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Abstract

An analysis and design theory of an aperture-coupled cavity-fed back-to-back microstrip directional coupler is
presented for the efficient and optimized design. For this purpose, an equivalent network is developed, and simple but
accurate calculations of circuit element values are described. Design equations of the coupler are derived based on the
equivalent circuit. In order to determine various structural design parameters, the evolutionary hybrid optimization method
based on the genetic algorithm and Nelder-Mead method is invoked. As a validation check of the proposed theory and
optimized design method, a 10 dB directional coupler was designed and fabricated. The measured coupling was 10.3 dB at
3 GHz, and the return loss and isolation were 31.8 dB and 305 dB, respectively. The directional coupler also showed very
good quadrature phase characteristics. Good agreements between the measured and the design specifications fully validate
the proposed network analysis and design procedure.

Keywords : Aperture-coupling, cavity—feed, directional coupler, microstrip circuit, hybrid optimization,

I. Introduction active circuits, especially in active phased array

antenna elements, often requires the use of relatively

The need for heat sink and structural support for thick ground plane. Aperture-coupled cavity—fed
coupling structure, which enables an electromagnetic

CEAEY, C AY, =gt wave to propagate without decay (above the cut off)
(School of Electrical and Electronic Engineering in waveguide sections in thick ground plane, is of

Chung- Ang University)
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o 9% A9, circuits as an efficient means of electrical
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interest in multilayer microwave and millimeter wave
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interconnection between layers. In addition to the
better electrical characteristics; it provides much more
design flexibility.

Researches aperture-coupled  cavity—fed
microstrip couplers have been undertaken[l]_[“q’], but
these are limited to only single coupling section. In
order to realize directional coupling characteristics,
studies needed on multi-section coupling
structures and efficient design methods. Although the
numerical analyses can be applied for the accurate
analysis of the aforementioned coupling structures,

these have a limitation in design applications where a

on

are

large number of design parameters are involved.
Therefore development of an elaborated equivalent
circuit, which is based on an analytic or semi-
analytic method, is needed for the optimized
computer-aided designs.

This paper presents network analysis and design
of aperture-coupled  cavity-fed
back-to-back microstrip directional coupler, where
two coupling sections are connected by stepped
impedance microstrip lines. An equivalent network is
developed for the optimized design purpose, and

theory an

simple but accurate calculation of circuit element
values is described. Based on this equivalent circuit,
design equations of the directional coupler are derived
and applied to design directional couplers, where an
evolutionary hybrid optimization method based on the
genetic algorithmm and Nelder-Mead method® is
invoked to determine the structural parameters.

II. Network Analysis and Equivalent Circuit

The geometry of a symmetric aperture-coupled
cavity-fed back-to~back microstrip directional coupler
is shown in Fig. 1, where two identical sections of
aperture-coupled cavity-fed coupling structures are
connected with two identical connecting microstrip
lines. The bottom and top microstrip lines are chosen
as the feed and coupled lines, respectively. The
thickness
substrates are d and &, respectively. The width of
microstrip port line is denoted by W. L; and W are

and dielectric constant of microstrip

=3 02 EAEY
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Geometry  of
back-to-back microstrip directional coupler; (a)
3 dimensional view; (b) top view

the length and width of the coupling slots, and a, b,
and ¢ are the width, height, and thickness of the
cavities, respectively. The cavities are filled with a
dielectric material with dielectric constant &. In some
cases, multiple dielectric sheets can be stacked in the
cavities. It is important that the dimensions of slots
and dielectric filled waveguide should be chosen to
ensure the below resonant mode and the above the
As the
connecting lines, stepped impedance microstrip lines

cut off mode operations, respectively.
are introduced, where a uniform line is the special
case of stepped impedance ]jnes.’A higher degree of
design freedom can be ‘provided with the stepped
impedance lines. L is the extended length of the feed
line. L; and W; are the length and width of the
microstrip stepped impedance line, respectively.

At first, an equivalent circuit of a single coupling
section, which consists of two identical microstrip
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lines and cavity with two identical coupling apertures,
is considered. The equivalent network models
developed for an aperture coupled microstrip lines,
back to back coupler, and patch antenna B8 have
to be combined and slightly modified for reflecting
the effect of aperture coupled cavity in a thick
ground plane accurately ® Tn order to facilitate the
reader’s understanding, the related theories are
described briefly.

It is well known that electromagnetic coupling
between the microstrip line and aperture in the
ground plane can be modeled by an ideal transformer
with the help of the reciprocity theorem 10 The
turns ratio n; is expressed as

nt=fs(es><hm)-nd5 (1)

where S is the aperture area, e, is the aperture
electric field which is normalized so that the voltage
across the slot center becomes 1 V', Em denotes the
magnetic field of a microstrip line under the
normalization condition of unit current flow (1 A),

and n is the outward normal unit vector. Since the
aperture electric field is known to be well

approximated by e, = ze,, with
cos (my/ L)
€op = — 2)
my (W,/2) —x

only the y-component magnetic field A, contributes
to the above integral. With the following inverse

Fourier transform expression of Ay
Py @)= o= [ oy ()e "ak @3
my y)= 2 e my vy € Yy

the following expression of n; can be obtained.

cos (kyLs /2)
W e @

n, =

B(W,B,./2) e -
Tk

8

where (3,, is the phase constant of microstrip line.
With the help of the spectral domain immittance

approach ™™ the following expression of ﬁmy(ky)

h oy (k,) can be obtained under the assumption of

only the z-component current flow on the microstrip
line:

~ 1

_ ~HJT
hmy - COSh(’)’dd) ny me (ky) (5)

where ZJ;ZJ denotes the spectral domain Green's

function of the y-component magnetic filed due to
the z-component current density on microstrip line

sz [6],[11]’ and :]mz (k

Jo.»(y). The following function is well known to

,) is the Fourier transform of

approximate the current density on microstrip line!

1

Y ey ©)

Looking over the integrand in equation (4), it is not
difficult to know that the integrand has no singularity
along the real k, axis, and converges fast as k.

T (y) =

Therefore n; can be evaluated numerically without
difficulty.

The effect of the complex power flow into the half
space with substrate from aperture is represented by
the admittance Ys in the spectral domain as

Y,= f (msyHy)dS

78 ~ o0

where ZJZUJ denotes the spectral-domain Green's

(7)

function of magnetic field H, due to the equivalent
magnetic current density ms just above the ground
plane, and 37, is the Fourier transform of ms. With
the spectral-domain immittance approach M and the
Fourier transform relation, Zv'sz and 1171 are

obtained as

— (K2 Yqg+ kz Yig)

GHEM —
K24k

®

i, =2
Ly (n/L)— K

o cos (k,L,/2) ( VVS|ky|)
0

: ©

where J,(.) denotes the 1% kind of Bessel function
of zero order, and Y7z and Y7y are the input wave

admittances for the TE, and TM, modes,
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Applying the rectangular-to-polar
coordinate transformation and the symmetry property
of G# and |M,,|*, Y. can be numerically evaluated
without difficulty with the help of the contour
12 and asymptptic extraction techniques

respectively.

deformation
s

The rectangular cavity with two apertures in a
thick ground plane can be regarded as two
aperture-to-waveguide sections in a back-to—back
of the
y-component magnetic field in the waveguide H,y,

configuration. Considering the behavior

the Fourier series is chosen as

8

H, (zy)= f;]l OHmnsmkm(m+a/2)ooskyn(y+b/2) 10

where k,,, =mn/a, k, =mn/b, and Hm is the
mn-th Fourier coefficient of H,, With this choice
and applying the Parseval’s theorem and some
algebraic manipulations, Ys, the input admittance
looking into the waveguide from the aperture, is

expressed as
Yo =— fs(m:yﬁwy)ds
S e M
with
(I = a2
n. zm yn

where (}1'4 sz)mn’ the mn-th Fourier coefficients of

m,,, iS given as

_ 2, o oos(kzl}s/2)sin(kxma/2)

e B A =r7s -

sz)mn

el
(13)

and en = 1 forn = 0 and en = 2 for n # 0. The

expression of (nﬂf)Q is the same as that of (nﬁ:)z
with kxm and kyn interchanged. Each mode of a
waveguide can be modeled by the corresponding
equivalent transmission line, and 722 and n2 can be

considered as the turns ratios of ,the equivalent

387 2™ oo|3=2AEH
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Fig. 2. Equivalent circuit representation of a single
coupling section.
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Fig. 3. Equivalent circuit of an aperure-coupled
cavity-fed back-to~back microstrip  directional
coupler.

ideal transformers between the slot and the

corresponding waveguide mode voltages. A simple
equivalent circuit representation can therefore be made.
Now since the opposite part can be modeled similarly,
the equivalent circuit of a single section -coupling
structure is obtained as shown in Fig. 2. The
equivalent circuit for each transmission line section can
be analyzed using the ABCD matrix formulation. From
the obtained ABCD matrix, the admittance parameters
of the equivalent m-network are obtained by the
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network parameter conversion [14] as shown in the
dashed box. All the parallel connected m-networks
can be represented by single n-network with
admittance parameters Ya and Yb. Therefore the final
equivalent network of the directional coupler is
obtained as shown in Fig. 3. Even though the radiation
loss from coupling slots can be included in the
equivalent circuit, it will be ignored for the derivation
of coupling condition.

II. Coupling Theory and Design Equations

Now a coupling theory of the proposed directional
coupler is considered from the obtained equivalent
The directional coupler is a four port
network with two fold symmetry planes (AA’ and
BB’) 3. The connecting
transmission-line the  circuit
representation of the extended feed line (electrical line
length &) and stepped impedance microstrip line
(characteristic impedance 71 and electrical length &,).
Even though uniform line is one candidate of
connecting lines, it just the special case of stepped
impedance lines.

circuit.
as shown in Fig

sections are

The scattering parameters can be calculated with
the even-odd mode analysis by considering only
one-quarter part of the circuit (Fig 3) ™. Under the
of lossless directional  coupler,
normalized input impedance z; (= Zy/Zy) can be

expressed as zij = jx; = jO + xg) where ij = ee, eo,

assumption a

oe, or oo, with the following meanings:

ee . AA’ is open circuited and BB open circuited,
eo . AA’ is short circuited and BB’ open circuited,
oe . AA’ is open circuited and BB’ short circuited,
00 . AA’ is short circuited and BB’ short circuited.
With the corresponding reflection coefficient

Iy = (2;;—1)/(2;;+ 1), the scattering parameters of

the directional coupler are obtained as

Sllz(Fee+Feo+Foe+Foo)/4 (143)

(258)
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521 :(Fee_Feo+Foe_Foo)/4 (14b)
531:(F€€_F60+F06_~F00)/4 (14C)
541:(F66+F60—Foe_Foo)/4 (14d)

Now the conditions of directional coupler are
considered. If the port 1 and 4 are chosen as input
the
conditions can be derived from the matching and
isolation conditions (S1;=0 and Sx=0):

and isolation ones, respectively, following

r,.L,, =1

eeeo

(15a)

Tpelyo =— 1

(15b)

00

Under these matching and isolation conditions,
Ss/Sa1 is given as

- j(xee - xoe)
1+z..2,

831
S5 (16)
and the phase difference therefore becomes 90°. This
implies that the proposed directional coupler can be
used as a quadrature hybrid. Algebraic manipulation
of equations (15a) and (15b) yields (xie = X10)(kee +
Xoo) = 0. Under the case xi = X1, Which is a general
case for the directional coupler considered in this
paper, the following condition can be obtained

xee +"’v00 = 0

an

Using these relations, the coupling factor C (=|Sxl)
can be expressed as a function of x.. only as

(1 - 136)2
=" (18)
(1+22)

and four different values of x. are therefore

determined for the given coupling factor C as

1-C 1+C
Te =t Ty O TyYiTo

Fig. 4 shows four different values of x.. with respect

(19)

to coupling C.
In order to design a directional coupler, four

reactance values X, Xi, X2, and Xz should be



12 A Fg ST 2

-

25
/
[} ]
$ ]
L —— P |
5 e
: =
g
g °
: i
£
s S .
s S e = —" —
e Bl T
=
I
X,
2.5 L
30 27 24 21 48 45 42 9 6 N
coupling (dB)

T8 4 ZEo| ME 44l ME CHE x US
Fig. 4. Four different values of xee with respect to
coupling.

Xaq OF Xpt

Xet, xo1, and xe2

Xo02

a3 5 xoff thst Xet, Xor J2|3 x, o MA JM
Fig. 5. Design curves for xa, Xo1, and X2 as a function
Of XoQ.

determined from the given conditions. In general, the
length of the connecting line is order of quarter-wave
length, and xi. and x1, are therefore negative and
positive, respectively. Fig. 5 shows reasonable sets of
Xie, Xz, and xz, for the specified coupling as a
function of xi,. Since there are only three conditions
(matching, isolation, and coupling), one of the
reactance values should be preassigned.

As an example with a preassigned xi., design
procedure for a specified coupling C is described in
Fig. 6. Since xe is a function of C as shown in
equation (19), different values of xz. can be calculated
from the equation Xe. = x1. + X2 With a preassigned
x1.. From each value of x.., the corresponding x,, is
determined by equation (17), and x,. = (x10 + Xx20) is
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Fig. 6. Design flow of the aperture-coupled cavity-fed
back-to~back microstrip directional coupler.

obtained from the equation (15). Finally xi, and xp,
are successively determined. Now the structural
dimensions of the directional coupler satisfying these
equivalent circuit values should be determined.

IV. Optimized Design

As mentioned before, many structural parameters
are involved in the design of the directional coupler
studied in this paper. It is known that the equivalent
circuit parameters xi and xi, are functions of the
dimensions of coupling section, and xz. and xp, of the
connecting stepped impedance line.

At first, the dimensions of cavity and coupling slot
such as @, b, ¢, and Ls should be determined so as to
yield the desired xi. and x; for the specified coupling
power. However, this is not an easy task because
many structural parameters involved are linked
together. So the optimized design sl
indispensable, and an evolutionary hybrid optimization
method can be efficiently used.

The genetic algorithm (GA) is well known to be
one of the powerful global optimization tools for the
electromagnetic design problemsm. This algorithm is

is therefore

particularly effective in the global min-max problems
where large numbers of design parameters are
involved. However, it is very difficult to find the best
solution by applying GA alone due to its statistical
property. So it is encouraged to use local optimization
algorithms together with GA. The Nelder-Mead
method (NM), one of the simplex methods for finding
a local minimum of function, is known to be simple
and efficient because NM is relied not on numerical
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derivatives (such as Conjugate Gradient) but on a
The Thybrid optimization
algorithm combining GA and NM is therefore chosen
for the optimized design of the proposed directional
coupler.

The flow chart of the evolutionary hybrid
optimization method is shown in Fig. 7. This
algorithm starts with an initial set of randomly
generated population, which consists of chromosomes
whose elements are genes, that is, the structural
parameter values to be optimized. In this design
example, genes are the dimensions of cavity and
coupling slot, and each gene was generated randomly

geometrical search”,

within the appropriate boundary.

Next, the cost and fitness functions are defined
and computed for initial population. In general, these
are defined as Cost > 0 and 0 < Fitness < 1. Since
two independent goals of x.1 and x,; are involved, the
followings are chosen as the cost and fitness

functions:

cosT=k1- 2| i) (20)
- (wel)d E (mol)d
Fitness=——1——
1+ k;Cos £ @)

where (z.,), and (z,,), are the desired values of

z., and z,, respectively. The weighting coefficients

(260)
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k, and k, should be chosen considering the effect of

variations of z,, and =z, on the scattering

parameters of the directional coupler, especially on
coupling power. And coefficients k; and k, are
initial fitness distribution to be an
appropriate one.

Since the evaluation of cost and fitness will be
performed for all population in each generation, the
time for this evaluation should be slashed to the
minimum within the range of possibility for the

chosen the

efficient design. Quite a decent approach for this aim
is to tabularize and store the data of n; and Ys for
the discrete sets of design parameters a, b, ¢, Ls in
advance for data interpolation.

Since it is difficult to generate population with
good fitness values in initial population, reproduction
by the GA with crossover and mutation follows after
it. Parents for mating are generally chosen by
Roulett-Wheel
chromosomes whose fitness values are lager than the
threshold value for NM search (Fwny) in the repeated
process, the NM engine starts to search the much

selection. When there are some

more accurate solutions near these chromosomes. The
final step is to evaluate whether the best fitness
value meet the stop condition (Fs) or not. If the
validity of decision is not sufficient, all steps repeat
again up to meet the stop condition.

Next the type and dimensions of connecting line
should be determined so as to make xp. and xz, be
equal to the obtained values from the
equations. For this aim, a stepped impedance line is a

design

good candidate because arbitrary reactance values xz.

be obtained with uniform
Reactance values of stepped
impedance line are given for the corresponding even
and odd modes as

and x» can not

transmission line.

tant90 - Zlcot (91/2)
1+ z,tanf,cot(6,/2)

Leg =

(22)

tand, + z,cot(8,/2)

(23)

Loo



where & denotes the electrical length of an extended
feed line. z; and 6 are the normalized characteristic
electrical - lengths of a stepped
impedance line, respectively. In the above system of
eliminating tan& vields the following
quadratic equation of 7; = tan(6,/2):

impedance and

equations,

cTi+dT,+c=0 (24)

with ¢ = 21(1 + Xt and d = (k2 - x2)1 - 2. Ty
can be obtained if z; is preassigned. For the practical
design, it is encouraged to make the connecting line
length be order of quarter-wave length, that is, tan(&@
/2) should be real and positive. This implies that
d*—4¢%? > 0 and ¢ and d should have opposite sign.
Now tan(&/2) and tané&, that is, & and 6 can be
determined successively under these criterions.

V. Results and Discussions

In order to verify the proposed analysis and design
theory, a 10 dB directional coupler was designed.
Among the dimensions of cavity and coupling slot,
the key parameters a, b, t, and Ls are chosen as the
design ones to be determined optimally. The fixed
parameters are & = 2.2, A = 31 mils, W, = 240 mm,
& 102, and W, = 0.830 mm. From the given
coupling factor of 10 dB, x.. = — 0.7208. If x1. =
1.0000 is preassigned for the design, x, = 0.3333, x2

H7E Ze M7 W n|ARAER

weYAST| WY L 4

— 17208, and xp, = 0.3874 are obtained by Fig. 5
and the design procedure mentioned in Section IIL

At first, the design parameters a, b, ¢, and Ls
should be determined so as to yield the desired xie
and x,;. Initially 32 chromosomes were generated, and
the maximum generation was set to be 32. In order
to find the appropriate values of k1 and ko, the effect
of variations of x; and x,; on coupling power was
investigated and displayed in Fig. 8 As shown in
this figure, x. affects approximately three times
stronger than x», ki = 075 and ke 025 were
therefore chosen -as weighting coefficients. In
addition, k3 = 15 and k4 = 15 were selected for
defining the fitness.

1

e XO2

xel ~xo1 = —e—xe2

pling power

of

fractional variation

57182 4K 2t sl gkl o|X|e=
HE

Effect on coupling power of the variation of
equivalent circuit values.

E 1. GA ot g3l 0] GA U Eal ozl AH MA Hz
Table 1. Optimized design results with GA alone and Hybrid GA.
tial| a b t s | cost | fitness | xet | xo1 |[S11(dB){S21(dB)|S31(dB) | S41(cB)
1| 2254 | 445 | 384 | 1042 | 0002 | 0990 | 0991 | 0.347 | 4978 | 043 | -1029 | -58.16
2 [ 2521 | 381 | 1823 | 643 | 0005 | 0.995 | 1.005 | 0.357 | 5058 | -0.43 | -1024 | -47.56
A ]3] 2168 | 303 | 538 | 1072 | 0000 | 1000 | 1000 | 03% | 6677 | -045 | -1004 | 6654
4| 2788 | 472 | 413 | 1028 | 0022 | 0952 | 0964 | 0377 | -3884 | 035 | -11.11 | 49.26
5| 2700 | 284 | 571 | 1052 | 0011 | 0983 | 0.948 | 0333 | 4244 | 039 | -1070 | -42.37
1) 2218 | 254 | 642 | 1083 | 0.000 | 1.000 | 1.000 | 0333 | 8722 | -046 | -1000 | -87.60
2| 2430 | 288 | 560 | 1075 | 0.000 | 1.000 | 1.000 [ 0334 | 8013 | 046 | -1001 | 8360
HVGT“ 3| 2130 | 265 | 613 | 1081 | 0.000 | 1.000 [ 1.000 | 0333 | -91.30 | 046 | -1000 | -85.74
4| 2584 | 462 | 1852 | 594 | 0.000 | 1000 | 1.001 [ 0332 | 6643 | 046 | 096 | 7470
5 | 2012 | 347 | 462 | 1062 | 0000 | 1.000 | 1.000 | 0333 | 8262 | 046 | 999 | -o1.08

(261)
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Thresholds for NM search and stop condition were
chosen as Fyy = 08 and Fs = 0.999, respectively.
Table ‘1 shows the structural dimensions obtained
with GA alone and the evolutionary hybrid method,
respectively. Stop condition was not met in most of
the trials with GA alone even if 32 generations were
allowed to be repeated. On the contrary, only average
2-4 generations were needed in the evolutionary
hybrid method to meet the stop condition with
excellent results. In addition, it did not take much
time for NM search in this case.

Next, the dimensions of stepped impedance line
was determined so at to yield xe = ~ 1.7208 and xz
= 03874 by the approach mentioned in Section IV.
Since ¢ > 0 in this design example,. d < 0 should be
hold. This implies that z should be preassigned as z
< 1. Now tan(6/2) and tané, that is, & and &
can be determined successively. In this paper, & =
1212° and &) = 26.03° were obtained for the chosen
z1 = 07,

HEE HFH ZE 38 ST X olojlazAa
Egl ueky ZEo|

Fabricated aperture-coupled cavity-fed back—to-
back microstrip directional coupler

(262)
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The final structural dimensions obtained by the
aforementioned procedure are @ = 2350 mm,, b = 254
mm, ¢t = 700 mm, and Ls = 1280 mm., L,y = 245
mm, Ly = 518 mm, and Wm = 400 mm. For the
validation check of the design theory, the designed
directional coupler was fabricated (Fig. 9), and the
measured characteristics are shown in Fig. 10. The
measured coupling is 103 dB at 3 GHz, and the
return loss and isolation are 31.8 dB and 305 dB,
respectively. Measured coupling variation is +1.4 dB
and 25 dB over 5 % and 10 % bandwidths,
respeetively. Further studies seem to be needed for
reducing the coupling variation for many applications.
As shown in this figure, the observed quadrature
phase deviation is 1.5° and 2.7° over 5 % and 10 %
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Fig. 10. Measured characteristics of aperture coupled

cavity fed back to back microstrip directional
coupler; (@) magnitude of scattering parameters;
(b} phase difference between Sy and S
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bandwidths. It is shown that excellent quadrature
phase characteristics can be obtained from the
directional  coupler.  The
agreements with the specifications show the validity
of the present network analysis and design theory as
well as the usefulness of the aperture-coupled
cavity-fed  back-to-back microstrip  directional
coupler.

present reasonable

VI. Conclusions

A network analysis and design theory of an
aperture—coupled cavity-fed back-to-back microstrip
directional coupler was presented for the efficient and
optimized design. For this purpose, an equivalent
network was developed, and simple but accurate
calculation of circuit element values was described.
Based on this equivalent circuit, design equations of
the coupler were derived and applied to design a 10
dB directional coupler. The hybrid optimization
method based on the genetic algorithm and the
Nelder-Mead method was invoked to treat several
design parameters simultaneously. Good agreements
between the measured and the specifications fully
validated the proposed network analysis and design
procedure.
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