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Abstract

Several designs for small-size wide-bandwidth microstrip antennas are examined through simulation and experiment. Designs
are presented based on two wideband patch antennas: the U-slot patch antenna, and the L-probe-fed patch antenna. Several
techniques are utilized to reduce the resonant length of these wideband microstrip-patch antennas: increasing the dielectric
constant of the microwave substrate material, the addition of a shorting wall between the conducting patch and the ground
plane, and the addition of a shorting pin between the conducting patch and the ground plane. Simulation and experimental
results confirm that the size of the antennas can beé reduced by as much as 84%, while maintaining impedance bandwidths in

excess of 20%,.
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1. Introduction

he major disadvantage of the microstrip-patch antenna is its

inherently narrow impedance bandwidth of only a couple of
percent. Much intensive research has been done in recent years to
develop bandwidth-enhancement techniques. These techniques
include the utilization of thick substrates with a low dielectric con-
stant [1], and stacked or co-planar parasitic patches [2]. The use of
an electronically thick substrate only results in limited success,
because a large inductance is introduced by the increased length of
the probe feed, resulting in a maximum bandwidth of less than
10% of the resonant frequency. By using stacked patches, band-
widths of 10%-20% can be obtained, but this design has the disad-
vantage of added complexity of fabrication. To counteract the
inductance introduced when using a thick substrate, capacitance
can be introduced by adding a concentric annular gap around the
probe feed, resulting in 16% bandwidth [3].

More recently, the addition of a U-shaped slot [4, 3, 6] and
the use of an L-shaped probe [7, 8] have both been shown to pro-
vide bandwidths in excess of 30%. The U-slot patch antenna con-
sists of a probe-fed rectangular pateh with a U-shaped slot, as seen
in Figure 1. The U slot introduces a capacitance, allowing the use
of a thick substrate (~ 0.14,), and induces a second resonance near

the main resonance of the patch, producing a wideband frequency
response. The rectangular U-slot patch antenna has an average gain
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of 7 dBi and good pattern characteristics. The operation of the L-
probe-fed patch, seen in Figure 2, is similar to that of the U-slot
patch, with the L probe introducing capacitance, allowing the use
of a thick substrate and inducing an additional resonance near the
main resonance of the patch. The average gain of the L-probe-fed
rectangular patch is 7.5 dBi, with good pattern characteristics,

The resonant length of the microstrip-patch antenna is
approximately Ay/2, which is too large for many applications.
Several techniques are available to decrease the resonant length of
the patch, in¢luding the use of a substrate material with a high
dielectric constant [9], the addition of a shorting wall [10], the
addition of a shorting pin [11], and the planar inverted-F antenna
[12]. The resonant frequency of the patch antenna is inversely pro-
portional to \/.; : thus, increasing the dielectric constant of the
substrate will decrease the resonant length of the patch. However, -
this technique decreases the already narrow impedance bandwidth
of the patch antenna. It has been shown that by placing a shorting
wall along the null in the electric field across the center of the
patch, the resonant length can be reduced by a factor of two
(~ Ay/4), reducing the area occupied by the patch by a fgetor of
four, if the aspect ratio is kept the same. Another technique to
reduce the resonant length is adding a shorting pin 1in close prox-
imity to the probe feed. The shorting pin is capacitively coupled to
the resonant circuit of the patch, effectively increasing the permit-
tivity of the substrate. It has been shown that a suitably placed
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Figure 1. The basic geometry of the U-slot patch antenna.
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Table 1b. Design parameters for 900 MHz U-slot patches on a
microwave substrate (all dimensions in cm).

g, =10 £,=233 £, =40
W 21.97 (0.65%4y ) 12.40 9.26 (0.2794,)
(0.3724))
L 12.45(0.3744;) | 8.96(0.2694,) | 6.71 (D.20L4)
W, 6.86 4.82 361
L 8.22 6.20 4.65
b 1.94 1.38 1.03
¢ 0.89 0.69 0.52
F, 6.22 448 3.36
t 2.69 (00810} | 2.76 (0.0834,) | 2.40 (0.072),)
D robe 0.30 0.34 0.17
Table 2a, 900 MHz L-probe patches.
g, Patch Thickness | Normalized | BW
Dimensions (cm) Area*
(cm)
1.0 | 15.83 x 13.19 | 3.483 (0.14,) 0.763 40%
232 | 1243 x 1036 1 4.06 (0.1243) 0.47 40.6%
42 [ 975x8.12 [3.90(0.124)) 0.29 38.3%

*Normalized with respect to the U-slot patch with &, =1.0, area
(21.97 cm x 12,45 cm = 273.53 cm?) from [4].

puudbaadut | W
' Table 2b. Design parameters for 900 MHz L-probe patches (all
dimensions in cm).
-'-:——-“—“wbvi
Ground Plane Ly £ =10 £, =232 £, =42

w 15.83(047543) | 12.43 (0.37343;) | 9.75 (0.2934;)
L 13.19(0.3964,) | 1036 {0.3114,} | 8.12(0.2444,)

L-shaped probe Rectangular patch 77 5.54 435 3.41
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Figure 2. The basic geometry of the L-probe-fed patch
antenna.
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Table ¥a. 900 MHz U-slot patches.

£, Patch Thickness | Normalized | BW
Dimensions (cm) Area*
{cm)
1O j21.97x 12.45 | 2.69 (0.084) 1 42%
233 | 12406 %896 | 2.76(0.084,) 0.41 26.5%
40 1 929x6.71 | 2.40(0.074) 0.23 22.1%

*Normalized with respect to the U-slot patch with &, =1.0, area
(21.97 cm x 12.45 em = 273.53 em?) from [4].
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shorting pin can reduce the resonant length by a factor of three,
and the area of the patch by a factor of nine.

In this paper, several designs for small-size wide-bandwidth
patch antennas are presented. These designs are based on the
wideband U-slot and L-probe patch antennas, and utilize the size-
reduction techniques discussed previously. Simulation results,
obtained using Ansoft Ensemble 6.0, and measurement results of
several of the simulated antennas are presented.

2. Simulation Results

2.1 U-Slot Patch Antenna on
a Microwave Substrate

In the literature, wideband U-slot patch antennas are usually
designed on foam or air substrates, resulting in patches with a
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resonant length of 0.54;. To decrease the resonant length, simula-

tion results of these patch antennas on three types of microwave
substrate were obtained, as shown in Figure !, All three antennas
were designed for a center frequency of 900 MHz. The patch
dimensions, thickness, normalized area, and bandwidth are shown
for the U-slot patch in Table 1a. As the dielectric constant of the
substrate material was increased from 1.0 to 4.0, the area of the
patch was decreased by 77%, and the bandwidth was decreased
from 42% to 22%, still a substantial bandwidth. The substrate
thickness decreased from 0.84, to' 0.74,. The design parameters

for these antennas are shown in Table 1b. It is seen that the reso-
nant length, L, of the antenna was reduced from (3742, to

0.2014, as ¢, increased.

2.2 L-Probe-Fed Patch Antenna on a
Microwave Substrate

The design of the L-probe-fed patch antenna requires that the
horizontal arm of the feed probe be embedded within the substrate
material, making it quite difficult to use any materials other than
foam or air for the substrate. To realize the goal of reducing the
resonant length of the L-probe patch, a two-layer configuration
was conceived, as shown in Figure 2. By placing a microwave sub-
strate in the region between the conducting patch and the L probe,
and foam or air between the ground plane and the L probe, the
size-reduction properties of the microwave substrate can be util-

Ground plane

\

Shorting wall

Rectangular patch

Coaxial feed — Ground plane

Figure 3. The geometry of the U-slot patch antenna with a
shorting wall on a microwave substrate,
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Table 3a. 900 MHz U-slot patches with shorting walls.

£, Patch Thickness Normalized | BW
Dimensions {cm) Area*
(cm)
1.0 | 8.135x8.135 | 2.71 (0.0814%,) 0.242 22.7%
2.33 571 x 5,71 3.02(0.09144) 0.119 22.6%
4.0 3.97 %397 |3.62(0.1094;) 0.058 27.9%

*Normalized with respect to the U-slot patch with £, =1.0, area

(21.97 cm x 12.45 cm = 273.53 cm?) from [4].

Table 3b. Design parameters for 9040 MHz U-slot patches on a
microwave substrate with a shorting wall (all dimensions in
cm),

g, =10 £, =233 e=4.0
W 8.14(02443,) | 5.71(0.1714;) | 3.97 (0.11945)
L 8.14(0.2444,) | 5.71(0.1714) | 3.97(0.11%4;)
W, 4.88 3.43 2.38
L 7.05 4.95 344
b 0.54 0.38 0.27
¢ 1.08 0.76 0.53
d 0.54 0.38 0.27
£, 2.7 1.90 0.14
! 2.71(0.0814y) | 3.02(0.0914y) | 3.62 (0.1094 )
D prote 0.27 0.25 0.28

ized, without increasing the difficulty of fabrication, since the
horizontal arm of the L probe lies in the air or foam layer. Table 2a
shows the simulation results obtained for three different values of
£, , designed at a center frequency of 900 MHz. It is seen that as
&, was increased from 1.0 to 4.2, the size reduction was similar to
that of the U-slot patches, but the bandwidth was significantly lar-
ger, as was the substrate thickness. Table 2b shows the design
parameters for these antennas. As g, was increased, the resonant

length of the patch decreased from .3964; to 0.2444;.

2.3 U-Slot Patch Antenna with a
Shorting Wall on a Microwave Substrate

To further reduce the size of the U-slot patch antenna on a
microwave substrate, a shorting wall was introduced, as shown in
Figure 3. Table 3a shows the simulation resuits obtained for three
different values of &,, designed at a center frequency of 900 MHz.
The addition of a shorting wall reduced the area of the patch as
much as 94%, while maintaining a bandwidth in excess of 20%.
The design parameters for these antennas are presented in
Table 3b. The resonant length of the patch, L, was reduced from

approximately 0.244, to 0.12Jy.

2.4 L-Probe-Fed Patch Antenna with a
Shorting Wall on a Microwave Substrate

A shorting wall was added to the L-probe-fed patch antenna
on a microwave substrate to further reduce the area of the patch, as
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greater than two, or else these antennas do not exhibit wideband
performance.

2.5 U-Slot Patch Antenna
with a Shorting Pin

The geometry of the U-slot patch antenna with a shorting pin
is shown in Figure 5. Four such antennas were designed for a cen-
ter frequency of 900 MHz: two with an air substrate (£, =1.0),
and two with microwave substrates. Table 5a shows the simulation

results obtained, and Table 5b gives the vanous design parameters.
For the case of an air substrate, two sets of results were obtained.

€ ty N\ \I 1
PACAERRORINE
Air or foam 2 I t'-‘ < L -
1 J
Coaxial feed — ! l \ Ground Plane X
L
Figure 4. The geometry of the L-probe-fed patch antenna with : |
a shorting wall on a microwave substrate. W Fo
P
o« 5 18] ™
Table 4a. 900 MHz L-probe patches with shorting walls. i -
-] le
C
£y Patch Thickness | Normalized | BW n T
Dimensions (em) Area*
{em) Y i
1O | 17.0x6.82 | 4.26(0.1284) 0.424 29.6% b 75
233 | 11.3x4.52 | 3.61(0.108%,) 0.187 45.1% Ground plane L
4.0 | 792x3.17 | 3.65(0.114y) 0.092 36.2% '

*Normalized with respect to the U-slot patch with &, =1.0, area
(21.97 cm » 12,45 cm = 273.53 cm?) from [4].

Table 4b. Design parameters for 900 MHz L-probe patches
with shorting walls (all dimensions in cm).

£, =1.0 £, =233 &= 4.0
W 17.0 (0.5104,) | 11.3(0.3394,) | 7.92 (0.2384,)
L 6.82 (0.20549) | 4.52 (0.1364)) | 3.17(0.0954,)
L, 6.53 433 3.04
D 114 .75 0.53
P - 1.17 140
t . 245 2.24
1=t vy | 429(0.1284) | 3.61(0.1084)) | 3.65 (0.1104;)
D pyobe 0.38 0.38 0.26

seen in Figure 4. Table 4a shows the simulation results for three
such patch antennas, designed for a center frequency of 900 MHz,
The patch area was reduced by as much as 90%, while maintaining
a bandwidth of approximately 30%. The design parameters for
these antennas are shown in Table 4b. It is seen that the resonant
length of the patch, L, was reduced from 0.214; to 0.14;. It

should be noted that the aspect ratio of the patch, W/L, must be
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Rectangular patch \

Shorting pin

Coaxial feed

Figure 5. The geometry of the U-slot patch antenna with a
shorting pin.

Table 5a. 900 MHz U-slot patches with shorting pins.

£ Patch Thickness  Normalized BW
Dimensions {cm) Area*
(em)
LO(L)  84x7.0  2.8(0.0844) 0.21 30%
LO(1)  533x3.9  33(0099%) 0056  15%
327 2.84x2.08 3.6(0.1084)  0.022 10%
4.5 2.84x2.08 33(0.0994)  0.022 11%

*Normalized with respect to the U-slot patch with ¢, =1.0, area
(21.97 cm % 12.45 em = 273.53 cm?) from [4].
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Table 5b. Design parameters for 900 MHz U-slot patches with shorting pin
(all dimensions in ¢m).

£, =10(1) £ =10 (2} £,=3.27 & =45
W | 84(02524;) | 533 (0.0164y) | 2.84 (0.00854y) | 2.84 (0.0085y)
L 7.0(0.2104,) | 3.9(0.0124,) | 2.08 (0.006244) | 2.08 (0.00624)
W, 7.47 1.8 0.96 0.96
L, 4.67 2.93 1.22 1.22
b 2.1 0.65 0.17 0.17
¢ 0.47 0.32 0.17 0.17
£y 6.8 36 - 1.98 1.88
F, 0.47 0.07s 0.34 0.245
d » 0.47 0.3 0.2 0.4
d, 0.93 0.15 0.68 0.49
i 2.8(0.0844,) { 3.3(0.0994;) | 3.6(0.1084) 3.3(0.0994,)
Table 6a. Two-layer L-probe measurement results.
g, | Patch Dimensions | Thickness S Normalized | BW | Gain
(mm) (mm) @HZ) ﬁ)
1.0 15.0 x 13.0 6.0(0.154,) | 7.66 1.0 36% | 6.5 dBi
232 15.0 x 13.0 6.58 (0.1445) ! 6.3 0.82 36% | 4.5 dBi

Table 6b. Design parameters for L-probe patches (all
dimensions in mm),

& =10 £ =232
w 15.0 (0.3834,) | 15.0(0.31545)
L 13.0(0.33245) | 13.0 (02737}
L, 7.0 7.6
D 3.0 3.0
4 - 5.0
ty - 1.58
t=t+1 | 6.0(0.154) 6.58 (0.1445)
 probe 1.0 1.0

In Case 1, the patch area was 21% of the regular U-slot patch, and
the impedance was 30%. In Case 2, the patch area was only 5.6%
of the regular U-stot patch, and the impedance bandwidth was
15%. It should be pointed out that in Figure 5, the shorting pin and
the feed are placed at opposite sides of the patch. If the pin is
placed close to the feed, which is the case for the rectangular patch
(with no U-slot) [11], the antenna fails to function properly.

3. Measurement Results

3.1 L-Probe-Fed Patch Antenna on a
Microwave Substrate

Two L-probe-fed patch antennas were fabricated and tested.
One was a single-layer geometry, with ail foam substrate, and the
other was a two-layer configuration, as shown in Figure 2, with
€. =2.32. These antennas were designed to operate at a higher
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frequency (instead of 900 MHz), to suit the equipment capabilities
in our Jaboratory. The dimensions of both patches were the same:
15 mm x 13 mm. The measurement results obtained from these
two antennas are presented in Table 6a, and the design parameters
are presented in Table 6b. It is seen that by replacing the top layer
of foam with a microwave substrate with £, =2.32, there was an

18% decrease in frequency, yet the bandwidth remained 36%.
However, there was a 2 dBi decrease in gain when a microwave
substrate was used. For beth antennas, wideband performance was
maintained by using a total substrate thickness of 0.144; - 0.15J,.

The measured and simulated VSWR curves and the measured gain
curve are shown in Figure 6. While not maiching exactly, the
measured and simulated VSWR were in qualitative agreement. The
measured E-plane and H-plane far-field radiatien patterns are

S

\ Gain

o A5 o

g \ N

3

£ 4

o

(L]

5 25 —VSWR(Ewimm)\—%

g s — VSWR (Simuiation)

> — Gain (Experiment) y
25 /
2 N
15 \I
1+ — T T —— —_ Y
45 5 55 6 65 7 7.5 8

Frequency (GHz)

Figure 6. The simulated and measured VSWR and measured
gain for the L-probe-fed patch antenna with £, =2.32.
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0 3.2 U-Slot Patch Antenna with a
Shorting Wall on a Microwave Substrate

A U-slot patch antenna with a shorting wall was fabricated
on a microwave substrate with a dielectric constant of &, =4.4.

The center frequency of the antenna was fp =2.5915GHz. Fig-

ure 8 shows the measured and simulated VSWR plots for the U-
slot patch antenna on a microwave substrate. While in qualitative
agreement with the simulation results, the measured VSWR curve
was greater than two over the frequency range from 2.58 GHz to
2.9 GHe. The measured input impedance is shown in Figure 9. The
reactive portion of the input impedance was large, causing a mis-
match between the frequencies of 2.58 GHz and 2.9 GHz. If this
mismatch can be tolerated, the measured bandwidth was 28.5%.
The design parameters for this antenna were as follows (refer to
Figure 3): W =14mm, L=14mm, ¥, =9mm, L;=12mm,

135 b=d=1mm, c=2mm, F=2mm, d,,, =1mm, and the thick-

270 90

ness was h=12.1mm. The antenna is a square patch with sides

—E-Co
18
0 —E-X .-

Figure 7a. The E-plane radiation patterns of the L-probe-fed \ \ A
patch antenna with £.=232 at 6.285 GHz (one division = 7 - '
o am. X

6 / \

0 “g: 57 —— Measurement
g 4 —-— Simulation

3

2 -

1 T T y T

2 225 2.5 275 3 3.25

Frequency {GHz}

Figure 8. The simulated and measured YSWR for the U-slot
patch antenna with a shorting wall and ¢, =4.4.

2m 7...._
150
180 — H-CO 100 L-
— H-X o
0 J
Figure 7b. The H-plane radiation patterns of the L-probe-fed Eo . - . : ——r
patch antenna with £, =232 at 6.285 GHz (one division = © 18 2/ 25 3 35 4 48
10 dB). el
-_—R —X
‘ -100 - :
shown in Figure 7. In the E plane, the cross-polarization was 20 dB
below the co-polarization in all directions. In the H plane, the 150
cross-polarization was greater than 20 dB below the co-polariza- ool
tll()n in the_ broadside direction. HOW?VC{', as the ar?gle off of brqaq- Frequency (GHz)
side was increased, the cross-polarization level increased unti! it
was larger than the co-polarization, at approximately 50° The Figure 9. The measured input impedance for the U-slot patch
radiation patterns were stable across the pass band of the antenna. antenna with a shorting wall and ¢, =4.4.
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measuring 0.1214, and a thickness of 0.1054;. The area occupied

by the paich is 0.0146&5 , 2 94% area reduction when compared to
a square half-wave patch.

3.3 U-Slot Patch Antenna
with a Shorting Pin

To measure the characteristics of the U-slot patch antenna
with a shorting pin, one such antenna was fabricated on a foam
substrate (£, =1.06). This antenna was designed for a center fre-

quency of approximately 4 GHz. The patch was an 18 mm by
15 mm rectangle, supported by a 7 mm-thick foam substrate. Fig-
ure 10 shows.the measured VSWR curve and the curve obtained
from simulation, as well as the measured gain when the thickness
was h=7mm. The bandwidth (VSWR £2.0) obtained from
simulation was 30%. For kA =7mm, the measured VSWR curve
exceeded two slightly in a small range of frequencies (3.75 -
4.05 GHz). Figure 11 shows the measured VSWR curve for
f=9mm. The bandwidth (VSWR < 2.0) was 28%. The average

84 —VSWR {Simulation)
——VSWR (Experiment} [

\ \ | —Gain (Experiment
N\

. \ )v VSWR Gain /
N
2 N\

25 275 3 325 35 375 4 425 45 475 5

VSWR, or Gain/dBi

L~
E;s

Froquency {GHz)

Figure 10. The simulated and measured VSWR and measured
gain for the U-slot patch antenna with a shorting pin,

VSWR

A /
J [

3 3.25 3.5 375 4 4.25 4.5 4.75
Frequency {GHz)

Figure 11. The measured VSWR for the U-slot patch antenna
with 4 =9 mm.
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180

Figure 12a. The E-plane radiation patterns of the U-slot patch

antenna at 3.755 GHz (one division = 10 dB).

270 90

135

—HX
180 ——H-Co

Figure 12b. The H-plane radiation patterns of the U-slot patch
antenna at 3,755 GHz (one division = 10 dB).

gain was 2 dBi, and was measured at 52° from the broadside
direction. Figure 12 shows the measured co-polar and cross-polar
E- and H-plane patierns, The patterns were observed to be stable
across the VSWR < 2.0 band. It is seen that the co-polar radiation
was strongest at & =52° from the broadside. Such a pattern is
desirable for indoor wireless networking applications: the patch
antenna is mounted on the ceiling, and its radiation is beamed at
8 =~ 52° from the vertical. The design parameters were as follows
(refer to Figure 5); W =18mm, L=15mm, W, =16mm,

Ly =10mm, b=4mm, ¢=4.5mm, F,=1.0mm, F,=145mm,
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dproba =1mm, d,,, =2mm, and the thickness was & =7mm. In

terms of wavelength, the patch is a 0.2004, by 0.2407 rectangle
supported by a foam substrate 0.0934, thick. The area occupied

by the patch is 0.048/?02, 80.8% smaller than the area of 2 square
half-wave patch antenna.

4. Concluding Remarks

In this paper, a number of designs for small-size wide-band-
width patch antennas have been presented. These designs combine
the wideband U-slot and L-probe-fed patches with several size-
reduction techniques: utilizing a microwave substrate material, the
addition of a shorting wall, and the addition of a shorting pin.
Simulations were presented, and three of the simulated designs
were verified by experiment. It was found that the resonant length
of the patch can be reduced to as small as 0.14, while maintaining
greater than 20% bandwidth. The pattern characteristics of the
measured antennas were found to be stable across their respective
pass bands.
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