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Beam Forming Networks Using

Phase Shifters

Marshall J. Maple,
Robert B. Wilds,
J. Keith Hunton

GTE Systems

Introduction

This paper describes an innova-
tive beam forming network (BFN)
design which uses all-pass net-
works in conjuction with band-
pass networks to provide very low
phase ripple. The networks were
developed at GTE Sylvania West-
ern Division as part of an angle of
arrival (AoA) system which has
AoA capability from 0.5 GHz to 8
GHz and sum pattern capability
from 0.5 GHz to 18 GHz. The mi-
crowave portion of the AoA sys-
tem consists of three major sub-
systems blocks: the antenna feed,
frequency multiplexers, and the
BFN. A six element monopulse
antenna serves as the broadband
feed. The signals from the broad-
band feed are then multiplexed
into six frequency bands: 0.5-0.85,
0.85-2.0, 2.0-4.0, 4.0-8.0, 8.0-12.0,
and 12.0-18.0 GHz by means of
phase matched multiplexers. The
multiplexers are state-of-the-art
devices employing common junc-
tion triplexers rather than a cas-
cade of lowpass and highpass fil-
ters. The BFN, the subject of this
paper, is made up of four basic
components, 4.77 dB couplers,
3.01 dB couplers, phase shift net-
works, and their accompanying
reference networks. There are six
BFN's, one for each multiplexed
band. Components for the BFN’s
for the upper five frequency bands
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were developed in-house and this
development is described below.

The BFN

The BFN is made of two func-
tional blocks; a 60 degree net-
work, and a 180 degree network.
The 60 degree network is required
for the generation of phase angles
which are other than multiples of
90 degrees. A 60 degree phase
progression for excitation at ports
1 through 6 is realized by the addi-

tion of two quadrature vectors
having unequal magnitudes. This
addition is accomplished by two
3.01 dB couplersand asingle 4.77
dB coupler, as shown in the lower
portion of Figure 1.

Table 1 shows the desired rela-
tionships between the input ports
1-6 when the BFN is fed from the
sum and difference ports. The
paths from element 1 to X1 is the
reference path for the BFN. All
angles are positive. The discrete
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line lenths, A, ¢, B, and n@ are
required to maintain the proper
phase and amplitude relationships
throughout the BFN. The length
n@is the length of the coupler sec-
tions, A/4 for a single section
coupler. In Figure 1 the relative
phases of signals paths from X1 to
elements 1 through 6 are shown at
different points in the BFN. The
phases shown are relative, all
paths being referenced to path 21
toelement 1. Within the 180 degree
network, line lengths between the
A/4 stubs are A/4 unless other-
wise noted. For line lengths not
assigned a length, assume zero
line length.

The 180 degree network con-
sists of a 90 degree differential
phase shift network cascaded with
a 90 degree 3.01 dB hybrid. The
180 degree networks are charac-
terized by the fact that for two
signals fed into port pairs 1 and 4,
2 and 5, 3 and 6, the difference of
the two signals appears at the left-
hand lower port and the sum of
the two at the right-hand lower
port. There are three versions of
the 180 degree network, each con-
sisting of a differential phase shift
network and a 3.01 dB hybrid.
Three 180 degree networks and
two 60 degree networks are re-
quired for AoA beam forming net-
works. When only a sum pattern is
required, the second 60 degree
network is not needed. In this lat-
ter case the 180 degree network
lower right-hand ports that nor-
mally feed the second 60 degree
network are terminated in 50
ohm loads as shown in Figure 1.
Five independent BFN’s were de-
veloped for the different bands.
Those for the 0.85-2.0, 2.0-4.0,

SPECIFIED DIFF PHASE 90 DEG
BANDWIDTH (F2/F1) - 3.15
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Fig. 3 Response of “C” section,
ladder section & cascade.

and 4.0-8.0 GHz bands have the
configuration of Figure 1. For the
8.0-12.0 and 12.0-18.0 GHz bands
the lower right-hand ports of the
180 degree networks are
terminated.

The phase shifters used in the
180 degree networks were real-
ized differently in the AoA and
non-AoA bands because of the
wider bandwidths and the more
stringent phase requirements of
the AoA bands. The bandwidths
ranged from 2.4:1 to 2.0:1 for the
AOA bands and one-half octave
(1.5:1) for the non-AoA bands.
Each phase shift network in the
three lower bands utilized both a

Shiffman C-section and a ladder
network in cascade'. The phase
ripple (error) from nominal offset
of the ladder network, when com-
pared to a reference line, has the
opposite sign when compared with
the phaseripple of a C-section, as
shown in Figure 2. Therefore, the
resulting phase deviation from
nominal offset for the composite
network can be made lower than
in the case for C-sections of com-
parable complexity when used
alone. For example, in Figure 3 is
shown the calculated phase re-
ponse of a cascaded phase shifter
for a bandwidth of 3.15:1 from the
above referenced article. The max-
imum phase error over the band is
=067

Actual hardware was developed
to operate over a range of band-
widths, the largest being 2.4:1,
and the smallest, 1.5:1. In the
wider bandwidths both airline and
stripline versions of the phase
shifters were constructed and a
phase error on the order of +1.0
degree was obtained. For the
smaller bandwidth (1.5:1), the
phase shifters were realized by a
ladder structure alone. The phase
shifters are then connected to the
mutually isolated ports of a direc-
tional coupler. Therefore, by using
the quadrature properties of the
coupler, 90 degrees between the
coupled and direct ports, the 90
degrees net phase shift of the
phase shift network, a 180 degree
phase shift is realized. Phase slope
was designed into some of the
phase shifters to compensate for
differences in the signal paths.

0 T T T T

——— COUPLED
== DIRECT

COUPLING, dB

3.01 dB COUPLER 12-21-81

I I I I

ISOLATION/RETURN LOSS (dB)

Fig. 2 Comparison of differential
phase error.

Fig. 4 Response of 3.01 dB 12-18 GHz stripline coupler.
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Fig. 5 2-4 GHz 180-degree network,
ports 2 & 5.

This difference is due to the total
number of couplers in each of the
paths. The couplers exhibit a dis-
persive phase response.

At the lower end of the frequency
band the insertion phase exceeds
that of an equivalent transmission
line and the opposite occurs at
the high end. The amount of dis-
persion is inversely proportional
to the bandwidth. Therefore, the
amount of compensation depends
upon the frequency band. Two
different types of couplers were
developed for the BFN: re-entrant,
and offset designs. A re-entrant
design was developed in both air-
line (from 2-4 and 4-8 GHz) and
stripline (from 0.85-2 GHz). An
airline re-entrant coupler was built
for use above 8 GHz, however, the
smaller physical size and toler-
ances of the parts required for ac-
ceptable performance were im-
practical. Instead, over/under off-
set couplers were developed in

Fig.7 12-18 GHz 180-degree
networks, stripline.

stripline for use from 8-12 GHz
and 12-18 GHz.

During the design and devel-
opment of the individual compo-
nents for the BFN, special effort
was made to achieve return losses
greater than 20 dB. Thus, when
the complete BFN was assembled
with its many interconnections,
the interaction of the VSWR’s
would be acceptable. This goal
was generally reached, with a few
exceptions in the 12 to 18 GHz
band. Figure 4 is a plot of 3.01 dB
stripline coupler response. The 2-
4 GHz and 4-8 GHz unitsemployed
airline construction along with
limited component integration to
form “super-components’ for the
separate 60 degree and 180 degree
networks. Airline was preferredin
these bands to minimize insertion
loss. The Shiffman C-sections,
along with the connecting lines
between components were of
square cross-section. These sec-

Fig. 6 2-4 GHz 60-degree network, top and bottom views.
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tions and lines were fabricated
using precision electron-dis-
charge machining techniques
which are capable of holding very
tight tolerances on complicatd line
configurations. Photos of the 2-4
GHz units are shown in Figures 5
and 6.

N
x\\\\\\\\\\\\\\\\\\\\\\\_\\

Fig. 8 8-12 GHz 4.77 dB and
3.01 dB couplers.

Virtually the same sort of inte-
gration was used in the 8-12 GHz
and 12-18 GHz bands, using strip-
line rather than airline construc-
tion. Some of the 12-18 GHz com-
ponents are shown in Figures 6
and 7. The 0.85 to 2.0 GHz band
presented a less severe VSWR
problem, therefore separate com-
ponents were used throughout. A
stripline realization was used here
rather than airline because of
physical size. Interconnections
between components and super-
components were made with
0.141" diameter semi-rigid cables,
which required phase matching.
A principle objective on future
BFN development would be more
extensive component integration.

In order to test or phase match
any of these components with
sufficient accuracy, a computer-
controlled network analyzer with
error correction was procured
from Hewlett-Packard. The com-
puter correction process involves
an elaborate calibration procedure
to mathematically eliminate the
effect of connectors on a given
component and provide, in effect,
measurements of the device itself.
Appropriate software modificar
tions allowed the improvement of
the phase measurement accuracy
to £0.1 degree and also allow the
measurement of one component
normalized to another. Addition-
ally, considerable software has
been developed to allow the opti-

[Continued on page 84]
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[From page 81] PHASE SHIFTERS
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= -- IDEAL RESPONSE
—— ACTUAL DEVICE MEASUREMENT

95.0
93.0 -
= 2
Q 910 =)
Q -
= o~ 89.0
= 89.0 )
not 87.0
87.0f
85.0
85.0

800.000 127.5000 MHz/DIV  2075.000

3600.000 480.0000 MHz/DIV 8400.000

Fig. 9 Response of “C” section & ladder
section cascade for port 5, stripline.

Fig. 10 Response of “C” section & ladder
section cascade for port 5, airline.

DESIGNING OSCILLA
AS A SCIENCE.

In today’s sophisticated world, the designer must
be concerned with additional parameters which
are difficult to describe and measure; phase
noise, AM noise, post-tuning drift, residual
FM, tuning speed and repeatability are
just a few of these. Providing
customers with ‘“‘State of the Art”
oscillators takes a manufacturer
with dedicated people and an
awareness of our rapidly changing
technology. EMF SYSTEMS INC is
this kind oi company.

43 p,
= p“‘&‘;}‘f“

B PHASE LOCKED OSCILLATORS = VCO’s
B SYNTHESIZERS ® MULTIPLIERS

B CRYSTAL OSCILLATORS m VCXO’S

B RADAR SIMULATORS

EMF SYSTEMS INC.
121 SCIENCE PARK

STATE COLLEGE, PA. 16801
814/237-5738

CIRCLE 63 ON READER SERVICE CARD

mization of any BFN component,
thereby allowinginitial component
designs which are near optimum.

A sample of some of the final
datataken onvarious components
is shown in Figures 4 through 12.
Figure 9 shows the measured re-
sponse of a complete ladder and
C-section pair for the 0.85 to 2
GHz frequency band, and also the
ideal curve which was generated
by acomputer program. The phase
shifter was designed to be cen-
tered at 90 degrees and have an
offset of 2.75 degrees for com-
pensation ofthe coupler reponse.
Figure 10 is the integrated re-
sponse of Figures 11 and 12, which

IS AS MUCH AN ART

69.0

67.0

$21 (DEG)
[ -]
AR AR
o O
o

61.0

59.0 e,
3600.000 400.0000 MHz/DIV  8400.000

Fig. 11 Port 5 ladder section
response, airline.

38.3
36.3
343
2

30.3

b

$21 (DEG)

28.3
3600.000 480.0000 MHz/DIV  8400.000

Fig. 12 Port 5 “C” section
response, airline.

are, respectively, of the ladder
and the C-section designed for
the 4-8 GHz band. This phase
network was realized in airline,
whereas the phase shift network,
whose response is shown in Fig-
ure 9, is in stripline.

BFN Test Results —
Amplitude Measurements

The two 60 degree networks
combined with the three 180 de-
gree networks as shown in Figure
1 form the BFN. Phase, return
loss, and insertion loss measure-
ments were taken on the auto-
mated test set-up from input ports
1 through 6 to output ports, 24, 25,
A+, and Az for the lower AoA fre-

MICROWAVE JOURNAL ¢ DECEMBER 1982
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guency bands and to outputs X,
and X2 for the upper two bands.
Table 2 shows the average inser-
tion and range of return losses for
the complete BFN, and typical
ripple as function of frequency in
a single path.

Theminimum return loss shown
in Table 2 occurred at only one or
two frequencies within each band;
the average return loss for any
signal path was about 18 dB. The
insertion losses tabulated include
the losses of interconnecting
0.141" semi-rigid cable.

Figure 13 shows plots of both
insertion loss and return loss for a
signal path in the 12 to 18 GHz
BFN. Itis pointed out that the loss
due to power split in any signal
path is 7.78 dB.

REF PATH (P1-7) 3-30-82

®» o
8 8

INSERTION-LOSS
/

RETURN
LOSS

40. |
12000.000 600.0000 MHz/DIV 18000.000

N

$21 (DEG) LOSS (dB)
8 23
8 8 8 8

The test results obtai'ned from
the BFN’sin thevarious frequency

TABLE | TABLE I

BFN PERFORMANCE FOR A TYPICAL SIGNAL PATH: PORTS TO =1

IDEAL PHASE RELATIONSHIPS it

Element Numbers Return Loss Above 7.78 dB

1 2 3 P 5 = Band (GHz) Max. (dB) Min. (dB) Average Typ. Ripple (dB)
3, 0 60 120 180 240 300 0.85- 2.0 48 14.2 15 +0.4
5, 90 30 330 270 210 150 2-4 50 15 2.0 +0.3
A, 0 240 120 0 240 120 :- 32 ;g :: ;Zg ig.g
A2 90 210 330 90 210 330 : . ;
: 12-18 35 14.5 2.8 +0.65
Conclusions

bands proves the practicality and
usefulness of the composite phase
shifter proposed by Hunton'. We

[Continued on page 86]

Fig. 13 Stripline BFN response.

BFN Test Results —
Phase Measurements

Figure 14 is a plot of phase for
the 12-18 GHz BFN for the path
port 2 to 2, with reference to path
port5to X, (180degree pair). Fig-
ures 15 through 18 are plots for
various signal paths in the 4-8
GHz BFN with port 1 to X, as the
reference path. The ideal phase
relationship for the various signal
paths are tabulated in Table 1.
Comparison of the test data with
Table 1 indicated the measured
phase is within 3 degrees of the
ideal phase over the bandwidth of
the BFN. Phase deviations for sig-
nal pathsinthe 12to 18 GHz band
were within +5 degrees from ideal.

MICROWAVE JOURNAL ¢ DECEMBER 1982

20Hz to IGHz: 1 small antenna

Electrically small antennas whose
elements are an extremely small
fraction of .. Among other things,
they give you low frequency per-
formance in a small package. Type
201191, shown, has 18 inch remov-
able elements, weighs only 20
pounds, and stows in a convenient
carry case. For SIGINT surveil-
lance, it's a vertically polarized,
biconical omnidirectional antenna
that provides 2 outputs: 20 Hz to
100MHz, and 70MHz to 1 GHz. The
Type 201191 antenna — available
with optional amplifier and radome.

ELECTRICALLY SMALL ANTENNAS: NEW FROM TECOM

The ultimate in light weight, trans-
portable surveillance antennas.

Over 20 new, electrically small
antennas from TECOM; watch for
more announcements and call or
write for more information.

ECOM

INDUSTRIES INC.

21526 Osborne St., Canoga Park, CA 91304
(213) 341-4010 TLX 69-8476
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DIRECTIVITY, dB TYP. MIN.
low range 32 25
mid range 32 25
upper range 22 15
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Fig. 14 Phase response for 180-degree
pair (ports 2 & 5).
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Fig. 15 Phase response from port 1 to E2.

200.0 PATH4 - 21
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180.0 w

170.0
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160.0

150.0
3800.000 440.0000 MHz/DIV  8200.000

Fig. 16 Phase response from port 4 to E1.

found that the composite phase
shift networks are easier to fabri-
cate than networks composed en-
tirely of “C” sections and offer the
advantage of very low phase devi-
ation from the desired offset. Par-
tial integration of the quadrature
couplers and phase shift networks
has given reduced VSWR interac-
tion, and thereby improved over-
all phase and amplitude charac-
teristics.
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Introduction

Techniques for measuring com-
plex impedances or scattering
parameters of millimeter-wave
networks have not been generally
available. Such methods are avail-
able frequencies. It has been
shown, however, that an arbitrary
six-port junction can be used to
determine explicitly the network
parameters of interest. Such a
junction may be the key to practi-
cal millimeter-wave network ana-
lyzers.

Various six-ports have been
built with metal waveguide com-
ponents which gave encouraging
results. Constructing such a junc-
tion out of discrete metal wave-
guide components requires mul-
tiple waveguide connections which
can be troublesome at higher milli-
meter-wave frequencies. Further-
more, the excessive size of the
six-portconstructed in this manner
does not allow for easy temper-
ature control and stabilization.
Using dielectric waveguide as a
transmission medium is an alter-
native approach which overcomes
most of the limitations of the
metal waveguide.

We will present the development
of the six-port network in dielec-
tric waveguide along with the
highlights of the theory of dielec-
tric waveguides and couplers.
With the basic componentbeinga
type of a coupler which is a die-

lectric analog of a narrow banded
short slot hybrid, it was initially
believed that this device would be
usable only over a narrow fre-
quency range centered at the
design frequency. As we shall
show, based on the measured
amplitude and phase character-
istics of a dielectric coupler, this
six-port junction actually may be
usable over a substantial portion
of the millimeter waveguide band.

Dielectric Waveguide

Dielectric waveguide is a trans-
mission medium which supports
a discrete set of propagation
modes. Because of the abrupt
change in permittivity at the air-
dielectricinterface, dielectric wave-
guide confines these propagation

modes within the dielectric while
the fields decay exponentially out-
side the medium. Figure 1 illus-
trates the guide geometry and
defines the basic parameters of
interest for a guide of permittivity
€1 surrounded by permittivity &o.
By writing Maxwell’s equations
for the two regions and matching
the boundary conditions, the dis-
persion relationship may be de-
rived. Among several authors who
have analyzed this problem, Mar-
catili ' and Goell® present by far
the most complete results. Goell
has solved the rectangular boun-
dary value problem in cylindrical
coordinates for the most general
solution while Marcatili used rec-
tangular coordinates neglecting
the fields in the corner regions.
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Fig. 1 Dielectric waveguide parameters.
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Both approaches produce essen-
tially the same results except in
the limit of small values of guide
height, b Goell’s analysis reveals
the true nature of the lowest order
modes in that there is no cutoff.
Analysis reveals that the rec-
tangular dielectric waveguide
modes are neither pure TE nor
pure TM modes. However in the
limit of large aspect ratios, short
wavelengths and small relative
dielectric constant, the transverse
electric field is essentially parallel
to one of the transverse axis. Modes
are, therefore, designated as Ehn
if, in the limit, their electric field is

parallel to the y-axis and as Enn if,
in the limit, their electric field is
parallel to the x-axis. Themand n
subscripts are used to designate
the number of maxima in the x
and y directions respectively.

The choice of using E’ or E*
modes is somewhat arbitrary for
dielectric waveguide, however
the preferenceis towards E' modes
when interfacing with rectangular
metal waveguide. For purposes of
simplicity, all further discussions
of dielectric guide will be based
upon EY modes with the underlying
understanding that E* modes are
equally applicable.

1.0

0.8 —

0.6 [—

04—

02—

Mg/Ag? = 1
Mg/Aq)2 = 1

2b
3 leg - 112

20 28 28 %2 38 80

Fig. 2 Propagation characteristics of teflon dielectric waveguide.
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The propagation constants for
E’ modes in the dielectric guide
are given approximately by:

2 Kx
ey = o S TN
a a Kxo
and
qm 2 L5 ey
Ky = e T AR =
. b b Eikyo
where

p, g areintegersdenoting mode
order
a, b width and height of guide
respectively
kx , Ky propagation constants in
the xand y directions within
the guide respectively

k,(o,kyo propagation constants in

the xand y directionsin the
medium surrounding the
guide

From these expressions, gen-
eral dispersion curves can be
generated such as those in Figure
2. These curves are plotted for a
guide dielectric constant of 2.2
surrounded by air. Goell’s analy-
sis has been used to extend the
(1,1) mode propagation below
that Marcatili’s analysis. All higher
modes exhibit true cutoff below
critical values of 2b/A (e1-1)"2. By
designing dielectric guides with a
suitable height, b, single mode
operation can be assured.

Losses due to the dielectric
material can be calculated using
the attenuation constant a.

21E,
A tan(6) R (4.343) c¢/B/m
0

a:

relative dielectric constant
free space wavelength
loss tangent of dielectric
R = scale factor related to
amount of energy propa-
gating outside dielectric

>
o
mnunn

R ranges from zero to 1/\/&:.°
R = 1/\/&; corresponds to plane
wave propagation totally in the
medium and produces the worst
case value of a. For example,
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Fig. 3 Field distribution of a dielectric coupler.

Teflon with €, = 2.2 and tan 6 =
.0002, a = 2.5 dB/m at 94 GHz.

Many materials are suitable for
dielectric waveguide and the ulti-
mate choice is application de-
pendant. Because of its low RF
loss characteristic as well as its
suitable mechanical properties
teflon is one of the best choices
for constructing integrated cir-
cuits. The aspect ratios of the
dielectric guides are conveniently
chosen to correspond to that of a
standard metal waveguide for the
frequency band of interest. Well
matched transitions from metal to
dielectric guide are readily accom-
plished by tapering the tip of the
dielectric guide and inserting it
through the electromagnetic horn
into the metal waveguide. For
teflon guides at 94 GHz transi-
tions such as these have an inser-
tion loss of less than .25 dB and a
VSWR of better than 1.20:1, while
the insertion loss of the dielectric
guides themselves was less than
.05dB perinch. Matched termina-
tions are formed by tapering the
end of the dielectric guide and
thus launching the RF into the
lossy dielectric material. A VSWR
of 1.02:1 or better is achieved with
such terminations.

Dielectric Coupler
Because the electromagnetic
fields extend beyond the dielec-

tric boundary, coupling between
two guides is introduced by plac-
ing them in close proximity to
each other. Figure 3 shows two
parallel dielectric waveguides
placed together to form a coupled
pair. Also shown in the figure are
the symmetric E'4; and asymmetric
EYi1+ modes which propagate.
Power coupling occurs due to the
phase cancellation and addition
ofthe two dominant modes. Details
of the coupler analgsis are given
by Marcatili ', Levy®, and Miller®.
Coupling via either the side wall
or the broad wall of the rectangu-
lar guide can be realized where
the length and width of the gap
between the guides determines
the coupling coefficient. A typical
coupler is shown in Figure 4. It
consists oftwo identical guides of

Fig. 4 Dielectric coupler geometry.

cross-section (a X b) curved in
such a way that they are within the
coupling distance of each
other. When calculating coupling
coefficient of such a coupler the
coupling effect of the curved sec-
tions has to be taken into account
as well.

Assume that this coupler is
made out of material with relative
dielectric constant n? and im-
mersed in a medium of relative
dielectric constant n3. The power
ratio of output over input in deci-
bels can be expressed as: °

Output of Coupled Arm

1ot )

2L
Output of Direct Arm

1 lets )

2L
where L is the minimal length for
complete transfer of power from

one to the other arm and can be
written as:

= -20logiosin (

and

= -20logiocOSs (

e, £
kZS 25 kza

where ks and k., are the propaga-
tion constants of the symmetric
and antisymmetric modes respec-
tively.

More explicitely L is given by:

=

k
L= I ATME-m) - kS -

3exp [C VK5 (n2 - n%) - k2 ]i

wherec = gap between two

guides
a-= guigg width
kzo = k3 nj - ki - ky

ko =27/, = free space pro-

pagation constant and Ky, and ky
are solution of the following tran-
sidental equations:

n
— Vks(n3-

N4

n3) - k&%

kyl 9
k,tan (Ty) = Vké (nd-n?) - K2

where b = guide height
The effective coupling length to
a first order approximation is:
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Fig. 5 Dielectric coupler.
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where the second term is the con-
tribution due to the curved por-
tion of the waveguide. The limits
of integration are to be taken from
the point where the waveguides
start to curve away from the uni-
form coupling region till they get
far enough from each other so
that the coupling between them
becomes negligible.

In constructing a dielectric coup-
ler, certain practical guidelines
have to be observed. For example,
as the spacing becomes smal-
ler, the effective coupling length
for complete transfer of power
becomes shorter, thereby requir-
ing the radius of curvature into
the coupling region to be small
which increases the radiation
loss. For this reason, the inter-
guide spacing should be made as

large as practical without adding
excessive length to the coupler. It
was found experimentally that the
measurable radiative loss at 94
GHz occurs when the bending
radius gets smallerthantwo inches
which establishes a limit on how
small a dielectric coupler can be
made at this frequency.
Abroadwallhybrid formed using
two dielectric guides is shown in
Figure5. The frequency response
of such a coupler was measured
using the recently developed com-
puter controlled reflectometer
which made it possible for the
automated scalar transmission and
reflection measurements to be
taken over a full WR-10 wave-
guide band. Figure 6 shows the
response of the two ports as a
function of frequency while Figure
7 shows the response of the
coupled port normalized to the
direction port. This particular
coupler is centered at 96.0 GHz
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Fig. 6 Frequency response of a
dielectric coupler.
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Fig. 7 Coupling ratio fora
dielectric coupler.
[Continued on page 94]
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[From page 93] NETWORK ANALYZER

where the insertion loss is 2.0 dB.
The insertion loss includes prop-
agation loss through the dielectric,
launching loss due to transitions
from metal to dielectric guides,
and radiation loss due to the cur-
vature of the dielectric guides.

The phase characteristics of the
dielectric coupler are equally im-
portant for six-port application.
The phase change as a function of
coupling strength was measured
by keeping the effective coupling
constantand varying the separation
between the two guides. In our
experiment, phase measurements
were taken at the single frequency
of 94.0 GHz.

Initially, the separation between
the two guides was set to give
equal power splitting between the
direct and coupling arms. An
electrical short was placed in each
of the arms an equal distance
from the coupling region while
the power atthe isclation port was
monitored. If the coupled RF
power undergoes a 90° phase shift
relative to the power of the direct
arm, then the power of the two
arms should, upon reflection from
the shorts, recombine into the iso-
lation port. This was found to be
the case thus establishing the phase
response for a 3 dB dielectric
coupler. A phase bridge was used
to measure the relative phase of
thetwoarms asa function of coup-
ling coefficient. It was found that
the relative phase remained con-
stant at 90°throughout most of
the coupling range. Significant
deviation occurred when the im-
balance between the two arms
became greater than 15 dB. In this
range, however, the measurement
error became too great for relia-
ble data to be taken. The phase
change of the direct port as a
function of the coupling coeffi-
cientwasalso measured and found
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Fig. 8 Phase characteristics
of a dielectric coupler.
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the coupling coefficient of a
coupler is a function of the gap
between the two dielectric guides
in units of wavelength. Thus, fora
given physical gap size, the coup-
ling coefficient will change as a
function of frequency. Therefore,
since our experiment showed lit-
tle or no phase change as a func-
tion of coupling coefficient, we
may conclude that the phase
characteristics of adielectric coup-
ler are virtually independent of
frequency.

Although an arbitrary six-port
junction can be used to unambig-
uously determine scattering para-
meters of millimeter-wave net-
works, Engen”® has developed a
design criteria for a six-port cir-
cuit which will give optimum per-
formance. The response of a six-
port measuring system is contained
in the four power readings P, Pa,
Ps, Ps. In general, these readings
can be expressed in terms of the
emergent wave amplitude |b| and
the complex reflection coefficient

Fig. 10 Six-port circuit.

to be virtually constant since it is
within the measurement error of
the experiment. Figure 8 shows
the results of the phase measure-
ments for both direct and coupled
ports.

For the given effective length

; UNIT
¢9s CIRCLE
135° 135°
s O E £
pod J“"\I ?‘
s o

Fig. 12 Dielectric six-port network analyzer.
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" atthe output measurement plane
as follows:

Ps = |A|?|b|?|"-qal?

P4 = |D|Z|b|%|1-ITy?

Ps = |E|?|b|?|-gs|

Pe = |G|*|b|?|"-qgel®

The parameters |A|, |D|, |E|

and |G| are scalar proportionality
constants and Iy, qs, s, and Qe
arecomplex constants determined
by the circuit configuration and
the coupling characteristics of the
component hybrids. The first
design objective is to have = 0.
If this condition is satisfied, we
may eliminate |b| by dividing P,
Ps, and Pg by P4. After eliminating
|[b| and rearranging terms, we
obtain the following three equa-

tions:
IF-qai*=| B2 Ba
-asl2=1 212 Ps
-qel2=1 22 Pe

These are equations of circles
in a complex " space centered at
respective g’s and with the radii
proportional to the correspond-
ing power readings.

For anideal system, these three
circles will intersect at one com-
mon point, which will correspond
to the complex reflection coeffi-
cient we set outto find. For a non-
ideal system, however, because
the power meters have limited
accuracy, the desired reflection
coefficientcan be ascertained only
within a certain region of I" space
as shownin the shaded portion of
Figure 9.

It is apparent that a better
choice of @’s than those shown in
Figure 9 can be made that will
improve the accuracy of the mea-
surement. It is clear that the best
results are obtained when the q's
are located at the verticies of an
equalateral triangle centered at
the origin and with magnitudes

' somewhat larger than unity. This

last condition is important if we
assume passive terminations
where the reflection coefficient is
always within the unit circle. Un-
fortunately a broadband circuit
that will yield a 120° phase differ-
ence between adjacent q points
does not exist which suggests
some compromise in the design
goals as outlined above.
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A circuit that comes closest to
satisfying the criteria for optimum
performance is shown in Figure
10. This circuit consists of a vec-
tor voltmeter portion enclosed
within the dotted lines of the fig-
ure and a directional coupler
which divides the available power
between the vector voltmeter and

the test port. As shown in the fig-
ure, the vector voltmeter consists
of three quadrature hybrids and
one in-phase power divider. Note
thatalthough resistive terminations
are shown at two different loca-
tions within the vector voltmeter,
ideally none of the signal power
reaches these; hence, this part of

:
4 \

INSERTION LOSS (dB)

7% 80 85 920

FREQUENCY (GHz2)

% 100 105 110

Fig. 13 Frequency response of the dielectric six-port network analyzer.

[Continued on page 96]
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[From page 95] NETWORK ANALYZER

the circuit is inherently lossless.
The locations of g’s for this circuit
are shown in Figure 11 where the
relative phase differences are
135°,90°, and 135° and the mag-
nitudes are |qs| =|ges| =2and |qs| =
\/2. Based on this circuit, a six-
port network was developed using
teflon dielectric guide.

This choice for the transmission
medium has some definite advan-
tages over metal waveguides,
among which are: low attenua-
tion, greatly relieved material and

mechanical constraints, compact-
ness and low fabrication costs.
Figure 12 shows the analyzer in-
terior: the teflon strips are inlaid
into low dielectric foam to form an
integrated dielectric circuit; the
quadrature hybrids are formed by
bringing guides in close proxim-
ity to each other while the in-
phase power division is accom-
plished by tapering two guides
into a Y-junction. The Y-junction
is wideband with nominal inser-
tion loss of .5 dB. The quadrature
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hybrids are centered at 94 GHz
and otherwise have the same
amplitude and phase characteris-
tics as described in the previous
section.

To accomplish transitions from
metal to dielectric waveguide, the
present design uses a compound
horn. With the compound horn,
first one dimension of the horn is
tapered outward while the other is
kept constant, and then the latter
dimension is tapered outward while
the first is kept constant. When
used as atransition, the compound
horn performs equally as well as
the electromagnetic horn, yet has
the advantage of being much less
expensive and easier to fabricate
since it incorporates all of the
necessary transitions in a single-
split block.

M
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Fig. 14 q distribution for a dielectric
network analyzer as a function of the
coupling coefficient.

The frequency response of the
six-port network was measured
across the full waveguide band
with the results summarized in
Figure 13 where various curves
are labeled according to Figure
10. With input power incident into
port 1 and the remaining ports
terminated into matched loads.
The response of each port was
taken in turn by sampling its
power through a coupledarmofa
20 dB coupler. In this manner the
error introduced by the measure-
ment was negligible. The high
VSWR exhibited at the lower end
of the frequency band is not sur-
prising since the circuit was not
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intended to accommodate the full
waveguide band. Therefore, care
was not taken to provide for the
well matched metal to dielectric
transitionsand dielectric termina-
tions at lower frequencies. Away
from this high VSWR region the
response of the six-portis as would
be expected based on the known
response ofthe component hybrids.
At the lower frequencies where
we have overcoupling more power
goes to ports 3 and 4 while at the
higher frequencies where we have
undercoupling more power goes
to ports 5 and 6.

Since the amplitude response
of the dielectric six-port was not
very flat, the question that one
might ask is, over what frequency
band can this device be used to
make reliable microwave measure-
ments? The answer depends upon
several things, particularly the
accuracy and the dynamic range
of the power meters used as well
as the location of the q pointsas a
function of frequency. Based on
the measured amplitude and phase
response of the dielectric coupler,
we are able to predict the move-
ment of the q points as a function
of frequency. Figure 14 shows the
respective paths that the q's fol-
low as a function of the coupling
coefficient a® which can be related
to frequency using Figure 7.

For example, as the frequency
is swept from 83 to 110 GHz, the
coupling coefficient varies from
.80 to .20. As shown in the figure,
gs and ge always remain outside
the unit circle and the phase
between them stays constant at
90°. However, for coupling coeffi-
cient of less than .41, qz which
always stays on the imaginary I
axis, falls within the unit circle.
This may cause some degrada-
tion in the accuracy of the meas-
urement if the reflection coeffi-
cienthappensto fall in the immedi-
ate vicinity of qs. Aside from this
possible sacrifice in performance,
it seems plausable that our di-
electric six-port junction can be
used to successfully measure
complex reflection coefficients
over a substantial portion of the
WR-10 waveguide band.
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%= Analysis, Design and Characteristics
of X-Band Dielectric

Wedge Waveguide Antennas

K.K.S. Jamwal, A. Dhar, Renu Vakil

Department of Physics
University of Kashmir
Srinagar, India

Abstract

This investigation reports the
design and analysis of dielectric
wedge waveguide antennas and
their characteristics in the 8.5 -
11.56 GHz X-band frequencies. The
analysis discussed can be suc-
cessfully utilized in designing high
gain, wide null region wedge an-
tennas using various polymers
with dielectric constant varying
from 2-13.

Introduction

The application of dielectric
materials for improving the gain-
radiation characteristics is well
recognised for various geometri-
cal profiles in the microwave fre-
quencies.'™ A dielectric wedge
shaped waveguide antenna is
characterized by high gain that is
often suitable as a feed for para-
bolic or reflector antennas in min-
imizing the edge diffractions and
reducing spillover loss. Figure 1A
shows the H-plane view of a wedge
antenna and Figure 1C gives its
plane view.

The antenna gain and radiation
characteristics depend on the
antenna length La, the antenna
wedge angle w, length L, and the
dielectric constant ¢, of the mate-
rial. The purpose of this investiga-
tion is to report some design con-
siderations for the analysis and
performance of dielectric wedge
waveguide antennas employing
polymers. The theory is supported
with experimental results ob-
tained at X-band 8.5 - 11.5 GHz
frequencies.

Theory and Analysis

Consider a dielectric slab as
shown in Figure 1B excited by the
incident rf signal in the TE o wave-
guide mode. At the air-dielectric
interface MM’ the incident micro-
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wave signal AB undergoes reflec-
tion BB’ and refraction BC de-
pending on the refractive index n
of the material. Similarly, ray BC
excites the reflected and refracted
rays CEand CC’ respectively. The
path and electric field amplitude
of each multiple scattered ray
must satisfy the Snell’s law. With
each successive scattering the
rays CC’, FG etc. are more paral-
lel to the X- axis than the incident
ray AB. Thisresultsin animprove-
ment in directivity and radiation
characteristics of this antenna. It
is evident thatthe dimensions and
the dielectric constant &, of the
dielectric should effect the an-
tenna performance.

The analysis given below is

aimed toward the design of a high
performance dielectric wedge-
waveguide antenna taking into
consideration the above concept.
In case of reflected ray EF, if
ZJFE=¢ then the microwave sig-
nal will undergo total internal
reflection whereas for ZJFE <¢.
some microwave signal will be
refracted and not contribute to
the directivity of the antenna.
The critical angle for internally
scattered ray, ¢ = ZJFE deter-
mines that the rf energy will be
directed in the X-direction FG only
and this improves the gain-radia-
tion characteristics of the antenna.
Thisangle ¢ depends on the die-
lectric lens refractive index n.and
the antenna wedge angle w. The

WR-90 WAVEGUIDE

o

WEDGE ANTENNA

b

(B)

(C)

Fig. 1 Wedge waveguide antenna; (A) H-plane view, (B) Schematic for analysis,
(C) Plan view.
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critical angle and dielectric lens
refractive index can be expressed
by the relation:

¢c=Sin™ (1/n) (1)

In Eq.1, the dielectric lens re-

fractive index n. can be deter-
mined from the relation*

ne=dtin -1 . (2)

where n (=\/&,) is the refractive
index of the dielectric material, A
denotes the signal operating
wavelength and A. the character-
istic wavelength which is very
similar to the cut-off wavelength
of waveguidesin E -plane. The cut
off wavelength Al is thus:

Al =2na (for rectangular lenses) (3)

satisfy the Snell's law i.e.:
(Sini/Sinr)=n.

Substituting forr from Eq. 6 one
finds that:

Cos (2w + ¢-)=Sini/n
i.e. Cos (2w +Sin™' (1/n.)) = Sin i/nL( )

Eq. 8 must be satisfied to achieve
ideal antenna characteristics
which takes into account the
wedge angle w, critical angle ¢,
dielectric constant ¢,, lens refrac-
tive index np., microwave signal
wavelength A and forms the basis
of antenna design.

Antenna Design
Let us consider the design pro-
cedure for a polypropylene die-

and lectric (&, = 2.55 at 10.0 GHz)
AL = Tn8 (for circular lenses)  (4) wedge waveguide antenna for X-
Fidd 1,84 band application with the centre-
TABLE |
WEDGE WAVEGUIDE ANTENNA DESIGN PARAMETERS FOR VARIOUS POLYMERS
fo=10.0 GHz: (LA=6.5 A)
Material & N [ 2w Lo
Polypropylene 2.55 1.41 45.17° 20.83° 6.35 cms
(2.11 1)
Perspex (Lucite) 2.56 1.41 45.17° 20.83° 6.35cms
(2.11 A)
Nylon 2.80 1.47 42.86° 24.17° 5.44cms
(1.81 A)
Teflon 21 1.28 51.38° 12.00° 10.39 cms
(3.46 1)
Alumine 12.0 3.26 17.86° 62.01° 1.90 cms
(0.63 1)
Polyacetal 23 1.34 48.27° 16.39° 8.16 cms
(2.72 1)

where ‘a’ corresponds to the major
dimension in rectangular wave-
guide or the diameter for circular
guides.

The critical angle ¢- and the
reflected angle r for the wedge
waveguide antenna can be deter-
mined from Figure 1B using the
following expressions:

/LFJG= 90 -w; ZFJE=90 + w
6=LJEF=90-w-¢ ;r=wtecr=r
6=90-w-¢-; LEHC=90-w (5)
B==2wt¢B=p

From Eq's. 5 the primary re-
fracted angle rcan be determined

i.e.

r=90‘2w'¢c (6)

It can beseen that the refracted
angle r depends on the antenna
wedge angle w and the critical
angle ¢.. Theray AB while suffer-
ing refraction along BC has to

frequency located at 10.0 GHz
(i.e. A = 30 mm wavelength) and
launched from a standard X-band
WR 90 waveguide having internal
dimensions ‘a’=22.86 mm and ‘b’
=10.16 mm.

Since n = /&, = 1.60, the cut off
wavelength A’ and n.can be deter-

mined from Eqgs. 3 and 2 respec-

tively, i.e. AL =73.15 mm and .=
1.41. Next, the critical angle for
optimum rf energy directed in the
X-axis can be determined from
Eq. 1, i.e.

¢ =Sin™' (1/1.41) = 45.17
and this value substituted in Eq. 8
yields:

Cos (2w +45.17)=Sini/1.41 (9) |

which shows that the antenna

wedge angle depends on the inci-

dent microwave signal angle ‘i'.
Our investigations have shown
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that to realize satisfactory antenna
characteristics the incident angle
varies from 30° - 40°, whereas i =
35° gives a compromise for the
antenna in X-band frequencies.
Substituting this value of incidence
angle in Eq. 9 gives:

w=10.41° (10)

as the desired wedge angle. Since
the antenna utilizes a rectangular
profile witha=22.86mm, itis easy
to determine the wedge length L,
that will result in 2w = 20.83 as
showninFigure 1B. The A CHG is
being considered here with CG =
L, ZCGH = w and CH = a/2.

18[ RECTANGULAR ANTENNA
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Fig. 2 Gain-radiation characteristics for wedge
antenna as a function of wedge lengths L.
TABLE Il
Pg, 6e, VSWR AND Z, AGAINST ANTENNA WEDGE LENGTH L,
MATERIAL: POLYPROPYLENE @ 10.0 GHz.
L., 1.0 2.0 3.0 4.0 5.0 6.0 (A)
Wedge angle, w 44 22 16 1 10 8 (deg)
Pg, 15.9 16.6 133 12.7 12.6 141 (dB)
-3 dB beamwidth 148 124 240 20.8 148 17.6 (6g)°
G& product 8,600 7,000 12,100 8,100 4,000 8,100
VSWR 13 2.0 24 21 21 1.67
Z,, 47.5-)(25) 50-j(35) 62.5-j(49) 55-j(36) 48-j(36) 53-j(25)
[(Za)! 53.7 61.0 79.1 65.5 59.7 58.1 (ohms)
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[From page 101] WAVEGUIDE ANTENNAS

responds to varying the wedge

S Rl

% v

GAIN, dB

-

e

+

S

angle from 44° - 8° respectively,
and the antenna relative gain Pg,
half-power beamwidth f¢ and,
radiation characteristics, VSWR
and the impedance measurements
are carried out in the entire 8.5 -
11.5 GHz frequencies. Table 2
shows these measurementsat 10.0
GHz.

The radiation characteristics
against wedge length (and hence
the wedge angle) are shown in
Figure 2 at 10.0 GHz. It can be
seen that although null regions
ranging between 3-6° exist for
antenna shaving wedge lengths
1,3 and 6 wavelengths long, the
antenna with L, = 2A shows beam
isolation of 8.5° and a high (=22
dB) main lobe - to - side lobe
ratio. The gain is also fairly large

Fig. 3 Radiation characteristics of a2 A wedge antenna employing polypropylene
at 10.0 GHz.

Therefore,
L, = (a/2)/tan w=6.35cms (11)
It has been established that the
dielectric antennas with lengths
ranging between 5-7 wavelengths
realize gains exceeding 15dB and
small half-power beamwidths (=
20°)%. The antenna length La con-
sidered in thisstudy is6.5A. Table
1 gives the antenna parameters
forvarious dielectrics® forantenna
applications in the X-band fre-
quencies.
Experiment and Results
A 6.5 wavelengths (20.0 cms)
long polypropylene rectangular

slab of cross-sections 22.86 mm x
10.18 mm that fitsa WR 90 X-band
waveguide is excited over a fre-
quency band of 8.5 - 11.5 GHz.
The antenna is inserted a guide-
wavelength A4 inside the wave-
guide to reduce reflection and
VSWR. The antenna wedge length
is varied from 1 to 5 A which cor-

(=17 dB) and has satisfactory
operating characteristics as sum-
marized in Table 2. The wedge
angle w = 10.41° for this experi-
ment is in complete agreement
with the design described earlier.
Investigations to further in-
crease the effective gain and radi-
ation characteristics were made
by tapering a 2 wavelength wedge
antenna and coating a metallic Al
film on the external ‘b’ plane of the
[Continued on page 149]

TABLE 11l
GAIN, VSWR AND IMPEDANCE OF 2A ANTENNA AT VARIOUS FREQUENCIES
MATERIAL:POLYPROPYLENE

8.5 9.5 10.0 105 115
Pg, dB 17.31 17.40 16.58 14.62 11.93
VSWR 2.6 4.00 2.0 1.23 3.48
|Zs| ohms 121.75 120.41 61.03 55.81 138.06
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Ferrite Phase Shifters

Charles R. Boyd, Jr.
Microwave Applications Group
Santa Maria, California

Introduction

Microwave phase shifters find
important application as control
elements for electronically adjust-
ing the radiation pattern of anten-
nas, and especially for electroni-
cally scanning the main beam.
With increasing complexity and
sophistication of millimeter wave
systems, demand has developed
for some means of achieving elec-
tronic scanning antennas. The
logical first choice is to examine
techniques proven at lower mi-
crowave frequencies for possible
utility in the millimeter-wave re-
gion. Competing technology for
phase shifting devices exists at
lower frequencies between units
using junction diodes as the vari-
able element, and units using fer-
rimagnetic material. The general
trend is for ferrite-based units to
increase in weight, cost, and tem-
perature sensitivity compared with
diode-based units as frequency is
lowered. On the other hand, diode-
based units tend to increase in
loss, loss modulation, and cost
relative to ferrite-based units as
frequency is increased. Ferrite-
based units can generally be de-
signed to provide greater phase
accuracy at larger amounts of
average and peak power than
diode-based units, within a given
unitcost constraint. Ferrite-based
units are not practical below about
2 GHz. The “overlap” region for
diode and ferrite phase shifters
extends from S-band through X-
band, with phase accuracy, power
handling, and other specific sys-
tem requirements determining
choice of technology.

At millimeter-wave frequencies,
the current state-of-the-art clearly
favors ferrite phase shifters. Prin-
cipal types of ferrite phase shif-
ters currently available at X-band
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are (a) “twin-slab” latching trans-
verse-field torroid type, (b) ‘dual-
mode” latching longitudinal-field
type, (c) “rotary field” nonlatch-
ing transverse-field type. The twin
slab design provides nonreciprocal
phase shift, which may not con-
form with system requirements.
Furthermore, the tiny toroid size
and difficultdimensional tolerance
needs for this type rule out con-
ventional processing methods. The
rotary-field design is more com-
plicated and requires that a large
transverse quadrupole field be
produced in aferrite rod of smaller
and smaller diameter with increas-
ing design frequency. For this
reason, the “conventional” rotary-
field approach is not considered
to be feasible at frequencies ex-
ceeding approximately 20 GHz.

This leaves the dual-mode ge-
ometry as the most attractive ap-
proach for millimeter-wave phase
shifters. In this class of device,
phase shift is obtained by varying
the magnitude and direction of a
remanent longitudinal magnetic
field in a round or square ferrite
rod that is metallized to form a
fully-filled waveguide. Linearly
polarized RF energy is introduced
into the ends of the rod from con-
necting waveguide structures, and
is converted into circular polari-
zation by means of nonreciprocal
quarter-wave plate sections. These
sections are created through the
use of transverse quadrupole mag-
netic field bias near the ends of
the ferrite rod provided by per-
manent magnets.

The metallized ferrite rod is ca-
pable of supporting two orthogo-
nal “dominant” modes, e.g. right-
hand and left-hand circularly po-
larized quasi-TE,, modes for a
round rod. When a longitudinal
magnetic bias field exists in the
variable-phase section of the rod,
the insertion phase increases for
one sense of circular polarization
and decreases for the other. The

insertion phase through the rod is
antisymmetric with respect to the
bias field direction and the sense
of polarization;i.e.,the sameinser-
tion phase is obtained if the direc-
tion of the bias field and the sense
of polarization are both reversed.
The nonreciprocal quarter-wave
plates produce opposite senses
of polarization in the two direc-
tions of propagation and the bias
field direction is intrinsically op-
posite, hence the insertion phases
foranideal dual-mode phase shif-
ter are equal for all settings of the
longitudinal bias field level. In
actual devices, small errors in the
quarter-wave plates, in the struc-
ture symmetry, and in material
homogeneity will cause minor devi-
ations from absolute reciprocity.

Theoretical Performance

In its up-to-date realization™ ?
the Dual-Mode Ferrite Phase Shif-
ter presentsasimple cross-section
to RF waves; i.e., that of a com-
pletely filled circular or square
waveguide. Previous literature® has
pointed out that this simplicity of
shape is more conducive to the
fabrication of millimeter-wave
phase shifters than the relatively
more complicated RF structure of
the nonreciprocal ferrite phase
shifter using a toroid positioned
along the axis of a rectangular
waveguide. Furthermore, compu-
tational results indicate that the
dual-mode configuration ought to
have intrinsically lower insertion
loss than the nonreciprocal toroid
configuration, under the con-
straints of material |properties that
exist for millimeter-wave applica-
tions.

The analytical approaches used
to compare performance of the
two types of phase shifters were
taken from previously reported
work. For the dual-mode case,
modified transmission line tech-
niques*® were used to determine
the phase shifter and nonrecipro-
cal polarizer lengths in circular
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waveguide, constrained in diame-
ter such that the TE,, mode was
non-propagating. The nonrecipro-
cal toroid case was computed us-
ing a transverse resonance
methodS with the waveguide height
taken as that of a standard wave-
guide in each frequency band cal-
culated, and the toroid dimensions
and waveguide width adjusted for
auniform phase shiftvs. frequency
characteristic. Perturbational
methods were used in both cases
to determine the contributions of
waveguide wall loss and material
dielectric and magnetic losses to
the total predicted insertion loss
of phase shifter. The computer
programs for each phase shifter
type have been used for anumber
ofyearsin design and performance
calculations, and provide results
in good agreement with experi-
mental data, at frequencies below
the millimeter-wave region.

At frequencies from S-band-
through X-band, itis common prac-
ticeto choose a ferrite material for
best compromise between inser-
tion loss, temperature stability,
power handling capability, size,
weight, and cost of the phase shif-
ter. Awide range of material char-
acteristics isavailable with respect
to magnetic activity, peak power
threshold, temperature compen-
sation, hysteresis loop squareness,
and dielectric constant, such that
meaningful trade-off considera-
tions can be evaluated. In the milli-

meter-wave region, however, the
choice of materials is much more
restricted. A major consideration
is the fact that the saturation mag-
netization of isotropic square-loop
ferrites is limited to around 3000
gauss for magnesium ferrites, and
around 4500 gauss for lithium fer-
rites. These magnetization values
yield low relative magnetic activ-
ity at 35 GHz and higher frequen-
cies. As a consequence, peak-
power threshold is generally nota
design consideration using these
materials. Of greater concern is
the tendency for the dielectric
constant, dielectric loss tangent,
and stress sensitivity of lithium
ferrites to be higher than that of
magnesium ferrites. These prop-
erties require a small cross-section
for the phase shifter, with poten-
tially higher wall loss and dielec-
tric loss. For these reasons, a 3000
gauss magnesium ferrite was cho-
sen as the material for all compu-
tations at 35 GHz and above.
Computations were carried out
in the 10, 35, 60 and 94 GHz fre-
quency regions for the dual-mode
type phase shifter, as well as for
two slightly different versions of
the non-reciprocal toroid type.
One of these latter versions was
based on the use of a dielectric
filler inside the toroid with dielec-
tric constant similar to the ferrite,
the other based on the use of a
filler of 30 relative dielectric con-
stant. The X-band (9-10 GHz) de-

3.5 T T T \
(: 4% 232 )
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25 | ’ |
20 |- o
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Fig. 1 Comparison of base loss levels for latching ferrite phase shifters.

signs were calculated using a stan-
dard yttrium garnet material of
1600 gauss saturation magnetiza-
tion. Frequency-dependent match-
ing transformer loss was assumed
to bring the calculated perfor-
mance into line with experimental
data.

The results of these computa-
tions are summarized in the curves
of Figure 1, which compare the
base loss levels for the three ver-
sions of latching ferrite phase
shifter. These curves show clearly
that the nonreciprocal toroid-type
phase shifters have a slight advan-
tage over the dual-mode type at
frequencies below 20 GHz, but
that the expected base loss of the
dual-mode type becomes progres-
sively less than that of the non-
reciprocal types as the frequency
is increased above 30 GHz. Both
phase shifter types exhibit an in-
crease of base loss with frequency,
of course.

A detailed examination of the
components of loss gives a clue
as to the reason for the theoreti-
cally superior performance of the
dual-mode type at higher frequen-
cies. Basically, the competely-
filled guide geometry of the dual-
mode unitis somewhat inefficient
with respect to ferrite utilization,
i.e., arelatively low fraction of the
ferrite produces most of the
phase shift. The poorly utilized
ferrite does contribute to the mag-
netic loss, however. On the other
hand, the wall current distribution
is simply that of a uniformly filled
circular waveguide. This contrasts
with the nonreciprocal toroid type
unit, in which ferrite utilization is
very high, and wall currents are
concentrated in the regions where
the toroid contacts the waveguide
surfaces.

Under the constraint that the
saturation moment of the ferrite
cannot be scaled in proportion
to frequency, the tendency will be
for the magnetic loss to decrease
with increasing frequency, at the
expense of higher dielectric and
conductive losses. Since the mag-
netic loss contribution is already
low in the nonreciprocal toroid
type, a further reduction of this
factor does not significantly com-
pensate for the increases in con-
ductive and dielectric losses at
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increasing frequency. The oppo-
site is true for the dual-mode unit,
which benefits more from the re-
duction of magnetic loss with
frequency.

Practical 35 GHz Units

A 35 GHz dual-mode phase
shifter design with characteristics
suitable for system applications
now exists. The basic configura-
tion for this design is essentially
scaled from larger production-type
X-band dual-mode phase shifters.
A round rod geometry is used for
the RF ferrite filled waveguide for
several reasons. First of all, the
round rod geometry permits op-

eration atlarger cross-section than
a square rod geometry without
introducing unavoidable spur-
ious-mode responses. Also, it is
the most convenient shape for
millimeter-wave size rods, since
the round cylinder can be ma-
chined to high precision by cen-
terless grinding.

Table 1 gives a summary of
measured performance character-
istics for a pilot production run of
several hundred 35 GHz units. In
addition, Figure 2 shows a fairly
typical plot of insertion loss and
return loss data, taken by scan-
ning the phase shifter through all
states while slowly sweeping fre-

Switching Time, (Reset-Set Cycle)

TABLE 1
SUMMARY OF 35 GHz PHASE SHIFTER PERFORMANCE

Frequency Range 34.0 to 36.0 GHz
Insertion Loss 0.8 dB minimum

1.0 dB typical

Return Loss 20 dB typical

Latching Phase Shift Range
20°C 430° typical
50°C 400° typical
RMS Phase Error, (Optimum Drive)
20°C 2.3° typical
50°C 2.5° typical

55 us maximum
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Fig. 2 Typical plot of insertion loss and return loss data.
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quency between 34 and 36 GHz.
In this way, the entire envelope of
possible values is mapped. These
amplitude measurements were
made using a standard reflecto-
meter/ratio meter test set-up.
Phase data were measured with a
Hewlett-Packard 8410 Network
Analyzer/R8747A Downconvert-
ing Bridge arrangement.

Fig. 3 35 GHz dual-mode phase shifter.

Fig. 4 Experimental 60 GHz phase shifter.

Exclusive of housing, these units
are about 0.26 inch in diameter,
roughly two inches long, and
weigh about a quarter ounce each.
Aside from extra care in handling
the smaller, more fragile parts, no
difficult or exotic processes are
required. With adequate tooling,
cost to build and test large quanti-
ties of 35 GHz units should be
comparable to that for X-band
dual-mode units.

Units at 60 GHz
and Higher Frequencies

Scaling the dual-mode phase shift-

er to higher frequencies presents

the following set of problems:
[Continued on page 108]
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odd order harmonics, 40 dB
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* ruggedly constructed
MIL-M-28837 performance*

*Units are not QPL listed

SK-2 SPECIFICATIONS
FREQUENCY RANGE, (MHz)

INPUT 1-500
QUTPUT 2-1000
CONVERSION LOSS, dB TYP. MAX.
1-100 MHZ 13 1S
100-300 MHz 13:5:.. 51915
300-500 MHz 140 16.5
Spurious Harmonic Output,dB TYP. MIN.
2-200 MHz F1 -40 -30
F3 =50 | =40
200-600 MHz F1 -25 -20
F3 =40 =430
600-1000 MHz F1 =20 =119
E3 =801 =25

For complete specifications and performance
curves refer to the 1980-1981 Microwaves Product
Data Directory, the Goldbook or EEM.
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[From page 107] PHASE SHIFTERS

e Theferrite rod diameterreduces
in proportion to frequency,
whiletherod length remains con-
stant. At some point, a “ferrite
toothpick” too fragile to ma-
chine or handle is required.

e The magnetic return path ele-
ments have similar or worse
handling problems than the fer-
rite rod.

e Thenonreciprocal polarizers at
each end of the latching region
use permanent magnets to pro-
duce atransverse fourpole field
in the rod. The magnets and
rod mustdecrease in size while
the field intensity remains con-
stant.

An experimental 60 GHz unit
has been demonstrated’, with base
insertion loss on the order of 1.5dB
and a latching phase shiftamount
just over 360 degrees. With signif-
icant further effort on optimizing
the configuration, it should be
feasible to produce quantities of
units at 60 GHz with electrical,
mechanical, and cost parameters
suitable for system applications,
although the manufacturing attri-
tion would certainly be higher
than at 35 GHz. Construction of
operating units at 94 GHz is spe-
culative, but hopeful. Above 94
GHz, it will probably be necessary
to approach the system require-
ments from some viewpoint other
than using discrete phase shifter
devices.
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Design and Development of an
omnidirectional Antenna With a
Gollinear Array of Siots

P. Volta
Selenia S.p.A.

Introduction

Omnidirectional array antennas
are often used in sidelobe sup-
pression secondary surveillance
radars for air traffic control or in
radio communication systems.
This article deals with the design
and experimental results of an
omnidirectional antenna in verti-
cal polarisation, at a frequency
centered at 1030 MHz, realised
with a collinear series fed array of
annular slots. These slots extend
outside as skirts forming half wave
dipoles.' Mutual coupling between
elements is low for two reasons.
Free space radiation coupling is
minimized by the fact that the axis
on which collinear array dipoles
lay is the same of their radiation
nulls.

Also mutual coupling originated
by surface waves running on ex-
ternal conductors is attenuated
(but not completely as we will see
later) by quarter wavelength
chokes inside the dipoles or at
array extremities (Figure 1).

For a good design one has to
consider that the chokes, formed
inthe internal parts of dipoles, are
efficient if the extremities of con-
tiguous radiating elements have a
distance a fraction of wavelength.
Silver? indicates a distance p =
0.15 A as an optimum value for it.
If choke depth is not enough to
reach the required value (nomi-
nally %) the chokes can be partially
filled with dielectric rings.

So as a first approximation it is
possible to neglect mutual cou-
pling, namely mutual impedences
between elements and leaky-wave
irradiation, but this will be checked
experimentally later. Now these
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Fig.1 Two element omnidirectional antenna; A) equivalent circuit, B) antenna sketch.
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basic problems are to be faced for
the antenna design:

e Synthesize the linear array to
obtain the desired vertical (E
plane) pattern.

e Match the input impedance of
the antenna to that of the feed-
ing line.

e Design the radiating element
as a module which fits the con-
straints (a) and (b).

—Array pattern

In our case, a beamwidth at -3
dB of nearly 36° being required in
vertical plane, an array of two
half-wave dipoles with equal am-
plitudes and phases has been in-
vestigated. His radiation pattern
is:

m d cos 8 cos(ﬂ;cos 8)
Eg (6, @) = cos 1 2 (1)

sin @

while Ep (8, ¢) = 0 in spherical
coordinates with the vertical Z
axis (6 = 0) coincident with the
array axis. In practice an array
distance d=0.7 A has been chosen,
with a theoretical beamwidth BW
= 37.4°, in order to realize the
antenna in a simple manner. In
fact we have completely filled the
feeding resonant coaxial line with
teflon, alow loss-tangent material
with a dielectric constant (e=2.04
measured) fit to make the slot
centers at 0.7A distance to coin-
cide with the maxima of station-
ary waves inside the line.

—Impedance matching

The series fed collinear reso-
nant array has an equivalence
scheme constituted essentially by

[Continued on page 114]
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directional
couplers

19.5dB

0.1 to 2000 MHz
only $79% (1.4

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

e rugged 1% in. sq. case

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

e connector intermixing male
BNC, and Type N available

* [ow insertion loss, 1.5 dB
* flat coupling, =1.0 dB

ZFDC 20-5 SPECIFICATIONS
FREQUENCY (MHz) 0.1-2000

COUPLING, db 19.5

INSERTION LOSS, dB TYP. MAX.
one octave band edge 0.8 1.4

total range 15 23

DIRECTIVITY dB TYP. MIN.
low range 30 20

mid range 27 20

upper range 22 10

IMPEDANCE 50 ohms

For complete specifications and performance
curves refer to the 1980-1981 Microwaves Product
Data Directory, the Goldbook or EEM
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[From page 111] DESIGN AND DEVELOPMENT

a sequence of series impedances
in parallel to coupling capacitan-
ces (Figure 1).

The radiating elements are 0.7
A spaced in air, or equivalently 1
Ag spaced inside the coaxial line,
their impedances are Z, and Z»
and neglecting coupling capacitances
the total input impedance is

Zin=Z1+Z2 + jZc tan Bl (ﬂ 5 i—’;)(z)

Thisimpedance Z;» must be equal
to the characteristic impedance
Z. of the teflon filled coaxial line
for a perfect matching.

In our case we have equal half-
wavedipoles as radiating elements
and Z, and Z; are equal and pure
resistive with a good approxima-
tion.

Quarter-wave chokes don’'t
change these impedances. Also
short circuit distance can be put
simply to 1/2 A4, so that impe-
dance matching, neglecting cou-
pling capacitances, is achieved if
Z,and Z; are Zc/2, because Z, =
Z1+ Z5 in this case. To ensure to
same extent the stiffness of the
antenna, suitable diameters have
been chosen for the internal and
external conductors of the coax-
ial line which feeds the dipoles.
So its characteristic impedance
has resulted to be Z. =594 Q, a
pure resistance, and a quarter-
wave transformer has been added
to pass from the Z, = 50Q of a
standard feeding cable to this Z..

—Element design

The radiating element consists
essentially of a cylindrical dipole
fed by an annular slot cut on the
external conductor of a coaxial
line. The dipole impedance can
be found on Jasik’s Handbook
and it agrees for a length to
diameter L/D = 3.35 with the value
Z =29.7 Q we have obtained.

Furtherinthe dipole impedance
there is to consider the additional
capacitance C due to slot edge
coupling (Figure 1). Followin%the
formulas reported by Chang” we
have obtained a negligible C with
a slot gap 6 = 12 mm and a radii
ratio b/a = 4.16. However in his
article the thickness of the exter-
nal cylindrical conductor is zero.
In our case, in which the thick-
ness adds to skirt parallel facing

parts, a little bigger coupling ca-
pacitive reactance results from
that portion of parallel plate radial
waveguide between coaxial line
and cylindrical dipole. To com-
pensate this capacitance and
some small reactances introduced
by non ideal chokes (for construc-
tion simplicity their dielectric fil-
ling has been avoided), it has
been useful to tune the plunger at
the end of the array at a value a
little different from Ag/2 to optim-
izethe impedance matching expe-
rimentally.

Itis remarkable that a very sim-
ilar configuration to that described
by' can be obtained putting the
short circuit not at Ag/2 from the
center of the last dipole but at the
end of its gap of length 6. How-
ever in this case the short circuit
would be atd/2 from the center of
the last dipole and it would create
a small reactance. Therefore this
little mismatch, which can be cal-
culated by (2), would insert a little
difference in amplitude and phase
of radiating dipoles if it is not
compensated in some way. In our
case we have found an unsatis-
fac-tory matching putting the
short circuit in this position.

Experimental Results

Owing to the rotational sym-
metry of the antenna in the ¢-
coordinate we have obtained a
perfectomnidirectional azimuthal
pattern and a cross component
E@ = 0 in the limits of measure
sensitivity. A return loss below 20
dB has been measured in the
band 1030 + 1060 MHz.

The experimental and theoreti-
cal elevation radiation pattern at
1030 MHz with an array spacing of
0.7 A is shown in Figure 2. The
measured beamwidth at -3 dB is
BW = 35°, against BW = 37.4° cal-
culated by (1).

But, while the theoretical colli-
near array produces a symmetri-
cal beam whose peak is at the
horizon and has -16.5 dB of side-
lobe level in vertical, our antenna
tilts its beam about 9° above
horizon and has no secondary
lobes under it.

Thisdifference is due to surface
currents not completely stopped
by the decoupling chokes and
means that our antenna suffers
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Fig. 2 Elevation radiation patterns.

Fig. 3 The omnidirectional antenna.

ground reflection echoes less than
the theoretical one.

The measured beamwidth BW =
35° impliesagain G=5dB which
has been obtained from*:

3
101 o

BW - 0.0027 (BW)?

The antenna is shown in Figure 3
with its fiberglass cover for stiff-
ness improvement and weather
protection.
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combiners
2 way 0°

10 fo 1000 MHz
only $1995 (¢ 4

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

» miniature 04 x 0.8 x 04 in.
* MIL-P-23971/15 performance*

e l[ow insertion loss, 0.7dB
e hiisolation, 25dB

* excellent phase and
amplitude balance
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Technical Feature

Instantaneous Simultaneous
Signal Detecting

James Tsui, Rudy Shaw
Wright-Patterson AFB, OH

James Cisar, Timothy Ratliff

Systems Research Laboratories, Inc.

Introduction

The Instantaneous Frequency
Measurement (IFM) receiver is a
special type of receiver which has
been proposed for many Elec-
tronic Warfare (EW) applications.
The receiver’'s basic frequency
measurement technique consists
of comparing the phase of a sig-
nal at the output of delay lines of
known length. The receiver can
only read one input signal at a
time. If multiple signals arrive at
the input of the receiver, the fre-
quency reading might be errone-
ous. Itis crucial for the processor
to know if the frequency informa-
tion might be erroneous. One
approach is to have a detection
circuit to sense the condition of
simultaneous signals. This paper
will present several simultaneous
signal detection schemes for IFM
receivers and their performance.

The operational principle of an
IFM receiver can be explained as
follows. A sinusoidal wave is split
into two paths by a power divider,
and one path is delayed by a con-
stant time with respect to the other
one. The phase delay between the
two signals is frequency depend-
ent. By measuring this phase delay,
the frequency of the input signal
can be derived. In a practical IFM
receiver, the basic frequency
measurement circuit is arranged
as shown in Figure 1. The input
signal is divided into two paths
with one signal delayed. Both these
signals are fed into a phase dis-

criminator which has four outputs,
and each one is followed by a
crystal detector. The outputs of
the detectors are connected to
the inputs of two differential ampli-
fiers. If the detectors are operat-
ing as square -law devices, the
outputs of the differential ampli-
fiers can be expressed as sin wrt
and cos wt where w is the input
angular frequency and 7 is the
delay time. By measuring or dig-
itizing the sin wr and cos wr, the

CORRELATOR

CT>sINwr
% [ >-cos wr

LIMITER
— ]

Fig. 1 Basic frequency measurement
circuit in an IFM receiver.
frequency can be read. A more
detailed operational principle of
IFM receiver can be found in ref-
erences 1-3.

Two Simultaneous
Signal Conditions

In order to simplify the discus-
sion of simultaneous signals, only
two signals are considered. Basi-
cally there are two kinds of simul-
taneoussignal conditions that can
cause the receiver to generate
erroneous frequency data. The
firstcondition is when the leading
edges of the two signals are time
coincident (in general, they can
be within 10 ns of each other). The
second condition is that the sig-

nals are not time coincident, but
the second signal arrives before
the frequency of the first signal is
properly encoded.

The time coincident case has
been analyzed and evaluated by
many different IFM receiver manu-
facturers and users. The general
comments are that when the power
levels of the two signals differ by
more than 6 dB, the receiver will
generate a negligible percent of
erroneous data. It should be em-
phasized that even with two sig-
nals of the same amplitude (the
worst case foratype 1 condition),
the erroneous frequency data gen-
erated will be less than 25 per-
cent. Therefore, this simultaneous
signal condition is arguably not
very serious, since the chance of
having two signals of approxi-
mately the same amplitude and
also time coincident is very small.

Inthe second simultaneous sig-
nal condition, if the first signal is
stronger than the second one, the
receiver generates very little er-
roneous frequency information.
However, if the first signal is weaker
than the second one, the receiver
may generate as high as 80 per-
cent erroneous data. The results
of extensive testing of this condi-
tion have been published in refer-
ence 4. Thereason forsuch ahigh
erroneous data rate can be ex-
plained as follows. The first signal
will trigger the frequency meas-
urement circuit, and the second
signal will cause a transient state
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at the outputs of the comparators
where the sin w7 and cos wr are
generated. This is shown in Fig-
ure 1. When the frequency meas-
urement circuit takes a frequency
sample during this transient state,
a high probability of erroneous
data will be generated.

Analog Simultaneous Signal
Detection Circuits

The most commonly proposed
simultaneous signal detection cir-
cuit consists of a mixer used in a
homodyne configuration followed
by a bandpass filter of proper
bandwidth. At the output of the
filter, a detector and comparator

" are used as shown in Figure 2. If

one signal arrives at the mixer, all
harmonics are generated by this
single input signal. These har-

in Figure 3. Figure 3 shows the
results of a weak signal followed
by a strong one. Note in this figure
that the video output changes from
the voltage corresponding to the
weak signal to the voltage corres-
ponding to the strong one, and
when this occurs, there is a dip

COS w7/ SIN wr INPUT SIGNAL

s

Fig. 2 Detecting circuit using a mixer
followed by a bandpass filter.

" monics will be outside the band-

o

width of the filter. Thus, there will
be no output from the detector/
comparator circuit. When two or
more signals arrive at the mixer,
harmonics related to the differ-
ence frequency of the input sig-
nals will be generated. These
harmonics pass the filter and are
detected and produce an output
at the comparator.

This detection circuit is sensi-
tive to simultaneous signals which
have comparable amplitudes.
When the amplitudes of input sig-
nals are far apart (i.e., beyond 6
dB), the amplitudes of harmonics
generated relative to the differ-
ence frequency are rather low.
Therefore, this detection circuitis
useful in detecting the first kind of
simultaneous signals previously
mentioned, but relatively insensi-
tive to the second type of simul-

 taneous signals.

Observing the sin w7/cos wr
from the outputs of the differen-

. tial amplifiers under the second

s

kind of simultaneous signal con-
dition, shows that there is usually
a dip in the video output when
simultaneous signals are present.
One of the typical outputsis shown

MICROWAVE JOURNAL ¢ DECEMBER 1982

Fig. 3 A weak signal followed by a strong

one and their corresponding output.
between the two states. The cause
of this dip is ascribed to the mix-
ing effect in the limiting amplifier
usuallyinstalledinan IFM receiver
before the video detector. The lim-
iting amplifier is a non-linear de-
vice and, when two or more sig-
nals are present, harmonics are
generated. These harmonics take
the energy from the desired fre-
quency; as a result the corres-
ponding video voltage decreases.
As previously mentioned, most of
the harmonicsare generated when
the two input signals are approx-
imately at the same level. This
situation occurs on the leading
edge of the second signal. When
the amplitude at the leading edge
of the second pulseis rising, there
is an instant at which the two sig-
nals have approximately the same
power levels, producing thedipin
the video voltage.

Two approaches were tried to
detect the dip in the video output.
Both have had some success. The
first method isto sample and hold
on the video output and compare
with the rest of the pulse” as
shown in Figure 4. The second

SAMPLE AND HOLD

/

Fig. 4 Sample and hold and
comparison scheme.

method is to separate the video
signals into two paths, attenuate
and delay one of the signals, and
compare the amplitude. When
there are simultaneous signals,
the result is as shown in Figure 5,
where the peak of the delayed
pulseis higherthanthe undelayed
one.

The shortcoming of both ap-
proaches is that if the detection
circuit is adjusted for minimum
false alarm, its sensitivity for de-
tecting simultaneous pulses also
degrades. For this consideration
false alarm is defined as the indi-
cation of simultaneous signals
when there is only one input sig-
nal. This difficulty arises from the
fact that under varying pulse over-
lap conditions, the leading edge
on the video pulse changes. It is
difficult to design a circuit which
detects all conditions. Both cir-
cuits were built and tested in the
laboratory. When the circuits were
adjusted to generate no false alarm
over the entire frequency and dy-
namic range of the receiver, pre-
liminary experiments have shown
that the detection circuits could
reportabout 5to 50 percent of the
pulse overlap under various input
conditions.

Fig. 5 Delay and comparison scheme.

Digital Simultaneous
Signal Detection Scheme
This detection scheme is based
ontheidentity sinw7r+cos®?wr=1.
Taking the sum of the square of
both the sin wr and cos w7 out-
puts, a constant output level is
maintained. If any output level is
lower than 1, it indicates a simul-
taneous signal condition. This de-
tection circuit should be applica-
ble to both of the simultaneous
signal conditions mentioned in
Section Il. The sum and squaring
of the two video outputs can be
accomplished through A/D con-
verters and digital manipulations.
However, the problem is more
complex. Although there is usu-
ally a limiting amplifier in an IFM
receiver, the sum of the squared
[Continued on page 122]
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20

A (w,s)

Fig. 6 Amplitude A (w, s) as a function of frequency (w).

video outputsis frequency depen-
dent. In other words, the outputs
from the differential comparators
are A (w,s)sinwrand A (w, s) cos
wr rather than simply sin w7 and
coswt. Thesymbol A (w, s) means
the amplitude depends on the
input frequency w and its signal
strength s. The amplitude change
of the video signal is due to the
amplitude variation of frequency
response of the RF components
used in the receiver. A typical { A
(w, s) sin® wT +A? (w, s) cos® wr)'2
A (w, s) curveis shown in Figure
6. In Figure 6, a constant input
power level is used. If the input

all the frequency bits are needed.
Forexample,an IFM receiver with
11 bits of frequency information
may only need 8 bits or less in the
threshold ROM. A/D converters
followed by a ROM to implement
the function \/a* + b® are used to
generate the measured value of A
(w,s). Sampling is coincident with
the receiver's sample time. The
measured A (w, s) is compared to
thethreshold, and wheniitis below
the threshold, a flag is set to indi-
cate the simultaneous signal
condition.

The basic circuit is shown in
Figure 7. The circuit detects the

A (w, s) THFIES;!OLD
A (w, s) SIN wr
1 AD —L, COMPARATOR
FREQUENCY
ROM -« | ROM BITS FROM IFM
RECEIVER
A (w,5)COS wT__| aAp I L

FLAG IF A (w, s) < THRESHOLD

Fig. 7 Digital simultaneous signal detection scheme.

signal level is changed, the gen-
eral shape of the curve shifts
slightly.

To implement this frequency
dependent correction, read only
memory (ROM) is used to store
threshold values which are slightly
lower than the lowest A (w, s)
existing within a bin. These thre-
shold levels are accessed from
the ROM by the receiver’s reported
frequency. Since the threshold
does not vary rapidly with w, not

simultaneous signals 70 to 95 per-
cent of the time. As expected, this
detection circuit misses the pulse
overlap condition for which there
is no significant dip in the video
output. The other condition that
the circuit fails to detect occurs
when the erroneous frequency
reading is at f1 where the
threshold is low. The measured
A (w, s) may be higher than the
threshold under this condition.

It should be emphasized here

that when the simultaneous cir-
cuit detects the existence of pulse
overlap, the frequency reading
from the IFM receiver may still be
correct.

Re-Sampling the

Frequency Information

When a weak signal is followed
by a strong signal, if one can
delay the frequency measurement
time gate, the frequency of the
strong signal will be obtained.
The digital simultaneous signal
detection circuit will detect the
existence of simultaneous signals
at the time a frequency sample is
made, for which condition the
sampling gate can be delayed a
short time (e.g., approximately
100 ns) and another measurement
made. If the overlap condition is
of the second kind as described in
Section I, the chance of obtain-
ing correct frequency information
isvery high. There are many ways
by which this idea can be imple-
mented. A repetitive sampling
scheme can also be used. If the
trailing edges of the overlapping
pulses are not time coincident,
the chance of obtaining the cor-
rect frequency informationisvery
high. This capability would greatly
improve the performance of an
IFM receiver.

A re-sampling circuit was built
and successfully tested in the
laboratory. Preliminary data
showed that the percent of er-
roneous frequency measurements
can be reduced from 50-60 per-
cent to less than 10 percent.
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Abstract

Graphs give the value of atten-
uation constant against a normal-
ized frequency, so that the char-
acteristic free-space wavelength
is measured in units of the broad
dimension of rectangular wave-
guide or the diameter of circular
waveguide. The results can then
be scaled to any size of wave-
guide. One graph gives the results
for the first fourteen modes in rec-
tangular waveguide and the other
those for the first fifteen modes in
circular waveguide.

Introduction

Two graphs give the value of at-
tenuation constant in rectangular
or circular waveguide calculated
from theoretical expressions. The
frequency axis is normalized so
that the characteristic free-space
wavelength is measured in units
of the broad dimension of rectan-
gular waveguide or the diameter
of circular waveguide. The results
can then be scaled to any size of
waveguide. The theoretical ex-
pressions and their derivation are
givenin reference 1, together with
small scale reproduction of these
Universal Attenuation curves. ltis
felt that a larger-scale version of
the central part of the same curves
will be a useful design aid. The
theoretical expressions for atten-
uation are derived from the low-
loss approximation that calculates
the propagating conditions as-
suming the attenuation to be zero
and then uses the resultant field
values to calculate a theoretical
attenuation value. So these results
are not valid for large values of

attenuation, and make no allow-
ance for any change in phase
constant or any mode coupling
due to the finite conductivity. The
theoretical expressions which are
used to calculate the curves are
reproduced in the final section of
this note.

Rectangular Waveguide

The results calculated for the
first fourteen modes in rectangu-
lar waveguide are given in Fig-
ure 1. They are scaled in terms of
the broad dimension “a” of the
waveguide for waveguides having
a 2:1 aspect ratio, i.e. a=2b. The
horizontal axis is A./a, which is

contains the square root of the
frequency. A numerical conversion
is used so that the attenuation
constant is given in dB/m and the
vertical axis is calibrated in
dBm'2. The attenuation constant
is calculated for drawn copper
waveguide assuming a conductiv-
ity of 4.00x10” S/m. This figure is
known to be a good approxima-
tion at about 10 GH_, and a round
number was chosen for the con-
ductivity of copper to aid scaling.
For other waveguide materiais,
the attenuation constant can be
scaled according to the square
root of the ratio of the conductivi-
ties.
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Fig. 1 Values of attenuation constant for the first few modes in rectangular
waveguide, for 2:1 aspect ratio, width a, plotted against normalized wavelength.

dimensionless, or the equivalent
frequency is fa, which has the
units m/s. The attenuation then
comes out to be @a*?. These
slightly awkward units occur be-
cause the skin depth expression

It will be noticed that although
the dominant TEjo-modeis alow-
loss mode, the TEgs -mode has the
lowest value of attenuation con-
stant. Further, because of the scal-
ing properties of the curves, if two
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sizes of waveguide are chosen so
that the TE4o -mode and the TEos
-mode have the same cut-off fre-
quency, then the TEo; -mode in
the larger size of waveguide will
have a lower value of attenuation
constant at any particular fre-
quency.

modes in large size circular wave-
guide. These low attenuations may
help the designer choose the best
mode of operation of high Q reso-
nant cavities, although the reso-
nating fields are not identical with
the propagating fields used to
calculate these curves.
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or m TM,,;TE”

TF:" 1;5" /_~TEe— TM:2
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Fig. 2 Values of attenuation constant for the first few modes in circular waveguide, of
diameter d, plotted against normalized wavelength.

Circular Waveguide

The attenuation calculated for
the first fifteen modes in circular
waveguide is given in Figure 2.
The horizontal axis is scaled, sim-
ilarly to the results in Figure 1, in
terms of the inside diameter d of
the waveguide. The horizontal axis
is A./d and the attenuation axis is
ad®?. Again the conductivity of
drawn copper waveguide is taken
to be 4.00x10” S/m. These curves
clearly shown the low attenuation
of some of the higher order TE-
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Example

As an example of the use of the
curves, we will find the attenua-
tion at 18 GHz for the dominant
mode in WR 62 and for the same
frequency wave in the TEo1-mode
in WR 159. At 18 GHz, A, = 1.67
cm.

1. For WR 62, a = 0.622 in = 1.58
cm.
Therefore, A./a = 1.055.
From Figure 1 from the TE,o -
curve, @a¥?=3.7x10"*dB m"2.
Therefore, a = 0.186 dB/m.
[Continued on page 126]
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[From page 125] ATTENUATION CURVES

2. For WR 159, a =1.590 in = 4.04
cm.
Therefore, A./a =0.4125
From Figure 1 from the TEo; -
curve,aa¥?=3.7x10*dBm"2.
Therefore, a = 0.0456 dB/m.

Further applications show that
there is a similar 4:1 improvement
in attenuation throughout the
band due to using the larger size
waveguide in the perpendicular
mode.

Derivation

The derivation of the theoreti-
cal expressions for the attenua-
tion constant are given in refer-
ence 1. The final expressions are
reproduced here for convenience.

The general expression for the
attenuation constant of empty
waveguide is:

Rs H? d1

"2 [[Extioa

then substituting expressions for
the fieldsin homogeneous simple
perfect rectangular waveguide
gives for TMm, -modes

m

224 i
<o X
Ao NO

al,
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m?+n? (a/b)?

] nepers/m
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Introduction

In many applications, such as
antenna near field probing or mi-
crowave imaging, the main prob-
lem consists in the measurement
of electromagnetic field distribu-
tions over large areas. Typically,
the dimensions of these areas are
in the order of 10 to 100 wave-
lengths. Furthermore the sampling
interval is only a part of a wave-
length in such a way that the
number of measurement points is
very high, usually a few thousand.

In most of the situations the
probing accuracy is of prime
importance, in some others, the
probing speed is more important.

This is particularly the case for
antennaadjustments, dynamic test
of phased arrays or real time
imaging. This paper deals with
the measurement duration and
demonstrates fast electromagnetic
field recording by using the mod-
ulated scattering technique
(M.S.T.). First, the major features
of classical solutions are reviewed.
These solutions are based mainly
on mechanical scan and on an
array of probes. Next, the princi-
ple of the M.S.T. is given and its
particular use for fast probing is
considered. The third part is de-
voted to the description of an S-
band experimental set-up and to
the discussion of the obtained
results. Special attention is given
to the measurement speed and
accuracy.
Classical Solutions
for Near Field Probing

The simplest and customary
way for recording microwave field
distributions is to move a probe
over the area to be investigated.
However, with such a mechanical

scan, the measurement time is
limited ultimately by the finite
speed of the probe. Even for
speeds of about a few centimeters
per second, typical antenna meas-
urements take hours.

Probe movement can be avoided
by using arrays of fixed probes
(figure 1). The shortest measure-

V.V‘V

i

Fig. 1 Probe arrays: a) parallel
arrangement, b) series arrangement.
ment time, of course, would be
provided by parallel arrangement
in which each probe has its own
receiver. Probably the solution of
the future, with the development
of monolithic microwave inte-
grated circuits, will allow individ-
ual receiverinsertion on sur-faces
as small as a few square millime-
ters. Meanwhile, the measurement

time is reduced to the acquisition
time of the receiver and then
depends on therequired dynamic
range.

Inthe series arrangement, a mi-
crowave multiplexer (switching
network) is used for connecting
the probes to a single receiver or
at least to a reduced number of
receivers. As shown in figure 1 b,
the multiplexer can be realized by
means of switches. Thus, the
measurement time is mainly
limited by the switching time,
which in turn depends on the
device used for switching (elec-
tromechanical or electronic). Table
1 gives approximate speeds for
these classical solutions. Clearly,
a multiple probe array provides a
great reduction of the measure-
ment time as compared to the
mechanical scan solution.

Real time or quasireal time
measurement mandates a probe
array. But the design and the mak-
ing of such arrays is both complex
and expensive, due to the large
number of elements and their high
packing density at the wavelength
scale. Another complexity is the
multiplexer, which contributes
particularly to a limitation in the

TABLE |
COMPARISON OF MEASUREMENT DURATION FOR VARIOUS METHODS

PROBING TECHNIQUE

MEASUREMENT DURATION

Mechanical Scanning v=5cm/s 40 min.
Electromech. switch
7=10 ms 48 s
Electronic switch
RS Ary 7=10us <02s
M.S.T.
.5 ms/pt 24s
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Fig. 2 Principle of the modulated scattering technique.

measurement accuracy, because
of parasitic coupling between ad-
jacent probes or because of the
perturbation of the field to be
measured by the array. Accord-
ingly it is not surprising that the
literature is not very rich in exam-
ples of arrays developed for near
field measurement purposes. As
will be seen, some of these diffi-
culties are obviated by the MST.

The Modulated Scattering
Technique (M.S.T.)

— Principle

The MST, initiated by Cullen
and Richmond'? in 1955, resem-
bles a free space perturbation
technique. In classical methods,
the field to be measured is deduced
from the signal delivered by the
probe to its load, the receiver. In
MST itis the field scattered by the
probe which is measured. The
measurement is usually done by
the antenna under test itself, but it
could be done by an ancillary
antenna. In the first case, the
antenna under test is connected
to the source and to the receiver
by means of a circulator (Figure
2). In the absence of the probe,
the tuner is adjusted to cancel all
signals to the receiver. The intro-
duction of the probe destroys the
previous adjustment. By recipro-

city is follows that the signal .

reaching the receiver is simply
related to the field at the probe
location. If A e is the complex
component of the field to which
the probe is sensitive, the signal at
tr;e receiver is proportional to A?
e,

Presumably, there need be no
microwave connection between

the probe and the receiver. The
perturbation introduced by the
probe is measured directly. But
the method has poor sensitivity
due to the weakness of the scat-
tered fields. Typically, the
equivalentreflection coefficientis
100 to 120 dB below the incident
signal.

However, by modulating this
field the detection is enhanced,
providing separation from unmod-
ulated signals resulting, for in-
stance, from improper initial tun-
ing. This modulation can be
achieved in a number of ways*:
mechanical deformation or rota-
tion of the probe, non linear load-
ing of the probe by PIN or photo
diodes to name a few methods . ..
Non linear loading seems to pro-
vide agood compromise between
the ease of delivering the modula-
tion signal, the perturbation intro-
duced by the probe and the modu-
lation efficiency. Even using a

modulated laser beam could pro-
vide a perturbation free solution.
But we have found that applying
the modulation signal to PIN
diodes by means of highly resis-
tive leads proves to be a good and
practical solution. The PIN diodes
form a part of the array antenna to
be measured in the example to be
described’.

— Radant Grids

Field probing over large areas
can be achieved by assembling
loaded dipoles. The diodes of the
different dipoles have to be se-
quentially modulated according
to a suitable addressing. The sig-
nal measured by the receiver dur-
ing the corresponding time pro-
vides the amplitude-phase distri-
bution of the field at the probes
locations.

RADANT grids®’, consisting of
an alignment of dipoles and con-
tinuous wires, constitute an inter-
esting solution (Figure 3). Con-

WIRES (FRONT SIDE)

WIRES & DIODE
(BACK SIDE) OADED
DIPOLES
DIELECTRIC
SLAB

Fig. 3 Radant grid for

M.S.T. measurements.
tinuous wires can be used for
carrying the modulation; further-
more they also contribute to the
array matching when all the diodes
are in the off state. In this state,

MST MEASURED (NUMERICAL SIMULATION)

AMPLITUDE (dB)

- ENREY.
f = 3 GHz; SAMPLING INTERVAL:2.5cm — GRID LENGTHS:140 cm(a) ARD 200 cm(b)
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I
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Fig. 4 Influence of edge effects.
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Fig. 5 Influence of matching the grid.
~ the grid is transparent and nonre-

flecting; the reflection of the array
is minimized. The match is ob-
tained by combining the capaci-
tive effect of the loaded dipoles
with the inductive effect of the
wires. Accordingly, ifa given diode
is in the on state, then its proxi-
mate area behaves as a small re-
flecting screen. Modulating this
diode at a low frequency rate
results in a modulated signal at
the receiver with the same fre-
quency.

The array design can be per-

, formed with the aid of already

available numerical codes®. As-
suming grids of infinite extent and
plane wave illumination, these
codes allow the determination of
the geometrical characteristics of
the grid, for given diodes, in order
to achieve the matching in the off
state of the diodes. Other two-
dimensional numerical simula-
tions, including finite grids and
arbitrary illumination, likewise
have demonstrated the feasibility
of the approach. In particular, the
effect of the coupling between
adjacent dipoles has been con-
sidered. This effect does not ap-
pear too critical, at least for well
matched arrays. More critical are
edge effects due to the finite length

, ofthearray. The array must not be

interrupted in regions of high field.
Tapers larger than 10 dB are suit-
able. Both matching and edge

* influences are illustrated in fig-

ures 4 and 5.
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S-Band Experimental Set Up

— Description

An experimental array set up
has been designed and built for
operation from 2.8 to 3.2 GHz.

The probe arrayisa3 m x 1 m
rectangle. Actually, only one line
of 115 dipoles has been loaded by
diodes. The other dipoles simu-
late an off state diode loading.
The VSWR of the array is less than
1.5 for normal incidence in the
frequency band. The modulation
frequency is 50 kHz. The source
delivers a one watt signal. The
receiver has a sensitivity of about
-140 dBm at 3 GHz. A carefully
tuned and stable initial zero is
obtained by reinjecting an ampli-
tude-phase controlled part of the
emitted signal. Figure 6 shows a
schematic view of the experimen-
tal set-up.
— Results

The following results are rele-
vant to two antennas. The first
oneis apyramidal horn with a rec-
tangular aperture of 33 x 24 cm.
The probe array is located at 30
cm from the horn aperture. The
real and imaginary part of the field
are plotted on figure 7. The meas-
ured results are compared to those

" o
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N | ANTENNA
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Fig. 6 General view of the experimental set up.

TABLE Il

RELATIVE AMPLITUDE %

PHASE DEGREES

Max error

6 4

Root mean sq. error

3 2.2
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Fig. 7. Near field probing of a rectangular horn.

which have been calculated. Table
2 shows the difference for ampli-
tude and phase.

Such errors would correspond
to parasitic sidelobe levels in the
far field as low as -46 dB.

The second antenna consists of
a 16 x 4 dipole array, covering 1.2
meter x 0.4 meter area. Figure 8

|
= - 2.5cm

(A=10cm, Y =25 cm)

Fig. 8 Near field probing of a 16 x 4
dipoles array.
shows the real and imaginary parts
of the field. The measurement
have been done at 25 cm from the
array plane. Assuming the separ-
ability of the near field distribu-
tion, the radiation pattern in the

azimuthal plane has been calcu-
lated from near field measure-
ments and compared to far field
measurements (Figure 9). The
comparison shows relatively good

AMPLITUDE (dB)
0
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A \-2( A
R .

v ] Il -30 [YINHAR A A
INTE Y l }x Ve
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-60 -40 -20 0 20 40 60
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Fig. 9 Radiation pattern of a 16 x 4
dipoles array.

agreement up to -25 dB.

In these experiments, the rate
of measurement was 2000 points
per second. Thus, the total line is
scanned in approximately 100
milliseconds. The whole array
would be scanned in less than 3
seconds.

Conclusion

In conclusion the modulated
scatteringtechniqueis an efficient
way to probe at a rate of 2000
measurement points per second.
Quasi real time operation is
achieved for a few thousand
points. This rate is of the order of
magnitude of classical probe
arrays using a microwave multi-

plexer but this multiplexeris elim-
inated with MST because no mi-
crowave connection is needed
between the probes and the re-
ceiver. Starting from the experi-
mental set-up just described, the
natural extensions to atwo dimen-
sional active radant grid can be
considered next. Furthermore,
some improvements must be
achieved. For instance, the per-
turbation of the grid in the cross-
polarization must be investigated
and minimized. Similarly, the
measurement accuracy must be
increased by means of convenient
diode selection and construction
tolerances.

It is worth noting that even the

Ll

one dimensional grid can be very

interesting in practical situations.
Such a fast probing combined
with a one axis antenna rotation

provides an efficient means for ,

measurements over cylinders. The
simultaneous measurement of
both orthogonal polarizations
does not pose too many difficul-
ties.

What has been said for near
field probing can be extended
easily to other problems such as
imaging. There is no doubt that

quasi real time facilities will be

used more frequently in this
hitherto explored domain of mi-
crowave imaging which covers a
large number of applications in-
cluding active biomedical imag-
ing, non destructive testing, and
civil engineering.
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Eigen Function Approach to a
Class of Coupled Circular
Gylindrical Rod Problems
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Abstract

The problem of coupling be-
tween two circular cylindrical con-
ductors located symmetrically
along the normal distance between
two parallel ground planes is ana-
lysed using an eigen function ap-
proach. Even and odd mode im-
pedance values are presented for
various parameters. Comparison
of experimental results on a num-
ber of couplers as well as previ-
ously published results bear out
the validity of the present results.
New results for off-set slab line
structure are also included.

Introduction

Cristal' has analyzed the prob-
lem of the coupled circular cylin-
drical rods, with the line joining
their centres being parallel to the
ground planes. However, another
variant of the above structure
which is more amenable to cou-
pling variations is also possible by
orienting the line joining the rod
centres perpendicular to the

Dirichlet and the mixed boundary
value problems respectively satis-
fying the Laplace’s equation in
each case. The solution of La-
place’s equation as applicable to
the even and odd mode excita-
tions of the coupling configura-
tion is written in terms of the ser-
ies of eigen functions such as

¢=K+A.In [£] +
B (r"=a®"r ™) cos'mé

m=123,...

where K is the potential on the
centre conductor, A, and Ay’s are
the unknown constants to be de-
termined by the use of relevant
boundary conditions and a is the
radius of the circular centre con-
ductor. The boundary conditions
for the even and odd mode excita-
tions areindicated in Figures 1(b)
and 1(c).

on the boundary is integrated suc-
cessively and equated to zero.
The residue identity equation is
given by

8 S S
fff R(dS)*"' =
S

S5y
S
3 5 g
" f (S2 - S)" R.dS.
Sy
where S', S2 .. .. are the limits of

theintegral, Ristheerrorand S is
the running coordinate along the
boundary edge. k= 0,1,2,. ... de-
note the number of integrations.
The above equation is used to
generate a set of simultaneous
equations corresponding to each
boundary condition for the two
modes of excitations. These are
then solved by a suitable method
to arrive at the constants. Once
the potential functions are thus
determined, the even and odd

ground plane. This type of struc-
ture does not seem to have been
analyzed till now. In this paper an
eigen function approach, which
has been successfully utilized for
the study of coaxial transmission
line problems®®, will be used to
analyze this structure.

mode capacitances are determined
in the usual way, leading finally to
the even and odd mode impedance
values.

Results and Discussions

Results of the calculations are
shown in Figures 2 and 3, where
Zoe and Z,, are plotted as func-
tions of B/D and S/D. The special
case of B/D = 2(S/D) in the case
of odd mode excitation, corres-
ponds to the standard symmetri-
cal slab line configuration. Pres-
ent results are tabulated along
with those available in the litera-
ture® in Table 1. Comparison of
the value shows an excellent
agreement with the predicted re-

Analysis

The geometry of the structure is
shown in Figure 1(a), where D is
the diameter of the rod and S and
B are the separation between the
centre ofthe circular rods and the
ground planes respectively. The
analysis consists in solving the
odd and even mode excitations as

Fig. 1 (a) Geometry of the structure,
(b) boundary conditions for odd mode
excitations, (c) boundary conditions
for even mode excitations.

‘rhe evaluation of the unknown

*Tata Institute of Fundamental Research,
Bombay 400 005

**Indian Institute of Technology, Bombay
400 076

constants is carried out by the use
ofthe successive integration tech-
nique*®. In this approach the error

sults, the error being less than a
percent. It may in fact be noted
that the odd mode impedance
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~ TABLE |
SLAB LINE WHEELER® PRESENT WORK
M B =B z. 2 s_.8B
D 2D ° 2D it DD
ohms ohms
m| 10 5 110.7 111.1
8 4 97.5 97.8
6 3 80.2 80.5
5 25 69.2 69.6
=i 2 55.7 56.1

“ data, as presented in Figure 3, can
be used for obtaining the values
of characteristicimpedance of slab
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lines with off-centered circular
inner conductor. This is considered
.. asanew result notexplicitly avail-
able in the literature.
The coupling configuration ana-
lysed above was used in the feeder
“s system of a large UHF dipole
array’. The experimental measure-
ments on the couplers for this
feeder system agree well with
“" those predicted from the above
analysis.

Conclusion
Eigen function approach has
been successfully utilized for the

s

MICROWAVE JOURNAL ¢ DECEMBER 1982

solution of coupled rod transmis-
sion line problems with a rectan-
gularouter boundary. Good agree-
ment has been found between the
theoretical and experimental re-
sults. New results on the charac-
teristic impedance of an offset
slab transmission line have also
been presented.

The above method of analysis
can also be extended to solve
Cristal type filter structure and
other coupled line configurations.
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1 Watt Amplifier -~
covers 700 MKz to 4200 GHz

Mini Circuit Lab.
Brooklyn, NY

As more systems and subsys-
tems extend to 4 GHz and beyond,
design engineers are experiencing
a growing need for higher output
than the milliwatt levels available
from their signal/sweep genera-
tors and frequency synthesizers.
Up to one-watt output is often
necessary to perform adequate
and meaningful testing of com-
ponents and functional blocks.
The model ZHL-42 wideband am-
plifier, with 1 watt output, pro-
vides the most economical solu-
tion to such requirements over
the full 700 MHz to 4200 MHz
band. It is shown in Fig. 1.

Fig. 1 The ZHL-42 is housed in a rugged
3/8 inch aluminum case with a hefty
heat sink.

The four-stage, ultra-linear
Class A amplifier provides 30 dB
gain over the 700 to 4200 MHz fre-
quency range, with gain flatness
typically within 1.0 dB (see Figure
2). The ZHL-42 is unconditionally
stable and can be connected to
any load impedance without con-
cern foramplifierdamage or oscil-
lation. Amplifier performance is
summarized in Figures 3-5.
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Fig. 2 Gain flatness, over the 700 to
4200 MHz range is typically 1.0 dB.

The amplifier is housed in a
rugged 3/8 inch aluminum case
and includes a hefty, self-con-
tained heat sink; the unit’s me-
chanical and thermal designs are
targeted to withstand tough pun-
ishment and harsh environments.™
The ZHL-42 is supplied with SMA
connectors. )

Applications, in addition to
boosting signal/sweep generator
output, include intermodulation
testing of components, broad-
band, high-level isolation, meas-|
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Fig. 3 Gain compression vs RF
output level.
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Fig. 5 Output VSWR vs frequency.

urements and the achievement of”
linear gain in signal-processing
systems.

The ZHL-42 requires +15 volt|
DC, 0.69 A power supply input,
operates over 0° to 65°C tempera-
ture range, and has a -55° to
+100°C storage temperature!
range. Total allowable input RF
power is +15 dBm with output
loaded; +10 dBm when output is
not loaded. Price: $895. Delivery: ™
1 week. R/S No. 244.
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