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Radial-Symmetric N-Way TEM-Line
IMPATT Diode Power

Combining Arrays

DEAN F. PETERSON, MEMBER, IEEE ‘

A bsfract —Ckcuit design and stability criteria are developed for a new

class of IMPA’fT diode power combiners. These combiners make use of

radial-symmetric circuits and provide an optimaf integration of device and

circuit properties to perfo~ the power adding function. Both Iossless

N-way combiners and resistively stabilized N-way combiners are consid-

ered. Theoretical examples of this combining technique are given at

X-band frequencies which make use of reatistic experimentally determined

IMPATT diode properties. Predictions for a 30-W ten-diode Iossless

X-band combiner indicate a l-dB locking bandwidtb of 300 MHz and

10-dB gain. A 1OO-W resistively stabilized 1O-GHZ ten-diode combiner

predicts a 150-MHz locking bandwidth, also at 10-dB locking gain.

I., INTRODUCTION

T he purpose of this paper is to present a new approach

to circuit-level power combining of negative-

resistance devices in general and IMPATT diodes in partic-

ular. In a recent review article, the present state of microw-

ave power combining techniques was effectively sum-

marized by Russell [1], to which the reader is referred for

an in-depth discussion of various combiner types and their

performance. Basically, at the circuit level, combiners can

be classified roughly into two categories: N-way, in which

the outputs from all devices are combined in a single step,

and corporate (hybrid) or serial, in which increasing power

levels are successively combined. N-way combiners are

often additionally separated into resonant and nonreso-

nant structures. Examples of the former are the waveguide

combiner of Kurokawa and Megalhaes [2] and the circular
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cylindrical TMO~O cavities of Harp et al. [3]–[6]. Examples

of the nonresonant N-way combiner include the nonplanar

Wilkinson hybrid [7] and the five-way combiner of Rucker

[8].

Each of these power combining circuits has its associated

performance limitations, design criteria, and problems.

Corporate or serial combiners have the advantage of isola-

tion between devices to eliminate deleterious interactions

and provide broadband performance, but have the disad-

vantage of often substantial circuit and combining losses

[1], often at high power levels. Resonant N-way combiners

require stabilization resistors to suppress interactions

among devices and undesired oscillation modes in a high-Q

cavity, leading to narrow-band although high-efficiency

combining. Nonresonant N-way stWctures usually provide

larger bandwidths with a corresponding increase in the

mode suppression problem. Rucker’s techqique [8] analyzed

by Kurokawa [9] has been successful, as has apparently

been a conical line technique [ 10]. Radial arrays of equally

spaced TEM lines have been used successfully for transis-

tor power combining [1 1].

The combining circuits treated in this paper could per-

haps be classified as N-way nonresonant ‘transmission-line

networks. As opposed to other networks of this type,

however, the “circuit” and “device” properties are closely

intertwined such that each cannot be specified indepen-

dently. Hence the combiner represents, in some sense, an

optimal integration of device and circuit to perform the
power adding function. Both lossless and resistively stabi-

lized symmetrical combining circuits are considered and

each can provide the desired suppression of the unwanted

non-power-producing modes while affording design flexi-
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bility in the power-producing mode. Lossless combiners

require and make use of the band-limited negative-

resistance properties of IMPATT diodes to provide stable

and reasonably broad-band operation. Values of TEM-line

impedances, lengths, and stabilization resistances are de-

termined by the IMPATT properties, rather than by con-

ventional match and isolation requirements in power add-

ers/dividers [7], [12]. With negative-resistance diode

terminations, the concept of “match” in particular is not, a

priori, a useful condition.

Of particular importance in N-way combiners with ac-

tive terminations is the suppression of all undesired modes

of oscillation. For circuits with certain symmetry properties

and identical active terminations, the various modes and

their associated oscillation conditions can be specified in

all but unusual circumstances [9]. Circuit conditions for

avoiding unwanted modes can then be investigated sys-

tematically. In Section II, the basic combiner circuit and its

symmetry properties are defined. The condition(s) for oscil-

lation are reviewed and specified in terms of circuit eigen-

vectors and eigenvalues for the case of identical active

devices.

Radially symmetric lossless TEM-line combiners having

N – 1 eigenvalue degeneracy are analyzed with examples in

Section III. It is shown that diode properties specify com-

biner TEM-line characteristic impedance and line length

for unwanted mode suppression and that circuit design for

the power-producing mode is relatively straightforward. An

example of a 30-W ten-diode X-band microstrip combiner

is given.

Resistive-stabilized TEM-line symmetric combiners are

discussed in Section IV. Examples of practical and realiz-

able stabilization networks and their relation to diode and

combiner properties are given. Values of stabilizing resis-

tors are specified in terms of device negative conductance

level and the number of diodes combined. As an example,

a detailed analysis of a 1OO-W ten-diode X-band microstrip

combiner is presented.

II. COMBINER DESCRIPTION AND STABILITY

CONSIDERATIONS

A. Combiner Description

A general power combining network for use with nega-

tive-resistance devices is shown in Fig. 1. The combiner has

N ports for active device terminations and one port for

common excitation and output power extraction. It is

assumed that the combiner has certain symmetry proper-

ties such that its admittance matrix YCcan be written as

1:,/
YCKl; YOd Yod” “ “ Yod

~o; l––––– –-–
yc = Yod ;

yOd I Y
(1)

.1

10
— m+

“1
Yd,(kl, Ivll)

k

[1Y b
IN

+

N ‘N ‘dN(w, l”Nl)

1 I

Fig. 1. A general N-negative-resistance-diode power-combining net-
work.

where the N X N matrix Y defined as

y~ [Ymnl (2)

has the element properties that

Ym+k, n+k=hn=.%n (3)

where the subscripts are modulo N.’ Such a matrix is called

a “circulant” [13] indicating the combiner has radial sym-

metry with any row of Y a “rolled” version of any other

row. Along with reciprocity, this implies that Y has at most

N/2 + 1 distinct elements if N is even and (N+ 1)/2

distinct elements if N is odd. Except for certain hybrids,

resonant cavity [2] and graduated coupling structures, most

useful power combiners have the symmetry properties indi-

cated above.

B. Terminations

Ports 1 through N of the combiner will be terminated in

active, nonlinear devices. It is assumed that the device on

port k, 1G k G N can be represented by its admittance

describing function Ydk(co, IV~ 1), where IVk I is the ampli-

tude of the RF voltage at port k and u is the frequency. At

port O, the termination is Y~(a) with current excitation 1~.

The termination matrix ~ is thus written as

~=diag[Y~(~), Yd,(o,l Vi/),. . .,Yd~(a,lVMl)]. (4)

C. Condition for Oscillation

Of particular interest for multidiode combiners is system

stability when devices are capable of interacting with one

another. The condition for oscillation for the combiner can

be written as

where

V=[VOV, V2. .. VN]’ (6)

is the vector of port voltages and O is the empty vector. For

lyOd I 1 ‘ Take on values from 1 to N only.
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a given termination Y~ at port O

n

YOd ~ ‘k

vo=–
kc]

.?%0 + ‘L

(7)

and the condition for oscillation becomes

(Y’+~)F’”=o (8)

where the primed quantities are associated only with ports

1 to N, and the elements of Y’= [ y~~ ] are given by

2

Y;n = Y.n – YMY:YL . (9)

The matrix Y’ retains the symmetry properties of Y. Non-

trivial solutions to (8) are the modes of oscillation for the

system.

D. Modes of Oscillation

The eigenvectors x~ and associated eigenvalues A ~ for

the symmetric circulant matrix Y’ are obtained from

and are given by

‘k=;
and

N

1
el’a

eJ 2ka

eJ(N– I)ka

k= Oto N–1 (11)

Ak = ~ y;neJkdn- 1), k= Oto N–1, any m
~=1

(12)

where a =2 T/N. The eigenvector XO and corresponding

eigenvalue X ~ are associated with the in-phase desired

power-producing mode for the combiner, while the other

Xk and Ak are associated with “rotating” or anti-phase

modes of no output. Using (9) in (12) shows that

N
NY;(j

Ao= xYmn–yoo+YL’ any m (13a)
~=1

and

~k = ~ y~~eJ’U(n–l), any m, k=lto N–1.
~=]

(13b)

Hence, the Ak, 1< k < N – 1 are the same for the matrices

Y and Y’ and are independent of the load admittance. The

number of distinct eigenvalues is the same as the number

of distinct values of the y~., which is N/2+ 1 for N even

and (N+ 1)/2 if N is odd.

Possible solutions to (8) are now seen to be

–~=AkI for V’=fi Vxk (14)
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where 1 is the identity matrix and V = IV~1,1< n < N.

Equivalently,

‘Yd~(jti,l~l)= -Yd(j~, V)=~k(jo) (15)

i.e., all Yd~ are the same. In this case, the zeroth mode (A ~)

is the power-producing mode and would require a stable

solution to

–Yd(ju, v)= Ao(j@) (16)

for oscillation. Any stable antiphase modes characterized

by 2Vk = O [V. = O from (7)] would need to be suppressed

for the combiner to operate properly. In this case of

identical active devices, circuit design must provide the

proper value of AO for oscillation or amplification while

suppressing the other modes. Since the Ak in ( 13b) are

independent of YL and depend only on the inherent prop-

erties of the combiner circuit, a stable, even-mode-only

design is possible in principle.

E. Other Modes

Additional modes to those outlined above are possible in

the combiner because the devices are nonlinear and can be

nonidentical. One such mode, pointed out by Kurokawa

[9], was based on a perturbation analysis and found to be

very unlikely to exist because of the device-circuit relation

required. The case of other modes is treated extensively in

[14], where more general stability conditions than

Kurokawa’s are derived. The results seem to indicate that

other modes would require unusual conditions between the

device and circuit properties, at least when the devices are

nearly identical.

III. LOSSLESSRADIAL-SYMMETRIC TEM-LINE

IMPATT COMBINERS

A. Degenerate Eigenvalue Networks

A combining network which is lossless and obeys the

symmetry properties given in Section H has eigenvalues

Ak, 1< k < N, that are purely imaginary since the y~, in

(13b) are all imaginary. Clearly, for the rotating modes, all

the power into the network must be returned. Hence,

rotating mode suppression in an active diode combiner

requires the device to be stable under the lossless termina-

tions representative of the combiner network ~k’s.

This criterion can be achieved using the IMPATT diodes

and a simple TEM-line power-combining circuit. Under

certain conditions, the band-limited negative-resistance

properties of IMPATT diodes in combination with TEM

lines of suitable length and characteristic impedance can

provide a stable combiner in which only the even mode can

exist.
The simplest combiner of this type is a TEM-line net-

work as shown in Fig. 2. An array of identical transmission

lines is placed symmetrically around a “hub” where power

is extracted, with the lines terminated in IMPATT diodes.

For this network, it is assumed that

Y.,. ‘o) m+n (17)
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Fig. 2. A TEM-line combining network providing N – 1 degenerate
eigenvalues for the rotating modes.
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Fig. 3. An equivalent circuit for the N-diode TEM-line combiner from IMPATT diode, in this case a 2.5-W X-band Read device as determined

an admittance point. The power in YL is N times the power generated experimentally.
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so that the eigenvalues~~ are degenerate and -:–:::::[-----A\:jIcDEAB

:1 ~ \’\,

0 STABLE

Ak=y,,(jti) =-jYocot~l, l<k<N (18)
1
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for all the rotating modes. The eigenvalue AO associated s Bm:+ ~ ~ r – --— – – - —

with the even mode is then given by j ~’\ \,\,

\

71’

i l’, !

A.= – jYocotpl+
NY; CSC2 ~1

E ~ ~ /’\#/~ ‘“’”’B’ , ~ “\ ‘,, ;Y~ – jYONcot/31
(19) ~

r I’j, ‘1> , ‘\, j “~ \!—
where ~ is the propagation factor, so that A~ represents the

input admittance of a TEM line terminated in an effective

admittance of Y~/N (see Fig. 3).

The assumption of eigenvalue degeneracy and zero cou-

pling between lines simplifies the design problem and

illustrates the appropriate device-circuit interaction for sta-

bility. This criteria can be approximately met in practice,

especially if the number of diodes is not too large. For

slight coupling between lines, such that the eigenvalues are

not too different, an appropriate design can still be achieved

in many cases. This point will be clarified later in this

section.

B. Rotating Mode Stability
FREQUENCY

Fig. 5. Device-circuit interaction pertinent to rotating mode stability

Stability of the rotating modes for the degenerate case showing a typical Bdg( u ) plot [ Bd for Gd( V) = O] and several circuit

requires that there be no stable solutions to
negative susceptances for a TEM-line combmer. Only circmt curve E is

a stable situation.

Yd( ja, V)– jYOcot~l=O (20)

for any combination of ~ and V, where identical diodes
then the associated diode susceptance B~,$ a ) is obtained as

have been assumed. Equivalently, Bdg(kl)=Bd[@,P@)]. (22)

Re{Yd(ja, ~)} ~ Gd(ti,~)=O

Im{Y~(ja, V)} ~Bd(ti, V)= YOcot~l.

If VO(U) is the voltage required at any u to satisfy

(21a) Since the IMPATT diode has a band-limited negative

conductance, any solutions to (20) or (21) need be consid-

(21b) ered Only over a certain band of frequencies. A typical plot
of the nonlinear admittance properties of an IMPATT

(21a), diode is shown in Fig. 4, indicating the limited negative-



PETERSON: POWER COMBINING ARRAYS 167

arg ( — ~C) and 6( ti~ ) – 27r < arg ( — ~~ ). This translates un-

ambiguously to the stability conditions given by

Fig. 6. Stability conditions interpreted on the Smith chart showing the

defined angles 8Cand 0~ and the circuit admittance.

resistance bandwidth. The conductance first becomes nega-

tive near the “avalanche” frequency, goes through a maxi-

mum and becomes positive again at a frequency de-

termined by the device carrier transit time. Of importance

in (20) or (21) is that large-signal levels can decrease the

diode conductance, especially at the lower frequencies. In

fact, a passive admittance at small-signal levels can become

active for certain drive levels and frequencies. As evident,

the effect of this is to make the solution to (21a) double

valued, providing two values of ll~g at some frequencies.

This must be considered when designing to avoid the

conditions of (20) or (2 1).

Several types of device and circuit interactions are indi-

cated in Fig. 5, where Bdg( u ) is compared to several circuit

functions YOcot /?1. Dispersionless TEM lines are assumed.

The maximum frequency of zero conductance is u~ and the

minimum frequency is tiC. The end points of the ll~g curve

correspond to solutions of (21a) with V= O (small signal).

Circuit functions A through D all result in solutions to (20)

from improper selection of YO and/or line length 1. Only

circuit admittance E will provide a stable situation. From

Fig. 4 it is quite clear that stability can be avoided by

choosing YOand 1 such that

Yocotp(@c)l<Bc (23a)

and ‘

Yocotp(tim)l>llm (23b)

where BC and B~ are defined in Fig. 5. Using BC and UCas

shown in Fig. 5 is sufficient in (23a) but not always

necessary as apparent from curve E. The best choice for BC

and tiC depends on the nature of B& for the devices

considered.

Conditions (23) can perhaps be visualized somewhat

easier on the Smith chart as shown in Fig. 6, where

– B~~/ YO= – ~d~ is compared to – cot ~1. The circuit

appears as a length of shorted TEM line and the angle

6(Q) of its normalized admittance measured as shown is

simply 28( u )1. Hence, stability requires that 0( COC)>

O(tiC)~flC> 7r+2tan–’(-BC) (24a)

6(ti~)~O~<27r -2tan-’(-l/F~) (24b)

where the tan– 1 is either in the first or fourth quadrant.

The line length 1 determines the values of 6, and~~ and the

normalization admittance scales the values of BC and En.

An appropriate combination can often provide stability.

Since /3 varies essentially linearly with frequency, it is

apparent from Figs. 5 or 6 that the diode must have

u~ /uC = 2 in order to satisfy (24). Other solutions to (23)

are possible, but these require either unrealistically short

line lengths or long line lengths and narrow active device

bandwidths. The situation indicated by Fig. 5 or Fig. 6 is

the only practical solution. Additional stability margin and

design flexibility can be afforded by the use of parallel

capacitance across the diode and two-section TEM-line

networks [14].

C. Even-Mode Design Considerations

Within the confines imposed by the stability constraints

above, certain considerations should be given to the even-

mode oscillator or amplifier design. For the circuit of Fig.

2, each diode admittance will be rotated through the length

of TEM line and added to N — 1 essentially identical

admittances at the combining point. An equivalent circuit

for this is shown in Fig. 3, assuming identical diodes.

Practical considerations dictate that the total admittance

level at the combining point should have reasonable values

around the design frequency. Since adding together N

diodes acts like an ideal impedance transformer, the opti-

mum situation is to have the admittance real at the design

frequency in an antiresonance mode. Again, the nature of

the IMPATT admittance and the TEM-line lengths re-

quired for mode stability can often allow this condition to

be met, making realization of the desired load admittance

Y~ straightforward.

D. Diode Design Considerations

The combining technique indicated here requires proper

design of both diode and circuit. Circuit design flexibility

is enhanced by using diodes which have active bandwidths

o~ /Oc = 2 and optimum frequencies appropriate for sim-

plified even-mode design. Fortunately, the design of IM-

PAfi diodes and the technology for fabricating them has

advanced to the point where the above device goals are

likely achievable. With the proper doping profile and bias
current density UC,u~ and the design frequency can be

controlled to simplify combiner design. An example of a

combiner design using this method is now given.

E. A Theoretical Ten-Diode X-Band 25-W Microstrip Com-

biner

The admittance properties Yd( ja, V) of an X-band GaAs

Read HI-LO IMPAIT diode used for a design example are
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Fig, 7, Normahzed diode characteristics of Fig. 4 before and after line

rotation to the combining point. Also shown is the result of combinmg
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appro~mately 10dB at 9.5 GHz for ten diodes.

shown in Fig. 4. These characteristics were determined

experimentally using large- and small-signal measurements

and de-embedding techniques. For this diode, the dc bias

current was 150 mA with a voltage of approximately 66 V

under large-signal conditions. The optimum frequency and

RF voltage level are at 9.5 GHz and 40V, respectively,

providing an output power of 2.64 W at approximately

27-percent efficiency.

As seen from Fig. 4, both 11~ and BC are positive and the

active bandwidth Uwl/uC <2, allowing substantial freedom

in the choices of Y. and 1 for the combining lines. Ap-

propriate choices for these parameters can thus be made so

that the optimum power admittance for the diode viewed

at the common combining point will lie on the real axis

with a normalized admittance value less than unity. For

this design, a choice of ZO = 1/ YO of 35 S2was used with

19C= 2.83 and aC = 6.7 GHz. This choice results in the opti-

mum power point at 9.5 GHz to lie on the real axis at the

combining point.

Shown on the Smith chart of Fig. 7 are the normalized

diode admittance characteristics before and after rotation

through the line to the combining point and the character-

istics resulting from a ten-diode combiner. It should be

clear why the optimum power point should lie on the real

axis for simplest oscillator\ amplifier design. Optimum

oscillator performance at 9.5 GHz for the ten-diode com-

biner now requires a load admittance of Y~ = 0.2, YO=

0.0057, or Z~ = 175 Q. This could easily be realized by

using a X/4 transformer from a 50-L? output impedance

level.

As a stable amplifier, this combiner would have very low

gain since the normalized load admittance would have to

be greater than 1.8 to avoid any oscillation, as can be seen

from Fig. 7. However, the combiner could be used as an

injection-locked oscillator to provide maximum diode

power capability with any desired locking gain. As an

00

30
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50

0
50 g
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Fig. 8. Dewce–circuit interaction shown in device admittance plane for
the X-band locked oscillator. The locked oscillator trajectory is also
shown.
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Fig. 9. Locked oscdlator gain versus frequency for the X-band oscillator

at a constant RF locking signal power of 3 W. The 1-dB bandwidth is

almost 300 MHz.

example of expected performance as a locked oscillator, a

normalized load admittance of 0.4 was selected to achieve

approximately 10 dB of locking gain at 9.5 GHz with an

optimum input RF level of 3 W. The locking trajectory on

the device curves as a function of frequency is shown in

Fig. 8 from 9 to 10 GHz. This trajectory was obtained by

graphically solving the locking equation

Yd(j@z, v)+Yc(@J=; (25)

where YCis the circuit admittance seen by the diode and IL

is the equivalent locking source related to the injected

power P~ by

l~L(@z)l=+w(q)f’~. (26)

From the analysis, the predicted power versus frequency

response of the locked oscillator is indicated in Fig. 9 for a

constant RF power input of 3 W. The peak output power is
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Fig. 10. A possible microstrip realization of the TEM-line combiner of

Figs. 8 and 9.

30 W at 9.5 GHz with a 3-dB bandwidth of approximately

600 MHz.

A proposed microstrip realization of the ten-diode com-

biner is shown in Fig. 10. In the analysis above, the effect

of bond wires and the bias network needed were neglected.

However, there is so much design margin with the diodes

used that proper design of these elements will not affect

rotating mode stability. Line lengths can be shortened

appropriately to account for bonding lead inductance,

Coupling among the various combiner lines will provide

nondegenerate eigenvalues which will be shifted somewhat

from the degenerate value. For the expected small cou-

pling, this shift can be handled by the design margin.

IV. RESISTIVE-STABILIZED RADIAL-SYMMETRIC

COMBINERS

A. Circuit Description

Resistive stabilization networks embedded into the N+ 1

port diode power combiner can provide increased design

flexibility over the lossless case while still retaining rotating

mode suppression properties. The penalty is typically an

increase in combiner size and stored energy to accommo-

date the stabilization with a corresponding reduction in

combiner bandwidth. In addition, the circuitry becomes

more complex, although the use of chip resistors and

planar microstrip geometry results in fairly straightforward

circuit designs.

Maximum advantage of resistive stabilization is possible

if the circuit retains its symmetry properties as outlined in

Section II. The type of stabilization schemes utilized here

are indicated in Fig. 11(a) and (b). Basically, a lossless

N + 1 rrort combiner is auzmented bv a symmetrical resis-

Ec1, t YL

L05SLESS

N. I PORT

SYMMETRICAL

NET WORK

~’

—
I

—

—

2

—

—

N

—

(a)
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RESISTIVF
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Fig. 11. (a) A general resistive stabilization network added to a symmet-
rical lossless N + 1 port combiner. The primed admittances indicate
possible lossless circuit transformations. (b) The form of the stabiliza-

tion networks in (a) which will be considered. Radial symmetry is
assumed.

tive stabilization network as in Fig. 11(a). The use of

primed diode admittances indicates that the diodes may be

themselves embedded in a lossless network before stabiliza-

tion occurs. In Fig. 11(b), the form of the stabilization

network is given sho&g the use of identical two-port

symmetrical lossy networks N, sequentially connected from

port to port of the lossless combining network of Fig.

1l(a). Such stabilization could easily be implemented in

radial-symmetric planar networks. The properties of these

networks can be specified so that all rotating modes are

suppressed by resistive loading, while even-mode combin-

ing remains lossless.

B. Stabilization Networks and Combiner Eigenvalues

The form of the stabilization does not change the sym-

metry properties of the combining network and the eigen-

vectors of the new network will remain unchanged. The

eigenvalues will, however, be modified by the presence of

N, and the new eigenvalues N., 0< n S N – 1 can easily be

found by making use of the eigenvectors.

With reference to Fig. 1l(b), the equivalent circuit model

used at the sequential combiner ports k, 1, and m for

eigenvector or mode n is shown in Fig. 12(a). It is required

that the port-to-port networks be symmetrical and A. is the

n th eigenvalue of the lossless, unstabilized combiner net-

work. Furthermore, the stabilization network is assumed to

be of the form indicated in Fig. 12(b), where G, represents

a stabilization conductance (chip resistor) placed between

mirror image lossless networks. These networks from com-

biner port to the stabilization resistor are characterized by

a Y-matrix Y~ of the form

(27)
,. . .
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:~= ‘e’ectiOnOfGsan:;:;:A,(,.)=o (31)

and stabilization of these modes is possible with the proper

(a)

r–––––––_ ,

~em
1’L____ .-3––_J–– J

(b)

Fig 12. (a) The equivalent circuit model at the ports k, 1, and m for

eigenvector or mode n of the symmetncaf combiners. ~, is the corre-

sponding eigenvafue for the lossless combiner portion. (b) The form
assumed forport-to-port stabilization networks N,of (a). The networks
Y~ are lossless and mirror images.

(a)

o 039 A

Ifi IOPF oo3” H 015n H
1/

, 1 I , , 1{ T 1

is not satisfied for any u, V where the diode is active.

C. TEM-Line Stabilization Networks

A case of practical interest is to have Y~ be represented

by a TEM line of length 1. and characteristic admittance Y,

so that

y.. = Ybb = – J?cot ~1. (32a)

and

Yab = ~ j~cscpls. (32b)

Use of (32) in (30) shows that

1+ tan2 PIJ
G~, =Re{Y~$} =2 G,(l–cosna)

()

2’2”
1+ -# tan2 ~1,

s

(33)

As a function of frequency, G., oscillates between rrrini-

mum and maximum values occurring when &, takes on

integral values of T/2. Simplified design for mode stability

$-..M~
A0 0

1 ,,,W,V, is possible if G., is made independent
‘L 70 J2 50 n 13PF

0
~

‘4

choosing

,,=,04. +A/2+35QJ 2’, _
o158,i Yc(jwl —–1v

(b) Is

Fig, 13. (a) Impedance transform=on used to obtain Yj at the termi- so that
nals of the stabilization networks. The diode admittance properties are
shown in Fig. 4 except the scales are increased by a factor of four. (b) G.. ~2G,(l –cosna).

of frequency by

(34)

(35)
Equivalent c~rcuit fo~ the resistive stabilized ten-diode combiner in the

even mode where the stabdization resistances are invisible. For this Stability of mode n is then accomplished simply by having

combiner, G, =0.010

in which yaa and yhb are not necessarily equal.
The new eigenvalues can now be found from the require-

ment that

Vk = ~–Jnav
1 (28a)

and

v,= ~-Jnav
m. (28b)

Analysis of the circuit of Fig. 12(a) with decomposition as

in Fig. 12(b) with the voltage constraints above shows that

A; is given by

A;= An+<$ (29)

where

[

2
Y;b ‘s(1 ‘cos~a)

Yn, =2 Y..–*+= 1 (30)
Ybb ●2Gs “

As expected, for the zeroth (even) mode, YO~is just twice

the open circuit admittance of the lossless network yb

which is purely imaginary. Of course A ~ is a positive real

admittance since this is the combining mode. For all the

rotating modes, Re {A.}= O but Re {Y..}> O because of G,,

‘n, >–’:, tin (36)

where G:, ~~ = fin{ Re [ Y:( jw, V)]} or the diode minimum
negative conductance. Using (36) in (35) requires

‘,> _ ‘:,nun
2(1–cosna)

(37)

which must hold for all rotating modes. The worst case

occurs when na = ~ 2 r/N (n = 1 or N — 1) requiring

‘; tin‘,=+>_ ,

(
(38)

2 1–’0s;
)

for overall stability.

In order to make use of realizable line admittance values

Y,, the diode admittance Yd may have to be transformed

through a low-loss network to Y: such that (37) can be

satisfied in a practical fashion. In such a transformation,

the number of diodes N is also a factor.

For the desired even mode, the stabilization network

results in two parallel open circuit stubs across the (trans-

formed) diode of length 1, and characteristic admittance Y,.

The length of these lines can be used effectively in combi-

nation with the rest of the circuit for tuning and impedance
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Fig. 14. The diode admittance properties rotated to the combining point

where the circuit is as shown in Fig. 13(b). The admittance is resonant
at approximately 9.5 GHz.

matching purposes in the even-mode combiner circuit des-

ign.

D. A Theoretical Ten-Diode 100-W X-Band Combiner

For this example, the IMPATT devices with characteris-

tics shown in Fig. 4 were again used except each diode was

assumed to be four times as large. Therefore, the admit-

tance of the device would be scaled (increased) by four as

would the RF power capability, providing 10 W per diode.

The size increase could be obtained by doubling the diode

diameter if the associated thermal resistance was con-

sistent, or more likely by using a diode “quad.” With such

a large device and the resulting low impedance level, the

lossless TEM combiner becomes impractical or unrealiz-

able. It. is impractical because with chip devices the line

impedances required would be too low to realize effec-

tively, and if a low-loss impedance transformer is used on

the chip, the resulting increased reactance variation makes

rotating mode stability difficult or impossible. Hence, a

stabilized design is required for a reasonable and realizable

solution for the combiner.

The low impedance level of the diode dictates a low-loss

LC impedance level transformation near the diode for

matching purposes, at some expense in bandwidth. In

addition, at the stabilization point, the peak negative con-

ductance of the transformed diode must relate to the

stabilization line admittance Y, as in (38), i.e.,

( )–Gd,fi<Y, 1–COS: =Y,, N=IO (39)

where Y. represents a practical admittance level (-0.02 !J).

To satisfy (39) with ~ =0.020, the circuit of Fig. 13(a)

was assumed and the package parasitic and line parame-

ters were adjusted such that – Gd,m. occurred at the design

frequency of 9.5 GHz. Bonding inductance and blocking

capacitance are modeled by LB and C~, although their

effect is minimal. The parameter values used are indicated

in Fig. 13(b).

A

&

(a)

(b)

Fig. 15. A possible microstrip circuit realization of the combiner of Fig.
13(b) including the use of packaged devices with proper parasitic and

biasing networks.

The stabilizing line lengths were selected to provide a

parallel resonance at 9.5 GHz, and the resulting admittance

was mapped through a half-wavelength line at 9.5 GHz to

the combining point. Hence, the total admittance at the

combining point adds to a reasonable and realizable value.

The negative admittance of the active device at the stabili-

zation point, including the effect of the stubs, is shown on

the Smith chart plot of Fig. 14. The equivalent circuit for

the combiner is shown in Fig, 13(b), and a possible rnicro-

strip realization is given in Fig. 15. Bias circuit elements

indicated in Fig. 15 were assumed negligible in the analy-

sis. It may be necessary to use the “bias circuit” elements

for subharmonic suppression by providing a series reso-

nance at the half frequency in addition to a high imped-
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Fig. 16. Device-circuit interaction for the circuit of Fig. 13(b) with YL

adjusted for 10 dB of locked oscillator gain at 9.5 GHz. This plot can be
compared to that of Fig. 9.

I I
925 950 975

FREQuENCY, GHz

Fig. 17, Locked oscillator gam versus frequency obtained from the

curve of Fig. 16 The I -dB bandwidth has reduced to 150 MHz for the
factor of four increase ln power output,

ante at 9.5 GHz. The value of Y~ indicated was chosen for

10 dB of locking gain at 9.5 GHz.

Shown in Fig. 16 are the device admittance curves, the
circuit admitt ante YC(ju ), and the locked oscillator traj ec-

tory for a peak locking gain of 10 dB at 9.5 GHz and

maximum RF power. The bandwidth reduction from the

previous lower power lossless design is apparent.

Total expected combiner output power as a function of

frequency is shown in Fig. 17, indicating a peak output

level of 117 W at 9.5 GHz and 10-dB gain. As before, the

injected power level was held constant across the band, in

this case being 11.3 W. The 3-dB bandwidth is approxi-

mately 270 MHz.

V. SUMMARY AND CONCLUSIONS

The combining circuits studied in this report differ from

other designs primarily because the circuit design is more

heavily constrained by the device properties. In this sense,

the “device” and “circuit” are not separate entities, but are

“matched” to each other’s properties to optimally perform

the power adding function. Combiners studied were of two

basic types: lossless radially symmetric TEM-line circuits

and resistive stabilized symmetric TEM-line combiners. In

the former case, combiner even-mode stability required

certain device and circuit properties which, when achieved,

led to small size, low stored energy, potentially high-power

combiners as shown by the 1O-GHZ example. Such com-

biners are ideally suited to integrated circuit techniques.

Resistive stabilization of the combiner circuit is required

for use with packaged devices or in the case of large active

device bandwidths in order to achieve stability. For the

symmetrical circuit case, a simple technique is available for

determining the value and location of stabilization resistors

which suppress odd modes but are invisible to even modes.

Again, the design of these combiners is not based on the

conventional concepts of “match” and “isolation” useful in

other power dividing/adding arrays of sources or ampli-

fiers. The negative-resistance properties of the device bring

about new and more appropriate constraints on line im-

pedance levels, lengths and stabilization (isolation) resis-

tances.

It is concluded from this work that this approach to

power combining can potentially provide as good and

often better performance than other combining schemes

[1]. At X-band, the los,sless combiner demonstrated a locked

oscillator bandwidth several times larger than TMO~O-mode

combiners in a simple r geometry. Use of “fork” style

combiners rather than radial-symmetric types are likely

candidates for combiner integrated circuit realizations of

this type at millimeter wavelengths.
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Tunable Low-Loss UHF Circulator for
Cryogenic Applications

JARDA KADLEC

Abstract —A 600-MHz above-resonance circulator operating at 4.2 K

has been constmcted and successfully tested. Its high isolation ( >30 dB),

extremely low insertion loss (<O. 1 dB), low VSWR (< 1.1), and acceptable

instantaneous bandwidth (-6 percent) make it a promising device for

utilization in narrow-band very low-noise systems.

I. INTRODUCTION

T HE NEED FOR low-loss cryogenic circulators had been

recognized many years ago [1], [2]. In conjunction

with low-noise reflection amplifiers, their importance fol-

lows from the consideration of noise contributions of pre-

amplification losses to the system noise. This paper de-

Manuscript received June 1, 1981; revised September 29, 1981. This
work was sutmorted in uart bv the National Science Foundation under

Grant PHY-j~- 14602. ‘ “
The author was with the Department of Physics and Astronomy,

Louisiana State University, Baton Rouge, LA. He is now with the IBM
Thomas J. Watson Research Center, P.O. Box 218, Yorktown Heights,
NY 10598.

scribes the design, construction, and performance of a

Y-junction stripline circulator which is being used at the

input of a low-noise superconducting unbiased parametric

amplifier (SUPARAMP) operating at 4.2 K in a doubly-

degenerate mode around 600 MHz [3], [4].

There are a number of publications [5] dealing with

theory and design of stripline circulators for room temper-

ature operation, most of them being more concerned with

the broadbandness of the device than with minimization of

its insertion loss. Only a few papers look into problems of

low-temperature design of circulators operating in various

frequency bands above 1 GHz [1], [2], [6]-[8]. To the ‘

author’s knowledge, no work has been published on cryo-

genic circulators for frequencies below 1 GHz. We have

constructed and tested two versions of a circulator desig-

ned for a nominal center-band frequency of 600 MHz.

With regard to our anticipated application the minimum

insertion loss has been emphasized at the expense of the
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