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Synthesis of Negative Resistance Reflection Amplifiers,

Employing i3and.Limited Circulators

H. C. C)KEAN, MEMBER, IEEE

Afrsfract-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

parasitic 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 parasitic. In addition, a synthesis procedure is presented for

realization of an absolutely stable amplifier with a prescribed nth-

order Butterworth or Chebyscheff approximate on to an ideally flat

band-pass power gain characteristic.

The approach 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-barid 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 MCIS and 355 Me/s at 10 dB and 16dB midband gain) within

six percent of those predicted by theory.

I. INTRODUCTION

T HE CIRCULATOR-COUPLED reflection ampli-

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 tc~ 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 clevelopment 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” freqLSellLC~-

independent circulator and considered only the limita-

tions imposed by the parasitic of the active device,

although the perturbing effects of small, frequency-

independent circulator imperfections have been con-

sidered [12 ], [13]. The perfect circulator t31SSLSITIptiOn

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 circul-

ator 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 tur nel

diode amplifier which verifies the theory.

A list of principal symbols and nomenclature used in

this paper is presented in Table 1.

II. ESTABLISHMENT OF CIRCUIT NIODELS

A. Reflection A mplijier Configuration

The general circulator-coupled negative resistance

amplifier configuration is shown in Fig. 1. The overall

coupling network NT interposed between circulator and

active device consists, basically, of a cascade of Ioss[ess

transducer-transformer network N. and equalization-

stabilization network N. N. transforms between ldif -

ferent circulator and device transmission media anc[/or

impedance levels (RU and R.), whereas N is restricted

to be essentially Iossless 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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SOURCE

LOAO

TABLE I

PRIiXCIPAL SYMBOLS AND NOMENCLATURE

Symbol
—

Ro, R.

PA, PA’

s, s’, s“, s’”

Y,’, Y.

&W=2rrfo

v
I&’, AZ.

N=, N
L, Cp, R,,, C, –,
NI, No, iv.
NIL, NOL, NnL
kRI, R.
PI, PIL, PA19P.in
Pot, $Pi
Qd, (h’> !ZC,IL’
Uul, Wol , 6J0,Z, Wo,

cd., 7.0., w

Yj, 4

b
H= U+j V
P

———. ———— —.. _ _
1

EQuALIZATION
ANO STABILIZATION

TRANSFORMER NETwORK I

I I

CIRCULATOR
N 1

I

I
I

‘;

f’A, ‘4
+

Yc

L_–––––!L– _Ro$-?

Circulator, transformed circulator impedance
level

Overall insertion power gain function
Reflection gain at negative resistance port of

circulator
Reflection coefficients at negative resistance

port
Symmetrical circulator scattering matrix and

elements
Circulator, transformed circulator input admit-

tance
.4mplifier center frequen:y
Band-pass frequency variable
Circulator, transformed circulator deviation im-

pedance
Transformer and eaualizer-stabilizer networks
Small signal tunne~diode parameters
Active band-pass (A BP) 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 = u+jti
Device and circulator constraining selectivities
PLP reactive constraining elements
Frequency scaling parameters
PLP, ABP prototype ladder element values

(j=l,2, ..”. ,n)--
Amnlification bandwidth. normalized to u,
Imrnittance (impedance or admittance) -
Number of poles in p of H(@) with Re (j) ~0
Stability bandwidth, normalized to CJO
Stabilizing network conductance or resistances
Stabilizing network selectivities (-j= 1, 2, . ., tit)
Loss resistance, conductance

I OVERALL COUPLING NETwORK
[

J-y
I
I

——J

NEGATIvE
RESISTANCE

OEVICE

Fig. 1. Circulator-coupled, negative resistance reflection amplifier configuration.
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centered at frequency ~0 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 ‘iperfect” circulator (s’ = s’”= O,

s“ = 1), such that

1$”1<Q 1.$’1> I s’” I <<1.,.,J

Then, the overall insertion power ,gain W(j) of a re-

flection amplifier having a pass band within that of the

circulator and centered at ~0 may be accurately repre-

sented in the amplifier pass band by

w(j) s I s“ I‘WA = \ s“ \ 4 \ p.i(jcd) ]’

where

I“C* – J?’4
pi . —— at interface of N. and N

l-c + YA

(1)

The total circulator forward transmission I s“ 14<1 is

relatively constant over the circulator pass band so that

the amplifier synthesis problem, realization of a pre-

scribed WV), is accomplished by the synthesis of net-

work IV for a particular I PA 12. Similarly, amplifier gain-

bandwidth limitations are those imposed on \ p~(j-o) 12

by both Yc(ju) and Y~ (@), rather than just by Y~(@)

as in the perfect circulator case ( Yc’ ==RO–l, Yc = Rn–l).

Finally, precise reflection amplifier synthesis for speci-

fied ~~, PA’ usually precludes the approximation of a

band limited circulator by a “perfect” circulator

(s’ = O) under which the actual gain ?’vA is sufficiently

perturbed [16 ] to introduce pass band gain ripple r,

given by

WA m.x

(

l+ls’\v’yA ‘
r< Yhf=— ——

WA rnin --)
;

l–\s’l<wA

(2)

pass band input immittance is representable, as shown

in Fig. 2 (a) and 2 (b), by

The selectivities qC, ~,, and gc’, ~c’, attributable to the

ferrite junction and to the internal and external trans-

formation networks, respectively, may be readily ob-

tained from measured imrnittance loci on a best fit basis.

The circuit models of Fig. 2 (a) and 2 (b) are made

sufficiently general to represent Yc’ and Y,9 at all fre-

quencies by replacing R. and R. by arbitrary deviation

impedances AZc’ and AZC which reduce to R. and R.

in the circulator pass band, and which may be obtained

out of band from measured data on Yc’ and Yc as

shown in Fig. 2(c) and 2(d). Whereas the pass band

approximations AZc’~Ro, AZCGR. are used in the

pass band gain equalization, more general AZc’ and

AZC may be used to account for small pass band imper-

fections as well as for uncontrolled out-of-band

Iator behavior in the out-of-band stabilization.

circu-

B. Ci~crdator Representation

(3C)

as well as possible bandwidth degradation and/or out-

of-band oscillation.
.

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 imlmittance 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 Yc’ cr Yc (Fig. 1), the

hZ; =R. IN CIRCULATOR PASS BAN[

(a)

,=AZC Rnl N CIRCULATOR PASS BANC

qc

Z!!131(D

AZC

qc

m

f.
@

AZC

f.

(b)

(c)

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



326 IEEE l’RANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES JULY

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 parasitic, additional reactive tuning

elements which resonate these at some ~0, and ohmic

losses which restrict the “active” (negative resistance)

range of the device to a finite frequency band AuA. This

representation may be reduced, in the amplifier pass

band centered about ~o, 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

parasitic at~a. 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 k = L/R CR, is

less than or greater than about 1.5, assuming R,<<R

and j. ~jR/3 where

(Fig. 4). Alternatively, series-tuning [6] the diode (Fig.

4) by adding sufficient L and CO to make \ GED I a

maximum and BED zero at ~o, yields the somewhat less

accurate pass band model of Fig. 3 (d).

III. 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 WA(f),

assuming a Iossless 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

1 The augmented immittance representation is employed to in-
sure that the first elements of No at the NI and N. interfaces are not
required by the synthesis to be of the same type as the adjacent ele-
ments in N~ and N., thereby avoiding degenerate transmission zeros
in the N.+ NO + NI cascade. Augmentation allows the selectivities of
the resonators in Nfi and NI adjacent to NO to be increased arbitrarily
above those due to the pass band circulator and device models.

m-’
(a) (b)

AZ;

--”m

(c) (d)

AY~, AZ~, AY~, AZ,j = O IN AMPLIFIER PASS BANo

~=~ %1,0 fO d~ 1oR~aTfo
Fig. 3. Pass band small signal equivalent circuits for

general negative resistance device.

‘ED

Fig. 4. Small signal equivalent circuit of tunnel diode.

lossless band pass constraint networks N. and N,

terminated in R. and – RI, respectively, and No is the

lossless pass band equalization network. Networks N.

and Nl, shown in detail in Fig. 6, each have, at most,

two transmission zeros at OJO.As stated, the problem is

related to that of Iossless 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, Nl, — RI; Figs. 5 (a) and 6 ]

and a passive low-pass prototype [R., Nm~, NO~, NIL,

+R,; Figs. 5 (b) and 6] under restrictions imposed by

Iosslessness, 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

corresponding to WA, the specified band pass reflection

gain function. We decompose

IPltir-’J)I‘ = [Pl(’P)Pl(-p)]P=j.
such that all of the zeros pa~ and poles @P~ of PI(O) in

complex frequency p = u+jco have Re (POJ, Re (PPJ <0
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+–— LOSSLESS -—1
1 I

I YAn Rn
pAn . —

I + Y&n Rn

I+YAI RI
f’Al= ,-YA, RI

‘n Y1

(b)

Fig. 5. Pass band reflection gain equalizer configurations.
(a) Active band-pass model. (b) Passive low-pass model.

I—N ,—! l+_Nk+

(a) (b)

(c) (d)

FIG ACTIVE EANO PASS PASSIVE LOW PASS

Fig. 6. Pass band reactive constraint networks.

in accordance with the stability and realizability re-

quirements [3] on WA and on PI(P). Assuming that no

degenerate transmission zeros of NnL, NOL, and NLL

exist, then there exists a gain integral [28] subject to

Re (P O,) and Re (PPJ <0, correspond~~ng to each nonzero

low-pass reactive constraint imposed by NIL and NnL.

In particular, for normalized inverse inductances or

capacitances 6doI, woI’, @o., won’ defined in Fig. 6, the

integrals are

(001 < cc) (4a)

CO) (4b)

w) (k)

(COO.,WI.’ < w). (Ad)

For Iossless equalization, I pl ( = ] P. ] , so that the follow-

ing relationships between existing reactive constraints,

obtained from (4), must be satisfied:2

‘“’’(’-’%)-’’’on’(’-3:)=?;oo”

The relationships (4) and (5) may be expressed in terms

of the parameters of the active band-pass constraint

networks N. and N1 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:

(6a)

@o
Coo, =z;

@o
———<~; I=?=.Wl)r, = @o,,
q. + Aqn q. q:

(6c)

~,here the terms LQ1, AQZ, Aq., Aqfi_l absorb any aug-

mentation of the resonators in N1 and N,, adjacent to

NO that may be required by the synthesis.

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

integral

z In the completely passive case treated by Fielder [28], right half
plane zeros of pl (@). are permitted, so tha; relationships such as (5)
may always be satmfied wlthou t restrictions on COOI, OJOI’, AW, and
CWn’, by adding appropriate right half plane zeros to PI()) in :Such a
manner as not to alter I pi(p) I.
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where

$,,=2!?-,
Coc

w = frequency scaling parameter.

(7)

Substituting (6) and (7) in (5) yields a set of “com-

patibility conditions” on pass band device and circu-

lator selectivities (?~, Q~’, q., and q.’ for which Iossless

equalization is possible, as presented in Table II. If

lossless equalization is possible, it is designated device-

Iimited, circulator-limited, or equall y limited, depending

upon whether wO/Qd is less than, greater than, or

equal to

The gain-bandwidth limitations corresponding to these

cases are also presented in Table II. They are obtained

by solving (7) for co. and noting that the fractional

bandwidth P of the amplifier, however defined, is of the

form

~= f+–f-
~ -K(J’VAO, poi, Ilt) (8a)

fo = @o

(8b)

where WA O= WA (/0), w,, Io, and j~, characterize the

arbitrary specified gain function WA.

Examination of Table II shows that the heretofore

unrecognized Iossless equalization requirements on

q,/Qd, q.’, and Qd’, and gain-bandwidth limitations on
/l presented here, are generally more restrictive than

equivalent restrictions obtained in the past [3 ]– [I 1 ]

under the perfect circulator assumption (qc = q.’ = O).

In particular, Iossless equalization is generally not

possible if both qc’ 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 (Qd/qc)@( WJ < 1) than those

for device-limited equalization.

C. Results for Specified Reelection Gain Chayucteristics

The general results obtained above may be applied

to particular gain functions WA ~) by substituting the

particular values of WA O, ~Oi, j,,, and u. corresponding

to WA in (4), (5), (7), and (8) and, hence, in Table II.

In particular, the requirements for Iossless equalization

and the corresponding gain-bandwidth limitations for

the ideally flat gain characteristic and for the nth-order

TABLE II

GENERAL REQUIREMENTS FOR LOSSLESS EQUALIZATION AND
GAIN-BANDWIDTH LIMITATIONS

Parameter and Lossless Equalization Limited by:
Bandwidth
Limitations Device I Circulator \ Both

—1
(h’ <vd(wA) o <’Yd(wA)

(7.’ 1 0 I <x.( WA)
I

<i?.(~A)

2K 2K
/?

2K

i=l ,-1

3q.
I/.( WA) = .

3 + HZWC)’E (L’ + joL’)

Butterworth and Chebyscheff approximations [31 of

it are presented in Table I I 1. In addition, gain-band-

width curves for both device- and circulator-limited

Butterworth equalization are presented in Fig. 7.

The results presented in Table III and Fig. 7 indicate

that, for moderate midband gain ( WAO < 100), if loss-

less Butterworth and Chebysheff equalization is possi-

ble, it is circulator-limited unless q. is considerably less

than Qd (q./Qd <@ ~ 0.5). In addition, the fractional band-

width q.~ obtained under circulator-limited equalization

is less by the factor @ than that Q@ obtainable under

device-limited equalization. Another interesting result

(Fig. 7) is that for circulator-limited Butterworth equal-

ization, the maximum bandwidth at fixed WAO and g.

is obtained at some finite n, rather than at n = w 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

tzth-order Butterworth or Chebyscheff approximations

in the limit n+ m, e2-0), requires a “perfect” circulator

for nonzero bandwidth. The resulting familiar device-

limited gain-bandwidth relationship [3 ]– [5 ], [8], ex-

pressed as

fi= 2=

Qd h LVAO’
(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 III

REQUIREMENTS FOR LOSSLESS EQUALIZATION AND GMN-BANDWIDTH LIMITATIONS ~OUSr~CIFIED H“A

329

Parameter (Table II)

Specified Gain Function W’A

But terworth Chebyscheff
I

lkleal

l—_—— _
1 + (77/w.)2r~

~Ao ‘–—

1+- WA” (?7/rr’.)=

Il–x
‘ZJ(WA)

———

0
1+X

Q,].- sin k
2?L

!j in 1
2?2

37T
Y,.r+ sin —

2n

sin :
2?Z

37r
Ycr+ sin —

2n
V.(w.i) 3q<

n
sin —

2 2n l–a

[1
1/2.—————

Q,l WA,’/”I – 1 1
~———

WA,

Device-limited B

[

sin Z
2 2)2 1

—

q. J+y J
Circulator-1imited 6 0

1) Device (circulator) limited equalization rlaquires

2)‘=’’(s-+’”nfor Butterworth W.I and

IIC for Chebyschefi and ideal ~t’A.

(3) ,x= sinh ~
1

sinh–l —
)

; y= sinh
n e

(

1 1
; sinh–l

)
e , X=w.i”–lw
l/’[~Ao 6

4) Tc = nth-order Chebyscheti polynomial

1+ dwA”
5) r= pass band ripple=—

1+.2— “
.03

r

r@-DEV!CE-LIMITEO EQUALIZATION

------ qcfi-circulator-LIMITED EQU&LIZ&TKIN

Fig. 7. Half-power bandwidths for device- and circulator.
limited Butter worth equalizations.
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‘n T . No Nl~

1(
<) ( ~ 1( (

q“-,
q2

( ) ( ) I 4

‘n
q,

( P--V( I -+
.—.

-Q
qk-,

(OR) / \ (OR)

I—- ——- < )

-q?

qk

< ) ( >

q
n-l I 1 q2

ALL RESONANT CIRCUITS TUNED TO fo

dBk 1 dXk
qk=~Rn~ OR ~ ~

f. n 1f.

Fig. 8. Pass band prototype equalization ladder network,

D. Synthesis of Pass Band Equalization Network

The nth-order Butterworth and Chebyscheff reflec-

tion gain functions discussed in the preceding section

may be realized, assuming Iossless 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 N is

a cascade of N.+ NO + Nl, containing n alternate shunt

and series band-pass resonators tuned to f~ as shown in

Fig. 8.

The selectivities ql, g2, . . . , q. of the n band-pass

resonators, normalized to R. as defined in Fig. 8, may

be calculated from existing formulas for the normalized

element values -yI, 72, . . . , y., derived [29], [30 ] for

the passive low-pass prototypes corresponding to

both Butterworth and Chebyscheff equalization. In par-

ticular,

-yl RI
— for series resonators

we R.

— for shunt resonators
w. RI

where

1=1, 2,. ... n,

w.= uc/cJo.

(10)

JULY

1

-R[

1

-Rl

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 WA (Tables I I 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 N as a cascade of a Iossless band-pass ladder N~

and a constant resistance band pass band reject filter

pair Nc [6]. If N, and N~ absorb the constraining net-

works N. and N1 representing the circulator and device

respectively, they may be synthesized to yield a

WA(f) x w,(f) u (f), where W~ >1 is constrained only by

the device, and u ~ 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 j. 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

(Au)~ 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 N?,, of @H and ~L, the

closest frequencies in (A~) ~ to U. of potential instability

under the exact circulator, device, and matching net-

work representations. (If no u~ ancl WL exist in (Au) ~,

no further stabilization is required.) The stability band-

width f?., defined as

is then used to synthesize the appropriate stabilizing

circuitry.

The most applicable stability criterion is the complex

plane criterion on the total immittance ~(~) [total node

admittance Y(p) or loop impedance Z(j) ] at the active

device terminals. This follows from the basic stability

condition that H(P) have no zeros in complex frequency

p = u+ ia such that Re (p) 20. Aplplying the Nyquist

criterion to H(p), the complex plane criterion [25] is

stated as follows.3

A necessary and sufficient condition for stability is

that n., the net number of counterclockwise encircle-

ments of the origin of the complex immittance plane

(H-plane) made by the locus of ll(ju) as – w <O<+ w,

be equal to P, the number of poles of H(P) having

Re (p) >0, or8

.+ proposed real immittance function stability crite-

rion derived from the above, which only requires sepa-

rate examination of the real and imaginary parts of

IY(j.o) over (Aco)~, is presented in Appendix II. In addi-

t ion, a useful reflection coefficient stability criterion is

presented by Henoch and Kvaerna [6].

Correct application of any of the above stability

criteria requires that ~~(jo), and 17~(@), the com-

ponents of H(jw) = Hd(ju) +HN(jco) representing the

active device terminal immittance and that of the

passive circuitry facing it, respectively, be known

accurately over all (As) A rather than be based on pass

band models. Then, for the types of devices under con-

sideration, it is shown in Appendix II that a stability

s This assumes H(P) has no essential singularities in @ with
Re(@) z O, particularly at infinity, and that the active frequency
range (A@) ~ of the negative resistance device is finite. Both assump-
tions are valid for physical devices and network elements. In addition,
all poles of IT(p) with Re (p) >0 are contributed by 17&0)J the com-
ponent due to the active device. For poles of ~(~) at P ‘JwR, ~(~~)
near OR is evaluated by replacing jti~ by ju~ +re~’$ with ~40, — (7r/2)

5+5( T/2).

study usually yields the following simple (condition on

H(ju) = U(u) +j V(u) for determining co~ and tifI:

WL = a~a~ < m and w = ti~i~ ;> M

such that

U(Q) <0, v(u) = o. (13)

Application of (13) to (11) yields the nominal stability

bandwidth for IIN, representing the given circulatc)r and

the equalizing network for the specified WA, 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 Hal,, correspond-

ing to the expected range of energizing VOl&lgeS to which

the device may be subjected, yields a series of a~~, co~

pairs from which a lower bound P,O on @, may be ob-

tained. @,. 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 A mpii$er

Potential amplifier instability outside of ~, (or 19,.) is

eliminated by the incorporation in network N (Fig. 1)

of a stabilizing network iVS which introduces sufficient

out-of-band ohmic loss to effectively ‘(passivate” the

active device outside (3S while appearing essentially re-

active in the amplifier pass band. It has been shown [6]

that the configuration for Ns, 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 irnrnittance of

Ns, that of a single resonator tuned to uC,, in the pass

band equalizer as shown in Fig. 10. For opti mum stabili-

zation, Ns should be connected as close as possilble to

the negative resistance of the active device, consistent

with stability requirements and with tlhe resonator

selectivity requirements for pass band equalization.

The stability requirement on NS in terms of the real

part U,t of its input immittance H,t = U,t +j V,, t (H, t

= Z,~ or Y.~ for series- or shunt-connecteci Ns, respec-

tively) is obtained from (13) or Appendix II, undler the

restriction that NS be connected no further away from

the active device than in series or shunt with the second

resonator of Nl(k = 2, Fig. 10). The requirement on

U,,(u) in terms of device terminal immittance Hd(-@)

and stabilizing network termination UO, is

I u,(w) Imax = U8t(c0,*) = a, UOS < i7,t(C0)I s UOS (14)

for all a outside the interval (U.–, ~,+).

4 Otherwise, the band rejection stabilizing network uncler com
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 Ns.
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(b)
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ti(m-l)s
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3 GOS-——
qms

k=t, z, . . . ..m

ALL RESONANT CIRCUITS TUNED TO f.

Fig. 9. Pass band prototype ladder representation of stabilizing network. (a) Series-connected N,s. (b) Shunt-connected Ns.

The desired behavior of H,~ is obtained if N, is syn- Ros

thesized to realize an mth-order Butterworth approxi- 1 J.

mation of ideal band rejection

by

Uos (v/w) 2m
U,t =

1 + (q/w) 2m ;

behavior in U,~, as given Ivw”l

~=E_f!! (15)
Wo (IJ

where w and UO, are obtained, for a given U~ (w) and an

arbitrary choice of a., by substituting (14) in (15).

In the amplifier pass band, input immittance H.t be-

‘k+l
Aqk ?

.——

f.

—--

q~=aqk +6,. (*)

comes essentially purely reactive, given

H,, = jvst = j Ul),q,trl.

For Butterworth U,,, ~,, is simply

1
q~t = gl~ =

n-
wm sin—

2?n

The selectivities qi, of the resonators

by (a)

(16)

qk+$

‘“) :=:comprising Ns,

as defined in Fig. 9, may be obtained from the normal- q~=Aqk +~,, (~)

ized Butterworth low-pass elements yj (j= 1, 2, . . . , m)

used in the pass band equalization (10), employing
b,

JULY

qi, = L
1

(b)

i j=l,2, . . ..m (18) Fig. 10. Absorption of stabilizing network in pass band equalizer.
Wyj RI=O (a) Series-connected N,s. (b) Shunt-connected Ns.
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where the limit on ~i as R1+O is taken such that

An example of the stabilization of a particular amplifier

is presented in Appendix 1.

The overall synthesis of coupling network N involves

the interconnection of stabilizing network Ns and pass

band equalizer NO such that the pass band H,, due to

N~ is absorbed in the first or second resonator (g, or qJ

of N1 (Fig. 8) as shown in Fig. 10. Whether H.t is ab-

sorbed in gl or qz depends upon whit h choice allows the

given g,t,(k Qdf,q.,and q.’to be included in the total

selectivities ql, B, q~–1, and q. determined for the given

WA 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 N are obtainable from [29],

[30], (6), (10), and (18). The various resonators com-

prising NO and Ns maybe realized [31. ] in various micro-

wave transmission media, preferably as combinations

of semilumped transmission line elements, having first

higher order resonances well above ~0.

V. EXPERIMENTAL VERIFICATION OF THEORY

A. A mplijler Design P~ocedu~e

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 NX (Fig. 1) for stable high-gain

amplification,

The complete design procedure for network N is out-

lined in Appendix I under the bounc[ary 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

~0 = 1.46 Gc/s. Specification of a third-order 13utter-

worth gain characteristic results in a tstrongly 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

Y,~ absorbed in the first resonator, without degrading

the amplifier bandwidth capability. Network element

values are obtained in Appendix I using (10) and (18)

for t~~o separate equalizer designs (I and II) corre-

sponding to WA o = 10 and 40, respectively.

The fairly conventional coaxial physical realization

of coupling network NT has the ec~uivalent 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 adj usta.ble in q and ~0 and

TO SOURCE

SPERRY
D52-L21-I
CIRCULATOR

TO LOAO

Rn
q3=qc, q2=q; +@2, q,= ’&, +’+J~ ‘Aqs,t

(b)

ELEMENT VALUES

q,.: 1,33-14, R:= 16,2-29.lil

q~= 1.95, Qd=.72-l’ 29

BIAS RANGE Vb= 137.5 -185m,V

Fig. 11. (a) Equivalent circuit of overall coupling network ,V~ 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 measuredl gain char-

acteristics. A comparison of nominal and ~inal adjust-

ment values of the pass band prototype resonator

selectivities is presented in Fig. 11 (b) for designs I and

II. The resonator precalibrations and the circulator and

diode characterizations are all based on RF immitt.ante

measurements in suitable modifications of the amplifier

structure and, hence, include the effect of all structural

discontinuities.6

B. Measuyed Performance Veysus Theory

The measured, absolutely stable, maximally flat re-

flection gain characteristics WA (j”) corresponding to

equalizer designs I and I I are compared with their

5 The structure of Fig. 11 (a) was designed so that the sections
between reference plane, a –a and d –~, d –d and c –c, and c ---c and
e —e could be separated, with each termmated 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. ,ALz,
ACJ, resonator ALz, ACZ, resonator LI’, Cl’, ACI’, and the stablhzing
network Ro,, L,,, C,, in the same geometry as in the assembled NT,
thereby including the effects of discontinuities. Similar short-circuit
admittance measurements on NT yielded the values of series and
shunt loss resistances RL, and GM.
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Fig. 12. Measured and calculated maximally flat reflection
gain WA(~) 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 WA@ 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 ( I s’ I ~ 0.05) under a

‘fperfect” 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 II.

VI. SUMMARY 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 Gc/s and with half-power bandwidth

within 6 percent of the calculated values.

APPENDIX I

DESIGN EXAMPLE: L-BAND TUNNEL

DIODE 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-j unction type with three coaxial output

ports at nominal impedance level RO = 50 ohms. The

circulator pass band, 1.2–1. 8 Gc/s, is centered at

~0 = 1.46 Gc/s. The measured pass band immittance

model at the negative resistance port is that of Fig. 2(a)-

(2), with ~0= 1.4 and ~.’= 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 (R~iD = 32.9 ohm over all bias),

C=l.9–2.O pF, R,=3.O ohms, L= O.29 nH, and

CP = 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

V~ = 137.5–185 mV as follows:

[

1 – C&

1

–1

RI’ = apRl s az – GLP
R(I – 6’)(1 – k’c102)2

= 16.2–29.1 ohms

[

c
‘d=2Tf0R’(1 – 8’) (1 – k’aoz) 1+C, = 0.72-1.29

where 8‘ = (R, + RLJ/R; k’ = L/RC(R. i- RLS),

czo = 27rfORC[(l/~’) — 1 ]–112, GLP = 0.0033 mhos, and

RL8 = 1 ohm are the measured5 shunt- and series-circuit

loss components referred to the diode terminals, and

a2 = 0.55 represents an impedance level transformation

at the tuning element. The required tuning inductor is

L.~=R1’/2~foQa= 2.46 nH.

B. SPecij$ed Gain Characteristics and Resulting

Constraints on Pass Band Equalization

For stable high-gain amplification, we choose NZ

(Fig. 1) to be a quarter-wave (at fo) TEM line trans-

former of R~ = 26 ohms to reduce the circulator im-

pedance level to R.= 15 ohms <R1’ (rein), yielding 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 nth-order gain

characteristic must have n =3, 5, 7 . . . . Hence, we

specify two separate designs I and II, having third-

order Butterworth JV~ (Table II 1, n =3) centered at

1.46 Gc/s and having W~ol = 10 and lV~oII = 40,

respectively.

Since RI’=Rn(vWAO+ l)/(V’WAO- 1), the specified

midband gains require Rll’ = 29.1 and RII1’ = 20.6 ohms,

which are obtained for the given diode at vb = 185 and

165 mV, respectively. The selectivities constraining I

and II are Q~r=l.29, Qdlr= ().91, gC1=l.34, g,II=l.4, and

q.I’=q.ll’ =1.95.

G Immittance measurements on the section between d-d and
c-c [Fig. 11 (a)] indicate that the unavoidable short transmission line
length { between L1’ and Cl’ introduces, in the amplifier pass band, an

approximately constant step down admittance level transformation
az = 0.55 between reference planes x-x and y–y, as expected from a
leftward looking admittance VL + (1/jwLI’) at x-x [Fig. 11 (a)] having
(a I Y.z JL,’)2S 0.1<<1, rotated through BIwO.1 <<m to y-y.
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C. Bandwidth Limitations and Protot:y~e 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 111 as follows. For @(JV~) = (1 –h)/(1 +x)

and A = TVAO-11(2’J, Table III yields @I = 0.19 and @II

= 0.297 for the given W~o and n. Since qG1/@dl = 1.04>>@I,

and q.11/@dll = 1.54>>%, the equalization I and I I are

both strongly circulator-limited in bandwidth capabil-

ity. The resulting fractional bandwidths (A~)a (Table

III) are (Af)I =455 hlc/s and (A~)II = 371 MC/S for

a=O.5 and (Af)I=314 Mc/s and (Llf)II= 256 Me/s for

a =0.891 (—0.5 dB), respectively. (The comparable

figures if g.= q.’= O, and Q~ were the only constraint,

would be (A~)I = 2.06 Gc/s and (Af)ll = 1.71 Gc/s for

a = 0.5 and (Aj)I = 906 hlc/s, (A~)I1l = 755 MC/S for

a = 0.891, a tremendous difference.)

To synthesize NO (Fig. 8), the normalized low-pass

element values, obtained from Weinberg and SIepian

[29], for n=3areylI =3.13, ~Zl=0.812, 7,1=1.145, and

VHI = 2.18, T211= 1.22, %11=0.89. The corresponding

prototype resonator selectivities, @ = 3.55, g21= 3.52,

g31= qcI = 1.s4 and WI= 3.44, QHI = 3.63 and f1311= q.11

= 1.4 are obtained from (10) using wc1 = 0.445 and

~.11 = 0.463 as calculated from

O
n-

sin —
2 2n

~c:—
q. 1+1 “

D. Stabilization and Overall Synthesis

We apply the real irnrnittance 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 Ns and NO. In the

worst case (Vb= 137.5 mV, R= R~i. =32.9 ohms)

potential instability (G< O, B = O) is found to exist for

frequencies above 3.5 Gc/s. Hence, jH = 3..5 Gc/s, fL = O

and, from (11), the stability band width for absolute

stability is 2.9 Gc/s (6,o = 1.98). Since gl>>Q~ we may

connect a single-tuned stabilizing network [Fig. 11 (b)]

directly across the diode without degrading (3. There-

fore, choosing Ro, = 15 ohms and a,== 1.4 to satisfy (14)

for Rl~in’ and hence for all Vb, we sc)Ive (15) fOr W with

m = 1, U03/ U,l =a,, and ~ =(3,., and substitute the result

in (17) yielding @,=g,~=O.8.

The overall synthesis of N [Fig. 11 (b)] is accom-

plished by absorbing q,, q.’, Qd, and q,tin Q, qz,and qs

accord ing to the breakdown qs = q,, qz = q.’ +Aq2, and

Hence, from known values of these parameters, we

obtain AqZr = 1.57, Aqu = 2.09, Aq211 = 1.68, and AqlI~

= 1.98. The synthesis of N is completed by obtaining the

individual L’s and C’s from

1
c=— -q

W02L coORn

for Aqz, and

1 qRn
I.=—=— for Aql.

W02C LOO

APPENDIX II

REAL IMMITTANCE FUNCTION STABILITY CRITERION FOR

TWO-TERMINAL NEGATIVE RESISTANCE DEVICES

The complex plane stability criterion I(12) 011 the

total immittance II(jco) = U(CIJ) +j V(u) at the terminals

of a one-port negative resistance device may be extended

to yield a stability criterion in terms of real functions

U(a) and V(CJ) as follows.

Let H(jcJ) = H&io) +- HN(jw) where Hd and Hlf are

the separate contributions due to the active device and

passive terminating network. Hence, U = l~d + UN and

V= vd + V~. For the active device, Ud(ti) ~ O fOr w in

the active frequency range AWA = WA+ — WIA–, so that

U(u) can be negative within this range. Let H(ju) have

resonances V(w) = O at a discrete set of frequencies

@l, (@?., U3, . . . such that ()= W1<W2<W3 . . . . These

resonances may be classified as follows:

1)

2)

3)

An “active” resonance 7 Wi is one at which

U(WJ <O: (j=l, 2, . . . ).

A ‘(singly isolated” active resonance (wj is one for

which U(~j) and either U(LO–1) or U(Wj+I), b~lt not

both, are <O whereas, for a “doubly isolated”

active resonance co,, both U(LJ–J and U(wj+ 1) >0.

A “nonisolated” active resonance Uj lhas U(~~J–l),

U(tij), and U(wi+J all <O.

Then, for a given If(jw) we enumerate the various iso-

lated active resonances as follows:

1) Let nl+(nl–) be the number of singly isolated ac-

tive resonances co, such that

()
:>0:<0

at w = w~.

2) Let 73Z+(W.-) be the number of doubly iscjlated

active resonances Wi such that

()
:>og<o

at @ = Wj.

A real imittance function stability criterion may be

derived from complex plane criterion (12) as follows.

Every possible encirclement of the ~-plane origin ~made

7 A resonmce u; at which f7(wJ) = O corresponds to an ima~ginary
zero of 17(p), i.e., 17(joJ ) = O, which represents either a short- or open-
circuit at o =~$ and which is not allowed for stability. Sir~ce the
existence of such resonances is recognizable without the use of stabil-
ity criteria, it is assumed that precautions have been taken so th at the y
do not occur. An active resonance at w = O can be nonisolated or
singly isolated but not doubly isolated.
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Fig. 13. Possible encirclements of H-plane
origin made by H(ju) subloci.

TABLE IV

CORRESPONDENCE BETWEEN COMPLEX PLANE ORIGIN
ENCIRCLEMENTS AND ISOLATED ACTIWZ

RESONANCES OF H(jw)

Figure

13(a)
13(b)
13(C)
13(d)
13(e)
13 (f)

Type of active
resonance at a = ~.

singly isolated
singly isolated
singly isolated
singly isolated
doubly isolated
doubly isolated

-1
dV

dco OJ=OJ.

<o
>0
>0
<o
<o
>0

An

1
–1
–1

1
‘2

–2

An= number of counterclockwise encirclements of oriricr of H-

plane made by subloci of H(jo) in Figs. 13 (a)–(f) (k-clockwise
encirclements = —k counterclockwise encirclements).

by ff(ju) derives from one of six possible subloci of

H(ju) corresponding to 0< U.–l ~ co~ U.+l, and – U.GI

S ~s un–1 <O [the latter since H( –jco) =H*(ju) ] 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 II(ju) sublocus

and the type of isolated active resonance, as described

above, which u. represents. Based upon this corre-

spondence, the total number n of counterclockwise en-

circlementsby~(jti) (— ~ < w ~ m ) may be related to the

above defined nl*, nz~. Hence, from (12), a necessary

and sufficient condition for stability is

nl– + 2n2– — Pzlh — 2nZ~ = P (19)

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

A sufficient, though not necessary, condition for

stabilization which minimizes nT = nl–+nl++ nz–+%.+

and will henceforth be designated the ‘foptimum suffi-

ciency condition” for stability, is

Yzl– + 27Z2– = P; ?11+= ?Zz+= o. (20)

For the devices represented in Fig. 3, P = 2J (1= O, 1,

or 2), so that the “optimum sufficiency” criterion (2o)

is satisfied by the choice nz– = 1, rz– = nl+ = nz~ = O. It

may be expressed then directly in terms of U(c.o) and

T7(u) as follows:

U(u) >0 at all u # coo at which V(u) = O except

in 1— 10>0 isolated narrow frequency bands

(w,, u,,) (j= 1, 2, . . . . l–l.) which are well

removed from the amplifier pass band, with

10=0 for U(uo) >0 and 10=1 for U(UO) <O. (21a)

U(a) <O for a in (u.j, u~j). (21b)

~~(u) = O at one and only one a = ii in (Wi,

)tibj . (21C)

dV/da<O at U=&i. (21d)

At least one ‘(passive resonance” [V(u)=o,

U(u) >0 ] exists between each pair of adjacent

active frequency bands [ U(u) <O] of U(u). (2 le)

For a limited range of device equivalent circuit

parameter values, there exist (1 – 10) isolated frequency

bands (~.j, ~b,) over which I U,(U) I and – (d VJdco)

both >>0, so that (2 lb)–(2 le) are satisfied automatically

for most H,l-(ju). Therefore, in most cases of interest,

the optimum sufficiency condition reduces to

U(u) >0 at all u#co, at which V(o) = O. (22)

Alternatively, frequencies of potential instability are

those at which U(u) <0 and V(u) = O (u #aO).

In order to apply the above criteria, we plot V.(a)

and — U~ (co) vs. co, and VA (co) and — V~(u) vs. u over

(u.,-, u.,+) on separate sets of axes, making use of

H=H~+H~..
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Absfracf—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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ante 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 an(i 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 lboth 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 limes are described. Experimental results of a

trial — 10-dB coupler with coupled lines of 50 and 75 ohms are

presented.


