Cavity model of circularly polarised
cross-aperture-coupled microstrip antenna
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Abstract: A cavity model is used to analyse an aperture-fed nearly square circularly polarised patch
antenna. The form of the aperture is that of a symmetric cross-slot that couples the excitation between
a single microstrip feed line and the patch antenna. Using equivalent magnetic current sources at the
slots, the modal electric and magnetic fields under the patch are obtained, and hence analytical
expressions for the patch admittances at the aperture are derived and used to obtain an equivalent
circuit of the circular polarised antenna. Good agreement is obtained between the circuit modelling

and practical results.

1 Introduction

An aperture-coupled feed structure is known to have a
number of practical advantages. Since the feed network
and radiating patch are on separatc substrates, both the
thickness and dielectric properties of each substrate can be
independently chosen to meet requirements of the feed
nctwork to the radiation patch. The isolation of the patch
from the feed network by the ground plane minimises
spurious [eed radiation. A compact structurc can be real-
ised using aperture coupling, and as the aperturc is posi-
tioned below the centre of the patch, the symmetry ensures
good circular polarisation [1, 2].

Aperture-coupled structures have been fully analysed
using spectral domain [3, 4] and spatial solution [5] meth-
ods. These analyses can be used lo examine the effects of
the design parameters on the performance of the antenna
with good accuracy. However, these approaches are
numerically intensive and, because of the poor convergence
of the reaction integrals and tabulation of Green’s func-
tions, can be time consuming and require expensive compu-
tations. In addition, these methods of analysis do not
produce equivalent circuit models which are suitable for
small-scale CAD computations.

Although not as rigorous as the above full-wave analy-
ses, the cavity modcl {6, 7] can readily be used to derive
equivalent circuit models of the antennas for implementa-
tion of small-scale CAD. It has been shown that in the
cavity model the antenna substrate thickness must be much
less than the free-spacc wavclength [8], a condition
normally satisfied in the design of microstrip patch antenna
structures.

In this paper the cavity model has been used to model a
circularly polarised nearly square patch antenna, excited
using a microstrip feed line via a symmetrical cross-slot
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[1, 2, 9]. In contrast to a single slot structure the cross-slot
structure allows the use of slot length greater than half the
patch width; hence the matching condition is maintained
over a wider bandwidth. In addition, the equal cross slots
provide symmetry of excitation of the patch and cnsure
generation of circular polarisation with good axial ratio
[2, 10]. An equivalent circuit model has been derived and
used to determine the input impedance of the antenna and
further, based on the derived equivalent circuit the condi-
tions for producing a good axial ratio are also examined. It
is shown that there is a close agreement between the practi-
cal results and those predicted by the cavity model
approach.

2 Field distribution

The structure of the antenna using a symmetrical cross-slot
is shown in Fig. 1, where it is assumed that the electric field
distribution in cach of the two orthogonal apertures is in
the form of a single piece-wise sinusoidal mode [3]. The
clectric field in the aperture parallel to the y axis has only
an x-directed component F,, given by

_ Vo sinfka (B —y—g])] a=We <4 < atWe
E(L:(; - W, sin(k:(,, 132(:) b?L,, - - b7271,,
D) < Yy < 5
z2=0
=0, otherwise
1)

where Fy, is the voltage at the centre of the aperture paral-
lel to the y axis and k, is the wave number of the aperture
determined by Cohn’s method [11]. Similarly, the electric
field in the aperlure parallel to the x axis has only a y
component E,, given by

. L
B = Y sinfk (5t —Jo—8])] azla < x < afla
W W sin (ko 1) bW, <u< b,
7 SYS
z2=10
=0, otherwise

(2)
where ¥, is the voltage at the middle of the aperture paral-
lel to the x axis.

147



Fig.1  Design parameters of cross-aperture coupled microstrip antenna
4= 32.1mm, b = 34.5mm, W = 4724mm, L, = 9mm, L, = 18mm, W, = 2mm,
b = 2.33, 6y = 233, dy = 3.15mm, dp= 15Tomm, ¢ = = 45°

The cavity models [12] assumes that the tangential
magnetic field at the cavity side walls is zero to a good
approximation, and, by the equivalence principle [12], the
magnetic currents in each of the two apertures just above
the ground plane are then given by

.'Maw = _2an (3)
and
A/Ia,y - 2E(m, (4)

Fig.2  FEquivalent magretic currenis replacing electric fields in aperture

The equivalent magnetic current density excitation is
assumed to be uniformly distributed in the cavity volume
above the slot [13] as shown in Fig. 2. The corresponding
current densities J,,, and J,,, in the aperture cavities arc
therefore given by

e = 2t Sl Jr 81 ke < g < bl
me = d,W, sin (ko 22 =W, bW,
< ] e < Yy S —Q
0 <z S du
=0, otherwisc
()
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and

_ ov, sin[lr ( I I)} a=W, T < atWa
me — d, W}a sln(k L—) b 2L P - b 2’
3 bfe <y < bl
0<2<d,
—0, otherwise

(6)

The magnetic field H inside the cavity volume due to the
magnetic current density J,, is given by Maxwell’s equation
VxVxH-kH=—juugdm (7

For the magnetic fields H,, H, which only have x and
components, eqn. 7 reduces to the following two differen-
tial equations:

*H, &°H. ‘
dxdy 8y2 — K Hy = —jwpioJme (8)
8H, &°H, . '

dxdy asz — K Hy = —jwitoImy (9)

The solution of the above differential equations can be
expressed in the following eigenfunction expansion form

Hx == E Z Bz,'mn\pz,mn (10)
Hy = Z Z By,mn\yy,mn (11)

where B,,,, and B,,,, are the unknown mode coefficients
and W, ., and W, ., are the eigenfunction of eqns. 8 and 9.
The elgenfuncuon must satisfy the associated homogenous
equations and hence

82\I!r,m71 az\IIy,mn .
amay - 8y2 - ]‘VﬂLn\I'r,mn - 0 (12)
ER 9V,

where k,,, are the associated eigenvalues. The boundary
conditions on the four magnetic walls are

U, mn=0aty=0andy=>
Tymn=0atz=0andz=a (14)
The eigenfunctions are given by
Yo n = Avnn K cO8(kn ) sin(kny) (15)

Uy mn = Amp.kr. cos(kny) sin(k,, z) (16)
with
_ XmXn _ 1 1fp =0 —
A, = P where xﬁ—{z i£p£0 (17
and
m.mw n.mw
by = P kn = _b” (18)

The mode coeflicients B, ,, and B,,, can be found by
substituting for H, and H from eqns 10 and 11 into the
non-homogengous differermal eqns. 8 and 9 to give

Z Z Br,mn(kfnn - k.z)\y:t,’mn = _jwsjm.r (19)

and,
>3 Bk

Multiplying egn. 19 with the mode function W, ., and
eqn. 20 by ¥, ., and integrating over the cavity volume of

n— k¥ e = —jweTmy  (20)
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the patch gives

a

b
ZZBw,mn ,,,,n_k2 //‘l'rmn Lmn’didy
moon o0

= ",]ILUE:/ / Jrnwlllm,m.’n'dfl/'d'y (21)

and,

[s5

b
ZZBy,mn mn k? //‘IJ mn y,m’ 1ne dzdy
a o0

T T

a b
= _ng//JT,,,y\IJ.y,m:n/da",(.ly (22)
00

The orthogonal properties of ¥, ,,, and ¥, ,,, are

a b
//\le,m'n\pw,v71"n’d$dy
0

_ { k2 ifm= 'm’ and n=n' (23)
0  otherwise

b
//‘lly,mn\l/y,mln,ldl‘dy
0 0

_JE, dm=wmandn=n (24)
0 otherwise
hence
. a b
we
Bu:,mn = m / / J’mmq’x.mnd]"dy
mn 7 0
(25)
e b
' we
By,mn = (L — ]]{)2 / / ]my“Py,mndzdy
’r77’rL 7IL - 0
(26)

Substituting for J,.., Jup Wy and W, integrating
eqns. 25 and 26 gives

B:p7.n¢'lb - d k ( k‘IZnn)
4sine (kn 52 ) sin (%) cos (%F) )
sin (k LQ)
k. [cos (knLe) — cos (ko i
[cos ( kgzkfn (ko )] (27)
_ —jweAmaVoy
By,mn - da,km : ( k72n'n)
4sinc (kn %5+ ) sin (%) cos (%F) .
'sm( ,a%—
ko [cos (knZe) — cos (kof)]
kzj = (28)

With the known mode coefficients the components of the
magnetic field in the patch cavity are given by
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Hac = Z Z AmnBz,mv'Lkn COS(kmx) Sin(kny) (29)

m k23

Hy - Z Z A7nnBy,'m’n kvm, Sill(k’r,,,,l’) COS(kny)
m n

(30)
Finally the electric field E, can be determined from the
Maxwell equation

1 dH, de
E N 31
2(zy) = { d dy ] ( )
giving
Ez(:r:,y) ]uJE Z Z Am nCrmn (-OS(km‘E) LOS(kn't )
(32)
where
Con = Bm,mnk/%z - By,mnki (‘33)

Hence, the electromagnetic fields in the volume of the
patch are now known and defined by eqns. 29, 30 and 32.
The losscs in the cavity can also be taken into account by
replacing & by an effective wave number [5]

1= jdess) (34)
where d, is the effective loss tangent, which includes the
rddlauon and copper dielectric losses [14].

2 _ 1.2
keff = AOST(

3  Input impedance

The admittances of the patch of the two orthogonal aper-
tures can be evaluated using the energy conservation theo-
rem [12] and are given by

JIT Ho T

‘z,ant = —ﬁ—omP—
j i[ f H‘!] J;kn,'ydv
R

Substituting the expression for the magnetic field from
eqns. 29 and 30 and the magnetic current density from
eqns. 5 and 6, and performing the integration, the follow-
ing analytical formulas are obtained for the admittance
values of the antenna at the apertures:

Vs an ZZ 16 - Jue AZ .
T (- )

g2
{sinc (kp e ) sin (ZF) cos (ZF)

mn
sin (Aa, Lz—')

hz__kz

m

kg [cos (k) — cos (ko)) }2 50)

16 - jwe - A2
Yy,anL mn__ |
m n d ( ;" _k,zn”)
mw
2

{ sine (kyn %o

sin (ka%) ‘
2
ko [cos (kni) — cos (ka%e)] } (37)
Py
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The self-admittance of the aperture is obtained by consider-
ing it as two short-circuited slot lines of length £,/2, and, is

thus given by
] L,
%ap = — Z2] cot (ka 7) (38)

Finally, the input impedance of the antenna is given by the
following expression:

nZ n‘Z
Zin = —jZycot(kyLys
" Ym,ant + }/ap * Yy7u,'n,t + Yap / / CO ( 5o )
(39)

where n is the turns ratio of the microstrip (o aperture
impedance transformation for the two orthogonal aper-
tures, & is the wave number of the feed line (10, 13].

L'x,mn Rx,mn CX:mn

L. R

%,01 %,01 Cx,01

.

Ly, mn Ry, mn Cy, ma
R, C
Ly’ o1 y, 01 Y.

Fig.3  Equivalent circuit based on cavity model

4  Equivalent circuit

Using the developed analytic expressions (see eqns. 36 and
37) for the patch admittances at the apertures, it is possible
to draw an equivalent circuit of the cross-aperture coupled
CP antenna based on the cavity method as shown in Fig. 3.
Eqns. 36 and 37 can be written in the form

16 - jws - A2,
J: sant ZZ Zoad e
{ sine (k,, %) sin (2%

) cos (7).

dafw? = w2,) (1 + joers 25~ )
sin (k‘a LT)

2
ko [cos (km]#) — cos (ka]ﬂ‘)]
ké — k2, ) (40)

16 - jwe - AZ

Yyant = ZZ da[w? —w2,] (1 +j53ff;°§2—) |
{sinc (km Mz/ ) sin (mT) cos (”2—”)

sin (k. 42)

ko [cos (ko) — cos (kat)] ?
k2 — k2 (41)

Each of these formulas corresponds to the expression of the
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admittance of m x n series RCL circuits, which are all
connected in parallel (see Fig. 3). The equivalent circuit of
the patch admittance, as seen by the sloi paralle]l to the y
axis, have the following circuit elements:

_

Lz.’mn - 16862Agmn
sine (Jn 3 ) sin (57) cos (77)
sin (k, Lz)
ko [c08 (K 22 — cos (ka52)] :
k2

_r7-1 gfﬂk;znn i .

Cz,7rLrL - L:L',TYL’VL C2 Rm.ymn = Lx;Mﬂkmn(«éeff

(42)

Similarly, the equivalent circuit of the patch, as seen by the
slot parallel to the x axis, have circuit elements:

b
16e2AZ
sine (K W“ ) sin (%) cos (&F)
sin (AQLT)

k2= k2

Lymn =

2
Cymn =L, Srakmn
yymn — Ly mp, 02

Ry,-m,n = Ly,mnkmn C(Sef f
(43)

5 Axial ratio

For the calculation of the axial ratio, the far field compo-
nents of the antenna are first determined in the boresight.
This is performed by replacing the electrical field at the
edges of the patch by equivalent magnetic currents as given
by [15]

M=2dy Eyy-z2xXn (44)

where n is the outward normal unit vector to the magnetic
wall at the edges of the patch. Substituting the expression
of the electric field from eqn. 32 gives the following values
of magnetic currents at the four edges of the patch:

Moz y—0) = T mnCmn CO8(Kmx)  (45)
da

j\/la:(:c,y:b) = J(.w“ mn“mn (Ob(kmx) ( l)n

(46)

da ] \

My(m_O y) — jwe mnbmn (}OS(k‘ny) (47)
dg

1‘4y(m:a>y) = ]w‘C mntmn COb(an ( 1)

(48)

The electrical field E(r) caused by an infinitesimally small
magnetic current element (dM) is obtained as
Jhoe™iF0m
Ery=2""_ . dM 49
(=12 (19
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wherc r is the unit vector pointing from the magnetic
current element to the observation point and r is the
distance between the magnetic current and the observation
point. The electric field radiated by the patch is obtained by
integrating eqn. 49 along the edges of the patch. In the
boresight, the components of the electric field are, therc-
fore, given by

b
_ dakoe_jk07' ‘ 1
B =  drwer / (Z Z Apn Crnn cos(kny)

0 m n
_ Z Z AprnCron C()S(kﬁ,ﬁl/)) dy
(50)
dykoc=0r [ ’
E, = P Z Z ArnCmn c08(kmy)
0 m n
— Z Z Amn Crn cos(kny) - (~1)”) dz
m n
(51)
which simplify to
d,,‘kg(:‘" kot
EE = Amncmn =M -1
dmwer ; ; (=) ]
(52)
dykge=1kor .
EB,==. Ao Com + [1 = (=1)7
v 4drwer ; zn: [ (=1)"]
(53)
where,
_ [ —Bymo ifmodd -
Cmo = { 0 if m even (54)
Cop = { OBm’Un ?f n odd (55)
if n cven
Therefore

dgkge=7k0T
Ex O Z AmOBy mO (56>

- drwer
d k’()t’ skor oy
Ey 4:71'(4)57‘ Z 40n a,0n (O’)

The expressions for B, and By,mO can be written in the
following form:

Ba:,(]n = VOT B; on (58)
By,'rrLU = ‘/Oy ’ g,/,mO (59)
where
;L Jwe Ao
z,0n — dakn . (k‘z _ k%)
4sinc (k’n Vg‘" ) sin (’i}) k. [l — cos (k %)]
L ’ 2 (60)
sin (kaT“) k2

om0 = G (- R
4 sinc (ky, Vg“ ) sin (””2”) ko [1 = cos (ka%
sin (ko) k2
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From the equivalent circuit, the voltages ¥y, and Vy, can
be expressed as
(Yz,ant + Yu.p)_l

(Yu:ﬁant + Yap)_l + (Yy,ant + Yap)
(62)

(Ytg,ant + Yup)-l
(Ya:,ant + Yvap)il + (Y'y,amt + Y'ap)il
(63)

Substituting these results into the expressions for the elec-
tric field components in the boresight gives the computa-
tional formulas for the field components E, and E,
Voda koe 7507

2nwer

(Ya:,ant + Yap) .
(Ya;,ant + KLp)il + (Y;/,ant + r.Lp

Voy = Vo -

E, =

Z AmoDy, mo
(64)
and

5 _ Vodakoe I
v 2mwer
(Yy.,ant +Yap) !

(Ya:,u,n,t + }/(Lp)”l + (Yy,ant + }up

Z AOﬂ z OrL
(65)

The amplitude error (A4e) and phase crror (¢,) required for
the calculation of the axial ratio can be expressed as

2 A OB’ m0
A = | _ |Yy,ant, + Yap] | MmOy, (66)
’ l 7/| |Ya. ant + Yap| ) ,
( ’ Z AOnBz’On
& Yyant + Yoy ZAmoBly,mO
) = A _x — L 2 an a? . m
Qe <Ey ) Yiant +Yop Do AU”BLII:,On

(67)

Finally, the value of axial ratio is calculated by [12]

[0+ AL+ 242 con(29,)] 2
— [1 + A% + 242 cos(2¢.)]/*
(68)

Eqgns. 66 and 67, based on the rcsonant cavity model,
provide a numerical means of determining the axial ratio of
the cross-aperture coupled patch antenna at a given
frequency when the design parameters shown in Fig. 1 are
known.

1+ A2
1+ A2

AR =

6 Comparison of cavity method, full wave
simulation and experimental results

The input impedance of the antenna with the dimensions in
Fig. 1 has been calculated over a frequency range of 2.25-
2.7GHz. It can be seen from Fig. 4 that the comparison
for the input impedance between cavity model, full wave
simulation Ensemble® [16] and experimental results are in
good agrcement. The impedance loci with the double reso-
nance loop corresponding to the orthogonal modes also
demonstrates that good circular polarisation has been
achieved. Calculated resonant frequency from the cavity
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model of 2.45 GHz is in close agreement with that obtained
experimentally and from full-wave simulation.

10

Fig.4 Input impedance of cross-aperture coupled antenna Fig. 1
— - cavity modef

—O—  full-wave simulation
—X—  experimental results
&
7 w
6 "

axial ratio, dB
(=T R

oL
1k

0 . . ) i
2.356 2.40 245 2.50 2.55

frequency, GHz

Fig.5 Axial ratio of cross-aperture coupled antenna Fig. 1
----------- cavily model

———  full-wave simulation

— — — experimental results

The axial ratio (see Fig. 5) has also been evaluated using
the cavity model, simulated using Ensemble and practically
measured. The prediction of the frequency for the best axial
ratio is accurate to about 2% while that prediction of the
axial ratio bandwidth is within the range of 10%, when
compared with experimental results.
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7 Conclusions

Based on the cavity model of the equal cross-slots struc-
ture, this paper has presented a theoretical analysis to
determine the modal fields under the patch antenna. Using
thesc fields an equivalent circuit of the antenna has been
derived which is then used to determine the input imped-
ance and the axial ratio of the circular polarised antenna.
This cavity model has been used successfully to design a
circular polarised impedance matched antenna. The results
based on the cavity model show a good agreement with
full-wave simulation and practical results.
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