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Multiport Power Divider—Combiner Circuits
- Using Circular-Sector-Shaped
Planar Components

MOHAMED D. ABOUZAHRA, SENIOR MEMBER, IEEE, AND KULDIP C. GUPTA, FELLOW, IEEE

Abstract ——A novel sector-shaped circuit configuration is proposed
for designing planar power dividers—combiners that are compatible with
microstrip circuits. This configuration is analyzed by using the two-
dimensional planar circuit approach. Expressions for impedance matrix
parameters of multiport sectorial planar circuits are given. Theoretical and
experimental results reported for 90° and 180° power dividers are in good
agreement.

I. INTRODUCTION

ASSIVE POWER divider and power combiner cir-
M cuits are used extensively at microwave and mil-
limeter-wave frequencies. When these circuits are needed
in planar (microstrip-type) configurations, two particular
circuit types are often used. These are the symmetric
geometry with radially oriented lines [1]-[2] and the fan-
out, Wilkinson-type geometry [3]. The use of circular disk
planar segments for designing symmetrical power com-
biner—divider circuits has been discussed in a recent paper
[4]. The present paper reports the use of the sector-shaped
planar segments for designing power divider—combiner
circuits.

One system application that motivated this investigation
is the need for replacing the lossy corporate feed structures
used in feeding a linear array of antenna elements. A
circular disk geometry with output lines extending radially
in all directions is not appropriate for this purpose. On the
other hand, a sector geometry with almost linearly aligned
output ports (Fig. 1) is topologically more suitable. Also,
the sector geometry shown in Fig. 1 is truly planar as there
is no need for the vertically oriented feed port which is
used in the circularly symmetric configuration {4]. This, of
course, makes it easy to integrate these circuits in the same
plane and on both the input and output sides. Further-
more, these power divider—combiner circuits could be cas-
caded in a fan-out or a fan-in manner as shown in Fig. 2.
Another promising feature offered by these circuits is the
flexibility in obtaining unequal output power levels at
various ports. This characteristic can be used for the
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Fig. 1. Geometry of a sectorial power divider/combiner circuit.

Fig. 2. Cascading of sectorial power divider/combiner circuits.

amplitude tapering feature often required in antenna ar-
rays. The power level at the various output ports (Fig. 1)
can be controlled by adjusting the locations and /or widths
of the microstrip lines connected to these ports. Altering
the widths of the output ports, however, may require the
inclusion of quarter-wave impedance transformers so that
proper match can be ensured.

This paper describes the analysis of these circuits by
the two-dimensional planar' circuit approach [5]. The
impedance matrix elements for sector-shaped segments
have been derived and are given in the next section.
Four-way and five-way power divider circuits have been
designed, fabricated, and tested. The measured and calcu-
lated scattering parameters are found to be in good agree-
ment.
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Fig. 3.

Modeling procedure of the 90° sectorial circuits.

II. THEORETICAL ANALYSIS

The planar circuit analysis approach previously used [4]
for circular disk power divider circuits is also applicable to
circuits with sectorial geometry. The analysis procedure for
90° and 180° sectorial circuits is summarized in this sec-
tion.

A. Analysis of 90° Sectorial Circuit

The analysis of the 90° circular sector sketched in Fig. 3
is carried out by deriving the Z-matrix elements using [5]

1
Z,= S /W ijG(sl /s,) ds, ds, (1)

where W, and W, respectively, represent the effective
widths [5] of ports i and j, and ds,, ds, are incremental
distances along the port widths. The quantity G(s,/s,) in
(1) denotes the two-dimensional impedance Green’s func-
tion for the circular sector. The impedance Green’s func-
tion for a circular sector having a sector angle « equal to
integral submultiples of # radians (180°) (i.e., a=180°,
90°, 60°, 45°, 30°, 22.5°, etc.) is available in the literature
[5] and is used here for deriving the impedance matrix.
Upon substituting G(s,/s,) into (1) and carrying out the
integrations, various elements of the impedance matrix are
obtained.

When the ports are located along the curved edge (see
Fig. 4) of the sector (i.e., at p = a), the self- and transfer
impedance eclements of the Z matrix are given by

2 jopda?
1y (XVI/IVI/;

i i on{cos(ns¢,-j)+003[ns(¢z+¢1)]}

2
nmoml n?[az— kr;s }[kﬁms‘—kzl

mn

nS nS
-{cos[;(A,—Aj)}—cos[j(Aﬁ-Aj)]} (2)
where the parameter o, is defined as

5=, (3)

and where k = ko‘/z . Here ¢, is the dielectric constant of
the substrate, p is the permeability, w is the radial fre-
quency, k is the free-space wavenumber, d is the height
of the substrate, a is the sector angle (90° in this case), a
is the effective radius of the sector [6], and W,  are the

5L
effective widths of the ports measured along the sector

forn=20
otherwise
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Fig. 4. Port locations and nomenclature of a circular sectorial segment.

edge p = a. In addition, the term ¢, represents the angular
location of port i, A, =W, /a is the angular width of port
i, ¢,, is the angular distance between ports i and j, and
ny=nmu/a. The values of k,, 6 are determined by the
magnetic wall boundary condition at p = a and are given
by

a‘]n,( kmn:p )

o (4)

p=a

When the ports are located along the straight edge ¢ = a
of the sector, the self- and transfer impedance elements are
given by

3 2 jopd
rs (XVV;VVS
5 & o,7(a)1,(r)1,(s)
. > - S
n§0 mz=1 (kgnnsaz_nf)(;iznns_kz)']nzs(kmn;a) ( )

where W, and W, represent the effective linear widths of
the ports and

T(a) =cos?(n,a) =1. (6)
In addition,
- n,/2—1
/ Jo()dt—2 ¥ [Jzk+1(Yr2)'"J2k+1(Yr1)]
Yr k=0
for n even
Ins(r) = (nt¥1)/2
So(v)=Lh(v)+2 X [JZk(YrZ)_J2k(Yr1)]
k=1
for n, odd

(7)
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with

v,
Yr1=kmn_,(xr— —2——) (8)

w,
Y2 =Koy (x,+ —) (9)
s 2
where x, and W, denote, respectively, the location and the
effective width of the port r, as defined in Fig. 4. The term
I, (s) in (5) is obtained by replacing r with s in (7), (8),
and (9).

When the ports are located at the straight edge ¢ =0,
Z,, is given by (5) with a=0 in (6). Similarly, when one
port is located at ¢ =0 and the other port is located at
¢ = a, the transfer impedance element Z,, is also given by
(5), but with T(«&) = cos(n,a) instead.

The transfer impedance element Z,, between two ports,
one located at the curved edge p = a and the other located
at the straight edge ¢ = a, of the sector is given by

4jopda

A
o,cos(na)cos(ngp,)sin (nsj)lns(r)

2
K

(krzn‘ns_ kz) Jns(kmn:a)

(10)
The transfer impedance Z,, between two ports, one lo-
cated at p = a and the other located at p=x, and ¢ =0,
can be obtained from (10) by setting a =0 in the cos(n )
term.

Upon utilizing (2) through (10), an impedance matrix of
dimensions (N +4) X (N +4) suitable for characterizing the
configuration of Fig. 3 is obtained. The term N here
represents the number of output ports at the circumfer-
ence, whereas the number of subports used to model the
junction at the feed port is 4. The division of the feed port
into several subports (four in this case) accounts for the
variation of the edge voltage near the sector apex. The
number of subports is chosen such that a constant voltage
along the width of each subport is ensured, as required by
(1). These four subports, each of width W, /4, are then
connected to the feeding microstrip line, and the (N +4) X
(N +4) impedance matrix is reduced to an (N X N) ma-
trix. This is performed by first converting the (N +4) X
(N +4) Z matrix into the corresponding admittance ma-
trix and then combining the four rows and four columns
corresponding to these subports into a single row and a
single column as discussed in {5]. The resulting (N X N)
admittance matrix is then converted into a scattering ma-
trix.

Figs. 5 and 6 illustrate, respectively, the calculated scalar
S parameters for 90° four-way and five-way power di-
viders. These figures also include the experimental results
discussed later in Section III. In the course of computing
these results the values of m and » in the summations

s mng 2
mng
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Fig. 5. Measured and calculated scattering parameters of a four-way
90° sector power divider.
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Fig. 6. Measured and calculated performance of a five-way 90° sector

power divider.

occurring in (2), (5), and (10) were taken to be 30 each.
This value was chosen by noting the convergence of the
numerical results in the frequency range of interest. For
better convergence at frequencies above 15 GHz, larger
values of m and n are needed.

As shown in Figs. § and 6 equal power division and
good input match are achieved at the frequencies which
correspond to the resonances of the (n,0) azimuthal sym-
metric modes. The port locations in these configurations
were determined by dividing the circumferential edge of
the sector into N sections (V=4 in Fig. 5 and N=5in
Fig. 6) of equal width. One output port is then positioned
at the middle of each of these N sections. Such a choice is
primarily influenced by the desire to maintain physical
symmetry, which helps in obtaining equal power division.

B. Analysis of 180° Sectorial Circuit

The case of 180° sector shown in Fig. 7 can also be
analyzed by using (2) through (10) but with a=180°.
However in this case a more accurate analysis is carried
out by taking into account the effect of the higher order
evanescent modes generated at the junction between the
feed port and the sector. This is performed by modeling a
small section of the microstrip feed line as a two-dimen-
sional planar component and then using the segmentation
procedure. [5]. This more accurate approach was imple-
mented and found to produce results very close to those
obtained in the previous section (i.e., without the use of
segmentation and by combining the four subports into a
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Fig. 7. Analysis of a semicircular power divider circuit.

00 [T T T T T ST
@ -50F
z
[7, . -
@ -100
w
5 150
-15. ~ - = THEORY
E —— MEASURED W\
& -200 - 2 a=15mm |\ ]
& 1 8 d=31mis |\
» 250 4 \
5 =22 ,I
300 L o b gt e o b
0.0 5.0 10.0 15.0 200

FREQUENCY (GHz)

Fig. 8. Measured and calculated scattering parameters of a four-way
180° sector power divider.

single port). Here, again, the values of m and »n needed for
the convergence of the summations occurring in (2), (5),
and (10) were found to be m = n =30, which have been
used for the numerical results reported in this paper.

The magnitudes of Sy, S,;, S5;, Sy, and Ss; are plotted
as functions of frequency in Fig. 8. Again equal power
division was obtained at the resonance frequencies of the
(1,0) and (2,0) azimuthal symmetric modes. The asymmet-
ric modes, however, play a more significant role in this
case than in the case of 90° sectorial circuits. The presence
of these higher order modes disturbs the amplitude bal-
ance observed in the 90° sectorial circuits described earlier.
Furthermore, the equal power division and good match
seem to coincide only over a limited frequency range as
shown in Fig. 8.

For the results presented in subsections A and B, the
dielectric and conductor losses were incorporated in the
same manner as described in [4]. The radiation losses, on
the other hand, were not included. It may be noted that for
these circuits, which have five or six external ports, the
loaded Q factor becomes very small and the radiation loss
is expected to be small, even at the resonance.
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Fig. 9. Photograph of several multiway power divider/combiner secto-
rial circuits.

I

In order to verify the accuracy of the method of analysis
a number of power divider/combiner circuits have been
designed, constructed, and tested. A photograph of these
circuits is shown in Fig. 9.

A comparison between the measured and calculated
performance of the 90° four-way power divider circuit is
shown in Fig. 5. As shown, excellent agreement between
the measured and calculated magnitudes of S;;, Sy, Sy,
Sy, and Sy, is obtained. The gating feature on the HP
8510 Automatic Network Analyzer (ANA) has been used
to remove the effect of the connectors. It is evident from
these data that this circuit can be used as a power divider
in two different frequency bands. This is because the
return loss S;; is less than —12 dB in the frequency bands
8-10 GHz and 15-19 GHz. Perfect amplitude balance is
obtained both experimentally and theoretically over the
lower frequency band. The experimental values of the
transmission coefficients were —6.7 dB at the center fre-
quency. In the higher frequency band, the amplitude bal-
ance suffers slightly but remains good within +0.6 dB. It
is believed that the discrepancy between measurement and
theory occurring at frequencies above 14 GHz is partly due
to the poor convergence of the summations of (2), (5), and
(10). An improved convergence was observed when the
values of m and n were changed from 20 to 30.

The port-to-port phase balance has been measured and
found to be within +2° over the frequency band § to
10 GHz. The corresponding theoretical values are within
+0.1°. The isolation between the output ports varies from
—5 to —25 dB over the lower frequency band, whereas the
values for the upper frequency band are between —8 and
—14 dB, depending upon the port location. These isola-
tion values are obtained without the use of any external
resistors. If needed, external resistors can be used to im-
prove the isolation performance of these circuits.

Fig. 6 illustrates a comparison between the measured
and calculated scalar characteristics of a five-way 90°
power divider. This configuration has the same physical
dimensions (i.e., a =1.5 cm and d = 31 mils) as the four-

EXPERIMENTAL RESULTS



ABOUZAHRA AND GUPTA: MULTIPORT POWER DIVIDER—COMBINER CIRCUITS

way circuit described in Fig. 5. As in the previous four-way
case, the gating feature in the HP 8510 ANA is used to
remove the effect of the connectors. Upon inspecting the
frequency characteristics of these circuits. it-becomes ap-
parent that there are two frequency bands of operation.
Considering —12 dB to be an acceptable level for the
input reflection coefficient §,;, the first frequency band is
found to be centered around the (1,0) resonant mode and
extends from 7.7 to 10.5 GHz. The second frequency band
is centered around the resonance frequency of the (2,0)
azimuthal symmetric mode and extends from 14.5 GHz to
about 19 GHz. Once again discrepancy between theory
and measurement starts to appear above 16 GHz.

Finally Fig. 8 shows a comparison between the mea-
sured and calculated scalar characteristics of a four-way
180° sector power divider. The amplitude balance in this
case is not as good as in the two previous configurations.
Furthermore, good impedance matching and equal power
division do not occur concurrently at the same frequency.
It is believed that this is due to the more significant role
played by the higher order modes in this case.

IV. CoNCLUDING REMARKS

The results reported in this paper indicate that the
- sectorial planar geometry is a promising configuration for
the design of planar multiway power divider-combiner
circuits. It may be noted that the experimental and theoret-
ical results shown in this paper are based on the initial
ad hoc designs of these circuits. It should be possible to
improve the performance of these circuits by selecting
optimum values for the various design parameters (such as
the widths and locations of the various ports). The two-
dimensional analysis reported in Section IT is well suited
for a computer-aided optimization of these circuits. The
agreement between the theoretical and experimental re-
sults presented in this paper verifies the validity of the
planar two-dimensional circuit analysis approach.
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