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Theory and Performance of a Power-Combining
Multiple-Device Ladder Amplifier

SHIGEJI NOGI, KIYOSHI FUKUI, MEMBER, IEEE, AND SATOSHI TANAKA

Abstract —This paper presents a detailed discussion on the microwave
power amplification using a multiple-device ladder structure which is
essentially an array of diode-mount-pairs in a rectangular waveguide cavity.
For both transmission and reflection types, the capability of perfect com-
bining of available powers from each component device and available input
signal power is analytically described. A power flow distribution along the
structure is also described to interpret the power-combining mechanism.
Amplifier characteristics are studied through numerical analysis and well
confirmed by experiments on X-band amplifiers with up to eight Gunn

diodes.

I. INTRODUCTION

N RECENT YEARS, many power-combining tech-

niques for microwave and millimeter-wave solid-state
power sources have been proposed. They were well re-
viewed by K. J. Russell [1] in 1979 and by K. Chang and
C. Sun [2] in 1983.

The authors proposed the oscﬂlator with a very simple
multiple-device structure, that is, a microwave ladder struc-
ture which is essentially an array of diode-mount-pairs in a
rectangular waveguide, and gave a detailed discussion on
the power-combining mechanism and the stable operation
at the desired mode [3]-[5]. Various multiple-device oscilla-
tors using a rectangular waveguide cavity were also re-
ported by several authors [6]-[10]. It is mentioned in [2],
that the combiners of such a type are particularly favorable
in the millimeter-wave frequency range.

In the multiple-device ladder oscillator, power-combin-
ing operation can be realized by the design which makes
the RF voltage amplitude at each diode-mount-pair equal
to that for available power generation. This fact suggests
the possibility of amplifier-use of the multiple-device struc-
tures capable of combining both input power and available
powers of each active device.

This paper deals with power amphflcatlon using the
multiple-device ladder structure. Both transmission-type
and reflection-type amplifiers are treated, and their
power-combining designs and amplifier characteristics are
clarified first by theoretical analysis based on their equiv-
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Fig. 1. Transmission-type power amplifier with a multiple-device ladder
structure. (a) Construction. (b) Equivalent-circuit representation.

alent circuit, and second by experiment. It is noted that the
analytical method in this paper can be applicable to every
multiple-device power amplifier of the rectangular wave-
guide cavity type, because such an amplifier can be com-
monly represented by the equivalent circuit adopted in this
paper. In Section II, we discuss analytically the transmis-
sion-type power amplifier, derive the power-combining de-
sign formula together with the equations for power flow
distribution along the ladder structure, and we present the
numerical results for both output versus input power char-
acteristic and frequency response. Section III is devoted to
a similar discussion on the reflection-type power amplifier.
In Section IV, we give the experimental results on the
characteristics of power amplifiers of both types with up to
four diode-mount-pairs.

II. TRANSMISSION-TYPE POWER AMPLIFIER

A. Circuit Configuration and its Equivalent Representation

A transmission-type power amplifier is constructed by
setting coupling windows at both ends of a multiple-device
ladder structure as shown in Fig. 1(a). An input wave is
introduced through the left window and an output wave
extracted through the right one. Assuming that the wave-
guide can propagate only in the dominant (TE,,) mode,
the equivalent representation is given by Fig. 1(b). In this
figure, y,, = g + jb,; is the admittance of the kth diode-
mount-pair, which mcludes the effect of the mounting
structure and package parasitics, and y, = g + jb, is the
source admittance looking left from the first mount-pair,
while y, = g, + jb, is the load admittance looking right
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from the Nth mount-pair (all the admittances are normal-
ized by the characterictic admittance Y, of the waveguide).
¢,,B5, *+, ¢y denote the electrical length of the corre-
sponding waveguide portions. The input signal is provided
by the current source

Z‘in = YOVinejwt (1)

whose available power is given by

P, .=YV./(88). )
B. Maximum Output Power
Putting v, = V,e/“* ¥, we have the circuit equation
from Fig. 1(b) as
bVi—1siny 1+ (88 + 8+ 88 ) Vi
= b, Vi1 SNy = V008908
bV 1€08¢, 1+ bV +Db, piiVir1cos¥yiq

(3a)

=~V siny,;-8,, k=12,---,N (3b)
where
Vik-1= Ve~ Y1 (42)
b, + b, —cot¢,, k=1
b, ={ —cot¢, + b, ~cotd, ,, 2zkxN-1
—cotq>N+pr+bL, k=N
(4b)
W L

and &, is the Kronecker delta.

The negative conductance g, is assumed to be depen-
dent on the voltage amplitude V,. The power generated by
g, is given by

P =—(Y/2) 8 (Vi)Vi (5)
which reaches the maximum value at V, =V, ., and g, =
gk(Vk,opt) ( = gk,opt)l such as

(6)

The output power of the amplifier is obtained from (3a)
as

0
Pk,max == Tgk.opthz,opt ( = Pd,k)’

1
Py = EgLYOVI\j;

(7)

1 1 N
= _YO(VIV Cos%_gsVlz)_ ) Z gV
2 2 70T

which states that P, is equal to the sum of the power
effectively injected to the amplifier and the total power
yielded by all the diodes.

At the maximum power generation, dP, /dV, = 0 leads to
dgk /dele: Vi opt = zgnpt/Vk,opt .
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For a given available input power, the output power of
the amplifier takes the maximum value (from (7), (6), and
(2)) given by

N
POmax=Pma+ ZPdk (8)
k=1
when
¥, = (9a)
Vk Vk opt? 1 = k<N (9b)
and
4P,
R (%)
YOVl,opt

Equation (8) shows that the transmission-type amplifier is
able to combine the available power of the input signal and
all of those of each diode-mount-pair perfectly. The opti-
mum source conductance g, ... is given from (2), (6), and
(9c) as

P mn,a

Sromp (10)

gs,opt =
and the optimum load conductance g; , is obtained from
(6)—(8) and (9b) as
N
Pm,a + Z Pd, k
k=1
Py

Er.opt™ — &N, opt (11)

C. Optimum Design for Perfect Power Combining

In the following, all the parameters of diode-mount-pairs
are assumed to be equal to each other, for simplicity, and
the subscript k in g, by Pyyo Vigpr a0d gy oy 18
omitted. For the perfect power-combining operation, we

obtain from (3), (9), and (10)

Pln,a
Pd
k—1

Z(l)k’

+<k~1)}gopt=b,ksin¢k,k_1 (123)

bycosyy r—1,  2sks<N. (12b)

Elimination of ¢, ,_; from these equations yields
2

Pma = k—1 ’
[Pt k=) e T (0" ) -2,
/=1

d

2<kgN. (13)

On the other hand, we have from (3b), (9a), and (9b)
ol k
Y (=17 =0. (14)
k=1

When any one of b, ¢,, ¢3,- -, by, and b, is given, the
remainder can be determined by use of the N equations of
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Fig. 2. Power-combining operation. (a) Distribution of ¢, ¥, .
|a,], and |b;| along the ladder structure (b, = —1.5, g, = —0.08). (b)
Voltage standing-wave pattern for reflection amplifier. For transmission
amplifier, take the numbers in the parentheses as the subscripts in V),
and ¢, (the case of P, , /P, =2 is shown as an example).

(13) and (14). We obtain from (13), (4b), and (4c)
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The amplifier design for perfect power combining is
given using (15) and (16), or, in their special case, (17),
(15’) and (16"), together with (10) and (11). ¢’s are prefer-
ably chosen as 0 <¢, <« because the smaller amplifier
cavity gives the wider frequency response. For typical Zopt
and b, values, the values of ¢, and ¢, ,_, obtained by
(15) and (12), respectively, are shown in Fig. 2(a).

D. Traveling Waves in the Cavity

Under the power-combining operation of an amplifier
designed using (17), (15), and (16"), consider a wave travel-
ing toward the output window and one traveling toward
the input window between the (k —1)th and the kth
mount-pairs, and denote these waves by the normal vari-
ables defined at the middle of the line ¢, as a, and b,
(2 £ k £ N), respectively. Similarly, @, and b, are defined
just at the left of the first mount-pair, and a,,, and b,
just at the right of the Nth one.

Using (2) and (9), we have at the left of the first
mount-pair of Fig. 1(b)

ay+ by =T 2 Vi, (182)
a; — bl = (1/\/E)(gs,opt - jbs)YOVopt (18b)

which lead to, by use of (10) and (17)

Zl}: _}:O_Vt.l{
1 PR )

In (19) and the following, the upper and the lower signs
correspond to a, and b,, respectively. Similarly, we obtain,

4]

— Yin,a .bp
1+“;;—80pt i (19a)

2

ey (k —1)} ggpt}, for even &

1 > (P
m[l—(bs+bp)—{ I

s d
—cot g, = ’ ) (15)
p
b n,a
=2 {l—bs —{ P, +(k—1)} ggpt}, for odd k (k > 3)
and from (14) and (4b) using (9b), (11) and (16),
—b,+b, =0, for even N A
a Y, 1 ,
b,+b,+b,=0, forodd N. 16) N0 Z[pF (| e T2\ onn
 +b,+b, =0, foro (16) by > Voo 7117 : N g F i fe
Especially, when we take as (19b)

b,=->5,/2
(15) and (16) are simplified as

1 b\* (P,, :
—cOt‘ﬁkzgll—(ﬁzg—) -—{ Pd +(k_1)} ggpt]>

f4
for any £k (15')

(17)

and
by=—b,/2 (16"

respectively.

and

a Y, i F ¥k k1
N . i e PR Ly ) /2
bk} —V 3 Vopi cosec §, - sin 2 e/ k1WA 2

2<k<N. (19)

Equation (19¢) shows that the voltage standing wave takes
a maximum value at the center of every line ¢, 2 <k < N).
We get the expression for the electric powers of the travel-
ing waves by use of (19¢), (12), (17), (4), and (15) together
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with (19a) and (19b) as

|akl2 YO 2 P
=5 Vopt

bil?) 8 Pd

This equation leads to
la, > 16> =P, ,+(k-1)P,, 1sk<N+1 (21)

which states that the power flow toward the load through
the line ¢, is equal to the sum of the input available power
and those of the diodes up to the (k —1)th diode-mount-
pair. Equation (21) with k=1 also shows that the reflec-
tion of the input wave at the input window is cancelled out
by the transmission of the wave b; through the same
window, |a,| and |b,| values obtained from (20) are also
plotted in Fig. 2(a).

The above analysis leads to the voltage standing wave in
the cavity as shown in Fig. 2(b).

‘b k- 1)gopt+1}

L. Stability of the Structure of Optimum Design

In the preceding, all the circuit relations have been
developed under the assumption that all the induced RF
voltages V,’s are sinusoidal at the frequency of an input
signal. So, it should be noted that all the foregoing expres-
sions including the perfect power-combining and the corre-
sponding optimum design formulas are valid not only for a
stable amplifier but also for an injection-locked oscillator
amplifier.

The subsequent question is, then, whether the ladder
structure of optimum design is stable or not. The stability
consideration’ shows that any oscillation mode in the
structure of relatively small N cannot grow in the design
for not too small P,, ,/P,.

In the following sections, some amplifier characteristics
such as the input—output relation and frequency response
will be discussed primarily for the ladder structure oper-
ated as a stable amplifier. However, the discussion of
frequency response can be applied also for the case of an
injection-locked-type amplifier, as long as the locking range
is sufficiently wide as it is in the case for use in power
amplification.

F. Input —Output Characteristic and Frequency Response

We consider the characteristic of the transmission-type
amplifier, which is designed for perfect power combining
in the case that P, , has a specific value of P, , at
f(=w/27)=f,. We can obtain both the output versus
input power characteristics and the frequency response of
the amplifier with inductive windows designed by use of
(17, (15'), and (16") with P, ,= P, , through numerical

analysis of (3). It is assumed in the analysis that the
negative conductance g, has the voltage dependence given

“For the outline of the method of stability analysis, readers are referred
to [5].
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dg,

v (V= Vo)

gk(Vk) = gopt +

V= Vopt

1| 1)}
= g — —
N Vi

where both g, and V,, are independent of frequency,
and the susceptance b, has the frequency dependence such
as

(22)

+ b, (f/fo—1) (23)
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Fig. 5. The output power Py, the total power yielded by all the diode
Ps, and the reflected power Preﬂ, of the transmission-type amplifiers for
the case of N=4 with P, o =P, ,=4P,.

where b,, and bp1 are independent of V. The results are
shown in Figs. 3 and 4 for typical parameter values of
fo=88 GHz, g,,,=-0.08, b,,=-16, and b, =51"in
the cases of N =1~ 4. It can be seen from Fig. 3 that the
deviation of input power P,, , from P, , has no con51der-
able effect on the combmmg efficiency n=P,/(P,, ,+
NP)). On the other hand, the frequency response tends to
be wider with increasing N,*> P, o, and P, , (see Fig.
4(a)—(d)), or decreasing b, (see Fig. 4(a) and (e)). This
result arises because the frequency deviation from f, causes
the variation of effective input power into the amplifier
cavity together with that of the voltage standing wave,
which results in the changes of the powers generated by the
negative conductances, P,’s in (5).* The voltage standing
wave varies a relatively small amount in both the case of
large P, ,, which requires a large aperture of the coupling
windows, and that of small bp, which gives small ¢, in
(15’). Fig. 5 shows the output power of the amplifier P,
the total power yielded by all the diodes

N
Py = Z P,
k=1

and the reflected power toward the input source, P,
P, ,+ Ps— P,. Numerical analysis indicates that the
frequency responses of P, and P, are similar to those of
transmitted and reflected power in the linear system which
is obtained through eliminating all the negative conduc-

tances g,’s from the circuit in Fig. 1(b), respectively.

III. REFLECTION-TYPE POWER AMPLIFIER

A. Circuit Configuration

A reflection-type amplifier can be constructed by con-
necting a circulator to the output port of the ladder struc-
ture with the other end shorted (see Fig. 6(a)). In a similar
way to the case of a transmission amplifier, the equivalent

3Too large N may give rather narrower frequency response.
“Actually, the frequency dependence of the g, value contributes to the
frequency response.
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Fig. 6. Reflection-type power amplifier. (a) Construction. (b) Equiv-

alent-circuit representation.

circuit representation is given in Fig. 6(b). ¢, ., is the
electrical length between the Nth mount-pair and the
coupling window whose susceptance is denoted by b,,. iy,
and i, are the currents at the window and at the circulator
output.

The circuit equation is written from Fig. 6(b) as

byVi—ismyy 1+ gV, — by karVis1smyy

=Viucosy. -8 yi1 (240)
byVi—1cosyy 1+ bV + b, 4 iVii cOs Vir1k
~Viasingy 18 vy, k=12, N+1 (24b)
where |
gvii=1 (25a)
cotg, + b, —cote, g, I<k<N
:{—cot¢N+1+b k=N+1
(25b)
{cosec¢k, 2<ksN+1 (25¢)
k=1, N+2.

Eliminating V,,, and y{,,; from (24a) and (24b), and
using g, = by, /(1+b%,;) and b, = —cotoy,; —
g:.by, 1. We obtain

bt.NVNfISin\PN.N—1+(gN+gL)VN

= — g, V,c08 { ¢y —cot (b, —cotedy,,)} (26a)
b, yViy_1008Yy y_1+ (by +cotdy, 1+ b, )Vy

=g, Vinsin{ ¢y —cot }(b,—cotdy,,)}. (26b)

B. Perfect Power -Combining Operation

As the load current i, in Fig. 6(b) is given by i, =iy,
+(1/2)i,, [11], the output power of the reflection amplifier
can be expressed, using iy =Yy, —{,, and (1) and
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(24a), as

S R |
Syl =g YoV -

N
= oY m = 510 Z ngkz'
0

k=1

P, (27)
Comparing (27) with (7), we see that the whole input
available power P,, ,=Y,V,2/8 contributes to the output
power while it does not in a transmission amplifier. It is
apparent from (27) that P, reaches the maximum value
expressed by (8) when V), =V, .. (1<k < N); the reflec-
tion amplifier is also capable of perfect power combining.

For the perfect power-combining operation of the
amplifier in which all the parameters of diode-mount-pairs
are equal to each other, we can obtain from (24)

(k _1)gopt=btk SinYy g1 (28a)

k—1 ‘e

> (=1 b;=b,cos Yy 41,
(=1

which is (12) with P, , omitted. Equations (25), (26), and

(28) lead to

2<k<N (28b)

2 n,a
(Ngopt + gL) +4'ng(>pt_——
P
—(cote, + b, ), for even N (29)
~(—cotg,+b,+b,)’,  forodd N.

When any one of the ¢,’s (1< k < N) and either g, or b,
are given, the remainder can be determined using (28) and
(29).

In the case of

(30a)

the circuit design for perfect power combining is given
from these equations as

—cot¢, =b,=—b,/2

_COt¢k=_l_(_) _{(k_l)gopt} 5
b |2
2<k<N (30b)
and
\/Pln,a +\/P1n,u+NPd : (30)
8r.0pt = ~ 8o . C
1. .opt pt Pd Pd

The g; ., value given above is a kind of average of the
values of g, .., and g, ., for the transmission amplifier
with the same ladder structure (cf., (10) and (11)). This is
because both the input and the output waves travel through
the same coupling window in the reflection amplifier. Fig.
2(a) also shows typical ¢, and ¢, values obtained from
(30b) and (28).

Defining the normal variables of the traveling waves in
the cavity of the reflection amplifier as a,’s and b,’s
(1=k<N+1) in the same way as in the transmission
amplifier, we can show that these variables are given by
(19) and (20) with P, , omitted in the amplifier designed
by the use of (30) (see Fig. 2(a)). The voltage standing wave
in the cavity is also shown in Fig. 2(b).

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-34, NO. 3, MARCH 1986

° PERFECT POWER COMBINING
}

0 2 4 6
Pina/Pd
Fig. 7. Output versus input power characteristics of the reflection
amplifiers in case of N=1~4 with P, o /P, =N (gop = —0.08, b, =
—-16).

10 10
7
7 Pua _y /\jﬁ;ﬂ_\
b 4’\}’“/—\ 4 2
L~ | 7! /\
2 2
/\
1 05 1 05
7 7
4 4
85 88 | oun ! 85 88 gug O
(a)N:1 . Pino/Pi=1 (b)N:Z . Pln,n/Pd:1
10
P
7_——\11324\__

9 ' FEPR]
8 88 ¢ oHa 85 88§ (ohu

(€) N=2, Py /P4=2 . Ppo/Pd=3

85 8 9i
? tioHz)
() N=3 . Pyno/P4=3

Fig. 8. Frequency responses of the reflection amplifiers. The following
data are used: f, =8.8 GHz and g,,, = —0.08 together with b, =—1.6
and b,; = 5.1 for (a)~(d), and b,, = —0.8 and b,; = 2.55 for (¢).

C. Input—Output Characteristic and Frequency Response

Both the output versus input power characteristics and
the frequency response in the reflection amplifier are ob-
tained from numerical analysis of (24) in the same way as
in the transmission amplifier. The result for the amplifier
designed by the use of (30) is given in Figs. 7 and 8, where
81.0pt Was determined using (30c) for a specific available
input power P, , at f = f,. Comparing Fig. 7 with Fig. 3,
we find that the drop in the combining efficiency n caused
by the deviation of P,, , from P, , is a little larger in the
reflection amplifier than in the transmission one. On the
other hand, as shown in Figs. 8 and 4, the reflection
amplifier has wider and flatter frequency responses for
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Fig. 9. (a) Configuration of a diode-mount-pair. (b) Typical design of
the transmission-type amplifier (N =4, P,, /P, =4). All dimensions
are in millimeters.

N=1 and 2 but narrower responses due to the dip for
N = 3 than the transmission one. The dip in the frequency
response arises from a large standing-wave voltage ampli-
tude at some diode-mount-pair so that the mount-pair has
positive conductance near the dip frequency. When a
smaller |b,| is used, the dip frequency becomes more sep-
arated from f;, as seen in Fig. 8(¢).

IV. EXPERIMENT

Experiments were performed in X-band using Gunn
diodes GD511A manufactured by the Nippon Electric
Company. The configuration of the basic module with a
diode-mount-pair is shown in Fig. 9(a). Table I shows the
measured values of g, b,, and P, when each diode-
mount-pair operates as a double-diode oscillator at 8.8
GHz. The typical frequency dependence of these parame-
ters is shown in Fig. 10.

For the transmission-type power amplifiers with N
mount-pairs, we determined g .., 81,0pt> b5 Pk 2k =
N), and b, by (10), (11), (17), (15"), and (16"), respectively,
by the use of the mean measured values in Table I for
b » 8opt> Ps» and specified available input power P, , for

P, , (the mean value of P, is denoted as P, in the flgures
following). Fig. 9(b) shows the design for the typical case
of N=4 and P, ,/P,=4. The amplifiers were con-
structed near the design obtained in this fashion. Fine
adjustments on the source and load using stub-tuners
placed behind both the input and the output windows were
made so as to maximize the output power for the input
power of P, , at 8.8 GHz. The reflection-type power
amplifiers were designed using (30a)—(30c) and constructed
in quite a similar way to the transmission-type ones.

The measured results for the output versus input power
characteristics and the frequency response are shown in
Figs. 11 and 12, respectively. In the case of Fig. 12 (b), (c),
and (f), the ladder structures had self-sustained oscillations
before introducing an input signal, and they could easily be
injection-locked with a locking range of more than 0.6
GHz. Comparing Fig. 11 with Figs. 3 and 7, we can find
that the experimental result for the output versus input
power characteristics agrees well with the theoretical one
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Pg{mw)

‘gopt
10r “Yopt

05
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Fig. 10. Typical frequency dependence of goper by, and Py of a diode-

mount-pair.

TABLEI
Mount-pair Py (mW) “Yopt bp
No.1 101 0.088 -1.58
No.2 91 0.095 -1.58
No.3 104 0.075 -1.56
No.4 93 0.115 -1.7

0 ) ~ 4 N
Pln,a/F'd 0 2 Pin a/Pd 4
(a) (b)
Fig. 11 Experimental result for output versus input power characteris-

tics. (a) Transmission amplifiers (N =2). (b) Reflection amplifiers
(N=2).

including perfect power combining. As for the frequency
response, comparison of Fig. 12 with Figs. 4 and 8 shows
qualitative agreement between the experimental result and
the theoretical one. (Note that Figs. 4 and 8 can be applied
also for unstable amplifiers as long as they are injection-
locked to the input signal) It is considered that the
quantitative difference between the results mainly arise
from the differences in frequency dependence of g, and
P, between the measured and the assumed in the numerical
analysis: in the latter, frequency independent values were
used both for 8opt and P,.

In order to investigate the usability of the amplifiers for
amplification of a PCM-PM input wave, we observed the
transient phase response of the amplifiers to a 0-7 phase-
modulated input signal. The input signal generated using a
p-i-n diode modulator had the transition time of 15 ns and
the carrier frequency f,. The measured output phase transi-
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Fig. 12. Experimental result for frequency response. Transmission
amplifier: (a) N=2, (b) N=3, (¢) N=4. Reflection amplifier: (d)
N=1, (e) N=2, (ff N=3. In each case, the design is made for

Pin.O/Pd =N

tion time for every amplifier shown in Fig. 12 was nearly
equal to that of the input signal, which shows that the
ladder amplifiers have quick response sufficient for practi-
cal application.

V. CONCLUSION

It has been shown that a power amplifier using a multi-
ple-device ladder structure, be it a transmission- or reflec-
tion- type, can give the output power equai to the sum of
the available powers of each component device plus avail-
able input signal power.

Numerical analysis was carried out on the output versus
input power characteristics and the frequency response of
typical amplifiers with up to four diode-mount-pairs (N <
4), whose results were well confirmed by the experiments.
It was found that the reflection-type amplifiers with rela-
tively small N and the transmission-type ones with rela-
tively large N exhibit considerably broad frequency re-
sponse sufficient for practical use. As mentioned in Sec-
tions II and Ill, wide frequency-range response can be
brought about by use of smaller absolute values of diode-
mount susceptances, that is, by use of diode-mounts closer
to the sidewalls of the waveguide. In the experiment, stable
amplification was limited to rather small N. In order for
the ladder structure of larger N to operate as a stable
amplifier, use of the waveguide of reduced height and/or,
again, the diode-mounts placed closer to the sidewall is
considered to be effective.
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Compared with the conventional power amplifier /com-
biner methods [12], [13], in which input signal is succes-
sively divided, amplified and recombined, the multiple-
device power amplifier as treated in this paper is consid-
ered to be advantageous in its simplicity in construction of
amplifier system and, accordingly, in its smaller insertion
loss because of no use of the divider/combiner, while it
might be less favorable for heat dissipation.

Further detailed and extensive investigations are needed
to put the device into practical use. '
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