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Fig. 1. Unequal line-length branch-line coupler.

Branch-Line Couplers Using Unequal Line Lengths
P 9 q 9 branch-line couplers, which are more suitable for microwave-inte-

Canan Toker, Mustafa Saglam, Mustafa Ozme, and Nilgun Gunalgrated-circuit (MIC) and monolithic-microwave integrated-circuit
(MMIC) applications also use quarter-wave-long lines [4].
Branch-line couplers with quarter-wave-long lines being satisfac-
Abstract—General solutions for branch-line couplers using different line tory for most applications, similar constructions, but having different
lengths are provided in this paper. Explicit expressions are derived with  |i5e lengths, are the interest of the work presented in this paper, which

which a hybrid with any given power division ratio can be designed. In the h tb idered . V. It i t only int ting f th
design, one of the characteristic impedances or lengths of the branches can''@S NOL D€EN considered previously. IL1S not only interesting irom the

be chosen arbitrarily to suit a given design specification. This approach academic point-of-view, but it is also useful, for some applications, to
brings flexibility in choosing the characteristic impedances or the lengths use this alternative design because the hybrids using quarter-wave-long
of the branches, and is helpful especially in monolithic-microwave inte- |ines do not always lead to realizable characteristic impedances. This
grated-circuit applications where restrictions imposed on microstrip rans- ¢, .+ is ohvious in some MIC and MMIC applications where the values
mission lines do not allow the use of conventional branch-line couplers em- L . . L .
ploying quarter-wave-long lines. However, the resultant bandwidth is nar-  Of the CharaCter'St'f: impedances of t_he microstrip transmission I'm:j‘s
rower compared to that of the conventional coupler. are outside the realizable range. Varying the lengths of the branches in-

troduces additional freedom in choosing the characteristic impedances
to overcome this realizability problem, as will be discussed below.

In the alternative design presented in this paper (see Fig. 1), the char-
|. INTRODUCTION acteristic impedances and lengths of the through and branch lines are

. . . . . different. This type of construction enables one to deal with four vari-
Ever since the introduction of the branch-line couplers, it has bee .
. ables, namely, two characteristic impedances and two lengths com-
a common practice to choose all the branches a quarter-wave-long at . o
; - ared to the conventional coupler where only two characteristic imped-
the center of the frequency band of interest. With fixed lengths of the : . .
. . o ances are used as variables. The analysis of the new branch-line coupler
lines, attention is then concentrated on the characteristic impedances : . - . o ;
. . . e eads to three design equations with which a hybrid with any power di-
of the various branches to satisfy the given specifications. This.. . . . . .
. - .\ision ratio can be designed readily. In this design, one of the parame-
procedure is adopted for all the work on branch line or branch-guide

. X . . ers can be chosen arbitrarily, which may be very useful under certain
couplers, including multibranch couplers, which are developed 19 ) i
- . ; ircumstances, and the phase angle difference between the transmitted

widen the inherently narrow bandwidths [1], [2]. The problem of. . . o

o 4 L ignals to the output branches is’98owever, bandwidth reduction is
realizability concerning the characteristic impedances of the mulfi- .
: ) - e . unavoidable.
branch microstrip couplers is improved by optimization algorithms;
however, in such studies, the lengths are again kept fixed and only the

characteristic impedances are optimized [3]. Broad-band uniplanar

Index Terms—Branch-line couplers, hybrids.

Il. ANALYSIS

The branch-line coupler under investigation is shown in Fig. 1. This

Manuscript received August 31, 1999, cogpler has dlfferentlllne lengths and characteristic |mpedan9es for the

C. Toker and N. Gunalp are with the Department of Electrical and Electroniggjacent arms. The lines are assumed to be lossless e}nd reciprocal, and
Engineering, Middle East Technical University, 06531 Ankara, Turkey. the reference impedance at the ports is take@asZ, is the char-
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/S*tg'(‘j?rjh?\;irr';% ;‘ET;SC?]?]‘Q’k‘;‘Sg‘ gllezg”;g;:fn‘s’ra'\g'tcg‘gﬁxzn'i'ec"o”'CS' Darmimpedance of the branch line&, andf, being their respective elec-
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tronics Industries), 06531 Ankara, Turkey. Ports 2 and 3 are the output ports. Applying even- and odd-mode anal-
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For even-mode excitation from ports 1 and 4 Note that wherZ, = Zy, this equation leads to the conditidh =
Zy//2, which is the case for a 3-dB conventional coupler. However,
. . 7 6y . an infinite number of solutions exist f&f, andZ- provided that (11),
A" =D"=cos b1 - A tan == sin o1 @ (12), and the following results are satisfied.
B® =jZ, sin 6, (2) Substituting the relevant chain parameters into the transmission co-
. 1 0, 1 (Z  Z 5 05\ . efficient expressions, invoking the condition given by (11), and several
"= 2.7? tan 5 cos 1+ A <Z Tz tan” 5) sin ;. trigonometric identities, the ratio of signals traveling through ports 2
: - 2 B @3) and 3 can be formed as
Sa1 Lo .
For odd-mode excitation from ports 1 and 4 Sa1 / Zo sin B (13)
7 i 7, sin 6, Equation (13) verifies that the signal through port 2 leads the signal
A% =D’ =cos 61 + — 4 (4) through port 3 by 90for all values ofZ- andé- provided that (11) and
Zy sin 5 (12) are satisfied.
B° =7 sin 6 ) Defining the power division ra‘ltia}s2 between the output ports as
(power output through port 2= k? x (power input to port 1)where
, 1 cos 8 1|z Zz 1 ) 0 < k < 1, one can write from the conservation of power
C’=—-2j— +ij— | === sin f.
Z2 92 Z2 Z1 Zz 2 92 .
tan — tan > Soy 2 B k2 1
(6) Sar| T 1—k2 (14)
For the even mode, the input reflection coefficient and the transmll’g-Slng (13) and (14)
sion coefficient from port 1 to port 2 are given by k
Z2 | Sill €2| = Zo W (15)
B ZyC* o
e = Zo _ ’ @) is obtained. This relationship governs the power division between the
24¢ 4 g + ZoCe output ports of the coupler and constitutes the third design equation.
0
T = 2 ®) [1l. DESIGN CONSIDERATIONS
21 Be - . i i .
24 + + ZoC'e The design equations (11), (12), and (15) contain the four variables
Zo Zy, Z», 81, andd2, one of which can be chosen arbitrarily. This choice

_ . . . can be made to suit the realizability constraints of the coupler. Usually,
Similarly, the expressions are obtained for the odd-mode coefficienss g gjfficult, in practice, to implement and, hence, it would be useful

by replacing the even-mode chain parameters by the odd-mode pargiisgsez, as a realizable value in the beginning of the design.

eters in (7) and (8). After the superposition of even- and odd-modegq (12) and (15), it is readily observed that, for all desighs<

ex_citations,_t_he matching condition at th_e inp6it { = 0) and the i_s_o- Zo, Zs > Z1,andZs > Zok/vI— k2. In a design proceduré, is

lation condition at port 4%, = 0) are imposed. These conditionsgt yetermined for a given power division ratio. Then, choosing one

dictate thal™” = I'” = 0, resulting in of the four variables independently, the others are obtained using (11),
(12), and (15).

B _ g (9)  Foranominal 3-dB couplet = 1/v/2. Substituting this value in
Zo (15), we obtain
cr=cv. (10)
ZQ sin ‘92 = Zo. (16)
Hence, itis interesting to note that, for this structure not &fly= B°,  Eqr a conventional branch-line coupler with= 90°, (16) givesZ, —
but alsoC” = C”. Zo, and (12) givesZ; = Z,/+/2, as expected.
Equating (3) and (6) in accordance to (10), and simplifying the re- f one preselects,, the first equation to use would be (12) to find
sultant expression, one finally obtains Z,. 6 is then calculated from (16). Finallg; is evaluated using (11).
As an example, for a 3-dB hybrid with, = 50 €2, let us choose
7, tan 81 = —Z, tan 6. (11) Z1 = 40 Q. This value is smaller tha#, as required, but larger than

35.35¢2, which corresponds td, of a conventional coupler. Note that

This is one of the three equations that are used in the design of ieOMe MMIC applications, the realization of a 3583line is not

coupler. If one of the arms is chosen s = 90°, (11) gives that possible. Corresponding, is 7 = 66.67 2. Using (16), two values
. 1 B _ =Q° 191 A1° H H
¢ must also be selected as"9Which is the case in the conventionaIiﬁ;?neerﬁ?éi;n(eldlg(ﬁgasf? 11742529(03:;9;5_0;“;;Ité Flﬂailgfé:‘;'
branch-line coupler. However, (11) shows that other solutions exist.Or — 62.11° corresl o_ndin ) td — 131 210) 9102 =285
The second design equation is obtained from (9). Substituting (2) an flth_e hi -hest(real' aFt))Ie alge f(%_'s t‘ak.en as' 100. still a higher
(3) into (9), an expression is obtained that can be simplified by in\IOkiQ/%I '9 2 vaiu 2! st '9

the condition given by (11) and several trigonometric identities. Trﬁzl;ezfoer 4(:AIarH12b;ogt(;'alr;?t?tljgsﬁfolIov;z:oc(k;c;olsé%g) :anl(;)?rf)zrﬁfgrlr;

: ; y 41 = aa.d y W = , )
resultant equation is #, = 127.76° (or 52.24°) are obtained.
1 1 These examples show that the branch-line coupler using unequal

1
7z 72 = z2" 12 pranch lengths reduces, to some extent, the problem of linewidths be-
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Fig. 2. Comparison of the frequency responses of a 3-dB unequal line lengi). 4. Simulated frequency response of the MMIC unequal line-length
and a conventional coupleZ, = 40 {2, Z, = 66.67 Q, 6, = 117.89°, and  pranch-line coupler of Fig. 3.
6, = 48.59°.

wave-long lines give wider bandwidths than the alternative design pre-
sented in this paper does. This difference becomes more pronounced
as the lengths deviate further from the quarter-wave.

] As another example, a MMIC unequal line-length branch-line hybrid

is considered. Fig. 3 shows the layout of the hybrid, which is designed
on a GaAs substrate using GEC Marconi F-20 process foundry rules. In
this process, the minimum realizable characteristic impedance(is 40
and, hence, a conventional hybrid, which requifgs = 35.35 €,
cannot be realized. Fig. 4 shows the simulated frequency response of
this unequal line-length MMIC hybrid. The effects of the junctions and
corners are taken into account. The shift in the center frequency and the
finite reduction in the return losses are assumed to be due to the losses
of the substrate.

IV. CONCLUSIONS

(| | Exact design equations for alternative branch-line couplers, which
use unequal line lengths have been presented in this paper. Out of four
e [ variables, that are two lengths and two characteristic impedances, one
can be chosen arbitrarily to facilitate the realizability problems. The
Fig. 3. Layout of the MMIC unequal line-length branch-line couple@nalysis of this type of branch-line coupler is reduced to three equations
designed on GaAs substrate using GEC Marconi F-20 process foundry rufsem which a hybrid with any power division ratio can be designed.
fo=11GHz,Z, =409, Z, = 66.67 (2,6, = 62.11°, andf> = 131.41°. In the design examples provided, it is shown that higher impedance
For through lines[. = 1634 pm andW" = 240 um. For branch lines, |o\eis can be used for the branches to overcome the difficulty of
L = 3458 ymandW = 72 um. . . . . . . .
the linewidths becoming excessive, particularly at higher microwave
frequencies. As an example, an alternative design for a MMIC unequal
coming comparable with the line lengths at high frequencies [6] by elire-length branch-line coupler is given where the conventional
abling designs with higher characteristic impedances; hence, narrolwsnch-line coupler having 35.3%-characteristic impedance could
linewidths. not be used because of the concerned MMIC foundry rules. In this
Fig. 2 shows the comparison of the frequency response of a 3-dB emample, a compact design occupying a relatively small chip area is
equal line-length branch-line coupler (the first design given above) withalized.
that of the corresponding conventional coupler with quarter-wave-lineThe inherent characteristics of the unequal line-length branch-line
lengths. Itis observed that the branch-line couplers employing quarteoupler is the narrow-band operation compared to the commensurate
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line couplers. This feature becomes more noticeable when tle a lossless line are given, respectively, by the D’Alembert solutions
impedance levels deviate further away from those of the conventional

coupler or the lengths differ further from quarter-wave. This is an Vet vt (1- 2 v{i4 7 2

important drawback of the present coupler, and for wider bandwidths (z,1) =V ( - T) + + v (2a)

different methods, such as the optimization technique in [3], could be . 5

used. I(zt) =TT <f - ;) +1I” <t + ;) (2b)
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A Simple Equation for Analysis of Nonuniform Il. ANALYSIS

Transmission Lines The transmission-line equations

Robert Nevels and Jeffrey Miller oV oI

=—-L—= 3a

0z ot (33)

Abstract—The solution to the telegrapher equations is often presented ﬂ _ C’m/ (3b)
as a D’Alembert expression for the voltage in terms of the voltage at a pre- oz ot

vious time or for the current in terms of the current at a previous time.
In this paper, we present a complete solution for the coupled set of trans-
mission-line equations such that the voltage or current is in terms of both
the previous time voltage and current amplitudes. The key features of these
equations are: they require only the initial voltage and current amplitudes,
positive- and negative-direction traveling waves do not have to be identified, OF
they are valid on a nonuniform transmission line, and they are related to the ot
frequency-domain A BC D-parameter equations and the D’Alembert ex-
pressions for coupled functions. A method is presented for evaluating this
set of equations numerically and results are given for a transmission-line
filter and for a transmission line with a nonuniform section.

for a two-port lossless nonuniform transmission line can be cast in the
form of a single-vector equation

—SF 4)

where the voltage—current vectBrand operator matri§ are defined
b

Index Terms—Distributed parameter circuits, transmission lines.

F=[v I]" (5)
0 10
|. INTRODUCTION §—_ 5 C oz ©)
= 1 .
In many textbooks, e.g., [1], general real-time solutions to the trans- 9> 0

mission-line voltage and current wave equations
In the above equations, the distributed inductarceand capacitance

9%V o’V (C) are each functions of position as are the currenif ) and voltage
=LC (1a) B ; ; ; ;
922 o2 (V), which are also functions of time. A solution to (4) can be found
021 91 by first finding the propagator matriK that satisfies [4]
=LC— (1b)
922 ot? .
oK _——
=S 7
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