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The Design of Interdigitated Couplers for MIC
Applications

VITTORIO RIZZOLI aNp ALESSANDRO LIPPARINI

Abstract - A straightforward design procedure for microstripline
interdigitated directional couplers is outlined. Based on exact,
closed-form equations for coupler analysis, a design chart is
developed allowing the geometry of the cross section to be found,
starting from a prescribed coupling and given bounds on directivity
and VSWR. A further chart vields the length of the coupled section
once the center-band frequency has been fixed. In this way, a
complete picture of coupler performance is made available to the
designer so that the necessary tradeoffs between coupling, directivity,
and impedance match can be predicted and understood. The accuracy
of the design procedure is also discussed in relation with the most
important parasitics affecting coupler behavior, such as launching-
discontinuity effects and bonding-wire reactances.

I. INTRODUCTION

ICROSTRIP interdigitated topologies represent the

most effective and popular means of realizing wide-
band-tight-coupling devices—-such as octave-band quadra-
ture hybrids—for MIC applications. Since the original
works by Lange [1] and Waugh and La Combe [2], who
described empirically tailored devices. considerable atten-
tion has been devoted in the literature to the problem of
predicting the behavior of such components on a quantita-
tive basis [3]-{7], and several design procedures have been
proposed.

However. a number of aspects of the analysis and design
problem concerning this kind of device have not been
covered so far. Among these are: a clear explanation of the
physical mechanism giving rise to the high directivity of the
interdigitated coupler: a detailed analysis of the effects of
parasitics (such as due to launching discontinuities and
bonding wires) on coupler performance: and the develop-
ment of a design procedure allowing directivity (besides
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Fig. 1  Schematic of “unfolded™ interdigitated couplers

coupling and impedance level) to be predicted and possibly
optimized for any prescribed coupling.

In order to attempt an answer to the previous questions,
an exact analysis of coupler operation is carried out in the
present paper. The approach used relies upon the even- and
odd-network concept [8], allowing simple, explicit formulas
for coupler analysis to be derived. The latter are then used to
generate frequency-independent design charts yielding the
coupler geometry for prescribed coupling and directivity.
The same approach provides a simple means of accounting
for the most important parasitic effects, including launching
discontinuities and losses. These effects are shown to be
responsible for the discrepancies between theoretical and
experimental results. Finally. some physical insight into the
problem of coupler directivity is provided.

1. CoUPLER ANALYSIS AND DESIGN

A microstrip interdigitated coupler in the so-called “un-
folded™ [2] configuration is shown schematically i Fig. 1.
The device basically consists of a length of an axially
uniform four-microstrip system whose alternate conductors
are short circuited at both ends of the coupled section to
yield the interdigitated topology. The strips are assumed to
be equal and equally spaced since this is the most commonly
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Fig. 2. (a) Schematic of even network. (b) Schematic of odd network

encountered configuration. Thus the only two design par-
ameters are strip width and spacing, once substrate
thickness and permittivity have been fixed.

As a first approach to the problem, the device is modeled
as a loss-free, inhomogeneous, quasi-TEM four-wire line,
and any parasitic effects are neglected. If this is the case, the
voltage and current distributions on the strips associated
with the independent modes of propagation are defined by
the following matrices (propagation factors of the form
exp (—jwz/v,) are understood):

1 1 k4 k, |
—ky ky —1 1
V=1 & &k -1 -1
(-1 1 ks k] (1)
and
1 1k, Ky
—‘k4 k3 _]. 1 .
=1 ¢ K -1 1|V
-1 1k k] @)
where U is a diagonal matrix,
U= (uy, uy, us, uy). (3)

The k’s and u’s and the phase velocities v, may be computed
by the explicit formulas reported in the Appendix, starting
from the capacitance matrices of the line. The latter can be
related to strip width (w) and spacing (s) via conventional
multiwire-line analysis [9].

From (1) and (2) the network is seen to support two even
and two odd modes with respect to the axial plane of
symmetry. Thus despite the interdigitated topology, one
can take advantage of the concepts of even and odd
networks [8] and reduce the analysis problem to one of two

uncoupled two-port networks, having the simple topologies
shown in Fig, 2.

In each case, only two of the normal modes are fed, so that
the analysis is easily carried out in closed form. If the ports
are numbered as in Fig. 1 and a common reference im-
pedance R is chosen, then the following expressions are
obtained for the scattering parameters of the directional
coupler:

sit=Ce+&o—1
12 = 0xlE + 6080
13 =0plr — 0o
()

The even-mode parameters ;£ appearing in (4) are given
by

s1a=¢p— Lo

_ gacsc B, + g5 csc s
E g, cot 8, + g5 cot 05 +

{g= 1
1 — jlg, cot 8, + g5 cot 85 — Sg(g, csc 6, + g5 csc 85)]
(%)
where 6, is the electrical length of the ith mode and
(ks + 1)
=Ry, > "7/
L= + 1
(ky — 1)
=R
qs Uj k2k3 + 1 (6)

To obtain the corresponding odd-mode parameters 6 .& .
one just replaces the subscripts 2 and 3 by 4 and 1,
respectively, in (5) and (6).
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Fig. 3. Comparison between measured and computed performance of interdigitated couplers.

The validity of these formulas was tested by comparing
the computed and measured performances of a practical
alumina 3-dB coupler, having w ~ 70 ym, s ~ 50 um, and a
length of the coupled section of about 4.45 mm. The
comparison is displayed in Fig. 3, where the main par-
ameters defining coupler performance, that is, input VSWR,
directivity, coupling, and insertion loss, are plotted against
frequency (by dotted lines). While the agreement is not
perfect, it is evident that the behavior of the device, including
directivity, can be predicted with practically significant
accuracy.

Now let | be the length of the coupled section. In the
simple schematization considered so far, the scattering
matrix of the coupler depends on frequency only through the
product fl appearing in (5). This allows a universal, that is,
frequency-independent, design chart to be drawn for any
given substrate characteristics. Such a chart for 0.635-mm

alumina is presented in Fig. 4 and consists of a number of
constant center-band coupling and directivity curves
plotted on the w—s plane. To generate these curves a number
of grid points were first established in the w-s plane and for
each one of these the center-band coupling and directivity
were found by seeking the fl value yielding maximum
coupling. Then the curves could be sketched by interpola-
tion. Constant VSWR curves can be obtained in a similar
way; the one corresponding to an input standing-wave ratio
of 1.2 is drawn in Fig. 4 by a thick solid line. The region
where VSWR < 1.2 is indicated as well. To complete the
design information, in Fig. 5 the center-band fl product is
plotted as a function of strip width for different values of
coupling. From this figure the length of the coupled section
can be readily obtained once the prescribed center-band
frequency is given. Thanks to the use of a very efficient
variational procedure [9] for capacitance computations and
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Fig. 3. (Continued).

the explicit formulas (4), it was possible to keep the require-
ments in computer time within reasonable limits.

From Fig. 4 it is evident that coupling values between 2
and 6 dB with good directivities are well within the reach of
present-day technology. It is interesting to observe that
coupling essentially depends on strip spacing only, at leastin
the region where VSWR < 1.2. On the other hand, for any
given coupling value (i.e., strip spacing) there exists an
optimum choice of strip width, yielding maximum direct-
ivity. This optimum point always lies within the region of
good input match. Note, anyway, that the performance of
the coupler does not depend very critically on the geometri-
cal parameters, which explains the relatively wide spread
of different designs for the 3-dB hybrid that have appeared in
the literature.

II1. EFrFeCTS OF PARASITICS

In order to improve the agreement between theory and
experiment, particularly to explain the rolloff of directivity
and the increase of VSWR with increasing frequency, the
analytical model of the coupler should be refined. This can
be done by considering additional effects, such as parasitics
and losses. Unfortunately, when these are included it is no
longer possible to draw frequency-independent design
charts such as Fig. 4, since the scattering matrix of the
coupler no longer contains frequency in the fl combination
only. Thus for a practical design the chart could be best used
to find areasonable starting point for a local optimization to
be carried out by a more sophisticated model. In this section
the effects of launching discontinuities, bridging connec-



RIZZOLI AND LIPPARINI: INTERDIGITATED COUPLERS

S (MICRONS)

6
fL /10 (m/sec)
28.10 28.80 28.80 29.30 28.70 30.10

27.70
2

27.80

(=4
w
o~

50. 70. 90. 110. 130. 160. 170. t180. 210. 230.

30

10.

—e—e——e— ( (DB}

D (DB}

VSHhR<1.2

18 o

22.

T T T T T T T T T T T T T L

T T
25. 36. 45. 55. 65. 75. 85. 85. 105.
W (MICRONS)

T T

™
116.

Fig 4 Design chart for alumina interdigitated couplers

c(DB}=3.

125.

26.00

T T T T T T T T T Y T T T T T T

36.00 45.00 56.00 65.00

W (MICRONS)

Center-band ff product for alumina interdigitated couplers

75.00 86.00 865.00 106.00

Fig §

T

116.00

T

126.00

i1



12 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-26, NO. 1, JANUARY 1978

IDEAL
EVEN OR CDD T
NETWORK i
G o 7

AL
PARASITICS

PARASITICS

ACTUAL
EVEN OR ODD
NETWORK

Fig. 6. Circuit model of launching parasitics.

tions, and losses will be discussed and it will be shown that,
when these are taken into account, one can achieve a fairly
accurate theoretical characterization of coupler behavior.
Junction parasitics are considered first. At both ends of
the coupler, discontinuity effects occur at the junction
between the very narrow coupled section and the relatively
wide 50-Q line, as schematically illustrated in Fig. 1. Now
there is a very simple way these effects can be included in the
theoretical picture of the coupler. In fact, consider the even
and odd networks: for each one of these, the electrical
situation at the ends of the coupled section is much the same
as due to an impedance step in a conventional microstrip.
Thus launching parasitics can be modeled as lumped LC
low-pass ladders [10] which are cascade connected to the
input and the output ports of each network, as shown in Fig,
6. The values of inductances and capacitances can be
computed as in [10], [11]. The predicted performance of the
coupler, including launching parasitics, is plotted in Fig, 3
by crossed lines. The figure clearly shows that these effects
are mainly responsible for the previously observed
discrepancies between theoretical and experimental results.
To account for conductor losses, the general formulation
described in [12] can be followed. The four quasi-TEM
modes of the four-wire line are separately considered, and
for each one the current distributions on the strip surfaces
are found by static methods starting from the voltage values
given by (1). Then the conductor losses are found for each
mode by a first-order perturbation technique. For the 3-dB
coupler described in Fig 3. the following expressions were
found for the frequency-dependent attenuation constants of
the normal modes, assuming smooth strip conductors:

oy = 0.1739,/f
o, = 00410/
2y = 03124,/
oy = 04551/ f (7)

where all of the o’s are in decibels‘centimeter and f is in
gigahertz. These loss factors are easily introduced into the
analytical model of the coupler by changing 6, in (5)into the
complex quantity (6, — jo, I). The theoretical performance of
the coupler with losses included is again plotted in Fig. 3
(solid lines). Only an average discrepancy of about 0.2 dB is
observed between the computed and measured insertion
loss: this is probably due to conductor roughness, giving rise

to an increase in attenuation constants that is unpredictable
by computation. Note that losses play a relatively significant
role on coupling and insertion loss, while directivity and
input VSWR are almost unaffected.

Finally, the effect of bridging connections is considered.
To account for these, the bonding wires in Fig. 1 are modeled
as lumped inductors instead of short circuits. The shape is
assumed to be half-circular and the inductance is computed
at arate of 10nH/cm [13]. However, when these inductances
are not neglected, the formulas (4) are no longer valid and
the analysis must be performed by a general-purpose com-
puter program including a facility for multiwire-line charac-
terization [9]. Fig. 7 shows that the effect of imperfect
connections on coupling, insertion loss, and input im-
pedance 1s negligible for all practical purposes. On the other
hand, the effect on directivity is more important: for the case
considered here it changes by about 1 dB over the whole
frequency band. Note that directivity increases with respect
to the theoretical value as a consequence of nonzero bridg-
ing inductances. Thus one is allowed to design the coupler
with the assumption of ideal crossovers, since this turns out
to be a worst-case design.

IV. CoupLER DIRECTIVITY: COMPARISON WITH
Two-WirRg COUPLERS

The design chart presented in Fig. 4 shows that 3-dB
couplers with directivities well above 22 dB can be obtained
by the interdigitated topology. To account for these high
values and for the rapid decrease of directivity with decreas-
ing coupling, a few considerations will be developed in the
present section about the center-band behavior of the
coupler.

In order to simplify the analytical derivations and to
obtain simple explicit formulas to work with, let us first
assume that the even and odd networks of Fig. 2 can be
equivalently represented by two uncoupled transmission-
hine sections. On a qualitative ground this is not a misleading
assumption since the behavior of the interdigitated coupler
and the conventional two-wire one are known to be substan-
tially similar [4], [6]. Thus we may speak in terms of
equivalent even- and odd-mode characteristic impedances
(Zg,Z ) and phase velocities (vg,v,). If this is the case, the
condition for optimum input match becomes

ZEZO = R2 (8)
and the center-band is approximately defined by
wl = .
wl =
where
. T Ug— Ug
= ¢ _F 1
°72 Uo + Vg (10)

If the coupler is designed so that (8) holds, d depends only on
substrate permittivity and center-band coupling. In Fig,. 8,0
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is plotted as a function of coupling both for an interdigitated
coupler and a conventional two-wire coupler built on
0.635-mm alumina. To draw the curve for the interdigitated
coupler, the behavior of the even and odd networks was first
exactly computed by (5) and then approximated by simple
transmission-line formulas to find v; and v,. For the
two-wire case, conventional coupled-microstrip analysis
was performed.

An interesting fact appearing from Fig. 8 is that no
phase-velocity compensation [14] takes place in the inter-
digitated structure. In fact, the phase-velocity mismatch is
larger for this device than for the two-wire one. Note,
moreover, that ¢ is small (< 0.12) and slowly varying with
coupling in a wide range of coupling values: the span of § in
the 2-24-dB range is approximately from 0.05 to 0.12.

In the simple approximation being considered, (4) for the
scattering parameters of the coupler are replaced by

J1—=kK

S13 = 3

[ csc O B csc Bg

J1—k cotby+j J/1—k*cotfy+]

_k[ 1 . 1 ‘ (11)
Sia=j=
e Tk cot 0 +) /1= K cot O+
where

Zyg—Zo

k=2E"20
Ze + Zo

(12)

At center-band, thanks to (9) and the fact that 6 < 1, the
previous equations yield
|sial =k

Isis| = (1 —k%)o (13)
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Fig. 9 Center-band directivity and 1solation versus coupling for conven-
tional and interdigitated microstrip couplers

which can be obtained by neglecting second- (and higher)
order terms in J. The first line of (13) shows that the power
transfer to port 4 (the coupled port)is practically the same as
in the homogeneous-dielectric case. The second puts into
evidence the factors responsible for a finite power transfer to
port 3 (the isolated port); that is, the fraction of power that is
not coupled, (1 — k?), and the phase-velocity mismatch &.
Now (1 — k?) is increasing with decreasing coupling for
small coupling values and then remains practically constant,
while J has the stationary behavior described earlier for
couplings between 2 and 24 dB. In any case, both factors
have a constant order of magnitude throughout this range.
As a consequence, the interdigitated coupler is essentially a
constant-isolation device, so that directivity is automatically
high for tight couplings, but quickly drops as coupling is
decreased.

The previous discussion clearly explains the dependence
of maximum directivity and isolation on coupling as ob-
tained from the exact formulas (4), which is illustrated in Fig.
9. For comparison, a corresponding plot concerning the
microstrip two-wire coupler is presented in the same figure
(crossed lines). The interdigitated coupler and the conven-
tional one are seen to behave in a strictly similar way: any
important differences are restricted to the geometries of the
cross sections required to yield a prescribed performance.

APPENDIX

In this appendix we report a few formulas allowing the
parameters ki, appearingin (1)and (3)and the TEM-mode
velocities of the four-microstrip array to be explicitly related
to the elements of the capacitance matrices. Due to
symmetry, the capacitance matrix of the line has the form

Cip € Gy Cyy
C C C C

C = 12 22 23 13 14
Ciz Gy Gy Cpy (14)
Cia Cyz Cpn Cyy

The free-space capacitance matrix has a similar structure
and its elements will be denoted by C,, (i. j = 1. 2, 3, 4).
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Since the exact formulas based on (14) are cumbersome,
only a simplified version based on the assumption
Cy5; = Cy4 = 0 will be reported here. The latter may be used
toreplace the formerin all practical cases without significant
loss of accuracy.

The expressions for the k’s are as follows:

—a+ . /a* — 4ce c
ky = ky = —Sk,

2 e

c e

oo b BT —dde 4, 5
2 2d 3 e 2 ( )

where
a=C11(Cir0 — Ca30) — C110(Crz — C13)
b= C11(Cr9 + Ca30) — C110(Cya + C33)
¢ = C120(Caz — Ca3) — C12(Ca30 — Ca30)
d=C30(Cyy 4 Cy3) — C13(Caz0 + Ca30)

e=C13C110— C11Cyz0. (16)
The TEM-mode phase velocities are given by
UO .
Uy = \/_ (i=1,2,3,4) (17)
A
where
, 1
A= hg l1+m—e(A +k4”
ky
: 1
Ay = hf [l+m+e(* +k3”
ks
1
Ay = hf l+m—e(7<— +k3”
) 1
Ay =hg 1+m—'r—e(k— +k4” (18)
1

and v, is the velocity of light in vacuo. In (18) we have
f= C110(C220 - Czso) - C%zo
9= C110(Ca30 + C230) = Cizo

15

1/h = 2[C710(C320 — C330) = 2C110C320Caz0 + Ci20]
i=C110(Caa = C23) + C11(Ca20 — C230)
I=C110(Caz + Cy3) + C11(Crz0 + Cy30)

m=—2C1,C 0. (19)
Finally, the v’s may be expressed as
Uy =0,1(Cy; — k1 Cy2)
Uy = 0,5(Cqy + k2 Cy2)
Uz = 0,3(Cap + Ca3 — k3C3)
Uy = 0pu(Coy — Coz + kyCpa). (20)
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