Simple model for the input impedance of coax-fed
rectangular microstrip patch antenna for CAD
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Abstract: We present a simple model for the input
impedance of a rectangular microstrip patch
antenna. This model is well suited for computer
aided design (CAD). It is based on classical
methods: (a) the cavity model determining the fre-
quency and the input resistance at resonance, (b)
the dynamic permittivity of a rectangular micro-
strip patch antenna (to take into account the influ-
ence of the fringing field at the edges of the
rectangular patch antenna) and (c) the resonant
parallel RLC circuit with an inductive reactance.
This model is valid for electrically thick substrates.
The theoretical results are in good agreement with
experimental data.

1 Introduction

Rigorous methods developed by a number of authors
[1-3] enable computation of the input impedance and
the radiation pattern of rectangular microstrip patch
antenna with good precision.

However, these methods involve complex analysis of
the physical phenomena, which often take considerable
computation time and do not easily yield the equivalent
circuit. Sometimes, less accurate results suffice, and can
be obtained much faster with the help of simpler methods
such as the cavity model [4-7], which adequately
describe the resonant frequency, input impedance, band-
width and radiation pattern by a simple design equation.
An analytical expression is given here for the imput
impedance of a rectangular microstrip patch antenna
excited by a coaxial probe (Fig. 1a) using the cavity
model and the equivalent resonant circuits. It shows
explicitly the dependence of the input impedance on the
characteristic parameters of a patch antenna, and is vatid
for electrically thin and thick substrates.

2 Analysis

The cavity model is a bicimensional model that can be
applied to patches whose geometries are specified simply
by curvilinear orthogonal co-ordinate  systems
(rectangular, circular, etc.). It is possible to consider either
the dominant mode or the complete spectrum of modes.
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Fig.1 (a) Geometry of a rectangular microstrip patch antenna.

(b) Equivalent resonant parallel RLC circuit

The rectangular microstrip patch antenna can be con-
sidered in the fundamental mode, modelled by a simple
resonant parallel RLC circuit (Fig. 1b). To take the coax-
feed probe into account, it is necessary to modify the
input impedance by an inductive reactance term [§]

377fH c
X, = L 2 1

=T (g Js,) ®
where ¢, is the velocity of light in vacuum and d, is the

diameter of the probe. The input impedance is then
obtained as
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R is the resonant resistance of the resonant parallel
RLC circuit [4] given in eqn. 3, in which we replace the
effective permittivity ¢, by the dynamic permittivity 4,
to take into consideration the influence of the fringing
field at the edges of the patch, i.e.

X
__OH (n ") 3)
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The dynamic permittivity e,,, is a function of the dimep-
sions (W, L, H) of the relative permittivity ¢, and the dif-
ferent modes field distribution [9]:

Eayn = Caynle)/ Caynlt,) 4
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where C,,,(¢) represents the total dynamic capacitance of
the patch in the presence of a dielectric of relative permit-
tivity ¢, = ¢/e, and C,,,(¢,) represents the total dynamic
capacitance of the patch in the presence of air. The total
dynamic capacitance C,,,(¢) in the presence of a dielectric
of relative permittivity ¢, can be written as

Cdyn(g) = Co. dYn(‘g) + 2C61. dyn(g) + 2Cez.dyn(8) (5)

where C, 4,.(¢) is the dynamic main field of the patch
capacitance without considering the fringing field. This
can be calculated by

Eo 8r WL — Co, slal(e)
Hy,yp YnVm

where C, ,.{¢) represents the static main capacitance of
the patch without considering the fringing field and y,
and v,, are in the form:

_ lfori=0 7
1= 2fori#0 (

Cu. dyn(‘g) = (6)

Then, a dynamic edge capacitance for each side of the
patch taking into account the influence of the fringing
field is calculated. Assuming that the edge field of the res-
onator has an X- and Y-dependent field distribution, the
dynamic fringing capacitances are then given in the
general form by

1 L
Cel, dyn(s) =7 J Cel. stal(g) COSZ (MTX> dx
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and
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where C,, .. (¢) represents the edge capacitance on one
side of a patch length L and C,, ,(¢) represents the edge
capacitance on one side of a patch width W. Then
Cey, suad®) is given by

1 |:Z(W, Hoe=1) g6 W]L
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where Z(W, H, ¢,) is the characteristic impedance of the
microstrip line [10]. In addition, the effect of the strip
thickness can be neglected when t = 0; Z(W, H, ¢,) is thus
given by
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To evaluate ¢ the simple equation given by Schneider
was used [11]:

e +1 ¢ —1 10 \ V2
er{ W) = 2 + 3 <1+W/H> (11
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Similarly C,, ., (€) is given by

1|Z(L, H e, =1) ¢,¢L
- _ W
Cornal®) =5 [co Z(L, H,s) H ]

To obtain Cy,(e), € can be replaced by &, in all of the
above equations.

Q7 is the quality factor associated with system losses,
which include radiation from the walls (Q), losses in the
dielectric (Qp) and losses in the conductor (Q.). Qr may
be calculated by

1 1 1 ]!
=—4+=—+—= 13
Or [QR“LQC*QJ (13)

where Qj is given by eqn. 14 [12] in which we replace the
relative permittivity by the dynamic permittivity to take
into account the influence of the fringing field at the
edges of the patch:

(12)

_ Ca\/gd n
0= (14)

The dielectric loss, Qp, is given by

1
- 15
0= 75 (1)
where Tgd is the dielectric loss tangent to the substrate.
The conductor losses can be calulated from the equa-
tions given by James [13]:

_0.786.\/fr Zao(W)H
a P

where Zao(W) is the impedance of an air filled microstrip

line of width W and thickness H. It is evaluated from

Za(W) (given below) by setting ¢, = 1. Za(W) is the
impedance of a dielectric filled line [13]:

60n | W g — 1
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fr is the resonant frequency of a rectangular micro-
strip patch antenna with a larger width W and a longer
length L, both comparable to i/2, where 4 is the wave-
length in the substrate [14]. The resonant frequency cor-
responds to the frequency for which the real part of the
input impedance is maximum, the additive reactance
term X, does not modify the value of the resonant fre-

quency:
G )]
= — ] +{— (19)
2 \/Edyn \/[< Wefr) L

where W, and L. [14] are the effective width and
length, respectively, taking into account the influence of
the fringing field at the corners and the dielectric inho-
mogeneity of the rectangular microstrip patch antenna.

Q¢ for copper; fg in GHz  (16)

a

and

PW) =

fR =fmn =
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We can calculate L from the following relation:
W, —Ww .
b1 (P ) it 03
2 (W) — 0.258

where W, is the equivalent width [5] calculated from the

planar waveguide model:
_ 120nH

9 Za(W)Jeu(W)

Similarly, we can calculate W, from eqns. 20 and 21 by

replacing Lo, L, W, and W with W, W, L., and L,
respectively.

(20)

@n

3 Results

In this Section computations concerning the fundamental
mode (m =0, n=1) are presented and compared with
measurements and previous computations. In Table 1 we
present computed and measured values of the resonant
frequency for thin substrates. We observe that our results
are equal to or better than those predicted by Sengupta
[15], and are in good agreement with experiment. In
Table 2 we compare our computed values of the resonant
frequency for thick substrates in various antenna geome-
tries [18] with theoretical and experimental results
obtained by other scientists. James’s values are smaller
than experimental values whereas those of Hammerstad
are greater (except when W =17 cm, L = 1.1 cm and
H = 0.1524 cm). Our model predicts resonant frequencies
closer to experimental values for most cases other than
the first two geometries. An overall accuracy of approx-
imately 3% was found for the thickness H, such that H/
A < 0.23. Also, an upper limit for ¢, is 10.

Table 1: Computed and measured values of resonant fre-
quency for thin substrates, mode (m=0,n=1)

w L Eoqt f, Measured Computed  Model
(cm) (cm) (GHz) (GHz)[16] (GHz) [15] (GHz)
4100 4.140 2390 2343 2228 2.248 2.245
6.8568 4.140 2428 2325 2200 2.228 2.221
10.800 4.140 2452 2314 2181 2.216 2.204
11.049 6.909 2453 1.386 1.344 1.347 1.347

H=0.1524cm; e, =25; Wand L variable; f,=c /2L /€,

Table 2: Computed and measured values of resonant fre-
quency for thick substrates, mode (m =0,n = 1)

w L H Measured James Hammerstad Model
(cm) (cm) (cm) (GHz) (GHz) GHz) (GHz)
570 3.80 03175 231 2.30 2.38 2.38
455 305 03175 289 279 2.90 2.9

295 195 03175 4.24 411 4.34 4.29
195 130 03175 584 5.70 6.12 5.96
1.70 110 0.3175 6.80 6.47 7.01 6.76
140 090 03175 7.70 7.46 8.19 7.82
1.20 080 03175 8.27 8.13 9.01 8.50
1.05 070 03175 9.14 8.89 9.97 9.30
0.90 060 03175 10.25 982 1118 10.27
1.70 110 0.1524 7.87 7.46 7.84 7.79
170 110 03175 6.80 6.47 7.01 6.76
1.70 110 09525 473 4.32 5.27 452
g, =233

Fig. 2 shows the input impedance for a patch oper-
ating at about 0.66 GHz. The results computed by Pozar
[19] and the measurements of Lo [20] are reported. Fig.
3 shows the input impedance for a patch operating at
about 2.22 GHz. Our computations are compared with
the computed results and measurements of Carver [7,
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17]. Fig. 4 presents the input impedance for a patch oper-
ating at about 4.44 GHz. We compare our computations
(where the feed is located at the midpoint of the longer

Fig. 2  Input impedance of coax-fed microstrip patch antenna

g, =259; Tgd =0.003; H=0.1588 cm; d, = 0.127 cm; Zo = 50 Q; @ measured
[20]; A calculated [19]; O our model; mode (m =0, n=1); L =1397 cm:
W =2045cm; Xo = 0.635 cm

PR S ——

Fig. 3  Input impedance of coax-fed microstrip patch antenna

¢, = 2.50; Tgé = 0.002; H =0.1524 cm; d, = 0.127 cm; Zo = 50 Q; @ measured
[7]1; A calculated [7}; O our model; mode (m=0, n=1); L =4.140 cm;
W =6858cm; Xo =00

Fig. 4

Input impedance of coax-fed microstrip patch antenna

e, = 2.55; Tgd =0.002; H=10.159 cm; d, = 0.127 cm; Zo = 50 Q; @ measured
[8]; A calculated [8]; O our model; mode (m =0, n=1); L= 201 cm; W =
201t cm; Xo = 0.13cm
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side Yo= W/2 cm, Xo =0.13 cm) with the computed
results and the measurements of Bailey [8] (where the
feed is located at Yo = 1 cm, Xo = 0.13 cm). It is empha-
sized that Figs. 2—4 are for thin substrates (H/A ~ 0.02).
However, the thicker substrates (H/A ~ 0.08) we present
in Fig. 5 the input impedance of a patch operating at

- L —

>XJ¢

Fig. 5
€, = 4.53; Tgé = 0.025; H = 0.300 cm; d, = 0.065 cm; Zo = 50 Q; @ measured;
O our model with X;; @ our model without X;; mode (m=0,n=1); L =
1.74 cm; W = 231 ¢cm; Xo = 0.55cm

Input impedance of coax-fed microstrip patch antenna

about 3.72 GHz where we show the influence of the
inductive reactance term X, . When the term X is con-
sidered, our calculated values are in good agreement with
our measured values. If X; is neglected, on the other
hand, the circular input impedance locus is centred on
the real axis of the Smith chart. Thus it is necessary to
consider the contribution of the coaxial probe.

4 Conclusion

We have developed a simple model yielding the input
impedance of a probe-fed rectangular microstrip patch
antenna, which gives results in accordance with experi-
ment. This model can be used successfully in computer
aided design (CAD) of rectangular microstrip antenna
arrays.
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