size reduction techniques using shorting wall, shorting pin
and the folded patch to obtain small size w:ae‘ bandwidth
microstrip patch antennas

13.1 General Remarks

In many applications, it is desirable for the dimensions of the microstrip

patch antenna to be a small fraction of the free space wavelength. The reso-

nant length of the microstrip-patch antenna is approximately A/2, where A

is wavelength in the dielectric substrate. It follows that the size of the patch

can be reduced by using a substrate material with high dielectric constan:
owever, the resulting patch antenna will have narrow impedance band-
idth. This motivated the search for other size reduction methods.

By placing a shorting wall along the null in the electric field across
*he center of the patch, the resonant length can be reduced by a factor of
wwo. The area occupied by the patch will be reduced by a factor of four,
‘f the aspect ratio is kept the same [1-5|. Another technique to reduce the
resonant length is to add a shorting pin in close proximity to the feed [6].
The shorting pin is capacitively coupled to the resonant circuit of the patc.,
effectively increasing the permittivity of the substrate. It has been shown
that a suitably placed shorting pin can reduce the resonant length of a
circular patch by a factor of three, and the area of the patch by a factor of
_.ine. Yet another method is to use a folded patch [5-8].

In this chapter, the size reduction techniques using shorting wall, short-
ing pin and the folded patch are first introduced. The bandwidth broaden-
ing techniques using the U-slot, the L-probe and stacked patches are then
described to obtain small size wide bandwidth microstrip patch antennas.

13.2 Methods of Reducing the Patch Size
13.2.1 Use of Shorting Wall — Quarter Wave Patch
13.2.1.1 Introduction

he eleciric field distributions under the patch for the TMp; and TMg
odes have a null along the center of the patch. The fields are not perturbed
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Fig. 13.1 Electric feld ibutior of (a) regular half-wave patch and

(b) shorted quarter-wave patc...

-hen a short is placed at the null line, as shown in Figure 13.1. This results
in a shorted qua ter-wave patch, witl :he same resonant frequency as the
regular half-wave patch. The area will be half of the half-wave patch if the
dimension along x remains the same. If the dimension zlo g z is red
by half (from a to a/2) so that the aspect ratio remains the same as the
original patch, the area will be four times smaller.

~.2.1.2 Formule for resonant frequency

Consiger the ectangular cavity -epresenting 1 patch shown in
igure 13.2, where the side wall - = 0 is shorted. Thus - =0 _ =0as

Fig. 13.2 Geometry of the shorted patc”



“ze Reduction Technigues 323

/| as on the top and bottom, while H; = 0 on the other three side walis.
. he solution for V*E; +k3E, = 0 satisfying the boundary conditions is:

S, o= Eocm(?m) sin ((Eﬂ;”“y) (13.1)
he eigenvalues fo &3 are given by:
2 _ (mm\? (2n +1)r\? '
kmn = (T) + ( 2 ) (13.2)

“he resonant requencies are therefore given by:

2
R C R C oI .

The lowest mode is TMgg. )
c Aod
_ 4
foo= g 7= ° b - ¥ (13.4)
where
i
= — 13.5
Foo (13.5)
I'his is to be compared with
Ao1
b= &
2./€y ) 5

where Aoy = 7%~ for the rectangular patch.

Hence, to resonate at the same frequency, the length b for the shorted
patch is half that of the regular patch. The shorted patch is known as t.
quarter wave patch while the regular patch is known as the half-wave patch.

Using the cavity model, the various antennz characteristics of the
shorted patch can be calculated following the procsdures used for the reg-

ar patc’

3.2.1.3 Ezperimental resulls

Chair et al. [3] presented experimental results of the quarter-wave patch
shown in Figure 13.3. The substrate between the patch and the ground
plane is foam, with thickness h and relative permittivity 1.08. The sides of
the patch are a = b = 3.06cm long, with one side shorted. The patch is
fed by a coaxial probe, with the feed point at z = 0, y = d, where d is the
distance between the feed point and the open edge and is adjusted for best
natch.
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Fig. 13.3 Geometry of the shorted patch. (a) Top view; (b) Side view.

Table 13.1. Bandwidth Jeasurement: (From [3] © 1999 John Wiley and
Sons Inc., Reprinted with permission.)

Quarter-wave patch

Half-wave patch

C
a 2 22
b 3 23
20_
d 5 17
e 6 5
I 7 5

BW  Center Freq.

BW  Center Freq.

(%5) (GHz) d (mm)
3.59 2.194 23 1.67
4.73 2.061 23 2.30
6.40 2.11 23 2.60
9.69 2.166 20 3.55
17.39 2.566 18 4.66
17.66 2.462 15 5.55

2.22
2.175
2.115
2.115
2.125
2.16

l

Pattern and bandwidth (VSWR = 2) measurements were performed
for several thicknesses h. The results for bandwidth are summarized i

Table 13.1.

It is noted in Table 13.1 that the shorted patch on foam substrate has
relatively wide bandwidth. For h = 7mm, which corresponded to about
0.058 X, at the center frequency, the impedance bandwidth was 18.54%.
For comparison, for a half-wave regular patch of the same thickness and
the same width but double in length, the measured impedance bandwidth,
as shown in Table 13.1, was found to be only 5.55%. Comparisons with
simulation results using Zeland JE3D software were in qualitative agreeme
and are shown in Table 13.2(a) and 13.2(b). The shorter patch has a smaller
voiume and therefore less stored energy, leading to a smaller QQ and larger

bandwidtl..
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Table 13.2(a). Resonant frequencies and bandwidth of the
shorted square patch of Figure 13.3 with a = b = 3.06 cm
and £, = 1.08. (From [4] ® 2000 IET, Reprinted with

permission. )
cperiment Calculation

h (mm) d/b ’ b)) fo (GHz) BW (%)
2 0.72 2.19 3.59 2.19 1.8
3 0.75 2.06 4.73 2.13 4.2
4 0.65 2.11 6.40 2.13 6.3
2 0.56 217 9.69 217 8.6
6 0.16 257 12.39 2.54 12.7
7 0.16 2.46 17.66 2.49 16.4

Table 13.2(b). Resonant frequencies and bandwidth
of the regular rectangular patch of Figure 13.3 with
a = 3.06cm, b = 6.12cm and & = 1.08, (From [4] ©
2000 IET, Reprinted with permission.)

Experiment Cale _latior
h(mm) d/b fo(GHz) BW (%) %)
2 0.75 2.20 1.57 2.23 3.2
3 0.75 2.16 2.30 2.18 1.7
4 0.75 2.14 2.60 2.12 3.75
5 0.65 2.15 3.99 2.12 2.3
6 0.59 2.16 4.66 2.13 6.3
[ 0.49 2.20 5.95 2.16 7.3

The measured FE and H plane patterns at the center frequency for each
of the six cases in Table 13.1 are shown in Figures 13.4 (a)-(f). The mea-
surements were made with the feed positions indicated.

The measured patterns showed large cross polarization in the E-pian-
They also showed that, depending on the thickness, the maximum radiation
could occur off broadside. The measured gains as a function of frequency
in the broadside direction as well as in the maximum direction are shown
in Figures 13.5(a)-(c) for A = 3,5, and Tmm. The gain values [4] at the

ssonant frequencies are summarized in Table 13.3. It is seen that typical
values of the maximum gain were in the range 2-3.5dBi. This is about half
" at of the regular half-wave patch
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Fig. 13.4 Copolarization and cross-polarization patterns at the center frequen-
cies for the six cases shown in Table 13.1. Co-pol, —x-pol. 10dB/div. (From [3] ©
999 John Wiley and Sons Inc., Reprinted with permission.)
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Fig. 13.5 Maeasured gains at maximum direction and at broadside for patch of
Figure 13.3. (a) h = 3mm, maximum direction is in broadside, (a) A = 5 mm,
maximum direction is at 30°, (a) A = Tmm, maximum direction is at 45°,
. Maximum direction, — broadside, (From [4] ©) 2000 IET, Reprinted with
permission.)
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Fig. 13.5 (Continued)

I'able 13.3. Measured gain of 1c shorted square patch of
“gure 13.3. (From [4] © 2000 IE1, Reprinted with permission.)

h (mm) fo (GHz) Gain (dBi) broadside Maximum direction §°

3 2.06 2.5 2.5 at 0°
5 2.17 2.5 3.5 at 30°
T 2.46 0.2 2.2 at 45°

#° is measured from the perpendicular direction in the E-plane
(perpendicular to the shorting plane).

13.2.2 Partially Shorted Patch and Planar Inverted
« Antenna

Figure 13.6 shows the geometry in which the shorting wall, instead of
extending fully across the width of the patch @, has a width s, where s < a.

It was shown in Hirasawa and Haneishi [5] that the use of a par-
tially shorted wall had the effect of reducing the resonant frequency of the
antenna. Lee et al. [4] showed that this was accomplished at the expense of
bandwidth. Their calculated results using Zeland 1E3D simulation software
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a

Fi.. 36 Geometry of partially shorted patch.

were shown in Figure 13.7 for an antenna with ¢ = 3.8cm, b = 2.5cm,
h = 3.2cm and &, = 1.0. It is seen that, as s/a decreased from 1.0 to 0.1,
.he resonant frequency decreased from 2.69 to 1.61 GHz, representing a 60%
eduction in frequency or size. However, the bandwidth. was reduced from
7.4% for s/a = 1.0 to 3.7% for s/a = 0.1

he partially shorted patch in the form shown in Figure 13.8 is known
as the planar inverted F' antenna (PIFA), because the side view looks like
an inverted F. The width of the shorting wall w is approximately 0.2 L,
while the dimensions of L, and Lj are on the order of 1/8A,.

13.2.3 Use of Shorting Pin

-unther technique for reducing the patch size, very similar to the inverted-»
method, is to use a shorting pin [6]. This is illustrated in Figure 13.9.

The shorting pin causes the fields underneath the patch to bounce back-
and-forth. The field starts to radiate once the bouncing distance reaches
half-wavelength. As a result of the multiple bounces, the physical size o!
:he patch is reduced. Since the bounces are non-unidirectional, the fields
can radiate out from almost all edges of the patch, resulting in high cross-
polarization. However, for certain applications such as cellular phone com-
nunication in a multi-path environment, high cross-polarized fields are not

‘oncern.
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Fig. 13.7 Calculated resonant frequency and bandwidth of partially shorted with

= 3.8cm, b = 2.5cm on foam substrate (g, = 1) of thickness h = 3.2mm. (a)
Resonant frequency and (b) Bandwidth. (From [4] © 2000 IET, Reprinted with
permission. )

If the shorting pin is close to the feed, the resonant circuit of the patch is
capacitively coupled to the pin. This is equivalent to increasing the permi.
tivity of the substrate, which further contributes to reduction in frequency
or size of the patch (measured in wavelength).

Figure 13.10 shows a circular patch with one shorting pin on foam sub-
strate. Using Zeland IE3D simulation software, for the dimensions given in
the figure, the results for the return loss are given by the solid curve of
Figure 13.11. The radius of the patch is reduced by a factor of 3 and the
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1g. 13.9  Circular (a) and rectangul: (b) patches with shorting post.

area by a factor of 9 when compared to the case of no shorting pin. The
thickness of the foam substrate is 0.06),, and the impedance bandwidth is
about 6.3%. The simulated radiation patterns at 1.9 GHz are shown in Fig-
ure 13.12. As noted earlier, the cross polarization of this type of antenna
is very high. The simulation results are consistent with the experiments
reported in [6].
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ig. 13.10 Geometry of the circular patch antenna with shorting pin
(not to scale).

-30 =2 pins
== 3 pins
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Frequency (GHz)

Fig. 13.11 Simulated return loss of the miniature patch antenna with different
number of shorting pir...
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Fig. 13.12 Simulated radiation pattern of the miniature patch antenna with 1
shorting pin at 1.9 GHz (10dB/div’

(Xpsis Yosi)

(Xpsze Yps2)

(2) (b)

“g. 13.13 Circular patch with (a) 2 and (b) 3 shorting pins (units in mm and
not to scale). (a) B = 13.2, zp = 4.95, Tpg) = Zps2 = 1108, ypm = 1.95,
Ups2 = —1.95, (b) R = 154, zp = 235, zpn = 13.3, Tp2 = Tpss = 14.1,
Yps1 = 0, Ypsz = 5.13, ype3 = —5.13.

The bandwidth can be improved by using multiple shorting pins
[6). A circular patch with two and three shorting pins are shown in
Figures 13.13(a) and Figure 13.13(b). The simulated return loss for these
cases are shown in the broken curves of Figure 13.11. The impedance
widths are 7.9% for the patch with 2 pins and 10.0% for t’ » patch with
3 pins.

13.2.«+ The Folded Patc

Both the shorting wall and shorting pin size reduction techniques result in
high cross polarization levels. A method which maintains a relatively low
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Fig. 13.14 Structures of patches and antenna. W = 31mm, L = 51 mm, d; =
20mm, dz = 15mm, hy = 2mm, hs = 3mm, w; = 95mm, we = S5mm, |, =
10mm, I3 = 15mm, I3 = 15mm, 4 = 23mm. (From [8] © 1999 IET, Reprinted
with permission.)

cross polarization level is that of the folded patch, first introduced by Chair
et al. [7-10].

Consider the geometries shown in Figure 13.14.

Figure 13.14(a) presents a conventional patch antenna with length
L = 51mm and W = 31 mm. The antenna excited in the TMgy mode
is used as a reference. Figure 13.14(b) shows a folded patch antenna,
designated as folded-patch configuration 1, which is made of a copper
sheet of length 85.5mm and width 31 mm. Figure 13.14(c) shows a sec
ond folded patch antenna designated as folded patch configuration 2,
which is made of a copper sheet of length 111 mm and width 31 mm. The
antennas are fed by coaxial probes. Although all three antennas have the
same length in the top view, it is found that the resonant lengths of the
folded patches are effectively longer than the length of the conventiona
pat

“he measured SWR versus frequency of the three antennas are shown
in Figure 13.15.

he resonant frequency for the conventional patch is 2.65 GHz. Folded-

patch configuration 1 had a resonant frequency of 2.1GHz (20.756%
decrease) while that of folded-patch configuration 2 was 1.66 GHz (37.26%
decrease). The gains of the two configurations were 5.1 and 5.8dBi, respec-
tively (Figure 13.16) and were larger than the quarter wave shorted
patch.
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Fig. 13.15 SWR against frequency. (i) single layer patch: f, = 2.65 GHz, BW =
1.23% (ii) folded-patch configuration 1: f, = 2.1 GHz, BW = 2.03% (iii) folded-
patch configuration 2: f, = 1.66 GHz, BW = 3.16% (From [8] © 1999 =71,
Reprinted with permission.)
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Fig. 13.16 Measured gain. — Configuration 1, . Configuration 2 (From |
© 1999 IET, Reprinted with permission.)

- he radiation patterns of the folded patch configurations were measured
at 2.1 and 1.66 GHz, respectively, and are shown in Figures 13.17 and 13.1..
The co-polarization patterns had maxima in the broadside direction. The
cross polarization maximum was —20dB below the co-polarization max-
imum. This was significantly lower than that of a shorted quarter-wave
patch or patch with shorting pin.
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Fig. 13.17 Folded-patch configuration 1 radiation pattern. (a) E-plane, (b) H-

plane, — Co-polarization, Cross-polarization, 10dB/div (From [8] © 1999
IET, Reprinted with permission.)

0 0°
180° 180°
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ig. 13.18 Folded-patch configuration 2 radiation pattern. (a) E-plane, (b) H-
plane, — Co-polarization, . Cross-polarization, 10dB/div (From (8] © 1999
1ET, Reprinted with permission.)

3.3 Small-Size Wide-Bandwidth Patch Antennas

he broadbanding techniques discussed in chapters 9 and 11 can be com-
bined with the size reduction techniques to obtain small-size patch antennas
exceeding 20% impedance bandwidth, These are the topics of this section,
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which are based mainly on the simulation results summarized in the review
paper by Shackelford et al [11]. Experimental results supporting the con-
clusions can be found in that reference and the references cited therein
[12, 13]

13.3.1 The U-Slot Technique
13.3.1.1 U-slot patch antenna on high dielectric constant substrates

Wideband U-slot antennas (Figure 13.19) are usually designed on foam or
air substrates, resulting in patches with a resonant length of about 0.5A,.

To decrease the resonant length, simulation results of these patch anten-
nas on substrates with several values of the dielectric constant are shown
in Table 13.4. These results were obtained using the Ansoft Ensemble sof
ware. The patch dimensions, thickness, normalized area, and bandwidth are
shown in Table 13.4a. 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 band-
width. The substrate thickness decreased from 0.8, to 0.TA,. The simula
tion results also shown that this trend continued when ¢, was increased to
9.8. However, this will reduce the radiation efficiency due to surface waves.
The design parameters for these antennas are shown in Table. 13.4b.

3.3.1.2 U-slot patch antenna with shorting wall

To further reduce the size of the U-slot patch antenna, a shorting wall 1s
introduced, as shown in Figure 13.20. Table 13.5(a) shows the simulation
results obtained for several values of ¢,, designed at a center frequency of

w
Probe feed

c
W, 4

ig. 13.19 U-slot patch antenna.
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able 13.4(a). 900 MHz U-slot patches on microwave substrate (From [1°
© 2003 IEEE, Reprinted with permission.)

e Patch dimensions (em)  Thickness (cm) Normalized Area® BW (%)

.0 21.97 x 12.45 2.69 (0.081),) 00 42

2.33 12.40 x 8.96 2.76 (0.083),) 0.4 26.5
< 9.29 x 6.71 2.40 (0.072X,) 0.23 22.1

Y 5.74 X «.. 2.01 (0.060),) 0.087 14.4

a —_—

Mermalized with respect to the area of the U-slot patch in Huynh and Lee [1995]):
21.97cm x 12.45cm = 273.53 cm?, & = 1.0.

Table 13.4(b). Design parameters for 900 MHz U-slot patches on microwave
substrate (all dimensions in cm). (From [11] © 2003 IEEE, Reprinted with
permission. )

+ =10 er =2.33 & 0 er = 9.8

W 21.97 (0.6590,)  12.40 (0.372),)  9.29 (0.279),)  5.74 (0.172),)
L 245 (0.374),)  8.96 (0.269h,)  6.71 (0.201),)  4.14 (0.124),)

6.86 4.82 3.6 g.oe
L 8.22 6.20 4.65 2.87
B 1.94 1.38 .03 0.64
C 0.89 0.69 0.52 0.32
F 6.22 4.48 3.36 3.04
T 2.60 (0.081,)  2.76 (0.083%,)  2.40 (0.072),)  2.01 (0.080),)
Doror 0.30 0.34 0.17 0.40

Fig. 13.20 U-slot patch antenna with a shorting wall

900 MHz. With the shorting wall, as &, increased from 1.0 to 4.0, the area of

he patch was reduced by as much as 94%, while maintaining a bandwidth
m excess of 20%. The design parameters for these antennas are presented
in Table 13.5(b).
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“ble 13.5(a). 900 MHz U-slot patches on microwave substrate with short-
ing wall. (From [11] @ 2003 IEEE, Reprinted with permission.)

Er Patch dimensions (em)  Thickness (cm)  Normalized Area® BW (%)

1.0 8.14 x 8.14 2,71 (0.081),) 0.2 22.7
2.33 5.71 % 5.7 3.02 (0.091), 0.12 22.6
<0 3.97 x 8.97 3.62 (0.109),) 0.05 27.9
9.8 2.66 x 2.66 2.68 (0.080)) 0.025 14.7

*Normalized with respect to the area of the U-slot patch in Huynh and Lee [1995):
21.97cm % 12.45em = 273.53 em?, & = 1.0.

Table 13.5(b). Design parameters for 900 MHz U-slot patches on microwave
substrate with shorting wall (all dimensions in em). (From [11] © 2003 [
Reprinted with permission.)

gy = 1.0 Er = 2,33 Er = 4.0 er = 9.8

w 8.14 (0.2442,) 571 (0.1T1A,)  3.97 (0.119X,) 2.66 (0.0798),)
L 8.14 (0.244).) 571 (0.1712;)  3.97 (0.119,)  2.66 (0.07983,)
W, 4.88 3.43 2.38 1.6

7.05 4.95 3.44 231
B 0.54 0.38 0.27 0.18
C 1.08 0.76 0.53 0.5
D 0.54 0.38 0.27 0.18
F 2.71 1.90 0.14 0.093
T 2.71 (0.0813,)  3.02 (0.091);)  3.62 (0.109%,;) 2.68 (0.080);)
Dyrobe 0.27 0.25 0.28 0.19

3.3.1.3 U-slot patch antenna with shorting pin

he geometry of the U-slot patch antenna with a shorting pin is shown in
igure 13.21.
he simulation results of such antennas designed for a center frequency
of 900 MHz are shown in Table 13.6(a). The design parameters are given
in Table 13.6(b). For the case of an air substrate, two sets of designs are
given. 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 tne
regular U-slot patch, and the impedance bandwidth was 15%. It should
be noted that, in Figure 13, the shorting pin and the feed were placed at
opposite sides of the patch. If the pin was placed close to the feed, which
was the case for the rectangular patch (with no U-slot), the antenna did
not function properiy.
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Fig. 13.21 U-slot patch antenna with shorting pin.

Tame 13.6(a). 900 MHz U-slot patches with shorting pins. (From [11] @© 2007
EEE. Reprinted with permission.)

Er Patch dimensions (cm) Thickness cm) ormalized Area BW (%)
0 (1) 8.4 x 7.0 2.8 (0.084),) 0.21 30
0 (2) 5.33 x 3.9 3.3 (0.099);) 0.056 5
3.27 2.84 x 2.08 3.6 (0.108),) 0.022 10
4.0 2.84 x 2. 3.3 (0.099),) 0.022 1

Jormalized with respect to the area of the U-slot patch in Huynh and Lee [1995:
21.97 cm x 12.45 cm = 273.53 cm?, £ = 1.0.

,able 13.6(b). Design parameters for 900 MHz U-slot patches with shorting pin
(all dimensions in cm). (From [11] © 2003 IEEE, Reprinted with permission.)

Er = I.'E]' {l} -y = Lﬂ EE] Er = 32? Erp = 4.5

W 8.4 (0.252\,)  5.33 (0.016),)  2.84 (0.00852),)  2.84 (0.00852),)
L 7.0 (0.210A) 3.9 (0.012),) 2.08 (0.00624%,)  2.08 (0.00624))
W, T.47 1.8 0.96 0.96
Ly 4.67 2.93 1.22 22
B 2.1 0.65 0.68 0.98
c 0.47 0.32 0.17 0.17

- 6.8 3.6 1.98 1.88
F, 0.47 0.075 0.3 0.58
dy 0.47 0.3 0.2 0.4
ds 0.93 0.15 1.68 0.49
T 2.8 (0.084X) 3.3 (0.099X,) 3.6 (0.108)) 3.3 (0.099),)
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The typical simulated radiation patters of a U-slot patch antenna with
shorting pin are shown in Figure 13.22.

13.3.1.4 Half-structures

A. Half U-Slot Patch Antenn
It was suggested by Deshmukh and Kumar [14] that removing half of
the U-slot patch along the line of symmetry still resulted in a broadband
antenna. Figure 13.23 shows the simulated current distribution of the full
and half structures. It is seen that the current paths in the two patches,
and hence their resonant behaviors, are similar.

s an example, consider the U-slot patch antenna of Huynh and Lee [15].
The simulated return loss curves iur the full structure and the half structure

—— E, (z-plane)  (ye-plane) - - -~ E, (yz-plane)

Fig. 13.22 Simulated radiation patterns of the U-slot patch antenna with short-
ing pin at 0.85 GHz (10dB/div).
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Fig. 13.23 Simulated current distributions in (a) Full U-slot patch; (b) Half
U-slot patch (From [17] © 2005 IEEE, Reprinted with permission.)
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are shown in Figure 13.24. The bandwidth of the former is 35% and that
of the latter is 28.6%. The radiation patterns are shown in Figure 13.25
is seen that, due to its asymmetry, the cross polarization level of
half-structure is very high.
ae half-structure idea was applied to the Usslot patch with shorting
wall [16] and the U-slot patch with shorting pin [17]. These designs ar.
described below.

B. Half U-Slot Patch with Shorting Wall

Figure 13.26(a) shows the geometry of the half U-slot patch antenna with
shorting wall, obtained from cutting away half of the full U-slot patch
aut a (Figure 13.26(b)) along the line of symmetry. The feed wire was
1m._ in diameter. Measured and simulation results of SWR are shown in

— Full U-Slot

==  HafLl.Slot

0.8 0.85 0.9 0.95 1 1.05 1.1 115 1.2 1.25 1.3
=uency (GHz)

Half U-slot Full U-siat

Freq. range 0.84GHz~1.12GHz | 0.83GH2-1.18GHz

BW 28.6% [35%

Fig. 13.24 Simulated return loss of the full U-slot patch of Huynh and Lee [15]
and the half structure obtained by removing half of the U-slot patch along the

line of symmetry.
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ig. 13.25 Simulated radiation patterns of the antennas of Figure 13.24 at
1 GHz.(a) Full U-slot, and (b) half U-slot.

Figure 13.27. The measured and simulated bandwidths were 28.5% and
23% respectively, both centered at 2.6 GHz. The measured gain was around
2dBi across the operating band. Measured patterns at 2.6 GHz are shown
in Figure 13.28.

“rith the radiation introduced from the feeding wire and the shorting
wall. both Fj in the z-z plane and E¢ in the y-z plane had similar radiation
level. In addition, the radiation from the shorting wall leds to a dip in the
pattern of Eg in the y-z plane. The radiation patterns were stable. These
results showed that the half-U-quarter-wave patch had similar performance
characteristics as the full-U-quarter-wave patch [12].

C. Half U-Slot Patch with Shorting Pmn

‘igure 13.29 shows the geometries of the half and full U-slot patch antennas
with shorting pins. The former is formed by cutting away half of the
U-slot patch along the line of symmetry. The radii of the shorting pin and
-ne probe feed were 4.65 and 2 mm respectively.

Figure 13.30 shows the measured and simulated SWRs of the half and
full U-slot patch antennas with shorting pin. The center frequency of the
half structure was 40 MHz (4.7%) higher than the full structure The match-
‘ng frequency range of the half U-slot patch antenna was from 0.81 to
0.99 GHz with an impedance bandwidth of 20%, where the area of the half
U-slot patch was only 0.0273A%. The full U-slot patch was matched from
0.75 to 0.97 GHz with an impedance bandwidth of 25.6%.
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Fig. 13.26 Geometries of the U-slot patch antennas with shorting wall (uni's in
mm and not to scale). (a) Half U-slot. (b) Full U-slot. (From [16] (© 2003 IEEE,
Reprinted with permission.)

Figure 13.31(a) and (b) shows the simulated radiation patterns of th.
half and full U-slot patch antenna with shorting pin at 0.9 GHz, respectively
Simulation results were modeled in an infinite ground environment. The
-aaiation due to the vertical components (shorting pin and feeding probe)
incre=ed the radiation level of Ey in the y-z plane. However, two radiat-
ing edges of the half U-slot patch radiated, which gave more symmetric
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“ig. 13.27 SWR and gain of the half U-slot patch antenna of Figure 13.23(a).
(From [16] © 2003 IEEE, Reprinted with permission.)

0dB

Fig. 13.28 Measured radiation patterns at 2.6 GHz (10dB/div). (From [13] ©
2006 IEEE, Reprinted with permission.)
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“ig, 13.29 Geometries of the U-slot patch antennas with shorting pin (units in
mm w.d not to scale). (a) Half U-slot. (b) Full U-slot. (From [17] © 2005 1EEL,
Reprinted with permission.)

radiation patterns along the y-z plane than the half U-slot patch with
shorting wall [15]. In addition, slightly asymmetrical pattern was obtained
"~ the z-z plane and the higher level of the E4 field in the y-z plane is du..
o the asymmetrical structure of the half U-slot antenna. The E, field is
cancelled out in the -2z plane of the full U-slot antenna with its symmetrical

geometry.
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13.30 Measured and simulated SWR of the U-slot patch antennas with
shorting pin. (From [17] © 2005 IEEE, R :printed with permission.)

Fig. 13.31 Simulated radiation patterns of the U-slot patch antenna with shor*
ing pin at 0.9 GHz (10dB/div). (a) Half U-slot. (b) Full U-slot. Ep, Es. (From
[17] © 2005 TEEE, Reprinted with permission.)
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able 13.7. Comparison between the full . half U-slot pat “h antennas (all

mensions in mm). {(From [17] © 2005 IEEE, R« 1 permission.)
U-slot patch with - slot patch with
shorting wall [15] shorting pin
Full Half Full Half
Dimensions L 30 (0.242,) "0 (0.26X,) (0.20s) 70 (0.212,)
W 30 (0.242s) 15 (0.13X5) 84 (0.24),) 42 (0.13),)
H "0 (0.08%,) 10 (0.09A,) 28 (0.08%,) 28 (0.08A,)
Size 0.0576A2 0.033822 0.04822 0.027322
Bandwidth (SWR < 2 28.1% 28.6% 25.6% 20%
Size reductios. % 43%

wable 13.7 summarizes the con__ ‘ison between the full and half U-slot
paich antennas.

13.3.2 The L-probe Technigue
3.3.2.1 The two-layer L-probe-fed patch antenna

i he use of the L-probe feed to broaden the bandwidth of patch antennas
was aiscussed in Chapter 11. The design requires the horizontal arm of the
feed probe be embedded within the substrate material, making it difficul
to use any material other than foam or air for the substrate. To realize the
goal of reducing the resonant length of the L-probe patch by increasing the
substrate dielectric constant, a two-layer configuration was conceived, as
thown in Figure 13.32.

By placing a microwave substrate in the region between the conducting
patch and the L-probe, and foam or air between the ground plane and the

ig. 13.32 Two-layer [-probe patch antenna.
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Table 13.8(a). 900 MHz L-probe patch. (From [11] © 2005 IEEE, Reprinted
with permission.)

Er Patch dimensions (cm)  Thickness (cm)  -ormalized Area® BW (%)

0 15.83 x 13.19 3.48 (0.104),) 1.0 40
2.32 12.43 x 10.36 4.06 (0.122)0) 0.62 40.6
4.2 9.75 x 8.12 3.90 (0.117X0) 0.38 38.3
9.8 7.52 % 6.26 78 (0.143) 0.23 38.1

*Normalized with respect to the L-probe patch: 15.83cm x 13.19cm = 208.8cm?,
Er = 1.0.

Table 13.8(b). Design parameters for 900 MHz L-probe patches (all dimen-
sions in cm). (From [11] © 2005 IEEE, Reprinted with permission.)

gr= 1.0 £r = 2.32 e, =4.2 =98
W 15.83 (0.475A0) .2.43 (D.STEA.,} 9.75 (0.293\.) 7.52 (0.226)7:)
L 13.19 (0.396)0)  10.36 (0.311),) 8.12 (0.244),)  6.26 (0.188),)
Ly, 5.54 4.35 3.41 2.63
D 1.06 8.28 6.50 5.0
ty 1.28 sl 3.10
£t 2.78 2.18 6"

b=ty +ta 3.48 (0.104%,) 6 (0.1 'Ao)  3.90 (0.117X,) .78 (0.143),)
dorob 0.53 0. 0.33 0.25

I-probe, the effective permittivity of the region is increased compared to
that of foam or air. This reduces the resonant length of the patch, withou
increasing the d ficulty of fabrication, since the horizontal arm of the L~
probe lies in the air or foam layer.

Table 13.8(a) shows the simulation results obtained using Ansoft rinsem-
ble software for several values of &,, designed at a center frequency of 900
‘VIHz. The normalized area column of the Table uses the area of the & = 1.0
case as a reference. It is seen that, as ¢, increase, the size reduction is simi-
lar to the U-slot patches, but the bandwidth is significantly larger, as is the
substrate thickness. Table 13.8(b) shows the design parameters for these

itennas,

13.3.2.2 The two-layer L-probe-fed patch antenna
with a shorting wall

To further educe the area of the patch, a shorting wall is added. own
Figure 13.33.
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horting . vall

Fiz. 13.33 Two-layer L-probe patch antenna with shorting wa.

Table 13.9(a) shows the simulation results for four cases, all designed for
a center frequency of 900 MHz. By adding the shorting wall to the e, = 1.0
case, the area is reduced by almost half. As the dielectric constant of the
uppe- " creased, the size of the patch decreases. For the &, = 2.33
case, the area is reduced by 76%. For the £, = 4.0 and 9.8 cases, the arca
is reduced by 88% and 93% respectively, when compared to the L-probe
antenna with £, = 1.0 and no shorting wall. The impedance bandwidths of
the antenna remain above 20% for all four cases by using thick substrate
(0.07A, — 0.13),). Detail design parameters are given in Table 13.9(b).

13.3.3 Shorted Stacked Pailches
13.3.3.1 Stacked patches with shorting walls

As discussed in Chapter 9, the use of stacked patches is an effective methoc

of obtaining wide impedance bandwidth. Both the shorting wall and tne

shorting pin size reduction techniques can be applied to reduce the size of
acked patches.

Table 13.9(a). 900MHz L-probe patches wizh shorting wales.

, Patch dimensions (em) ‘Thickness (em) Normalized Area® BW (%)

1.0 17.0 % 6.82 4.26 (0.128),) 0.56 29.6
2.33 11.3 x 4.52 3.61 (0.108),) 0.24 45.1
4.0 7.92 x 3.1 3.65 (0.110A,) 0.12 36.2
9.8 5.97 % 2.39 2.34 (0.0701,) 0.068 92.-

*“armalized with respect to the L-probe patch: 15.83cm x 13.19cm = 208.8cm?,
e = 1.0.
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Table 13.9(b). Design parameters for 900 MHz L-probe patches with
shorting walls(all dimensions in cm).

e = 1.0 Sy =233 = = 4.0 Er =928
W 17.0 (0.510A;) -3 (0.3392,) 7.92 (0.238),) 597 (0.179A;)
L 6.82 (0.2052,) -52 (0.1362,)  3.17 (0.085)h,) 2.39 (0.072A;)
Ly 6.3 4.33 3.04 2.29
D 1.1 0.75 0.53 0.40
t 1.17 L0 06
ta 2.45 2.24 1.28
t=1t;+1t 4.29(0.128),) 3.61(0.108,) 3.65 (0.110A,) 2.34 (0.070X,)
dorobe 0.38 0.38 0.26 0.20
short-circuit

>

_X/%’I v\—gr'z:ﬂunn:!1:»131“:

Fig. 13.34 Geometry of the shorted stacked patch antenna on air substrate.
Wg = 35mm, Lig = 35mm, Log = 25 mm (From [18] © 1999 IEEE, Reprinted
with permission.)

“aid et al. [18] studied the stacked patch on air substrate, with a shorting
wall shown in Figure 13.34.

“he measured impedance bandwidth as a function of the thickness of
the two layers are given in Table 13.10. For case (4) measured and simulated
VSWR versus frequency are shown in Figure 13.35 and the bandwidth was
almost 30%.

1.3.3.2 Stacked patches with shorting pins

In using shorting pins to reduce the sizes of stacked patches, it w=
found that, if one pin was used, only 10% bandwidth was achieved [19],
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Table 13.10. I[Impedance bandwidth versus height
of the shorted stacked patch antenna. (From [18]
© 1999 IEEE, Reprinted with permission.)

Hig Hag Bandwidth (VSWR < 2)
3mm 5 mm 15.4%
3mm 3.5 mm 18.6%
4 mm 7 mm 23%
5.5 mm 10.5 mm 290.5%

9
e+~ Simulation
8 Experimental
7
g [
25
*
]
1" .
3 . .
% u ]
& - = - r
2 "\ p o " D"‘ &
A~ -

1 i 1 i 1 i 1 i L | |

126 1404 1548 1692 1836 198 2,124 2268 2412 2556 27
Erequency (GHz)

Fig. 13.35 Measured and simulated VSWR versus frequency of the antenna
of Figure 13.34. (From [18] © 1999 IEEE, Reprinted with permission.)

In order to achieve wider bandwidth, it was necessary to use two short-
ing pins, one connecting the upper and lower patches and another con-
necting the top patch to the ground plane through the lower patch, as
thown in Figure 13.36 [20]). This design was tested experimentally for
the case of foam substrates in both the upper and lower layers. An
impedance bandwidth of 34% was reported, with the longest dimension of
the patches about 0.19),, where A, is the wavelength at the center frequency
of about 1.7 GHz. The total antenna thickness was 0.1A,. The detailed
parameters and the measured and predicted input impedance response
were shown in Figure 13.37. The measured radiation patterns are show
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ig. 13.36 Schematic of the stacked patch with two shorting pins. Radius of
coaxial probe = r,, Radius of shorting pin 1 = ree1, Radius of shorting pin 2 =
Tos2- (From [20] © 1998 IET, Reprinted with permission.)

“ig. 13.37 Predicted and measured input impedance response of the stacked

patch with two shorting pins with parameters: ey = e,2 = 1.07, dy = 2.0 mm,

ds = 18.0mm, Ly = 36.0mm, W; = 23.0mm, Lz = Wa =23.0mm, £p = Zp =

15.0mm, rg = rgs2 = 0.325mm, zpe1 = 1.0mm, rpe2 = 0.6mm, predicted,
neasured. (From [20] © 1998 IET, Reprinted with permission.)
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270

180

13.38 Measured radiation patterns of the antenna of Figure 13.37. __
plane, — H plane. (From [20] © 1998 1 rinted with permission.)

in Figure 13.38. The measured gain was 3.9 dBi # cross the relevant band of
frequencies.

13.4 roiect-

. Design a rectangular patch with shorting pin at 5 GHz. Air substrate is
used. Assume infinite ground plane. For your design, list the following
parameters:

¢ Dimensions of the patch in centimeters and in units of wavelength
at 5 GHz;
e Thickness of air substrate in centimeters and in units of wavelength
1 5 GHz;
o Location of the shorting pin;
e Diameter of the shorting pi:-

or your design, obtain (a) the VSWR versus frequency curve and deter-
mine its impedance bandwidth; (b) the co-polarization and cross polar-
ization patterns at 5 GHz and at the frequencies fo and f;, which are
the upper and lower frequencies at which the VSWR = 2, respectively.
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Design a U-slot rectangular patch with shorting wall at 5 GHz. Air sub-
strate is used. Assume infinite ground plane. For your design, list the
following parameters:

e Uimensions of the patch in centimeters and in units of wavelength at
5 GHz;

e 1hickness of air substrate in centimeters and in units of wavelength
at 5 GHz;

¢ Dimensions and locations of the U-slot patch and show it in a diagram.

‘or your design, obtain (a) the VSWR. versus frequency curve and deter-

-ine its impedance bandwidth; (b) the co-polarization and cross po-
ization patterns at 5 GHz and at the frequencies f; and f;, which are tne
upper and lower frequencies at which the VSWR=2, respectivei..
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