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Synthesis of Negative Resistance Reflection Amplifiets
Employing Band-Limited Citculators

H. C. OKEAN, MEMBER, IEEE

Abstract—This paper presents a theory for single-stage cir-
culator-coupled negative resistance reflection amplifiers based on
proposed realistic circuit models for frequency-dependent band-
limited circulators and broadband negative resistance devices such
as the tunnel diode. In particular, gain bandwidth limitations are
derived which are imposed by both the inherent resonance asso-
ciated with the nonreciprocal circulator junction and the reactive
parasitics associated with the active device. These limitations are
generally more restrictive than past results which assumed a “per-
fect” frequency-independent circulator and took into account only the
device parasitics. In addition, a synthesis procedure is presented for
realization of an absolutely stable amplifier with a prescribed #th-
order Butterworth or Chebyscheff approximation to an ideally flat
band-pass power gain characteristic.

The appreach employed is based upon the theory of reflection
coefficient equalization between two reactively constrained resis-
tances representing the pass band circulator and device immittance
models. In addition, a band rejection out-of-band stabilizing network
is absorbed in the pass band equalizer in accordance with an over-
all synthesis procedure.

Finally, the theory is verified by the construction and testing of
an L-band tunnel diode amplifier having third-order maximally flat
power gain centered at 1.46 Gc¢/s and with half-power bandwidths
(430 Mcls and 355 Mc/s at 10 dB and 16dB midband gain) within
six percent of those predicted by theory.

1. INTRODUCTION

HE CIRCULATOR-COUPLED reflection ampli-
T fier has been found to be the optimum single-stage

negative resistance amplifier configuration at
microwave frequencies [1], particularly with respect to
noise performance and insensitivity to source and load
impedance variations. It consists of a three-port circu-
lator terminated in source, load, and negative resistance
network such that the incident RF wave from the
source is amplified at, and reflected from, the negative
resistance port and transmitted to the load. The non-
reciprocity of the circulator separates the incident and
the reflected waves.

This paper is concerned with the development of a
theory for single-stage circulator-coupled negative re-
sistance band-pass reflection amplifiers based upon re-
alistic circuit models for frequency-dependent circu-
lators and broadband one-port negative resistance
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devices. Past theoretical treatment of such amplifiers
[2]-[11] generally postulated a “perfect” frequency-
independent circulator and considered only the limita-
tions imposed by the parasitics of the active device,
although the perturbing effects of small, frequency-
independent circulator imperfections have been con-
sidered [12], [13]. The perfect circulator assumption
yielded overly optimistic predictions of amplifier gain-
bandwidth capabilities, particularly for broadband ac-
tive devices such as the tunnel diode. This is borne out
by the measured gain-frequency characteristics of
practical tunnel diode amplifier designs [14]-[20] which
fall short of their predicted bandwidth capabilities or
display unwanted pass band gain ripples. Furthermore,
stabilization of the active device in the face of uncon-
trolled out-of-band circulator behavior was, with rare
exception [2], [6], overlooked in the theoretical studies
but usually found necessary in practical designs.

Therefore, this paper formulates the gain-bandwidth
limitations imposed upon a circulator-coupled negative
resistance reflection amplifier by the frequency depend-
ence of both realistic circulator and active device circuit
models. This in turn leads to a synthesis procedure for a
network interposed between active device and circu-
lator which realizes an absolutely stable amplifier with
a precisely specified band-pass power gain characteristic.
The approach employed consists of two steps: pass band
gain equalization and out-of-band stabilization. Finally,
data is presented on an experimental L-band tunnel
diode amplifier which verifies the theory.

A list of principal symbols and nomenclature used in
this paper is presented in Table I.

II. EsTABLISHMENT OF CirculiT MODELS
A. Reflection Amplifier Configuration

The general circulator-coupled negative resistance
amplifier configuration is shown in Fig. 1. The overall
coupling network Ny interposed between circulator and
active device consists, basically, of a cascade of lossless
transducer-transformer network X, and equalization-
stabilization network N. N, transforms between dif-
ferent circulator and device transmission media and/or
impedance levels (R, and R,), whereas N is restricted
to be essentially lossless in the amplifier pass band in
order not to degrade the amplifier noise performance.

Let the circulator be characterized by a pass band
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TABLE 1

PrincipaL SYMBOLS AND NOMENCLATURE

Symbol
Ry, R, Circulator, transformed circulator impedance
level
W{w) Overall insertion power gain function
1V alw) Reflection gain at negative resistance port of
circulator . .
p4a, pa’ Reflection coefficients at negative resistance

S. s s st
’ 1 y
},L/, Yc
w0=27rfo

7

AZS AZ,

N, N

L, C, R, C, =R
le Nﬂr Nn

Niz, Now, Nz
iRl, n

P1y Pny PAL, PAn
Doi, Po:

Qdy Qd/rl e, QC,
woy, WOt , Won, Won
We, Wo, W

Yiv 4

8
H=U+jV
P

Bso

UUs, [Jst
sty Ops

RLs, GLp

port

Symmetrical circulator scattering matrix and
elements

Circulator, transformed circulator input admit-
tance

Amplifier center frequency

Band-pass frequency variable

Circulator, transformed circulator deviation im-
pedance

Transformer and equalizer-stabilizer networks

Small signal tunnel diode parameters

Active band-pass (ABP) prototype two-ports

Passive low-pass (PLP) prototype two-ports

ABP and PLP terminations

PLP and ABP reflection coefficients

Poles and zeros of pi(p) in p=c+jw

Device and circulator constraining selectivities

PLP reactive constraining elements

Frequency scaling parameters

PLP, ABP prototype ladder element values
(j=1v2:"'yn) .

Amplification bandwidth, normalized to wg

Immittance (impedance or admittance)

Number of poles in p of H(p) with Re (p)>0

Stability bandwidth, normalized to wp

Stabilizing network conductances or resistances

Stabilizing network selectivities (f=1,2, - - -, m)

Loss resistance, conductance
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centered at frequency f, over which its cyclically sym-
metric forward and reverse transmission and input re-
flection scattering matrix elements s”, s’’’, and s* [13]
approach those of a “perfect” circulator (s'=s"'=0,
s""=1), such that

|7 <1, |,

Then, the overall insertion power gain W(f) of a re-
flection amplifier having a pass band within that of the
circulator and centered at f, may be accurately repre-
sented in the amplifier pass band by

W 2| s |Wa = |74 paGo) |? (1)

|| < 1.

where
Ve* — V4
Ye+4 Ya
| pa| > 1[R.(¥4) < 0.

at interface of IV, and IV

P =

The total circulator forward transmission [s”f <1 is
relatively constant over the circulator pass band so that
the amplifier synthesis problem, realization of a pre-
scribed W(f), is accomplished by the synthesis of net-
work N for a particular IPA’ Similarly, amplifier gain-
bandwidth limitations are those imposed on |p4(jw)]|?
by both Y¢(jw) and Y4(jw), rather than just by ¥ ,(jw)
as in the perfect circulator case (V¢ =Ry, Y¢=R,™).
Finally, precise reflection amplifier synthesis for speci-
fied W4, pa’ usually precludes the approximation of a
band limited circulator by a “perfect” circulator
(s’=0) under which the actual gain W, is sufficiently
perturbed [16] to introduce pass band gain ripple 7,
given by

WA max (1 + l S’ I VWQ)Z
r < 7y = = =]
WAmin 1- ‘sl‘\/I/VA
w
Wy = - 2)

ll—s"'lz

as well as possible bandwidth degradation and/or out-
of-band oscillation.

B. Circulator Representation

Recent theoretical and experimental characteriza-
tions of symmetrical three-port ferrite junction circu-
lators [21]-[24] attribute a single-tuned frequency de-
pendence to the scattering parameters and input immit-
tance of the internal three-port ferrite junction in the
circulator pass band centered at fo. Lossless impedance
level and/or transmission medium transformations in
each circulator arm from the internal junction to the
three external ports result in input immittance behavior
at each external port which may be approximated in
the circulator pass band by double-tuned circuit models
[23], [24]. In particular, at the negative resistance port
at the reference planes of either V¢’ or Y¢ (Fig. 1), the
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pass band input immittance is representable, as shown
in Fig. 2(a) and 2(b), by

Ye'R 2 L (3a)
¢y O — = jga a
Ro 1+ 7qm
Zo 1
YeR, or — +7qcn (3b)
R, 1 + jgm
i—fi (3¢c)
Soo S

The selectivities ¢,, §., and ¢./, g/, attributable to the
ferrite junction and to the internal and external trans-
formation networks, respectively, may be readily ob-
tained from measured immittance loci on a best fit basis.

The circuit models of Fig. 2(a) and 2(b) are made
sufficiently general to represent Y’ and Y, at all fre-
quencies by replacing R, and R, by arbitrary deviation
impedances AZy" and AZ¢ which reduce to Ry and R,
in the circulator pass band, and which may be obtained
out of band from measured data on Y¢ and Y as
shown in Fig. 2(c) and 2(d). Whereas the pass band
approximations AZJ >R, AZs=R, are used in the
pass band gain equalization, more general AZ; and
AZ ¢ may be used to account for small pass band imper-
fections as well as for uncontrolled out-of-band circu-
lator behavior in the out-of-band stabilization.

AZg =Ry IN CIRCULATOR PASS BAND

q;c dc g
o-rv*;'or\_{ ¢ o o /vv;rH 0]
o
Z—> azg AZig—> z%
fo § {MEAS)
[eg O °
AZI B o
(MEAS)

1 I
ZC(MEAS) — qc, Qg

(c)
BZp=RplN CIRCULATOR PASS BAND

qc ac
o..r\r;rv\_{( 9 (0]
0
zh —» Az azg —»
¢ f°§ i #] ¢ ¢ g } b(MEAS)
o
..q'
®
Az Az, —»
¢ ¢ (MEAS)
0

f
=2_R°: -deJf OR %Rng—?l
o o
(b} (d)

Fig. 2. (a), (b) Equivalent circuit models of circulator input im-
mittance. (c), (d) Transformation networks for obtaining devia-
tion immittance from measured data.

o
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C. Negative Resistance Device Representation

Assuming linear small signal operation, a one-port
“tuned” negative resistance device may generally be
represented [7] by a constant negative resistor coupled
to its external terminals through a network containing
the reactive device parasitics, additional reactive tuning
elements which resonate these at some fy, and ohmic
losses which restrict the “active” (negative resistance)
range of the device to a finite frequency band Aw,. This
representation may be reduced, in the amplifier pass
band centered about fo, to that of a singly or doubly
tuned negative resistor, as shown in Fig. 3, for use in
the pass band gain equalization. For out-of-band sta-
bilization, the exact device immittance is used, as ob-
tainable from the pass band model by incorporating all
out-of-band deviations in series and shunt deviation
immittances (Fig. 3) which reduce to zero in the pass
band.

The pass band models of the pumped maser element
[9] and varactor diode [7] may both be approximated
by Fig. 3(b). That of the suitably biased tunnel diode
is obtained from its exact small signal equivalent cir-
cuit of Fig. 4 by adding appropriate shunt inductive and
series capacitive tuning elements to resonate the diode
parasitics at fo. The resulting exact triple-tuned negative
resistance model [11] reduces to either the single- or
double-tuned pass band model of Fig. 3(a) and 3(b),
respectively, depending upon whether 2=L/RCR; is
less than or greater than about 1.5, assuming R, &R
and fo S fr/3 where

Ir V/(R/Rs) =1

~ 22RC
(Fig. 4). Alternatively, series-tuning [6] the diode (Fig.
4) by adding sufficient L and C, to make ]GED| a
maximum and Bgp zero at fy, yields the somewhat less
accurate pass band model of Fig. 3(d).

I1I. Pass BaND GAIN EQUALIZATION
A. Formulation of the Problem

The pass band gain equalization problem consists of
the determination of the limitations imposed by given
pass band circulator and active device input immittance
models on the realization of a specified gain W,(f),
assuming a lossless two-port network interposed be-
tween them, and the development of a synthesis pro-
cedure for obtaining the pass band prototype of this
network.

The problem is shown schematically in Fig. 5(a), in
which the augmented?! pass band models of the circu-
lator and active device immittances are represented by

! The augmented immittance representation is employed to in-
sure that the first elements of Ny at the N; and N, interfaces are not
required by the synthesis to be of the same type as the adjacent ele-
ments in IV, and IV, thereby avoiding degenerate transmission zeros
in the N,+ Ny+ Ny cascade. Augmentation allows the selectivities of
the resonators in N, and N3 adjacent to Ny to be increased arbitrarily
above those due to the pass band circulator and device models.
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Fig. 4. Small signal equivalent circuit of tunnel diode.

lossless band pass constraint networks N, and N,
terminated in R, and — R;, respectively, and Ny is the
lossless pass band equalization network. Networks N,
and N;, shown in detail in Fig. 6, each have, at most,
two transmission zeros at w,. As stated, the problem is
related to that of lossless reflection coefficient equaliza-
tion between two reactively constrained positive re-
sistances, as treated by Fielder [28], based upon earlier
work by Bode [25], Fano [26], and Kinariwala [27]. To
apply Fielder’s results, which assume low-pass reactive
constraining and matching networks, we employ an
established [3], [7], [31] one-to-one correspondence
between the active band pass configuration under
consideration [R,, N,, No, Ny, —R;: Figs. 5(a) and 6]
and a passive low-pass prototype [R., N.z, Noz, Niz,
+Ry; Figs. 5(b) and 6] under restrictions imposed by
losslessness, stability, and realizability.

B. Restrictions Upon General Lossless Equalization

The first step in the pass band gain equalization is
the modification of a set of existing gain integrals [28]
involving the passive low-pass reflection coefficients

1
L) | = | pu(je)| = —=
l VW4
corresponding to Wy, the specified band pass reflection
gain function. We decompose

|p1(je) | 2 = [p1(£)pr(— ) lpmis

such that all of the zeros p¢; and poles p,: of pi(p) in
complex frequency p = +jw have Re (p¢.), Re (p,:) <0
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in accordance with the stability and realizability re-
quirements [3] on W4 and on pi(p). Assuming that no
degenerate transmission zeros of N,z, Nz, and N
exist, then there exists a gain integral [28] subject to
Re (po.) and Re (p,) <0, corresponding to each nonzero
low-pass reactive constraint imposed by Nz and N,.
In particular, for normalized inverse inductances or
capacitances wo, woi’, Wor, won’ defined in Fig. 6, the
integrals are

fowln <T;_l> do = mon = %[ 2 (poi = m} ;

(wor < ) (4a)
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[ou(iip)e o 5]

(won < ) (4b)
® 1 - wor”
f w?ln dw = — — wo® 1-3~—~)
0 | o1 I 3 wo1/

T
- —6— Z (Bo® — p0.%);

(w01, 0)01’ < 00) (4(1)
0 1 I3 Won
f ?In——Hdw = — —l:wo,,3<l -3 —*)
0 I Pn I 3 @Don
+ Z Pms:l
(wony wor < ). (4d)

For lossless equalization, fplf = ]pnl , so that the follow-
ing relationships between existing reactive constraints,
obtained from (4), must be satisfied:?

(Sa)

(wo1, won < )

wo1 — Won = Z Poi;
B

wor’ won -
w013<1‘“3“‘01—>—w0n3<1 -3 " > = E_,poﬁ
wo1 Won 1

I I
(wo1, w01’y wony won’ < ).

(5b)

The relationships (4) and (5) may be expressed in terms
of the parameters of the active band-pass constraint
networks IV, and N, representing the pass band circu-
lator and device models by utilizing the low-pass band-
pass element equivalence [7] suggested in Fig. 6, as
follows:

wo wo , wo
wpp = ————— < wy == 0 (6a)
Qa+ AQ:1  Qu Qa
wo , wo .
Wl = — wyl = < (6b)
Qa Qd + AQ: T Q4
w w w
Won = 0-_ S —70 ; w()nl = % = ® (6C)
ge + Agn g qe
w w w
Worn T _(i H w()n/ = T——O.—A—— S _f,)' (6d)
Qc 90 + AQﬂ—l Qc

where the terms AQ:, AQs, Agn, Aga-1 absorb any aug-
mentation® of the resonators in N; and N, adjacent to
N, that may be required by the synthesis.

Substitution of (6) in (4a) and (4b) yields the gain
integral

2 In the completely passive case treated by Fielder [28], right half
plane zeros of pi(p) are permitted, so that relationships such as (5)
may always be satisfied without restrictions on woi, wo', wes, and
won', by adding appropriate right half plane zeros to pi(p) in such a
manner as not to alter |p1(p)|.
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f 1n<————>dw = 7 min |:‘—; — 4+ we ZPOi:l
0 l P i Qa qe 1
7r ~ ~
= Z (Por — Pui) )
where
150i = bu: ’
We
~ Ppi
Poi = ’
We

w, = frequency scaling parameter.

Substituting (6) and (7) in (5) yields a set of “com-
patibility conditions” on pass band device and circu-
lator selectivities Q4, Q4’, ¢c, and g.” for which lossless
equalization is possible, as presented in Table II. If
lossless equalization is possible, it is designated device-
limited, circulator-limited, or equally limited, depending
upon whether wy/Q is less than, greater than, or
equal to

ﬂ + We Z fﬂi‘
Ge [

The gain-bandwidth limitations corresponding to these
cases are also presented in Table II. They are obtained
by solving (7) for w, and noting that the fractional
bandwidth 8 of the amplifier, however defined, is of the
form

g

8= i—f‘ = — K(W 40, ﬁOi: ﬁpz) (8a)
fo Wy

fr= f—2° [vB? + 4 + 4] (8b)

where Wio=Wua(fs), w;, po. and $,, characterize the
arbitrary specified gain function Wy.

Examination of Table II shows that the heretofore
unrecognized lossless equalization requirements on
g¢/Qa, g,y and Q4’, and gain-bandwidth limitations on
B presented here, are generally more restrictive than
equivalent restrictions obtained in the past [3]-[11]
under the perfect circulator assumption (g,=g¢. =0).
In particular, lossless equalization is generally not
possible if both ¢,” and Q. are nonzero, and is sometimes
not possible even if one of these is zero. Furthermore,
the gain-bandwidth limitations corresponding to
circulator-limited equalization can be considerably more
restrictive (by a factor of (Qs/q.)®(W4) <1) than those
for device-limited equalization.

C. Results for Specified Reflection Gain Characteristics

The general results obtained above may be applied
to particular gain functions Wy (f) by substituting the
particular values of Wio, poi, Pp., and w, corresponding
to Wy in (4), (5), (7), and (8) and, hence, in Table II.
In particular, the requirements for lossless equalization
and the corresponding gain-bandwidth limitations for
the ideally flat gain characteristic and for the nth-order
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TABLE II

GENERAL REQUIREMENTS FOR L0sSLESS EQUALIZATION AND
GAIN-BANDWIDTH LIMITATIONS

Parameter and Lossless Equalization Limited by:
Bandwidth
Limitations Device Circulator Both
g <&(Wa) > (W) B(W.0)
u
Q4 <¥;(W4) 0 <¥(Wa4)
¢ 0 S (W a) S (Wa)
8 2K 2K 2K
Qa Z (Poi = Pw) | ¢e Z (bo + Do) || Qa Zl (Boi — bw)
2=1 2=1 1=
; (ﬁpi - 1301') 304
(W) = — ;o Wa(Wa) = 3
2 (Boi + bo) 1+ 3@Qa)® 22 (Bo® — ho?)
i=1 1=1
3g.
(W) = 4

1+ %(wc%)a Z (;ma + [50;3)

Butterworth and Chebyscheff approximations [3] of
it are presented in Table III. In addition, gain-band-
width curves for both device- and circulator-limited
Butterworth equalization are presented in Fig. 7.

The results presented in Table I1I and Fig. 7 indicate
that, for moderate midband gain (W40 <100), if loss-
less Butterworth and Chebysheff equalization is possi-
ble, it is circulator-limited unless g, is considerably less
than Qu(¢./ Qs <®<0.5). Inaddition, the fractional band-
width ¢,8 obtained under circulator-limited equalization
is less by the factor ® than that Qa8 obtainable under
device-limited equalization. Another interesting result
(Fig. 7) is that for circulator-limited Butterworth equal-
ization, the maximum bandwidth at fixed W40 and ¢,
is obtained at some finite #, rather than at #= » as is
the case for all device-limited equalization [3] and for
circulator-limited Chebyscheff equalization. Finally,
lossless ideally flat gain equalization (obtained from the
nth-order Butterworth or Chebyscheff approximations
in the limit n— o, €2—0), requires a “perfect” circulator
for nonzero bandwidth. The resulting familiar device-
limited gain-bandwidth relationship [3]-[5], [8], ex-
pressed as

27

B - Qd ln H/Ao’

9)

applies only to the “perfect” circulator case and is far
beyond the maximum bandwidth capability when band-
limited circulators are employed.

An example illustrating the determination of the
gain-bandwidth restrictions imposed upon the realiza-
tion of a third-order Butterworth gain characteristic by
a particular circulator and active device is presented in
Appendix 1.
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TABLE IIT
REQUIREMENTS FOR LOSSLESS EQUALIZATION AND GAIN-BANDWIDTH LIMITATIONS FOR SPECIFIED 1174
Specified Gain Function W4
Parameter (Table IT)
Butterworth Chebyscheff Ideal
e .14 enm/we) Wa: 0L || <
WA AV T T T T [I A0 ¥¥.ky—:‘*"_"‘
1+ Waoln/w) ™ 1+ W ayTud(n/w,) o g >w
1—2 x—y
B(IV. — —_— 0
W) 14+ Xty
Qql'™ sin — Q'™ sin —
n
w0 ————— [ 304
m
sin — sin —
2n 2n
¢.I'tsin — ¢.I'* sin 2—#
n
ywsy o —— 3¢.
. ™ - ™
sin — s =
2n 2n
It Wil 2 w9
T T L, T -
Waotn £ 21 49"/20 cos — + 1 a2 + y2 £ 2xvcos — + sin? —
n n n
. sin T —l
sin — n —
Device-Jimited 2 2n 1—a 7im 2 2n 2
evice-limite —_—— e — — ~~—~J —
vice-limited 8 Os Wagt — 1 1 QL x—y QuIn W 40
WA() -
. T LT
2 sin —
Circulator-limited 2 "o I—a 7w 2 "2 _I 0
ulator-limite —_ e — ) ———
rreator g go Wantl? + 1 1 L x4y
Wao

1) Device (circulator) limited equalization requires

L <(>)oW,), 0
Qu

<¥; (=0), and ¢.'=0 (<¥,).

1—a 1/2n
2) B=wc<l——~) for Butterworth W4 and
alV 40—1
w, for Chebyscheff and ideal 1174
1 1
3) x=sinh (— sinh™! h) ; ¥=sinh
» €
1 1
— sinh™! ——— }, A=W V2,
(% sinh AW a0 5) t
4) Tp=mnth-order Chebyscheff polynomial.
1+ew
5) r=passband ripple= *e qﬂ .
1€

Q
o
o
o
Q
Q
3
o

.05
Qdﬁ—DEVlCE-LIMITED EQUALIZATION
_____ — qcﬁ-CIRCULATOR‘LIMlTED EQUALIZATION
1 1 1 1
5 i0 15 25 £
Wyo (db)
Fig. 7. Half-power bandwidths for device- and circulator-

limited Butterworth equalizations.
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D. Syunthesis of Pass Band Equalization Network

The nth-order Butterworth and Chebyscheff reflec-
tion gain functions discussed in the preceding section
may be realized, assuming lossless equalization is possi-
ble, by synthesizing N (Fig. 1) such that, in the ampli-
fier pass band, it is representable by a lossless band-pass
ladder network, which includes the reactive constraints
of the pass band transformed circulator and active de-
vice models. The resulting pass band prototype of NV is
a cascade of N,+ N,+ Ny, containing # alternate shunt
and series band-pass resonators tuned to f, as shown in
Fig. 8.

The selectivities g1, ¢s, - + +, g» Of the # band-pass
resonators, normalized to R, as defined in Fig. 8, may
be calculated from existing formulas for the normalized
element values vi, vz, -+, v, derived [29], [30] for
the passive low-pass prototypes corresponding to
both Butterworth and Chebyscheff equalization. In par-
ticular,

71 Ry .

—— e for series resonators

w, R,

= (10)

Yi Rn

—_—— for shunt resonators

We R1

where
I1=1,2, - -,n,

We =W,/ W

r Bkl o
nae | ©
f

dXxg
df

fo

2R, ]f

(o}

Pass band prototype equalization ladder network.

An example of the design of a pass band equalization
network for a specified gain characteristic and a given
circulator and active device is provided in Appendix 1.

For cases where the pass band device and circulator
models do not satisfy the lossless equalization require-
ments for given W, (Tables Il and III), particular re-
active elements may be added at the transformed circu-
lator and/or device terminals, so as to yield new pass
band models which crudely approximate those of Fig. 6
with new selectivities that satisfy the lossless equali-
zation requirements. An alternative approach is to
realize V as a cascade of a lossless band-pass ladder NV,
and a constant resistance band pass band reject filter
pair N, [6]. If N, and N, absorb the constraining net-
works NV, and N, representing the circulator and device
respectively, they may be synthesized to yield a
Walf) = Wa(f)u(f), where Wy>1 is constrained only by
the device, and #<1 only by the circulator, thereby
eliminating the compatibility problem. Each of these
approaches, however, usually results in a relatively
crude approximation of the desired gain characteristic
and introduces additional bandwidth limitations not
attributable to the device or circulator alone.

IV. STaBILIZATION AND OVERALL SYNTHESIS
A. Determination of Stability Bandwidth

The pass band equalization described above guaran-
tees amplifier stability only over the frequency range
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about f, for which the pass band models of the device,
circulator, and equalizing network are valid. To prevent
oscillation at other frequencies in the active range
(Aw) 4 of the device, due to the out-of-band immittance
behavior of the circulator and device, additional stabil-
izing circuitry is required. The first step in the stabiliza-
tion is the determination, using appropriate stability
criteria at any reference plane in Ny, of wy and vz, the
closest frequencies in {Aw) 4 to w, of potential instability
under the exact circulator, device, and matching net-
work representations. (If no wy and wy exist in (Aw) 4,
no further stabilization is required.) The stability band-
width B, defined as
ws+ — Wy

By = ——

wo

. w02 0.’()2
wss = min|wg,—); o =max|w—-—), (11)

wr, wgr

wsTw,” = we?

is then used to synthesize the appropriate stabilizing
circuitry.

The most applicable stability criterion is the complex
plane criterion on the total immittance H(p) [total node
admittance Y(p) or loop impedance Z(p) | at the active
device terminals. This follows from the basic stability
condition that H(p) have no zeros in complex frequency
p=0o-+ijw such that Re (p)>0. Applying the Nyquist
criterion to H(p), the complex plane criterion [25] is
stated as follows.®

A necessary and sufficient condition for stability is
that #., the net number of counterclockwise encircle-
ments of the origin of the complex immittance plane
(H-plane) made by the locus of H{ jw) as — o <w< + «,
be equal to P, the number of poles of H(p) having
Re (p) >0, or?

7, = P, (12)

A proposed real immittance function stability crite-
rion derived from the above, which only requires sepa-
rate examination of the real and imaginary parts of
H(jw) over (Aw) 4, is presented in Appendix II. In addi-
tion, a useful reflection coefficient stability criterion is
presented by Henoch and Kvaerna [6].

Correct application of any of the above stability
criteria requires that H;(jw), and Hy(jw), the com-
ponents of H(jw)=H;(jw)+ Hy(jw) representing the
active device terminal immittance and that of the
passive circuitry facing it, respectively, be known
accurately over all (Aw)4 rather than be based on pass
band models. Then, for the types ol devices under con-
sideration, it is shown in Appendix II that a stability

3 This assumes H(p) has no essential singularities in p with
Re(p) >0, particularly at infinity, and that the active frequency
range (Aw)4 of the negative resistance device is finjite. Both assump-
tions are valid for physical devices and network elements. In addition,
all poles of H(p) with Re(p) >0 are contributed by Hy(p), the com-
ponent due to the active device. For poles of H(p) at p=jwr, H(jw)
near wg is evaluated by replacing jwg by jwr +re’® with »—0, —(x/2)
<o < (x/2).
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study usually yields the following simple condition on
H(jw) = U(w)+j V(o) for determining w, and wp:

WL = Wmax < wo and wg = Wmin > Wo

such that
Uw) <0, V{w) = 0. (13)

Application of (13) to (11) yields the nominal stability
bandwidth for Hy, representing the given circulator and
the equalizing network for the specified W, and for H,
the given device at its nominal operating point with
respect to energizing (bias or pump) voltage. Repetition
of this process for the range of functions Hy, correspond-
ing to the expected range of energizing voltages to which
the device may be subjected, yields a series of wgy, wy,
pairs from which a lower bound B, on 8, may be ob-
tained. B, is then the bandwidth for absolute amplifier
stability which, while not essential, is desirable in
practice since conditionally stable amplifiers could ex-
perience unquenchable oscillation due to large signals or
transient bias shifts.

B. Stabilization of Amplifier

Potential amplifier instability outside of 8; (or 3.) is
eliminated by the incorporation in network &V (Fig. 1)
of a stabilizing network Ns which introduces sufficient
out-of-band ohmic loss to effectively “passivate” the
active device outside 8, while appearing essentially re-
active in the amplifier pass band. It has been shown [6]
that the configuration for Ng, which provides most
efficient out-of-band stabilization with the least pass
band gain perturbation, is a one-port resistively termi-
nated band rejection ladder network (Fig. 9), series or
shunt connected at the active device terminals. The
desired pass band gain equalization is maintained by
absorbing the reactive pass band input immittance of
Ng, that of a single resonator tuned to wg, in the pass
band equalizer as shown in Fig. 10. For optimum stabili-
zation, Ng should be connected as close as possible to
the negative resistance of the active device, consistent
with stability requirements and with the resonator
selectivity requirements for pass band equalization.

The stability requirement on Ng in terms of the real
part Uy of its input immittance Hy= Uy+j7Ve (Ha
=7, or Y, for series- or shunt-connected Ng, respec-
tively) is obtained from (13) or Appendix II, under the
restriction? that Vg be connected no further away from
the active device than in series or shunt with the second
resonator of Ny (k=2, Fig. 10). The requirement on
U, (w) in terms of device terminal immittance Hy(jw)
and stabilizing network termination U, is

l Ud(w) {max = Ust(wsi) = asUﬂs < Ust(w) S Uy

for all w outside the interval (w,~, w,*).

(14)

t Otherwise, the band rejection stabilizing network under con-
sideration cannot present an input immittance characteristic which
satisfies the relevant stability criterion for the large number P of
RHP poles of H(p) at the reference plane of Ng.
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Fig. 9. Pass band prototype ladder representation of stabilizing network. (a) Series-connected Ns. (b) Shunt-connected N.

The desired behavior of H;; is obtained if NV, is syn- Ros
thesized to realize an mth-order Butterworth approxi- Al él
mation of ideal band rejection behavior in Uy, as given Ns
by

IXH

qk+l ?l ? qk-l
Uds(n/w)*™ W W 3 T o
Up=m— 2 =22 )
1+ (n/w)™ w fo f
where w and U, are obtained, for a given Us(w) and an _

arbitrary choice of a,, by substituting (14) in (15). G- By +T (205 T

In the amplifier pass band, input immittance H,; be- Rn
comes essentially purely reactive, given by (2)
Hst =~ jVst = jUO.?g_stn- (16)
For Butterworth Uy, §.; is simply
_ _ 1 Qe ATy Q-
Jst = Qg = —— - (17) ———.—t‘v‘rv\.—‘f e e e -
w [ fo
wm sin ——
2m fo

The selectivities g;; of the resonators comprising Ng,

as defined in Fig. 9, may be obtained from the normal- 9= A0k +Tys (%‘;—s)
ized Butterworth low-pass elementsvy; (7=1,2, - - - ,m) o]
used in the pass band equalization (10), employing b }%s
1 (b)
Gjs = —:I y J=1,2 - m (18) Fig. 10. Absorption of stabilizing network in pass band equalizer.
WY; d Ry=0 (a) Series-connected Ng. (b) Shunt-connected Ng.
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where the limit on v; as R;—0 is taken such that

1 — W ygtim — — {i .
n R,

An example of the stabilization of a particular amplifier
is presented in Appendix I.

The overall synthesis of coupling network N involves
the interconnection of stabilizing network Ng and pass
band equalizer N, such that the pass band H,; due to
Ng is absorbed in the first or second resonator (g, or ¢»)
of N, (Fig. 8) as shown in Fig. 10. Whether H,, is ab-
sorbed in ¢; or g» depends upon which choice allows the
given gy, Qa, Qud’, ¢, and ¢.” to be included in the total
selectivities ¢i, ¢2, ¢n—1, and g, determined for the given
W4 using Tables II and III, and (10) with the most
stability margin and the least, if any, degradation in
bandwidth. The remaining resonator selectivities re-
quired for the synthesis of NV are obtainable from [29],
[30], (6), (10), and (18). The various resonators com-
prising Nyand Ng may be realized [31]in various micro-
wave transmission media, preferably as combinations
of semilumped transmission line elements, having first
higher order resonances well above f.

V. EXPERIMENTAL VERIFICATION OF THEORY
A. Amplifier Design Procediire

In order to verify the theory of the preceding sections,
an L-band coaxial tunnel diode amplifier having the
configuration of Fig. 1 was designed, constructed, and
tested, using a three-port strip-junction circulator with
50 ohm coaxial output ports and a 30 ohm germanium
tunnel diode. The difference in circulator and diode im-
pedance level required the use of a quarter-wave im-
pedance transformer Ny (Fig. 1) for stable high-gain
amplification.

The complete design procedure for network NN is out-
lined in Appendix I under the boundary conditions im-
posed by the measured diode and transformed circulator
equivalent circuits, as shown in Fig. 11(b). The ampli-
fier center frequency, as set by the circulator, is
fo=1.46 Gc/s. Specification of a third-order Butter-
worth gain characteristic results in a strongly circulator-
limited bandwidth capability (Appendix I). This per-
mits the connection of a shunt-connected stabilizing
network at the tunnel diode terminals [Fig. 11(b) ] with
V., absorbed in the first resonator, without degrading
the amplifier bandwidth capability. Network element
values are obtained in Appendix I using (10) and (18)
for two separate equalizer designs (I and II) corre-
sponding to W0 =10 and 40, respectively.

The fairly conventional coaxial physical realization
of coupling network Ny has the equivalent circuit of
Fig. 11(a), which reduces to the three-section pass band
prototype model implicit in Fig. 11(b). The design
utilizes resonators which are adjustable in ¢ and f, and

OKEAN: NEGATIVE RESISTANCE REFLECTION AMPLIFIERS

333

MA4606C

TUNNEL
DloD! -,

Vb (0C)
o]

TO SOURCE
Y W

SPERRY
bp52-L21-1
CIRCULATOR'

LA
TO LOAD

l b le i
| “TRANSFORMED" g N o "TUNED" i
| CIRCULATOR  MODEL | [TUNNEL DIODE!
i ,. | mMoDEL
_rwvx_{efom_‘\ T
a;,fol  ag,,f i
e fol 2 +To SRy ! L
Rp T~ ! i N S_g2
i | 1 W:-a Ry
| I
| to T L4
i Q¢ Yo | ay - o  Ba,fo T Q4+ fo
] ] ic
- = at = Rn
937 Ggr 927 Gc * A0 4% Gy * Oy pr, + Ady
(b)
ELEMENT VALUES
EQUALIZATION| EQUALZATION]  RnTHD 0f1 5 fo = 1.466¢ "a2%.55
I s Rr=260 3 Ry= Rog 150
CALC | MEAS | CALC [MEAS wo  dXj )
G3-do | 134 | 134 | 14 | 14 9 Ry Far ],‘,o j=2
9, [352(382]|363| 39 wo. 8]
355|350 | 344 | 3 50 L. Wop 5 i=
9 %= 5200 Gy Jug 1713
q.=1.33-14,R{=16.2-29.12
:
q4=1.95, Q4=.72-1 29
BIAS RANGE Vy,=137.5-185mv
Iig. 11.  (a) Equivalent circuit of overall coupling network Ny for

experimental tunnel diode amplifier. (b) Pass band prototype of
coupling network N, including circulator and diode constraints.

which have been individually precalibrated over their
entire range of adjustment in the amplifier structure.
This permits pretuning to nominal calculated values and
final adjustment for the desired measured gain char-
acteristics, A comparison of nominal and final adjust-
ment values of the pass band prototype resonator
selectivities is presented in Fig. 11(b) for designs | and
II. The resonator precalibrations and the circulator and
diode characterizations are all based on RF immittance
measurements in suitable modifications of the amplifier
structure and, hence, include the effect of all structural
discontinuities.5

B. Measured Performance Versus Theory

The measured, absolutely stable, maximally flat re-
flection gain characteristics W4(f) corresponding to
equalizer designs I and II are compared with their

5 The structure of Fig. 11(a) was designed so that the sections
between reference planes ¢ —a¢ and d —d, d —d and ¢ —¢, and ¢~-c and
¢—e could be separated, with each terminated at either end in 50-ohm
coaxial connectors. This permitted individual RF immittance mea-
surements (over a range of resonator settings when appropriate) of
the mounted diode, the “transformed” circulator (through AL,
AC5), resonator ALs, ACs, resonator L/, Ci/, ACY', and the stabilizing
network Ros, Lsi, Cst in the same geometry as in the assembled Ny,
thereby including the effects of discontinuities. Similar short-circuit
admittance measurements on Np yielded the values of series and
shunt loss resistances Rrs and Gre.
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Fig. 12. Measured and calculated maximally flat reflection

gain Wa(f) of experimental tunnel diode amplifier.

theoretical counterparts in Fig. 12, including a tabular
comparison of —0.5 dB and —3 dB bandwidths. The
agreement in bandwidth with theory is within 6 percent,
and the residual pass band ripple in the nominally flat
measured W,4(f) is less than 0.5 dB. This compares with
ripple possibly as high as 2.75 dB and 5.70 dB which
might be obtained [eq. (2) ] at 10 dB and 16 dB gain, re-
spectively, for the given circulator (] s I <0.05) under a
“perfect” circulator synthesis. Finally, the experi-
mental amplifier was found to be absolutely stable over
all diode bias and input and output terminations for
both designs I and I1.

VI. SumMmaRrRY AND CONCLUSIONS

Gain-bandwidth limitations, derived for a circulator-
coupled, negative resistance reflection amplifier, under
restrictions imposed by proposed frequency-dependent
circuit models for circulators and broadband negative
resistance devices, are considerably more restrictive
than past results which only considered some of the
limitations of the latter. In particular, the inherent
selectivity of the ferrite junction of the circulator is
frequently the bandwidth limiting element. Further-
more, an overall synthesis procedure, presented for
realization of an absolutely stable amplifier having a
specified band-pass power gain characteristic, includes a
stabilization network to suppress out-of-band oscilla-
tions. Finally, the theory has been verified by the con-
struction and testing of an L-band tunnel diode ampli-
fier, which exhibited third-order maximally flat gain,
centered at 1.46 Ge¢/s and with half-power bandwidth
within 6 percent of the calculated values.

APPENDIX |
DEesicN ExAMPLE: L-BAND TUNNEL
DiopeE AMPLIFIER
A. Circulator and Device Characteristics

The circulator-coupled tunnel diode reflection ampli-
fier to be designed has the general configuration shown
in Fig. 1. The circulator is a Sperry D-52-L21-1 #1
stripline wye-junction type with three coaxial output
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ports at nominal impedance level Ry=50 ohms. The
circulator pass band, 1.2-1.8 Gc/s, is centered at
fo=1.46 Gc/s. The measured pass band immittance
model at the negative resistance port is that of Fig. 2(a)-
(2), with §,=1.4 and g."'=1.0.

The tunnel diode is a germanium, Microwave Asso-
ciates MA4606C #184 in a pill package. Its measured
small signal equivalent circuit parameters (Fig. 4) over
the useful range of active bias voltage (137.5-185 mV)
are R=32.9-52.4 ohms (Ryg;,=32.9 ohm over all bias),
C=1.9-2.0 pF, R,=3.0 ohms, L=0.29 nH, and
C,=0.37 pF. Employing shunt tuning and noting that
k£ <1.5, the “tuned” tunnel diode model in the circulator
pass band is that of Fig. 3(a). Element values for Fig.
3(a) are calculated in terms of the diode parameters over
Ve=137.5-185 mV as follows:

R/ = ’R [ Lo G T
= ¢?R{ = q? —
' ' RO — &)1 — Fa)r "
= 16.2-29.1 ohms
— 2rfoR +C } — 0.72-1.29
0 = 21/, {a oG e O

where 8 = (R, + R:1,)/R; B = L/RC(R, + R:,),
oy = 2xfoRC[(1/8") — 1]72, Grp = 0.0033 mhos, and
Ri,=1 ohm are the measured® shunt- and series-circuit
loss components referred to the diode terminals, and
a?=0.55 represents an impedance level transformation®

at the tuning element. The required tuning inductor is
Ld = Rl’/ZngQa =2.46 nH.

B. Specified Gain Characteristics and Resulting
Constraints on Pass Band Equalization

For stable high-gain amplification, we choose N,
(Fig. 1) to be a quarter-wave (at fy) TEM line trans-
former of Ry=26 ohms to reduce the circulator im-
pedance level to R,=15 ohms <R;’ (min), vielding the
pass band transformed circulator model of Fig. 2(b)-(1).
Comparing pass band circulator and diode models
[Figs. 2(b)-(1) and 3(a)], a specified #th-order gain
characteristic must have =3, 5, 7 - - - . Hence, we
specify two separate designs I and II, having third-
order Butterworth W, (Table III, n=3) centered at
1.46 Gc/s and having Wyor=10 and W o =40,
respectively.

Since R =R.(v/Wao+1)/(~/Wao—1), the specified
midband gains require Rit’ =29.1 and Rirr’ =20.6 ohms,
which are obtained for the given diode at 7, =185 and
165 mV, respectively. The selectivities constraining I
and II are Qd]'= 129, Qd11=0.91, ge1 = 134, der1 = 14, and
g1’ =qar’ =1.95.

6 Immittance measurements on the section between d-d and
¢~¢ [Fig. 11(a)] indicate that the unavoidable short transmission line
length / between Li" and Cy’ introduces, in the amplifier pass band, an
approximately constant step down admittance level transformation
a*=0.55 between reference planes x—x and y-y, as expected from a
leftward looking admittance Y+ (1/jwLs’) at x—x [Fig. 11(a)] having
(0} Y2 L)250.1<1, rotated through 8I~0.1<x to y—y.
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C. Bandwidth Limitations and Prototype Element Values

The first step in the synthesis is the pass band
equalizer design. Using the third-order pass band model
of Fig. 11(b), the bandwidth limitations are obtained
from Table III as follows. For ®(W4) = (1 —N)/(1+X\)
and A=Wy, Table III yields #1=0.19 and Py
=0.297 for the given W40 and #. Since g/ Qar = 1.04>>P;,
and q.1/Qdn=1.54>3®;, the equalization I and II are
both strongly circulator-limited in bandwidth capabil-
ity. The resulting fractional bandwidths (Af), (Table
ITT) are (Af)r=455 Mc/s and (Af)n=371 Mc/s for
a=0.5 and (Af)r=314 Mc/s and (Af)rnr=256 Mc/s for
a=0.891 (—0.5 dB), respectively. (The comparable
figures if ¢.=¢,/=0, and Q; were the only constraint,
would be (Af);1=2.06 Gc/s and (AN)x=1.71 Ge/s for
a=0.5 and (Af):=906 Mc/s, (Af)u=755 Mc/s for
a=0.891, a tremendous difference.)

To synthesize N, (Fig. 8), the normalized low-pass
element values, obtained from Weinberg and Slepian
[29], for n=3 are yi1 =3.13, v5r =0.812, 5 =1.145, and
Y =2.18, Yar=1.22, v;n=0.89. The corresponding
prototype resonator selectivities, ¢i1=3.55, gar=23.52,
gn=¢qax=1.34 and qr=3.44, ¢u1=3.63 and @sr=¢n
=1.4 are obtained from (10) using w.=0.445 and
wer = 0.463 as calculated from

. o
sin —
2 2n )
W, = —\————/.
g\ 1+ A
D. Stabilization and Overall Synthesis

We apply the real immittance stability criterion
(Appendix II) to the exact terminal admittances of the
given “tuned” tunnel diode and the passive load termi-
nating it, the circulator seen through N, and N, In the
worst case (V3=137.5 mV, R=R,in=32.9 ohms)
potential instability (G <0, B=0) is found to exist for
frequencies above 3.5 Ge/s. Hence, fg=3.5 Ge/s, f.=0
and, from (11), the stability bandwidth for absolute
stability is 2.9 Gc/s (B,0=1.98). Since ¢:>>Q: we may
connect a single-tuned stabilizing network [Fig. 11(b) ]
directly across the diode without degrading 8. There-
fore, choosing Ry, =15 ohms and a;==1.4 to satisfy (14)
for Rimin’ and hence for all V3, we solve (15) for w with
m=1, U/ Us=a,, and 7=, and substitute the result
in (17) yielding ¢is=¢:¢=0.8.

The overall synthesis of N [Fig. 11(b)] is accom-
plished by absorbing ¢., ¢/, Qu4, and g,; in g1, g2, and g3
according to the breakdown ¢s=g¢., g2 =g.”+Ag,, and

R,
g1 = Qa— F gt + Aqu.
R,

Hence, from known values of these parameters, we
obtain Agzx = 157, Agu = 209, Aggn = 168, and AQIII
=1.98. The synthesis of N is completed by obtaining the
individual L's and C’s from

OKEAN: NEGATIVE RESISTANCE REFLECTION AMPLIFIERS

335
1
C — 3 q
w02L woRn
for Ags, and
1 gR,
I = = for Ag.

w02C wo

ArprENDIX 11

REAL IMMITTANCE FUNCTION STABILITY CRITERION FOR
Two-TERMINAL NEGATIVE RESISTANCE DEVICES

The complex plane stability criterion (12) on the
total immittance H(jw) = U(w)+jV{w) at the terminals
of a one-port negative resistance device may be extended
to yield a stability criterion in terms of real functions
U{w) and V(w) as follows.

Let H(jw) =Hi(jw)+Hy(jw) where Hy and Hy are
the separate contributions due to the active device and
passive terminating network. Hence, U= U;-+ Uy and
V="V4+ V. For the active device, Us{w) <0 for w in
the active frequency range Aws=wy4t—ws~, so that
U{w) can be negative within this range. Let H{jw) have
resonances V{w)=0 at a discrete set of frequencies

Wi, W, wi + - -such that O0=w <w,<w;s - --. These
resonances may be classified as follows:
1) An “active” resonance’ w; is one at which

Ulw) <0: (j=1,2, - - ).

2) A “singly isolated” active resonance w; is one for
which U(w;) and either U{w;.1) or U(wjy1), but not
both, are <0 whereas, for a “doubly isolated”
active resonance’ w,, both U(w;_1) and U(w;11) > 0.

3) A “nonisolated” active resonance w; has U(w,-1),
U(w,), and U(w;y) all <0.

Then, for a given H(jw) we enumerate the various iso-
lated active resonances as follows:

1) Let #n;t(n:~) be the number of singly isolated ac-
tive resonances w, such that

av av
=5 o0(S- <o)

dw @

at w=w;.
2) Let nst(ny~) be the number of doubly isolated
active resonances w; such that

av av
>0 <—— < 0>
dw
at w=uw;.

dw
A real imittance function stability criterion may be
derived from complex plane criterion (12) as follows.
Every possible encirclement of the H-plane origin made

7 A resonance w; at which U{w;) =0 corresponds to an imaginary
zero of H(p), i.e., H(jw,) =0, which represents either a short- or open-
circuit at w=w; and which is not allowed for stability. Since the
existence of such resonances is recognizable without the use of stabil-
ity criteria, it isassumed that precautions have been taken so that they
do not occur. An active resonance at w;=0 can be nonisolated or
singly isolated but not doubly isolated.
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TABLE 1V
CORRESPONDENCE BETWEEN COMPLEX PLANE ORIGIN
ENCIRCLEMENTS AND [SOLATED ACTIVE
REsoNANCES OF H(jw)
. av
Figure Type of actnie __] A
resonance at w=w, d
w —eoy,
13(a) singly isolated <0 1
13(b) singly isolated >0 1
13(c) singly isolated >0 1
13(d) singly isolated <0 1
13(e) doubly isolated <0 2
13(f) doubly isolated >0 -2

An=number of counterclockwise encirclements of origin of H-
plane made by subloci of H(jw) in Figs. 13 (a)—(f) (k£ clockwise
encirclements= —k counterclockwise encirclements).

by H(jw) derives from one of six possible subloci of
H(jw) corresponding to 0<w, 1 Sw<w,qy, and —w,ps
<w<w,.1<0 [the latter since H(—jw)=H*(jw)] as
shown in Fig. 13 (a)—(f). Referring to Fig. 13, a cor-
respondence exists in each case, as summarized in
Table IV, between the number of counterclockwise en-
circlements of the H-plane origin by the H(jw) sublocus
and the type of isolated active resonance, as described
above, which w, represents. Based upon this corre-
spondence, the total number # of counterclockwise en-
circlementsby H(jw) (— © <w< o) may berelated to the
above defined #:*, #n,*. Hence, from (12), a necessary
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and sufficient condition for stability is

w4 2ns” — ngt — 2ngt = P (19)

where P is the number of poles of H(p) having Re (p) > 0.

A sufficient, though not necessary, condition for
stabilization which minimizes nr=n +utT+n4n,"
and will henceforth be designated the “optimum suffi-
ciency condition” for stability, is

ny™ + 2ng = P, nt =yt =0, (20)

For the devices represented in Fig. 3, P=2[ (=0, 1,
or 2), so that the “optimum sufficiency” criterion (20)
is satisfied by the choice ny~ =1, ny—=nt=nt=0. It
may be expressed then directly in terms of U(w) and
V(w) as follows:

U(w)>0at all w=wyat which V(w) =0 except
in [—1,>0 isolated narrow frequency bands
(wa,, wp,) (=1, 2, -+ -, [—1y) which are well
removed from the amplifier pass band, with

lo=0 for U(w,)>0and lo=1 for U(wy) <0. (21a)
U{w) <0 for w in (we;, ws)). (21b)
7{w) =0 at one and only one w=&; in (w.;,
(.Obj). (21(:)
dV/dw<0 at w=&;. (21d)
At least one “passive resonance” |[V(w)=0,
U(w) >0] exists between each pair of adjacent
active frequency bands [U(w) <0] of U(w).  (21e)

For a limited range of device equivalent circuit
parameter values, there exist (/—/;) isolated frequency
bands (wg;, wp,) over which IUd(w)! and —(dVy/dw)
both >>0, so that (21b)—(21e) are satisfied automatically
for most Hy(jw). Therefore, in most cases of interest,
the optimum sufficiency condition reduces to

U{w)>0 at all ws£wy at which V{w)=0. (22)

Alternatively, frequencies of potential instability are
those at which U(w) <0 and V{(w) =0 (ww,).

In order to apply the above criteria, we plot Uy(w)
and — Ug(w) vs. w, and Vy(w) and — Vy(w) vs. w over
(wa™, wat) on separate sets of axes, making use of
H=H;+Hy.
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Coupled-Transmission-Line Directional Couplers with
Coupled Lines of Unequal Characteristic Impedances

EDWARD G. CRISTAL, SENIOR MEMBER, IEEE

Abstract—A new class of coupled-transmission-line directional
couplers, called “nonsymmetrical directional couplers,” is described.
Unlike conventional directional couplers, nonsymmetrical directional
couplers use coupled lines of unequal characteristic impedances. The
principal difference between the performance of nonsymmetrical
directional couplers and that of conventional designs is the imped-
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ance level of the coupled waves, which may be changed to higher or
lower impedance levels than that of the incident wave. These direc-
tional couplers may be designed to have infinite directivity and to be
matched at all frequencies, or they may be designed to have infinite
directivity at all frequencies and a specified maximum VSWR.
Coupling relationships and design equations for both cases are
presented, and the relative properties of both cases are discussed.
The theoretical limitation on the maximum coupling and the maxi-
mum impedance transformation that can be obtained simultaneously
are derived. Techniques for broadbanding by cascading additional
sections of coupled lines are described. Experimental resulis of a
trial —10-dB coupler with coupled lines of 50 and 75 ohrns are
presented.



