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General Design Equations, Small-Sized Impedance
Transformers, and Their Application

to Small-Sized Three-Port
3-dB Power Dividers
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Abstract—In this paper, design equations for three-port power
dividers have been derived. These design equations are available for
both arbitrary power divisions and arbitrary termination imped-
ances, and many sets of design equations are possible. Therefore,
the design equations may be calledgeneral design equationsand
an arbitrary design impedance is introduced to describe them.
On the basis of the derived general design equations, a coplanar
three-port power divider with a power split ratio (3 dB) terminated
by 50, 60, and 70
 is designed with = 33 33 
, so that a
commercially available resistor 100
 can be used for the isolation
resistance. Additionally, to reduce the size of transmission-line
impedance transformers, two types of small-sized impedance
transformers are designed, named a constant VSWR-type trans-
mission-line impedance transformer (CVT) and a constant
conductance-type transmission-line impedance transformer
(CCT) and compared with conventional reduced-sized impedance
transformers. These impedance transformers are designed in the
low- region on the Smith chart. Therefore, they show wide-band
properties. To make sure that the derived design equations of CVTs
and CCTs are reasonable, four 1.6 : 1 impedance transformers,
CVT 20 , CVT 30 , CCT 15 , and CCT 20 have been fabricated in
microstrip technology and measured. The measured results show
the expected tendency. Based on the CVTs and CCTs, small-sized
three-port 3-dB power dividers are constructed and named a
constant VSWR-type three-port 3-dB power divider (CVT3PD)
and a constant conductance-type three-port 3-dB power divider
(CCT3PD). For the CVT3PD and CCT3PD, perfect isolation con-
ditions are derived, and it is shown that the perfect isolation circuit
(I.C) must be composed of resistance combined with capacitance
or inductance in the case that the length of transmission lines is
not 4. These I.Cs are quite different from conventional ones
composed of only resistance. Finally, on the basis of the derived
perfect isolation impedance, CVT3PD and CCT3PD are designed
and simulated, giving the possibility that a CCT3PD can be realized
with the electrical length 15.30 of the transmission lines.

Index Terms—General design equations of three-port power
dividers, small-sized impedance transformers (CVTs and CCTs),
small-sized three-port 3-dB power dividers (CVT3PDs and
CCT3PDs).

I. INTRODUCTION

T HREE-PORT power dividers are useful microwave de-
vices for phased-array antennas, power amplifiers, mixers,

or active circulators. Hybrid power dividers are generally clas-
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sified by two groups: four- and three-port power dividers. The
three-port power divider originated from Wilkinson [1] who
described a circularly symmetric power divider, which split a
signal into -equiphase–equiamplitude signals with an even or
odd number of . With , Wilkinson’s power divider could
be a three-port power divider achieving a perfect isolation at
one frequency. In 1965, Parad and Moynihan [2] presented a
three-port power divider with in-phase and arbitrary amplitude
difference between two outputs. Perfect three-port hybrid prop-
erty was again achieved at one frequency. In 1968, Cohn [3] pre-
sented a class of broad-band three-port hybrids with high isola-
tion between two outputs and good matching at all ports.

In 1971, Ekinge [4] described a three-port hybrid, which
consisted of sections in cascade with each section composed
of two coupled lossless transmission lines of electrical length

and an intermediate resistor, which seemed to be similar to
that of Cohn’s [3]. However, Cohn treated the equal power split
three-port hybrids, whereas Ekinge [4] treated the arbitrary
power split three-port hybrids. Since that time, the studies
on three-port hybrids have been continued [5]–[8]. However,
they just focus on symmetrical structures where even- and
odd-mode excitation analyses are available. In the case that
power dividers are used with active and/or passive elements, ad-
ditional matching networks are necessary to obtain the desired
output performances. If these power dividers are terminated by
arbitrary impedances, the total size of integrated microwave
circuits may be reduced. Asymmetric power dividers were first
proposed by Ahnet al. for ring hybrids [9], [10], branch-line
hybrids [11], [12], and asymmetric three-port power dividers
[13]. However, these three-port power dividers are limited to
three-port 3-dB power dividers terminated by different imped-
ances. Additionally, since only resistors have been utilized for
optimal isolation between two ports, intensive optimization
methods have been the only way to derive the isolation resis-
tances in the case that the length of transmission lines is not

[3], [4], [7]. Very recently, a perfect isolation condition
was derived by Ahn and Wolff [13]. However, this isolation
condition is also effective in the case of transmission lines.

In this paper, design equations are derived for three-port
power dividers with both arbitrary termination impedances and
arbitrary amplitude difference between two output signals. To
derive these design equations, an arbitrary design impedance,
whose value is positive and arbitrary, is introduced. Therefore,
according to the arbitrary values of, many sets of design
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equations are available. They are, therefore, called general
design equations. These general design equations were very
briefly discussed in [14], and a three-port power divider is
simulated with based on the derived general
design equations. When compared to a conventional three-port
power divider [2] in the case of a power split ratio (3 dB) and
all termination impedances 50’s, the results show that the
three-port power divider with is, in general, better
than those of the conventional three-port power divider in
terms of bandwidths. On the basis of the derived general design
equations, a uniplanar three-port power divider terminated
by 50, 60, and 70 is designed with a power split ratio (3
dB) and the arbitrary design impedanceis determined as
33.333 to adjust the isolation resistance to a commercially
available resistor. In this way, the arbitrary design-impedance

may be determined for a special purpose, but theshould
be determined for the optimum property. For this reason, the
method to determine is presented in terms of bandwidths. In
addition, to reduce the size of the transmission-line impedance
transformer, formulas have been derived for the graphical
method [15] to match a complex load to a real reference
load. Using the derived formulas, two small-sized impedance
transformers are designed and named a constant VSWR-type
transmission-line impedance transformer (CVT) and a constant
conductance-type transmission-line impedance transformer
(CCT). Since these two types of small-sized transformers are
designed in the low- region on the Smith chart, they show
wider bandwidths compared to any conventional reduced-sized
transformers [16]. For small-sized three-port 3-dB power
dividers, two types of constant VSWR-type three-port 3-dB
power divider (CVT3PD) and constant conductance-type
three-port 3-dB power divider (CCT3PD) are constructed based
on the CVTs and the CCTs, and the perfect isolation conditions
for the CVT3PD and CCT3PD are derived and simulated. It
is proven that the isolation circuit (I.C) must be composed of
resistance combined with capacitance or inductance for the
perfect isolation when the length of transmission lines is not

. Finally, two types of small-sized CVT3PD and CCT3PD
are designed and their frequency responses are simulated. One
of the CCT3PDs gives the possibility that a three-port 3-dB
power divider can be realized with two transmission lines (each
electrical length 15.3) together with a capacitor and a resistor.

This paper is organized as follows. General design equa-
tions are discussed in Section II. Section III describes how
to get small-sized transmission-line impedance transformers.
Section IV explains how to derive perfect isolation conditions
and how to design small-sized CVT3PDs and CVT3PDs.
Finally, applications to microwave integrated circuits (MICs)
are discussed in Section V.

II. GENERAL DESIGN EQUATIONS

A. Analyses

A three-port power divider is depicted in Fig. 1(a). This power
divider consists of two pairs of transmission lines and a bridging
I.C between port and and is terminated by arbitrary im-
pedances , , and . The length of one pair of transmission
lines with the characteristic impedances and is and

(a)

(b)

Fig. 1. Three-port power divider with arbitrary power divisions terminated by
arbitrary impedances. (a) Whole circuit of the three-port power divider. (b) An
equivalent circuit when the power is excited at port
 .

that of another pair with and is to satisfy the orig-
inal definition that two output signals are in phase. When the
power is excited at port , the equivalent circuit may be drawn
as shown in Fig. 1(b). For the circuit in Fig. 1(b), if the power ex-
cited at port is split between two ports, and with the
ratio , the input impedance looking into the transmis-
sion line with is and is as
asymmetric ring hybrids [9], [10]. Therefore, both asymmetric
ring hybrids and three-port power dividers have the same char-
acteristics. The power excited at port is divided into two
output ports, and and the two signals arriving at ports

and are in phase and the voltage (from port via
port to ground) is equal to that of (from port via port

to ground) in Fig. 1(b). Since the ratio of to is
, the current entering into the transmission line with is
times that with . The I.C is necessary for the output-port

match and isolation. However, for asymmetric ring hybrids, the
characteristic impedance is not related with . Since the
I.C consists of two other lossless transmission lines and is not
related with the circuit in Fig. 1(b), the isolation characteris-
tics may be defined a forward isolation. and are inde-
pendent of the power split ratio. The input reflection coefficient

is not a function of and , where and are
reflected scattering parameters at portand , respectively.
For three-port power dividers, the ratio of to should be

to satisfy the condition that the voltage at port is equal
to that at port . Since the I.C is related with two transmission
lines with , , and the termination impedance , the iso-
lation characteristics may be defined a backward isolation.
is a function of and [13].

The ratio of to in Fig. 1(b) yields

(1)

(2)
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where is an arbitrary positive value with the unit.
Depending on the value of , many sets of and

are available. Therefore may be defined an arbitrary de-
sign impedance. Paradet al. [2] suggested and

as a trial value among many possible cases in (1)
and (2). The transmission lines with , , , and
are impedance transformers. Therefore, if ,
they are

(3)

(4)

(5)

(6)

The I.C in Fig. 1 consists only of resistance if 90 , but
it will be shown later that the I.C is not directly related with

and and generally consists of resistance combined with
capacitance or inductance. In the case of , the I.C
consists of pure resistance and the resistancegives

(7)

From (1)–(7), according to the values of, many sets of design
equations are available. Therefore, these design equations may
be called general design equations of three-port power dividers.
The design equations of the conventional three-port power di-
vider [2] are only one set of the general design equations with

in the case of . Three-port power
dividers are easily realized with microstrip lines, strip lines,
coplanar wave guides, and so on, but commercially available re-
sistors are limited for the realization of conventional three-port
power dividers in MIC or hybrid integrated circuit (HIC) tech-
nology. However, a proper choice of the design impedance
allows three-port power dividers to be easily realized. When a
power split ratio is 3 dB and all termination impedances are
equally 50 ’s in the case of a conventional three-port power
divider, and its corresponding data are

, , ,
, and . On the other hand, under the same

conditions (the power split ratio is 3 dB and all termination im-
pedances are equally 50’s), those of the three-port power di-
vider with are , ,

, , and . The
two three-port power dividers have been simulated under ideal
conditions and HP EEsof Series IV has been used as a simu-
lator. They are designed at the center frequency of 3 GHz and
the simulated results are plotted in Fig. 2. Matching frequency
responses are described in Fig. 2(a) and power division and iso-
lation frequency responses in Fig. 2(b), where the solid line per-
formances are the simulated results of the three-port power di-
vider with and the dotted ones indicate those of the
conventional three-port power divider. “DBm” denotes the re-
sults with decibels proposed by one set of general design equa-
tions and “DBp” denotes those described by [2]. The exact sim-
ulated results of the two power dividers are given in Table I.
Perfect matching at each port and the perfect isolation appears

(a)

(b)

Fig. 2. Compared simulated results between a conventional three-port power
divider and that withA= 35:39 
 (in both cases, a power split ratio (3 dB) and
all termination impedances equally 50
’s). (a) Matching frequency responses.
(b) Power divisions and isolation frequency responses.

TABLE I
COMPARED RESULTSBETWEEN TWO THREE-PORT POWER DIVIDERS WITH

DIFFERENTVALUES OF “A” (A LL TERMINATION IMPEDANCES: 50
’s,
POWER SPLIT RATIO: 3 dB, K = 1:995, DESIGN

CENTER FREQUENCY: 3 GHz)

with the values of dB, dB,
dB, and dB in the three-port

power divider with . From the compared data in
Table I, the frequency dependencies of the three-port power di-
vider with are, in general, better than those of the
conventional three-port power divider in terms of bandwidths.
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(a)

(b)

Fig. 3. Measured results of the uniplanar three-port power divider with
the power split ratio (3 dB) and termination impedances 50, 60, and 70
.
(a) Matching frequency responses. (b) Power divisions and isolation frequency
responses.

B. Coplanar Three-Port Power Divider Terminated by 50, 60,
and 70

On the basis of the general design equations (1)–(7), a
coplanar three-port power divider with the power split ratio
(3 dB) terminated by 50, 60, and 70has been fabricated on
an Al O substrate ( and m). To adjust
an isolation resistance to a commercially available resistor of
100 , the arbitrary design impedanceis set to 33.33 and
all design values are , , ,

, , and . This power
divider is designed at the center frequency of 1 GHz and all
measured results are plotted in Fig. 3. Matching frequency
responses are described in Fig. 3(a) and power division and
isolation frequency responses in Fig. 3(b), where the solid lines
are the measured results and the dotted lines are the simulated
ones. In the case of , the power split ratio is 3 dB and
the measured result of and are 1.84 and 4.8 dB at
1 GHz showing good agreements between simulated results of

1.7 and 4.7 dB. All-port measured matching and isolations
are less than 35 dB within a relative bandwidth of 0.14 around
1 GHz.

C. How to Determine

By the special purpose for realizing the isolation resistance
with the commercial resistor of 100, the arbitrary design
impedance may be determined in the case of the uniplanar
three-port power divider noted above. However, the realization
of any value of resistance is, in general, not a big problem in
the application of monolithic microwave integrated circuits

Fig. 4. Impedance transformation ratioIR depending on a power division
ratioK and an arbitrary design impedanceA.

(MMICs). The bandwidths of three-port power dividers are
also limited by the worst property. In terms of bandwidths, the
band of less than 20 dB is 1.3 : 1, and the result is the
worst case, as shown in Table I in the case of the conventional
three-port power divider. Thus, the bandwidth of the con-
ventional three-port power divider may be 1.3 : 1. Therefore,
how to increase the bandwidth depends on determining the
value of . The transmission line with transforms the
impedance into , and is transformed into by the
transmission line with in Fig. 1(b). Both of the impedance
transformation ratios of to and to are equally

(8)

where and are the impedance transformation ratios
between the two ports. The impedance transformation ratios are
not dependent on the termination impedancesand , and
are solely determined by and . Since the two impedance
transformation ratios are always equal to each other, the power-
division frequency responses show good performance in whole
band, as shown in Figs. 2 and 3, and and determine
the bandwidth of the reflection coefficient at port or .
When designing the three-port power dividers, the termination
impedance and the power split ratio are already given.
Therefore, the choice of the arbitrary design impedanceplays
an important part for increasing the bandwidth of three-port
power dividers. Fig. 4 shows the relation between, , and

when , , and . In this
figure, “P. R.” signifies a power split ratio in decibels. The
results show that, as the design impedancegets higher, the
impedance transformation ratio IR comes close to one, and a
three-port 3-dB power divider with “P. R. 0 dB” in this figures
has the worst condition in terms of bandwidths of . Since
and give influence on and , as shown in Fig. 1(b),
the determination of is limited by how to design the next
stage. Two transmission lines with and have no rela-
tion with each other. Therefore, two waves arriving at ports
and may be in a different phase, but if the length of the two
transmission lines is 90, the phase difference may be accept-
able. Nevertheless, the smaller the difference in two impedance
(admittance) transformation ratios and , the better
performance may be expected. To determine the value offor
reducing the difference in two impedance transformation ratios
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and , first find the value of satisfying the min-
imum difference among four impedances, , , and ,
i.e.,

(9)

However, the value of satisfying (9) does not guarantee the
difference between and is minimum or zero. The
value is just a initial value to decide or
and or . After determining both
and greater than one, the difference is defined as

(10)

After calculating the value of satisfying (10), compare the
worse result among and with . If is better than
the worse result, take the value of. Otherwise, increase the

until is about same as the worse result among and
. In the case of a conventional three-port power divider with

the power split ratio (3 dB) terminated by equal impedances of
50 ’s, the value of satisfying (10) is 35.39, which is exactly
the same as that suggested by [2]. However, the bandwidth of

is not wider than that of or in the conventional
three-port power divider case in Table I. Therefore, the design
impedance should be increased to improve the performance
of .

III. SMALL -SIZED TRANSMISSION-LINE IMPEDANCE

TRANSFORMERS

The most important design tool in microwave passive and
active components is the concept of impedance matching. All
values of impedances can be plotted in a reflection coefficient
plane and those of passive component loads are , where

is a complex reflection coefficient. Therefore, a Smith chart
has extensively been used to build matching circuits [17]. How-
ever, though the plane of the Smith chart expresses reflection
coefficients of loads, not only are the coordinates written on the
Smith chart load oriented, but the numbers on it are not also
linear. Therefore, reading errors may easily be committed. In
this paper, to reduce the size of transmission-line impedance
transformers, a matching technique to match a complex load to
a real impedance (admittance) with only one transmission line is
needed. This matching technique was graphically [15] and the-
oretically [18] proposed. However, a formula for the length of
the transformer line is thought not correct [18] and the graphical
method [15] requires two times impedance (admittance) nor-
malization to get the transformer line. In this process, reading
errors are easily committed [19]. Also, the graphical method
[15] was considered only if the complex load was located on
the left-hand-side upper half-plane in the Smith chart.

In this paper, formulas for the transformer lines to match a
complex load to a real reference load are mathematically de-
rived and two types of small-sized transmission-line impedance
transformers are constructed using the derived formulas. These
small-sized transmission-line transformers will be very useful

Fig. 5. Smith chart to get a transformer line to transform a complex loadZ

to a reference real loadZ .

for the miniaturized microwave circuits, and the derived design
equations will be utilized for matching circuit optimizations.

A. Mathematical Approach for Impedance Transformers

A transmission-line transformer to match a complex load
to a real reference impedance is depicted in the lower part
of the Smith chart, and the graphical procedure to get the trans-
former line with a characteristic impedance and a length
is illustrated in the Smith chart of Fig. 5, where is a complex
load normalized to is a characteristic impedance
normalized to is the center of the circle passing through
two points and the center of the Smith chart, and is the
complex load re-normalized to . Through the relation of

, the real part and the imaginary part
of are derived as

(11)

(12)

where and are a real and imaginary part of , respectively.
Since is the center of the circle that passes through two points

and the center of the Smith chart, the perpendicular bisector
of the line (from the center of the Smith chart) tois projected
onto the real axis, i.e., point. The value at the point is two
times that of point . Therefore, the reflection coefficient at

is

(13)

where and are the real and imaginary
parts of the reflection coefficient at , respectively. A formula
for the impedance based on (11) and (13) yields

(14)
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(a) (b)

(c) (d)

Fig. 6. Impedance transformers to transform a real impedance to a real
reference impedance. (a) Part of the Smith chart (in the case ofIR = 2).
(b) CVT. (c) CCT. (d) Conventional reduced-sized impedance transformer.

The length of the transformer line in Fig. 5 is obtained from
the point , the complex load re-normalized to , and in the
case of , they are

(15)

in the case of and , they are

(16a)

and in the case of and , they
are

(16b)

where and for an attenuation coefficient
and a phase coefficient .

B. CVT and CCT

2 : 1 quarter-wave impedance transformers are often utilized
for 3-dB power dividers (ring hybrids and three-port power di-
viders). A 2 : 1 quarter-wave impedance transformer is plotted
from 0.5 to 1 as a solid half-circle and a constant voltage
standing-wave ratio (VSWR) circle passing through the point
0.5 is illustrated as a dotted half-circle in Fig. 6(a) in the case of
an admittance Smith chart. To reduce the size of quarter-wave
impedance transformers, it is necessary that the load admittance
0.5 be changed from a real into a complex admittance. For
this, there are several possibilities. One of them is moving up
along a constant VSWR circle, and another along a constant

circle, as indicated by the arrows in Fig. 6(a). The
other cases, which are combined with the two methods, are
also available, but for easy constructing of the transformers,
the two methods will be discussed. The resulting circuit of the
first method is shown in Fig. 6(b), that of second one is shown
in Fig. 6(c). The transformer in Fig. 6(d) is a conventional
reduced-sized transformer equivalent to a quarter-wave one
[16]. By the background, the transmission-line transformer
in Fig. 6(b) is named a CVT and that in Fig. 6(c) is named a
CCT. Here, in the CVT or in the CCT of Fig. 6 is

much less than a quarter-wave. The graphs shown in Fig. 7(a)
and (b) depict the impedance and length of the CVT in
Fig. 6(b) depending on variations. Those in Fig. 7(c) and
(d) also indicate the impedance and length of the CCT in
Fig. 6(c) depending on variations. They have been produced
based on (14) and (15). “IR 2.0,” “IR 1.8,” “IR 1.6,” “IR 1.4,”
and “IR 1.2” in the graphs signify impedance transformation
ratios. For these simulations, two impedancesand are
set to 50 , and the reference impedance is also set to 50 .
Fig. 7(a) and (c) shows that, as the impedance transformation
ratio goes higher, the impedance or also goes higher.
The responses of depending on in Fig. 7(b) are almost
linear in the CVT case. However, those of depending on

in Fig. 7(d) are linear only in the case of the impedance
transformation ratio IR greater than 1.6 and in the region of

smaller than 20. The total length of the CVT is ,
but that of the CCT is only because the transmission line
with is an open-circuited stub, and the open stub is easily
substituted with a capacitor. As is well known, the conventional
impedance transformer ability to match 100 to 50is its
characteristic impedance 70.71and length 90. This case is
“IR 2,” as shown in the graphs. The value for 0 or
0 in Fig. 7(a) or (c) is 70.7 and the value for or

in Fig. 7(b) or (d) is 90. In this way, if the impedance
transformation ratio is known, the impedance and length of
the transformers are known with the variations of changed
complex loads. The detailed data are tabulated in Tables II–V.
A careful study of Tables IV and V in the case of
shows that if , and . The
fact indicates that a 1.6 : 1 transmission-line transformer can
be realized with a transmission line 28.24long together with
a capacitor. Fig. 8 shows the frequency responses of reflected
coefficients of CVTs and CCTs with on the basis
of Tables II–V. For 1.6 : 1 impedance transformer realizations,
the real load and reference impedance are set to 80 and 50

, respectively. “CVT” and “CCT” on the graphs are CVTs
and CCTs, and the following number denotes the electrical
length of and in Fig. 6(b) and (c), respectively. These
simulations have been carried out under ideal conditions, and
CVTs and CCTs are designed at the center frequency of 3
GHz. From the simulated results, the reflection coefficients
of all 1.6 : 1 impedance transformers at 3 GHz are between

73.36 to 94.259 dB. The frequency responses of “CVT
20 ” and “CCT 10” are about same with each other and that of
“CCT 20 ” is the worst case. Fig. 8(b) shows the comparison
between the conventional transformers in Fig. 6(d) [16] and
“CCT 20 ” stated above. These simulations have been carried
out under ideal conditions at the frequency of 3 GHz and the
data for the simulations of the conventional transformers are
when , , and pF, if

, , and pF. The capacitance
for the realization of the open-stub transmission line for “CCT
20 ” is 0.39 pF. “Con” on the graph denotes the conventional
transformers, and the following number is the lengthof the
transmission line in Fig. 6(d). The frequency responses of the
“CCT 20 ” are about same as those of the “Con 80” from
the simulated results in Fig. 8(b). The fact expresses that the
length in Fig. 6(d) must be greater than 80in order that the
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Fig. 7. Design graphs for CVT and CCT depending on impedance transformation ratios. (a) ImpedanceZ variation depending on� . (b) Length� variation
depending on� . (c) ImpedanceZ variation depending on� . (d) Length� variation depending on� .

TABLE II
IMPEDANCEZ DEPENDING ON�

performance of the conventional transformer can be equal to
that of the “CCT 20.”

C. Microstrip CVTs and CCTs (1.6 : 1 Impedance
Transformers)

On the basis of the derived design equations (14) and (15)
and Tables II–V, 1.6 : 1 impedance transformers have been fab-
ricated on an AlO substrate ( and m)
in microstrip technology. The layouts for the impedance trans-
formers are depicted in Fig. 9 and the measured results are
plotted in Fig. 10. These impedance transformers were designed
at center frequency of 3 GHz and they are terminated in 80
and 50 . Therefore, a quarter-wave impedance transformer to
transform 80–50 is additionally needed, and “Ipt” shown in
Fig. 9 is the additional impedance transformer. A CVT 20, CVT

TABLE III
LENGTH� DEPENDING ON�

30 , CCT 15, and CCT 20 are illustrated in Fig. 9(a)–(d), re-
spectively. The total length of the CVT 20is 68.65, that of
CVT 30 is 57.12 from Table III, that of CCT 15 is 42.66,
that of CCT 20 is 28.24 from Table V. The measured results
in Fig. 10 show very a similar tendency to those in Fig. 8(a).
Since the reference impedance is 50 in these small-sized
impedance transformers, the characteristic impedances of
and are all 50 . The data for the fabrication of 1.6 : 1 mi-
crostrip impedance transformers are given in Table VI.

D. Bounded Length of CVT and CCT

In the case of the impedance transformation ratio ,
shown in Fig. 6(b)–(c), the locus of or starts from the
point ( ) on the real axis, as in Fig. 6(a), where
is a normalized conductance andis a normalized susceptance.
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TABLE IV
IMPEDANCEZ DEPENDING ON�

TABLE V
LENGTH� DEPENDING ON�

(a)

(b)

Fig. 8. Simulated matching results of impedance transformers for the
impedance transformation ratio 1.6 : 1. (a) Simulated results of CVTs
and CCTs (Z = 50
). (b) Comparison between one CCT 20� and the
conventional reduced-sized impedance transformers.

In the general case, the locus of or starts from the point
( ) as the impedance transformation ratio IR is
varied. When and on the Smith chart, the real
part of the reflection coefficient at the point is ,
which is based on (11). In addition to that point, all constant con-

Fig. 9. Layouts for the microstrip small-sized 1.6 : 1 impedance transformers.
(a) CVT 20�. (b) CVT 30�. (c) CCT 15�. (d) CCT 20�.

Fig. 10. Measured results of the microstrip small-sized 1.6 : 1 impedance
transformers (CVT 20�. CVT 30�. CCT 15�. CCT 20�).

TABLE VI
FABRICATION DATA FOR THE MICROSTRIP1.6 : 1 IMPEDANCETRANSFORMERS

(w: WIDTH OF MICROSTRIPLINE, l: LENGTH OFMICROSTRIPLINE)

ductance circles pass through a point on the reflection-co-
efficient plane in Fig. 5. Therefore, the constant circle
is expressed as

(17)
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and the constant VSWR circle related with IR is

(18)

These CVT and CCT are passive components. Therefore, the
point in Fig. 5 must not be outside of . For each locus
of or to exist inside of , two conditions must be
satisfied and result in

(19)

(20)

The possible ranges of and are illustrated and a family of
circles, a constant VSWR circle, a constant conductance circle,
and two circles of (19) and (20) with “ ” and “ ” are
drawn in Fig. 11(a). The family circles are phase angles be-
tween normalized voltages and currents with from 0to 40
[17], and the center of the Smith chart in Fig. 11(a) is expanded
in Fig. 11(b), where the changed complex loads of CVTs and
CCTs designed in Fig. 8(a) are shown by dots. Here, the changed
complex load of the CCT20is located on the highest phase
angle circle, whereas that of the CVT10is on the lowest phase
angle circle, and those of the CVT20and CCT10are on about
the same phase angle circle. If the changed complex load is lo-
cated on lower phase angle circle, the bandwidth is wider, as can
be seen in Fig. 8(a). Therefore, the phase angle circles are related
with a -factor and the bandwidth of the CVT10shows the best
performance among the small-sized transformers in Fig. 8(a).
That means, depending on where the changed complex loads of
the CVTs or CCTs are located, the relative bandwidth of CVTs
and CCTs may be determined in Fig. 11(b), which agree with
the results of Fig. 8(a).

The constant VSWR circle intersects two circles “ ” and
“ ” at two points and in Fig. 11(b). is a max-
imum length of in one region and a minimum length
in another region. The formulas for and related with
the impedance transformation ratio IR are

(21)

(22)

where and
from (18)–(20). The constant circle

intersects the circle “ ” at only one point in Fig. 11(b)
and the imaginary part for the is
from two circles in (17) and (19). The susceptancefor is

from (12) and the transmission line with is the
open-circuited stub in Fig. 6(c). Therefore, the length is

(23)

From Fig. 11, the ranges where exists are
and 90 . Therefore, the CVT cannot be realized in

(a)

(b)

Fig. 11. Bounded lengths of� and� (a) Half of the Smith chart wherein
a family of phase angle circles are drawn, illustrating the method to get the
bounded lengths. (b) Loads of CVTs and CCTs withIR = 1:6 and the bounded
lengths� , � , and� .

TABLE VII
BOUNDED LENGTHS OFCVTs AND CCTs

the range between and , and those in Tables II–III and
in Fig. 8(a) are all in . If is greater than ,
the changed complex load of the CVT is located on the right-
hand-side upper half-plane of the Smith chart and the length

is greater than 90from (16a). Therefore, the CVTs with
90 may be realizable, but not recommendable.

In the case of the CCTs, is in one range , as
shown in Fig. 11(b). All data for and are written
in Table VII as the impedance transformation ratio IR is varied.

IV. SMALL -SIZED THREE-PORT 3-dB POWERDIVIDERS

To reduce the size of a three-port power divider, the CVT
and CCT are good candidates. Applying the CVT and CCT to
conventional three-port 3-dB power dividers, the resulting cir-
cuits including the I.Cs are shown in Fig. 12. The three-port
3-dB power divider based on the CVTs is called a CVT3PD in
Fig. 12(a) and that based on CCTs is called a a CVT3PD in
Fig. 12(b), where is .

A. I.Cs of the CVT3PD and CVT3PD

In the case of Fig. 12(a), the eigenadmittance[20] of the
in-phase circuit contributed by the two ports and without
the I.C is

(24)
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(a)

(b)

Fig. 12. Two-port circuits for the derivation of isolation conditions.
(a) CVT3PD. (b) CCT3PD.

where and
, and the

eigenadmittance of the out-of-phase circuit is

(25)

where .
For a perfect isolation between port and , shown in

Fig. 12(a), the admittance parameter of all the circuit in-
cluding the I.C must be zero, where the subscript of is not
related with the port number, but related with a two-port circuit.
Since the I.C is connected in parallel with the rest circuit, the
impedance of the I.C in CVT3PD is [13] and
results in

(26)

In the same way, the impedance of the I.C in CCT3PD of
Fig. 12(b) is

(27)

where .
For , is 90 , as shown in Table III. The value of

for the case is in (26). In the case of conventional
three-port 3-dB power dividers with ,
the impedance transformation ratio is two and the characteristic
impedance of the transmission line is . Therefore,

is 100 in the case of and .
The value 100 is recognized as a well-known isolation resis-
tance [1] in the conventional three-port 3-dB power dividers and
coincides with and in (27). Two perfect iso-
lation impedances have been simulated based on (26) and (27),
and the results are plotted in Fig. 13, as and are varied.
The perfect isolation impedance for the CVT3PD is plotted in

(a)

(b)

Fig. 13. Simulated results of two I.Cs of the CVT3PD and the CCT3PD.
(a) Simulated results of the I.C for the CVT3PD. (b) Simulated results of the
I.C for the CCT3PD.

Fig. 13(a) and that for the CCT3PD is plotted in Fig. 13(b). The
left-hand-side axis of the two graphs in Fig. 13 indicates the real
part of I.C with resistance and the right-hand-side axis of the
imaginary part of I.C with capacitance picofarad. The capaci-
tance is calculated at the frequency of 3 GHz andis set to 50

. In the case of conventional three–port 3-dB power dividers
terminated by equal impedances, the impedance transformation
ratios and are equally two. Therefore, the 2 : 1 trans-
formers have been used for CVT3PD and CCT3PD. In the two
cases in Fig. 13(a) and (b), if and are equally 0, the
values for the both cases are equally 100, and if both and

start to deviate from 0, the capacitance starts to appear. If
is greater than ( in Table VII) in Fig. 13(a),
the characteristic impedance is imaginary from (14), but pos-
itive resistance still exists due to the termination impedance
and the transmission line with the characteristic impedance.
If is greater than 45, the absolute of the negative resistance
due to the imaginary characteristic impedancecomes to be
greater than that of the positive resistance due to the termination
impedance and the transmission line with . Therefore,
the resulting value is negative up to . When is equal to

, the characteristic impedance of is 0 and the resulting
resistance of the I.C is 0. Therefore, the point where the re-
sistance curve passes through 0is . Afterwards, positive
resistance and negative capacitance appear. In the case, the total
length of is greater than 90and positive resistance to-
gether with inductance, which means the negative capacitance
appears. As is close to 90, the characteristic impedance of

is and the resulting I.C is only a positive resis-
tance 50 . This case shows that a 2 : 1 impedance transformer
may be realized with two transmission lines, which are each 90
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TABLE VIII
DESIGN DATA FOR CVT3PDsAND CCT3PDs

long and whose characteristic impedances are 50and
, when the reference impedance . The total length

of the CVT3PD with 90 is much longer than that
with , but the CVT3PD with
may be used in the case that the transmission lines with high
characteristic impedance are not easily realized. On the other
hand, since the available region of for the CCT3PD is only

, the positive resistance is bounded in one region,
shown in Fig. 11(b), and when is equal to , the length of

is 0 and the complex impedance of is .
In conclusion, the two graphs in Fig. 13 show that the I.C must

not only have resistance, but also inductance or capacitance for
the perfect isolation in the case that the length of transmission
lines is not .

B. Design of the CVT3PD and CCT3PD

On the basis of the derived isolation impedances, four cases of
many possible designs are shown in Table VIII. These four ex-
amples are realizable in a practical case, and two cases have been
simulated at the frequency of 3 GHz, and their results are plotted
in Fig. 14. The results of the first CVT3PD in Table VIII are
plotted in Fig. 14(a), and those of the first CCT3PD in Table VIII
are plotted in Fig. 14(b). The design data for the CVT3PD as
written in Table VIII are , , ,

, , and pF in the inserted
circuit in Fig. 13(a) and those of the CVT3PD are ,

, pF , and pF
in the inserted circuit in Fig. 13(b). In the two cases, the determi-
nation of the arbitrary design impedanceis not necessary, but
the is 50 and only one in (1) and (2) because both of them are
terminated by equal impedances 50’s. The impedance trans-
formation ratio or is equally two and always greater
than one. Therefore, the results of are worse than those of

or . The performance of may be improved more if
another circuit, which has larger bandwidth, is replaced. The fre-
quency responses of the CVT3PD are
dB, dB,

dB and those of the CCT3PD are

(a)

(b)

Fig. 14. Simulated results of a CVT3PD and CCT3PD terminated by equal
impedance 50
. (a) Simulated results of the CVT3PD. (b) Simulated results of
the CCT3PD.

dB, dB,
at the center frequency of 3 GHz.

In this paper, only the examples with CCT3PD and CVT3PD
are discussed, designed, and simulated. However, the concept of
CCT3PD and CVT3PD may be extended to all possible cases
of three-port power dividers with the general design equations.
Therefore, any small-sized three-port power dividers may be
obtained.

V. CONCLUSIONS

The three-port power divider with arbitrary power divisions
terminated by arbitrary impedances considered in this paper is
useful, not only for small-sized microwave circuit design, but
also for easy design facilities due to as many sets of design equa-
tions as possible. Therefore, the design equations may be called
general design equations and an arbitrary design impedance
is introduced to describe these general design equations. Addi-
tionally, to reduce the size of impedance transformers, two types
of small-sized transmission-line impedance transformers CVT
and CCT are designed. Finally, CVT3PD and CCT3PD are con-
structed based on CVTs and CCTs, and perfect isolation im-
pedances are derived in the case that the length of transmission
lines is not . Using the derived I.Cs, the perfect isolations are
achieved for any available three-port power dividers, and allow
to design small-sized CVT3PD and CCT3PD. In conclusion,
general design equations, small-sized transformers, CVT3PDs,
and CCT3PDs may play important roles in reducing the total
size of MICs.
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