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In this paper, a new N-way hybrid power
combiner for improving the graceful degra-
dation performance has been proposed.
The proposed combiner has been config-
ured with two dummy transmission lines
per each section, where each dummy trans-
mission line has a different characteristic
impedance, of the standard combiner. Un-
der this proposed configuration, a detailed
theoretical analysis has been performed to
show the general function of a power com-
biner.

When any M amplifiers among N identi-
cal amplifiers are suffering the failure mode
in a power combining circuit or system, the
graceful degradation performance has been
improved due to the separation of a trans-
mission line and an internal resistor in every
failed section from the proposed combiner
by simultaneously operating two shorting
devices.

Simulation results for all the items which
can be measured from the proposed com-
biner with an eight-way configuration have
been presented.
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. INTRODUCTION

Microwave power combining [1] is of par-
ticular importance in radar and satellite earth
station transmitter applications when power
amplifiers are combined by various techniques
to obtain the high output power at microwave
frequencies where a large amount of power
might not be available from a single amplifier.
Especially, the demand for higher solid-state
power amplifiers and the output power lim-
itation of individual solid-state devices have
increased the need for multi-port combiners
with high combining efficiency. But, the use
of popular N-way power combiners, such as
the standard Wilkinson’s combiner [2] or its
modified schemes [3-13], to obtain N times
of the output power of individual amplifier re-
sults in "the graceful degradation” [14,15] in
the failure modes of one or more amplifiers
in a power combining circuit or system. The
graceful degradation refers to the fact that the
output power is reduced but not completely
lost. Generally, its final output power results
in about 2-dB drop when one fifth of the am-
plifiers fail completely in the standard power
combiner proposed previously, or 6-dB drop
when half of the amplifiers fail. While this rep-
resents some sort of graceful degradation per-
formance, the output power is still significantly
smaller than the sum of the output powers of
the remaining amplifiers, i.e. with about 1-dB
and 3-dB drop, respectively, under the same
conditions.
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To improve the graceful degradation per-
formance, A. A. M. Saleh had suggested pre-
viously his idea in [15], but it had been to use
a resistor-free combiner whose port isolation
and match could not be made. In addition, if
such a scheme with a resistor-free is used to
obtain this performance, though the scheme is
simple, isolation between ports and port match-
ing will be very poor because internal resistors
play a role making them possible[2]. Poor port
matching would bring, especially, the strong
“load-pull effect” that could reduce the avail-
able power from each working amplifier, and
so large power insertion or transmission loss
would be brought in a power combining circuit
or system whose purpose is to add, with high
efficiency, the output power of each working
amplifier in order to obtain high power. In fact,
the resistor-free scheme must be equipped with
an external isolator at each input port of the
combiner so as to obtain the effect improving
the graceful degradation performance from the
view point of overall combining circuit or sys-
tem, and to give the results or the performances
described in [15].

Therefore, the purpose of this paper is to
present a new N-way hybrid power combiner
of the new scheme to solve the isolation and
matching problem at input ports without exter-
nal isolators and to improve the graceful degra-
dation performance. Its basic scheme must not
only provide a proper function as a power com-
biner when all the amplifiers are being oper-
ated without any failed amplifier, but also sep-



ETRI Journal, valume i, nuriher 1, April 1994

arate each failed amplifier and internal resis-
tor from the combiner by appropriately placed
two shorting devices per one section in order to
improve the output power degraded gracefully
when any amplifier fails.

Such a new combiner is successfully
made as inserting two dummy transmission
lines(DTLs) into each section of the scheme
proposed by E. J. Wilkinson.

B (commen junction)
T T T T

+ A(output junction)
|To

¥ig. 1. A new N-way power combiner to improve the
graceful degradation performance.

H. THEORETICAL ANALY 51S OF
THE PROPOSED SCHEWE

To develop a detailed theoretical analysis,
consider a new N-way power combiner with
two DTLs, per one section, which have two
different characteristic impedances (Zgz, Zg3)
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and electrical lengths (62, #3), respectively, as
shown in Fig. 1.

If a generator F (w) with internal resistance
R, is applied to input port p(where, p=1, 2,
...... , N), then we can obtain each other de-
pendent current and voltage expressions illus-
trated in Fig. 1 because of symmetry of the
given scheme. When the transmission line(TL)
equations are applied to each section under the
assumption that all TLs are lossless, the general
relations written with frequency-dependent pa-
rameters can be made as follows.

TL of section p :

Ep(w) | | Arz(w) Brr(w) Eo(w)

Ipa@) | | Crow) Drrw) | | 1,0
1)

DTLs of section p :

Ep(w) | | Apre(w)Bpro(w) | | Ecp(w)

Ip,p(w) - Cpre(w) Dprr(w) | | 1,p(w)
(2)

TL of section N :

Eo(w) | | Arg(w)Brg(w) || En(w)

Liat) | | Crow) Drow) | | Inatw)
3)

DTLs of section N :

Ecv(w) | Ay (W) Bpr, (w) En(w)

Tep@) | | Chrp(w) Dpry(w) | | Ing(w)

4
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where,

Arr(w)=cos 61 (w)
Bri(w)=jZo1 51061 (w)
Cri(w) = jYp18in61(w)
Dy (w)=cos6(w)
Aprr(w) =cosf(w) cos 63(w)
—Z2Y03 sin 6y (w) sin b3 (w)
Bpri(w)= j{Zy3 cos 62(w) sin 63 (w)
+Z g 8in 65 (w) cos B3 (w)}
Cprr(w) = j{Yoz sin62(w) cos 63 (w)
+Yo3 cos 62(w) sin O3(w)}
Dprr(w) =cos2(w) cos B3(w)
—Y02Z 3 $in 6> (w) sinf3(w)
Ay (w) =cos3(w) cos b (w)
—Z3Y 02 5in 03 (w) sin 62 (w)
Bhr (W)= J{Z g, cos 63(w) sin 62 (w)
+Zp3 sin 83(w) cos 63 (w)}
Chprr (w) = j{Yo3 sin 83 (w) cos b (w)
+Y0, cos 63 (w) siné; (w)}

Di, 1, (w)=cos63(w) cos B2 (w)

—Y()3Z()2 sin 93 (w) sin 92(1[)) .

And, it is also true that

Eo(w)
En(w)

o

{IpA (w) +IpB (w)}R,

Iy (w)= + (N ~ D4 (w)

INa(w)= —Iyp(w)
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=E(w)—E,(w)
I (w)
[I;,B(w)+ 1‘;_1 R,
=Ecp(w)—Ecy(w)
I p(w)
Ip(w)= 1‘:/_1 . ®)

Now, we shall describe subjective data
group(eight frequency-dependent current pa-
rameters : Tpa, I'pa, Ipp, I'pp, Ing, I'nB,
Ina, I'ya) as only objective data group (six
frequency-dependent voltage parameters : E,
Ep, En, Eo, Ecp, Ecy)- That is, using above
thirteen equations, we can obtain the follow-
ing set of simultaneous equations for unknown
voltage parameters.

_ - Ew) [0
My MyoMy3M14M1sMie
E,w) | |0
MMM ysMsMosMag
ECp(w) 0
M31M35M33M34M35M36 =
Ecn(w) 0
My MMM aaMasMys
Ex(w) 0
| M51Ms5:M53M54M55Ms6 |
| E,w) | o]
(6)
where,
1 1
M= M=
H R,Dprp 12 Ry,Dpry
N-1 Cprs N-1
My = 4=-
NR, Dpr, NR,
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Br1Cri—AriD
M15=DTL(N—1)( TLCTL —ATL TL)

BriDprL
C D N —1)D?
M16={ TL + TL ( ) TL}
Dprir  R,Dpri BrrDprL
1 1
Mp—=—e— My—=—{ ™
23 NR:Dpyp, # (NRXDIDTL)

A C 1
e (A2 Com 1)
BTL DDTL Ro

M3s=(N—-1) (CTL -

Arp+(N-DDr; 1

Msg= .
% Brr +Ro
Mys=-1
, B; At B
Mis=Apr, + L0+ TBTf”
Bl
Mys=— (—DIL) Ms;=—1
Brr
(N —-1BprL
Mss=Apri+—F7——
TL NR.
(N-=1BprL
MS“:‘{—W—}
X

Moy =My; =M31 =M3zs =M3s =My

=My =Mas3=Ms1 =Ms5=Ms5c=0.

When each TL and DTL is a quarter wave-
length long at a center frequency [6;(w.;) =
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E, i =1, 2, 3], the following relations can be
derived through the eq. (6) for perfect port iso-
lation [E y (w,.) = 0] and port match [E (w.) =
2E ;(wc)] at a center frequency.

1 (@)2_&:0
NR, \Zm z3

(N—DR, (Zo3\ | (Ro\* _
NE ("Z_OZ) +(EBI) =t o

Therefore, with eq. (7) two fundamental

conditions are obtained

Zy _ [Rx
Zp \ Ro
Zo1=+/NR,. (8)

Thus, if the ratio Zg3/ Zgz becomes a square
root of the ratio R,/R, and the characteris-
tic impedance Zyy of TL is also selected as N
square root times of R,, input ports of the com-
biner will be completely isolated and matched
at a center frequency. That is, above mentioned
four circuit parameters ,Zo2, Zo3, Rx, R,, are
not independent of each other. Therefore,
that parameter values can be optimized as
Zop =45Q,Z03 = 285Q, R, = 2002, R, =
50€2 through the computer simulation in order
that the insertion loss, port isolation, input and
output return loss have flatly best performances
over about fifty percent bandwidth, which is
sufficient to microwave power applications.

The output impedance will be the parallel
combination of each impedance observed at
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the N common output port due to symmetry of

the network topology.
Znr(W)+ jZ N (w)
Z o (W) = - 9
W)= ok T i Zorwy
where,

Zyr(w)=—Z§ Zos tan 6y (w)

x{Zp tan 6y (w) — Zo3 cot B3 (w)}
Zni(w)=RoZyZg

X{Zo2 tan 62(w) — Z3 cotB3(w)}

—R,Z} tan; (w)

X{Z 2+ Zns tan 6z (w) cot 63 (w)}
Zpr(w)=NRsZp;

x{Zo2+ Zo3 tan 62 (w) cot Gz (w)}

—NR,Zg tan 61 (w)

x{Zpz tan G2 (w) — Zp3 cot B3 (w)}

Zpfw)=NR,Zn1Z
x{Zpa tan B2 (w) — Z g3 cot O3 (w)}.

Therefore, at a center frequency it yields

Zgl (we) _

Zow(We) = NR
0

R, (10

Now, we know the fact that the output of
the proposed combiner is also matched at a cen-
ter frequency when the conditions for isolation
and match between input ports are satisfied si-
multaneously.

All four performances of the combiner, i.¢.
insertion loss, isolation between input ports,
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input return losses and output return loss, may
be also described as a frequency variable, not
at only a center frequency, respectively, as fol-
lows.

- Insertion loss :

2Eo(w)
Soi =
: E (w) all ports matched except i (1)
i=1,2,3,---,N

where, E (w) : external voltage applied to i-th
port, E,(w) : voltage appearing at the com-
biner output.

- Isolation between input ports :

L 2Ej(w) .
T Ew)

L,j=1,2,3,.-- N, i#]

all portsmatched excepti  (12)

where, F (w) : external voltage applied to i-th
port, E;(w) : voltage appearing at j-th port.

- Input return losses :

2Ei (w)
Sii =
E(w) all ports matched except i (13)
i=1,2,3,--- N

where, E (w) : external voltage applied to i-th
port, E;(w) : voltage appearing at i-th port.
- Output return loss :

2E,(w)
0o ™ ?— all ports matched except (14)
(w) output portof the combiner
where, £(w) : external voltage applied to the
combiner output, E,(w) : voltage appearing at

the combiner output.
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The insertion, isolation, input return losses
and output return loss of the combiner de-
scribed on the above can be easily but te-
diously obtained after some manipulation from
the egs. (6) and (9), respectively.

Especially, note that the insertion loss de-
creases abruptly at the point where the normal-
ized frequency (f/f.) becomes 0.5 and 1.5 due
to the DTLs structure of the combiner. There-
fore, the bandwidth of the proposed scheme
cannot help being limited less than maximum
one hundred percent.

Referring to Fig. 1 again, the power, Pf,
dissipated in the internal resistor R, of that
section when only i-th port of the combiner
is excited can be derived to give the following
general expression.

2

Pl(w)= (—NT_1~) P/ (w)GFi(w) (15)
where, P*"(w) is an available power entering
on the same i-th port, and G F; (w) is the gen-
eral factor or coefficient which describes, at
any frequency except a center frequency, im-
perfect port isolation and input matching, and
is given as

1 Sii Ra
orw=(175) (%)
Eci(w)—Ecy(w)

E;(w)

2

’

i=1,2,3,---,N.

The eq. (15) can be expressed as only cir-
cuit parameters combining the five rows except
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the first row of the eq. (6).

While each power, P{, dissipated in the
internal resistors of the other sections can be
also given by

1
d _ av )
Pj (w)——NzPl- (w)G Fi(w) 16
jFiandi, j=1,2,3,--- N,

and the power, P,,,, flowing to the output port
of the combiner is

Poyr (w) = —;Pf”(w)GFi (w), a7

finally each power, Pj’:p !, appearing at the oth-
er ports except the excited i-th port by imper-
fect port isolation is

1-GF;(w)
N-1

J#iandi, j=1,2,3,---, N,

PP=| | Pevco

(18)

so that the identity may be verified as follows:

Pouwt () + P{ (w) + (N — 1) P (w)
(19)

WV = 1) P (w) =P (w).

If all M ports including the i-th port out of
N input ports of the combiner are excited with
the conditions of the same phase and amplitude,
the power dissipated in the internal resistor of
the i -th section can be expressed as

N—-MN+M-2
P,-"(w)z{( )(Nz )}
(20)
x P{*(w)G Fy(w),
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and the power dissipated in the internal resis-
tor of the j-th section non-excited can be also
expressed as

M 2
Pf(w)z(—ﬁ) PP (w)GFi(w). (21)

All the previous egs. (15)~(21) can have
simple expressions due to GF;(w;) =1 at
a center frequency under the conditions of
perfect port isolation and match.

1. ITS APPLICATION TO
IMPROVE THE GRACEFUL
DEGRADATION
PERFORMANCE

In many applications, microwave high
power levels which far exceed the capability
of any single device such as solid-state power
amplifier are required. Thus, several identical
amplifiers must be combined together in order
to obtain this power level. To illustrate a gen-
eral power combining system, let us consider
N identical amplifiers whose output powers are
combined by means of an N-way power di-
vider and an N-way power combiner as shown
in Fig. 2.

With the standard configuration such as
Wilkinson’s power combiner or its modified
one, it is obvious that the total output power will
be obtained N times the output power of asingle
amplifier under the assumption that all the am-
plifiers are operated, but that output power will
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Amplifier 1

* Amplifier P

! . :

Amplifier N

INPUT OUTPUT

N—way Power Divider

! N—way Power Combiner

\

Fig. 2. A general configuration for combining N identical

amplifiers.
T 1 71771 T T T
g g
B B
] g 8
& 3 ﬁ
Amplifiar Qutput p Output N
Cutput 1 ) Ty I | P W N W S D

Combiner
Qutput

'

t | t
. failed 1 working |
working Amplifier Amplifier
1
t
I

Fig. 3. A new N-way power combiner scheme equipped
with two shorting devices.

be gracefully decreased if some amplifiers suf-
fer modes of failure. Hence, the power com-
biner of the new scheme proposed in this paper
will be used instead of the standard combiner
in order to improve the graceful degradation
performance. For this purpose, each section
of the combiner as shown in Fig. 3 is equipped
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with two external shorting devices which are
simultaneously activated when any amplifier
connected to them fails. Accordingly, the TL
and internal resistor of the failed section can
be perfectly separated from the combiner at a
center frequency by means of the activation of
these two shorting devices. The failed ampli-
fier may be identified, for instance, by noting
large changes in its DC bias current. The short-
ing device could be a mechanical short driven
by an electromagnet, or a shunt pin diode that
can be biased in its forward direction [15].

With the above provision and under the as-
sumption that the available power from each of
the amplifiers is constant or each amplifier is
linear, if M out of N amplifiers fail it can be
shown that the insertion loss, in dB scale, at a
center frequency is

|So,i|2=1010g{ [dB]

4
(2N — M)?
where

Nz2,M<(N—-1),N,M:Integer, (22)

and so the effect improving the graceful degra-
dation performance can be obtained because
the eq. (22) is dependent on the number of fail-
ure M.

While the insertion loss of the standard
combiner at the same conditions is

lsa‘i|2=101og(%)[dBL (23)

and so the effect improving the graceful degra-
dation performance can not be obtained be-
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zolog({,—)
PROPOSED
SCHEME

P

/

]
0.000 0.500 1.000
RATIO M/N

INSERTION
LOSS [4B]

Zolog(%)
STANDARD
SCHEME

Fig. 4. The insertion loss versus the relative number of
failed amplifiers (at f/f.=1).

cause the eq. (23) is independent of the number
of failure M.

When M out of N amplifiers fail it can
be also known that each output power of the
two combiners at a center frequency, which is
normalized by the maximum output power, is
given by, respectively,

Poue (we)

Pout, max (We)

M 2
:1010g{1—m} ’

, (24)
Foulwe) 10log (1 — %—) . (25)

Paur, max(We)

In order to compare each other the effect
improving the graceful degradation of the out-
put power for each combiner when some am-
plifiers fail, the quantities of eqgs. (22), (23) and
(24), (25) are plotted versus the ratio M/N in
Fig. 4 and Fig. 5, respectively.

As sketched in Fig. 4 and 5, it is easily
shown that the quantity for the output power
improvement of the proposed combiner is
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0.000
= PROPOSED
) SCHEME
23
EE
< —50001
50
ao<
S
© § STANDARD
SCHEME
—10.00 :
0.000 0.500 1.000
RATIO M/N

Fig. 5. The degradation of the output power versus the
relative number of failed amplifiers (at f/f,=1).

about 1 dB higher than that of the standard
combiner when one fifth of the amplifiers
(M/N=0.2) fail completely from the normal
states, or about 2.5 dB higher when half of
the amplifiers (M/N=0.5) fail. And, with the
proposed scheme, the maximum output power
improvement is about 6 dB when the value
of N is large and the ratio M/N approximates
to one. The cause of the above limited
improvement can be explained by the output
port mismatching, which will be discussed in
the next paragraph, resulted from the failure
of M amplifiers. That is, the characteristic
impedances of the TLs, not DTLs, cannot be

varied from the value vNZy; to /N — M Zg;
due to the fixed structure of the combiner. It

, NR,
Zout (wC) = N _ M

yields

at a center frequency, and so the output return
loss can be easily presented as
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M 2
15,012 =101log (2N_M) (26)

And numerical quantities for additive insertion
losses which are resulted from the degradation
of the output return loss are presented in Ta-
ble 1.

Table 1. The additive insertion loss resulted from the
degradation of the output return loss versus the

ratio M/N.
T T ouput | Additive
Ratio | Reurn | Tnsertion
 MIN | Los |  Loss
@Bl b feBE
0.0 Match 0.00
0.1 ~25.58 0.01
0.2 ~19.09 0.05
0.3 ~15.07 0.14
0.4 —12.04 | 028
0.5 =954 051
0.6 —736 | 088
0.7 ~538 1.49
0.8 ~3.52 255
0.9 -1.74 4.81

Up to this point, the analysis for the avail-
able application of the proposed scheme has
been performed under the assumption that each
of the working amplifiers is linear. So, we are
confronted with the same problem as men-
tioned in [15]. If each of the working ampli-
fiers is nonlinear, the “load-pull effect” due to
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0.000
N=8

~
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g M=6
Z  _os00t M=3
g 7.500
& M=0
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—15.00 .

0.750 1.000" 1.250

NORMALIZED FREQENCY

(a) The insertion loss versus normalized frequencies for

the failed number M.

0.000 ==

= M=6 e
4 N
8 \ '//
\
£ —25.007
2! \
i M=0\\
)
& Vo
g x]/
-50'00"%.500 000 1.500

NORMALIZED FREQUENCY

(c) The output return loss versus normalized frequencies

for the failed number M.
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0.0007

—25.00

INPUT RETURN LOSS [dB]

~50.00 !
0.500 1.000" 1.500

NORMALIZED FREQUENCY

(b) The input return loss versus normalized frequencies
for the failed number M.

0000

\‘h\ \‘
—25.007 e

PORT [SOLATION [dB]

0.500 1.000" 1.500

NORMALIZED FREQUENCY

(d) The port isolation versus normalized frequencies
for the failed number M.

Fig. 6. Simulation results for all the items measured from the proposed combiner with an eight-way configuration,

the variation of the power matching point could
reduce the available power from the working
amplifiers. Its effect could result in an addi-
tional degradation in eq. (24), but is considered
to be negligible up to the point where half of
the amplifiers fail.

To better understand the output responses
of the proposed combiner for the variations of
the failed number M and normalized frequency,

simulation results for all the items which can
be measured from it with an eight-way config-
uration are given in Fig. 6. Referring to Fig. 6
(), it shows that the insertion loss decreases
according to the variations of M over a fifty
percent bandwidth and also it can be known
that an available bandwidth is about twenty
percent in an application improving the grace-
ful degradation performance with the proposed
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scheme. Similarly, Fig. 6 (b)-(d) show the per-
.formance variations of the input and output re-
turn loss, and the port isolation, respectively,
relating to the variations of M over a hundred
percent bandwidth. They show that the sim-
ulated performances of Fig. 6 (b) and (d) are
less sensitive than those of Fig. 6 (a) and (c)
for the variations of M, as a whole. These may
be analyzed as the facts that the performances
of Fig. 6 (a) and (c) are mainly influenced by
physically fixed characteristic impedance of re-
mained TLs although failed M amplifiers or
sections are separated from the combiner, and
those of Fig. 6 (b) and (d) are mainly infiu-
enced by the internal resistors of the combiner.

IV. CONCLUSION

A new N-way hybrid power combiner
which is configured with two dummy trans-
mission lines realized in different character-
istic impedances in each section and doesn’t
need external isolators for port isolation and
matching, has been presented to improve the
graceful degradation performance. A theoreti-
cal analysis on the proposed scheme has been
made to confirm the proper function of a power
combiner. And two fundamental conditions
have been also derived from the analysis for
perfect port isolation and matching at a cen-
ter frequency. Under these two fundamental
conditions, four circuit parameters, which are
closely related to each other, have been op-
timized within about fifty percent bandwidth
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through the simulation.

When any M amplifiers among N identi-
cal amplifiers are suffering the failure modes
in a power combining circuit or system, the
graceful degradation performance has been im-
proved by simultaneously operating two short-
ing devices which separate a transmission line
and an internal resistor in every failed section
from the combiner. The output power improve-
ment from the graceful degradation of the pro-
posed combiner was about 1 dB higher than
that of a standard combiner when one fifth of
the amplifiers fail, or about 2.5 dB higher when
half of the amplifiers fail completely. The max-
imum output power improvement which can be
obtained with this scheme was 6 dB when the
value of N is large and the ratio M/N approxi-
mates to one.

As a conclusion, the proposed hybrid pow-
er combiner in this paper would be especially
useful for a power combining circuit or system
whose output power can be detected and
monitored to prevent the output power from
the graceful degradation when one or more
amplifiers fail. And its scheme could be also
modified to the multi-stage scheme in order to
bring forth much wider bandwidth.
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