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Optimum Design of Asymmetrical Multisection
Two-Way Power Dividers With Arbitrary Power
Division and Impedance Matching

Homayoon Oraizi, Senior Member, IEEE, and Ali-Reza Sharifi, Member, IEEE

Abstract—A general analysis and design procedure is developed
for the asymmetrical multisection power divider with arbitrary
power division ratio and arbitrary specifications of input and
output impedance matching over any desired frequency band-
width. The even- and odd-mode analysis, which was previously
applied to the design of multisection Gysel power dividers, re-
quired that the unequal power division ratios be accompanied with
appropriately proportional output impedances. This requirement
is relaxed here. The equivalent circuits are first obtained for the
divider and then their scattering parameters are determined.
Some error functions are then constructed by the method of least
squares. Their minimization determines the geometrical dimen-
sions of the optimum divider. An approximate method based on
the even and odd modes is developed for its initial design of the
divider. Two examples of single- and double-section dividers are
designed. Their frequency responses of isolation and transmission
coefficients are obtained by the proposed method, HFSS software,
fabrication, and measurement. They agree within the approximate
assumptions. A two-section and two-way power divider is designed
and fabricated by the proposed method for the case of unequal
port impedances in the L-band. The measured isolation between
the outputs is better than —22 dB in 44% of the band.

Index Terms—Gysel power divider, impedance matching,
method of least squares, power dividers, Wilkinson power divider.

1. INTRODUCTION

OWER dividers and combiners are widely used in var-
P ious microwave devices and systems, such as microwave
power amplifiers, linearization of power amplifiers, test setups,
and measurement circuits. Power dividers with unequal power
division and impedance matching among the input and output
ports also find applications in antenna arrays for the synthesis
and shaping of radiation patterns. The isolation among outputs
is a crucial design consideration of power dividers and direc-
tional couplers. High wideband isolation reduces the spurious
coupling among active components and actually decreases the
out-of-band oscillations and positive feedback in the networks.
The Gysel power divider has been proposed for microstrip struc-
tures for power transmission with the provision of heat transfer
to the ground plane through some resistors. Its power-handling
capability is up to 10 and 5 kW in the L- and S-bands, re-
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spectively, which is obviously dependent on the thermal resis-
tance of resistors and the heat sinks. It is ultimately limited to
the thermal capacity and dielectric strength of the transmission
lines [1]. However, its narrow frequency bandwidth limits its ap-
plications. The design optimization of the Gysel /V-way power
divider is given in [2]. However, the power is equally divided
among the outputs and its isolation bandwidth is also narrow.

A design procedure is given in [3] for the multisection Gysel
power divider based on the even- and odd-mode analysis with
the objective of increasing the isolation bandwidth. However,
this method may be applied only for the case of equal power di-
vision among the output ports. The impedances at ports 2 and 3
should also be equal. The even- and odd-mode analysis was ex-
tended in [4] for the design of Wilkinson power dividers with un-
equal output power division ratios. A procedure for the design of
Gysel power dividers with unequal power division ratios at the
output is provided in [5]. On the other hand, the applications of
these methods bring about several limitations. That is, the char-
acteristic impedances of corresponding transmission lines (on
the upper and lower sections of divider) should be proportional
to each other by the ratio of specified power division, in order
that the two halves of the circuit are electrically symmetric. Con-
sequently, it is necessary that the impedance values at the output
ports be proportional to the specified power division ratio. This
raises the requirement for additional impedance-matching cir-
cuits at the output ports, which eventually leads to the increase
of circuit size. Furthermore, since the frequency dispersion and
power loss properties of microstrip transmission lines depend on
their characteristic impedances, for the case of unequal power
division, it is not feasible to adjust line impedances to make the
device electrically symmetric. Furthermore, single section con-
figurations have been used, which have narrow bandwidths of
isolation among the outputs and transmission coefficients.

A design procedure for power dividers with arbitrary power
division ratios and impedance matching among the terminal
ports for asymmetrical passive networks is available in the
literature [6], [7]. A general method (without resorting to the
even- and odd-mode analysis) has been presented in [8] for
the optimum design of the Wilkinson power divider for arbi-
trary power division and impedance matching. However, these
methods have not been applied to high power dividers to date.

In this paper, we propose to extend such a method for the
optimum design of a high power divider to realize the same
features. In Section II, we use the proposed method to deter-
mine the scattering parameters in the general case of a power
divider. In Section III, we present a method for the initial de-
sign of its geometrical structure and also its final optimum de-
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Fig. 1. Sructure of a general power divider.

sign. In Section IV, several examples of the design procedure
are presented and results are compared with full-wave simula-
tion software, such as Ansoft HFSS, version 11 [9]. Two proto-
type models are fabricated and tested, which verify the proposed
method of optimum design of the general power divider.

II. COMPUTATION OF SCATTERING PARAMETERS

The schematic diagram of a two-way NV-section power di-
vider with arbitrary impedances at its input and output ports and
arbitrary power division at its outputs, which is in the ratio of K2
(at port 3) to 1(at port 2), is drawn in Fig. 1.

The divider is composed of N -sections in order to increase its
effective bandwidth. In the case that the line section impedances
in the upper half circuit are not proportional to those in the lower
one, the voltage distributions on them will not be equal to each
other. Accordingly, the circuit configuration in Fig. 1 is divided
into two sections:A and B.

We then cut the input of A into two inputs, called 1 and 4 for
the purpose of subsequent analysis, as shown in Fig. 2.

This network may be decomposed into two subsec-
tions,which are: 1) the series line sections in the main upper
and lower half circuits, as shown in Fig. 3, and 2) the branch
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Fig.2. Transformation of three-port network A in Fig. 1 to a four-port network.
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Fig. 3. Two corresponding transmission lines.

line sections between the upper and lower halves, as shown in
Fig. 4.

We first obtain the ABC D matrix of the ith section in the
upper transmission line at mth frequency as in Fig. 3

n]-le o] [%]
_ { cosh(yi.mli)

Zo,i,m Sinh (v, ;) | | Vai
Y0,i,m sinh (i ml;) ’

COSh(’}/Lmli) Igi
(H
The ABC D matrix of the whole four-port network of the sth

section in Fig. 3 will then be presented by (2), shown at the
bottom of the page.

Vi cosh(Ysvi,mlsuvi) 0 Zsu,im sinh(vsvimlsvi) 0
Vi | 0 cosh(yspimlspi) 0 ZsD,i,m Sinh(Yspimlspi)
Iy Ysv,i,m sinh(vsvimlsui) 0 cosh(vsvi,mlsui) 0
Iy 0 Ysp,im sinh(vspimlspi) 0 cosh(vspimlspi)
Vai
Vi
X Is;
1I3;
Vai
Vsi
=[P];,. Iy; 2
I3;
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Fig. 4. «th branch line.

Next, we obtain the ABC D matrix of the 7th branch line in
Fig. 4. The currents at the nodes among the series lines and
parallel branches are now related as

I, =1 + Linui
1y =13 + Ly pi- 3)

The admittance matrix representation of the sth branch is

|:IinUi:| _ [Yu le} |:V2i]
Linpi Yor Yoo | Vi
D BC — AD
_| B B Vai
1% T | e
B B

The overall ABC'D matrix parameters of the :th branch of the
divider equivalent circuit [as denoted in (4)] are

A B

[C D} =Tgu1i;m X Tkr X TBu2i,m X TBD2i,m

XTr/x X TBD1i;m  (5)

where the ABC' D matrices of the transmission lines and those
of the resistors are

T [ cosh(vpzlBz)
B _YOBmSinh(’YBmqu:)

1 0
Txr=|_ 1

L KR
(1 0
Trix = | K 1
L R

ZoBx sinh(vYpzlBa)
cosh(yplBz)

(6)

Combining, (3) and (4), we get

Iy =19 + Y11 Vo + Y12V,
Ly =I5 + Yo1 Vo + Yoo Vs, @)
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Consequently, the four-port transmission matrix of the branch
network in Fig. 4 may be written as

Vai 1 0 0 07 1V Vai
Vel | O 1 0 0 (Va]| _ i, Vai
Iy; Yiu Yio 1 0 | I b | Ty
Iy Ya1 Yoo 0 1 I3; I3;

®)

The transmission matrix of the four-port network in Fig. 2 may
then be obtained

74),, = (H [P, [G]i,m> Plyiam O

where [G], . and [P], . are obtained in (8) and (2), respec-
tively, and [ P] N+1.m is that of the last section. Consequently,
the input voltages and currents in Fig. 2 are related to those at
the output as

Vi Va
Vil _ V3
n | =
Iy —1I3
Tin Tz @ Tz Tu
Toy Tay o+ Toz Tos V2
I R V3
N T T T | R
s T 1 Tos Toa | |
Ty Tap @ Tuz T
Vs
e 2] | ve w0
(c21] [c22)| | -1,
A
where we define the following sub-matrices:
Ti1 The Ty T
C11] = C12] =
[e11] [ To1 Too } 1] [ Toy Toy }
T51 Tso T53 Ts4
C21] = C22| = . 11
2] [T41 Tho } [€22] [T43 Tyy } an

On the other hand, the admittance matrix of a four-port network
is

Yiu Yio @ Yiz Y
h Yo Y | Yay Y| [V
Ll _ | T T T
Iy | Vs
I Y31 Vs | Yoz Yaa| |y,
Yo Y o Y Yy
) Vi
) i) | w )
= |van) [v22)] | vs
Vi
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where we may define the following sub-matrices: —mrBR1~! V1
=B | ;!
[Yll] — |:Y11 Y12:| [Y12] — |:Y13 Y14:| _ COSh’YFL’mlFL ZFL,m Sinh'YFL,mlFL -t
Yor Yoo Yo Yau Yrrn,msinhypr mlpr coshypr mlrL
Y31 Y32 Y33 Y34 Vl
Y21] = Y22] = . (13
[ ] [an Y42} [ ] [Y43 Y44] (13) % [Il
_ |t | [V1 (19)
Therefore, the admittance matrix of the four-port network may top too | | 1
be written as
and obtain the admittance matrix of the three-port network by
[Y11] [Y12] eliminating V and I among (17)—(19) and (20), shown at the
[Y21] [Y22] bottom of this page.
[C22] [C 12]_1 [C21] —[C22] [C 12]_1 [C11] " Finally, we may drive its unnormalized scattering matrix
B [ —[c12]™" [C12]7" [C11] (14)
[S] = (YT]+ [YL)™H([Y L] - [Y'T]) 21
Now, since ports 1 and 4 in Fig. 2 are connected together, we — pore
have
Y O 0
o YL=| 0 Yo O
Vi=Vy=V (15) 0 0 Vi
I=15+14. (16) 1 1
Yii=— Yio=— Yi3=— (22)
L1 711 L2 Z1a L3 Z1a

Applying (15) and (16) to (12), we obtain the admittance matrix
of three-port network A in Fig. 1
III. CONSTRUCTION OF AN ERROR FUNCTION

II _ Vi + ?4 + §41 + Y Ym; Yiz Yl?’}j_ Yis Since the source impedances (Zr1, Zr2, and Z13) have dif-
12 - Y21 + Y24 Y23 Y24 ferent values, we may normalize the scattering parameters by
3 31+ Y 32 33 defining the normalized voltages as
1%
x | Vo . VE
7 L 23
Vs " V7 @)
v
=[Y4] |V (a7) Consequently, the normalized scattering matrix may be obtained
Vs from the unnormalized one as
Y11 Y12 Y13
YAl = [y21 Y22 w23 |- (18) g \/ZLQS \/ZL35
Ys1 Y32 Y33 v 1 VZn Z Vo ® vt
M 713 1
Vo | = 7 S21 S22 ~ Sos Vy
Now we consider the ABC'D matrix of network B as 7 VoL2 L2 v
3 V71 V7212 3
Ss1 S32 S33
I I I (24)
I 1 (y11t11 — t21) Y12 Y13 i
= |L| = ﬁ Y21 yoa(taz — yr1t12) + Yoartioyia  Yo3(tee — y1tiz) + y21tioy13 Vo
I3 22 ~ Ytz Y31 ys2(too — Y11t12) + yYsitioyr2  Yss(tao — y11t12) + ysziti2y1s |}
W1
=[YT]|Va (20)
V3
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Thus, we may assume that all three ports have impedances equal
to unity.
We then construct an error function as

M . 5 M . 9 1 2
6:W1Z_1|523,m| +W22_:1 [|S21,m| —W}
M 2
= 2 K?
+W3m§:j1 [|Sg,1,m| - W] (25)

where S23, = (VZ13/VZ12)S23m and Sai, =
(VZ11/VZ12)S21,m and also S21 ., and Saz ., are obtained
from (21). W1, W2, and W3 are weighting functions, which
may adjust the values of the three terms by the design spec-
ifications. They could, in general, be functions of frequency.
The required bandwidth is divided into M discrete frequencies,
which are denoted by the subscript m. ggg’m is now the isola-
tion between the two outputs, which should ideally be equal to
zero. As it was assumed earlier that the output power from port
3 be equal to K? times that from port 2, we then specify that
So1m|? = 1/(1 + K2) and [Sa1,|* = K2/(1 4+ K2). The
error is a function of widths and lengths of various line sections.

The minimization of the error function with respect to the
parameters of the geometrical configuration (namely, lengths
and widths of transmission lines) of the power divider may be
performed by the genetic algorithm or the conjugate gradient
method or a combination of the two. However, for some algo-
rithms, we may need to specify the initial values for the vari-
ables. We may select them by a random generator, but here we
present a method for the computation of initial values of the di-
vider variables, which may actually be considered as a first at-
tempt at its design. This procedure ensures us to finally obtain
a realizable power divider.

The commercial simulation softwares, such as HFSS, do not
provide any initial design of the microwave components and are
at best a blind process and very CPU time consuming. Further-
more, as the dimensions of the components (such as the lengths
and widths of line sections) vary, the circuit parts may get dis-
connected. Consequently, the design and optimization of mi-
crowave components by such software are actually complex and
tedious processes.

IV. DETERMINATION OF THE INITIAL VALUES OF
DIVIDER PARAMETERS

For the evaluation of approximate initial values of the param-
eters at the center frequency, we use the even- and odd-mode
analysis, even though the divider is not strictly symmetrical. We
assume that the upper and lower half-circuits are electrically
identical and the values of their characteristic impedances are
proportional. Since it is assumed that the power flow in the lower
half circuit is equal to K2 times that in the upper half circuit, it
is required that the characteristic impedances of the upper half
circuit be K2 times those in the lower one. Since in the gen-
eral case Z1o # K273, then in Fig. 1 we consider the line
sections Z su(n+1) and Zg D(N+1) as impedance transformers
at the center frequency for Z1o to KZy and Z3 to Zy/K,
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Fig. 5. Transformation of circuit in Fig. 1 for the purpose of calculation of
initial values of circuit elements.
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Fig. 6. Equivalent circuit in Fig. 5 in the case of even-mode excitation.

respectively. Therefore, the characteristic impedance of lines
Zsun+1) and Zsp(n41) (assuming that their initial lengths
are equal to a quarter-wavelength at the center frequency) are
obtained. The circuit in Fig. 5 may then be arrived at. The in-
clusion of single line sections Zpr, Zsy(n+1), and Zsp(n+1)
at the output ports are intended for some rough narrowband
impedance matching at the center frequency and also connec-
tion paths to the terminals. However, the whole circuit configu-
ration of the power divider provides the specified power division
ratios and impedance matching among the output ports, which
are realized by the proposed design and optimization procedure.
The wideband impedance-matching function of the circuit is not
achieved by the line sections Zrr, Zsy(n+1)> and Zsp(n41)
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1 TABLE 1
) COMPUTER PROGRAM PARAMETERS AND THEIR DEFINITIONS
2
(HK 2)Z,', (1+K2)Z,;,, Z s Zsu2 Zsun - KZ, Parameter Definition
{ — J— F - — - { —— N number of sections of power divider
Fig. 7. Equivalent circuit between ports 1 and 2 in Fig. 6 at the center frequency g, dielectric constant of substrate
with all the transmission line circuit lengths equal to a quarter-wavelength. A Substrate thickness
Loss tan. loss tangent of substrate at frequency 10 GHz
g 9 Dispersion | selects the dielectric dispersion model;
selection if 0 = no dispersion model is used ;
Zsu] ZSU2 KZO . . . . .
£ if 1 = Kirschning and Jansen dispersion
model is used which is valid upto 60 GHz
[11]
Sigma Metal conductivity of microstrip lines
L 1 lower limit of frequency bandwidth
KR Y -
o upper limit of frequency bandwidth
< M number of discrete frequencies in the
- bandwidth
K2 Power division ratio (P, /Pz)
Zppn R Zpp2n x Z,, Impedance of i'th port
K . — -
L AAN Min. W the minimum allowable widths of all the
= strips in the main and branch lines. This limit
Zopin is required for the strips to be easily
fabricated by available technology

ZSDI ZSD2 ) ZO /K 2 section Gysel power dvider wih oulput power ratio= 1.time= 1271 5837(sec)
0 1 | \ } T
3. ~ ’ ‘
- % I e B o R e : ,,,,,,,
Fig. 8. Equivalent circuit of network in Fig. 5 for the odd-mode excitation of z { ! ?
ports 2 and 3. 5 S10r - F W\
S S \ |
2 15+
) 5 \ —|S21}-Initial 7
9 8 -20F---- ; — |S31|-linitial - i/ S
s ——|S21|-Before Opt.
Zsu2 KZ, @ 250 ~ =~ [~-|S31|-Before Opt.| " |
““““ € 30k -—-—-- ____|©|S21|-AfterOpt. | ____ i _____|
»n - [ _ |
Zsun Zsun < | I%|SS1| /?\fter Opt. ‘ |
[ i T e .
| 1 | | I
= = -40 1 1 1 t I
0 0.5 1 1.5 2 2.5 3
KR KR Frequency (GHz)
Zsua )
-—- z
€
o
R, R2 u&:)
o}
Qo |
= (&) |
S :
Fig. 9. Circuit transformations of networks connected to port 2 in Fig. 8 at the £ 1
center frequency. % | | 1 —=—|S32|-After Opt.
< 50— S [ | |->|S32|-Before Opt.| |
! ! ! — |S32]-Initial
2 | 1 | 1 I
g' g\ _60 I I ] I ]
ERAA%S Sinibh Rl WV 0 0.5 1 1.5 2 25 3
% 2, % Frequency (GHz)
’ ; (b)

Fig. 10. Resistive ladder network. Fig. 11. Frequency responses of example 1 as obtained by the proposed design

algorithm. (a) Transmission coefficients. (b) Isolation coefficient.
(which is, at best, narrowband and may actually increase the cir-
cuit size), but rather it is inherently realized by the whole circuit
configuration. The lengths of these line sections may be mini- If this circuit is excited by an even mode at the outputs 2
mized through the design procedure. and 3 by voltages with equal amplitudes, the circuit in Fig. 6
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TABLE II
DATA FOR EXAMPLE 1 AS OBTAINED BY THE PROPOSED DESIGN ALGORITHM

Input Values
N=2, P3/P)= K?=1, €,=102,h=1.27 mm, loss tan.=0.002 , /;=1 GHz , M=30, f;; =2 GHz, Sigma=5.7¢7 S/m
Dispersion Selection=1, Z, =50 Ohm, Z,, =50 Ohm, Z,; =100 Ohm, Min.W=0.01 mm, Error-Init=4.3133,
Error-After opt.=0.28201
Variable Values Before Final Variable Values After Final
Initial Variable Values (mm) Optimization (mm) Optimization (mm)
W, 1.62 L, 18.75 w, |18 5 L, 18.75 W, 0.86 1 L, 11.55
W 0.29 E Lgn 19.81 W 1.54 E Lo 19.81 W 0.76 E L 19.92
W 0.29 b Ly 19.81 W, |164 b Lg 19.81 W 1.93 b L, 39.38
W, | 081 Ly 19.3 W | 141 Lvs 19.3 We | 28 Ls 9.42
Wy | 0-84 E Ly, 19.27 Wy | 136 E Ly, 19.27 Wy | 189 E Ly 21.02
W1 0.56 E Ly 19.5 Wi 0.47 E Lyons 19.5 Wi 03 E Ly 10.46
Wy 4.14 i Ly 17.82 Wy 3.81 E Lyin 17.82 Wy 6.35 E Lyua 16.88
Wiy | 414 Lyns 1782 | w,.,, |38l Lyt 1782 | w,,, | 492 Ly | 3079
Ty, | 029Lsm s, b'.éé"i""L's,/')l'"'”iéfs'l' """ Wy 'bfs'é"i""L";;l"""zb'.ii"

W, 0.29 E Lo, 19.81 W, 1.73 E L, 19.81 W, 248 E Lg, 39.13
W, 0.3 : L 19.79 Wps 0.83 E Ly, 19.79 W 1.25 ; Ly, 15.8
W, | 0-84 Lypi, 1927 |y, (173 1 L, 1927 | w,, 4 7 20.76
Wipis 0.56 : Lunia 19.5 W, | 047 E Lupia 19.5 Wpia 0.87 &+ L, 14.14
Wy | 414 Lypor 1782 | w,, |333 Lynor 1782 1w, [ 473 1 Ly, 14.11
Wiy | 4140 L., 17.82 Winss |376 0 Ly 17.82 Wins | 6350 Ly 13.69

may be obtained because the upper and lower half circuits are
electrically symmetric.

For the realization of electrical symmetry of the network, the
initial variable values should have the following relations:

Zsvi =K? Zsp;
=K? Zgpui
=K? Zppai

= Bspi,f lspDi

ZBU1i
ZBU2i
Bsui, f, lsui
= BBD1i,f, BD1is
where fj is the center frequency

Beuii,f, IBU1

Beui, 5, IBU2 = BBD2:,f0 IBD2:- (26)

The transmission line sections Zry, and Z; in Fig. 5 are con-
sidered as parallel combination of two transmission lines placed
in the upper and lower half circuits, as in Fig. 6, with character-
istic impedances in the ratio of K2 having the same electrical
lengths at the center frequency.

Now, since the reflection coefficients at ports 2 and 3 should
be equal to zero, then the network between ports 1 and 2 should
match the impedance K 7 to impedance (1 + K 2) Zr1. If the
initial lengths of all the line sections are equal to a quarter-wave-
length at the center frequency, then the impedance seen at the
junction of the main line and the branch lines would be infinity
and are actually open circuited, as is seen from the equivalent
circuit for the even-mode excitation in Fig. 6.Its equivalent cir-
cuit may then be represented as in Fig. 7.

There are different methods for the computation of character-
istic impedances of the line sections (Zsy;) in Fig. 7. However,

for simplicity, we choose the arithmetic (or geometric) mean of
KZy and (1 + K?) Zp, for all of them.

For the evaluation of proper initial values for the character-
istic impedances of all the other line sections, we refer to the
equivalent circuit of the odd-mode excitation in Fig. 5. Now,
since the excitation voltage at port 2 is equal to K2 times that
at port 3, the impedances of the upper half circuit are also equal
to K2 times those of the lower one, and then the current dis-
tributions in the upper and lower half circuits are equal. Con-
sequently, the odd-mode equivalent circuit may be drawn as in
Fig. 8.

Since the lengths of all the line sections are equal to a quarter-
wavelength, the half circuit connected to port 2 is reduced to
a resistive circuit, as shown in Fig. 9, where the line sections
Zpu2i; may be removed.

The input impedance of the network in Fig. 9 may be written
in the form of continued fractions, which should be equal to
K 7, so that impedance matching is achieved at the center fre-
quency. The input impedance of the network in Fig. 9 is similar
to that in Fig. 10. There are available design tables in [10] for
the evaluation of parameters g; to achieve impedance matching.
With due consideration of the similarity between the networks
in Figs. 9 and 10, the values of R; in Fig. 9 may be determined.

The initial values of Zpyo; are arbitrarily set equal to
25 x K2 ). The value of resistor R is set equal to 47 §2. The ini-
tial values of characteristic impedances Zpy1; of line sections
may be obtained from the known values of K R and R;.

Since the divider circuit in Fig. 5 has electrical symmetry
along its center line, the characteristic impedance of the line
sections in the lower half are equal to 1/K? times those in the
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Fig. 12. (left) Photograph of fabricated two-section power divider of example
1 (right) component used to measure additional phase difference caused by con-
nectors and 50-€2 transmission lines connected to ports.

upper half. The lengths of line sections are all equal to a quarter-
wavelength at the center frequency.

V. EXAMPLES OF NUMERICAL DESIGN, FABRICATION,
AND MEASUREMENTS

In this section, we present two examples of numerical design,
computer simulation, fabrication, and measurement of a mul-
tisection power divider. We use the substrate RT-Duroid 6010
with dielectric constant ,, = 10.2, thickness A = 1.27 mm, and
loss tangent tan o = 0.002. The dielectric and conductor losses
and dispersion effects are considered by using the closed-form
formulas available in the literature. The characteristic imped-
ances of line sections may be obtained by the formulas available
in the literature [11]-[13].

Two examples with different power division ratios, different
load impedances, and different frequency intervals are consid-
ered. The results of the proposed numerical design procedure
are evaluated by simulation software HFSS version 11 and also
fabrication and measurement.

The algorithm for the proposed design and optimization
procedure is coded by MATLAB software [14]. The input
design parameters for the numerical computer programs are
defined in Table I and are provided by the design engineer.
The initial values of the dimensions of the power divider
are given in tables under the heading of “Initial Variable
Values (mm)” and their corresponding frequency response
curves are drawn in figures denoted by “initial.” The value
of error function for those initial values is given at the top
of tables denoted by “Error-Init.” The lengths of line sections
are then kept constant and the optimization is carried out on
the widths of line sections by the proposed design procedure.
The values obtained for the linewidths at this stage are given
in tables under the heading of “Variable Values before Final
Optimization (mm).” The scattering parameters are calculated
and drawn in the figures versus frequency, where they are
denoted by “Before Opt.”
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Fig. 13. Comparison of frequency responses obtained by the proposed design
algorithm, simulation software, and measurement data for example 1. (a) S21
coefficient. (b) $31 coefficient. (¢) S32 coefficient.

Finally, the optimization is carried out simultaneously on all
the dimensions of the divider, namely, line lengths and widths.
The frequency response curves of scattering parameters for the
optimum divider are drawn in the figures and denoted by “After
Opt.” The value of error is denoted by “Error-After opt.” and
written at the top of tables.

The computer programs are run on the personal computer
Core 2 Duo CPU @2.4 GHz and the CPU time in seconds is
written at the top of figures.

1) Example I: In the first example, we consider a two-
section power divider with equal power division between the
two output ports 2 and 3. The impedances at ports 1 and 2
are equal to 50 © and that at the output port 3 is equal to
100 Q. If we were to use the even- and odd-mode analysis for
this example (with equal power division between output ports),
then it would have been necessary to keep the impedances at
the output ports identical. However in example 1, the input and
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Fig. 14. Comparison between frequency responses of the first design example
determined by the method of least squares computer program, HFSS software
and measurements. (a) Reflection coefficient S;1, (b) S22, and (¢) Sa3.

output impedances are selected unequal, in order to highlight
the capability of the proposed design method. The L frequency
band (1-2 GHz) is adopted. All the internal resistors of the
circuit are considered constant equal to the standard value of
47 Q) and are selected as common surface mount device (SMD)
chip resistors. The results of the optimum design by the method
of least squares are drawn in Fig. 11 and given in Table II. The
—5-dB bandwidth of the transmission coefficient S5; has also
increased by 200 MHz.

The optimum design of the divider is simulated by the
HFSS software. It is also fabricated and its photograph is
shown in Fig. 12. Note that the optimum values of geometrical
parameters of the divider configuration are obtained by the
proposed design algorithm (coded in MATLAB), and not by
HESS software. The data obtained by the full-wave analysis
through HFSS is merely for the purpose of comparison and
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Fig. 15. Frequency responses of example 2 as obtained by the proposed design

algorithm.

-n

validation of our design method. Its frequency response is mea-
sured by the network analyzer HP8722ES. The performances
of the proposed optimum design algorithm, HFSS software
simulation, and measurement data are compared in the Fig. 13
with excellent agreement.

In this example, the measured values of scattering parame-
ters on the basis of 50-€2 impedance are converted to those for
the actual input/output impedances by the relations that are ex-
plained in detail in [15] and [16].

We assume that all the ports of the power divider have iden-
tical impedances equal to 50 2 and measure its scattering pa-
rameters by the usual methods and measurement equipment. We
may then use the generalized scattering matrix to calculate the
scattering parameters of the power divider for different source
and load impedances equal to Zr; = 50 2, Zr2 = 50 €2, and
Zr3 = 100 Q.

We have fabricated a component (shown on the right side of
Fig. 12) composed of two SMD connectors and a 50-€2 line sec-
tion between them, of which the length is equal to the sum of
extra 50-2 line sections included at the divider terminals. The
phase difference of this component is measured and subtracted
from the measured phase differences of the divider. Thus, the
exact phase differences among the divider terminals may be
determined.

In Fig. 14, the results of the proposed design algorithm, full-
wave simulation software, and measurement data of the reflec-
tion coefficients at the input and output ports of divider (namely,
S11, S22, and S33 ) are drawn for comparison. Although, these
reflection coefficients are not explicitly included in the error
function, they exhibit a good frequency response in the spec-
ified bandwidth, which attest to the correct implementation of
impedance matching.

2) Example II: In the second example, we consider a
single-section power divider with unequal power division at its
output ports and identical impedances at its terminals (equal to
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TABLE III
DESIGN DATA OF EXAMPLE 2 AS OBTAINED BY THE PROPOSED COMPUTER ALGORITHM

Input Values

N=1, P/P, = K%=2 , €,=10.2, h=1.27 mm, loss tan.=0.002 , f;=3.8 GHz , M=30, f;;=6.6 GHz, Sigma= 5.7¢7 S/m
Dispersion Selection=1, Z;, =50 Ohm , Z,, =50 Ohm, Z, ,=50 Ohm, Min.W=0.01 mm, Error-Init.=2.3829,
Error-After opt.=0.54522

Variable Values Before Final Variable Values After Final
Initial Variable Values (mm) Optimization (mm) Optimization (mm)
W,, 2.11 Ly, 52 W, 148 Ly, 52 W, L5 L, 442
Wan 0.11 : L 17.24 Wan 0.24 : Ly, 17.24 Wan 0.13 : L 17.24
W, | 08I Ly 16.38 W, |068 Ly 16.38 We, | 027 Ly 10.9
Wi 0.88 E Ly 544 Wi 0.66 E Ly S44 W 124 E Ly 5.69
Wgua 119 E Lpira 337 Wyua 1.02 E Ly 5.37 Wsua 344 E Lo 6.03
gy, | 6.'9‘6"5""'4;)1'" 1627 | w,, '1'.66"5' Ly, | 1627 | w,, '6f7'é"5"'Aq;);"'"ib'.éi"

W, 1.67 D Loy 15.81 W, |189 b Loy 15.81 W, 0.41 b Loy 11.18
W oapi 3.43 ' Lapi, 5.05 W | 279 ' Lupiy 5.05 Woapi 1.23 ' Lyon, 53
WBD21 4.14 E LBDZI 4.9 WBDZI 3.81 E LBDZI 4.99 WBDZI 4.04 E LBDZI 3.81

50 ). The output power at port 3 is twice that at port 2. If we
were to use the even- and odd-mode analysis for this example
(with unequal power division at the outputs), it would have
been necessary to have the impedances at the two output ports
unequal (namely, the impedance of port 2 equal to 100 €2).
However in example 2, the input and output impedances are se-
lected equal in order to highlight the capability of the proposed
design method.

The frequency bandwidth is selected in the range of
3.8-6.6 GHz. The internal resistors in the upper half of the
circuit are selected equal to 66 €2, which are made as the series
connection of two standard chip resistors of 33 (2. The internal
resistors in the lower half of the circuit are selected as the
standard 33-(2 chip resistors.

In this example, we have also included the phase difference
between ports 2 and 3 in the error function in (27) where the
weighting functions are selected as W1 = W2 = W3 =1
and W4 = 0.25. We have selected the initial line lengths in
the upper and lower series line equal to 3\ /4 of the center fre-
quency because, in the selected frequency bandwidth and for
the selected substrate thickness, the length of the quarter-wave-
length is too short

M . ) M . ) 1 2
=LY (Sl 4 W23 [\sm,m| - W]
M 2
- 2 K?

+ W:amz=1 [|531,m| e Kz}

M — — 2
+ WA £ (Sorm) = £ (Sarm)] (27)

m=1

The frequency responses obtained from the proposed design
algorithm are drawn in Fig. 15 and the design data are given in
Table III.

Fig. 16. Photograph of the single section power divider of example 2 as ob-
tained by the design data in Table III.

The photograph of the divider is given in Fig. 16. The fre-
quency responses of the designed power divider are obtained by
the proposed algorithm, HFSS simulation software, and mea-
surement data, and are drawn in Fig. 17 for comparison. In
Fig. 18, the results of proposed design algorithm, full-wave sim-
ulation software, and measurement data of the reflection coeffi-
cients at the input and output ports of divider (namely, S11, S22,
and S33 ) are drawn for comparison.

The discrepancy among these data may be due to the parasitic
effects of T-junctions (which are not taken into account in the
computer program models and are more intense at higher fre-
quencies), parasitic effects of common chip resistors at higher
frequencies, connector losses and mismatches, and fabrication
and measurement errors. As it is expected, the performance of
the two-section power divider is superior to that of the single-
section divider.

The phase response of the divider, as obtained by the HFSS
software, is drawn in Fig. 19. The values of input parameters
of the computer program, as given in Table I, are completely
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Fig. 17. Comparison of frequency responses of the single section power divider
of example 2 as obtained by the proposed design algorithm, HFSS software and
measurement data. (a) S21 coefficient. (b) S31 coefficient. (¢) S32 coefficient.

general. The optimum design of the divider gives the geomet-
rical dimensions of the divider, which optimally realizes the de-
sign specifications. However, due to photolithography fabrica-
tion technology of microstrip circuits, the widths and lengths
of line sections should be specified between some constraints,
which are due to special limitations of realization of high- and
low-impedance values. For example, the minimum values of the
widths of lines are specified as Min. Win Table I. The maximum
values of widths, which may cause overlapping of parallel lines,
is not a limitation here.

3) Example IlI: Consider the design of a double-section
power divider with the power division ratio 1:5, terminal port
impedances Zp1 = 50 €, Zp, = 60 2, and Z13 = 70 . The
frequency interval is 5-8 GHz. The upper and lower branch
resistances are KR = 125 Q and R/ K = 25 , respectively.

The selected substrate is RT-Duroid 6010. The output param-
eters of the design computer program are given in Table IV. The
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Fig. 18. Comparison between frequency responses of the second design ex-
ample determined by the method of least squares computer program, HESS soft-
ware and measurements. (a) Reflection coefficient Sy, (b) S22, and (c) S33.
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Fig. 19. Phase response of the divider for example 2 as obtained by the HFSS
simulation software.

performance of the designed divider as the frequency responses
of its scattering parameters is drawn in Fig. 20. Note that the
optimum design procedure is performed here in one step from
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TABLE 1V
DATA FOR EXAMPLE 3 AS OBTAINED BY THE PROPOSED DESIGN ALGORITHM

Input Values
N=2, P/ P, = K%=5 ., €,=102, k=127 mm , loss tan.=0.002 , ;=5 GHz , M=30, f;;=8 GHz, Sigma=5.7¢7 S/m
Dispersion Selection=1, Z,;, =50 Ohm , Z,, =60 Ohm, Z, ;=70 Ohm, Min.W=0.01 mm, Error-Init=11.686,
Error-After opt.=0.29732
Initial Variable Values (mm) Variable Values After Final Optimization (mm)
W,, 2.08 E L, 4.12 W,, 1.88 ; L, 4.34
W 0.0013 E Ly 14.14 W 0.13 E Ly 14.14
Ws 0.0013 : Ly, 14.14 W 1.61 E Ly 14.14
Wy 021 1, 13.55 Wy 169 1L, 18.8
Wy 0.085 ; Ly 4.59 Wy, 2.71 E Lyon 4.94
Wy 0.12 E Lyons 4.59 Wy 0.13 E Lyois 3.66
Wy 0.06 E Ly 4.61 Waom 6.35 E Lyun 5.44
Wym 0.06 E Lyin 4.61 Wyim 2.02 é Lyom 6.88
Wy, | s, el | | Wo, | o7 | e

W 1.5 : Lo, 12.61 W 1.68 E Lo, 13.88
W, 1.47 s Ly, 12.63 Wps 1.05 E Ly, 19.74
Wi 436 é Lypiy 3.93 Wepn 0.84 g Ly, 4.16
W/x/)]z 5.08 E L/xmz 3.9 W/fl)lz 0.13 E L/;/)lz 3.81
Wipai 4.14 é Lipay 3.95 Wspan 4.77 é Lipy, 167
Wipn 4.14 é Ly, 3.95 Winna 6.35 i Ly, 3.31

Transmission Coefficients (dB)
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Fig. 20. Frequency responses of example 3 as obtained by the proposed design
algorithm. (a) Transmission coefficients. (b) Isolation coefficient.

the initial case to the final design (designated as After Opt.). The
design of this example was not fabricated.

VI. CONCLUSIONS

In this paper, a general method has been developed for the
analysis of an asymmetrical multisection high power divider,
which may account for arbitrary power division ratios at its
output and arbitrary impedance matching at its input and output
ports. Such a general power divider may not be analyzed by
the conventional even- and odd-mode method, which is appli-
cable to symmetrical devices. The scattering parameters of the
divider are first derived by the proposed method. An optimum
design procedure is then developed by the application of the
method of least squares in order to construct an error function.
Its minimization leads to the determination of the dimensions of
the microstrip line sections. An approximate design procedure
is also introduced based on the even- and odd-mode analysis,
which may serve as an initial design for the optimization algo-
rithm. Two examples of single- and two-section power dividers
are designed, where specifications are made for unequal power
division ratios and arbitrary impedances at the input and output
ports. The performances of the designed power dividers as the
frequency responses of isolation and transmission coefficients
were obtained by the proposed algorithm, HFSS simulation soft-
ware, fabrication, and measurement data. These results verify
the efficacy of the proposed method of analysis of the power
divider and the proposed optimum design procedure based on
the method of least squares A two-section power divider with
unequal port impedances is designed by the proposed method,
which achieves a measured isolation of better than —22 dB in
44% of the L-band. The proposed analysis method and optimum
design procedure may potentially be applicable to other mi-
crowave devices.
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