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Abstract—A novel hypothesis is proposed for the sensitivity of the Rectan-
gular Microstrip Patch Antenna (RMPA) to temperature variations under ideal
room manufactured temperature tolerance. This hypothetical model equation is
validated while relating the resonating frequency, patch length and dielectric
constant of the rectangular patch antenna to variations from the ideal room tem-
perature. The study considered three different substrate materials as follows;
Rogers RT/Duroid 5870, FR-4 substrate and Epsilam-10 ceramic-filled Teflon
used to verify the model’s temperature sensitivity for the rectangular patch an-
tenna. Simulation results revealed discrepancy in ambient temperature with re-
spect to the dimensions of the rectangular patch antenna, field radiation pat-
terns, power pattern and generated radiation electric field plane. The study
shows substrate with a lower dielectric constant and thermal coefficient is less
sensitive to temperature variations.

Keywords—Rectangular microstrip patch antenna (RMPA), sensitivity, sub-
strates, temperature variation.

1 Introduction

In recent years, there has been a rapid advancement in microstrip patch antenna
(MSA) for wireless and radar communication applications. MSA is in high demand
considering its advantages like; easy to fabricate, low cost of production, lightweight
and low profile. The MSA is an etched metallic strip on a substrate material, manufac-
tured under room temperature conditions. Theoretically, a patch antenna is required to
operate in an environment, which is either close to the room or standard conditions. In
communication systems, it’s important for antenna design engineers to ensure the
capacity of the antenna communication component is stable and efficient in receiving
or transmitting power signals under varying meteorological factors; like ambient tem-
perature. Antennas often work in these harsh environments characterized by large
temperature variations in air and spaceborne applications. However, the efficiency of
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a patch antenna depends on geographical position, ambient temperature variation,
especially under the influence of solar radiations [1], [2], [17]. In large-scale integrat-
ed microwave applications, MSAs are thermally affected, leading to undesirable vari-
ations in their electrical properties. Fig. 1 and Fig. 2 [5] illustrates the behavioural
characteristics of temperature variations to permittivity (dielectric constant) of its
substrate material.
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Fig. 1. Measured dielectric constant (&) and dissipation factor (tan 8) for three categories (A,

B, D) of glass reinforced teflon laminates.
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Fig. 2. Measured dielectric constant (g;) and dissipation factor (tan ) for categories C of ce-
ramic filler laminate C.

In the past two decades, research has been carried out to evaluate effect of tempera-
ture variations on the performance of these microstrip patch antennas with respect to
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its performance index on relationship between antenna resonant frequency shift and
temperature variation with respect to the transmission line model [8]. According to
[17], the dielectric constant of the patch’s substrate and the physical dimensions are
temperature dependent, which affects the resonant frequencies of the microstrip patch
antenna. Also, [17] evaluated the effect of temperature on the resonant frequencies of
microstrip patch antennas in order to adopt a microstrip patch antenna as a tempera-
ture sensor. It has been observed that the temperature response of microstrip patch
antennas leads to a simpler temperature sensor, inexpensive to produce and could be
examined via wireless across a long distance. Hence [18], [19] have validated the
strain sensing capability of microstrip patch antennas and temperature sensing capa-
bilities enabling temperature compensated strain measurements resulting in a robust
wireless antenna strain sensor at varying environmental conditions.

Most manufacturers typically emphasize on the frequency dependence of the mate-
rial, neglecting the temperature drift when providing the thermal coefficient at the
temperature range from 0°C (32 F) to 100°C (212 F) in the datasheets [5].

Microstrip patch antenna designers rely on the data provided in the manufacturer’s
specifications, confined to standard environmental conditions. Practically, the electri-
cal parameters of the substrates deviate with the temperature variation as illustrated in
Fig. 1 and Fig. 2 [5], thus making the antenna designer adopt a deficient design strate-
gy. The dielectric materials are categorized to Material A representing Ultralam 2000
and CuClad 250 LX laminates, while Material B represents RT/duroid 5880 and
TLX-8 laminates. Material A and B include teflon-glass microwave laminates while C
and D includes ceramic and quartz fiber composites respectively. The substrates are
characterized by dielectric constants whose values decreased with temperature.

The rectangular configuration is the most common MSA because it’s easy to ana-
lyze, fabricate and it has low cross-polarization characteristic. This study considered
Transmission line model to provide better and accurate temperature relations to ana-
lyze temperature effect on the performance parameters of the rectangular microstrip
patch antenna (RMSA). Adapted equations are used to simulate three test RMSA
substrate cases of different relative dielectric constant and thermal coefficient of die-
lectric expansion. Behavioural characteristics of RMSA cases were investigated and
observed under varying ambient temperatures.

This paper is organized as follows; Section 2, the theoretical design of the RMSA
is presented. In Section 3, the transmission-line model analysis of the RMSA was
analyzed and improved temperature equations were derived for relating the RMSA to
its operating parameters. In Section 4, numeric simulations are provided to examine
the radiation pattern performance of the RMSA test cases to temperature drift. Finally,
some conclusions are drawn in Section 5.
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2 RMSA Design Theory

2.1  Basic Design Theory

MSAs generally consist of a very thin (thickness, t << 4,) metallic strip or patch
printed (photo-etched) on a small fraction of a wavelength (4,), which represents the
height of the substrate material above a ground plane, 0.0034, = h = 0.054, [1].
The microstrip and the ground plane are separated by a dielectric surface, commonly
called a substrate. The length of the rectangular patch is usual-
ly 0.3334, < L < 0.5 4,. Different substrate materials have been employed for the
design of the MSA, with their dielectric constant ( &.) values ranging from
2.2 = g, = 12range. Dielectric substrates for good antenna performance are thick
materials with lower &, values since they have been found to provide better efficiency
and larger bandwidth. Therefore, it’s essential for antenna design engineers to consid-
er the choice of substrate very important. Although, thinner dielectric substrates with
higher &, are more desirable in microwave circuits because they lead to smaller ele-
ment size and they have relatively smaller bandwidths. The design cost is reduced in
efficiency, and greater losses are experienced. In practical applications, MSAs are
mostly used in microwave applications. Hence, a compromise has to be reached to
achieve good performance [3].

2.2 Transmission-Line Model

The RMSA physical characteristics can be illustrated as a combination of the sub-
strate (Material A, B, C, D), height (h), patch (copper), width (w), length (1) and the
ground (copper) plane. Hence, using the principles of a transmission line analysis, the
RMSA can be represented by a low-impedance transmission line of length (L) [3],
[7]. At a specified operating frequency (f,), the following optimal design parameters
of the RMSA can be approximated with the following equations, provided
¥ > 1[1], [213];

The effective dielectric constant (s,) is given by;
0.5(g, — 1);;1

12h
1+ W )

g = 05( +1)+

The actual width (W) of the rectangular microstrip patch antenna;

| W—U_O Lg
2fy & +1 (2)

The actual length (L) of the rectangular microstrip patch antenna;
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v, A A

Lzzfox/s_e_zge_z 3)

The extension in the length of the microstrip patch (6L) due to fringing;

(g, +0.3) (% + 0.264)

6L = 0.412h W
(e, — 0.258) (W + 0.8) @
The effective length of the microstrip patch (L.z7);

Practically; as a result of coupling occurrence, the resonant input slot resistance
(R;») when there is no feed point distance (y,) is expressed as [3];

1
Zini

R; ) = —————— =
n00=0 T 2(6y + Gyp) (6)

2+ cos(X) +7 Xﬁ(}) + Sin(X)/X‘

b 12072
i
5 (7
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X =koW = A_W
- ®)
koW _\1?
= sm( > 9) ' .
fO ~cos@ Jo(koLsin8)sin*6 dé
G, = ,
" 12072 o
Where;

G4 = Self-conductance,

G 1, = Mutual-conductance,

ko = Phase constant of free-space (air),

Si= Sinint,

Jo = Bessel function of the first kind of order zero.

Assuming no coupling, the input slot resistance (R;;) when there is no feed point
distance (y,) is given as [3];

1 X

R: e =—r — =/
me=0) 26 7 0.01672W ™" (10)
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The rectangular patch antenna is matched to a coaxial microstrip line of 50 ohms
input impedance. Hence, a feeding point distance from the radiating edge of the di-
mension of the patch is introduced and expressed as;

Rin(yo) =50Q = ZO (11)

, (180
Ringy,) = Rin(y,=0) * €0S (T yo)
(12)

Therewith, the feeding point distance (y,) is derived from the edge of the mi-
crostrip line in equation (8) and its given as;

3 _ 50
Yo = 1gg €OS 1( R—) (13)

in(yg=0)

3 Method of Analysis

Mostly, antenna temperature which is sometimes referred to as antenna noise tem-
perature depends on the gain pattern and nature of the thermal environment its place
to operate since it does not have an intrinsic temperature. The temperature of a patch
antenna will vary depending on whether it’s directional, pointing into space or staring
into the sun [7].

3.1 Temperature sensitivity

Generally, it has been accepted that the operating frequency of the MSA is sensi-
tive to large temperature variations. Hence, most RMSA operations are concerned
with how temperature drift affects the resonating frequency and the bandwidth of the
RMSA [17]. Since the 1990s, the effect of temperature on MSA performance has
been researched considering that most manufacturers of MSAs do not often account
for temperature drift. Hence, careful selection of the electrical parameters of substrate
materials (dielectric constant) least sensitive to temperature variation is a prerequisite
to accomplishing a satisfactory MSA performance [5]. Manufacturers design patch
antennas at room temperature using absolute temperatures 27°C or 25°C. Although,
the ISO standard reference temperature for geometrical product specification and
verification is 20°C.

Furthermore, [6] concluded that MSAs with lower dielectric constant substrate ma-
terial and thermal coefficient of dielectric-constant expansion (CTDE), are less sensi-
tive to temperature variations. Hence; neglecting the effect of atmospheric pressure in
first principles and approximation, change in temperature causes fractional changes in
the dimensions of the material which is relatively small. This temperature change is
referred to as thermal expansion. The expansion is linearly related to temperature
change by a linear expansion constant, called the coefficient of thermal expansion
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(CTE). CTE does not change much over a varying temperature, except when the ma-
terial’s temperature rises past its glass transition temperature (Tg).

In choosing materials that are resistant to temperature variations for MSA, CTE
(ppm/K or 107%/K = ppm/°C ) of the substrate material and that of the metallic
strip are very important. Therefore, with proper selection of the CTEs and dielectric
constant, the effect of temperature drift can be made drastically negligible on the
desired operating frequency. The CTDE of the substrate material is usually always
higher than the CTE of the metallic strip, which is mainly copper. The expansion of
the dielectric substrate material along its X and Y axes are negligible, only the expan-
sion along the Z axes is considered. Hence, due to this thermal expansion, there is a
contraction or expansion in the length (L) of the metallic strip given as;

In MSAs, this expansion in length of the metallic strip has been found to induce a
reduction in the resonating frequency [6] given as;

1L
A = 755

oL OTs

— = a

L it (15)
Sf SL
—=——= —a; 6T
fo L " (16)

Where;

6f = change in resonant frequency;

6L = change in effective resonant dimension;
a;: = thermal coefficient of expansion;

8T = temperature change in°C.

In addition, contraction or expansion in electrical dimensions of dielectric substrate
material is given as;

amn

The dielectric constant of most substrates used in microwave applications, tend to
decrease with increase in temperature as presented in equation (18);

be,
E' = —-a, 6T
’ (18)

The decrease in the MSAs effective dielectric constant of the substrate material
relatively increases the resonating frequency, causing a reduction effect as a result of
the expansion in the patch dimensions due to the rise in temperature.

By approximation of the relationship between &, and &, is given as [6];
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. ~¥05¢, (19)
Where;
be, be,
—=0.5—=-0.50a, 6T
& £ 20)
) d¢
o % _ 0.5 dt,y 6T
fo ge (2 1)
d &, =change in &,;
«.; = thermal coefficient of dielectric constant.
Combining equations (16) and (21) gives [6], [8];
5
_f: (0.5aet— alt)aT
fo (22)

3.2 Improved Temperature relations

The variations in the length, dielectric constant and operating frequency are ex-
pressed in first-order differential equations (DEs). Therefore, to ascertain a general
equation for the temperature variation in the MSAs, its required to integrate the equa-
tions once. This can be achieved using either the separation-of-variables method or
the direct integration method. Therewith, a boundary value (initial value) conditions
are applied to obtain an optimum solution as illustrated in equation (23). The optimal
solutions to the rectangular patch’s new dimensions, substrate’s dielectric constant
and operating frequency of the MSA when subjected to thermal expansion or contrac-
tion is given in equations (31), (34) and (36).
|“kf= {_0'5 Qo — App Qo = 0"'

\ (. 05a,— a a, =0/ (23)
kf will be the thermal coefficient of frequency expansion (CTFE).

r&f

o _ ks [or
! fo J (24)
Inf= kfT+C (25)
f= QL..‘T—C (26)
C=Inf-kf.T @7)
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Most MSAs are designed at room temperature (T,) to resonate at a particular oper-
ating frequency (f,). The initial variables are expressed as;

C=Inf,—kf.T,

(28)

f - ei._,‘ T-mf -kfT, (29)
f= & 7T s 0
f=f,e¥77e &)

Hence, applying the integral and boundary conditions to the dielectric constant and
operating frequency relationship using ,, and L, as initial variables gives;

1'6 ) I
l = =Ty ' 6T
J & J
(32)
ne=-a,T+C
(33)
s = !( Ero et 7T o, <0
T e, e (T-TS =0
S loe a:r— (34)
|'6L r
'Tz ' oy, 6T
' (35)
L=L,e® 7 7=
(36)

An optimal new rectangular patch antenna dimensions, substrate dielectric constant
and operating frequency of the MSA, when subjected to thermal expansion or con-
traction is obtained. These improved relations were programmed and simulated in
MATLAB R2018a at harsh temperature variations. The obtained results agree with
experimented conclusions in [6] and are shown and discussed in section 4.

4 Simulation of the RMSA

A parameter often describes in specification sheets for antennas that operate in cer-
tain environments is the ratio of the antenna’s gain divided by the antenna’s tempera-
ture, which is referred to as radiating near field or fresnel region of the source. It’s one
of the important characteristics of an antenna explaining the spatial relative distribu-
tion of the antenna’s power and electric field strength. This research work presents the
temperature variation effect on the electric field plane, operating frequency (resonant
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frequency) and the radiation pattern of a RMSA. The field radiation pattern of the
RMSA was simulated using MATLAB’S ANTENNA TOOLBOX functions.

4.1  Simulation algorithm

Theoretical design calculations of a RSMA [1] was adapted to analyze the antenna
and the following procedures are deployed to simulate the effect of temperature varia-
tion on a RMSA in MATLAB environment as illustrated below;

Step 1. Specify ambient temperature variation

e Specify the room temperature in degree celsius.
o Set the temperature range according to the geographical environment.
e Smooth the temperature values for realistic simulation.

Step 2. Input analysis

¢ Input the following basic parameters of the required rectangular microstrip anten-
na; substrate material, relative dielectric constant of substrate, thickness of the sub-
strate, operating frequency, desired impedance of the feed line, and coefficients of
thermal expansion of the metallic strip.

o Design the rectangular microstrip patch antenna to obtain other parameters; actual
dimensions of the patch, effective permittivity, ground dimensions, input imped-
ance, inset feed location along the length of the patch, notch width, gap of the feed
line, bandwidth, directivity, quality factor, magnitude of the reflection coefficient,
and voltage standing wave ratio.

Step 3. Calculate the design parameters as a function of Temperature Drift

o Shift the temperature index by making room temperature index the centre point,
Zero.

o Get the index of the specified room temperature, lowest temperature, and highest
temperature from the temperature range.

e Calculate the patch antenna’s parameters due to temperature variation drift; length
of patch, relative and effective permittivity of substrate, theoretical coefficient of
thermal expansion of the operating frequency, resonant frequency, input imped-
ance, new feed points from the radiating edge of the strip length, bandwidth, di-
rectivity, reflection coefficient, voltage standing wave ratio.

Step 4: Analyse the rectangular patch antenna’s field patterns

e Create a realistic geometry for the patch antenna using the calculated parameters
due to temperature variations.

e Plot and analyze the patch antenna’s radiation pattern behaviour in terms of di-
rectivity, power and electric field strength at the selected temperatures of interest,
which are; specified room temperature, lowest temperature, and highest tempera-
ture from the specified temperature range.
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4.2 Test cases

In this temperature variation analyses of a RMSA, copper has been used as the me-
tallic patch material with a thickness of 0.035 mm, and the height (h) of the substrate
material is 0.8 mm as applicable to miniaturized designs in communication applica-
tions for the desired input impedance of 50 ohms.

The temperature sensitivity study of a RMSA was carried out on three different
commercially available substrates namely; Rogers RT/Duroid 5870 [15],[20], Farnell
FR-4 [16], [21], and Epsilam-10 [5]. The RMSA dimensions are in mm for each of
the three tests at room temperature. The only variable in the test is the relative permit-
tivity of the substrate material (A, B, C, D) and its coefficient of dielectric thermal
expansion.

Casel:Lowe, = 2.2, f, = 245 GHz

The Rogers RT/Duroid 5870 substrate was considered at 25°C room temperature at
the resonating frequency of 2.45 GHz. A comparative study of its operating frequency
at -10°C and 40°C is carried out with the coefficient of thermal expansion (CTE) -
115ppm/°C as illustrated in Table 1. and Fig. 3. illustrating the designed RMSA’s
parameters varying with temperature. The variations are negligible on its operating
frequency and other performance parameters due to its low &,.

Case 2: Medium £, = 4.7, f, = 2.45 GHz

A FR-4 substrate with the coefficient of thermal expansion (CTE) of 15ppm/C is
considered at 25°C room temperature. The comparative study of its operating frequen-
cy at 2.45 GHz while varying the temperature from -10°C till 40 °C is illustrated in
Table. 2 and Fig. 4. The designed RMSA’s parameters vary with temperature which is
negligible on its operating frequency and other performance parameters. Comparing
the temperature variation in case I and case 2, it’s observed that case 2 has better
performance and resistance to temperature changes due to the combination of an aver-
age £, closer to the lower &, range and low CTDE.

Case 3: Highe, =10.3, f, = 2.45 GHz

Epsilam-10 substrate with the coefficient of thermal expansion (CTE) of
570ppm/oC is considered at 25°C room temperature. A comparative study of its oper-
ating frequency at 2.45 GHz varying at -100C to 400C is illustrated in Table. 3 and
Fig. 5. The designed RMSA’s parameters varies relatively higher with temperature
variation, affecting its resonant frequency (operating frequency) drastically.

It’s observed that Case 3 is an example of an unstable antenna compared to the
other cases because it has a higher dielectric constant which is highly affected by high
temperature variation as shown in Fig. 5(h). It deviates from the operating frequency
more at lower temperatures than at higher temperatures. This effect can be reduced by
selecting a material with high &, but lower CTDE. Comparing the three cases, it’s
observed that the radiation pattern slightly varies at extreme temperature variations
from the room temperature of operation. Looking at the directivity pattern characteris-
tics of each substrate, the directive gains are relatively changed by a small amount due
to extreme ambient temperatures.
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Table 1. Results of temperature sensitivity study of Rogers RT5870

Temp (°C) | L (mm) s, I“zﬁlff)ed (folz) Zin (Ohms) D"(edclt;;’“y
10 39.76 2339 | 0012235 2.447 154.94 2.89
25 39.79 233 0.01224 2.45 154.85 277
40 39.80 2326 | 0012242 2451 154,81 279
e o w— T | e - = l
T .

S =l ‘
A b

G h

Fig. 3. Rogers RT5870; temperature variation of the RMSA. (a) Patch length, relative permit-
tivity, operating frequency and impedance. (b) Electric-field Pattern at -10°C. (c) Di-
rectivity at -10°C (d) Electric-field Pattern at 25°C. (e) Directivity at 25°C (f) Electric-
field Pattern at 40°C. (g) Directivity at 40°C. (h) Reflection coefficient variation at
varying temperature.
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Table 2. Results of temperature sensitivity study of FARNELL-FR4

o Inset feed fo . Directivity
Temp (°C) L (mm) £, (mm) (GHz) Zin (Ohms) (dB)

-10 28.12 4.702 0.009409 2.45 202.72 2.64
25 28.14 4.7 0.009413 2.45 202.60 2.60
40 28.15 4.699 0.009415 2.45 202.55 1.98
: peea e E—— '
By ‘ N "
g Ny .
e 't
2e -
e

A b

C d

Ovamrny (o) €5 345 Oete = —
( |

E f

:

) |

Ce j ,
G h

Fig. 4. FARNELL-FR4; temperature variation of the RMSA. (a) Patch length, relative permit-
tivity, operating frequency and impedance. (b) Electric-field Pattern at -10°C. (c) Di-
rectivity at -10°C (d) Electric-field Pattern at 25°C. (e) Directivity at 25°C (f) Electric-
field Pattern at 40°C. (g) Directivity at 40°C. (h) Reflection coefficient variation at
varying temperature
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Table 3. Results of temperature sensitivity study of EPSILAM-10

Temp (°C) L (mm) £, Inset feed fo Zin (Ohms) Directivity
(mm) (GHz) (dB)
-10 19.04 10.508 0.006904 2.43 285.43 2.44
25 19.05 10.3 0.006907 2.45 285.26 2.54
40 19.06 10.212 0.006908 2.46 285.18 2.48

Draamia Ty () R R A Gee - - o

G5,

Oy (-] € 3. G

A

Fig. 5. EPSILAM-10; temperature variation of the RMSA. (a) Patch length, relative permittivi-

ty, operating frequency and impedance. (b) Electric-field Pattern at -10°C. (c) Directivi-
ty at -10°C (d) Electric-field Pattern at 25°C. (e) Directivity at 25°C (f) Electric-field
Pattern at 40°C. (g) Directivity at 40°C. (h) Reflection coefficient variation at varying
temperature.
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Fig. 6. Measurement result of comparison of Center frequency defined in terms of the mini-
mum value of S11 versus temperature for antennas

The importance of evaluating the effect of thermal expansion in patch antenna de-
sign is significant to antenna design engineers as illustrated in Fig. 3 — Fig. 6. The
study shows apparent change in the physical dimensions of the antenna and a slight
shift in the operating frequency as illustrated in Fig. 6. The materials A, B, C, D are
categorized according to their material and dielectric constants. The simulated and
measured results show the slight variation experienced in temperature variation in
antenna.

5 Conclusion

This paper presents an improved temperature relationship, simulated using
MATLAB 2018a and measurement results to investigate the effect of temperature
variation in RMSA. It was observed that the ambient temperature variation affects
both the dimensions of the patch antenna and its radiation field patterns. The perfor-
mance of the RMSA was investigated under extreme ambient temperature variations
at the same operating frequency 2.45 GHz using three material categories namely;
Rogers RT/Duroid5850 (low relative permittivity), Farnell FR-4 (average permittivi-
ty), and Epsilam-10 (high relative permittivity). The analysis aligns with initial stud-
ies [5], [6] illustrating the effect of temperature variation on a rectangular patch an-
tenna. The obtained results revealed that, electrical field and magnetic field character-
istics of RMSAs on a dielectric substrate are considerably influenced by temperature
variation and operational environment. Although in practice, the temperature distribu-
tion inside the antenna structure might be nonuniform. In such cases, a comprehensive
analysis could be developed to consider all surrounding factors. The temperature
variation analysis of the MSA is considered to be a significant factor during antenna
design.
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