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Parametric Study and Temperature
Sensitivity of Microstrip Antennas Using an
Improved Linear Transmission Line Model

Sarath Babu and Girish Kumagenior Member, IEEE

Abstract—An improved linear transmission line (LTL) model
has been developed after incorporating several modifications
in the reported linear transmission line model for analyzing
arbitrarily shaped microstrip antennas (MSA's), which should be
symmetrical with respect to the feed axis. Simulations have been
carried out for rectangular, circular, and equilateral triangular
MSA’s and the results are in good agreement with reported
results. A parametric study for these MSA’'s has also been
performed. A study of the temperature sensitivity for rectangular
MSA's for different types of substrates has been carried out. An
MSA utilizing a substrate with a lower dielectric constant and
thermal coefficient is less sensitive to temperature variations.
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I. INTRODUCTION teeder

Allneal’ transmission line (LTL)_ mOde_l was F‘)re\”OUSIyFig. 1. Arbitrary-shaped patch antenna with coaxial feed.

reported [1], [2] to model a microstrip antenna (MSA)

of arbitrary shape and constant thickness which is symmetrical

with respect to thex axis as shown in Fig. 1. For a rectanthe characteristic admittance and effective dielectric constant
gular MSA, the dominant mode of propagation is a TEM dforresponding to the width’ (=) of the patch at..

quasi-TEM mode having negligible variation of fields in the Forthe coaxial feed point located along the symmetrical axis
transverse direction. The same concept is applied to the M$gown in Fig. 1), the limiting conditions ar&}.(L1/A,) =0

of arbitrary shape provided it is linearly polarized along th@nd Yr2(—L2/A,) = 0.

symmetrical axis. The characteristic conductai£gz) and

the propagation coefficient per unit lengtf{z) due to the lll. IMPROVED LTL M ODEL

radiation, dielectric, and metallic losses are not constant alongrpe apove reported model does not include the effects of
such a transmission line. Hence, an appropriate Willtfx) fringing fields and the dispersion effect and, therefore, the
(perpendicular to the axis of symmetry) is selected. In thigsonant frequency and input impedance calculated were not
method, the patch is divided into very small sections along good agreement with the measured results. The following
the feed axis and then the width for each section is calculatggygifications are proposed to improve the previously reported

LTL model.
IIl. FORMULATION OF THE LTL M ODEL * The effective dimensions of the antennas are used instead
The normalized radiation admittancdg. with respect to of the physical dimensions to account for the fringing

Go = 1/(1207) is given by [1], [2] fields.

Y 4B H 2 D ¢ The effective permittivity and the characteristic admit-
+(y) + [ 7: " g.(y) +7r\/c_€<tan 5+ _*) +j27r\/;} tance equations are used to account for the dispersion
dy 5y/€c H, effect [3].

[ ) Y;,Q(y):| 0 ) e The effect of probe inductance is taken into account [4]
* c\¥Y) — =u.
9e(y) 120 b 225\
: Xp = 10y TYER ) 2250 )
With y = z/X,, 9.(y) = G.(y)/Go, Y = Y(y)/Gl, Ver Ao 27 /e d

H, = h/A,, and D, = \/e,f/mo. The G.(z) and e, are whered is the diameter of the probe.

Manuscript received March 6, 1997; revised June 12, 1998. _ After incorporating the above modifications, the improved
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41 =115 GHz
+,=122GHz
D1= 5 MHg

Fig. 2. Rectangular, circular, and equilateral triangular MSA.

TABLE |
COMPARISON OF RESULTS FORRMSA

Case | €, h L W fp Reported Simulated
No fr Rr fr Rr

cm cm cm em | MHz ohms | MHz  ohms Fig. 3. Impedance plot of RMSA for case 7.

%—X reported

1 10.2 | 0.127 | 2.00 | 3.00 | 0.650 | 2260 85 | 2281 100

2 10.210.127 | 0.95| 1.50 | 0.320 | 4490 53 | 4589 89

3 10.2 | 0.254 | 1.90 | 3.00 | 0.650 | 2240 80 | 2296 83

4 222 (0.079 | 250 | 4.00 [ 0.400 | 3940 89 | 3906 iG]

5 222{0.079 {126 | 2.00 | 0.200 | 7650 99 | 7572 76 hﬁ’MSGHZ
2=2270GH

6 2221 0.152 | 2560 | 4.00 | 0.400 | 3840 87 | 3802 74 Af=1OMH2/

7a |2.620.159 | 7.62 | 11.43 | 2.290 | 1192 47 | 1197 42 |
7b 1262]0.159 | 7.62 | 11.43 ] 0.760 | 1190 125 | 1196 111
8a |2.500.159 | 4.14 1 6.858 | 1.016 | 2222 51 | 2218 o1
8b {2.5010.159 | 4.14 1 6.858 | 0.100 | 2215 111 | 2213 107

_ ) ) ) o—o Simulated
(CMSA), and equilateral triangular microstrip antennas »—x reported

(ETMSA).
Fig. 4. Impedance plot of RMSA for case 8.

IV. SIMULATION OF RMSA o _ _
In case of the RMSA, shown in Fig. 2, the width functic)r;l'he variations could be either due to manufacturing tolerances

. . or due to temperature change.
W (=) is equal to the width¥ of the rectangular patch. The ) : _
effective length of the patch accounting for the fringing fields The dimensions of the RMSA have been takenldis= 4

effect is given byLer = L + 2Al. The Al is the extension in mT;hI:a :'n3 Ctm';n? : d(;'igecn:;:(’)n:ai't‘)?r;eanir:inéa:ng'ggln' dwidth
length computed from expressions in [3]. input imp ! quency Wi

Simulations have been carried out for the RMSA using t W) for variations in different parameters are tabulated in

modified LTL model and the results are compared with theable Il for a feedpoint location 2.15 cm frpm the edgg. As
xpected, the resonant frequency varies inversely with the

reported experimental results [5]-[7]. The dimensions of e . . " .
RMSA and the measured resonant frequency and resondienna dimensions. The change is more pronounced with the

resistance along with the simulated values are shown \griation in L as compared to a variation i, Also, BW

Table I. The error in the simulated resonant frequency is Iet gzr:?j'sf?:rgfﬁhlein Lﬂgrzﬁzeﬂpdmsa'?gith'gnpne(.jr?rlfeslog';ﬁ; 6
than 1% for all the cases except for the thicker substra ! 9 Wi Wn [N Figs. '

with a high dielectric constant for which it is around 2%. Th ith an increase ifi¥/, the input impedance loci on the Smith

input impedance computed is in agreement with the measu &%rt shifts upward and toward the left and with an increase

et shi
impedance values. The simulated and reported impedance Elm it shifts downward and toward the left. The plots are for

for cases 7 and 8 are shown in Figs. 3 and 4. Theand e normalized feed point with a variation in length.
£, shown in the impedance plot indicate the lower and upperThe resonant frequency and bandwidth vary inversely with

L L ) . respect to the dielectric constant also. The input impedance
frequency limits andh.f indicates the increment in frequency]ocipfor different ¢, are plotted in Fig. 7. The imgedanse loci

shifts downward and toward the left with an increase;,in
V. PARAMETRIC STUDY OF RMSA In the case of small changesfinthere is no significant vari-
The effects of varying various parameters of a RMSA sudtion in the resonant frequency./fis increased significantly,
as, length, width, dielectric constant, substrate thickness, ahdn the resonant frequency decreases due to an increase in
loss tangent (tah) have been carried out using the LTL modelopen-end fringing fields and the bandwidth increases. The
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TABLE I
RESULTS OF SENSITIVITY STUDY FOR RMSA

Design values: W =4 cm, L = 3 cm, h = 0.16 cm, ¢, = 2.55, tan§ = 0.001

Parameters fp Frequency Input VSWR | BW *
Varied {cm) (GHz) Tmpedance (MHz)
Design values 2.15 3.002 57.18-j0.14 1.14 88
W=42cm 2.15 3.002 51.60-50.21 1.03 90
W =45cm 2.15 3.003 44.30+j0.07 | 1.13 88
L=315cm | 2258 | 2866 |63.26j0.35 | 127 | 78 N .- ;17 GGHHZ’

L=33cm 2.365 2.741 69.84+30.61 1.40 69
L =315cm

W=42cm | 2.258 2.865 57.57-50.23 | 1.15 81
L = 3.15cm Fig. 6. Impedance loci of RMSA for three widths.

W =42cm 2.258 2.859 57.38+30.32 | 1.15 84
h = 0.168 cm

& = 2.32 2.15 3.142 51.27+j0.19 | 1.03 101
& = 2.80 2.15 2.870 63.514+j0.20 | 1.27 76
h = 0.08 em 2.15 3.067 59.03+j0.28 [ 1.18 50
h=024cm |215cm 2.956 46.11-j0.06 1.08 117
tan é = 0.005 2.15 3.007 50.17-j0.38 | 1.01 94
tan 6 = 0.01 2.15 3.013 43.48+j0.52 | 1.15 99

* BW is for VSWR 2.

Fig. 7. Impedance loci of RMSA for three dielectric constants.

cm

F18em\ 34

412 2.7 GHz
#,= 3.1 GHz
Nt s LOMHZ

Fig. 5. Impedance loci of RMSA for three lengths.

:ﬁ: 2.7 GHz
t7:3.1GHy

input impedance loci for different values éfare plotted in
O4= LOMH,

Fig. 8. The plot shifts upward and toward the right due to the
large inductive probe reactance.

The input impedance loci for three different values of tapig- 8. Impedance loci of RMSA for three substrate thicknesses.
6 are plotted in Fig. 9. With an increase in the value of tan
6, the impedance plot shifts toward the left side of the Smithe resonant frequency of a microstrip radiator exposed to large
chart due to an increase in the losses in the dielectric substrgéenperature variations [8].
However, the change in the resonant frequency is very small.

A. Metallic Expansion or Contraction

VI. TEMPERATURE SENSITIVITY OF RMSA The metallic expansion or contraction of the radiating patch

The resonant frequency of a MSA is sensitive to largdue to a change in temperature affects the resonant frequency.
temperature variations. There are two major factors affectifgith an increase in temperature, the metallic patch expands,
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TABLE Il
RESULTS OF TEMPERATURE SENSITIVITY STUDY
Substrate Temp. | Variations | Frequency | VSWR | BW
°C in GHz MHz
+25 3.033 107 | 92
RT DUROID dimensions 3.036 1.06 92
5500 -40 & 3.022 108 | 91
both 3.025 108 | 92
dimensions 3.031 1.07 92
+60 & 3.039 1.06 | 93
both 3.037 1.06 | 93
+25 1.991 102 | 20
RT DUROID dimensions 1.993 1.02 20
Fig. 9. Impedance loci of RMSA for three values i 6. 6006 40 6 1.968 101 20
both 1.970 102 | 20
making the effective resonant dimension longer and, therefore, dimensions | 1.990 02 | 2
decreasing the operating frequency. The relative frequency
change for dimensional changes may be expressed in terms +60 e 2003 Loz 20
of linear dimensions or in terms of temperature changes as both 2002 | 102 | 20
follows [9]: +25 1.529 1.02 9
§ SL dimensions 1.530 1.02 8
f_f = —dl 3) EPSILAM 10 | -40 . 1501 | 105 | 8
where both 1.503 1.03 8
§f change in resonant frequency; dimensions | 1528 | 102 | 9
6L change in effective resonant dimension; +60 & 1.544 1.01 9
ay thermal coefficient of expansion; both 1.543 1.03 9
6T temperature change itC.
B. Effective Dielectric Constant Change In case 1, a RT/Duroid 5500 substrate is considered with
Most of the substrates which are generally used fépe following specificationse, = 2.5; tan 6 = 0.0025; and
microwave applications like polytetra fluroethylene (PTFEy. = —110 ppm/C. For an input impedance equal to 50

based materials, Teflon/Fiberglass reinforced materials, dh§ Proper feedpoint is found to be 2.15 cm from the edge. A
ceramic powder filled TFE (epsilam) materials exhibit §omparative study of the resonant frequency-40 °C and

decrease in dielectric constant with an increase in temperatut®0 °C is carried out with respect to the resonant frequency at
The change in operating frequency of a MSA due to a sm&flom temperature. The effective parameters of the RMSA at

change ine, can be expressed as follows [9]: —40°C areW = 3.9956 cm, L = 2.9967 cm, ande, = 2.518.
5f 1 Se. 1 To compensate for the change In the feedpoint is placed
— =T =40 6T (4) 2.1476 cm from the edge. The effective parameters-@d
Joo 2ea 2 °C areW = 4.0024 cm, L = 3.0017 cm, ande, = 2.490.
where The feed point is now located 2.1513 cm from the edge. The
8¢, change ine,; change in substrate thickness due to temperature variation is
a. thermal coefficient of dielectric constant. not considered since it is negligible. The simulated results are

Combining (3) and (4), the change in resonant frequenigpPulated in Table I. _ . _
due to a temperature variatigil” is given by In case 2, a RT DUROID 6600 substrate is considered with

the following specificationse,. = 6.0, tan 6 = 0.0025, and

of _ <_ad + 1%) ST, (5) @ =370 ppmFC. The feedpoint is taken at 1.92 cm from the

fo 2 edge at room temperature. The calculated dielectric constant
o at—40°C is 6.1443 and at-60°C it is 5.9223. The feedpoint

C. Results of the Temperature Sensitivity Study is taken at 1.9179 cm for-40 °C and at 1.9211 cm fos-60

The temperature sensitivity study of a RMSA has been c&€. The simulated results are given in Table IlI.

ried out for three different commercially available substrates. In case 3, an Epsilam-10 substrate is considered with the

The dimensions of the RMSA for all three cases have be@sillowing parameters:, = 10.3, tané = 0.002, anda. = 570

taken same ad¥ = 4 cm; L = 3 cm; andh = 0.159 cm. The ppmPC. The feedpoint is taken at 1.855 cm from the edge.

thermal coefficient of expansion of copperlig x 10=¢/°C.  The calculated dielectric constant-att0 °C is 10.682; and at
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TABLE IV
CoMPARISON OF REsSULTS FOR CMSA
Case | ¢, r h fp | Reported | Simulated | %error
No cm cm | cm | fr(MHz) | fr(MHz)
1 2.50 | 3.493 | 0.1588 | 2.43 1570 1546 -1.53
2 2.59 | 1.270 | 0.0794 | 1.65 4079 4110 +0.98
3 2.50 | 3.493 | 0.3175{2.30 1510 1535 +1.65
4 2.70 | 13.894 | 1.2700 | 9.00 378 374 -1.06
5 4.556 | 4.950 | 0.2350 | 3.75 825 815 -1.21 »
6 4.55 | 3.975 | 0.2350 | 3.03 1030 1006 -2.33 t121.85 GH2
7 455 1 2.990 | 0.2350 | 2.25 1360 1367 +0.51 / ;2{\-; 1109; l-?sz o—o simulated
8 4.55 | 2.000 | 0.2350 | 1.48 2003 2012 +0.45 *—x reported
9 4.55 | 1.040 | 0.2350 | 0.73 3750 3715 -0.93 Fig. 10. Impedance plot of CMSA.
10 | 4.65] 0.770 [ 0.2350 | 0.51 4945 4884 -1.23
1la |2.62| 6.700 | 0.1590 | 5.02 798 805 +0.88 TABLE V
11b |262| 6700 | 0.1590 | 1.67 | 795 805 | +1.25 COMPARISON OF ResuLTS FORETMSA
12 1220 3.000 |0.1590 | 2.05 1920 1898 -1.15 [ a h fp | Measured | Moment | LTL Method | %error
13 250 | 4.190 |0.1590 | 3.17 | 1304 1298 | -0.46 cm | em | em | fr(MHz) | fr(MHz) | fr(MHz)

232 | 8.7]0.078 { 0.50 1489 1498 1522 +1.60
+60 °C it is 10.095. The feedpoint is taken at 1.8529 cm fop 32| 8700781549 i 1498 128 LT
—40°C and at 1.8561 cm fo#60 °C. The simulated results 2-32 | 10.0 | 0.050 | 6.34 - 1299 1348 +3.77
are tabulated in Table Ill. 2.32 | 10.0 | 0.100 | 6.31 - 1294 1319 +1.93

From Table Ill, it is noted that the resonant frequency variess2 | 10.0 | 0.159 | 0.30 | 1280 1288 1290 10.16

directly with temperature. This variation is negligible if the, 5, | 1501 0.159 | 6.31

. : . . : - 1288 1291 +0.23
dielectric constant is small. But as the dielectric constant 100 | 0200 | 6.32 184 L1974
increases, the variation due to temperature changes becomes | | i _ 0.7
significant. Also, this effect is greater when is large. 10.00 | 10.0 | 0.400 | 5.80 - 639 634 0.78

10.50 | 4.1 {0.070 | 0.50 | 1519 1522 1507 -0.98
VII. SIMULATION OF CMSA 10.50 | 4.1 [ 0.070 | 2.36 - 1522 1507 -0.98
For a CMSA shown in Fig. 2, the width functioi (z) is
given by

is 2.33%. The simulated and reported input impedance loci for

. z case 12 are shown in Fig. 10. The simulated impedance loci
W(z) = 2r sin < 2 arccos y/ — ;. ®) . .
2r is in close agreement with the one reported.

The effective radius.; has been calculated using the follow-

ing expression [10]: VIIl. SIMULATION OF ETMSA
oh For the ETMSA shown in Fig. 2, the width function is given
Toff =7’{1 by
TTE,

] 1/2 _
[m ﬁ +14le, +1.77+ %(0.26861, + 1.65)} } . Wi(z) =z xb/L. ®
) The effective dimensions of the ETMSA have been obtained
by equating its area to an equivalent CMSA [12]. Thg of
In the analysisg,. is used for smallef./r andeg,,, [11] is this equivalent circle is calculated and the effective dimension
used for largeri/r since the capacitive effect of a CMSAofthe ETMSA is calculated from this extended circle. As in the
increases withh/r. Simulations have been carried out focase of the CMSA¢y,,, is used in the analysis for largéya.
different radii and substrate parameters for the CMSA. THeéhe simulated results along with the dimensions and reported
reported [6], [7], [11] and simulated results are tabulated nesults [13] are tabulated in Table V. The feed point of only
Table IV. The feed point locations are specified only for thiaree cases are given in the reported results; and hence, feed
last four cases in the reported results and, hence, the feed ppiints are selected to match a &dnput impedance for all the
locations are calculated for the other cases to match & 50other cases. The error indicated is with respect to the simulated
input impedance. The error in the resonant frequency for massults using the moment method. The error is less than 2%
of the cases is around 1%; however, the error in the worst cdse most of the cases.
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IX. CONCLUSION

The analysis of rectangular, circular, and equilateral MSAs
has been carried out using an improved linear transmission lj
model. The simulated resonant frequency and input impedal
values are in good agreement with the reported experime
and theoretical values. For most of the cases, the error
resonant frequency is within 2%.

The advantages of the improved LTL model are its fast "
speed of computation and reasonably good accuracy. Howe 1 \
the disadvantages are that the antenna should be symmet \4‘ ’N Mr. Babu was elected as an Associate Member of

. . . . the Institute of Electronics and Telecommunication
with respect to the feed axis and the variation along the width Engineers in 1989.
should be small. Therefore, the simulation should not be used
for predicting higher order modes and circular or orthogonal
polarization of a MSA.

Using the improved transmission line model, the effects
of varying the patch dimensions and substrate paramet
on the input impedance and resonant frequency have b
investigated. Also, a study of the temperature sensitivity !
RMSA'’s has been carried out for three different substrates.
has been observed that the MSA's fabricated on the substre
having a low dielectric constant and a small thermal coefficie
are least affected by temperature.
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