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Analysis and Design of Cavity-Coupled Microstrip
Couplers and Transitions

David M. Pozar, Fellow, |IEEE

Abstract—This paper describes a full-wave moment-method
analysis of an aperture-coupled microstrip coupler using a reso-
nant cavity (rectangular or circular) between the substrate ground
planes. Structures of this type are useful for millimeter-wave
integrated circuits and phased arrays, as they allow the use of a
relatively thick central ground planeto provideisolation, aswell as
heat dissipation. Both four-port coupler geometries and two-port
transitions aretreated. Equivalent circuits are derived for each of
these problems, and computed resultsarevalidated with data from
the literature and with independent calculations from commercial
computer-aided design (CAD) packagesand measured data. These
comparisons show that the solutions derived here are accurate
and computationally efficient, and have the added advantage over
commercial CAD packages in that equivalent-circuit parameters
can be obtained directly. The vector Bessel transform is used to
derivetherequired Green’sfunction for the circular cavity.

Index Terms—Aperture coupling, cavity coupling, microstrip
couplers.

I. INTRODUCTION

HIS PAPER presents an analysis of amicrostrip intercon-
nect geometry that consists of microstrip lines printed on
two parallel substrates, and aperture coupled to each end of a
resonant cavity located between the substrate ground planes.
This structure can be considered as a four-port coupler, but a
two-port transition between the two microstrip lines can be
formed by terminating each line with an open-circuited stub. A
full-wave moment-method solution is used to evaluate the S pa-
rameters of the four-port coupler network, and it is shown how
equivalent circuits can be derived and used to design atwo-port
microstrip transition. Both rectangular and circular cavities are
considered, and results are compared with previously published
data, commercial computer-aided design (CAD) packages, and
newly measured data. The required Green's functions for the
circular cavity are derived using a vector Bessel transform.
Coupling structures of this type are of interest in multilayer
millimeter-wave circuits, where the need for heat transfer
from active devices often requires the use of relatively thick
ground planes, as well as electrical interconnections between
layers. Aperture coupling between layersis convenient since it
eliminates the need for vias or other types of direct connections
[1]4], which can be especially cumbersome when thick
ground planes are involved. However, as shown in [5]7],
coupling through a thick ground plane with an aperture that
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is below resonant size leads to an exponential decrease in
coupling coefficient as ground-plane thickness increases,
since the aperture appears as a waveguide section operating
below cutoff. One approach to avoiding this problem is to
use a coupling slot or aperture that is large enough to allow a
propagating wave to pass through the thick ground plane, as
in [8]. A more genera approach is to form a resonant cavity
in the ground plane between the substrate layers—this allows
complete transmission and more design freedom. A similar
idea was used to improve the coupling between a microstrip
feed line and an aperture-coupled microstrip antenna having a
thick ground plane [9].

It might be asked why custom-written computer codes and
analysis are being developed for a problem of this type when
commercialy available electromagnetic CAD packages can
model the same geometry. There are two reasons. First, the
computational efficiency of a custom-written code is better
than a genera-purpose CAD package by at least an order
of magnitude. For complicated geometries, such as this one,
where many parameters may have to be optimized to achieve a
working design, this can be critical. Secondly, a dedicated anal-
ysis of a problem like this one can lead to equivalent circuits
based on physical parameters of the geometry, providing useful
tools for design and optimization. Such equivalent circuits are
not obtainable from general-purpose electromagnetic analysis
packages.

I1. ANALYSIS OF CAVITY-OUPLED MICROSTRIP LINES

A. Geometry of the Problem

The geometry of the cavity-coupled microstrip linesis shown
in Fig. 1(a) and (b). For convenience, we label the bottom sub-
strate as the feed-line substrate, and the top substrate as the
coupled-line substrate. The feed substrate contains the feed mi-
crostrip line and the feed side-coupling slot. The coupled-line
substrate contains the coupled microstrip line and the coupled
side-coupling slot. The cavity is located between the ground
planes of the two substrates, and may be filled with a dielectric
material. The cavity may be rectangular or circular, and does
not have to be resonant. We assume the microstrip lines are
orthogonal to, and centered across the width of, the coupling
slots, and that the coupling slots are centered with respect to the
cavity endwalls. These conditions result in maximum coupling
and simplify the analysis. Loss can be included for all three di-
electric materials.

The structure shown in Fig. 1(a) and (b) involves four ter-
minal ports (at the two ends of each microstrip line). A two-port
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Fig. 1. (a) Side view of cavity coupled microstrip lines. (b) Top view of
microstrip lines coupled with a circular cavity.

transition between the two layers can be easily formed by ter-
minating each microstrip line with an open-circuit stub so that
thereis an input port on the feed line and an output port on the
coupled line. The length of the stubs are design variables that
must be selected, along with the slot and cavity dimensions, for
the desired coupling level and input matching. Details of this
procedure will be discussed.

B. Definition of Variables
Thefollowing parameters and variables are used in this paper.

Erf Relative permittivity of the coupled-line substrate.

tanéy Losstangent of feed-line substrate.

dy Feed-line substrate thickness (m).

wy Width of feed microstrip line {(m).

Ly Length of feed side aperture (y-dimension m).

Wy Width of feed side aperture (z-dimension m).

Ere Relative permittivity of the feed-line substrate.

tan é. Losstangent of coupled-line substrate.

d. Coupled-line substrate thickness (m).

We Width of coupled microstrip line (m).

L. Length of coupled side aperture (y-dimension m).

W, Width of coupled side aperture (z-dimension m).

a z-dimension of rectangular cavity, radius of circular
cavity (m).

b y-dimension of rectangular cavity (m).

t Thickness of cavity (ground-plane thickness (m).

Ercay Relative permittivity of cavity.

ko Free-space wavenumber (1/m).
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C. Moment-Method Analysis

The analysis begins by using the equivalence theorem to re-
place the slot apertures with ground planes, and placing equal,
but opposite magnetic surface currents over the aperture aress.
Fig. 2 showsthe arrangement of the equival ent magnetic surface
currents.

The magnetic surface currents in the apertures are assumed
to flow only in the g-direction, which is a good approximation
for thin dlots (but may be inaccurate if the dot is not thin). We
can then express the magnetic surface current densities in the
coupling apertures as

where V; and V.. are the unknown amplitudes of the magnetic
surface current expansions in the feed- and coupled-line aper-
tures, respectively, and mg,c (z,y) istheexpansion mode, where
the superscript f, ¢ denotesthe feed or coupled slot mode. Since
the dot length is generally below resonant size, a single piece-
wisesinusoidal (PWS) expansion modeissufficient [2], [3]. We
use a PWS expansion along the dot length, with auniform dis-

tribution along the width
L
sinke | ——
1 <2 - lyl>

my(xvy) =

W sink, L ’
2
W L
for — — 3
lz] < 5 ly| < 5 3

where L is the dot length and W is the dot width. k. is the
effectivewavenumber to be used in the PWS expansion—agood
choice is the average value of the wavenumbers in the two ad-
jacent dielectric materias, i.e.,

k'e, — k'O [Erf.c ;Ercav ) (4)

The fields on the feed microstrip line consist of incident and
reflected waves to the left-hand side of the aperture, and a for-
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ward transmitted wave to the right-hand side. These fields can
be written as

E(z,y,z)

_ {E'-l- +RE-= (e—jrBW_FRej'gx) el (y, ), forz <0
C\rEt= Tel (y,z)e 98, forz >0
©)
H(z,y,z2)
B {H++RH - ( fjﬂw_Rejr@w) ht (y, ), forz <0
-~ \rat Th!(y,z)e=iP*, forz > 0.
(6)

Thefieldsonthe coupled line consist of wavestraveling outward
from the ot and can be written as

Blr.y.z) = CEF =0y, )7, fora >0
LY,z CE = _Céc(:% ;;)er8377 forz <0
™
B [ CHT = Ché(y, 2)e 907, forz >0
H(x’y’z)_{CH——Ch c(y, 2)eiP, forz < 0.
®

In (5)«8), we assume a unit incident field on the feed line at
port 1 (x < 0) and assume the output ports are matched. The
following coefficients are then defined:

R reflection coefficient on feed line at port 1;

T  transmission coefficient on coupled line at port 3;

C  coupling coefficient on coupled line at port 3.
The phase reference for al traveling waves is at the center of
the aperture. We also define &(y, ) and h(y, ») asthetransverse
modal fields of the microstrip lines and use a superscript f or ¢
to denote the feed or coupled line, respectively. The microstrip
line modal fields are normalized so that

/5 e(y,z) x hy,z)-dS =1 9)

where S represents the cross section of the microstrip line. The
modal fields of the microstrip line can be found using the appro-
priate Green's functions [2]. The propagation constant for the
microstrip lineis /3, which may be different for the two lines.

The reciprocity method of [2] and [3] can be used to find the
reflected, transmitted, and coupling coefficients in terms of the
dot modal voltages

R :y (10)
T=1-R (1)
c :# (12)

In (10) and (12), we are using the modal voltages defined as

Avf = my(.’L',y)h (y7 ) _ngds
Sa
AUc = - My (.’L’, y)h’(;;(yv O)G—j,ﬁwds
Sa
wheretheintegration is over the aperture surfaceand i, (x, y) is
the yy-component of the transverse modal field of either the feed
or coupled microstrip line. These integrals must be determined
numerically, but convergence is fairly fast.

(13)

(14)
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Enforcing continuity of H,, across both sides of the feed aper-
ture gives the following equation:

HE™ (=Myy) + HE™ (M) = Hf (M) + Hf'  (15)

where the notation H;avif (M, s.) refersto the magnetic field
on the cavity or the feed-line side of the feed aperture, dueto the
magnetic surface current in the feed- or coupled-line aperture.
Thetermson theleft-hand side of (15) represent thefieldson the
cavity side of the feed aperture due to the magnetic surface cur-
rentsin the feed and coupled apertures, respectively. The terms
on the right-hand side represent the fields on the feed substrate
side of the aperture due to the magnetic surface current in the
feed aperture, and the field from the microstrip feed line. Using
(1), (2), and (6) in (15) gives

VR (<) + VHS™ ()

=ViH] (m]) + (1 - R)h). (16)

Applying asimilar procedure for the continuity of H, across
the coupled side aperture gives

Hy™ (<ML) + H = Hy™ (ML) + Hy™ (M) (17

where the notation H;avic(J\Z/S £.sc) refersto the magnetic field
on the cavity or coupled-line side of the coupled aperture due to
the magnetic surface current in the feed- or coupled-line aper-
ture. The terms on the left-hand side of (17) represent the fields
on the coupled-line side of the aperture due to the magnetic
surface current in the aperture, and the field from the coupled
microstrip line. The terms on the right-hand side represent the
fields on the cavity side of the aperture due to the magnetic sur-
face currentsin the coupled side aperture, and thefeed side aper-
ture, respectively. Using (1), (2), and (8) in (17) gives

VG () Oy = VeH™ (1) = Vet (nd)
The above fields are expressible in terms of the appropriate
Green' sfunctionsfor the cavity (internal) or substrate (external)
regions.

Multiplying both sides of (16) by the magnetic surface current
expansion mode mg (z,y) and integrating over thefeed aperture
surface gives

ViYdl —vyde = vyl —

cav cav ext R) AUf (19)

while multiplying both sides of (18) by the magnetic surface
current expansion mode g (z, ) and integrating over the cou-
pled aperture surface gives

VoY, — Clwe = —VoY 5, + VYl (20)
In (19) and (20), Y/ and Y= are the aperture self-admit-

tances seen looking outward from either thefeed or coupled slot,
respectively,

yilee = my(z, y)hg(y, 0)e~97ds
Sa

ext
oo oo
-l my ()
ky=—00 Jhp=_oc /Sa

x / G35t g (ks oy )1y (0, 0)
Sa

x ¢ ke (3720) o =iky (=) 4§ AS! Ak, dk,.  (21)
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The following admittances represent internal coupling between
the coupled and feed dlots:

Yl =—- / mp(z, Y)GH v, (T 03 Y, Yoi 2 = 0)
Sp Sy

x m (xo, yo)drodyodrdy (22)

yie = - / g (2, 0) G, (2031, 03 7 = £)

x me(x0, Yo )drodyodzdy (23)

vl — - / e, )Gy (5503003 7 = 1)
SpJSy o

x m (0, yo)drodyodrdy (24)

Yoy =— / me(@, y)GH) v, (€ %03 9, 903 2 = 0)
Sy /Sy

x me(z0, Yo)dzodyodrdy. (29)
The admittances defined in (22)—(25) represent theinternal cou-
pling between the magnetic currents on the top and bottom of
the cavity. The self-admittances of the feed and coupled side
currents are expressed in (22) and (25), while the mutual inter-
action between the feed and coupled aperture currents are ex-
pressed in (23) and (24)—these two terms should be identical
by reciprocity.

By using (10) and (12) in (19) and (20) to eliminate R and
C, the unknown magnetic current amplitudes V; and V,, can be
obtained. Theresults can be simplified by defining thefollowing
constants:

Av?
Cy v/ +Yff + f

cav ext 2 (26)

Co =Y (27

Cs =Ygl (29)

2
S G (29
We then have that

—AUfC4

Vi=e——ovo-—"—— 30

57010y — 005 (30)

Afo’g
Vo= 31
Ci1Cy — CrC5 (31)

Once these amplitudes are determined, (10)—(12) can be used to
find R, T, and C.

The substrate Green’s function required for (13), (14), and
(21) isgivenin [2] and [3]. The Green's functions for rectan-
gular and circular cavitiesrequired for (22)—(25) aregiveninthe
Appendix. The Fourier transform integrations in (21)—25) can
beevaluated in closed form for arectangular cavity [9], but must
be numerically evaluated in the case of a circular cavity. The
Bessel functionsthat appear in the expressions of circular cavity
Green' sfunctions further increase computation time. Neverthe-
less, the computation time per point is typically 1-2 s for the
rectangular cavity, and 10-15 s for the circular cavity [on an
800-MHz personal computer (PC)]. These times are typically
one to two orders of magnitude faster than solutions obtained
with commercially available CAD software packages.
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Fig. 3. Equivalent circuit of a cavity-coupled microstrip coupler. The cavity is
represented in terms of its moment-method admittance matrix.

D. Equivalent Circuits

The equivalent circuit of the cavity-coupled microstrip-line
coupler is similar to the equivalent circuit of aperture-coupled
microstrip lines given in [3], with the addition of the cavity ad-
mittance matrix between the coupling transformers, asshownin
Fig. 3. The admittance matrix of the slot-coupled cavity isgiven
by the moment-method admittances of (22)—(25). The trans-
formers account for the difference in definitions of transmis-
sion-line voltages and sl ot voltages, while the shunt admittances
vee and Y7 represent the self-susceptances of the slots.

ext ext

The transformer turns ratios are given by

(32)

1
Ny =——re
! AUf\/ZOf
1

Ny=——— .
A7"(:\/ ZO(:

Thisisafairly general representation of the coupler, but amore
physical picture can beobtainedif thecavity allowsonly asingle
propagating mode (in practice, the typical situation). The cou-
pling from the feed-line slot to the coupled-line slot can then be
represented as a section of transmission line, with transformers
at each end to account for the transition between the slot volt-
ages and equivalent modal voltage that can be defined for the
waveguide [9], [10]. The resulting equivalent circuit is shown
inFig. 4, and issimilar to the one used in [9] for cavity-coupled
microstrip antennas.

In this circuit, the slot self-admittances of the cavity must be
modified by subtracting the terms that account for propagation
of power through the propagating waveguide mode (TEq; for
rectangular waveguide or TE;; for circular waveguide). Thus,

(33)

Y::/a{f :Y::);{ - Y'p););p (34)
Y::/;\f :Y::cacv - Y;)crcol) (35)

where Y/ and Y5, , represent the internal feed and coupled
dlot self-admittances due to only the propagating term of the
cavity expansion. These admittances correspond to asingleterm
of the series representation of the cavity Green's function. In

the absence of losses, the modified admittances of (34) and (35)
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Fig. 4. Equivalent circuit of the cavity-coupled microstrip coupler. The cavity
is represented as a section of transmission line.

would be purely imaginary, and account for the reactive effects
of nonpropagating modes.

Thetransformer turnsratiosfor the additional transformersin
Fig. 4 are defined in the Appendix for rectangular and circular
cavities.

[11. Two-PORT CAVITY-COUPLED MICROSTRIP TRANSITION

Terminating each microstrip line with an open-circuited stub
converts the four-port coupler to a two-port transition between
the substrate layers. The equivalent circuit for this configuration
isshown in Fig. 5, and is derived from the circuit of Fig. 4 by
terminating ports 2 and 4 with reactances j. X, and j.X,, re-
spectively, representing the reactances of the open-circuit stubs
on the feed and coupled lines.

In this circuit, we have also combined the pairs of trans-
formers on either side of the cavity, and transformed the admit-
tances through these transformers. These new admittances are
given as

v =N? (y;;‘vf +vI ) (36)

ext

Y/c :Nc2 (Y/cc + yee ) .

cav ext (37)
Total coupling will occur between ports 1 and 3 if the input
impedance of the transition is matched to Zy;. There are a
large number of interdependent parameters, however, that must
be properly selected before such a design is possible. Besides
the substrate parameters, these include the dimensions of both
dots, the cross-sectional dimensions of the cavity, the length of
the cavity, and the dielectric constant of the materia filling the
cavity. If these parameters allow a matched solution, the tuning
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Fig. 5. Equivalent circuit of atwo-port cavity-coupled microstrip transition.

stubs on ports 2 and 4 can be adjusted to provide a matched
input.

If port 3 is terminated in a matched load of 7., then the
load admittance seen looking into the primary side of the cou-
pled-line transformer of Fig. 5 can be expressed as

1 1
Y; = (S — 38
: N3M3< *Zocﬂxsc) (38)

This admittance is then transformed through the transmis-
sion-line section
Y1+ jYo1 tanﬁmt

Yy = . 39
27 Y01 + 5Y tan oyt (39)

Finally, the input impedance seen looking into port 1 is
Lin = szf + (40)

Y'F + Ny MsYs'

We can attempt atransition design by first choosing the cou-
pled-line stub reactance j X . to cancel the reactance of Y'“.
Using (37) then leads to the following formulafor X,.:

Xee  —1+V1-442
Zoe 24

where A = —N2Zo.Im {Y/5¢ + Y25 }. If the argument of the
square-root term in (41) is negative, then no matching solution
is possible—this usually means that the slot length is too small
or that the cavity parameters do not allow a propagating mode.
Once the reactance is found from (41), the coupled-line stub

length Z,. can be found from

(41)

szc = _jZOC cot ﬁgsc- (42)

The input impedance can then be made real by using the
feed-line stub to cancel the reactance of Y>, which yields the
following equation for X :

1
Xyp=-Imq . 43
e { Y + Ny MY, } (“43)
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The above procedure only yieldsareal input impedance—the
real part of the input impedance must still be matched to Z, ¢ by
proper selection of the slot and cavity parameters. This can be
very difficult in practice.

The design procedure outlined above generally results in a
transition with different stub lengths for the feed and coupled
lines, even if the two substrates are identical. From symmetry,
it is clear that a design where both stub lengths are the same
must be possible, but we have not been able to derive asimple
closed-form solution (in terms of the equivalent-circuit param-
eters) for this case. Finally, notethat it is also possible to termi-
nate port 3 with an open-circuited stub, with port 4 used as the
output port. Thiswill lead to the same results as above, except
for a 180° phase shift in the output voltage. It is also possible
to obtain a broad-band 180° 3-dB splitter by using both ports 3
and 4 as output ports.

A. Transition Response

The response of the two-port transition can be found using
the equivalent circuit of Fig. 5 [after the parameters of this cir-
cuit have been found from the moment-method analysis and
(25)—(27)], but a more direct method isto convert the S-param-
eters of thefour-port coupler to the S parameters of the two-port
transition. Due to symmetry, there are only four unique param-
etersin the 4 x 4 S matrix of the coupler (one row or column).
These can be written in terms of the R, T', and C' parameters
defined above in the moment-method analysis as

—Av Vg
S =R = % (44)
Spo=1-8,=T=1-R (45)
Av,
S15 =0 = 2000 (46)
—Av. W
S1u==8=-C=— 0 (47)

Fig. 6 showsablock diagram of afour-port coupler with ports
2 and 4 terminated with loads having reflection coefficients 1, s
and I';., respectively. These coefficients are determined from
the stub reactances j X, and j.X ;.

In Fig. 6, we assume a unit amplitude wave incident at port
1, and refer to the reflection coefficient at port 1 as R,, and
the transmission coefficient at port 3 as 7, to distinguish these
coefficients from the corresponding terms 12 and 7" defined for
the four-port coupler of Fig. 3. A straightforward, but lengthy
analysis gives R, and T; in terms of the four-port S-parameters
as follows:

S]?ALFSC 514524Fsc

Rt _Sll * 1-— 544F5c * <Sl2 * 1-— 544Fsc>
Sorlsp (1= Saal'se) + 5145240505

X 48
(1 - SQQst) (1 - 544Fsc) - 5224Fscrsf ( )
514534F5c 524534F5c
T, =Say 4 SM0380se | (g | D24984 sc
i st 1- 544Fsc * < 82 1- 544Fsc>
Sorlsp (1= Saal'se) + 5145240505 (49)

(1 - SQQst) (1 - 544Fsc) - 5224Fscrsf '

1039

_’T(

I'sc C 4 3
[S]
matrix of four
2 ) rsf

port coupler
Fig. 6. Block diagram of the four-port coupler terminated with loads to form
atwo-port transition.
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Fig. 7. Calculated coupling of a four-port coupler with a thick ground plane
(rectangular cavity) compared with data from Ensemble. f = 4 GHz, ¢,;, =
Ere = 2.22,d; = d. = 0.0762cm, tané; = tand. = 0.001,b =L, =
L.=15cma=W; =W, =0.11cm,t =0—1.026 cM, &,cavt = 2.22,
and w; = w. = 0.254 cm.

IV. EXAMPLES

A. Rectangular Cavity

The solution described above was first validated by com-
parison with the zero-thickness ground-plane case described
in [3]. We next considered coupling through a thick ground
plane, which is the limiting case of arectangular cavity having
cross-sectional dimensions equal to the feed and coupling slot
dimensions, i.e, a = Wy = W, and b = Ly = L.. We at-
tempted to compare with calculated data from [6], but noticed
that the calculations presented in Fig. 2 of that paper are clearly
inerror, asthey indicate anincreasein coupling with anincrease
in ground-plane thickness, rather than a decrease (although
the zero-thickness ground plane data of [6] did agree with our
earlier published data given in [3]). Instead, we used a similar
geometry asin [6], and compared our results with calculations
from Ansoft’s Ensemble, at a fixed frequency of 4 GHz, with
ground-plane thickness ranging from 0 to 10.26 mm. Calcu-
lated results for |.S13] are shown in Fig. 7 versus ground-plane
(cavity) thickness at a frequency of 4 GHz. Note that coupling
drops quickly with an increase in ground-plane thickness and
that thereis good agreement between our results and those from
Ensemble. There is a dight difference between the two results
that increases to approximately 1.5 dB for a ground-plane
thickness of 10 mm—the reason for this disparity is not clear.
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Fig. 8. Calculated insertion loss compared with caculations and
measurements from [8] for a two-port microstrip transition with
a thick ground plane (rectangular cavity). ., = &.. = 2.20,
d; =d.=0.158cm, tané; = tanbd. = 0.001,b =L, = L. = 1.27 cm,
a = W; = W. = 0254 cm t = 2.54 cm, £rcav = 10.5 £ 0.25,
wr = we = 0.498cm,and (., = {,. = 1.651 cm.

For an independent cal culation, we can model to avery good
approximation the variation of coupling with ground-plane
thickness by assuming a single evanescent mode in the wave-
guide; i.e., for a reasonably thick ground plane, the coupling
must vary as

|S13| = Ae™ (50)
where A isthe coupling level for ¢ = 0 and « is the attenuation
constant of the evanescent waveguide mode

(7)o

At t = 0, the coupling level is —8.1 dB, and we can calculate
a = 1682 m~! from (51). For t = 10.26 mm, (50) gives
|S13] = —23.1 dB, which is within approximately 1 dB of our
calculated results.

Next, we compared our calculations with the measurements
and calculations for the two-port microstrip transition with a
thick ground plane presented in [8]. Notethat thisisasymmetric
transition, having the same substrates and stub lengths on both
the feed- and coupled-line sides of the structure. Also note that
the cavity has a filling with a high dielectric constant with a
relatively large tolerance. Results for insertion loss versus fre-
guency are shownin Fig. 8. Agreement appearsto bevery good,
and the highly resonant behavior is modeled quite well. There
isadight shift between measured and cal culated results for the
resonant peak at the highest frequency, but this may be attrib-
utable to the uncertainty in the dielectric constant of the mate-
ria filling the cavity. Small air gapsin the physical model may
have asimilar effect on the measured data. The cutoff frequency
of the connecting waveguide is approximately 3.64 GHz—the
data clearly show that below this frequency strong coupling is
not possible.

For athird example, we treat a two-port coupler with a rect-
angular cavity having a size different than the coupling dots.
Notethat the ground planethicknessis6.12 cm—thisdimension

o =

(51)
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Fig. 9. Calculated insertion loss compared with results from Ensemble for a
two-port microstrip transition with a large rectangular cavity. e, = &,.. =
2.20,d; = d. = 0.0762 cm, tand; = tané. = 0.001, L, = L. =
2.70ecm, W, = W. =0.11cm,a = b = 4.04cm,t = 6.12 cM, &rcav =
2.20,w; = w. = 0.254cm, ¢, = 1.710 cm, and ¢,. = 1.677 cm.
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Fig. 10. Comparison of measured and calculated insertion loss for a two-port
transition using a circular cavity. €.y = &,.. = 2.20,d; = d. = 0.0787 cm,
tané; = tané. = 0.001,L, = L, = 2.40cm, W, = W, = 0.2 cm,
a = 264cm t = 6.77 M, €rcav = 1.0, w, = w. = 0.242 cm, and
lif = L;. = 1.26 cm.

is Ay/2 in the dielectric-filled waveguide at 3 GHz. The calcu-
lated insertion lossfor thistransition is plotted versus frequency
in Fig. 9 and compared with results from Ensemble. Agreement
is quite good, and the high-¢ nature of coupling with the cavity
can be clearly seen. We also compared the S-parameters for
the four-port version of this geometry with Ensemble with good
agreement for both magnitude and phase.

B. Circular Cavity

There are no results for microstrip couplers using circular
cavities in the literature and Ensemble does not treat circular
cavities, thus, amicrostrip transition using acircular cavity was
fabricated and tested. The cavity was designed to have a res-
onant frequency of 4 GHz. The results are shown in Fig. 10,
where it is seen that the present solution is in good agreement
with measured data.
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20 F

Transmission Coefficient (dB)

—— Rectangular Cavity
- Circular Cavity
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Fig.11. Comparison of calculated insertion loss for two-port transitions using
either a rectangular (square) cavity or a circular cavity. Both cavities have a
resonant frequency of 3 GHz. ¢,.; = ¢,. = 2.20,d; = d. = 0.0762 cm,
tané; = tané, = 0.001,L; = L. = 2.70cm, W, = W. = 0.11 cm,
a = b = 4.04 cm (rectangular cavity), a = 2.3705 cm (circular cavity),
t = 6.12 CM, eycay = 2.20,w; = w, = 0.254 cm, {,; = 1.710 cm, and
(e = 1.677 cm.

Another interesting comparison is to compare the response
of acoupler using acircular cavity with that of a coupler using
a square cavity having the same resonant frequency. The rect-
angular cavity transition treated in Fig. 9 was square in cross
section, dielectricfilled, A, /2 inlength, and had aresonant fre-
quency of 3GHz. If weuseacircular cavity of the same physical
length with aradius chosen so that the resonant frequency isalso
3 GHz, we should expect to see a similar response. Indeed, this
isthe case, as seen in the data of Fig. 11.

V. CONCLUSION

This paper has described a full-wave moment-method anal-
ysis of an aperture-coupled microstrip coupler using a resonant
cavity between the substrate ground planes. Both four-port
coupler geometries and two-port transitions have been treated.
Equivalent circuits have been derived for each of these prob-
lems, and computed results have been validated with data from
the literature and with independent calculations from commer-
cial CAD packages and measured data. These comparisons
have shown that the solutions derived here are accurate and
computationally efficient, and have the added advantage over
commercial CAD packages in that equivalent-circuit parame-
ters can be obtained directly. The vector Bessel transform was
used to derive the required Green's function for the circular
cavity.

It was found that a cavity may be inserted between the
substrate ground planes of two aperture-coupled microstrip
lines, although the coupling level may decrease slightly (this
can be compensated for by increasing the size of the coupling
slots). In addition, the resonant nature of the cavity results in
a much narrower bandwidth over which tight coupling can be
achieved. Another possible disadvantage of introducing the
cavity is that it appears that significant coupling only occurs
when the cavity is resonant, meaning that the electrical length
of the cavity (ground-plane thickness) must be ), /2—this may
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¥ X

Fig. 12. Geometry of acircular cavity.

result in impractically thick ground planes unless the frequency
is very high.

APPENDIX

Rectangular Cavity Green's Function

The required Green's function for the rectangular cavity
gives the y component of the magnetic field at (xz,y, z) due
to a y-directed magnetic current at (zg,yo,20 = 0). This
result can be used to evaluate both self-admittance and mutual
admittance between two dlots located in the endwalls of the
cavity by setting » = 0 for self-admittances and » = ¢ for
mutual admittances. The cross section of the cavity is assumed
toextendfromO0 <z <aandO0<y<bandfrom0< z < ¢t
in height as follows:

£0m E, ko k2]
Hy = konoab T;an_: k.sink.t
X €08 kg €08 kyxo sin kyy sin kyyo cos kL (t — z).
(A.D
In this expression, the following variables are defined:
k, =% (A.2)
a
ey = (A3)
b
k. =\/e,k§ — k2 — k2, Im{k.} <0 (A4
1, form =20
Fom = { 2, form #0. (A-5)

For a rectangular slot centered in the cavity endwall, terms in
the series with m odd or n even are zero. Note that (A.1) isa
space-domain (not spectral-domain) representation.

Derivation of Circular-Cavity Green’'s Function

The circular-cavity Green’sfunction for vector magnetic cur-
rent sources has not, to our knowledge, appeared in the liter-
ature and, therefore, its derivation is outlined here using the
Fourier—Bessel transform technique described in [12]. The ge-
ometry of the circular cavity is shown in Fig. 12. Theradiusis
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a, the height is ¢, and the material filling the cavity hasarelative
dielectric constant of ..

A magnetic current on one of the cavity endwalls will excite
both TE and TM modes in the cavity. Thus, the fields can be
expressed in terms of the el ectric and magnetic vector potentials
as[11]

—J A,  10F.
A.6
r= wpe Opdz  ep AP (A-6)
_ —j 9%A. 10F.
¢ T wuep 0Oz £ Ap (A7)
(2, P
E.=— | +.5)A4: (A.8)
wpe dz
1 0A, j O0°F,
= - — A.
P up O wpe Opdz (A-9)
—19A, —j O%F,
Hy=——""-"7--— - A.l
¢ oO0p  wuep 0¢pdz (A-10)
—4 2
==L (129 g (A.12)
WitE 022

The vector potentials can be expressed in Fourier—Bessdl series
form as

Ao =" > AL T (knmp)e’™?
n=—oo m=1
cos k. (t — 2), z> 2
% {Cosk 2, z< 2 (A-12)
n=—oom=1
sin kL (t — 2), z> 2
% {Sin k2, z< 2 (A-13)
where the following terms are defined:
k _xnrn
k/ x’/n’rn
J! (2! ) =0 (A.15)
k2 =e k3 — k2. (A.16)
E? =e kg — K2 . (A.17)

Note that the radial and ~-dependencies of the potentials have
been chosen to satisfy the boundary conditionsthat £, = 0 and
Ey=0az=0andz =t , andthat £, =0at p = a.

Next we define the vector Bessel transform pair as[12]

(A.18)

(A.19)
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where the following matrices are defined:

7nrn(p) )
I —Jn
Jrll(knmp) L/ p‘]n (Mlmp)
— 771 nm (20)
ﬁnnl
- 2
a
? n+1 (knrna/) 0
= CLQ 712
I 0 5 <1 W) I3 (K )

(A.21)

With these definitions, it can be shown that the following
identity results from (A.18) and (A.19):

e — —
/ ’]nrn(p) ) ]né(p)pdp = Crmbme (A22)
P

=0

where the superscript ¢ represents transpose and 6,,, isthe Kro-
necker delta symbol

5 = 1, m=14{
mETN0, m#L

The vector Bessel transform greatly simplifiesthe manipulation
and inversion of the vector potentials and the associated coef-
ficients. Thus, using (A.6) and (A.7), (A.12) and (A.13), and
(A.20) allowsthe transverse electric field in the cavity to be ex-
pressed as

)= Z Z e

n=—oom=1

- A k knrn .

—JAnm 2 Finm sin kz(t — z)
wus

k/

nm nrn : k{ t — 2z

—R e sin (t— 2)

" (A.23)

The relation of (A.19) can then be used to invert (36) to find
the unknown coefficients in terms of the transverse electric
fields

—3 A k. kpm

T:/;E sink,(t — z)
k/

nm nrn Sin k/ ( 7)

——1 = E ] .
/ rn' nm p)|:E:5:|e ’ ¢pdpd¢
p=0
(A.24)

Now assume a magnetic surface current source M, = 9M,
on the bottom endwall at ~ = 0. Since M, = E x n, we have

that Eﬂ(pv b, 0) = —ng(p, ¢>) and E¢(p7¢)7 0) = MP(ﬁv ¢>) a
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2z = 0. Thus, (A.24) can be rewritten in terms of the cylindrical
components of the source current as

—jAY ko kam .
T BamlBelnm o b 4
wus
k/
nm nrn Sln klzt
—
1 T =—1 =t —-M .
 Cd . ¢ eIy dp dg.

(A.25)

The cylindrical components of the source current are givenin
terms of the rectangular component as

Mp(p, ¢>) :J\Jy(aj
M¢(p, ¢>) :My(x

,y)sin g
,Y) cos .

The required matrix product Cnm . ];m(p) can be found as
(A.26), shown at the bottom of this page. The integration in
(A.25) can be evaluated numerically to give A} and Ff | i.e
the coefficients of the vector potentials for z > 0. This can be
done most efficiently by calculating atwo-dimensional array of
coefficients for a finite range of » and m. The integration in
(A.25) isover the magnetic surface current density; in this case,
the slot on either the feed- or coupled-line substrate. Thiscan be
facilitated by converting theintegration in (A.25) to rectangular
coordinates.

After the A} and I coefficients have been determined,

nm nm

the transverse magnetic fields can be computed as follows:

{ } S 3 Tunl)

n=—oom=1

knrnA+
—"m cosk.(t— 2)
ne - (A.27)
I% Iﬂ//F [ . .
J nm' Tz nm Sklz(t _ Z)
WHE

The y-component of the magnetic field is found from (A.27)
as H, = H,sin ¢ + Hy cos ¢. These results can be used for all
four terms of the cavity admittances, defined in (22)—(25), be-
tween the feed and coupled substrate slots by letting the source
be located at = = 0, and the test source be located at either
z = 0 (for the self-admittance terms) or » = ¢ (for the mutual
admittanceterms). We have found that the admittances converge
fairly well with the seriesiin (A.27) truncated for —6 < n < 6
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Transformer Turns Ratio for Rectangular Cavity

For a propagating TE; rectangular waveguide mode, the
transformer turns ratios used in the equivalent circuit of Fig. 4

are given by [9]
M; _1/ 2 C
M. 1/ Cye

whereq and b arethedimensi onsof thewaveguide cross section,
and Cyy and C,. are constants related to the modal voltages of
the TEq; waveguide mode

Cyp =Fp, <k,,, =0, k, = %)
Cye =F. <k,,, =0, k, = %)

Yp1 and g; are the wave admittance and propagation constant
for the TE; waveguide mode, and £,,s . is the Fourier trans-
form of the PWS expansion mode used in the feed or coupled
slot

(A.29)

(A.29)

(A.30)

(A.31)

k,L
2k. |cos == — cos
2 2

koL

keL kuW
gin =

ke W

2 _
(ke 2

kg) sin

Transformer Turns Ratios for Circular Cavity

The transformer turns ratios Ay and M. for the circular
cavity can be derived by first defining equivalent voltages for
the dominant TE;; circular waveguide mode in terms of the
waveguide modal fields [10]

iv-l—e—j,ﬁz

E =Atee 7P = (A.33)
1

_ _ hVH

H =A%he 7P = %;—HG—W (A.34)

wheree and I arethetransverse modal fields of the TE; mode,
C and C, are constants to be determined, V1 is the voltage
on the equivalent transmission line, and AT is the amplitude of
the transverse waveguidefields. Also, Z;; = wp/3 isthewave
impedance of themode, and /3 isthe propagation constant. Thus,
weseethat V1 = 01A+ = 02Z11A+.

For our purposes, we can define the transverse fields of the
TEq; circular waveguide mode as

and 1 < m < 6, but more terms may be required for certain _ .2
parameters. Also, dueto symmetry for a centered coupling slot, c=p kep J1(kiep) cos ¢ — ¢2J1( iep) Sin ¢ (A.35)
the A and F},, coefficients computed from (A.25) areiden- - .2 2
tically zero for n, even. h :pZ—nJl( -p) sin ¢ + d)k T Ji(kep)cos . (A.36)
2J! (krnmp) 29ndp (knmp)
a?J2 1 (kpma) a2kpmpd? 1 (knma)
—1 —
oo T () = —2j1In () 2Jy, (K ) (A.26)

GQk;wnp <1 - ]%27;—20,2> J2 (kéwn

n2
) a? <1 72 g ) J2 (KL, )

nrn
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In these expressions, k, = «!,,./a = 1.8412/a is the cutoff
wavenumber of the TE;; mode.

Thedefinition of equivalent voltagesal so requires normaliza-
tion of power so that

27 g
Poz/ / e x h - 2pdpdg
=0 p=0

= (10
2

== (2 1) JE ().
Zn(ll )1(11)

(A.37)

Using (A.33), (A.34), and (A.37) gives expressions for the
constants C; and C5 in terms of the power in the waveguide
mode and its wave impedance

Cl =1/ POZ11 (A38)
— PO
Cy = 7 (A.39)

Now, by reciprocity, the excitation of the TE,; waveguide
mode due to the magnetic current in the slot can be computed
as[2], [10]

—1
At = h-2M
2P0
—V L/2 W2
= 0/ [h,sin ¢ + hy cos @]
y=—1/2 Jo=—W/2

x my(z,y)dzdy. (A.40)

This integration must be done numerically. Defining the in-
tegral as

r/2 w/2
=l
L/2 —W/2
and using (A.38) and (A.40), adlowsthe turnsratio to be calcu-

lated as
[ Z11
=/ —=—0C,.
P Y

Thisresult can be applied to the transformers on both the feed
and coupled sides (M and M..).

[hpsin¢ + hy cos @] my(x, y)dzdy

vt Ci At

M = =
o Vo

(A.41)

ACKNOWLEDGMENT

The author would like to acknowledge Dr. M. Adlerstein and
Dr. F. Colomb, both of the Raytheon Company, Andover, MA,
for their suggestion of this problem.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 3, MARCH 2003

REFERENCES

[1] D. M. Pozar, “A microstrip antenna aperture coupled to a microstrip
line,” Electron. Lett., vol. 21, pp. 49-50, Jan. 1985.

[2] ——,“A reciprocity method of analysisfor printed slot and slot-coupled
microstrip antennas,” |EEE Trans. Antennas Propagat., vol. AP-34, pp.
1439-1446, Dec. 1986.

[3] N. Herscovici and D. M. Pozar, “Full-wave analysis of aperture cou-
pled microstrip lines,” |EEE Trans. Microwave Theory Tech., vol. 39,
pp. 1108-1114, July 1991.

[4] C.Chen, M. J. Tsai, and N. G. Alexopoulos, “ Optimization of aperture
transitions for multiport microstrip circuits,” IEEE Trans. Microwave
Theory Tech., vol. 44, pp. 2457-2465, Dec. 1996.

[5] K. Takeuchi, W. Chujo, and M. Fujise, “A slot coupled microstrip an-
tenna with a thick ground plane,” in Eur. Microwave Conf. Dig., Sept.
1993.

[6] A.M.TranandT. Itoh, “Analysisof microstrip lines coupled through an
arbitrarily shaped aperture in a thick common ground plane,” in |[EEE
MTT-SInt. Microwave Symp. Dig., 1993, pp. 819-822.

[7] P R.Haddad and D. M. Pozar, “ Characterization of an aperture coupled
microstrip patch antennawith athick ground plane,” Electron. Lett., vol.
30, pp. 1106-1107, July 1994.

[8] M. Davidovitz, R. A. Sainati, and S. J. Fraasch, “A noncontact inter-
connection through an electrically thick ground plate common to two
microstrip lines,” |EEE Trans. Microwave Theory Tech., vol. 43, pp.
753-759, Apr. 1995.

[9] P R. Haddad and D. M. Pozar, “Analysis of two aperture coupled

cavity-backed antennas,” |EEE Trans. Antennas Propagat., vol. 45, pp.

17171726, Dec. 1997.

D. M. Pozar, Microwave Engineering, 2nded. New York: Wiley, 1998.

C. A. Baanis, Advanced Engineering Electromagnetics. New York:

Wiley, 1989.

W. C. Chew and T. M. Habashy, “The use of vector transforms in

solving some electromagnetic scattering problems,” IEEE Trans.

Antennas Propagat., vol. AP-34, pp. 871-879, July 1986.

[10]
(11]

(12]

David M. Pozar (S74-M’'80-SM’88-F 90)
received the Ph.D. degree from The Ohio State
University, Columbus.

In 1980, he joined the faculty of the University
of Massachusetts at Amherst. In 1988, he spent
a sabbatical leave with the Ecole Polytechnique
Federale de Lausanne, Lausanne, Switzerland. He
has authored or coauthored over 100 papers on
microstrip antennas and phased arrays. He also
authored Microwave Engineering, Second Edition
(New York: Wiley, 1997), Microstrip Antennas
(Piscataway, NJ: IEEE Press, 1995), and Microwave and RF Design of Wireless
Systems (New York: Wiley, 2000). He also authored PCAAD, a software
package for personal computer-aided antenna design.

Prof. Pozar has served as an associate editor for the IEEE TRANSACTIONS
ON ANTENNAS AND PROPAGATION (1983-1986 and 1989-1992), as a member
of the IEEE Antennas and Propagation Society (IEEE AP-S) Administrative
Committee (AdCom) (1989-1991), and as an associate editor of the IEEE AP-S
Newsletter (1982-1984). He served as a Distinguished Lecturer for the IEEE
AP-S from 1993 to 1995. He was the recipient of the 1981 Outstanding Pro-
fessor Award presented by Eta Kappa Nu, the 1984 National Science Founda-
tion (NSF) Presidential Young I nvestigator Award, the Keysto the Future Award
presented by the |[EEE AP-S, the 1985 University of Massachusetts Engineering
Alumni Association Outstanding Junior Faculty Award, the 1986 R. W. P. King
Best Paper Award presented by the IEEE AP-S, the 1987 URSI Issac Koga Gold
Medal for his work on printed antennas and phased arrays, the 1988 R. W. P.
King Best Paper Award, the 1989 United Technol ogies Corporation Outstanding
Teaching Award, the 1995 College of Engineering Outstanding Senior Faculty
Award, the 1997 College of Engineering College Outstanding Teacher Award,
the 1998 H. A. Wheeler Applications Prize Paper Award presented by the |[EEE
AP-S, and a 2000 |EEE Third Millennium Medal.



	MTT025
	Return to Contents


