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General Design Equations, Small-Sized Impedance
Transformers, and Their Application
to Small-Sized Three-Port
3-dB Power Dividers

Hee-Ran AhnSenior Member, IEEEBNnd Ingo Wolff Fellow, IEEE

Abstract—in this paper, design equations for three-port power sified by two groups: four- and three-port power dividers. The
dividers have been derived. These design equations are available forthree-port power divider originated from Wilkinson [1] who
both arbitrary power divisions and arbitrary termination imped- described a circularly symmetric power divider, which split a
ances, and many sets of design equations are possible. Therefore, . . . . . . "
the design equations may be callegeneral design equationand ~Signal inton-equiphase—equiamplitude signals with an even or
an arbitrary design impedance A is introduced to describe them. odd number ofi. With » = 2, Wilkinson’s power divider could
On the basis of the derived general design equations, a coplanarbe a three-port power divider achieving a perfect isolation at
three-port power divider with a power split ratio (3 dB) terminated  5pe frequency. In 1965, Parad and Moynihan [2] presented a

by 50, 60, and 70€2 is designed withA = 33.33 2, so that a th ¢ divid ith in-ph d arbit litud
commercially available resistor 10002 can be used for the isolation 1'f€€-POrt POWer divider with in-phase and arbitrary amplitude

resistance. Additionally, to reduce the size of transmission-line difference between two outputs. Perfect three-port hybrid prop-
impedance transformers, two types of small-sized impedance erty was again achieved at one frequency. In 1968, Cohn [3] pre-
transformers are designed, named a constant VSWR-type trans- sented a class of broad-band three-port hybrids with high isola-
mission-line impedance transformer (CVT) and a constant tion between two outputs and good matching at all ports.

conductance-type transmission-line impedance transformer . . . .
(CCT) and compared with conventional reduced-sized impedance N 1971, Ekinge [4] described a three-port hybrid, which

transformers. These impedance transformers are designed in the consisted oh sections in cascade with each section composed
low-@ region on the Smith chart. Therefore, they show wide-band of two coupled lossless transmission lines of electrical length
properties. To make sure that the derived design equations of CVTs g 3nd an intermediate resistor, which seemed to be similar to

?:r\‘;jngoTzsrTe;O%aé@? 2'560’ g)nué écGT éoémg\elg%ré%i ;;%?fgg{g:ﬁ;s‘ that of Cohn’s [3]. However, Cohn treated the equal power split

microstrip technology and measured. The measured results show three-port hybrids, whereas Ekinge [4] treated the arbitrary
the expected tendency. Based on the CVTs and CCTs, small-sizedpower split three-port hybrids. Since that time, the studies
three-port 3-dB power dividers are constructed and named a gn three-port hybrids have been continued [5]-[8]. However,

constant VSWR-type three-port 3-dB power divider (CVT3PD) : : _
and a constant conductance-type three-port 3-dB power divider they just focus on symmetrical structures where even- and

(CCT3PD). For the CVT3PD and CCT3PD, perfect isolation con- 0dd-mode excitation analyses are available. In the case that
ditions are derived, and it is shown that the perfectisolation circuit power dividers are used with active and/or passive elements, ad-
(1.C) must be composed of resistance combined with capacitance ditional matching networks are necessary to obtain the desired
or inductance in the case that the length of transmission lines is output performances. If these power dividers are terminated by

not A/4. These I.Cs are quite different from conventional ones bit . d the total Si f int ted mi
composed of only resistance. Finally, on the basis of the derived arbitrary impedances, the total size of integrated microwave

perfect isolation impedance, CVT3PD and CCT3PD are designed Circuits may be reduced. Asymmetric power dividers were first
and simulated, giving the possibility thata CCT3PD can berealized proposed by Ahret al. for ring hybrids [9], [10], branch-line
with the electrical length 15.3C of the transmission lines. hybrids [11], [12], and asymmetric three-port power dividers
Index Terms—General design equations of three-port power [13] However, these three-port power dividers are limited to
dividers, small-sized impedance transformers (CVTs and CCTs), three-port 3-dB power dividers terminated by different imped-
small-sized three-port 3-dB power dividers (CVT3PDs and ances. Additionally, since only resistors have been utilized for
CCT3PDs). optimal isolation between two ports, intensive optimization
methods have been the only way to derive the isolation resis-
|. INTRODUCTION tances in the case that the length of transmission lines is not
. . A/4 [3], [4], [7]. Very recently, a perfect isolation condition
HREE-PORT power dividers are useful microwave deWas derived by Ahn and Wolff [13]. However, this isolation

vices for phased-array antennas, power amplifiers, mixers, ...~ . L o
P Y P P candition is also effective in the case bf4 transmission lines.

or active circulators. Hybrid power dividers are generally clas- . . . .
y b 9 y In this paper, design equations are derived for three-port
power dividers with both arbitrary termination impedances and
Manuscript received August 31, 2000. . ~ arbitrary amplitude difference between two output signals. To
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ahn@ate.uni-duisburg.de). Wwhose value is positive and arbitrary, is introduced. Therefore,
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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 withA = 39.5 Q 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 5Q’s, the results show that the
three-port power divider wittd = 39.5 Q2 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 7032 is designed with a power split ratio (3
dB) and the arbitrary design impedandeis determined as
33.33312 to adjust the isolation resistance to a commercially
available resistor. In this way, the arbitrary design-impedance
A may be determined for a special purpose, butthghould
be determined for the optimum property. For this reason, the
method to determind 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 (b)
method _[15] to ma_tCh a complex load to a_ reaI_ rEferengl_"g. 1. Three-port power divider with arbitrary power divisions terminated by
load. Using the derived formulas, two small-sized impedanggitrary impedances. (a) Whole circuit of the three-port power divider. (b) An
transformers are designed and named a constant VSWR-tgpeévalent circuit when the power is excited at pQt.
transmission-line impedance transformer (CVT) and a constant
conductance-type transmission-line impedance transfornte@t of another pair wittZy, and Zy; is O, to satisfy the orig-
(CCT). Since these two types of small-sized transformers anal definition that two output signals are in phase. When the
designed in the low? region on the Smith chart, they showpower is excited at por®, the equivalent circuit may be drawn
wider bandwidths compared to any conventional reduced-siz&gishown in Fig. 1(b). For the circuitin Fig. 1(b), if the power ex-
transformers [16]. For small-sized three-port 3-dB powdited at port(® is split between two port$(2 and: (@ with the
dividers, two types of constant VSWR-type three-port 3-dgtio1: K2, the inputimpedancy;, looking into the transmis-
power divider (CVT3PD) and constant conductance-typon line withZy; is R, (14 K?) andZs;, is R.(1+K?)/K? as
three-port 3-dB power divider (CCT3PD) are constructed basagymmetric ring hybrids [9], [10]. Therefore, both asymmetric
on the CVTs and the CCTs, and the perfect isolation conditiofisg hybrids and three-port power dividers have the same char-
for the CVT3PD and CCT3PD are derived and simulated. acteristics. The power excited at pa® is divided into two
is proven that the isolation circuit (1.C) must be composed eutput ports; @ and:@® and the two signals arriving at ports
resistance combined with capacitance or inductance for tH®) and<(® are in phase and the voltage (from port @ via
perfect isolation when the length of transmission lines is npprti@ to ground) is equal to that &f;3 (from port @ via port
\/4. Finally, two types of small-sized CVT3PD and CCT3PDB® to ground) in Fig. 1(b). Since the ratio &h;, t0 Zaiy, is
are designed and their frequency responses are simulated. &riethe current entering into the transmission line wi is
of the CCT3PDs gives the possibility that a three-port 3-dB~ times that withZy,. The 1.C is necessary for the output-port
power divider can be realized with two transmission lines (easiatch and isolation. However, for asymmetric ring hybrids, the
electrical length 153 together with a capacitor and a resistorcharacteristic impedancé,, is not related withZ3. Since the
This paper is organized as follows. General design equ&c consists of two other lossless transmission lines and is not
tions are discussed in Section Il. Section Il describes hd@lated with the circuit in Fig. 1(b), the isolation characteris-
to get small-sized transmission-line impedance transformeties may be defined a forward isolatiot, and 123 are inde-
Section IV explains how to derive perfect isolation conditiongendent of the power split ratio. The input reflection coefficient
and how to design small-sized CVT3PDs and CVT3PD§u1: is not a function ofS,; and Sz3, whereS,; and Szz are
Finally, applications to microwave integrated circuits (MICsleflected scattering parameters at p@ytand (3, respectively.
are discussed in Section V. For three-port power dividers, the ratio & to Rz should be
K? to satisfy the condition that the voltage at pa@ is equal
to that at port 3. Since the I.C is related with two transmission
lines with Zy2, Zy3, and the termination impedanég,, the iso-
A. Analyses lation characteristics may be defined a backward isolaten.

A three-port power divider is depicted in Fig. 1(a). This powds & function ofSy; and 53 [13].
divider consists of two pairs of transmission lines and a bridging The ratio of ik, toRs in Fig. 1(b) yields
I.C between port@ and: (@) and is terminated by arbitrary im- R, =K?A 1)
pedance®,, R;, andR,.. The length of one pair of transmission
lines with the characteristic impedancés and Zy3 is ©; and R3;=A (2)

Il. GENERAL DESIGN EQUATIONS
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whereA is an arbitrary positive value with the ur§it OF
Depending on the value aofi, many sets ofR, and R; s.(@B) }

are available. Thereforet may be defined an arbitrary de- I |

sign impedance. Paraat al. [2] suggested?; = KR, and

R3; = R, /K as a trial value among many possible cases in (1)

and (2). The transmission lines withy,, Zo3, Zos, and Zys -20

are impedance transformers. Therefore@if = ©, = 90°,

they are

............

S$11)
== DBm[S22]
8~ DBm[S33]

| = A= DBp[S11]
Zoz = /AR, K2(1+ K?) (3) 40
0
1+ K?
Zoz = AR“T (4) .
Zos = KN/ AR, 5
04 b ( ) S”(dB)
Zos = V ARC (6)
The I.C in Fig. 1 consists only of resistancedf = 90°, but -15
it will be shown later that the I.C is not directly related with ——
R, and Rz and generally consists of resistance combined with ﬁggm{gg}
capacitance or inductance. In the casefaef = 90°, the I.C :ZQZZBS"{%E}]
consists of pure resistance and the resistdticegives 30 -k DBpIS23]
0 3 Frequency (GHz) 6

LC — Ry = A(1+ K?). @)

From (1)—(7), according to the values.4f many sets of design Fig. 2. Compared simulated results between a conventional three-port power
vider and that withd = 35.39 €2 (in both cases, a power split ratio (3 dB) and

A¥rmination impedances equally 80s). (a) Matching frequency responses.

equations are available. Therefore, these design equations rii

(b)

be called general design equations of three-port power dividegs.Power divisions and isolation frequency responses.

The design equations of the conventional three-port power di-
vider [2] are only one set of the general design equations dith
= Zy/K inthe case oR, = R, = R. = Z,. 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

TABLE |

COMPARED RESULTS BETWEEN TWO THREE-PORT POWER DIVIDERS WITH
DIFFERENTVALUES OF “A” (ALL TERMINATION IMPEDANCES 50 Q2’s,
POWER SPLIT RATIO: 3 dB, K2 = 1.995, DESIGN

CENTER FREQUENCY. 3 GHz)

power dividers in MIC or hybrid integrated circuit (HIC) tech- Simulated results | Simulated results of
nology. However, a proper choice of the design impedafice using general a conventional
allows three-port power dividers to be easily realized. When a : design equations power divider
power split ratio is 3 dB and all termination impedances are 4 (Abitrary 395 Q 35390
. . _ demgn imp.)

equally 50€2's in the case of a conventional three-port power

U . : - Power 52| =-4.76 dB ||Sy| =-4.76 dB
divider, A = 35.39 @ and its corresponding data afg,; = divisions 21 21
102.85 Q, Zoz = 51.54 Q, Zos = 59.43 Q, Zoz = 42.07 53] =-1.76 dB ||S3| =-1.76 dB
Q, ar?(_jRes = 106.03 €. Qn t_he_ other hand, under_ the_ same Matching | |s;,| =- 118.2 dB | [S;,] =-91.0 dB
conditions (the power split ratio is 3 dB and all termination im- B B
pedances are equally 5Bs), those of the three-port power di- [S22] =-96.16 dB | S5,| =-78.16 4B
vider with A = 39.5 Q are Zp, = 108.6 ©, Zoz = 54.45 (2, |S33] =-952 dB | [S3;] =-845 dB
Z04 = 62.775 Q, Z05 : 4444 Q, andR.eS : 118.3 Q. The Isolations lS23| =.1019 dB |SZ3' =.90.0 dB
two three-port power dividers have been simulated under ideal
conditions and HP EEsof Series IV has been used as a simu- Bandwidths 1.5: 1atport® 1.3 :latport®
lator. They are designed at the center frequency of 3 GHz and  less 14:latport@ | 16 :1atport®@
the simulated results are plotted in Fig. 2. Matching frequency than ‘2(1)11‘,1]3 ?g i ?)t port @ 1.25 1 aé port @
responses are described in Fig. 2(a) and power division and iso- = Matehing = ¢ | between 40 1 between

. .2 o and isolations. | port @ and port @ | port @ and port @

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 A = 39.5 © and the dotted ones indicate those of theith the values 0fS11| = —118.2 dB, |S22| = —96.16 dB,
conventional three-port power divider. “DBm” denotes the rdSs3| = —95.2 dB, and|S23| = —101.8 dB in the three-port

sults with decibels proposed by one set of general design eqgpawer divider withA = 39.5 2. From the compared data in
tions and “DBp” denotes those described by [2]. The exact siffiable I, the frequency dependencies of the three-port power di-
ulated results of the two power dividers are given in Table Vider with A = 39.5 € are, in general, better than those of the
Perfect matching at each port and the perfect isolation appeemsventional three-port power divider in terms of bandwidths.
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(MMICs). The bandwidths of three-port power dividers are

e, also limited by the worst property. In terms of bandwidths, the
475k ) band of S less than—20 dB is 1.3:1, and the result is the

worst case, as shown in Table | in the case of the conventional

e three-port power divider. Thus, the bandwidth of the con-

______ Mesis2s ventional three-port power divider may be 1.3:1. Therefore,

i \: o Simiss how to increase the bandwidth depends on determining the
a1 Frequenoy GH2) 16 value of A. The transmission line wittZo, transforms the

) impedanceZs;,, into Ry, andZs;, is transformed intdis by the
transmission line wittZy3 in Fig. 1(b). Both of the impedance

Fig. 3. Measured results of the uniplanar three-port power divider wi ; ; . .
the power split ratio (3 dB) and termination impedances 50, 60, anf?.70 ttansformation ratios oz to R, and Zsi to R; are equally

(a) Matching frequency responses. (b) Power divisions and isolation frequency

responses. 1+ K?
IRy;3 = [Ryjp = Ry ——— 8
143 1i2 K2A (8)
B. Coplanar Three-Port Power Divider Terminated by 50, 60wherelR, ;3 andIRy;» are the impedance transformation ratios
and 705 between the two ports. The impedance transformation ratios are

On the basis of the general design equations (1)—(7),nat dependent on the termination impedanigsand .., and
coplanar three-port power divider with the power split ratiare solely determined bi, and K. Since the two impedance
(3 dB) terminated by 50, 60, and T has been fabricated ontransformation ratios are always equal to each other, the power-
an AL O; substrated, = 9.9 andh = 635 m). To adjust division frequency responses show good performance in whole
an isolation resistance to a commercially available resistor lodind, as shown in Figs. 2 and 3, dift ;3 andIR ;> determine
100¢2, the arbitrary design impedanckis set to 33.332 and the bandwidth of the reflection coefficient at pai or Si;.
all design values ar&® = 2, Zp, = 100 ©, Zos = 50 2, When designing the three-port power dividers, the termination
Zoy = 63.25 Q, Zp; = 48.3 Q, andR,, = 100 2. This power impedanceR, and the power split rati& ? are already given.
divider is designed at the center frequency of 1 GHz and glherefore, the choice of the arbitrary design impedatgiays
measured results are plotted in Fig. 3. Matching frequengy important part for increasing the bandwidth of three-port
responses are described in Fig. 3(a) and power division aflver dividers. Fig. 4 shows the relation betwdéh, A, and
isolation frequency responses in Fig. 3(b), where the solid lingg, ., whenR, = 50 Q, Zs,, > R, andZs,, > Rs. In this
are the measured results and the dotted lines are the simulq@qe' “P, R.” signifies a power split rati& 2 in decibels. The
ones. In the case df® = 2, the power split ratio is 3 dB and resyits show that, as the design impedaricgets higher, the
the measured result &f;; and Sy, are—1.84 and-4.8 dB at jmpedance transformation ratio IR comes close to one, and a
1 GHz showing good agreements between simulated resultbe-port 3-dB power divider with “P. R. 0 dB” in this figures
—1.7 and—4.7 dB. All-port measured matching and isolationgs the worst condition in terms of bandwidthsSef . SinceR
are less thar-35 dB within a relative bandwidth of 0.14 aroundanng give influence onSs» and Sss, as shown in Fig. 1(b),
1 GHz. the determination ofd is limited by how to design the next

. stage. Two transmission lines wifty, and Zy; have no rela-

C. How to Determined tion with each other. Therefore, two waves arriving at paits

By the special purpose for realizing the isolation resistanemd (3) may be in a different phase, but if the length of the two
with the commercial resistor of 10Q, the arbitrary design transmission lines is 90the phase difference may be accept-
impedanced may be determined in the case of the uniplanable. Nevertheless, the smaller the difference in two impedance
three-port power divider noted above. However, the realizatigadmittance) transformation ratid®,;33 andIR;22, the better
of any value of resistance is, in general, not a big problem performance may be expected. To determine the valuefof
the application of monolithic microwave integrated circuitseducing the difference in two impedance transformation ratios
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IR;33 andIR;20, first find the value ofA satisfying the min-
imum difference among four impedancRs, R, R3, andR.,
i.e.,

min || Ry, — Ro| — |R. — R3] 9

However, the value ofi satisfying (9) does not guarantee the +£180°
difference betweeiR ;33 andIR;2> is minimum or zero. The

value is just a initial value to decid® ;22 = Ra/ R, or B,/ Rs

andIR;33 = Rs/R. or R./R3. After determining botHR 33

andIR;»» greater than one, the difference is defined as

Diff = min |R1‘33 — Ri22|- (10)

After calculating the value ofd satisfying (10), compare the Fig. 5.  Smith chart to get a transformer line to transform a complex fhad
worse result among§,» andSss with S1;. If Sy is better than to areference real load. .
the worse result, take the value df Otherwise, increase the

A until 51, is about same as the worse result améagand  for the miniaturized microwave circuits, and the derived design
S33. In the case of a conventional three-port power divider witgquations will be utilized for matching circuit optimizations.
the power split ratio (3 dB) terminated by equal impedances of

50¢2's, the value otd satisfying (10) is 35.39, which is exactly o mathematical Approach for Impedance Transformers

the same as that suggested by [2]. However, the bandwidth OfAt ission-line t f ¢ tch lex |dad
S11 is not wider than that o5, or S33 in the conventional ransmission-line transformer to match a complex lé

three-port power divider case in Table I. Therefore, the desié%a real reference impedang is depicted in the lower part

. : . the Smith chart, and the graphical procedure to get the trans-
impedanced should be increased to improve the performancfgrmer line with a characteristic impedangg and a lengthl
of S11.

is illustrated in the Smith chart of Fig. 5, wherg is a complex
load normalized taz,., /71 is a characteristic impedancg

[1l. SMALL-SIZED TRANSMISSION-LINE IMPEDANCE normalized taZ,., C is the center of the circle passing through
TRANSFORMERS two pointszz, and the center of the Smith chart, agidis the

complex loadZ;, re-normalized taZj. Through the relation of

The most important design tool in microwave passive ane_ (21, —1)/(z1, + 1), the real part’,. and the imaginary part
active components is the concept of impedance matching. feIJ of T are derived as

values of impedances can be plotted in a reflection coefficient

plane and those of passive component loads$ldre 1, where (7,2 _ 1) g

I is a complex reflection coefficient. Therefore, a Smith chart U(r, z) = AFr 2+ (11)
has extensively been used to build matching circuits [17]. How-

ever, though the plane of the Smith chart expresses reflection Ti(r, z) = 2z (12)
coefficients of loads, not only are the coordinates written on the ’ (1+7)? + 22

Smith chart load oriented, but the numbers on it are not als%ere andz are a real and imaginary part ef, respectively
T x y .

linear. Therefore, reading errors may easily be committed. . . .
g y y inceC is the center of the circle that passes through two points

this paper, to reduce the size of transmission-line |mpedanceand the center of the Smith chart, the perpendicular bisector

transformers, & matching technique to match a complex IOad;l?)the line (from the center of the Smith chart)tpis projected

areal impedance (admittance) with only one transmission l'neo'ﬁto the real axis, i.e., poirtt. The value at the point; is two

needed. This matching technique was graphically [15] and ﬂ} nes that of pointC. Therefore, the reflection coefficient at
oretically [18] proposed. However, a formula for the length of is '

the transformer line is thought not correct [18] and the graphic7all
method [15] requires two times impedance (admittance) nor- 2 2
malization to get the transformer line. In this process, reading Lp(ry z)|ry = [F”(T’ $)|Z’*] + [F"’(T’ $)|Z’*]
errors are easily committed [19]. Also, the graphical method Lo(r, @)lar,

[15] was considered only if the complex load was located on . .
the left-hand-side upper half-plane in the Smith chart. wherel',(r, )|z ?ndri(T’.x.)'zL are the regl and imaginary
In this paper, formulas for the transformer lines to match parts of the reflection coefficient at,, respectively. A formula

. , .
complex load to a real reference load are mathematically cﬁé[ the impedance?, based on (11) and (13) yields

rived and two types of small-sized transmission-line impedance

transformers are constructed using the derived formulas. These Z_é _ 1+ Do(r, @)y (14)
small-sized transmission-line transformers will be very useful Z, 1-Tu(r, ©)|m

(13)
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g=05 0, |« much less than a quarter-wave. The graphs shown in Fig. 7(a)
ooy, a @b‘"" . . .
2 VSWR ™, > and (b) depict the impedandg and length®, of the CVT in
Y °' o 1° Fig. 6(b) depending o®, variations. Those in Fig. 7(c) and
0.5 1 2 (d) also indicate the impedangg and length® 4 of the CCT in
@) (b) Eig. Géc) dependir:jg 08, \‘{ariatior:s‘,‘. They t1i1ve beepuproduc?d
0, e © —] ased 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
*W -0 W I° ratios. For these simulations, two impedanégsand Z. are
I€ CT set to 5002, and the reference impedangg is also set to 502.
* ¥ Fig. 7(a) and (c) shows that, as the impedance transformation
(c) (d) ratio goes higher, the impedanég or Z, also goes higher.
Fig. 6. Impedance transformers to transform a real impedance to a rddl€ responses @b, depending or®, in Fig. 7(b) are almost
reference impedance. (a) Part of the Smith chart (in the cad® o= 2). linear in the CVT case. However, those ©f, depending on
(b) CVT. (c) CCT. (d) Conventional reduced-sized impedance transformer. ©. 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
The lengthd of the transformer line in Fig. 5 is obtained from®,. smaller than 20 The total length of the CVT i®, +6,,
the pointz} , the complex load re-normalized £, and in the but that of the CCT is only, because the transmission line
case ofl",.(r, )|, < 0, they are with Z,. is an open-circuited stub, and the open stub is easily
substituted with a capacitor. As is well known, the conventional
Li(r, @)z, (15) impedance transformer ability to match 100 to 80is its
L. (r, $)|Z'L characteristic impedance 70.7and length 98 This case is
“IR 2,” as shown in the graphs. The value fof, =0° or©, =
in the case of’,.(r, z)|,, > 0andly(r, z)|z; > 0,theyare o in Fig. 7(a) or (c) is 70.%2 and the value fo®, = 0° or
O, = 0°in Fig. 7(b) or (d) is 90. In this way, if the impedance
N ] _ Li(r, @)z, transformation ratio is known, the impedance and length of
( 0——) At 3 (162) . ANC
2 Ly(r, )|z, the transformers are known with the variations of changed
complex loads. The detailed data are tabulated in Tables I1-V.
and in the case df.(r, z)|,, = 0andl';,(r, z)|z; < 0, they A careful study of Tables IV and V in the case it = 1.6

tan(2@0) =

tan

are shows that if6, = 20°, Z; = 95.92 Q and®,; = 28.24°. The
L (r fact indicates that a 1.6:1 transmission-line transformer can

tan |2 (@0 + E) — i(r, 2)lz, (16b) be realized with a transmission line 2872ang together with
2 Ly (r, 9?)|Z'L a capacitor. Fig. 8 shows the frequency responses of reflected

] ~coefficients of CVTs and CCTs withR = 1.6 on the basis
where0 < ©9 < 7 and®, = /id for an attenuation coefficient of Taples 11-V. For 1.6: 1 impedance transformer realizations,
o — 0 and a phase coefficieft = 27 /A. the real load and reference impedance are set to 80 and 50

2, respectively. “CVT” and “CCT” on the graphs are CVTs
B. CVT and CCT and CCTs, and the following number denotes the electrical

2:1 quarter-wave impedance transformers are often utilizeshgth of ©, and©.. in Fig. 6(b) and (c), respectively. These

for 3-dB power dividers (ring hybrids and three-port power dsimulations have been carried out under ideal conditions, and
viders). A 2:1 quarter-wave impedance transformer is plott€ZVTs and CCTs are designed at the center frequency of 3
from 0.5 to 1 as a solid half-circle and a constant voltagéHz. From the simulated results, the reflection coefficients
standing-wave ratio (VSWR) circle passing through the poiof all 1.6:1 impedance transformers at 3 GHz are between
0.5is illustrated as a dotted half-circle in Fig. 6(a) in the case 6f73.36 to —94.259 dB. The frequency responses of “CVT
an admittance Smith chart. To reduce the size of quarter-wa@&” and “CCT 10" are about same with each other and that of
impedance transformers, it is necessary that the load admittat€€T 20 is the worst case. Fig. 8(b) shows the comparison
0.5 be changed from a real into a complex admittance. Hoetween the conventional transformers in Fig. 6(d) [16] and
this, there are several possibilities. One of them is moving UGCT 207 stated above. These simulations have been carried
along a constant VSWR circle, and another along a constanit under ideal conditions at the frequency of 3 GHz and the
g = 0.5 circle, as indicated by the arrows in Fig. 6(a). Theata for the simulations of the conventional transformers are
other cases, which are combined with the two methods, avken © = 28.24°, Z = 133.7 ©, andC = 0.739 pF, if
also available, but for easy constructing of the transformef3, = 80°, 7 = 64.22 2, andC = 0.146 pF. The capacitance
the two methods will be discussed. The resulting circuit of tHer the realization of the open-stub transmission line for “CCT
first method is shown in Fig. 6(b), that of second one is shov@®™ is 0.39 pF. “Con” on the graph denotes the conventional
in Fig. 6(c). The transformer in Fig. 6(d) is a conventionaransformers, and the following number is the lengttof the
reduced-sized transformer equivalent to a quarter-wave dangnsmission line in Fig. 6(d). The frequency responses of the
[16]. By the background, the transmission-line transformé&E€CT 207" are about same as those of the “Cor"8fiom
in Fig. 6(b) is named a CVT and that in Fig. 6(c) is named the simulated results in Fig. 8(b). The fact expresses that the
CCT. Here ©, + ©, in the CVT orQ in the CCT of Fig. 6 is length® in Fig. 6(d) must be greater than@d order that the
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& ©y(Degree)8

0 . M M i

50 i A " a
0 15 @ (Degree) 30

Fig. 7. Design graphs for CVT and CCT depending on impedance transformation ratios. (a) Impgdaadation depending of)... (b) Length®, variation
depending or®,, . (c) ImpedanceZ,; variation depending of... (d) Length©,, variation depending of®..

TABLE I TABLE 1lI
IMPEDANCE Z;, DEPENDING ONG® LENGTH ©, DEPENDING ONG®

IR=12|IR=14|IR=1.6[IR=18]|IR=2.0 IR=12|IR=14]IR=16[IR=1.8{IR=2.0
9, Zy/Q, (Z,=50Q, Z, =50Q) 9, ®, / Degree, (Z, =50Q, Z, =50Q )
0° |s5477 |59.16 ]63.25 |67.08 [70.71 0°  |90° 90° 90° 90° 90°
5o |s5485 [5932 [63.48 [6740 [71.12 50 179.96° [79.86° [79.72° [79.56° |79.39°
10° [55.10 [59.82 |64.25 |e68.44 [72.45 10° [69.91° [69.70° ]69.42° [69.09° |68.72°
15° 5555 |60.76 6570 |70.44 |75.03 15° |[59.86° |[59.53° |[59.08° |58.55° |57.97°
20° [5633 [62.37 [6823 ]73.99 [79.70 20° |49.80° [49.31° }48.65° [47.88° [47.01°
25 5765 |65.19 [72.80 ]80.63 |88.80 25° [39.72° [39.02° [38.07° [36.93° [35.66°
30° |60.09 [70.71 [82.37 9574 |111.80 300 129.58° [28.56° [27.12° |25.35° ]23.28°
35° |65.65 [85.16 [113.45 |166.95 |440.86 352 [19.33° [17.63° [15.03° |11.31° [4.66°

performance of the conventional transformer can be equal3®’, CCT 15, and CCT 20 are illustrated in Fig. 9(a)—(d), re-

that of the “CCT 20.” spectively. The total length of the CVT 2@ 68.65, that of
CVT 30° is 57.12 from Table IIl, that of CCT 15is 42.66,

C. Microstrip CVTs and CCTs (1.6:1 Impedance that of CCT 20 is 28.24 from Table V. The measured results

Transformers) in Fig. 10 show very a similar tendency to those in Fig. 8(a).

On the basis of the derived design equations (14) and (l@pce the reference impedangg is 502 in t.he.se small-sized
and Tables II-V, 1.6 : 1 impedance transformers have been fiBPedance transformers, the characteristic impedances, of
ricated on an AJO; substrateq, = 9.9 andh = 635 um) andZ(_: are all 50€2. The data for the fa_brlca_non of 1.6:1 mi-
in microstrip technology. The layouts for the impedance tranSlOStrip impedance transformers are given in Table V1.
formers are depicted in Fig. 9 and the measured results are
plotted in Fig. 10. These impedance transformers were desigiegBounded Length of CVT and CCT
at center frequency of 3 GHz and they are terminated in 80In the case of the impedance transformation rélo= 2,
and 50%2. Therefore, a quarter-wave impedance transformersbown in Fig. 6(b)—(c), the locus @&, or O, starts from the
transform 80-5@ is additionally needed, and “Ipt” shown inpoint (¢ = 0.5, b = 0) on the real axis, as in Fig. 6(a), wheye
Fig. 9is the additional impedance transformer. ACVT,ZIVT is a normalized conductance ahis a normalized susceptance.
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TABLE IV . Ipt CWT 20
i
IMPEDANCE Z; DEPENDING ONO. |
(@) (— S -
IR=12|IR=14|IR=16[IR=18|IR=20 1z, &
®. Z, / Q, (Z,-500Q, 2, =50Q) e
0° 54.77 59.16 63.25 67.08 70.71 o
5° 56.35 60.30 64.30 }68.15 71.81 (b i 5|
10° ]62.17 64.26 67.91 71.75 75.57 X Zy
15° ]78.81 73.48 75.94 79.66 83.75 i )
20° |254.87 ]99.88 95.92 98.54 103.131 . 1. OCT 15
25° 253.30 |194.17 ]195.94 H—H'l--r,—ll-
) :t ___.___,* e
Zz
TABLE V | ;
LENGTH ©,; DEPENDING ON® T M
i -
— — — — — £
0 IR=12|IR=14|IR=16[IR=18[IR=2.0 ds - - T
¢ ®,; / Degree ( Z,=50Q, Z, =50Q) I f-‘f
0° 90 90 90 90 90
5° 59.39 69.73 73.30 74.98 75.89
Fig. 9. Layouts for the microstrip small-sized 1.6 : 1 impedance transformers.
10° ]37.24 51.58 57.44 60.35 61.94 (2) CVT 20. (b) CVT 3. (c) CCT 18. (d) CCT 20.
15° {21.54 35.96 42.66 46.16 48.09
200 [5.133 J2145 [2824 [31.78 [33.66 5
25° 9.70 13.79 15.30 Sij (dB) . Sip
-20 v IH ST
S4(dB) CVT 10%
CVT 15°
CVT 20° 15
22r CCT 10° st
CCT 15° sty o5 .
CCT 20°—>¢ i 3 Frequency (GHz)
o4 . ] . Fig. 10. Measured results of the microstrip small-sized 1.6:1 impedance
B 3 Frequency (GHz) 4 transformers (CVT 20 CVT 30°. CCT 15. CCT 20).
(@ TABLE VI
0 FABRICATION DATA FOR THE MICROSTRIP1.6 : 1 MPEDANCE TRANSFORMERS
(w: WIDTH OF MICROSTRIPLINE, /: LENGTH OF MICROSTRIPLINE)
Sy1(dB)} Con28°
Con 60° Ipt. CVT 20° CVT 30°
Z, w =608 um w =608 um
15 Con 80 w =356 um Fe™17=2147 um _ |/=3212 um
CCT 20° 1=9853 um a
Zy w =292 um w =167 um
®, 1=5357 um 71=3025 um
Ipt. CCT 15° CCT 20°
-30 :'3 . . 2 Z, w =607 um w =607 um
Frequency (GHz) w =356 um [[™17=7610 um  |/=2147 um
(b) [=9853 um
Zy w=215 um w=98 um
Fig. 8. Simulated matching results of impedance transformers for the
impedance transformation ratio 1.6:1. (a) Simulated results of CVTs 0, [=4733 um I=3179 um

and CCTs £, = 50). (b) Comparison between one CCT°2a8nd the
conventional reduced-sized impedance transformers.

ductance circles pass through a pgint0) on the reflection-co-
In the general case, the locus®f, or O, starts from the point efficient plane in Fig. 5. Therefore, the constant 1/IR circle
(¢ = 1/IR, b = 0) as the impedance transformation ratio IR i expressed as
varied. Whery = 1/IR andb = 0 on the Smith chart, the real 2 2
part of the reflection coefficient at the point&R —1)/(1+1R), <Fr 1 ) 412 = < IR ) (17)
which is based on (11). In addition to that point, all constant con- IR+1 IR+1

T
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and the constant VSWR circle related with IR is

2
1-1IR
MParz=(——1. 18
Pt <IR+1> (18)

These CVT and CCT are passive components. Therefore, the
pointry in Fig. 5 must not be outside @if| = 1. For each locus

of 8, or O, to exist inside of['| = 1, two conditions must be
satisfied and result in

2 2

<r,,+%> +I?2 < <%) (19)
2 2

<r,,_%> +I2 < <%> . (20)

The possible ranges 6f, and©.. are illustrated and a family of
circles, a constant VSWR circle, a constant conductance circle,
and two circles of (19) and (20) withlth+” and “Imm—" are (b)

drawn in Fig. _11(3)' The family circles are _phase angles bﬁ@. 11. Bounded lengths &, and©. (a) Half of the Smith chart wherein
tween normalized voltages and currents with fromt® 40°  a family of phase angle circles are drawn, illustrating the method to get the
[17], and the center of the Smith chart in Fig. 11(a) is expandéernded lengths. (b) Loads of CVTs and CCTs with= 1.6 and the bounded

in Fig. 11(b), where the changed complex loads of CVTs afiois@ ", 07, andey.
CCTsdesigned in Fig. 8(a) are shown by dots. Here, the changed

complex load of the CCTZ20is located on the highest phase BOUNDED LE[\EFE;EOF\(/:I{/TSAND CCTs

angle circle, whereas that of the CVT18 on the lowest phase

angle circle, and those of the CVT2énd CCT10are on about e, e, e
the same phase angle circle. If the changed complex load islo- Tr=12 42.392° 47.608° 20.439°
cated on lower phase angle circle, the bandwidth is wider,ascan Tr=14 40.203° 49.797° 24.311°
be seeninFig. 8(a). Therefore, the phase angle circlesarerelated TrR=1.6 38.329° 51.671° 25.833°
with a@@-factor and the bandwidth of the CVT1éhows the best IR=18 36.699° 53.300° 26.423°
performance among the small-sized transformers in Fig. 8(a). IR=20 35.264° 53.736° 26.565°
That means, depending on where the changed complex loads of

the CVTs or CCTs are located, the relative bandwidth of CVT m m _

and CCTs may be determined in Fig. 11(b), which agree Wi}ﬁe range betwee;;"" ande;*?, and those in Tables II-lll and

InFig. 8(a) are allird < ©, < O™LIf O, is greater tha®’?,
the changed complex load of the CVT is located on the right-
hand-side upper half-plane of the Smith chart and the length
9, is greater than 90from (16a). Therefore, the CVTs with
om? < 0, < 90° may be realizable, but not recommendable.
In the case of the CCT$). is in one rangd < ©, < O, as

shown in Fig. 11(b). All data foP”**, ©™2 andO©™ are written

the results of Fig. 8(a).

The constant VSWR circle intersects two circlési%-" and
“Im—"at two points®™! and®™? in Fig. 11(b).0™! is a max-
imum length of®, in one region an®”*? a minimum length
in another region. The formulas f&r™! and©7? related with
the impedance transformation ratio IR are

. et in Table VIl as the impedance transformation ratio IR is varied.
tan [7r — 207 } = ot (21)
1“:"2 mi IV. SMALL -SIZED THREE-PORT 3-dB POWER DIVIDERS
tan [W - 292"2} =2 = T (22)  To reduce the size of a three-port power divider, the CVT
" " and CCT are good candidates. Applying the CVT and CCT to
whereI'™ = —(1 — IR)?/(IR + 1)? andI'"™ = 2(IR — conventional three-port 3-dB power dividers, the resulting cir-

1)vIR/(IR+1)? from (18)—(20). The constapt= 1/IR.circle ~cuits including the 1.Cs are shown in Fig. 12. The three-port
intersects the circleltn+" at only one point®?" in Fig. 11(b) 3-dB power divider based on the CVTs is called a CVT3PD in
and the imaginary paft!® for the ®7* is 2¢/IR — 1/(IR + 3) Fig. 12(a) and that based on CCTs is called a a CVT3PD in
from two circles in (17) and (19). The susceptahder I'?* is  Fig. 12(b), whereZ! is Z../2.

VIR — 1/IR from (12) and the transmission line wiff, is the

open-circuited stub in Fig. 6(c). Therefore, the length is A 1.Cs of the CVT3PD and CVT3PD

In the case of Fig. 12(a), the eigenadmittapcg20] of the

tan [@m} — 7VIR_1. (23) in-phase circuit contributed by the two po@ and @ without
¢ IR -
the I.C is
From Fig. 11, the ranges whe®, exists are) < 0, < em! Yovroe + 7Y, tan O

ande”? < @, < 90°. Therefore, the CVT cannot be realized in v =Yose = Ybe + 1Yoy Toe tan O, (24)
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Fig. 12. Two-port circuits for the derivation of isolation conditions. ,go T e = 05
(2) CVT3PD. (b) CCT3PD. e P e g
[ 2185 1 p; , ,s’ ]
where Ya = ]./Za7 Y;, = 1/Zb and YCVTOC = SI 7.8y Ce Y

Y.(1 + j2R,Y, tan ©,)/(2R, Y, + j tan ©,), and the 100 Lax . 100

eigenadmittancg. of the out-of-phase circuit is 0 45 @, (Degree) 90

(b)

Yovrse + Y tan Oy
Y, +jYCVTsc tan @b

v2=Y, . =Y, (25)  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
WhereYCVTsc — _jYa cot ®a- I.C for the CCT3PD.
For a perfect isolation between pa® and (3, shown in
Fig. 12(a), the admittance paramet@k, of all the circuit in-  Fig. 13(a) and that for the CCT3PD is plotted in Fig. 13(b). The
cluding the I.C must be zero, where the subscript'pfis not  |eft-hand-side axis of the two graphs in Fig. 13 indicates the real
related with the port number, but related with a two-port circuipart of I.C with resistanc@ and the right-hand-side axis of the
Since the I.C is connected in parallel with the rest circuit, thghaginary part of 1.C with capacitance picofarad. The capaci-
impedanceZ; ¢ of the 1.C in CVT3PD iL2/(y1 — y2) [13] and  tance is calculated at the frequency of 3 GHz &hyds set to 50
results in . In the case of conventional three—port 3-dB power dividers
-1 terminated by equal impedances, the impedance transformation
ratiosIR ;> andIR;3 are equally two. Therefore, the 2: 1 trans-
formers have been used for CVT3PD and CCT3PD. In the two
(26) cases in Fig. 13(a) and (b), #, and©, are equally 0, the
values for the both cases are equally I@&nd if both®, and
In the same way, the impedanggc of the .C in CCT3PD of @, start to deviate from9Q)the capacitance starts to appea® if

7 —927 YCVTOC +7YE) tan ®b _ YCVTSC +7YE) tan ®b
re Y+ jYovrec tan ©y Yy + jYovrs tan O

Fig. 12(b) is is greater tha®”! (07! = 35.264° in Table VII) in Fig. 13(a),
_1 the characteristicimpedangg is imaginary from (14), but pos-
Ycocoroe + 7Yy tan © . iti i ill exi ination i
Zie=2(v, cCTo + gYq tan Oy + Y, cot Oy itive reS|stance_st|!I eX|.sts dge to thetermlnqthn}mpedalﬁge
Yy + jYccoTee tan Oy and the transmission line with the characteristic impedafyce

(27) If ©, is greater than 45the absolute of the negative resistance
due to the imaginary characteristic impedauGecomes to be

whereYccroe = 1/(2R,) + jtan®./Z., Y, = 1/Z4. greater than that of the positive resistance due to the termination

For®, = 0°, ©, is 90°, as shown in Table Ill. The value of impedanceR, and the transmission line witl,. Therefore,
Z ¢ for the case iZ2 /R, in (26). In the case of conventionalthe resulting value is negative up®&j*?. When®, is equal to
three-port 3-dB power dividers witR, = R, = R. = 50, ©™2, the characteristicimpedancesfis 02 and the resulting
the impedance transformation ratio is two and the characteristsistance of the I.C is Q. Therefore, the point where the re-
impedance of the\/4 transmission line i$0v/2 Q. Therefore, sistance curve passes throught @& ©7*2. Afterwards, positive
Z2 /R, is 10092 in the case of7, = 50v/2Q andR, = 50 Q2. resistance and negative capacitance appear. In the case, the total
The value 10Q2 is recognized as a well-known isolation resislength of®, + Oy is greater than 90and positive resistance to-
tance [1] in the conventional three-port 3-dB power dividers amggkther with inductance, which means the negative capacitance
coincides with®,. = 0° and®, = 90° in (27). Two perfectiso- appears. A€, is close to 90, the characteristic impedance of
lation impedances have been simulated based on (26) and (Z7)js 50/+/2 € and the resulting I.C is only a positive resis-
and the results are plotted in Fig. 13,@s and©,. are varied. tance 5. This case shows that a 2: 1 impedance transformer
The perfect isolation impedance for the CVT3PD is plotted imay be realized with two transmission lines, which are ea¢h 90
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TABLE VIII 0

DESIGN DATA FOR CVT3PDsAND CCT3PDs
S;j(dB) | ' U

CVT3PD terminated by equal impedance 50 Q at 3GHz

Z,=50Q, ©,=29° Z,=1048Q, ©,=259°
Z;c=765-j424 Q= R,=765Q, C, =125pF
Z,=50Q, 0,=20° Z,=79.7Q, ©,=47.°
Z;~=88.30-j32.14 QO > R,=8830Q, C, =1.65pF
CCT3PD terminated by equal impedance 50 Q at 3GHz

Z.=50Q, ©,=25° Z;=1959Q, ©, =153°
C, =0.99 pF

Z;c=535-1499 Q> R, =53.5Q, C, = 1.06 pF

Z.=50Q, ©.=20°, Z; =103.1 Q, O, =33.66°
C, =0.77 pF

Zjc =653647.58 Q > R.=65.36Q, C. =1.11 pF

long and whose characteristic impedances ar@ 50d50/+/2
2, when the reference impedanZe = 50 2. The total length
of the CVT3PD witho™? < ©, < 90°is much longer than that
with 0 < ©, < O™, but the CVT3PD withh < ©, < ™!
may be used in the case that the transmission lines with high b
characteristic impedance are not easily realized. On the other ()
hand, since the available region®f. for the CCT3PD is only Fig. 14. Simulated results of a CVT3PD and CCT3PD terminated by equal
! m .. . . . . _impedance 50. (a) Simulated results of the CVT3PD. (b) Simulated results of

0 < ®. < O, the positive resistance is bounded in one regiofe ccT3pp.
shown in Fig. 11(b), and whe®.. is equal to®??*, the length of
Zq4is 0° and the complex impedance &f ¢ is 50 — 750 2.

In conclusion, the two graphs in Fig. 13 showthat the I.C must3-01 dB, [S11| = —58.945 dB, |Sy3| = —70.261, [Sas| =
not only have resistance, but also inductance or capacitancelftas| = —57.447 at the center frequency of 3 GHz.
the perfect isolation in the case that the length of transmissionin this paper, only the examples with CCT3PD and CVT3PD
lines is notA/4. 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.

B. Design of the CVT3PD and CCT3PD ) o
) o o Therefore, any small-sized three-port power dividers may be
Onthe basis of the derived isolation impedances, four caseggfained.

many possible designs are shown in Table VIII. These four ex-
amples arerealizable 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 The three-port power divider with arbitrary power divisions
plotted in Fig. 14(a), and those of the first CCT3PD in Table Vlilierminated by arbitrary impedances considered in this paper is
are plotted in Fig. 14(b). The design data for the CVT3PD asseful, not only for small-sized microwave circuit design, but
writtenin Table VlllareZ, = 50Q,0, = 29°, 7, = 104.82, also for easy design facilities due to as many sets of design equa-
O, = 259° R, = 76.5€,andC, = 1.65 pF in the inserted tions as possible. Therefore, the design equations may be called
circuitin Fig. 13(a) and those of the CVT3PD dfg = 195.9€2, general design equations and an arbitrary design impedénce
Oy = 15.3°,C; = 0.99pFR. = 53.58,andC,. = 1.06 pF is introduced to describe these general design equations. Addi-
inthe inserted circuitin Fig. 13(b). In the two cases, the deterntienally, to reduce the size ofimpedance transformers, two types
nation of the arbitrary design impedandés not necessary, but of small-sized transmission-line impedance transformers CVT
the Ais 502 and only onein (1) and (2) because both of them aesd CCT are designed. Finally, CVT3PD and CCT3PD are con-
terminated by equal impedances 8®. The impedance trans- structed based on CVTs and CCTs, and perfect isolation im-
formation ratiolR ;5 or IR;3 is equally two and always greaterpedances are derived in the case that the length of transmission
than one. Therefore, the results$f; are worse than those oflines is not\/4. Using the derived I.Cs, the perfectisolations are
Sos Or S33. The performance af>3; may be improved more if achieved for any available three-port power dividers, and allow
another circuit, which has larger bandwidth, is replaced. The fri® design small-sized CVT3PD and CCT3PD. In conclusion,
guency responses of the CVT3PD éfg:| = |S13] = —3.01 general design equations, small-sized transformers, CVT3PDs,
dB, |S11| = —87.072dB, |S23| = —70.113, |S22| = |S33] = and CCT3PDs may play important roles in reducing the total
—70.085 dB and those of the CCT3PD afg,2| = |S13] = size of MICs.

3 Frequency (GHz) 4

V. CONCLUSIONS
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