2156

of Electrical Engineering, Indian Institute of
Technology, Kanpur, India, working as a Re-
seatch Engineer in the area of computer-aided
analysis and. design of microwave integrated cir-
cuits. Presently, he is with the Department of
Electrical Engineering, University of Waterloo,
Watetloo, Ontario, Canada, working in the area
of -optimization for large networks. He has pub-
lished ten research papers and is a co-author of
the book Computer-Aided Design -of Microwave
Circuits, Artech House, 1981.

*

K. C. Gupta (M’62-SM*74) was born in 1940. He received the B.E. and
M.E. degrees in electrical communication engineering from Indian In-
stitute of Science, Bangalore, India, in 1961 and 1962, respectively, and
the Ph.D. degree from Birla Institute of Technology and Science, Pilani,
India, in 1969.

He worked at Punjab Engineering College, Chandigarh, India, from

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 12, DECEMBER 1982

1964 to 1965, the Central Electronics Engineer-
ing Research Institute, Pilani, India, from 1965
to 1968, and Birla Institute of Technology from
1968 to 1969. Since 1969 he has been with the
Indian Institute of Technology, Kanpur, India,
and has been a Professor of electrical engineering
since 1975. On leave from the Indian Institute of
Technology, he was a Visiting Professor at the
University of Waterloo, Canada from 1975 to
1976, Ecole Polytechnique Federale de Lausanne,
Switzerland, in 1976, Technical University of
Denmark from 1976 to 1977, and Eidgenossische Technische Hochschule,
Zurich, Switzerland, in 1979. From 1971 to 1979 he was Coordinator for
the Phased Array Radar Group of Advanced Centre for Electronic
Systems at the Indian Institute of Technology. He has published four
books: Microwave Integrated Circuits, Wiley Eastern and Halsted Press,
1974, Microstrip Lines and Slotlines, Artech House, 1979, Microwaves,
Wiley Eastern, 1979 Halsted Press, 1980, and Computer-Aided Design of
Microwave Circuits, Artech House, 1981. He has published over 70
research papers and holds one patent in microwaves areas.

Dr. Gupta is a fellow of the Institution of Electronics and Telecom-
munication Engineers (India).

Millimeter-Wave Hybrid Coupled Reflection
Amplifiers and Multiplexers

DAVID RUBIN, MEMBER, IEEE

Abstract —Multiple - stage hybrid coupled reflection amplifiers and
frequency multipliers are modeled using two-port analysis. A two-stage (4
diode) microstrip InP Guin amplifier and a four-section suspended sub-
strate multiplexer were fabricated in Ka band. Analysis shows that the
performance of the hybrid coupled amplifier, both for packaged diodes and
pure negative resistance (ideal monolithic) devices, is extremely sensitive to
input and output VSWR’s.

I. INTRODUCTION

HE 3-dB QUADRATURE coupler is one of the most

useful microwave components available to the circuit
designer. The amplifier and multiplexer configurations to
be described both use the equal power split and 90° phase
dlfferences between output terminals of these “hybrids”.
Symmetry makes it possible to reduce the analysis of the
four-port network to that of a two-port. Identical termina-
tions present no problems since they do not upset symme-
try and can be considered part of the coupler for analysis
purposes. Nonidentical terminations, such as two different
diodes, can be handled by signal flow graphs, again reduc-
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ing the circuit to an equivalent two- -port.

This paper describes the analysis of complex microwave
circuits which utilize 3-dB quadrature couplers. Both com-
puter results and measurements will be given for: 1) single
and multistage hybrid coupled small signal reflection
amplifiers, and 2) multichannel hybrid coupled multi-
plexers.

Predicted behavior of ideal negative resistance devices is
also computed for circuits which utilize different practical
hybrid couplers and mismatched input and output imped-
ances. It will be shown that small mismatches can lead to
large amplitude ripple and input VSWR.

II. ANALYSIS OF CASCADED HYBRID COUPLED
REFLECTION AMPLIFIERS

All solid-state amplifiers for use above 40 GHz use
negative resistance one-port devices as amplifying ele-
ments. To separate input and output power, ferrite circula-
tors are normally used. At the higher millimeter-wave
frequencies, circulators. are bandwidth limited; another
technique, that of coupling two identical amplifier stages
through 3-dB quadrature couplers, is sometimes used [1].
This method makes use of the fact that the two output

0018-9480,/82,/1200-2156$00.75 ©1982 IEEE



RUBIN: REFLECTION AMPLIFIERS AND MULTIPLEXERS

Reflections from Port 2 Reflections from Port 3

1<0 —2<-2¢+1 ‘/ 1<0 %<—2¢'n+7
== P =l "@ r<y 1) s SRR, § P

X X

O—— d r<y O—g=— = r<v

r jid r
<20 - +Y PP Y.4 — g I
) 3 T <~ -ty 72 S-4-3

Fig. 1. Ideal 3-dB quadrature coupler.
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Fig. 2. Cascaded hybrid-coupled amplifiers.

ports of these couplers are close to 90° out of phase over
large frequency ranges. Fig. 1 illustrates schematically,
through voltage superposition, the additive phasing of the
two reflected waves (at port 4) and the absence of any
reflected wave at the input (port 1). A transversal of RF
through the coupler in the horizontal direction suffers the
phase shift —¢°, and through the diagonal direction an
additional shift of —90°.

Only if the couplers are ideal and if both amplifiers have
the same reflection coefficient will all of the amplified
power be available at port 4. Fig. 2 illustrates how two
such stages can be cascaded. Further extensions of ideal
couplers and amplifiers are obvious.

There are many nonideal elements in practical ampli-
fiers, particularly in microstrip, which tend to couple out-
put power back to the input port, providing nonuniform
gain and limiting bandwidth. These include 1) nonideal
couplers (poor directivity, input VSWR, and/or power
split, 2) nonideal amplifiers (different diode characteristics),
and 3) nonideal transitions (poor VSWR going from wave-
guide to microstrip).

The problems of nonideal elements are so complex that a
computer must be used to determine the likely sources of
error. When two hybrid coupled amplifiers were cascaded
together, the author found little correlation to what was
expected using ideal models. Computer routines were then
written which incorporated hybrid coupler models with
actual amplifier stages (even for different diodes), connect-
ing lines between the amplifiers, and microstrip transition
VSWR’s at the input and output of the cascaded ampli-
fiers.

III. DESCRIPTION OF PROGRAMS

A. Symmetric Four-Port

Two-port analysis can easily be extended to provide
input and output parameters of symmetric four-ports using
superposition of even and odd modes. Hybrid coupled
identical amplifier stages can be calculated using two-port
analysis as shown in Fig. 3.

The reflection coefficient

by/a,=(1/2)8,/,+(1/2)S/s (1)
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Fig. 3. Even- and odd-mode hybrid coupled amplifier analysis.
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and the voltage gain

by/a;=(1/2)81/. = (1/2)8/, (2)
where S,;/, and S,/ are the input reflection coefficients

calculated from the even- and odd-mode circuits of Fig.
3(b) and 3(c), respectively.

B. Unsymmetrically Loaded Symmetric Four-Ports

Suppose the symmetric hybrid couplers were loaded with
diodes which were somewhat different. Two-port analysis
can again be used to convert unsymmetrically loaded sym-
metric four-ports as in Fig. 4(a) and 4(b); however, a few
intermediate steps must be used. Fig. 5 is a flow graph
representation of any four-port with output terminals con-
nected to any two loads (such as amplifiers) with reflection
coefficients I, and I;.

The solution to the flow graph problem (i.e., what is
b,/a,, b,/a;) can most easily be found using Mason’s
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rules for loop analysis [3]. Keeping track of ail loops, the
transmission path (scattering parameter) from between any
input and output port is given by
P(1-L()"+L@)" - )
+P(1- L)+ L@ =)+ -
B 1- L(1)+ L(2)—L(3)+ -

®3)

where P, P,, - - - are different transmission paths between
ports, L(1) is any single loop, L(2) is any two nontouching
.loops multiplied together, L(3) is any three nontouch-
ing loops multiplied together, etc. L(1)" is any nontouch-
ing loop that does not touch the path P, etc.

An example of one path from the input to the output
port 1 (reflection) is S},. Another path is Sy;- I3+ Sp3- I Sy,.
A simple first-order loop is T,-S,,. One second-order loop
is I,+8,, 15+ 853.

Mason s rule therefore gives for voltage gain

b, )
a—l = S41
S21F2524(1 - F3Sn)+ S31F3534(1 - I‘25’22)
-+ o158, 1585, + 851155, 15,5,
1— (T8, + T3Sy + 8538, 1L 15)

+ S22 I‘2 S33 FS

=S+

For symmetric four—ports (such as hybrid couplers) S,, =
normnator L
—l—S“(I‘2+I‘3)+I‘2I'3(S121—S124) 4

then
I ;
Sy =8t Z{S12S13I’2(1 — T8+ 88,5 (1-1,8,)
+ 0,138, (S + S&)). (5)

Likewise for return loss (or gain)
b,/a; =8/

=S +1/L{S; 5,8, (1 - 8;3T3) + 85, 1385 (1-

+ S21r2S32F3S13 + S31r3SZ3I‘2S12}

Sl5)

which reduces to

, 1
S =38 + z{slzlrz(l_ S)+ 8 (11— 5, 1)

+20,155,,8138 4 -

Whether or not I, =13, S,/ = S,,/, however
2 3 14 41

, 1
by/ay=S84'=Su+t Z{S122P3(1 —85)1)

+ S132I‘2(1 - S11r3)+2F2F3S12513514> (7)
which is not equal to S;," unless I, =
complete symmetry.

The resultant two-port, represented by parameters S11 ,
S,4» Sy/s and S,,, can be converted to ABCD matrix form
and used in a subsequent two-port analysis.

T, i.e., unless there is
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Fig. 6. Wide-band matching network and computed reflection gain for
two different diodes.

1V. CoMmPUTATION OF CAasCADED HyYBRID COUPLED
AMPLIFIER PARAMETERS

All calculations to be presented have been performed on
a Textronix 4052 minicomputer using BASIC language
programming. Internal magnetic tape files are used to store
S parameters of various hybrids and reflection coefficients
calculated from a number of amplifier stages over 26-40
GHz in 0.2-GHz increments. The calculating routine brings
up any Of the desired stored parameters in the proper
sequence for network analysis. The effects of transition
VSWR’s can be simulated by reactively shunting the input
and output lines at the proper distances. The results take
about two minutes for a two-stage amplifier and allow a
fast look at the differences encountered when particular
amplifier matching networks are used with various cou-
plers, interstage transmission line lengths, and waveguide
to microstrip transition VSWR’s.

The diode models were determined by Varian from small
signal reflection gain in coaxial cavities [4]. The design of
single-stage reflection amplifiers has previously been out-
lined [5]. Fig. 6 details the parameters and computed
performance of two different diodes in a wide-band match-
ing circuit. All computations use input and output trans-
mission lines of Z,=60 @, corresponding to our best
transition match, and 2.2-dielectric constant microstrip.
The synchronous coupler parameters of Fig. 7 are based on
a 4-dB Chebyschev design by Levy [6] with modified end
branch lines. The amplifier configurations of Fig. 8 utilize
the above components with appropriate interconnecting
60-Q line lengths. No transition mismatch is used at the
input and output of these computer models.

Fig. 8(a) shows the gain and return loss of a single-stage
hybrid coupled amplifier using two EE-119 diodes. Fig.
8(b) shows the gain and return loss of the same amplifier
using slightly different diodes (one EE-119 and one EE-
120). Fig. 8(c) shows the gain and return loss of a two-stage
hybrid coupled amplifier with all four identical diodes
(EE-119%).
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Fig. 8. Computed performance of one- and two-stage amplifier using
elements of Figs. 6 and 7. (a) Single stage~identical diodes. (b) Single
stage~different diodes. (c) Two stages—identical diodes.

A circuit based on the computer model which gave Fig.
8(c) is shown in Fig. 9 along with measured results. It is
likely, as will be shown, that differences between measured
and computed results can be attributed to transition
VSWR’s which were not accounted for in the above mod-
els.
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(a) Two-port equivalent. (b) Flow graph.

V. TuE VSWR PrROBLEM

Unlike transistor amplifiers which have some degree of
internal isolation, i.e., S,, < S,,, either end of a hybrid
coupled reflection amplifier can be used as the input. Any
reflections from the load terminal are reflected back to-
ward the input with gain. If the generator is not perfectly
matched an additional reflection is caused at the input.
Knowing the two-port parameters of the reflection ampli-
fier and the load and input reflection coefficients allows a
calculation of the total circuit gain and return loss.

Any single- or multiple-stage reflection amplifier can be
reduced to a two-port with input and output shown in Fig.
10(a). A flow graph comprising both amplifier and input
and output reflection coefficients (due to transitions, mis-
matched impedances, etc.) is shown in Fig. 10(b).

Without additional VSWR at the input and output
terminals the power gain would be
b, |°

a

Sy
1- (PISII + 028y + P1P25221)+ P10281:1812

(8)
and return loss
?_1 2

a,

Sn(l - P2S22)+S212P2
1_(P1Sn + 0,5, + Plpzszzx)'*'PleSuSn

9)

The worst-case effects of the VSWR’s associated with
transitions or terminations can be found by assigning
phases to the parameters of (8) and (9). Table I lists the
maximum gain variations (CHG DB) associated with exter-
nal input and output reflections (p, and p,) for amplifiers
with 5- and 10-dB gain and equal values of S;, and S),.




2160

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 12, DECEMBER 1982
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Fig. 11,
using ideal negative resistance amplifying elements between 32 and 34
GHz. Input and output VSWR’s have been set equal and are capacitive.

TABLEI
DEGRADATION OF HYBRID COUPLED AMPLIFIER PERFORMANCE
DUE TO EXTERNAL INPUT AND OUTPUT VSWR (REFLECTION
RETURN Losses P, aND Py)

GRINCDE) CHG(DB) S“= SZZ(DE) RET.LOSS P|(DB) pz(DB)
. 00 . -10.80 3.39 20,20 -23.00
:.gﬂ }.gg H 89 2.92 28.00 -20,0¢
5.80 2.72 12 00 8.%8 20.08 13,99
5,08 4.43 19.e0 5.08 ~20.80 18.08
3.88 1.94 19,00 5,80 13.00 -25.60
3 8 2.79 18.82 2,39 ~15.60 28,08
£ 88 407 8.83 1.32 -13.60 15.0@
5 08 £.66 18.89 6.55 -15.09 ~18.09
.88 3.23 -18,00 4,26 -10.00 -25.89
5 o8 4.43 -19.08 1.35 -10.98 -20.98
5 00 6.66 18.68 3,88 -19.80 15.00
5 0e 1.3 18,08 9.97 -10.80 18.00
.89 1.94 -5.00 -1.38 -20.00 25.08
g.ea 2.70 -5.08 8.6 0,08 29.98
s.88 4.07 5,69 3.7 20.98 15,088
5,90 6.6 -5.80 8.37 26,98 19 00
.89 .04 5.00 -8.75 15.00 25.08
g.aa e 5.0¢ 1.46 -1%.00 28 00
S 98 5.99 -3.08 4,94 13.00 15.60
5 98 9.82 80 19,64 15.00 10.00
5 08 $.86 3. 8 9.49 18,89 23,00
3 o8 &.66 3.00 314 1929 -20.68
5,88 9.82 5200 7.67 ie.0e 13.08
3.00 17.91 -%.88 1728 16.80 19,80

GAINCDE) CNMGCDB) S” =5,,(08) RET.LOSS ﬂl[DE) }72(05)

(N .94 -10.88 -8.94 -20 88 25 00
}n.ag 583 -18, 00 4,10 -20 88 28 03
10,09 5.06 -10.88 9.39 208 20 15 a8
18.89 9.87 ~18.00 16,36 20.00 18.00
10.98 3.23 19,88 8.7e -15-90 25.00
16 08 .86 18.99 5.35 3.89 28,98
{e.e0 8.6! ~18.08 11,85 15 @8 15.00
19,08 17.93 -18.08 23.86 15.60 1a.90
19.80 5.63 -10,08 2,28 -10.88 25.00
18 Be 997 -18.00 8.12 -19,80 20,00
10.00 12,93 -1@ 68 19.44 -10,80 -15.80
18.0@ 17.63 -18.08 21.36 18.80 18.80
18.00 2.78 5,89 2.6 ~28.08 25 80
10,08 4.87 5 B9 6.32 -22.80 28,99
18.80 6.66 5 69 11,85 -28 88 13.08
18,00 12,22 5,00 1975 -20.00 1898
18.e8 4.43 3,08 3,65 -15.00 -25.09
18.e9 6.66 5,88 8.80 13,09 -~20.09
1800 1.3 5 83 14.97 15.89 -13.29
is.00 30,22 s @9 3611 15,68 -18.€8
12,09 7.7% 8,68 3-8? 1e ee -23.68
1e.e8  12.22 5.89 1213 e oy 28.90
i8.88  3e.zz -3.00 32.95 19 03 15.08
16.80 13.33 -5.00 17,91 10.00 19°08

Extending the table to cover 15 dB showed no useful
amplifiers with the given reflection conditions. Some
conclusions: 1) The output transition/termination affects
the return loss of the amplifier more than the input transi-
tion/termination; 2) 10-dB amplifiers require input and
output VSWR’s corresponding to —20-dB return loss or
greater; and 3) 5-dB amplifier require input VSWR’s corre-
sponding to —15 dB or greater, and output VSWR’s
corresponding to — 20 dB or greater.

The chart is probably too restrictive, since it accounts for
phase changes corresponding to the worst case. The latter
is only approached when the distances between circuit
elements are in the order of one or more wavelengths. Fig.
11 is a composite of gain and return losses of single- and
dual-stage amplifiers using “ideal” negative resistance di-

10-dB gain hybrid coupled amplifiers (one and two stages)

odes (no parasitics) and two different types of couplers.
The four branch synchronous type has been used with our
amplifiers because of its large bandwidth. The three branch
periodic has nearly infinite return loss and directivity over
a narrow band. The computer model is for pure negative
resistance elements over a 2-GHz bandwidth (frequency
center of coupler) and zero resistance outside of this
frequency range. The circuit used is that of Figs. 8 and 9
except for zero transmission line lengths between the cou-
pler outputs and the dc blocks. No matching elements are
used with the ficticious diodes. The model should scale,
i.e., the number of wavelengths between elements will re-
main constant with dielectric or semi-insulating substrates
(monolithic amplifier).

1) Even for an ideal hybrid coupled amplifier, input and
output VSWR’s should be less than 1.2 (—20-dB return
loss). In general, this may require very good isolators.

2) The limiting criteria for hybrid coupled amplifiers are
not diode package-parasitics or low directivity couplers,
but transition VSWR and load mismatch.

VI

The circuit pattern of a four-channel suspended sub-
strate multiplexer recently developed at NOSC [7] is shown
in Fig. 12. The multiplexer routes RF input between 26
and 42 GHz into one of four output ports. Although the
circuit is quite complex, it can easily be analyzed using
two-port methods similar to that used for the hybrid
coupled amplifiers. In this case it is necessary to find the
bandpass characteristics for each of the output ports with
respect to the input port.

Each of the four sections can be modeled as in Fig. 13,
using its particular filter sections. The internal symmetric
four-port can be handled as in Section III using even- and
odd-mode analysis. The results would yield the four-port
scattering parameters S, " where S, "= S, ’. It is necessary
to find, with respect to input voltage a,, the output voltage
by, the reflected voltage b, and the voltage to the succeed-
ing port b,. We will assume that the internal and

MULTIPLEXER ANALYSIS
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Fig. 12, Circuit pattern for 4-channel multiplexer.
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Fig. 13. Two-port for single section of multiplexer.
alN)=1 0(4) a{3) 6(3) a(2) o(2) a(1) (1)
. A
4 |76
P4}

Fig. 14. Cascaded multiplexer sections.

external loads are perfect so that a, =a,;=0. From the

2-port: b, = S,/a, + S,,/a,, and since a, =I'; b,
Sis'a,

1-T.8)

_ Syy'a, _
bi=1"7 577 (10)

From the 4-port: b, = S;,/a, + S;,/a,, and since a, =T, b,
p 3 31 & 34 A4 4 L%

$.'S,'T, |*
by =8, + 2L g 12, 11
|3, 13 I_FLS” III ( )

Also
by=S8y/a;+ S\ja,=S\/a; + Si,/b 1.

Therefore

, Su'a
by=8/a;+ S, FL.{_I_—%J’ITL—} (12)
bl _ . ’ (S14,)2I‘L
a, _Pm _Sll + l_S”/rL . (13)

As shown in Fig. 14, the output power from each stage
depends on the power into it, which in turn depends on its
reflection coefficient. The calculation is therefore recursive,
and the sequence is as follows.

1) Collect a separate parameter file for each of the N
stages, consisting of

Si(k)=38,y"= Sy = 83" =S4/
S2k)=8y"= S’ = 834’ = Sy’

2161
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Fig. 15. Computed performance of one hybrid-filter—hybrid bandpass
section.

S3(k) =83/ =81'=S'= Sy’
S4(k)=S41,=S14,=S34,=S43,y k=1 to N.

2) Starting with the stage (1) (I'(0)=0), with 8(k)=
angular lengths between stages, from (13)

T(1) = S1(1)e 20
$421T(1) | 2
I‘(Z)={Sl(2)+—l—:—s'@)—rm}'e @

S4(k)Y'T(k—1)
—S1(k)T(k-1)

I'(k)= {Sl(k)+1 }-e—2ﬂ’<k>. (14)
3) Knowing I'(k), calculate the output voltage of each
stage starting with the input voltage (1) of the first stage,
ie., a(N)=1, from (10).
Sd(k)-a(k)
1—S1(k) T(k—1)°

alk—1)= fork=Nto?2.

(15)

4) The output power of each stage is therefore from (11)

S2(k)S4(k)T(k—1)|°
= SI(K)T(k—1) (16)

For the four-section multiplexer of Fig. 12, four data files
are used to house the scattering parameters of each section.
A section consists of identical bandpass filters connected
by transmission lines between two 3-dB quadrature cou-
plers. Because of symmetry the four-port scattering param-
eters can be determined from even- and odd-mode two-port
analysis. The multiplexer utilizes 4 branch synchronous
couplers and six-section 0.5-dB ripple Chebyschev filters.
A plot of scattered output power at the four-ports of one
of the sections (3) is shown in Fig. 15. The main program
brings up one section at a time starting with Section (1),
furthest from the input. Each section input reflection coef-
ficient T'(k) depends on the reflection coefficient of the
following load, I'(k —1). Once all of the reflection coeffi-

P(k)=|S3(k)+

JaCk ).
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Fig. 17. Measured performance of NOSC Ka-band multiplexer.

cients are known the power output of each section follows
from (15) and (16). Fig. 16 shows the results of the com-
puter analysis. Circuit losses were not included. The actual
circuit results of the NOSC quadruplexer are shown in Fig.
17.

VIL

It has been shown how two-port analysis can be used to
predict the behavior of complex circuits which contain
symmetric four-ports. Multistage hybrid coupled amplifiers
and frequency multiplexers were analyzed in this manner
and compared to measured results.

A four-diode, two-stage, hybrid coupled InP Gunn
amplifier was constructed with 5-dB gain over 33-37 GHz.
The bandwidth was considerably less than that predicted
by a computer model which did not account for waveguide
to microstrip transitions. It was shown that VSWR effects
at the input and output can severely degrade the perfor-
mance of the amplifier much more than diode package
parasitics or coupler directivity. Broad bandwidth hybrid
coupled monolithic amplifiers are unlikely to perform well
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unless methods are developed for fabricating ferrite isola-
tors on semi-insulating substrates.

With the exception of dissipative losses, which were not
accounted for in the model, the computed and measured
performance of the four-channel multiplexer were in close
agreement. Computer analysis was mainly used to de-
termine the interaction between multiplexer sections so
that the individual filters could be designed for optimum
bandwidth.
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