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Wideband and compact slot loaded annular
ring microstrip antenna using L-probe
proximity-feed for wireless communications

ANIL KUMAR SINGH"?, RAVI KUMAR GANGWAR” AND BINOD K. KANAUJIA®

A wideband orthogonally slot cut annular ring microstrip antenna fed by L-shaped probe is investigated using modal expan-
sion cavity model and circuit theory approach. Simulation of the proposed antenna is performed using Ansoft HESS and
simulated results are compared with the measured and theoretical results. The impedance bandwidth of about 37.46% is
observed at resonant frequency 3.15 GHz. The proposed antenna realizes an improvement in bandwidth of 13.46% and mini-
aturization in physical dimension about 10% from earlier reported structures. An improvement in bandwidth and miniatur-
ization is due to thick substrate, L-probe feed, and orthogonally loaded slots. The measured results of fabricated antennas are

in good agreement with simulated and theoretical results.
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. INTRODUCTION

Microstrip antennas are miniaturized antennas and annular
ring microstrip antenna (ARMSA) has small dimensions
compared with other microstrip shapes resonating at same
frequency [1]. Due to the small size, light weight, easy fabrica-
tion, and low-profile nature, ARMSA is most widely used for
wireless applications [2-10]. In recent years, due to the rapid
growth of wireless applications, researchers are paying more
attention to design compact and wideband antennas. So
there are various techniques to develop compact antenna
that have been reported in the literature such as using high
relative permittivity dielectric substrate for supporting the
patch [11], integrating slots in the radiating patch [12],
using defected ground plane [13, 14], slot-loaded patch [15],
by inserting slots or spur lines [16] at the boundaries or
corners of the microstrip patch and shorted pin is also
applied for achieving high compactness [17]. In these techni-
ques of reducing the size, the effective current path length
increases due to which there is reduction in resonant fre-
quency of the patch resulting compactness in the size of
antenna. Microstrip antennas with wide impedance band-
width may find potential application in wireless communica-
tions. In this regard, many techniques have been reported in
literature like using multilayer concept or stacked microstrip
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patch with coaxial feed [18-22], L-probe feeding [23, 24] pro-
viding superior bandwidth [25]. L-probe incorporated with
patch introduces a capacitance cancelling a few inductance
introduced by the probe feed due to thick substrate [24].

In this paper, orthogonally slot-loaded ARMSA fed by
L-shaped probe is investigated using modal expansion cavity
model and circuit theory concept, resulting to the improve-
ment of bandwidth. The effects of the orthogonally slot
position at periphery of radiating path are compared with
ARMSA to achieve the miniaturization of antenna.
Simulated results of radiation characteristics are compared
with experimental results. Theoretical results are in good
agreement with measured and simulated results. This paper
demonstrates the design, simulation, fabrication, and meas-
urement of orthogonally slot-loaded ARMSA fed by
L-shaped probe for wireless application. This paper provides
scientific knowledge about inserting an orthogonal slot in
inner and outer periphery of ARMSA and also delivers the
information of parametric study of various parameters on
center frequency and bandwidth of the proposed antenna.

Il. THEORETICAL ANALYSIS

The geometry of L-probe fed ARMSA is shown in Fig. 1(a).
Annular patch is placed on a Rohacell dielectric material
(e, = 1.07) of 8 mm thickness. The inverted L-shaped probe
with vertical height of h, and horizontal length y, is used.
The proposed orthogonally slot-loaded L-probe fed ARMSA
is shown in Fig. 1(b), which is obtained after cutting the
orthogonal slot of 1 mm width and 6 mm of length at inner
periphery of annular path of earlier reported structure.
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Fig. 1. (a) Geometry of L-probe proximity-fed ARMSA, (b) geometry of L-probe proximity-fed ARMSA with orthogonal slot (the drawing is not in the scale) and
image of (c) SMA connector on ground plane (d) L-probe (e) ARMSA with slot before fabrication, (f) fabricated ARMSA with slot.

Different fabrication stages of the proposed structure are shown
in Fig. 1(c)-(f). The proposed structure is analyzed and
explained in successive stages as ARMSA, L-probe fed
ARMSA, and orthogonal slot-loaded ARMSA in the following
section.

A) ARMSA

The equivalent circuit of ARMSA can be explained as parallel
combination of R, L, and C as shown in Fig. 2. Due to the small
value of feed probe resistance R, and inductance L, value in
comparison with other component, it can be neglected.
Thus, input impedance of ARMSA can be written as

Rw*L* + jR*(wL — w?L*C)

A =
P R*(1 — w?LC)* + w?L?

, (1)

where w = 27f, and f is the resonant frequency. Equivalent
circuit parameters R, L, and C can be expressed as [5].
_ Terg
o eh
[0*(1 — (/K6 )HF(D)}Y — a*(1 — (n*/k*b*)){F(a)}’]
{F(T)} ’

(2)

where k is the resonant wave number, /4 is the thickness of the
dielectric substrate, a and b are the inner and outer radii of
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Fig. 2. Equivalent circuit of ARMSA.

ARMSA, ¢, is the relative permittivity of the substrate, T is
the feed point, and F(b) = J,(bk)Y,/ (ka) — J.(ak)Y, (Dk);
similarly we can get F(a) and F(T) by replacing b with a
and T, respectively.

The inductance L of the ARMSA is given as

& hu,
b=
(F(T)Y
b = e [RENFON — @G — (/R F@F]

(3)

where , is the permeability of free space, €, = /2 (for n # 0)
and g, = 1 (for n = 0), and the resistance of the ARMSA is


https://doi.org/10.1017/S1759078715000446

calculated as

R=%, (4)

where Q, is a factor, including dielectric, conductor, and
radiation losses.

B) L-probe fed ARMSA

The L-probe proximity fed ARMSA, is shown in Fig. 1(a). A
Rohacell foam layer (e, = 1.07) of thickness 8 mm is used
to support the radiating patch above the ground plane.
Without L-strip, it is difficult to couple the energy from the
microstrip line to the patch as the separation between them
is too large therefore an L-probe is introduced. Due to this
the spacing between the patch and the feed probe is
reduced. Figure 3 represents the equivalent circuit of the
L-probe proximity fed ARMSA. The horizontal part of the
L-strip of length A/4 incorporated with the patch provides a
capacitance to suppress the inductance introduced by the ver-
tical part of the L-strip. The vertical part of L-probe is equiva-
lent to a series combination of resistance (R,) and inductance
(Ls). The resistance R; is because of finite conductivity of
copper used. The expression for the resistance R and induct-
ance L, are given by [26]

2h, ws + £
L, = 0'2h1{1n<w5 T ts) + 0.2235( i ) + 0.05} (nH),

(5)

N

R, = 4.13 x 10 3h, ¥, 6
3 Y (6)

where w; is the width of the strip in mm, ¢ is the thickness of
the strip in mm, A, is the height of the vertical portion of the
L-strip, p is the specific resistance of the strip ({2 cm), and p¢,
is the specific resistance of the copper (1.72106 ) cm). The
horizontal portion of the L-probe and the patch are perfect
conductors separated by a finite distance (h,) which provides
a capacitance (C,) in series with vertical portion of the
L-probe and this can be calculated by

Cl - 8'r*eoyows/hr (7)

Also there is a parallel plate capacitance (Cs,) between the
horizontal part of the L-probe and the ground plane expressed
by equation (4) where w; is the width of the L-probe, y, is the

h [0
AR

Fig. 3. Equivalent circuit of L-probe proximity-fed ARMSA.
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horizontal length of the L-probe, h, is the height of the vertical
portion of the L-probe, €, is the relative permittivity of the
material (foam), and &, is the free-space permittivity.

Cs1 = Srsoyows/h1~ (8)

The open end of the L-probe which is under the patch will
have fringing fields, which can be considered as a small
increase in the length of the L-probe. This effective increase
in the length can be calculated as [26, 27]

_0.412h(e, + 0.3)((ws/h) + 0.264)
(8. — 0.258)((ws/h) + 0.8)

I, , (9)

g, is the effective dielectric constant of the material and is
given by

8e:sr+1+sr 1(1+1_> ) (10)

2 2 w

where W = b — a, a and b are the inner and outer radii of the
patch antenna, respectively. If I, is the enhancement in effect-
ive length due to the fringing fields, then the fringing capaci-
tance (Cp) due to this can be calculated as [26, 27]

Cr = len/c/Z,. (11)
Due to L-probe, a series of combination of resistance (Ry),

inductance (L;), and capacitance (Cyoy,) in series with reson-
ant element of patch as parallel component R, L, and C.

Hence, the input impedance (Z;) of the L-probe
proximity-fed ARMSA can be given as
1
Zin =R + jWLs +—+ Zin;n (12)

JWCoral

where C,os, is the equivalent capacitance because of capaci-
tances C,, Cy;, Cp, and Cp, and is given by [27]

(Cl + 2Cf2)(cs1 + Cf1)
(Cl + 2sz + Cs1 + Cfl) '

(13)

Ctotul =

C) Orthogonally slot-loaded L-probe fed
ARMSA

The proposed structure of the L-probe proximity fed ARMSA,
with slot is shown in Fig. 1(b). When orthogonal slots are
inserted in the L-probe fed annular ring microstrip patch,
the total area of the radiating patch is altered. Due to which
the value of resistance, inductance, and capacitance has been
modified in the circuit. A capacitive (Cc) coupling is taken
between slot-loaded patch and without slot-loaded patch,
which is shown in Fig. 4.

The input impedance of the loaded slot (Z;,,,) can be
written as

1
R +jol +1/joC”’

Zinm = (14)

where, R, L, and C' is the equivalent resistance, inductance,
and capacitance of slot loaded ARMSA, respectively. Thus,
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Fig. 4. Equivalent circuit of L-probe proximity-fed ARMSA with slot.

total input impedance (Z;,) of the equivalent circuit is
given as

1
Zin = Rs + .st +—
! J ]wctoml

+ Zinm{Zinp + (1/jwcc)}/{zinp + Zinm + (l/fwcc)}
(15)

1. RESULTS AND DISCUSSIONS

Design parameters of the proposed antenna are listed in
Table 1 as given below. The proposed geometry, L-probe
proximity fed ARMSA with orthogonally slot cut at the
inner periphery of radiating patch is explained in this
section. The theoretical results have been calculated using
given equations with the help of MATLAB™ and the simu-
lated results have been calculated using Ansoft's “High
Frequency Structural Simulator” software (HFSS™). For
simulating the structure we have used the wave port mode
of excitation for the coaxial feed and the radiation boundary
was fixed at a distance of A/4, being the free space wavelength
corresponding to the lowest component of the frequency
sweep. Fast sweep mode has been employed to generate the
results and a few samples were verified using the results
obtained from discrete sweep mode. Good agreement was
revealed in each case. Maximum (S-parameter) value of 0.01
was chosen for terminating the adaptive solution and this
gives accurate simulation results. Parametric study of |S,,|
parameter with frequency for slot width w and slot length I
is shown in Figs 5 and 6, respectively. It is observed that by
increasing both, the width w of the slot from o.5 to 1.5 mm
and the length [ from 5 to 7 mm, the center frequency as
well as bandwidth decreases. Parametric study on account of
inner and outer radius for |S,,| parameter with frequency is
shown in Figs 7 and 8, respectively. From Fig. 7, it is observed
that the bandwidth is almost the same for the inner radius
values from 8.0 to 9.omm and the |S,,| parameter is
minimum at first notch at 8.5 mm of the value inner radius.
From Fig. 8, it is observed that the bandwidth is maximum
for the value of outer radius at b = 17 mm, while |S,,| param-
eter is increases at first notch with increasing the value of outer
radius from 16 to 18 mm. Fig. 9 shows the |S,,| parameter
with frequency of the proposed ARMSA for different width
w;, of L-probe. It is observed that bandwidth of the antenna
is approximately same for the value for 0.5 and 1.0 mm, and
is greater than for 1.5 mm of slot width, while |S,,| parameter
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Fig. 5. Variation in the [S,,| parameter with frequency for different slot
width (w).
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Fig. 6. Variation in the |S,,| parameter with frequency for different slot

length (I).

is high for the value of 0.5 mm of slot width. From the analysis
of Figs 5—-9 optimized value of the parameters such as w, I, a, b,
and w; are obtained on the basis of bandwidth and return loss
as shown in Table 1. Figure 10 shows the variation of |S,, | par-
ameter with frequency of the proposed ARMSA for different
horizontal probe length of L-probe (y,) keeping other dimen-
sions constant. From Fig. 10 it is observed that the bandwidth
of the antenna highly depends on the length of the horizontal
section of L-probe under the patch and also found that the
maximum impedance bandwidth (37.46%) is for 15 mm of
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Fig. 7. Variation in the [S,,| parameter with frequency for different inner
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Fig. 8. Variation in the |S,,| parameter with frequency for different outer

radius (b).
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Fig. 9. Variation in the |S,,| parameter with frequency for different width of
L-probe (wy).

probe length. This is because of the fact that increasing the
length of the horizontal section increases the capacitance
between the patch and the L-probe and between the patch
and ground, which offsets the inductance provided by the ver-
tical portion of the L-probe.
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Table 1. Antenna design parameters.

Parameter Value (TM,, mode)
Inner radius of annular ring; a 8.5 mm
Outer radius of annular ring; b 17 mm
Substrate material used Rohacell
Relative permittivity of substrate 1.07
Height of the vertical L-probe; h, 7 mm
Height of patch from horizontal L-probe; h, 1 mm
Height of patch from ground plane; H 8 mm
Width of the L-probe; w; 1 mm
Length of the horizontal L-probe; y, 15 mm
Width of the slot; w 1 mm
Length of slot; / 6 mm
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Frequency(GHz)
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Fig. 10. Variation in the |S,,| parameter with frequency for different probe
length of L-probe (y,) at h, = 7 mm.

Variation in the |S,,| parameter with frequency of the
proposed ARMSA for different height of L-probe (h,)
keeping other dimensions constant is shown in Fig. 11.
From Fig. 11, it is observed that the maximum impedance
bandwidth is obtained for the probe height of 7.0 mm. For
enhancing the coupling between vertical section of L-probe
and the patch, the gap between them should be small.
Therefore the height of vertical portion of the L-probe can
be increased to provide good coupling and matching.

0 T T T T T T T

|S11|(dB)

----- h1=6mm(simulated)
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Fig. 11. Variation in the |S,,| parameter with frequency for different height of
L-probe (h,) at y, = 15 mm.
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Fig. 12. Variation in the [S,,| parameter with frequency of ARMSA without
slot, slot at outer periphery, and slot at inner periphery of the radiating patch.

Variation in |S,,| parameter with frequency for the different
antenna geometry is shown in Fig. 12. It is observed that the
ARMSA without slots resonates at 3.45 GHz with 30.72% band-
width (|S,,| < —10 dB), whereas ARMSA with slot at outer

periphery of radiating patch is resonating at 3.34 GHz with
32.93%. This reduction of 0.11 GHz in the resonance frequency
is due to the increase in the average path length of the current
existing on radiating patch, this effect can be viewed in Fig. 13.
Figure 13(a) shows the current path of ARMSA without slot
and Fig. 13(b) shows the current path of slot loaded at outer per-
iphery of radiating patch. It can be visualized that after loading of
the slot, current path is not straightway as in the case of without
slot. Bandwidth is enhanced due to the reduction in capacitance
between radiating patch and ground plane and also due to slot
loading in radiating patch reduces the total area, hence less
stored energy and low-quality factor resulting wider bandwidth
[28]. When slot is loaded at inner periphery of radiating patch
as shown in Fig. 13(c) then ARMSA resonates at lowest fre-
quency as 3.15 GHz with maximum impedance bandwidth
as 37.46%. Comparison of bandwidth and central frequency
for all antenna structure and previously reported L-probe
proximity fed ARMSA without slot in [24] are listed in
Table 2. By observing this table, it is found that the bandwidth
enhancement of the proposed structure is 13.46% from the
previously reported structure. Further reduction in resonance
frequency of antenna is due to the increase in the average path
length of current.

Jsurfla/m]

1. 0000 000
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8.2187e-001

7.6250¢-001
7.8313-001
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Fig. 13. Simulated surface current distribution of (a) ARMSA without slot at 3.45 GHz, (b) ARMSA with slot in the outer periphery at 3.34 GHz, and (c) ARMSA

with slot in the inner periphery at 3.15 GHz.
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Table 2. Comparison of bandwidth and central frequency for different antenna structures.

Antenna structure

Operating frequency
range fy — fi (GHz) (<—10 dB)

Centre frequency % Bandwidth

(GHz) fo = fo + (fu — )2

L-probe fed ARMSA 3.98-2.92
L-probe fed ARMSA with slot at outer periphery 3.89-2.79
L-probe fed ARMSA with slot at inner periphery 3.74-2.56
Guo et al. [24] 3.92-3.08

3.45 30.72
3.34 32.93
3.15 37.46
3.50 24.00
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Fig. 14. E-plane radiation pattern at resonance frequency 3.15 GHz
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Fig. 15. H-plane radiation pattern at resonant frequency 3.15 GHz.

Increment in impedance bandwidth of ARMSA with slot at
inner periphery of radiating patch is due to the reduction in
fringing capacitance between L-probe and radiating patch
also with reduction in capacitance between radiating patch
and ground plane. From Fig. 13, it is also observed that all
the three structures are resonating in TM,, mode, which
can be analyzed from the pattern of current direction, and
only one half-wave length exists in X- and Y-axis.

The far-field radiation pattern of the proposed ARMSA for
both E- and H-planes at resonant frequency 3.15 GHz are
shown in Figs 14 and 15, respectively. It is observed that simu-
lated results of both E- and H-planes are in good agreement
with the experimental results. The half-power (—3 dB) beam-
width of the antenna is 96° (from — 48° to 48°), and the cross-
polarization of E-plane is below —13 dB. It should be noted
that the H-plane cross-polarization level is quite low.
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Fig. 16. Variation in gain with frequency of the proposed antenna.

Variation in antenna gain with frequency of the proposed
antenna is shown in Fig. 16. Measured result of antenna
gain is in close agreement with simulated results. It is observed
that the gain of the antenna is stable over the entire impedance

bandwidth.

V. CONCLUSION

Orthogonally slot-loaded ARMSA with L-probe feeding is
presented. The design realizes an impedance bandwidth of
about 37.46% (|S,,| < —10dB) at resonant frequency
3.15 GHz with 15 mm length of horizontal L-probe and
7mm height of L-probe from the ground plane.
Miniaturization of the proposed structure is about 10%
and broadening bandwidth of about 13.46% from the
earlier reported [24] structure. The proposed antenna reso-
nates at 3.5 GHz which may be utilized for Wi-MAX
applications.
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