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Abstract —An analytical method hased upon the aperture coupting the-

ory and the derivation of S-parameter matrix has been developed for

modeling a microstrip line coupled to a microstip patch antenna using a

circular coupling aperture. Closed-form solutions were derived for scatter-

ing parameters of the coupling circuit. Input impedance and matching

condition can be calculated from the equivalent six-port network. The

theoretical results agree well with the measurements. The analysis should

have many applications in active array and spatial power combining

systems.

I. INTRODUCTION

R ECENT DEVELOPMENTS in microwave and milli-

meter-wave solid-state devices and integrated circuits

have made it possible to implement active devices directly

behind a planar antenna element [1]–[3]. Many of these

antenna elements and devices can be combined to form an

active array. These techniques are compatible with future

monolithic implementation by fabricating both passive

and active elements on semiconductor substrates. The de-

velopments should have many applications in phased array

and spatial power combining systems. [4], [5].

One practical difficulty with active arrays is in isolating

the input and output signals and maintaining the stability

of the array. Another problem is to maintain unidirective

radiation and to avoid spurious feed radiation. For mono-

lithic implementation, the use of GaAs substrate for printed

dipoles and microstrip patches could have poor perfor-

mance since GaAs substrate has a high dielectric constant

[3].

To overcome these problems, a two-sided substrate cir-

cuit has been proposed [3]. As shown in Fig. 1, the active

circuits, which include the oscillators, amplifiers, and phase

shifters, are fabricated on GaAs substrate located on one

side of the ground plane. The antenna elements are fabri-
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cated on low-dielectric-constant substrate located on the

other side of the ground plane. The coupling between the

two layers is accomplished by a circular coupling aperture

on the ground plane. The ground plane separates the

radiating aperture from the feed network, eliminating the

possibility of spurious signal radiation from the source.

Recently, Sullivan and Schaubert [6] and Pozar [7] have

analyzed the aperture coupled microstrip antenna using a

rectangular slot. Their methods are based on a numerical

moment method to find the surface electric and magnetic

currents. For a round aperture, the selection of base func-

tions could be very difficult and complicated.

This paper reports an analysis and modeling of micro-

strip line coupled to microstrip patch antenna- through a

round aperture. The analysis is based upon the aperture

coupling theory and the S’-para meter matrix derivation.

Closed-form solutions were derived for scattering parame-

ters of the equivalent six-port network which are easy to

use for actual circuit design. The analysis includes the

effects of ground plane thickness and field variation in the

aperture. Aperture sizes comparable to the width of the

microstrip line can be accommoclated.
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Fig. 2. Geometry of a microstrip coupled to a patch antenna.

II. CIRCUIT CONFIGURATION

The circuit to be modeled is shown in Fig 2. It is a

six-port network. The different parameters are defined

below:

(x’, y’, z’): patch coordinate system

(.x, y, z): microstrip line coordinate system

b, h: width and substrate thickness of the

microstrip line

A, B, H: width, length, and substrate thickness of the

patch antenna

R, x., x~: radius and positions of the aperture

~~, c*: relative dielectric constant

t: thickness of the ground plate.

Since the patch radiation occurs at the ends with

terminated admittance Y~ and Y~, the part of the patch

from the feed point to the ends can be considered as two

microstrip transmission lines with width B and A, and

length x., A – x., x~, and B – x~. The equivalent aper-

ture coupling network between the microstrip line and

patch can be represented by the six-port circuit shown in

Fig. 3. All reference planes of the ports are taken at the

center of the coupling aperture. The normalized S parame-

ter is defined as

s,, = ;
J

(1)

where ~ and V, are the normalized input wave voltage of

the j th port and the scattered wave voltage of the ith port,

respectively. The amplitude is determined by the following

Fig, 3. S-parameter equivalent network.

identity:

:’~’2=:Re[Fx@s‘2a)
(2b)

The phase is identical to the scattered field ~ and input

field ~j. The integration is carried out over the transmis-

sion line cross section.

III. ELECTROMAGNETIC FIELDS IN MICROSTRIP

TRANSMISSION LINE

The electric and magnetic fields under the microstrip

line need to be calculated before the polarizability factors

can be determined. For simplicity, we assume a quasi-TEM

wave approximation. This assumption is good for thin

substrate and low frequency. The electric field can be

found using a conformal mapping method [8]. A half

infinite z plane of microstrip section is transformed into a

half circular image plane w(z). The electric and magnetic

fields under the microstrip can be found as

E(z) =EO/[w(z)+l]* (3a)

E(z) h
H(z)=y; (3b)

(3C)

\rA]

where EO is a constant field, Z is the characteristic imped-

ance, and

Z=x+jy

w(z) =reJe.
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for each x and y, the image plane coordinates (r, 8 ) can

be determined by the following two equations:

Fl(r,8) =lnr+rcosd+l–~=0 (4)

and

F2(r,6) =rsin8+fl-~=0. (5)

The variables r~. and r~ are the radii of the image plane

half rings, determined by the two roots of the following

transformation equation:

F(r)= lnr–r+l+~=O. (6)

It should be mentioned that the electric field calculated

from (3) is not uniform, but dependent on x and y. This is

important in the cases where the aperture is not located at

the middle of the microstrip line or where the aperture size

is comparable to or larger than the microstrip width.

IV. SCATTERED FIELDS DUE TO COUPLING

An aperture in a conducting wall is equivalent to an

electric dipole normal to the aperture and having a strength

proportional to the normal component of the exciting

electric field, plus a magnetic dipole in the plane of the

aperture having a strength proportional to the exciting

tangential magnetic field. Assume the aperture opening

does not severely perturb the exciting field for a small

aperture compared to the wavelength, the dipole moments

can be calculated by [9], [10]

c1c2c~
F=– —ae(z. i)i (7)

cl+c~

2= – am fit (8)

where Z is the unit vector normal to the aperture, and a,

and am are the electric and magnetic polarizability, respec-

tively. The results for a, and am for large apertures of

finite thickness have been given by Levy as follows [11]:

2

Ii

–2~Aet f2
a,= – —R3exp

3 Ace l-E

r

‘1@zj~J) (9)

and

where Aet and A~t are related to t and R [11], and f,,,

A.,, fC~, and A.~ are the cutoff frequencies and wave-

lengths for the EIO and Hll modes in the hole, respec-

tively. Expressions for these parameters as a function of t

and R can be found in [11].

A( E,, E,) or A(HL, H,) are the average factors of field
for a large aperture. They equal 1 for a small aperture. The

factors can be found by field averaging over the aperture

(see the Appendix).

The scattered fields can be written

E; =xc:(i?n+~zn)

n

H~=xc;(in+~zn)

n

E: =xcnj(~n–~n)

n

and

H:=zc; (-in+~,n)
n

C; and C.< can be found by

507

as [12]

forz>O

forz>O

forz<O

forz <O.

(ha)

(llb)

where

P.= 2 j;. x ~..ii’,ds.
s

S is a cross-sectional surface of the transmission line, n

indicates various modes t~at possibly exist in the transmis-

sion lines, and i?’, ZZ., h., and hz. represent the trans-

verse and longitudinal components of the electric and

magnetic+fields, respectively. V is the volume in which

current J exists. C.; is the modle coupling coefficient at

the i th port.

For quasi-TEM mode, we have

~=1

$=” = Zzn =’ o

e.= E(z’)

hn=H(z).

The scattered fiel$ in the transmission line 3-4 due to

the electric dipole P with input ~atport #1 can be calcu-

lated by

b

()
“aeE{(Xa)Ej j (12)

J
4h;E; [1r~(k)

P.=2 .2’’x$.. =ds=sin-ln —
Z,~b,

(13)
s r~(k) “

Here we replace ~ by ju~ and use the results of (7).

integration of (13) is completed in the image plane [8].

subscript i indicates the scattered field at ports #3

#4, and j indicates the excited field at port #1.

example, h, and b, are the substrate thickness and

width at port #i. Z, is the characteristic impedance at port

#i. E~(b/2) is the electric field at port #j with x = b/2.

r~ ( k ) and r~( k ) indicate the ring radii of the k th transmis-

sion line. For line’ 1-2, k =1; IIine 3-4, k = 2; line 5-6,

k=3.

The

The

and

For
line
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The scattered fields due to the magnetic dipole can be

obtained by

c:m=_c-_JQ”
nm — p%%)%(:).

~Bn-.~= ‘Ju

n n

(14)

The mode coupling coefficients at port #i are then given

by

Cn: = Cn: + c+ =

–jn=

“m H2AOE;(H)

b

( “-

Clcza, Z, A ZOa~ h

–)

()
Et(xa)EJ ~

.—

– + Z, F 21n [r,(2) /r~(2)]~l+~2ZOH

(15a)

(15b)

where

Equations (15) show that the field along the positive z

direction is different from the one along the negative z

direction; that is, the aperture coupling behaves direction-

ally and it could cause unbalanced ~eed to the patch.

S~milarly, except that C~~ = O due to B. perpendicular to

M, the scattered fields in transmission line 5-6 with input

at port 1 are given by

– jr2 (Clcz Z, B
Q=c-= ——

nl H2AOE; (H) ~l+c= 20 Ha’ )

b

()
EI(%)EJ ;

21n[r~(3)/r~(3)] “
(16)

For i=l, j=l, we have

. oi)
E,; E1;

21n [r~(l)/r~(l)] “
(17)

For i = 5,6 and j =4, we have

Z, B E,(xfi)EJ(x.)——
ZO Ha’21n [r~(3)/r~(3)] “

(18)

For i = 6 and j =6, we have

‘t(xb)~, (xb)

21n [r~(3)/r~(3)] “
(19)

Other cases can be calculated accordingly.

~. S PARAMETERS OF SIX–PORT NETWORK

Once C~~ are determined for each transmission line, one

can substitute them into (2) and calculate the S parame-

ters. The S-parameters are related to C~~ by

“=:=$(-)’’’%&c’ ’20)
Assuming 23 = Z4 = Z~ and Z5 = Zb = Z~, the S

parameters are summarized as

‘(—E1C2 b Z1
Sll ‘ S22 = =

ZO h

h2A0
———se+——am
~1+c2hZ0 Z1 b 1

[(Hb 2 21n(r~(l)\r~(l))
rl y +1

[01[r3(xa)+l] r, ~ +1 21n(r~(2)/r~(2))

“(<Iez ZA A ZO H
S41== ——–

H2A0 c1+c2ZOh “-<~a” )

(;;)1’2(;)1’4 ~

[01[r4(xa)+l] r, ~ +1 21n(r~(2)/r~(2))

1 n’

[r4(x~)+l]2 “ 21n(r~(2)/r~(2))
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POINT
1- j~ C1C2 Z, B

s54=s64=— ———
H*AO q+E2 Z. Ha’

A 1/2

() T

“ [r5(xb)+l] [~4(xa)+l] zln(~B(:)/b(s))

– jw (–C1C2 ZB B Z. H
s6~ = s~~ = — —..-.- ——. ae +----am

H*AO (1+c2 ZO H Z~ B )

[,6(x~)+l]2‘21n(~B(J)/h(3))”
The through-arm S parameters, such as S21, S34, and

S56, are more difficult to find since a part of through-wave

exists. Instead, these parameters are deduced from the

properties of the lossless network and the field symmetry.

For a reciprocal, lossless circuit, the following equations

hold:

[sfj[sp=[q
and

Sij = s],.

From the field symmetry, we have

Sll = S** s~~ = S44 s~~ = S66

S63= s~~ = S53= S54

S51= s~~ = s~~ = s& .

Therefore, the S-parameter matrix becomes

[s] =

s51

s 51

s 54

s 54

s 56

s 55

(21)

(22)

(23)

The remaining parameters S21, S34, and. S5rj can be

found from (21). The results are summarized below:

1S2,]= (1– IS1112– 1S,112– 1S4,12-21 S5112)1’2

and

[

– S31S~ + S41Sfi + 21S51!2
0*1= 611+ COS-l

4S11S2J 1
IS341= (1 – IS3112– IS4112– IS3,12 ‘2&12)1’2

and

[

-( S,lS~ +S,lS~ +21 S5,12)
e34=ea+cos-1

21S33S341 1
IS5,1 = (1–21S5112–21SS~12– 1S5512)1’2

[

-(p511* + p,412)

656 = e55 + Cos- 1
11s55s561 ‘

\
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FREQ(GHB)
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2092
2108

2,124

214

2156
2172

2188

2.204
222

Theory

Expemmnt

Fig. 4. Comparison of calculated and experimental results [17] for input
impedance as a function of frequency. The circuit has the following

parameters:

R = 4.6 mm .th =19.6 mm

,4=30mm b= 4.7 mm

B=39.2mm h=l.6mm

c1 = 2.55 FI=l.6mm

q = 2.55 /= 0.3 mm

Xa =15 mm LI =12 mm

Lo =120 mm.

VI. RESULTS AND DISCUSSION

A computer program was written to facilitate the calcu-

lation based upon the S parameters and the connected

scat tered matrix method [13]. The patch antenna

terminated load Y~ (or Y~) can be represented by

Y= G+jBd=Gri-Gm+jBd. (24)

G, is the radiation admittance, which is given by an

approximate formula in [14]. The mutual conductance

(G:) due to the patch radiation ends is given in [15]. The
susceptance B~ can be found in [16]. The resultant theoret-

ical and experimental input impedances as a function of

frequency are shown in’ Figs. 4 and 5 for comparison. It

can be seen that the agreement is very good.

To examine the effects of different parameters, all

parameters will be kept the same as in Fig. 4 except that

one parameter is changed each time. The input impedances

for different sizes of aperture radius are shown in Fig, 6 as

a function of frequency. It can be seen that the impedance

levels are quite sensitive to the aperture size. Only narrow-

btid matching can be accomplished.

It is interesting to compare our results for a circular

aperture with those given by Sullivan and Schaubert for a
rectangular aperture [6]. As the radius of aperture in-

creases, the radius of the impedance circle increases and

the resonant frequency (i.e., the frequency with minimum

reflection) decreases. These are similar to the results given

in [6, figs. 5 and 6] using the length of slot as a variable.

The center location of each impedance circle is shifted due

to the fact that the reference plane used in our analysis is
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Fig, 5. Comparison of calculated and experimental input impedances as

a function of frequency. The circmt has the same parameters as in Fig.
4 except that c1 =62 = 2,24, h = H =1.75 mm, t = 0.84 mm, and

LO = 76 mm.
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..-
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214
218
222
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200
198
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R=4 6 m

R-.5 0 m

Fig. 6. Input impedance for different sizes of apertures as a function of

frequency. All other parameters are the same as m Fig. 4.

[ \

POINT FREQ(GHz)
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2 210
3 214
4 218
5 222

. . ..- L1 =8 m

— L1=12 m
—- —..

L1=16 m

I

I

Fig. 7. Input impedance as a function of frequency for different values

of -Ll. All other parameters are the same as in Fig. 4.

POINT FREQ(GHz)
1 206
2 210
3 214
4 218
5 222

Fig. 8. Input impedance as a function of frequency for different loca-

tions of X.. All other parameters are the same as in Fig, 4.

POINT FREQ(GHs)

“- i :6

\

/ ‘\

/

t=.1 m

/ \
/ \ .’ ~ ~=4m

/ --l___-/\’
/
1

I

Fig. 9, Input impedance as a function of frequency for different ground

plane thicknesses. All other parameters are the same as in Fig, 4.

taken at a distance LO from the aperture center. From

these results, it can be seen that the design of the aperture

size is critical in achieving impedance matching at the

operating frequency.

In the actual design, the open stub LI can be used to

facilitate the impedance matching. Fig. 7 shows the input
impedance as a function of frequency for different lengths

of L ~. It can be seen that the selection of L1 = 9 mm gives

the best matching at around 2.1 GHz. When L1 decreases,

the radius of the impedance circle decreases and the center

location of the impedance circle is shifted counterclock-
wise. These are consistent with the results by Sullivan and

Schaubert for a rectangular aperture case [6, fig. 4]. The

differences of the curve trends between the two analyses

are mainly due to the different reference planes used and

the different shapes of the apertures analyzed.

The effects of the aperture location’ were also investi-

gated. Fig. 8 shows the input impedance as a function of
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POINT FREQ(GHz)
1 206
2 210

I “

‘--”-+- B=41 2 m

I
I

Fig. 10. Input impedance as a function of frequency for different patch

antenna lengths. All other parameters are the same as in Fig. 4.

POINT FREQ(GHz)
1 206

511

stant affects many design parameters, including the line

characteristic impedance, the coupling coefficient, the stub

length, and the patch dimensions. In general, it is not easy

to adjust for matching purposes.

From the above results, the input impedance matching

can be most effectively achieved by adjusting the open

stub length ( L1 ) and the aperture radius (R). The patch

length is designed slightly shorter than half a wavelength.

The ground plane thickness and the aperture location have

little effect and the substrate dielectric constant is gener-

ally difficult to adjust. However, these parameters should

be initially designed properly at l,he operating frequency.

VII. CONCLIJSIONS

An analysis has been developed to model the equivalent

circuit of a microstrip line coupled to a microstrip patch

antenna using a circular aperture, The analysis is based on

the aperture coupling theory and the six-port S-parameter

matrix derivation. The input impedance can be easily

calculated from the S-parameter matrix. The circuits should

have many applications in hybrid and monolithic active

arrays.

/ \ APPENDIX

\/\
For a large aperture, the electrl~c and magnetic fields are

7-. no longer constant. For better ;accuracy, a field average
/ ‘.

factor is introduced in the calculation of polarizability ae
I

\
I

1 or am.
/

\ < / /’--’// A ( Ei, E,) is the average factor of the electric field for a

—-. <:245

—,=255

Fig. 11. Input impedance as a function of frequency for different

substrate dielectric constants. c1 = (2 = 2.45 and 2.55. All other param-
eters are the same as in Fig. 4.

frequency for different values of x.. The effects are not as

significant as the aperture size and the open stub length.

Similar results can be obtained for different values of x~.

The ground plane thickness has little effect on the input

impedance and the input reflection coefficient. The results

are shown in Fig. 9 for different values of t.

Another parameter which has strong effects on the input

impedance is the dimension of the patch length. Fig. 10

shows the effects of this dimension on the input impedance

as a function of frequency. It can be seen that the length of

the patch antenna (B) is slightly shorter than the half-

wavelength at the operating frequency. As expected, the
resonant frequency is increased as B dimension is de-

creased.

The substrate dielectric constant also has strong effects

on the design. Fig. 11 shows that the resultant input

impedance could change somewhat even with a slightly

different substrate dielectric constant. The dielectric con-

large ape~ture. A( Ei, E,) is defined as

~(EtE,)=c~(’~l)~(E,)- (Al)

E, is the scattered electric field and E, is the incident field.

C is a constant to be determined. The average factor of

scattered electric field can be given by

,F,
A(E1)=—=

Ez(xa) “

Similarly, for the incident field,

(A2)

(A3)

For an aperture with radius R as shown in Fig. 12, the

average field ~i can be found by

(A4)

Neglecting the phase difference of the field in the z

direction for an aperture small compared to the wave-

length, the integration in (A4) can be carried out by

dividing the aperture into three regions, as shown in

Fig. 12.
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I

I

I

i

I I

t- b

1

I +Z

Fig. 12. Field averaging on aperture,

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Using the results from conformal mapping, we have [10]

~= [lp++xa)*]l’*

E(x) =EO\[r(x)+l]
[11]

{

r(x) in regions I and II
r(x) =

[12]

r(–b–x) in region III.
[131

Then
[14]

@X,Z)~S=/E(X)Z(X)~X [15]

I
[16]

=2J ‘b’2E(x)z(x) dx+~~-x”E(x)z(x)dx ,171
0 0

L
1

‘(~+xa)E(x)z(x)dx .+ .~

2

(A5)

REFERENCES

K. Chang, Millimeter-wave Planar Integrated Circuits and Subsys-
tems, vol. 14 of Infrared and Millimeter-Waves, K. Button, Ed,

New York: Academic Press, 1985, pp. 79-187.
K. Chang et al,, “ W-band (75–110 GHz) microstrip components,”
~EEE Trans. Microwave Theory Tech., vol. MTT-33, pp. 1375-1382,
Dec. 1985.
D. Pozar and D. H. Schaubert, “Comparison of architectures for
monolithic Dhased array antennas,” Microwave J. pp. 93–104, Mar.
1986. ‘
J, W. Mink, ‘<Quasi-optical power combining of solid-state millime-

ter-wave sources,” IEEE Trans. Microwave Theory Tech., vol.

MTT-34, pp. 273-279, Feb. 1986.

K. Chang and C. Sun, “Millimeter-wave power combining tech-
niques,” IEEE Trans. Microwave Theo~ Tech., vol. MTT-31, pp.

91-105, Feb. 1983.

P. L. Sullivan and D. H. Schaubert, “Analysis of an aperture
coupled microstrip antenna:’ IEEE Trans. A n~ennas Propagat., vol
AP-34, pp. 977-984, Aug. 1986.
D. M. Pozar, “A reciprocity method of analysis for printed slot and
slot coupled microstrip antennas,” IEEE Trans. Antennas Propa-
gat., vol. AP-34, pp. 1439-1446, Dec. 1986.

F. Assadourian and E. Rimai, “Simplified theory of microstrip
transmission systems,” Proc. IRE, pp. 1651-1657, Dec. 1952.

D. James, G. R. Painchaud, and W. J. R. Hoefer, “Aperture

coupling between microstrip and resonant cavities,” IEEE Trans.
Microwave Theory Tech., vol. MTT-25, pp. 392-398, May 1977.

J. Miao and T. Itoh, “Coupling between microstrip line and image
guide through small apertures in the common ground plane,” IEEE
Trans. Microwave Theoy Tech., vol. MTT-31, pp. 361-363, Apr.
1983.
R. Levy, “ Improved single and multiaperture waveguide coupling

theory, including explanation of mutuaf interactions,” IEEE Trans.
Microwave Theoru Tech., vol. MT1-28, pp. 331-338, Apr. 1980.

The factor 2 is due to the fact that only half area (z(x) > 0) $$$?~

is taken in the integration. If the region is divided into N ~~~

strips, A(Ei) can be given simply by @$%$
ab$%%
S?>y+

4[r(xa)+1] $ [R2-(xi+Xa)2]1’2
A(Ei) =

~A6) @

NTR i=l r(xi)+l “
t

R. E. Collin, Foundations for Microwave Engineering. New York:
McGraw-Hill, pp. 183-197.
K. C. Gupta, R. Garg, and R. Chadha, Computer-Aided Design of
A4icrowaue Circuits. Dedham, MA: Artech House, 1981, ch. 11.

C. Wood et al., “Radiation conductance of open-circuit low dielec-

tric constant microstrip~ Electron. Lett. vol. 14, pp. 121-123,1978.

J. R. James et al., Microstrip Antenna Theory and Design. London:
Peter Peregnnus, 1981, pp. 88-93,

P. Bhartia and I. BahI, Millimeter Wave Engineering and Applica-

tions. New York: Wiley, 1984, ch. 9,
D. M. Pozar, “ Microstnp antenna aperture-coupled to a micro-
stripline,” Electron. L&., vol. 17, pp. 49-50, Jan. 1985.

A(Ej) can be found similarly. Since the average factor of ~ ~~=

the field over the aperture does not include the effects of

coupled scattered coefficients, an additional correction

factor C is introduced. C can be determined by forcing the

reflection coefficient at the input port equal to 1 with all

other ports terminated by a variable short circuit.

A(Hi, Hj) can be taken as A(Ei, ~,) since the electric

field is proportional to the magnetic field.
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