENDIX

Insert Calibration

Inorder to derive element values
for the pi-network used to model
the transition between the fixture
body and the insert, it is neces-
sary to employ a set of known
devices. In principle, since three
unknown quantities are required,
three independent measure-
ments are sufficient to determine
them. The principles of a tech-
nique employing three devices is
shown in the diagram with the
resulting circuit models. It is
assumed that the fixture calibra-
tion is carried and that the net-
work analyser is therefore meas-
uring at the plane of the end of the
fixture body.

OPEN CIRCUIT INSERT
INSERT

SHORT CIRCUIT

vy

L
%C- |

ZERO LENGTH INSERT

L L

Measurement with the short cir-
cuited insert gives an impedance

Z1 — |wL
VL G

which exhibits a single shunt
resonance at frequency

S BAG, MA
27T\/LC1

The open circuited insert yields

LOW, HIGH & BANDPASS

I[l\\\FI QJOWN/NNNE

RS

= [ ow VSWR \

= | ow Insertion Loss

= Excellent Thermal Stability

= Coax, Flatline® (Strip) & Waveguide
= Tunable or Fixed

Premier Microwave has designed
and manufactured a vast variety of
standard and special microwave
filters to meet the most stringent
requirements. Whether your need is
for absorptive high power types or
tracking multi-cavity filters, our in-
house design, production and test
facilities assure you of meeting critical
deadlines and delivery schedules.

Write for information or send your specifications to:

PREMIER MICROWAVE CORP.
33 New Broad St., Port Chester, NY 10573 e (914) 939-8900

Designers and manufacturers of Rotary Joints, Filters,
Diplexers and other typical microwave system components.
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22 - 1 it szC2
jw(Ci+Co-w’LC1 Cy)

which has a series resonance at
frequency

-
f2 T e R O
2m\/ LC;

and a shunt resonance when

1
27f\/ LC(

where C, = C,C,/(C:+C3), the
series combination of the two
capacitors.

These three resonant frequen-
cies, however, are not sufficient to
determine therequired parameters.
Also, the values of L, C; and C,
are small in most circumstances
andtheresonant frequencies may
not be in the measurement band.
The measurements as a function
of frequency can therefore be
used to establish values for the
parameters by extrapolation and
these values used as starting
points for curve fitting to the addi-
tional set of data obtained by
measurements on the thru con-
nection. The data taken on the
thru should exhibit two of the
resonances of the simpler ar-
rangements as well as identifiable
transmission properties.

The frequency dependence ot
the circuit can be used both to
confirm the validity of the model
for the particular insert configura-
tion in use as well as to enhance
the accuracy of the parameters
obtained from the calculations on
the data.

f3 =
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[Continued on page 109]
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Transform Receivers for ECM

Daniel Nichols

Senior Engineer
Electronic Warfare Division

Westinghouse Electric Corporation

Baltimore, Maryland

This paper gives an overview of the theory of operation and performance characteristics forcompressive and
acousto-optical receivers. Included are simplified block diagrams, input/output relationships, processing
element technology, data interface, and typical ranges of bandwidth and data rates. Key performance
requirements for Radar Warning and ECM are compared showing the features which make these receiver
types powerful tools for future systems.

Introduction

The density of the electromag-
netic signal environment during
postulated hostilities has been in-
creasing rapidly. Emitters with
agile characteristics have also be-
come a reality. The result has
been a need to improve ESM sig-
nal acquisition capabilities. Re-
ceivers of wide instantaneous RF
bandwidth, coupled to powerful
processing algorithms, are re-
quired to maintain short-acquisi-
tion times in the environment.
The wide instantaneous bandwidth
receiver alsoincreases the proba-
bility of intercept (POI) on emit-
ters which illuminate the platform
with low duty cycles. However, as
bandwidth increases in such an
environment, so also does the
probability that two or more sig-
nals will exist simultaneously
within the receiver. To maintain
good acquisition performance on
each of these signals, the receiv-
ing system should be capable of
encoding frequency and time of
arrival of all such simultaneous
signals.

Driven by these requirements,
the trend in ESM receivers for
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Radar Warning ECM systems of
the future istoreplace the familiar
crystal video, superheterodyne,
and |FM receivers of today by re-
ceivers whigh are capable of proc-
essing simultaneous signals over
wide instantaneous RF band-
widths. Foremost among these
are the compressive and acousto-
optical receivers.

This paper presents an over-
view of the operating principles of

these receiver typesand compares
performance with critical ESM re-
quirements to show the applicabil-
ity of these devices to the Radar
Warning and ECM role.

Receiver Requirements
Electronic Support Measures
(ESM) is defined as: “The actions
to search for, intercept, iocate,
and immediately identify radiated
electromagnetic energy for the

ECM SYSTEM
R, —<T.
TAUX
-t
[TRECEVER |
I |
1 |
AND MULTIP
L G : : PROCESS!
DOWN CONVERT | [RECEIVER| v ‘
—
BANDWIDTH CONTROL
DYNAMIC RANGE
CONTROL
Fig. 1 General ECM block diagram showing
receiver functions.
113



Sort/ID
ESM
Instantaneous BW 300-3000
Freq Resolution 5-10
TOA Resolution 500
Prob of Intercept 90

ECM RECEIVING SYSTEM REQUIREMENTS

Analysis Track
300 30 MHz
1-2 1 MHz
50 50 nsec
99 90%

Fig. 2 (U) ECM receiving requirements.

purpose of immediate threat rec-
ognition”.

Thisdefinitionis applicable not
only to the modern Radar Warn-
ing Receiver (RWR), but to that
portion of the power management
ECM system which is associated
with the identification of emitters
for jamming purposes.

Figure 1 is a generalized block
diagram of a typical power man-
agement ECM system. The RF
spectrum is divided into bands,
which are down converted and
time multiplexed into a common
Intermediate Frequency (IF) base
band. The receiving function is
thereafter performed within the
base band frequency range.

Often no single receiver can
adequately support all of these
tasks,and an auxiliary receiver, as
shown in Figure 1, must be used
to supplement the receiver func-
tion. The ECM receiver must sup-
port three distinct tasks; signal
identification, signal parameter
extraction, analysis, and signal
tracking. The signal identification
function is essentially the same
for ECM or Radar Warning sys-
tems, and hence the receiver func-
tional requirements are virtually
identical for both applications.

The chart in Figure 2 lists the
major receiver parameters needed
to support these tasks. “Probabil-
ity of intercept” (POI), refers to
any single pulse, and hence de-
fines how many pulses the re-
ceiver system may lose in the en-
coding process due to simultan-
eous signals and data transfer
“dead” times.

The “Sort/ID” column in Figure
2 reflects the ESM requirements
for ID purposes which we shall
consider to be also applicable to
the RWR ID function. It is toward
this wideband, coarser resolution

114

application that this paper is pri-
marily directed.

— Time Domain Receivers

There are several types of re-
ceivers presently in general use
for ESM applications. These in-
clude the crystal video, superhet-
erodyne instantaneous frequency
measurement (IFM) and channel-
ized receivers. These receivers op-
erate in the time domain, that is,
the primary receiver output is a
video pulse which is representa-
tive of the time-of-arrival of the
input pulse. If measured, the sig-
nal frequency information is usu-
ally a digital word which is time
coincident with the video pulse.

— Frequency Domain Receiver
Inrecentyearsthe development
of surface acoustic wave and laser
technology have made possible
the practical implementation of
the frequency domain receiver.
Asshownin Figure 3, this receiver
produces an output much like a
spectrum analyzer output, which
is essentially the envelope of the
Fourier transform of the input sig-
nal. These receiver types are the
compressive (or microscan) re-

ceiver and the acousto-optical

(A-O) receiver.

— The Compressive Receiver

It can be shown®?® through a
rearrangement of the classical
Fourier transform, called the chirp
transform, that the mathematical
Fouriertransform F(w) ofaninput ,
signal F(t) has an exact electrical
equivalent.

This electrical implementation
requires three operations: First,
the input signal is multiplied by a
chirp reference signal, i.e., a sig-
nal which exhibits a frequency var-
iation that is a linear function of
time. Secondly, the resultant prod-
uct is convolved in a dispersive
delay line which, when properly
matched to the chirp characteris-
tics, produces an output signal
with an envelope that corresponds
to the Fourier transform of the in-
put signal. Thirdly, a multiplica-
tion by a second chirp signal will
remove the phase distortion intro-
duced by the first chirp multi-
plication.

Inspectral analysisapplications,
such as radar ESM, the second
chirp multiplication is usually
omitted since the desired informa-
tion is the envelope of the Fourier
transform. Such areceiver mecha-
nization, shown in simplified form
in Figure 4, consists of a mixer
using a chirp local oscillator sig-
nal, a SAW dispersive delay line,
appropriate detection circuitry and
data interface.

When an input signal at any
given frequency within the receiver
passband is mixed with the chirp
local oscillator, the resultant IF

INPUT

F(t) [ f(t)e — “'dt

DATA

FRE
CONVERSION :> 2

i

AMP
TIME

/
{

/
<

FREQ

TIME
FREQ

COMPRESSIVE RECEIVER
ACOUSTO-OPTICAL RECEIVER

Fig. 3 The transformer receiver. Data is converted into a frequency.

[Continued on page 116]
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K—AT—’] DELAY

» PW &
INPUT CHIRP
DISPERSIVE DATA
/\? P FLTER P DETECTION ::> FREQ
SEien SCAN = TOA

Fig. 4 The compressive receiver block diagram.

signal also has a chirp frequency
characteristic.

The dispersive delay line varies
with input frequency. This disper-
sion characteristic, T/F is such
that the chirp IF frequency compo-
nents which enter the delay line
firstexperience a greater time de-
lay within the dispersive filter than
dothe subsequentinput frequency
components. The resultis that all
components of the chirpinput sig-
nal tend to arrive at the output of
the delay line at the same time.
For example, a CW would pro-
duceanimpulse at the output, cor-
responding to the Fourier trans-
form of a constant signal.

In practical circumstances the
chirp scan is limited in time dura-
tion and the input is gated to the
receiver only during the local os-
cillator scan time. Thus the out-
putfora CWinputcorrespondsto
the Fourier transform of a gated
pulse of duration equal to the
scan.

Thelocal oscillator scan is often
derived by applying an input pulse
to a second matched delay line to
produce chirp scan by inverse
Fourier transformation. In this way,
a chirp of correct characteristics
can be easily implemented within
the close tolerances associated
with the lithographic processes of
SAW fabrication.

The compressive receiver dis-
playsexcellentspurious signal re-
jection. Because the output is of
frequency-versus-time format,
out-of-band signals, which may
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enter the receiver on the edge of
the inputfilter selectivity response,
appear at the output separated in
time from the desired signals.
These spurious, appearing in the
“slash”-marked areas of Figure 4
may be effectively rejected by
time gating. Mixer image rejec-
tion is also excellent since these
inputs areinversely chirped at the
delay line input and are thus
spread instead of being com-
pressed.

— Delay Line Technology

Dispersive delay lines are usu-
ally compared on a basis of their
time-bandwidth product, that is,
the total linear time dispersion
times the RF bandwidth. Receiver
performance, however, must
trade-off between these para-
meters, with large dispersion time
giving better frequency resolution,
and large bandwidth being re-
quired to obtain wide receiver
bandwidth.

For wide band pulse applica-
tions, the current practical limit
on receiver bandwidth is currently
set by limitations in digital output
circuitry and not available delay
line bandwidth".

Delay lines for compressive re-
ceivers of wide instantaneous
bandwidth are summarized in
Figure 5. Usually, dispersive de-
lay lines employ SAW propaga-
tion. Dispersive characteristics are
obtained either by design of the
interdigital transducers (IDT) or
by reflective array compressor
(RAC) design® 7. Recently, delay

lines have been fabricated using
Magnetostatic surface wave
(MSW) propagation.

The IDT delay line obtains dis-
persion through the geometric ar-
rangement of the input and out-
put transducers on the substrate.
This technique produces delay
lines of wide bandwidth and short
time dispersion.

IDT delay lines depend upon
lithographic reproduction of
transducer patterns on the sub-
strate; whereas RAC delay lines
employ etching processes to gen-
erate the dispersion characteris-
tics. For this reason, IDT delay
lines usually display better pro-
duction uniformity (than RAC de-
vices), necessary for matching de-
lay line characteristics.

Experimental delay lines have
been fabricated using magneto-
static surface wave propagation
on substrates of Yttrium-iron gar-
net (YIG) material® °. Devices us-
ing this mechanism can operate
at higher frequencies and hence
are capable of larger instantane-
ous bandwidth. With short time
dispersion, they may potentially
increase the bandwidth of pulse
receivers for spectral (ESM) anal-
ysis.

— Compression Receiver

Operation

Figure 6 depicts a typical com-
pressivereceiver. In such a mecha-
nization the local oscillator would
scanovera frequency range equal
to one-half the delay line band-
width (F/2). If the input bandwidth
(BW) is also limited to one-half
thedelay line bandwidth, all input
signals will produce chirp IF sig-
nals within the delay line pass-
band, F. The local oscillator scan-
ning at a rate F/T would therefore
require T/2 (microseconds) to
scan.

Usually the local oscillator scan
is operated at a 50 percent duty
cycle. This allows for sufficient
time for data processing, scan fly-
back etc. Time gating the input
and local oscillator usually ac-
companies such operation.

In Figure 6, the operational se-
quence is shown in some detail.
Two input signals, F1 and Fz exist
simultaneously atthe input within
the receiver bandwidth (BW) dur-
ing the scan time, t. Signals at the

[Continued on page 118]
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Fig. 5 Dispersive delay line technology.

input are time-gated into the re-
ceiver during the scan. The com-
pressed signals appear at the dis-
persive filter output with the
(different) time delay associated
with each input frequency.

The receiver in Figure 6, work-
ing at 50% duty cycle will have a
100% POI for signals of pulse
width greater than 2t (scan time
(t) plus the processing dead time).
For pulses shorter than t, the POI
equals the duty cycle (50%). In
order to achieve a receiver of
100% POl for very narrow pulses,
dual receiver channels are mecha-
nized. In the dual channel com-
pressive receiver a second identi-
cal channel will scan the envir-
onment during the recycle time
forthefirst, thus even short pulses
will be intercepted.

For input signals of pulse width
(PW) less than the receiver gate
time, the compressed (sin Xx)/x
pulse will be 1/PW (hertz) wide,
corresponding to the Fourier
transform of the input pulse®. Mul-
tiplication by the dispersion char-
acteristic, T/F yields the time dura-
tion of the output pulse.

CW or long pulse signals are
gated by the receiver scan gate t,
and thus appear at the filterinput
as pulse of width t, and chirp
equal to the receiver bandwidth
(BW). At the output, the com-
pressed pulse will have a (sin x)/x
response with 3 dB bandwidth of
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1/t, and a time duration of 1/BW.

The (sin x)/x response of a
square pulse has first order side-
lobes which are 13.5dB down and
which fall off at 20 dB per decade.
In the compressive receiver the
sidelobes are often suppressed
using Taylor amplitude weighting
techniquesto enhance separation
and detection of signals which
are close together in frequency.
These techniques allow detection
dynamic ranges of 35 dB for
closely spaced signals to be
achieved, increasing ultimately to
50 dB as signal separation in-
creases. Such weighting tech-

niques do however, increase the
width of the compressed pulse by
a ratio of approximately 1.5:1°,

Compressed pulse (3 dB BW)

— 1.5/PW (1)
Compressed pulse (time duration)
— (1.5/PW) X (T/F) (2)

— Frequency Resolution

The minimum compressed pulse
width will occur for the longest
pulse processed. Since the input
gating limits processed pulse
width to the scan time for CW or
long pulses, the minimum band-
width of the compressed pulse by
equation 1 would be approximately
1.5/scan time. Equation 2 deter-
mines the duration of this pulse as
(1.5/scan) x (T/F). For pulses
shorter than the scan time, the
compressed pulse is of longer
time duration.

— Compression Gain

The input exeriences a com-
pression gain within the disper-
sive delay line due to the effective
integration of the pulse energy.
The gain is equal to the integra-
tion time (PW) times the chirp fre-
quency change (PW x (PW (F/T)).

Compression gain =
10 log [PW?(F/T)] (3)

Signals of equal amplitude but
which have different pulse widths
at the input, will generate com-
pressed output pulses which dif-
fer in amplitude by the square of
the ratio of the pulse widths. If the

RECEIVER INPUT

Fi —_—

Fz l

RECEIVER SCAN

e

TRANSFORMED OUTPUT

N

ln- NEXT SCAN -ﬂ -
: . ¥

PREVIOUS SCAN
L by

Fig. 6 Example compressive receiver operation.
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Fig. 7 Dual compressive receiver interface.

minimum expected pulse width
(MINPW) is less than the maxi-
mum pulse width set by the scan
time gate, the output dynamic
range will be greater than the in-
put dynamic range.

Output Dynamic Range =
Input Dynamic Range +
20 log (MINPW/SCAN) (4)

From the equation 4, it follows
that, forcompressive receiversin-
tended for short pulse detection
the compressive receiver scan
should be kept short. This require-
ment, in turn demands a trade-off
of dynamic range and data thru-
put (TOA resolution) versus fre-
quency resolution.

Since thermal noise does not
undergo coherent compression
in the delay line, the effective
peak signal-to-noise ratio is en-
hanced by the compression gain.

— Digital Interface

The compressed output from
the dispersive delay line (Figure
6) is a frequency-versus-time
sweep similar to that of a spec-
trum analyzer scan. In compres-
sive receivers for pulse applica-
tions this scan will be of 0.1 t0 1.0
microsecond duration. Threshold
detection and conversion to a ser-
ial digital data format implies a
sampling process at a high rate.
Using, asanexample, the receiver
described in Figure 6 and a scan
of 150 nanoseconds, with adisper-
sion characteristic F/T of 2.2
MHz/nsec, the minimum pulse
width (equation 3) is only 4.5
nanoseconds duration. Therefore,
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the sampling period cannot be
less than 4.5 nsec, and, to ensure
good probability of detection,
should be increased somewhat to
about 3 nsec(330 MHz), about the
limit of current emitter coupled
logic (ECL) devices.

In wideband pulse applications,
the high data rate precludes the
recovery of quantitative amplitude
information from the compressive
module.

Figure 7 isatypicaldigital inter-
face for a dual channel (100%
POIl) compressive receiver. ECL
devices are used to sample the
detected, compressed signal
pulses and to convert the data
streams to parallel format for fur-
ther processing. Data from both
channels may be merged by delay-
ing data from one channel by the
scan time. The centroid operation
locates the center of the (sin x)/x
response for short pulses where
the width of the compressed pulse
may create detections lasting sev-
eral sample periods.

Because the raw data contain
several million scans of the RF en-
vironment every second prepro-
cessing must delete redundant
data from the processor input. In
the example here, emitter strip-
ping® is used to delete signals al-
ready identified.

— Design Trade-Offs

In implementing a compressive
receiver channel optimized for
short pulse (radar ESM) applica-
tions (operating at 50% duty cycle),
one must trade-off between re-
ceiver frequency resolution and

relative response to short pulses.
The scan time must be shortened
to obtain short pulse response.
Note how this corresponds to the
trade-off in the channelized re-
ceiver (time domain) where chan-
nel bandwidth must be sufficient
to obtain short pulse responses.
In each case the trade-off results
in a loss of frequency resolution.

— Typical Capabilities

Figure 8 summarizes the pre-
sent capabilities”'"'? of compres-
sive receiver modules for short
pulse (0.1 usec) ESM applications,
where trade-off between fre-
guency resolution and TOA reso-
lution has been made to be consis-
tent with the requirements of
Figure 2.

The compessive receiver mech-

anization is well adapted to the

ESM requirements with the criti-

cal capability of detecting simul-
taneous signals. The instantane-
ous bandwidth is on the low end
of ourrequirements. However, the
simplicity of the RF design, re-
producibility of delay line charac-
teristics, and development of cus-
tom digital interface circuits fa-
cilitate the mechanization of
additional receiver modules which
canincrease the overall reception
bandwidth. Such modules may
work either in parallel or inde-
pendently.

Figure9isanexample of a dual

compressive receiver assembly.
The 10 cubic inch RF assembly
contains two channels for 100 per-
cent POl over 375 MHz bandwidth,
with a resolution of 6.8 MHz. The
digital interface requires similar
volume.

— Development Trends

Currently, compressive re-

ceivers employing SAW and ECL

[Continued on page 120]

COMPRESSIVE RECEIVER
TYPICAL CAPABILITIES
RF Bandwidth* 200 - 400 MHz
Frequency Resolution 3-15 MHz
Dynamic Range =50 dB
Noise Bandwidth 2.5-5MHz
Complexity RF - Low
Digital - High

*RF BW = 1/2 Compressor BW

Fig. 8 Compressive receiver typical capabilities.
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frequenc
dgubler‘s,

+1 _to +15dBm input
.

1 to 1000 MHz
only $21% 5.2

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

e micro-miniature, 0.5 x 0.23in.
pc board area

« flat pack or plug-in mounting

* high rejection of
odd order harmonics, 40 dB

* low conversion loss, 13 dB
e hermetically sealed

* ruggedly constructed
MIL-M-28837 performance*

*Units are not QPL listed

SK-2 SPECIFICATIONS
FREQUENCY RANGE, (MHz)

INPUT 1-500
OUTPUT 2-1000
CONVERSION LOSS, dB TYP. MAX.
1-100 MHZ 13 LS
100-300 MHz 13:5 5155
300-500 MHz 14.0 16.5
Spurious Harmonic Output,dB TYP. MIN.
2-200 MHz F1 =40 - =30
E3 =50 =40
200-600 MHz F1 =25 =20
F3 —40. =30
600-1000 MHz F1 =205 =18
E3 =30 —25

For complete specifications and performance

curves refer to the 1980-1981 Microwaves Product

Data Directory, the Goldbook or EEM.

finding new ways. ..
setting higher standards
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Fig.9 A dual compressive receiver (BW=375 MHz, resolution 6.8 MHz.)

devices have a mature technol-
ogy base. Receivers to meet radar
ESM requirements may be readily
fabricated. Present technology
employing 2 to 3 parallel receiver
modules can be fabricated in a
volume highly competitive with
IFMtechnology.'? In the near term,
efforts to reduce size and com-
plexity apear to be centered on
the development of custom inte-

grated interface circuits'®. The de-
velopmental device technologies
such as, GaAs logic devices,
VHSIC preprocessing circuits, and
MSW dispersive delay lines may
in the future make a 1 GHz com-
pressive receiver module practical.

The Acousto-Optical Receiver
The acousto-optical (A-O) re-
ceiveroperatesoninteraction ofa

ACOUSTIC

WAVE
Y

INPUT

LASER
A

BRAGG ANGLE 65

SIN 6s = A/2A

DIFFRACTED BEAM

PHOTO DETECTOR
ARRAY

[HMini-Circuits

A Division of Seientific Components Corporation
World's largest manufacturer of Double Balanced Mixers

2625E. 14th St. B'klyn, N.Y. 11235(212) 769-0200

78-3 REV. A

DATA FREQ, AMPLITUDE

Fig. 10 The acousto-optical receiver operating principal.
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beam of lightand the periodic vari-
ation of the index of refraction as-
sociated with an acoustic wave'®
Figure 10 depicts the operating
principle of the A-O receiver. The
laser produces a coherent light
beam which is focused upon an
acoustic wave propagating within,
oron, atransparent medium. The
acoustic wave causes periodic
variations in the index of refrac-
tion which result in diffraction of
the lightbeam. At a certain critical
angle of incidence, the Bragg
angle,theenergy in the first order
diffraction is maximized. Fixing
the geometry of the two incident
beams and the wavelength of the
light source produces diffraction
at an angle proportional to the
wavelength of the acoustic signal.
Thus the Bragg interaction con-
verts acoustic frequency to spa-
tial displacement.
Alensisthenemployed tofocus
the diffracted signal onto a photo
detector array located at the lens
focal point. Itis an established op-
tical principal®'* that a lens will
produce the Fourier transforma-
tion. Thus the diffracted beam will
be focused to a single spot on the
detectorarray. The position of the
spot on the array is proportional
to the angle of the incident beam,
and hence, to the frequency of the
inputsignal. Amplitude of the opti-
cal signal is proportional to the
strength of the RF input signal.
Thus, the A-O receiver is a de-
vice capable of receiving many
simultaneous signals at a high
POl and of encoding each with a
sensitivity commensurate with the
narrow RF bandwidth of a single
photosensor element.

— The Bulk A-O Receiver
The bulk acousto-optical re-
ceiver is shown in Figure 11. The
acoustic Bragg cell contains a mi-
crowave transducer fabricated
onto the surface of the acoustic
medium, (eg. lithium-niobate).
When properly driven, this trans-
ducer causes acoustic waves to
propagate within the bulk crystal.
Center frequencies of up to three
GHz may be used for the bulk
acoustic wave, thus allowing
transducer bandwidths of up to 1
GHz. In the bulk A-O receiver the
laser, lens systems, and detector
[Continued on page 122]
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Engineers

Major long-term defense programs provide
a strong and stable business base for us—
and exceptional potential for technological
achievement and professional growth for
those who join us. Immediate assignments
involve the Sperry Mk 92 Fire Control System
—a fast-reacting modular system capable
of continuous search, multiple tracking and
simultaneous engagement— as well as Radar,
Navigation/Guidance and ASW systems.

ELECTRO-MECHANICAL DESIGN ENGINEERS

Creative design and hands-on development of concepts, components and sub-
systems for phased array antennas and advanced radar systems. Analysis, simula-
tion and evaluation of thermal and structural configurations. Proposals, customer
interface, direct technical support staff. Requires at least 6-8 years related radar
experience. Background also desirable in Finite Element Modeling, computer
analysis, fabrication/test, metallurgy, optical alignment. BSME or Physics, MS
desirable.

RADAR PRODUCT ENGINEERS

Product follow-up, documentation, configuration management, check-out, vendor
and customer liaison. Experience in vibration, shock, thermal analysis of radar
systems and antennas. BSME.

Salaries highly competitive, benefits excellent. SPACE—Sperry Program for
Advancing Careers through Education—a free college level, after hours technical
and business education program offered on-site to all employees. Over 60 courses
each semester. To learn more about our stimulating professional environment,
where innovation and creativity are
encouraged and rewarded, CALL jL_

COLLECT (516) 574-3291,2,3 or send a ?E mv
detailed resume in confidence to: “
PW. Smith, Supervisor, Employment
Department RM18, Sperry Division,
Great Neck, LI, NY 11020.

¢ U.S. Citizenship Required »

Sperry is a Division of Sperry Corporation.
An Equal Opportunity Employer M/F.

We understand how important it is to listen.

SUPERINTENDENT ELECTRONICS
TECHNOLOGY DIVISION

($54,755 to $61,300
Current pay limitation is $58,500 pa.)
This is a Senior Executive Service Position
ES-1 to ES-4

The Superintendent of the Electronics Technology Division plans
and directs a broad $20 million program of basic and applied
research in the field of electronics. The majority of the 150
employees of the division are professional scientists and engineers
at the post-doctoral level. The division program includes the areas
of solid state electronics; materials development; surface physics;
microwave components; microelectronic devices research and
fabrication; high power microwave generation; basic research in
electronic materials, especially semiconductors, cryogenics and
studies of magnetic phenomena. The objective of this research is to
provide new state-of-the-art devices for experimental use, to search
out applications of advanced technologies and to focus on solving
problems of military significance in the device field. The Superinten-
dent serves as the Naval Research Laboratory authority on elec-
tronic devices and, as such, participates in conferences with of-
ficials of the Laboratory, and in contacts with other Government
organizations and industrial and university laboratories.

TO APPLY: Interested applicants should contact Mrs. Cynthia
Lowell at(202) 767-3030 to obtain application forms and information
on grocedures for applying. All applications must be postmarked by
29 October 1982.

NAVAL RESEARCH LABORATORY
4555 Overlook Avenue, S.W.
Code 68-031-11 (M)J)
Washington, D.C. 20375
An Equal Opportunity Employer U.S. Citizenship Required
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power
splitter/

combiners
2 way 0°

9 10 500 MHz
only $3195 (424

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

*rugged 1% in. sq. case

* 3 mounting options-thru hole,
threaded insert and flange

¢ 4 connector choices
BNC, TNC, SMA and Type N

e connector intermixing
male BNC and Type N available

ZFSC-2-1 SPECIFICATIONS
FREQUENCY (MHz) 5-500

INSERTION LOSS,

above 3dB TYP. MAX.
5-50 MHz 0.2 0.5

50-250 MHz 0.3 0.6

250-500 MHz 0.6 0.8

ISOLATION, dB 30

AMPLITUDE UNBAL., dB 0.1 0.3

PHASE UNBAL.,

(degrees) 10 4.0

IMPEDANCE 50 ohms

For complete specifications and performance
curves refer to the 1980-1981 Microwaves Product
Data Directory, the Goldbook or EEM.

finding new ways. ..
setting higher standards

[JIMini-Circuits

A Division of Scientific Components Corporation
World's largest manufacturer of Double Balanced Mixers

2625E. 14th St. B’klyn, N.Y. 11235 (212) 769-0200

77-3 REV. A
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array are separate devices. Until
recently, the very rigid mechani-
cal mounting requirements needed
to maintain stable operation over
vibration and temperature varia-
tions posed serious fabrication
difficultiesin th Bulk A-O Receiver.
Presently receivers of this type
are available for military applica-
tions with compression factors of
up to 1000; for instance, 1 GHz
bandwidth with 1 MHz resolution'”
13,.18,.2

Diffraction with bulk acoustic
waves is arelatively low efficiency
process. As a result substantial
laser powerisrequiredtoachieve
diffracted signals within the dy-
namic range of the photo de-
tectors®.

To date, the development of A-
O receivers has trended toward
signal analysis rather than spec-
trum analysis. Photosensors are
often charge-coupled device
(CCD) arrays which integrate re-
ceived signal energy overaninter-
val of, at least, a few microsec-
onds'” '® ' By converting the
analog amplitude of each detector
cell using an Analog-to-Digital
(A/D) converter, the Fourier trans-
form of signals are converted into
discrete transform points for anal-
ysis by digital processing.

This procedure recovers the am-
plitude as well as the frequency
characteristics of the signal, but
requires considerable data read-
out and much conversion time.
Since the TOA resolution is lim-
ited to the several microseconds
required for the output procedure,
currently, TOA resolutionisinade-
quate for ESM using time based
sorting algorithms for identifica-
tion.

— Dynamic Range and Frequency

Resolution

The detection of two signals of
different amplitudes is a function
of the frequency spacing between
the signals. Spurious spreading
of alarger signal may mask a sec-
ond smaller signal if the signals
are close in frequency. Using a
modified gaussian density distri-
bution profile on the optic beam
suppresses the spurious side-
bands close to the signal fre-
quency to about 35 dB below the
carrier, setting the dynamic range
at this level. Dynamic range of 50
dB may be achieved for simultane-
ous signals with considerable fre-
quency separation'’

Frequency Resolution is deter-
mined by the focal length of the
transform lens and upon the an-
gular separation of successive
photo sensors. For reception of
short pulse signals, whose (sin
x)/x energy distribution excites
many photosensors, fine fre-
quency resolution requires con-
siderable data processing or pre-
processing to find the centroid of
the signal energy distribution.

— The Integrated Acousto-Optic

(IA-O) Receiver

Considerable development ef-
fort?92'2223.3 s cyrrently being di-
rected toward the IA-O receiver
(Figure 12) incorporating the
Bragg cell transducer and optic
lens on a common substrate. A
separate semiconductor laser light
source and photosensor array us-
ing CCD’s or photodiodes com-
plete the receiver. Heat sink re-
quirements and differences in
device manufacturing processes
require that the semiconductor

BULK
ACOUSTIC
WAVE
BRAGG
CELL

LASER

\\— INTER- :>
£ L FACE

AVAILABLE
BW TO 1 GHz
RESOLUTION 1 MHz

DETECTOR
ARRAY
(ccp)

Fig. 11 The bulk A-O receiver.
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laser be fabricated as a separate
device whichisbonded to the end
of the substrate.

In the IA-O receiver, the laser
light beam is confined to the sur-
face of the substrate and the sig-
nal propagates as a surface
acoustic wave (SAW). This pro-
duces a Bragg intersection of
higher efficiency than that using
bulk waves and is compatible with
lenses fabricated into the surface
of substrates.

Lens fabrication is accom-
plished by matching a hole into
the substrate surface with consid-
erable precision. The lens effect
then is produced by the differ-
ence in index of refraction be-
tween the substrate and lens (air)
media.

The substrate is usually fabri-
cated of lithium-niobate. During
fabrication of the substrate, the
surface is treated by the introduc-
tion of a metal film which, thru
subsequent diffusion, creates an
optical channel (waveguide) just
below the surface of the substrate.
This channel then confines the
laser energy to the surface region
of the substrate where interaction
with the surface acoustic wave
takes place®.

Performance of the IA-O Receiver
Presently IA-O receivers have

RF bandwidth associated with
SAW propagation of up to 500
MHz.

In the IA-O receiver, frequency
resolution is determined by sev-
eral parameters, including: de-
tector element spacing (dimen-
sion), lens focal length, lens
aberration, and size and distribu-
tion (weighting) of the optic beam
which intercepts the acoustic
wave®®?°_In the IA-O receiver us-
ing LiINbO3, limited substrate size
requires the use of small f-number
lenses. Theresolutionis then lim-
ited by the spacing of the photo-
sensor array elements, usually a
few microns'.

To date, frequency resolution
of 4 to 6 MHZ?"?? has been
achieved.

Using current laser diodes,
dynamic range of 25 to 30 dB has
been achieved. This should im-
prove as detector dynamic range,
lens fabrication, laser power, and
laser/substrate coupling improve.

Figure 13 shows a develop-
mental model of an IA-O receiver.
This unit has a 400 MHz band-
width with 4 MHz resolution. Util-
izing a unique high speed photo
detector diode array, eight bits of
amplitude data can be processed
from each of the 100 detectors
every 2 microseconds.

OPTICS,
LASER| BRAGG
o CELL

DET _—_> INTER-
ARRAY FACE

-

™ 9DIFFUSED LINbo® WAVEGUIDE

GaAlAs
LASER DIODE -»[

ZERO BEAM
DUMP DIODE

140 ELEMENT
PHOTODIODE ARRAY

: 1 400 MHz
bet71cme) o ANSDUCER

ARRAY

Fig. 12 The integrated acousto-optical (I1A-O) receiver.
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[Continued on page 124]

electronic
attenuator/
switches

1 t0 200 MHz
only $289 s 2

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

e miniature 0.4 x 0.8 x 0.4 in.
« hi on/off ratio, 50 dB

 low insertion loss, 1.5 dB

« hi-reliability, HTRB diodes

e low distortion, +40 dBm
intercept point

* NSN 5985-01-067-3035

PAS-3 SPECIFICATIONS
FREQUENCY RANGE, (MHz)

INPUT 1-200
CONTROL DC-0.05
INSERTION LOSS, dB TYP. MAX.
one octave from band edge 1.4 2.0
total range 1.6 2.5
ISOLATION, dB TYP. MIN.
1-10 MHz IN-OUT 65 50
IN-CON 35 25
10-100 MHz IN-OUT 45 35
IN-CON 25 15
100-200 MHz IN-OUT 35 25
IN-CON 20 10
IMPEDANCE 50 ohms

For complete specifications and performance
curves refer to the 1980-1981 Microwaves Product
Data Directory, the Goldbook or EEM.

finding new ways
setting higher standards
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brought to you by

Multivolt Panel Produces 3, 6, 9 volt
power to run calculator, radio, etc. Array
measures 42" x 5¥%" and comes
complete with reflector panels to
maximize sunlight collection/panel
output. $18.00

AM/FM Radio This quality radio has a
detachable solar panel consisting of nine
solar cells in series. Under full sun the
panel will produce 4.5 volts (@ 50 ma, to
power the radio directly, or recharge two
AA Nicad™ batteries. Using the batteries,
you can listen indoors after the sun goes
down. The batteries may be recharged
by turning the radio off, and placing the
panel in full sunlight. $29.00

|' Mic;vave Distributors Co., Solar Prod. Div. 1I
61 Mall Dr., Commack, NY 11725 (516) 543-4771

I Gentlemen: Please send me the following items— I

— AM/FM Solar Radios @ $29 ea. T I

— AA Nicad Batteries @ $6.50 pr. ST I

— Multivolt Panels @ $18.00 ea. |

_1_ Solar Products Catalog .. ... ... _ne |

Shipping and handling _$6.00 I

Enclosed is my check for/TOTAL |

Name |

Address I

BRye s v o rSlate 74] BRI £ I

Allow 1-2 weeks for delivery.
Tt DOEST wemer RS FEIE SmUd ENER LIS BOTEY Lre SalE e Gsca
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Fig. 13 A development model IA-O receiver.

Acousto-Optical Receiver
Development Trends

Current Bulk A-O receivers,
having access times of several mi-
croseconds, provide bandwidths
up to 1 GHz with 1 MHz resolu-
tion. Development of AOA proces-
sing capability is continuing® and
may possibly lead to the fielding
of this capability within a few
years.

Continueddevelopmenton CCD
and photo diode sensor arrays is
directed toward reducing data

acquisition and throughput times.
However, consider thattoachieve
the desired 0.5 microsecond TOA
resolution (Figure 2) in a receiver
of 1 GHz and 1 MHz resolution,
1000 A/D conversion must be
made every 0.5 microseconds. This
might be achieved using 1000 par-
allel, 0.5 microsecond A/D con-
verters, but would incur consider-
able complexity.

Alternatively, one might con-
sider a development which in-
creases TOA resolution (speed)

Current 500 MHz Laboratory

Development 4 MHz 50 IN
2 usec

Near Term 500 MHz Field Deployment
1 Module
5-10 MHz
0.25 usec

Future 1000 MHz Photo Sensor
1-2 MHz 1/0 Development
0.1 usec

Fig. 14 Integrated A-O receiver development.
[Continued on page 126]
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hi-level
mixers

(+17dBm LO)

0.5 to
only $179 (5.2

IN STOCK . . . IMMEDIATE DELIVERY

* RFinput up to +10dBm

* MIL-28837/1A-08N
performance*
for-08S specify SRA-1HHI-REL

* NSN 6625-00-594-0223
* low conversion loss, 6dB
e hiisolation, 40dB

* hermetically-sealed

* hireliability, diode burn-in
1volt, 168 hrs., 150°C

e 1year guarantee

*Units are not QPL listed

SRA-1H SPECIFICATIONS
FREQUENCY RANGE, (MHz)

LO, RF 0.5-500
IF DC-500
CONVERSION LOSS, dB TYP. MAX.
One octave band edge 55 7:5
Total range 6.5 8.5
ISOLATION, dB TYP. MIN.
low range LO-RF 55 45
LO-IF 45 35
mid range LO-RF 45 30
LO-IF 40 30
upper range LO-RF 35 25
¥ ? LO-IF 30 20

SIGNAL 1dB Compression level +10dBm

For complete specifications and performance
curves refer tothe Microwaves Product

Data Director, the Goldbook, EEM,

or Mini-Circuits catalog
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|From page 124] ECM APPLICATIONS

CVR IFM Chan fComp’l‘ ~_la0 k
BW (1 GHz) v N v aa o
Resolution None v v v v
Multisignal Poor Poor v v N/
Complexity Low Med High Med Low
Maturity V v v V Low
*No. Parallel Modules
Fig. 15 Summary ESM capabilities for various wideband receiver types.

by trading amplitude and/or fre-
quency resolution'’. For spectral
analysis, a one bit A/D conver-
sion; (i.e., simple detection) would
do quite well for most applica-
tions. In the few instances where
amplitude 1s required. an auxili-
ary amplitude detection (logamp)
can be used, as is done with IFM
or compressive receivers. Also,
for pulse ESM appiications, fre-
quency resolution can be relaxed
(Figure 2) to 5 to 10 MHz. These
measures would reduce the photo-
sensor array to 100 to 200 de-
tectors with 100-200 bits of output
data every 0.5 microseconds. For
example; 8-16 bit words, at 62
nsec per word, from a 128 element
detector array could service an
A-O receiver of 1 GHz bandwidth,
7.8 MHz frequency resolution, and
0.5 microsecond TOA resolution.
Fabrication of such detector arrays
should not pose any significant
development problems and would
enable the deployment of A-O re-
ceiversforESMapplicationsforth-
with.

Figure 14 depicts the current
and near term prospects for the
integrated A-O receiver. Current
development effort is expected to
continue with the near term goal
of increased dynamic range.
Coupled with a photosensor op-
timized for TOA resolution, one
could expect realization of an I1A-

O receiver for ESM applications
as shown.
Summary

The relative performance of the
various wideband receiver types
is shown by capabilities versus
the requirements of Figure 2. Fig-
ure 15 shows the comparison for
anominal 1 GHz bandwidth ESM
receiver mechanization. The com-
pressive receiver, mechanized in
three or more parallel subbands,
is a viable alternative to the chan-
nelized receiver where simultane-
ous signal capability is required.
Also highlighted is the very prom-
ising potential of the acousto-op-
tical receiver.

In summary, no receiver offers
all the fourimportant characteris-
tics of wide bandwidth, multiple
signal capability, fine frequency
measurementand good TOA reso-
lution. One can expect to trade-
off at least one parameter. For ex-
ample, the IFM is a wide band,
time domain device which pro-
duces fine frequency resolution
by real time video processing and
has only limited multiple signal
capabilities.

The frequency domain receivers
offeranother alternative. High PO,
wide bandwidth, and multiple sig-
nal capability are inherent in the
compressive and A-O receivers.
Inapplications requiring fine TOA
resolution, bandwidth and/or fre-
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quency resolution may be sacri-
ficed.
Conclusion

For ESM applications the com-
pressive receiver is a viable alter-
native tothe IFM and channelized
time domain receivers. A single
module provides performance
comparable to the typical chan-
nelized receiver with reduced size
and complexity. Parallel modules
canachieve the overall bandwidth
of the IFM and provide multiple,
simultaneous signal capability.

The Acousto-Optical receiver
has the potential for becoming
the ESM receiver of the future. Its
desirable features and natural sim-
plicity offer an exciting promise.
For ESM applications, a new direc-
tionin photosensorarray develop-
mentshould be undertaken which
could considerably shorten the
time for widespread application.
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0.1 t0 400 MHz
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e MIL-P-23971/15-01
performance-

* NSN 5820-00-548-0739
e miniature 04 x 08 x 04 in.
* hermetically-sealed

* low insertion loss, 0.6dB
* hi-isolation, 25dB

* excellent phase and
amplitude balance

* 1year guarantee

*Units are not QPL listed
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FREQUENCY (MHz) 0.1-400

INSERTION LOSS,

above 3dB TYP. MAX.
0.1-100 MHz 02 06
100-200 MHz 04 0.75
200-400 MHz 0:6: - 1.0
ISOLATION, dB 25dB TYP.
AMPLITUDE UNBAL. 0.2dB TYP.
PHASE UNBAL. 270 TRYP
IMPEDANCE 50 ohms.
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Introduction

Broadband radio frequency am-
plifiers designed for operation be-
low microwave frequencies gener-
ally use high-gain bipolar transis-
tors in combination with negative
feedback circuitry. This note pre-
sents a discussion of feedback
with emphasis on circuits having
fundamental advantages in noise
figure and dynamic range per-
formance. Also included are basic
amplifier definitions and informa-
tion useful for predicting the noise
figure and intermodulation per-
formance of amplifier cascades.

Feedback Amplifiers

The bipolar and field effect tran-
sistors, which are the basic gain
producing devices used in virtu-
ally all RF receiving amplifiers,
are not particularly attractive for

130

that use from adesign stand point.
They are characterized by fre-
quency dependent gain, poor im-
pedance match, and non-linear
operation. Negative feedback cir-
cuits are designed to overcome
these effects; and it is the de-
signer’s task to provide amplifiers
having flat gain, good impedance
match, and distortion reduced for
acceptable systems operation.

Most such amplifiers are de-
signed using a technique com-
monly known as resistive feed-
back, shown in Figure 1. One
feedback resistor connects be-
tween collector and base; a sec-
ond connects between emitter and
the ground of the common emit-
ter transistor. Selection of these
two resistors controls the gain
and terminal impedances as given
by the approximate equations in
Figure 1. These feedback resis-
tors are inherent noise producers
and power dissipators. As feed-
back is increased in order to de-
crease gain and distortion, these
resistors add more noise and dissi-

pate more output power. With
feedback sufficient to reduce gain
to 10dB, the noise figure will have
increased by about 3 dB and the
available output power will have
decreased by about 3 dB com-
pared to the performance of the
same transistor operating without
feedback.

Toavoid this degradation of per-
formance, a negative feedback
structure based on ferrite trans-
formers is used. This patented
technique, known as “lossless
feedback,” provides lower noise
figure and higher linear output
than can be achieved using resis-
tive feedback with the same tran-
sistors. Figure 2 shows a block
diagram of a transformer feed-
back circuitin which adirectional
coupler is the feedback network.
The coupling ratio between ports
D and C determines the magni-
tude of the feedback, and hence,
the gain. The feedback is negative
due to the in-phase coupling be-
tween ports D and C and the inver-
sion of the active device.
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There are no shortcuts to
producing a sophisticated
EW system that demands high
performance and trusted
reliability. Only good design
executed with quality
components will suffice.

Each Avantek component is a sin-
gular example of the levels of sys-
tems performance now achievable.
From one end of the system to the
other, no one else can offer such a
comprehensive selection of solid-
state components—from low-noise
octave-bandwidth preamplifiers,
limiting and loop amplifiers, to
mixers, switches, oscillators, fil-
ters, and modular IF and power
amplifiers. All with high perfor-
mance, high reliability, and avail-
able in volume production.
Avantek quality microwave com-
ponents are the first choice of de-
signers and program managers
throughout the EW industry.

RF Amplifiers

An electronic defense receiver can
use all the detection range it can
get. Avantek pushes the edge with
a complete series of octave-band-
width, low-noise preamplifiers
featuring guaranteed noise figures
of less than 4.0 dB at X-band.
These include production ampli-
fiers from 18 to 26.5 GHz, and 26
to 40 GHz devices to be available
soon.

Typical
Noise Figure vs. Frequency
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Frequency, GHz

For IFM and other signal process-
ing applications, Avantek output-
limited amplifiers provide
exceptionally flat power output
over a wide input dynamic range.

Typical

Limiting Amp Performance
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g 21 T
£
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Rz wegmem 6 GHZ
O 15

-20 -10
Input Power, dBm

Medium power amplifiers, rugged
enough to take severe military op-
erating conditions, are available
with up to two watts output over a
2 to 18 GHz frequency range.

Typical Power Output, (1 dB GCP)
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| B

8 10 12 14 16 18 20 22 24 26
Frequency, GHz

2 4 6

Avantek is also experienced in
designing and manufacturing fre-
quency memory loop and other
specialized RF amplifiers for
advanced signal processing
applications.

IF Amplifiers and
Microwave Mixers

Avantek’s innovative leadership

in IF amplifiers means ever-
increasing design flexibility. You
get lower noise figures, low cur-
rent drain, higher output power,
and very high dynamic range over
a wide choice of intermediate
frequencies.

Typical Gain vs. Frequency

40
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i UT0-250
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Frequency, MHz

Avantek IF amplifiers are available
in convenient TO-8 packages, or
up to three hybrid modules can
be cascaded in the Avanpak™, a
unique miniature flat package. All
are hermetically sealed, with cir-
cuits protected against moisture
and corrosion by an inert gas to
withstand the harshest military
environments.

Avantek double-balanced mixers
offer an unmatched combination
of performance features, with LO
bandwidths as wide as 2 to 26
GHz, and input intercept point op-
tions from +15 dBm to +32 dBm.

CIRCLE 91 ON READER SERVICE CARD
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Oscillators and
Tracking Filters

With Avantek fundamental-output
YIG-tuned transistor oscillators,
the designer can cover the full 2
to 26 GHz range with just three
units, while always being assured
of tuning linearity and power out-
put stability over the full band.

Guaranteed Power Output
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Tracking YIG filters complete the
team for predictable system per-
formance. And for extremely fast
tuning speeds, varactor-tuned
oscillators or switched fixed
frequency oscillators fit many
electronic defense applications. &

Advanced Solid-State =
Microwave Technology

Avantek’s entire product line
promotes system operating and
packaging efficiency for superior
performance and absolute reliabil-
ity. This is only possible because
each component is manufactured
in facilities dedicated to the most
modern processing methods. The
implementation of such tech-
niques as laser drilling and resis-
tor trimming, ion implantation,
automatic wire bonding, and all-
gold metalization illustrate Avan-
tek’s forward-looking philosophy.

Call or write today for more

details. Avantek is the single best e
source for your EW microwave

component requirements.

Avantek

3175 Bowers Avenue
Santa Clara, California 95051
Sales: (408) 496-6710

Copyright 1982 Avantek, Inc.
Avantek is a registered trademark of Avantek, Inc.
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Fig. 2 Block diagram of transformer feedback circuit.
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_ultra
hi-level
mixers

(+27 dBm LO)

.05 t0 500 MHz
only $74% a-9)

INSTOCK . . .IMMEDIATE DELIVERY

» low distortion, +38 dBm
intercept point, (two-tone,
3rd order)

* upto +24 dBm RF input

* l[ow conversion loss, 6 dB
* hiisolation, 40dB

e miniature 0.4 x0.8 x 0.4 in.
* hermetically-sealed

* MIL-M-28837/1A
performance*

* One year guarantee

*Units are not QPL listed

VAY-1 SPECIFICATIONS
FREQUENCY RANGE, (MHz)

LO-RF 0.05-500

IF 0.02-500

CONVERSION LOSS, dB TYP. MAX.

One octave from band edge 6.0 715

Total range 75 8.5

ISOLATION, dB TYP. MIN.

lowrange LO-RF 47 40
LO-IF 47 40

midrange LO-RF 46 35
LO-IF 46 35

upper range LO-RF 35 25
LO-IF 35 25

SIGNAL 1 dB Compression level +24 dBm Typ.
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Fig. 3 Scattering parameter flow diagram.

Theisolation of the coupler pre-
vents output power from the ac-
tive element applied to port D
from appearing at the input port
A; therefore, impedance match
can be maintained in the presence
of feedback. Finally, the signal
transfer properties of the coupler
are such thatall of the input signal
at A is added to the transistor out-
put signal at D to yield a total out-
put signal at B which is greater
than the active device output; this
isincontrastto the resistive feed-
back configuration in which the
output power is less than that de-
livered by the active device. The
only noise figure degradation is
that produced by the very small
incidental losses in the coupler.

Thedirectional coupler feedback
circuit gives great flexibility in ap-
plication. The gain can be varied
over a wide range by changing
the transformer turns ratio and
therefore the coupling ratio. Taps
are regularly added to the trans-
formers allowing the source and
load impedances presented to the
transistor to be changed. This al-
lows noise figure and output lin-
earity characteristics to be optim-
ized. The couplers are very broad-
band devices allowing wide band-
widths, limited only by the active
device, to be achieved.

A more detailed discussion of
these circuitsis contained in refer-
ence (1).

Definition and Measurement of
Amplifier Parameters
— Gain

A network analyzer is used to
measure the two-port scattering
parameters of the amplifier as
shown in the accompanying flow
graph (Figure 3). The small signal
insertion gain is defined as the
ratio of the power delivered to the
load to the power available from
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the source, in a 50 ohm measur-
ing system in dB,
G=20 IOg10|S21| dB
— Return Loss and VSWR
The input and output return
loss and VSWR are related to the

input and output scattering para-
meters as follows:

Pin = |S11| Pout = lSzz|
Return Loss =20 logio p dB
VSWR=1*%P

1m0

— Noise Figure
The noise factor is the ratio of

the signal to noise at the input to

that at the output.
¢ = Signal-to-noise ratio at input

Signal-to-noise ratio at output !

The noise figure is the noise fac-
tor expressed in dB

F=10log f dB

For very low noise figure deter-
mination, measurement is made
using a highly accurate hot-cold
noise source. For less critical de-
termination of higher noise fig-
ures, an accurately calibrated di-
ode noise source is used.

— Intermodulation Intercept
The intermodulation intercept
is an expression of the low level
linearity of the amplifier. The inter-
modulation ratio is the difference
in dB between the fundamental
output signal level and the gener-
ated distortion product level. The
relationship between interceptand
intermodulation ratioisillustrated
in Figure 4, which shows product
output levels plotted versus the

+60 T I
2nd ORDER
INTERCEPT \“7/
+40 | /,.
3rd ORDER
INTERCEPT // /
o > gy
7/ /
5 FUNDAMENTAL / v/
& SIGNAL LEVEL
ik L
e / 7
g
g fif
o | /
< -40 t I
Z | 74
o iy
@ | 4
e 1:1 SLOPE
2 -60 SLO :
£ | : INTERCEPT VALIDITY LIMIT
o
80 :
V
-100
2nd ORDER PRODUCT
2:1 SLOPE
-120
/ 3rd ORDER PRODUCT
/ 3:1 SLOPE
140 L )
80 @ &0 -40 20 0 +20 +40  +60

FUNDAMENTAL SIGNAL OUTPUT LEVEL, (dBm)

Fig. 4 Intercept diagram.
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level of the fundamental output
for two equal strength output sig-
nals at different frequencies. The
upper line shows the fundamental
output plotted againstitself with a
1 dB to 1 dB slope. The second
and third order products lie below
the fundamentals and exhibit a
2:1 and 3:1 slope respectively.
The intercept point for either pro-
duct is the intersection of the ex-
tensions of the product curve with
the fundamental output.

The intercept point is deter-
mined by measuring the intermod-
ulation ratio at a single output
level and projecting along the ap-
propriate product slope to the
point of intersection with the fun-
damental. When the intercept point
is known the intermodulation ratio
can be determined by the reverse
process. The second order IMR is
equal to the difference in dB be-
tween the second order intercept
and the fundamental output level.
The third order IMR is equal to
twice the difference between the
third order intercept and the fun-
damental output level. These are
expressed:

IP2 = Pout + IMR2
|P3= Poug +1/2 |MR3

where P, is the power level in
dBm of each of a pair of equal
level fundamental output signals,
IP2 and IP; are the second and
third order output intercepts in
dBm, and IMRz and IMR3; are the
second and third order intermodu-
lation ratios in dB.

The intermodulation intercept
isavalid indicator of intermodula-
tion performance only in the small
signal operating range of the am-
plifier. Above some output level
which is below the 1 dB compres-
sion point the active device moves
into large signal operation which
is attended by signal strength de-
pendent bias level shifts. At this
pointtheintermodulation products
no longer follow the straight line
output slopes, and the intercept
description is no longer valid.

The intermodulation ratios are
determined by measurement us-
ing a conventional spectrum ana-
lyzer. The measurement dynamic
range isenhanced using appropri-
ate cancellation techniques when
required to accomodate high dy-
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namic range amplifiers.

— Compression

The 1 dB compression point is
the output level at which the ampli-
fier gain drops 1 dB below its
small signal value. It is an indica-
tion of the signal level at which
small signal conditions no longer
apply. At thislevel, the intermodu-
lation intercepts no longer ade-
quately predict the amplifier dis-
tortion behavior.

The measurement of the com-
pression level is made using a fre-
quency discriminating detectorin
order to detect the gain decrease
at the fundamental frequency. This
is preferableto using a total power
detection measurement, since it
is the fundamental frequency
which is probably of most interest
to the user.

— Maximum Signal

The maximum signal level is the
largest CW or pulsed RF signal
which may be safely applied to
the amplifier. Larger signals will
exceed the emitter base break-
down voltage of the transistor and
will result in permanent degrada-
tion of noise figure and, for large
enough signals, reduction of gain
and increase in distortion.

The specified level is determined
by applying successively larger
CW signals and measuring the
noise figure until 0.5 dB degrada-
tion is observed. The maximum
signal level is specified 3 dB be-
low the level which causes the 0.5
dB degradation.

— Stability
Broadband feedback amplifiers,
in general, may not be uncondi-
tionally stable at all frequencies,
particularly outside of their speci-
fied operating bandwidth. When
lossless feedback techniques are
employed, stability margins tend
to be smaller than when resistive
methods are used. Indeed, it has
been observed that when com-
pletely lossless feedback networks
are utilized, for the purpose of
achieving the lowest possible
noise figures and highest dynamic
range, it may not also be possible
to achieve unconditional stability
simultaneously. Unconditional
stability may well be a trade-off
against the noise figure require-
[Continued on page 134]
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ment in particular.

For this reason, the analysis
capability of automatic network
analyzers are used in order to cal-
culate the stability conditions for
amplifiers from their measured
S-parameters. Using equations
from reference (2) itis possible to
compute the K factor and the sta-
bility circle locations directly from
the S-parameters at all frequen-
cies of measurement. If the K fac-
toris greater than unity, the ampli-
fier is unconditionally stable at
that frequency. If K is less than
unity, then the stability circles,
which are the boundaries between
the stable and the potentially un-
stable load regions, may be calcu-
lated and plotted on the source
and load plane Smith charts. This
information, along with the sys-
tem designer's knowledge of the
source and load impedances in
which the amplifier will be em-
bedded, make it possible to util-
ize, with confidence, amplifiers
whose desirable characteristics

outweigh their lack of uncondi-
tional stability.

— Survivability

Recent published work (3) has
been done on the topic of ampli-
fier survivability and protection
against strong RF signal inputs. It
was found that the most probable
overload failure mechanism is
breakdown of the emitter base
junction when the applied signal
negative peaks drive the base be-
yond the BVego rating of the tran-
sistor. Amplifiers which utilize
transistors with breakdown vol-
tagesin excess of 3 volts can with-
stand signals up to +20 dBm. High
frequency amplifiers using very
high fidevices with 1.5 volt break-
down voltages are susceptible to
damage with signals in the vicin-
ity of +13 dBm.

The problem is related to peak
voltages rather than average power
and is therefore as severe for low
duty cycle pulses as for CW sig-
nals. Indeed, it may be more sev-
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Fig. 5 Graphical solution

for cascaded noise figure.
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ere for repetitive pulses if the
transient response of the input
biasing circuitry is not well
controlled.

Special protection against over-
drive have been developed and
can be incorporated in special
designs as required. The most ef-
fective protection has been ob-
tained by placing alow resistance
Schottky diode directly across the
emitter-base junction in the re-
verse bias direction. This diode
has no effect on the small signal
operation of the amplifier; specifi-
cally, it does not degrade noise
figure or intermodulation inter-
cept. When overloading signals
are applied, however, the diode
conducts on the negative peaks
and limits the emitter-base vol-
tage below the level of breakdown.
By proper application of this tech-
nique, including the design of the
bias circuitry, it is possible to pro-
tect very low noise amplifiers
against overloading signals in ex-
cess of one watt.

Cascading Amplifiers

Two graphs are presented here
which are useful in designing cas-
cades of amplifiers or other com-
ponents. Thefirstgraph is an eas-
ily used presentation of the added
noise figure due to the second
stage in a cascade of two units.
The standard formula for the total
noise figure, fag in terms of the
first and second stage noise fig-
ures and the first stage gain is:

fa-1
g1

Since noise figure is normally
given in dB rather than in power
terms, it is useful to reformulate
the above to:

+=Fy AindB, where A is given by
fa -1
f191

Figure 5 allows A to be read
directly on the ordinate in dB at
the crossing of the abscissa, which
represents the sum of the first
stage gain and noise figure in dB,
and the diagonal, which repre-
sents the second stage noise
figure.

The second graph shows the ef-
fect on the intermodulation inter-

A =10 log Y

two stages. It can be shown that
the total cascade intercept, Iy, is
related to that of the second stage,
I2 by:
|r = |2 -A

wherelrandlzareindBmand A is
in dB, where

2

A=20log1+

2
Lo for second order
2
Gz
2
andA=10log1+

3
250 for third order
3
g2 I
Here i1, i2, and gz are the first
stage intercept, the second stage
intercept, and the second stage
gain, respectively, expressed as
powers and power ratio. The
superscipts 2 and 3 identify the
product order. A is seen to repre-
sent the reduction in the cascade
intercept from that of the second

stage alone. [Continued on page 136]

cept caused by the cascading of
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Figure 6 allows A to be read
directly in dB at the intersection
of the abscissa which represents
the second stage gain and the di-
agonals which represent the dif-
ference between the third and sec-
ond stage intercept in dB. Both
second and third order products
are represented. The underlined
scales are used for second order
intercepts while the scales with-
out underlines are used for third
orders.

10.0

NN

5
/

=
e

Conclusion

Low noise amplifiers utilizing
various negative feedback tech-
niques are available. Understand-
ing the advantages of coupler
feedback allows the system de-
signer to achieve improved sys-
tem performance and when neces-
sary the ultimate possible amplifier
performance.
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Technical Feature

In Stripline

l. Galin
Aerojet ElectroSystems Company

The Series Gonnection

Introduction

The introduction of printed cir-
cuit technology into the micro-
wave field served an important
role to open gates for many tech-
nological ventures. Its importance
merits consideration of a related
problem about which little has
been said. Printed distributed
elements lend themselves easily
to parallel and cascade connec-
tions in microwave circuits, Fig-
ures 1A and 1B, but connecting
the same elementsin series, Figure
1C, is complicated. This article
reviews the progress made in
stripline vis-a-vis the problem, and
presents additional explanation
to an essential ingredient of the
solution.

Difficulties in realizing a series
connection are typical for distrib-
uted circuit elements that support
a dominant TEM mode coaxial
line as well as printed lines in
striplineand in microstripline. For
this reason the more mature
coaxial-line technology is usedin
this review as a reference.

Series Connection
in Coaxial Lines

Coupled-line structures were
developed in conjunction with the
coaxial-line technology. These

structures — with electrical equiv-
alents containing circuit elements
connected in series — in effect
bypassed the problem. However,
the direct realization of distributed
elements connected in series
proved to be crucial in the devel-
opment of wideband components
such as 3-dB hybrid couplers'
bandpass filters® and diplexers®

At the heart of these significant
achievements is a structure con-
necting coaxial lines in series®.
Conductor A, Figure 2, is a center
conductor in the coaxial line with
characteristic impedance (Zo1)
consisting of conductors Aand B.
The hollow conductor B is the
center conductor in coaxial line,
with characteristic impedance
(Zo2) consisting of conductor B
and C. The potential of conductor
B is floating between that of
conductorsAand D, thusyielding
an electrical series connection
between Zoiand Zo> conductors A
and C through B.

Series Connection in Stripline
To a large degree the progress
in realizing stripline components,
employing distributed elements
connected in series, follows in the
footsteps of similar progress in
coaxial components. Coupled-

e 1 r-——_——_—————} !_——_—7

l t i 1
2z - ; : |
: : I ! 11
| ! 1 T 1 | |

_}__]._l_ | | —
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A. PARALELL B. CASCADE C. SERIES

Fig. 1 Electrical circuit connections.
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line arrays with circuit elements
connected in series contained in
their electrical equivalents were
implemented successfully. Indeed,
many common microwave filters
(side-coupled, interdigital) employ
this concept,asdo other microwave
componentssuch as couplersand
multiplexers.

However, exactly as in the case
of coaxial lines,adirect realization
of striplineelements connected in
series proved to be important (a)
for the development of wideband
componentssuchas hybrid couplers®,
where the concept of a “reentrant
coupled section”' was applied to
a printed circuit configuration, as
well as (b) for the development of
wideband filters® and compact di-
plexers’. These achievements
were made possible by establish-
ing a successful method for real-
izing a series connection in
stripline.

Unlike coaxial lines, printed
lines consist of very thin
conductors, a fact that called for
modifications in the method de-
scribed above, Figure 2 for
realizing series connections.
Instead of a hollow conductor,
two broadside-coupled lines®
(Figure 4A) are being used. The
coupled lines provide the elec-
trical shielding for conductor A
(Figure 4A) and maintain a float-
ing potential above ground. The
stripline conductor A will excite
the coupled lines symmetrically
(in the even mode). Figure 4A
illustrates two broadside-coupled
lines centered between ground
planes, which are separated by a
distance B; the width of the
coupled lines is W, and the
distance between them is Bo.
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Fig. 2 Series connection configuration
in coax.

Schematics and equivalent cir-
cuitsareshown (taken from Refer-
ence 9) for coupled lines termi-
nated with shorts (Figure 3A)
and for the open case (Figure 3B).
The equivalent circuit for the sym-
metrical case (Zoo = 0) is easily
reduced to a stub to ground
(shorted or open) where the input
impedance of this stub is given as
follows. For the shorted case,

Z, = ]Zo1 tanf
For the open case,
Z, = -jZo1 cotl
and
Zor = 1/2Z0e

Zoe is the even-mode (sym-
metrical) characteristic impe-
dance of the broadside-coupled
lines. This analysis supplements
the somewhat intuitive argument
of References 6 and 7 for justifying
the method of realizing this in-
gredient of the series connection
in stripline.

Atransmission line with Zo1 and
Zo> (Figure 4A) yields an “L”
network. To ensure a series
connection

W, > W, + 2B,

The L section has been extended
(Refs 6 and 7, respectively) to
realize a two-way “T” section
(Figure 4B) and a three-way “Y”
section (Figure 4C). In these
cases, ensuring series connec-
tions requires:
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Ws > I Wi+ X Si;,, + 2B,
and
Sij,.>> Bo
The W and S terms, which are
omitted in Figures 4B and 4C,
respectively, represent the widths
of the corresponding studs and

the distances separating them.
This set of relations ensures no
coupled-line modes between the
series-connected lines and estab-
lishes a practical limit on the
number of different channels
emerging from a junction.

A. SHORT TERMINATED

B. OPEN TERMINATED

2,
1 b
2
A

[

2o -2Z.,) /2

T
7
=

(Zoe -Zo) /2

Fig. 3 Coupled sections
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-
]

C — “Y” SECTION (THREE-WAY SECTION)

Fig. 4 Series connection configurations in stripline.

[Continued on page 142]
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[From page 139] SERIES CONNECTION
Summary

The method established for real-
izing series connections in strip-
line calls for a multi-dielectric layer,
which adds unfavorably to the
complexity. In addition, the verti-
cally positioned printed lines, if
notassembled symmetrically, may
excite undesirable orthogonal
modes. The number of these
modes increases with the number
of the conductors yielding the
series connection.

However, this method yields the

following important benefits:

The spectrum of options avail-
able in the stripline game has
been broadened.

Componentsemploying the meth-
od proved to yield expanded
bandwidths.

Compactness is a built-in feat-
ure of this method. The more
efficient use of the vertical
dimension of the stripline struc-

actuatlon

Actuating voltage 24-30 Vdc (28 Vdc nominal)

Actuating current

Impedance 50 ohms
Switching time 20 ms maximum
R.F. power average 50 watts

Operating mode

switches;

after 100,000 cycles, and

in 1,000,000 cycles.

~ position. Optlons avanable Supression dlodes. power recept
~ cle, internal TTL drivers compatible with DC or 115 volts AC

SPECIFICATIONS: «

. Operatlng frequency dc-3 GHz 3-8 GHz 8-12.4 GHz 12.4-18 GHz
V.SWR. (maximum) : 121 1.3:1 141 161
Insertion loss (max.) 02dB 0.3dB 0.4 dB 05dB
Isolation (minimum) 80 dB 70dB 60 dB 60 dB

60 milliamps maximum at 28 Vdc and 72 °F

latching with self de-energizing circuitry, suppression diodes, reset control
terminal, indicating circuitry, TTL driver and 50 ohm termination of each
unenergized output. (also available in low-level logic).

UZ guarantees all it's single pole, multiposition and transfer
(1) Will show less than 1/200 Ohm resistance change
(2) Will show no intermittents
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ture leads to savingsinthe area
occupied by a component.

Employing stubs connected in
seriesand reducing the reliance
on coupled-line arrays appears
to help in accurate realization
of microwave components. It
can be argued that, for stripline
components, controlling the width
and length of a stub is simpler
than controlling two line widths,
the spacing between them,and
the length simultaneously, asis
the case for two coupled lines.

The junction between different
lines connected in seriesisreal-
ized in a vertical structure; in
this case an undistorted ref-
erence plane, is maintained at
the junction. It appears that in
this case fewer parasitics are
incorporated in the junction as
compared to junctions between
printed lines connected in
cascade orin parallel (Ref. 10).
There is support for this belief
in the very wideband com-
ponents that have been real-
ized without providingcompen-
sation for parasitic-element
problems.

Overall connecting circuit
elements in series in stripline,
has many significant benefits
and is suggested as a viable
option for microwave compo-
nent designers.
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