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Multiple-Port Power Divider/Combiner
Circuits Using Circular Microstrip

Disk Configurations

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

AMract —A generalized method for evaluating the scattering parame-
ters of a multiport center-fed eircnlar microstrip disk power divider/

combiner circuits is presented. The method is based on the planar circuit

approach in which the two-dimensional Green’s function of a circular

segment is used. Various symmetrical power divider/combiner circuits

have been designed and tested. The effect of introducing addkional shorted

ports between the circumferential output ports on the reduction of spurious

radiation losses is dkcussed. Experimental results verifying the design

methodology are given.

I. INTRODUCTION

sYMMETRIC N-WAY power dividers and power com-

biners have received considerable attention recently

[1]-[4]. Due to their geometrical symmetry, these power

dividers do not exhibit any imbalance in either the ampli-

tude or the phase of the output signals at any frequency.

This property makes them very attractive in many RF

applications. Indeed, such power dividers have found

extensive use in the design of multielement antenna feed

systems. Also, multiple-port power combiners have been

widely used in combining multiple oscillators or amplifiers

in a single module [3], thus yielding higher output power

capabilities.
Recently, the use of a circular microstrip center-fed disk

structure as an N-way power divider/combiner has been

reported [3], [4]. In the present paper, a generalized theo-

retical formulation and several experimental results for

this new structure are presented. The geometry of this

power divider/combiner circuit is illustrated in Fig. l(a).

At the center of the disk is a coaxially fed port which is the

input port for a power divider or the output port for a

power combiner. The other N ports are microstrip line

ports symmetrically located around the circumference of

the circular disk.

The theoretical analysis developed in this paper is based

on the planar circuit approach which uses the two-dimen-

sional impedance Green’s function to derive the multiport

impedance matrix. Since the center conductor diameter of

the coaxial port is much smaller than the diameter of the
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Fig. 1. (a) Circular microstrip disk structure with a single coaxially fed
port at the center and ( N – 1) microstrip ports along the circumference.
(b) Parameters of the circumferential ports.

disk, the Green’s function of the circular disk geometry

(rather than that of the annular ring geometry) has been

used. This approximation has been found to be valid on

the basis of the experimental verification discussed later.

In order to optimize the design efficiently and to interpret

the results, the impedance matrix is transformed into the
more familiar scattering matrix representation. The validity
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of this approach and the feasibility of the design have been

verified experimentally. The influence of introducing

shorted ports (between the adjacent circumferential ports)

on the reduction of the excessive spurious radiation losses

is investigated.

II. METHOD OF ANALYSIS

The analysis reported in this paper is based on the

two-dimensional planar circuit approach. [n this approach,

the fringing field at the disk circumference is accounted for

by replacing the physical disk by a larger disk surrounded

by a perfect magnetic wall. The effective radius a. of this

large; disk is given by [11]

where a~ represents the physical radius,

1}
1/2

7726 (1)

d is the substrate

thicknes~, and 6, is the dielectric constant of the substrate

under the disk. For analysis of similar planar circuits, use

of a dynamic permittivity has been suggested by Wolff and

Knoppik [5]. Based on this concept, the permittivity used

in the analysis of planar resonators is dependent on the

field distribution so that different modes possess different

dynamic permittivity values. The dielectric constant asso-

ciated with the lowest order mode of the center-fed disk

structure (namely the (O, 1) symmetrical mode), however,

does not differ significantly from its dynamic permittivity.

This can be seen quite clearly from the results report by

D’Inzeo et al. [6].

A. Z-Matrix of Multiport Disk

The method of analysis is very similar to that of the

four-port and five-port microstrip disk circuits discussed

previously in [7] and [8]. The two-dimensional impedance

Green’s function for a circular segment with magnetic

walls is available from [9, p. 249]. This Green’s function

has been used to derive the impedance matrix for the

center-fed (N+ 1)-port circular microstrip structure shown

in Fig. l(a). The elements of the Z-matrix are

follows:

-%, = &JwJwG(@J) %~s,
LJ!J

obtained as

(2)

where W, and W] represent the effective widths of ports i
and j, respectively, and ds,, dsJ are incremental distances

along the port widths. The effective widths ~ J are related

to the effective widths ~, ~ of the microstrip lines connec-

ted to these ports. The widths ~, J are related to the
impedances Z,,, of the microstrip lines at ports i and j by

(3)

The Green’s function G in (2) is given by

G(pl,@l;~j,+l)

%Jn(LmP,)Jn(LmP, )cOs[n(+i-+J)]
.r .-!

(4)

where ,kn~, are solutions of

(5)

The parameter u. equals 1 when n = O and is equal to 2

otherwise. The values of (p,, $1,) and ( pJ,1#~) specify the

locations of the two ports i and j, while the wavenumber

k is u~=,. The substrate parameters are height d,
dielectric constant ~,, and relative permeability p ~. In

order to account for dielectric and conductor losses, the

dielectric constant t, is made complex such that

where t.~<1is the real part of the dielectric constant and 8,

is the effective loss tangent, given by

(s, =8+8,

with 8 being the loss tangent of the dielectric medium and

8C representing the additional loss tangent caused by the

conductor losses. The factor SCis given by 8P, /P~, where

PC is the power loss in the conductor and P~ is the power

loss in the dielectric. The term 8, is related to the skin

depth c~f the metallization and is given by

(6)

where o<,is the conductivity of the metallization.

Upon substituting (4) into (2) and then specifying the
port locations, one can determine the impedance matrix

elements. For instance, port 1 is located at the center of

the disk and its width WI is a cylindrical surface of an

extent 2 Tpo, where PO is the radius of the coaxial feed

center conductor. The Z-matrix element Zll correspond-

ing to this port is

The other diagonal terms of the impedance matrix (i.e., Z,,
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(i+ 1)) are found to be

Z,{(i#l) = 2j~~~:
I

“EE
cs~{l-cos [2rzsin-l(W~/2a=)] }

17=on1=l

(1

(~z -~z) ‘n2 a~-$ ..
nm

(8)

Off-diagonal terms in the first row (or the first column) are

given by

2japd ~ Jo(ko.,Po) Aj
zl, =— (9a)

Z (k:n,-k’)~o(komae)7ra~W1~,= ~

where A, is the half-angle corresponding to port j (see Fig.

l(b)) and is given by

A,= sin-’ (W~/2a,). (9b)

The summation with respect to n does not appear in (7)

and (9a) since

~~oCOS[n(Or-oj)] d%= (2T ‘or ‘=0 (10)o otherwise.

The other off-diagonal terms of the Z-matrix are given by

2japda~
Z,, (i#l, j#l)= ~ww

1 I

“2:
CTn

17=0 ?71=1
H H2 a:_ : [p -p]

?1m

n m

[cos[n(A,-A,)]- cos[n(A,+AJ)]}

. cos ( n+j, ). (11)

The two expressions given in (8) and (11) are identical to

the corresponding expressions derived in [7] and [8]. The

impedance matrix obtained from (7) through (11) is then

converted into the more familiar S-matrix representation.

B. Additional Shorted Ports along the Circumference

Preliminary measurements on power divider circuits with

a small number of circumferential output ports (typically

three) have shown the existence of excessive spurious losses.
These losses decrease considerably when additional shor-

ted ports are introduced between the adjacent output ports

along the disk circumference as shown in Fig. 2. Due to

the practical limitations imposed by the fabrication process,

those shorted ports are generally inductive and hence

possess nonzero impedance values. A general approach for

this problem would be to consider a microstrip disk with

“m – 1“ circumferential ports. An “s” number of these

ports will be treated as being terminated by loads of

arbitrary impedance values. Following the method of anal-

ysis outlined above in subsection A, an m by m impedance

matrix characterizing this circuit can be obtained. This m

V4E
(a) (b)

Fig, 2. (a) A center-fed microstrip disk three-way power divider with

three extra shorted ports around the circumference. (b) A three-way
power combiner circuit using nine extra shorted ports.

by m Z-matrix maybe partitioned as

I2PP 2P,
Z(mxm)=

.Z,P .2,[

where the dimensions of the submatrices

and ~,, are {(m –s), (nt –s)}, {(m –s), s

(12)

and {s, s }, respectively. Voltages and currents at various

ports are related by

Fp = .Zpp~p + 2p[f/ (13)

and

F[ = 2[pfp + zl[f, (14)

where ~P is a ~ector representing voltages at (m –s )
external ports, IP represents currents flowing into these

external ports, and 71, ~, are, respectively, voltages and

currents for the “s” terminated ports. If the impedances

terminating these “s” ports are presented by a diagonal

matrix ~ll., then

7/= – 2LLj,. (15)

By substituting (15) into (14), we obtain an expression for

~, in terms of lP. This expression, together with (13), yields

VP = {app – zp/[%L + ~//
}

] -12,* fp. (16)

Thus the (m –s ) by (m –s) Z-matrix for the external

ports may be written as

2=2pp–2p, (zLL+z,/)-lz[p. (17)

In the ideal case where the terminating loads have zero

impedance, (17) reduces to

2 = 2PP – 2P,2;12,P. (18)

For the special case of a three-way power divider, shown

in Fig. 2(a), m = 7 and s = 3, and ~ in (17) and (18) is a

4 x 4 impedance matrix.

III. NUMERICAL AND EXPERIMENTAL RESULTS

The method of analysis described in the previous section

has been used to analyze the various multiport power

divider geometries shown in Fig. 3. In this section we

present the measured performance and the calculated

results of these geometries.
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Fig. 3. Photcr of various multiport power divider\combiner circuits.
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Fig. 4. Theoretical results for a center-fed four-w?y power dlvi.der (dkk
radius = 7.5 mm).

Throughout this section we have assumed that the

circumferential ports are symmetrically located around the

disk. Additionally, the frequency variation of ZO and W,

(the effective width of the microstrip lines) has been taken

into account. Furthermore, the dielectric losses are includ-

ed in the theoretical computations while the conductor

losses are neglected. Finally, in the numerical computation

of Zii it has been found that convergence occurs by

selecting n and m to be equal to 20 each.

A. A Four-Way Power Divider Circuit

A center-fed four-way power-divider is shown in the Fig.

4 insert. The S-parameters of this configuration have been

calculated over the frequency range, 1 GHi~ to 20 GHz and

are plotted in Fig. 4. These results have been computed for
a circular disk with a 7.50 mm radius. Tlhe radius of the

circular disk depends upon the frequency of operation and

is determined by (5). The substrate is 31 mil thick and has

a dielectric constant c, = 2.2. The characteristic impedance

of the output ports are taken to be 500.

TABLE I
EPFECT OF THE CHARACTERISTIC IMPEDANCE OF THE OUTPUT

LINES ON THE CHARACTERISTICS OF A FOUR-WAY

CENTER-FED POWER DIVIDER CIRCUIT WITH A

DISK ILmius OF 8.65 MM

—-

Z.
——

60

55

50

45

40

35

30

—.

Sjl

-6.99

-6.89

-6.79

-6.68

-6.54

-6.39

-6.20

s,,

-7.26

-7.70

-8.21

-S.85

-9.67

-11.15

-15,00

FREQUENCY

14.5 GHz

14.5 GHz

f4.5 GHz

14.5 GUZ

‘14.7 GHz

14.7 GHz

14.9 GHz

BANDWIDTH
S2,1<7dB.l S,, i>7dB

300 MHz

700 Muz

800 MHz

1000 MHz

1400 MHz

1900 MHz

2100 MHz

Inspection of the computed results reveals that the return

loss Sll of the feed port is minimum at 16.5 GHz. Tl@

frequency is near 15.43 GHz, which is the resonance

frequency of the @,1) mode of the circular disk cavity

structure. The transmission coefficient from the center

port to any of the circumferential ports (at 15.43 GHz) is

– 7.06 dB. For an ideal power divider this value should be

– 6.0 dB. The dependence of the transmission coefficient

on the characteristic impedance of the output ports has

been s@died and the results are presented in Table I.

These results clearly indicate that both the reflection and

the transmission coefficients improve monotonically when

the characteristic impedance ZO for the output ports is

varied from 60 L? to 30 0. Bandwidth values for various

2.’s are also shown in, this table. As there is no standard

definition for the bandwidth of power dividers, the values

shown here are computed for IS21I <7 dB (1 dB more than

the nominal value of 6 dB) and [Slll >7 dB (i.e., VSWR <

2.6). These numbers are good only for relative comparison.

One should note here, however, that when the port widths

are in&eased (i.e., 20 decreased), a considerable

improvement in bandwidth can be obtained. Furthermore

it should be emphasized that the effect of the impedance-

matchin!g sections on bandwidths is not included in these

computations.

Experimental results for a four-way power divider

fabricated on 31 mil Duroid (~,= 2.2) substrate with disk

radius of 7.5 mm are shown in Fig. 5. For sake of

comparison, the theoretical calculations are also showri. In
general the agreement is fairly good. However, we note

that the measured value of Sll at 16.34 GHz is much

better than the corresponding theoretical value. This fea-

ture has been also observed for other geometries, but the

discrepancy becomes smaller as one increases the number

of ports along the circumference. This point is discussed

further in subsection B, where the perlorrnance for circuits

with different number of ports is compared. “
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divider (disk radius = 7.5 mm).

TABLE II

COMPARISON OF S1l AT CENTER-FED COAXIAL PORT FOR
DIFFERENT VALUES OF N AND FOR A DISK

RArilus OF 8.65 MM

5 I -;8.72

8 - 9.85

10 - 9.82

I S,,l
THEORETICAL

dB

- 8.2

-19.0

-12,37

- 9.50

TABLE III
TRANSMISSION COEFFICIENT VALUES FOR THREE, FOUR, FIVE,

EIGHT, AND TEN WAY POWER DIVIDERS
WITH 8.65 MM DISK RADIUS

N- WAY
DIVIDER

N=3

N=4

N=5

N=8

N=1O

S21 (Expt)

-10d8

-9 d8

-9.0 d8

-lOdE

-11 dB

S21 (Ideal)

-4.77 dB

-6.0 d8

-7.0 dB

-9 dB

-lOdB

EXTRA
LOSS*

5.23 d8

3.0 dB

2.0 dB

l.OdB

l.OdB

CALCULATED
s 21

—

-6.8 d8

-7.08 dB

-9.31 dB

-10.54dB

*Extra loss = S21(ideal) – S21(expt.).

B. Comparison of Circuits with Different Values of N

Numerical computations have been carried out and

experiments have been performed on a number of circuits

with three, four, five, eight, and ten ports along the cir-

cumference. Calculated and measured values of Sll are

compared in Table II, whereas values of Szl are compared

in Table HI.

Fig. 6, Predicted and measured performance of a ten-way power divid-
er/combiner center-fed microstrip disk circuit with disk radmrs =
8.65 mm.

As we have mentioned earlier, the experimental values

of Sll are, in general, better than the theoretically calculat-

ed values (except for N = 8). It is believed that this behavior

is caused by the radiation loss associated with the fringing

fields at the circular edge of the disk. This radiation loss

(which is not accounted for in the analysis) causes a

reduction in the reflection coefficient at the resonance

frequency. As the number of circumferential ports is

increased, the exposed edge of the disk and hence the

radiated power become smaller. Thus, better agreement

between theory and experiment for disks with larger

number of ports (about eight ports or more) would be

expected.

In addition to the calculated and measured values of

s 21~ Table 111 includes the ideal values (for perfect

divider/combiner circuits) also. An extra loss defined as

the difference between the experimental and ideal Sal

values is also included. This extra loss decreases as the

number of ports along the circumference is increased. This

again can be explained in terms of radiation from the open

edges along the disk circumference. Since our calculations

do not take this radiation into account, the calculated

values are close to the ideal values.

In view of the above observations, one may conclude

that the design approach presented in this paper is more

suitable for disks with larger number of ports (eight or

more) along the circumference.

C. Ten-Way Power Divider/Combiner Circuit

The calculated and measured behavior of a ten-way

power divider circuit is shown in Fig. 6. The calculated

results are obtained by following the computational

procedure outlined in Section II of this paper. The effec-

tive disk radius, however, is taken to be equal to the

physical radius. This is because most of the disk

circumference is covered by the outgoing microstrip lines

and hence field fringing effects will be negligible. In order

to characterize the performance of this circuit a successive

set of scattering parameters measurements were taken. The

effects of the SMA connectors were gated out by using the
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Fig. 7. Predicted and measured characteristics of a three-way

divider/combiner circuit with three shorted ports (disk radius=
8.65 mm.)

time-domain feature on the automatic network analyzer.

In addition to the close agreement between the measured

and the computed data of this circuit, it has been noted

that this circuit is also suitable as a power combiner. The

measured return loss at any circumferential port, and the

isolation between any two circumferential ports (adj scent,

straight across, or otherwise) were found to be, respec-

tively, no less than – 14 dB (VSWR = 1.5) and – 11 dB at

17 GHz. Over a frequency range of 15 to 20 GHz, the

corresponding values are better than – 12..6 dB and – 9

dB, respectively. This performance was achieved without

using any computer or experimental optimization. A better

performance may be achieved if a design optimization is

carried out.

Finally, it should be noted that in the power combiner

design presented above, no external isolation resistances

were used. Indeed, it is this property that makes this

design geometry substantially more attractive than other

radial combiners [2].
\

D. Three-Way Power Divider Circuit with Additional
Shorted Ports

As mentioned earlier, Table III lists the ideal, calculat-

ed, and measured transmission characteristics of a number

of power divider circuits. The extra loss reported in this

table is defined as being the difference between the ideal

and the measured transmission coefficients Szl. This lIOSSis

unacceptably large for small values of N and it is believed

to be caused, at least in part, by the radiaticm losses at the

exposed edges along the disk circumference.

Incorporation of additional short-circuited ports idong

the disk circumference (and half way between every two

adjacent output ports) has caused a significant reduction
in these extra losses. Two examples of this modified three-

way power divider configuration is shown in Fig. 2. The

measured characteristics of the modified circuit depicted in
Fig. 2(a) is shown in Fig. 7. By incorporating three i~ddi-

tional ports, we were able to reduce the edra loss from

5.23 dB to only 0.24 dB and hence an acceptable perfor-

mance has been achieved. The theoretical characteristics of

this divider were calculated via the formulations of Section

II-B ar~d are included in Fig. 7. Very good agreement

between the predicted and the measured results is obtained.

Based on these results it appears that the inclusion of

shorted ports along the disk circumference would be a

useful technique for improving the performance of multi-

port circvits, especially those with small number of

circumferential ports.

IV. CONCLUDING REMARKS

A general method for the analysis and design of a

multiway circular microstrip disk power divider/combiner

circuits has been described. This method is based on the

planar circuit approach. In this approach the two-dimen-

sional Green’s function for the circular segment is used to

derive the impedance matrix of the circuit. Theoretic~l and

experimental results for three-way, four-way, five-way,

eight-way, and ten-way power divider/combiner circuits

have been reported. The measured results are in good

agreement with the calculated results. Two attractive

features for this design approach have been discovered.

First, a ten-way power divider/combiner circuit can be

realized without the need for discrete isolation resistances,

and secondly, the incorporation of the extra shorted ports

around the disk circumference of a three-way power divid-

er has been shown to be very effective in reducing the

spurious radiation losses.

In the circuit configurations discussed in this paper, the

widths of the circumferential ports are determined by the

characteristic impedances of the feed lines (usually 50 Q).

An increased flexibility can, however, be obtained if these

widths were treated as design parameters and adjusted to

obtain optimum performance. As discussed in Section

III-A, increasing the widths of the circumferential ports of

a four-way power divider coqld reduce the excessive

spurious losses and improve the input match at the

center- feed coaxial port. However, when the widths of the

circumferential ports are different from those of the

microstrip feed lines, impedance-matching sections will be

needed. The segmentation method [9] can then be used for

analysing, this modified configuration. As discussed in [8],

the matching sections are treated as rectangular planar

segments connected to the circular disk. The impedance

matrix Z, for each of the rectangular segments is obtained

via the procedure outlined in [10], while the impedance

matrix Z,, of the circular disk segment is computed follow-

ing the procedure described in Section II-A.

Finally, it shodd be noted (for the various geometries

reported in this paper) that no efforts were made to

optimize the performance of the circuits, and hence all of

the results cited should be considered only as samples of

the poten~tial performance that could be achieved from

these types of circuits. A systematic design optimization

should yield much superior performance.
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