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Short Papers

Matched Symmetrical Five-Port Microstrip Coupler

S. P. Yeo and F. C. Choong

Abstract—Other researchers have fabricated a symmetrical five-port G
microstrip coupler (with a double-ring structure) yielding a bandwidth of
58%. It has been found in this paper that a simple modification of the de-
sign topology allows the coupler’s bandwidth to be broadened to 76%. A
first-order model of the new prototype has also been developed, and tests
have confirmed that close agreement can be expected between the predicted Q

and experimental results for the coupler’s scattering coefficients.

Index Terms—Microstrip components.

|. INTRODUCTION

Ribletet al.were the first to demonstrate the use of the symmetrichlg. 1. Symmetrical five-port microstrip coupler with design parameters for
five-port coupler in .. a compact and simple six-port configurationProad-band prototype given by: inner ring—9.3-mm radius and 3.0-mm width,

L - - . " uter ring—16.1-mm radius and 3.5-mm width, ring-to-ring links—3.6-mm
with virtually ideal properties for precision measurements” [1, p. 15 th and 5.2-mm width, tapers—13.8-mm length and 10.1- and 4.2-mm

This component has since been adopted by other researchers for Q\Qr(}j?hsy substrate-relative 6.2-mm permittivity and 2.5-mm height.
structing six-port reflectometers that are able to yield optimum mea-
surement performance (e.g., in [2]-[4]). where, for the ideal case [6], we require thet= 0, |o| = |3| = 0.5
Various designs have already been proposed (e.qg., in [5]-[11]) for thedarg(«/3) = +27/3.
microstrip version of this particular coupler. According to Abouzahra
[5, p. 154], “ . . the best and most comprehensive analysis for the sym-
metrical five-port circuit was published by Kiet al.[6]” and we shall
thus utilize their paper as our reference. One of the designs explored iNVe have previously employed transmission-line analysis [13] to de-
[6] is the single-ring-with-star structure; although de Ronde [7] claimectlop a first-order eigenmode model of the symmetrical six-port mi-
an octave bandwidth for such a coupler, the design &lilsl. managed crostrip coupler based on the simpler single-ring topology. The eigen-
to obtain from their optimization attempts had a predicted bandwidth mfode formulation we adopted in [13] allows us to adapt the model of
only 57%. Turning their attention to the double-ring topology insteathis rudimentary six-port structure for application to its five-port coun-
they later managed to fabricate in [6] a prototype with a measured baggkpart as well. The design we finally selected (after having attempted
width of 58%. other variations of the five-port structure) is based on the more com-
Riblet [8] indicated that it should, in principle, be possible to achievglicated topology depicted in Fig. 1 and we, therefore, need to expand
further bandwidth improvements. We note that the ring-to-ring links @ the basic model borrowed from [13] so as to account for the various
the double-ring structure described in [6] are aligned with the armggitional featuresqz. the second concentric ring, links between inner
connecting the coupler to the external circuitry. In our previous projeghy outer rings, and tapers at external arms). We begin by listing the

on a different coupler (which has sixfold rotational symmetry), Wy ressions we derived for the eigenadmittance of the coupler when op-
have found it helpful to introduce angular displacements for all of thserating in eigenmode of order (wherem = 0, 1, 2). The subscripts

ring-to-ring links [12]; the same approach will be applied here to thr'?ngl andring2 in (2)—(4) refer, respectively, to the outer and inner
symmetrical five-port coupler. Fig. 1 depicts the double-ring structuHengs_ Table I provides the legend for the symbols used to represent
under study where the microstrip lines linking the inner and outer ringr?

are out of alignment with the external arms by 38apers are also in- e different microstrip-line and tee-junction parameters (the values of

cluded because the characteristic impedance of the coupler’s exte\ﬁ%'r)h may be calculated from the closed-form expressions collated in

arms (where they meet the outer ring) may not be&50n addition,
we have developed a first-order model for predicting the entries of tt&e
coupler’s scattering matrix, which, as is evident from the fivefold rota-’
tional symmetry of the composite structure and the reciprocity property
of the substrate material, can be written in the following generic forniY. )c =

Il. COUPLER MODEL

Eigenadmittance of Coupler Without Tapers
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TABLE |
LEGEND FORSYMBOLS EMPLOYED IN (2)—(7)

Symbol Description of Parameter

m-th order eigen-admittance (i.e. admittance looking into
any port of coupler operating in eigenmode of order m)

characteristic admittance of microstrip line (with subscript
Y denoting whether for inner ring, outer ring, link between
rings, or taper at external arm)

electrical angle of microstrip line (with subscript denoting
5] whether for curved arc between any pair of adjacent ports
or for link between rings)
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whereé is the Kronecker delta function and whexe, A2, and\; are
the corresponding eigenvalues$fiven by

. 1= Zowm (Y,,L)Q
1+ Zowm (f'm)Q

The characteristic admittané&... of the lines connecting the com-
posite coupler to the external circuitry has been conveniently fixed at
50 €2 for our design.

@)

Ill. BROAD-BAND PROTOTYPE

The explicit formulas of (2)—(7) can be readily implemented in soft-
ware form. We have since fabricated two preliminary prototypes in
order to test the accuracy of the numerical results generated by our
computer model. The excellent agreement between the predicted and

(AB)q electrical angle for short q-th element of taper measured results for both setsgf3, andy indicates that the assump-
tions we utilized to simplify the analysis of Section Il (e.g., approxi-
B shunt susceptance at microstrip tee-junction (with subscript  mating curved arcs between adjacent ports as straight lines and ignoring
denoting location of discontinuity) the effect of parasitic coupling between neighboring discontinuities)
N square of transformer ratio at microstrip tee-junction (with have not given rise to any unacceptable errors over the frequency range
subscript denoting location of discontinuity) of interest to us. To conserve space, we have not reproduced the plots
for these two preliminary prototypes since neither is able to meet the
|v| < 0.1 specification adopted by Kiret al.[6] for defining the band-
where width of the coupler.
. ) In view of the large number of adjustable parameters at our disposal,
(Fo) s = nii i (Yo) 4 4 j¥iinc tan Grink i Brin (3) itis not possible for us to proceed via random trials and we have thus
' Tink + J (Yim ) 4 tan f1iny added an optimization subroutine, which employs the genetic algo-
. j rithm expounded in [15] to minimize the following penalty function
(Yn)a=— (summed over all sample frequency poirit3:
Tring?2 k=K 5 112 172
. {QYPingz {ms <27;W) €08¢C Hring2 — cot 9ring'2:| £= Z {'1”7 ’Y(fk)‘ +wa Uoé(fk)(— 5} +ws { ‘B(fh:)‘— 5} } .
k=1
®
+ Bl-i,,gz} . (4) Fig. 2 . . )
g. 2 presents the predicted and measured results for the final pro
totype produced by our computer-aided-design software (comprising
) ) ) both analysis program and optimization subroutine). The residual mis-
B. Eigenadmittance of Coupler with Tapers match|~| of this prototype remains below 0.1 over a bandwidth of 76%
The term(Y, )¢ in (2) represents the eigenadmittance of the coupléwhereas for the coupler designed by Kétral.“. . . the experimentally

without the five tapers. Approximating each taper as a cascadg ofobtained bandwidth is about 58%” [6, p. 57]). There is, as expected

incremental steps with thgth element (wherg = 1, 2, 3, ..., Q)
taken as having an electrical angle(af4),, allows us to iteratively
apply the following transmission-line formula:

(YZ,,) v (%A'm)q—t +5Y, (Aé))q |
@Y+ (V)1 (A6),

(®)

(Y,.)e is the eigenadmittance term required to initiate the iteratio
[i.e., forg — 1 = 0 in the numerator and denominator of (5)], an
the final term(Ym)Q is the eigenadmittance of the composite co
pler-with-tapers structure. We have subsequently found from our com-

putational trials that it is important fdr\6) , to remain less than’Sor
our present model.

C. Scattering Coefficients of Coupler with Tapers

Once the values dft; )¢, (¥2)¢, and(Y3)¢ have been determined

from (2)—(5), we are then able to compute the entsies, and~ of the
coupler’s 5x 5 scattering matri¥ [as defined in (1)] via the following
formulas:

m=2

1
Si5 — 5 Z (1 + 6777,—1 + (5777.—2)/\777. Cos

m=0

2rm(i — j)
Sl

(6)

from the preliminary tests’ findings for our first two five-port proto-
types, close correlation between the data generated by our model and
the measurements taken by the HP8510C network analyzer—for mag-
nitudes in Fig. 2(a), as well as phase differences in Fig. 2(b).

The weights selected by Kiet al.when implementing (8) are, =
wo = wg = 1. We have also found that it is possible to choose other
weights (e.g.w~, = 1 andw. = wg = 0) for the optimization runs
because, as Belfost al. [16] have already pointed out, and 3 are

urnished in [16] that the following bounds on the departures ahd

jglated toy for a well-designed coupler. We infer from the analysis

u§ from their ideal-case values apply whier is sufficiently small:

ol =3 < Ly ©
- 3 <2 (10
arg <%)‘ - %T < % Il (11)

However, Belfortet al. did not provide any empirical data in [16] to
establish the range of validity for their analysis. Since we have such re-
sults available, we can perform a sample check by extracting the mea-
sured data presented in Fig. 2 farg(a/3) at f = 1.5, 1.6, 1.7,

..., 3.6 GHz and replotting them in Fig. 3 againsy. It is evident
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Fig. 2. (a) Magnitudes of scattering coefficients for prototype coupler (with [11]
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from the scatter of the data points for this representative plot that the
expressions given in (9)—(11) are valid only whehis less than 0.05.

IV. CONCLUSION

In this paper, we have shown that a simple variation of the
double-ring structure proposed by Kiet al. [6] allows us to broaden
the |y| < 0.1 bandwidth of the symmetrical five-port microstrip
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coupler from the original figure of 58% to the improved value of
76%. The formulas listed in Section Il form the basis of the com-
puter-aided-design software we developed for the present project, and
the results we obtained confirm that the approximations we utilized to
simplify the analysis have not impaired the validity of our model over
the frequency range of interest to us.
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