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Abstract- One of the many techniques for realizing
a multi-band microstrip antenna is by cutting a slot
inside the patch. The slot whose length is either
qguarter wave or half wave in length, when cut
inside the patch introduces a mode near the patch
frequency and realizes dual frequency response.
However this simpler approximation of slot length
against the frequency does not give closer results
over the wide range of slot dimensions. In this
paper, by studying the surface current
distributions for slotted circular microstrip
antennas, a formulation of resonant length for slot
mode is proposed. The slot frequency calculated by
using these proposed equations agrees well with the
simulated results with an error of less than 5%.

Index Terms- circular microstrip antenna, dual
band microstrip antenna, U-slot, pair of
rectangular slots

I. INTRODUCTION

The dual band microstrip antenna (MSA) is
realized by cutting the slots of different shapes
like, U-slot, V-slot, pair of rectangular slots and
step slots, etc [1 — 10]. The slot when its length is
either quarter wavelength when cut on the edges
of the MSA or half wavelength, when cut inside
the MSA, introduces a mode near the patch mode
and realizes dual band response. However,
towards the shorted end of the slot, surface
currents encircles over a finite length. This adds
to the additional length and therefore by adding a
correction length, a better approximation of slot
length against the frequency is obtained [11]. The
Broadband MSAs using these slots are also
realized when the coupling between the slot and
patch modes is controlled, such that the loop
formed in the input impedance locus lies
completely inside the VSWR = 2 circle [1, 12 -
15]. Using the variations of rectangular slots and

U-slots, a broadband circular MSA (CMSA) are
realized [16]. However, in these dual band as
well as broadband MSAs, these simpler
approximations of slot length against the
frequency does not gives closer results for wide
range of slot dimensions and their positions.
Therefore, in-depth analysis of slotted CMSAs
for mode variation over a wide frequency range
is needed to formulate the resonant length for the
slot mode.

In this paper, the surface current distributions
generated using IE3D software [17] for dual band
pair of rectangular slot and U-slot cut CMSA for
various slot lengths and their positions inside the
patch are studied. It was observed that, the slot
does not introduce any mode but reduces the
second order resonance frequency of CMSA and
along with fundamental mode gives the dual band
response. The formulations of resonant length for
the patch as well as slot mode (modified higher
order mode) is proposed. The resonance
frequencies obtained using these formulations
agrees well with the simulated results obtained
using IE3D software over the entire slot length
range. These formulations are first proposed on
glass epoxy substrate (g, = 4.3, h =0.16 cm, tan &
= 0.02). Further they are validated on RT-duroid
substrate (e, = 2.33, h = 0.16 cm, tan 5 = 0.001).

Il. DUAL BAND CMSAs

The CMSA with radius (r) = 4.5 cm, on glass
epoxy substrate has the TM;; mode resonance
frequency of 950 MHz. This CMSA has TMy;
and TM,, mode resonance frequencies of 1562
and 1963 MHz, respectively. The surface current
distributions for first two modes are shown in
Fig. 1(a, b). To realize a dual band response, the
slots are cut inside this CMSA. A dual band
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CMSA with pair of rectangular slot cut on its
edge is shown in Fig. 2(a). The -current
distributions at dual frequencies for different slot
length (ls) and its position (Y) from feed point
axis were studied and for I; = 2.0 cm, w = 0.4 cm
and Y = 1.0 cm, they are shown in Fig. 2(b, c).
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Fig. 1 (a, b) Surface current distributions for CMSA

As seen from the current distributions, the slot
reduces TM,; frequency from 1562 MHz to 1381
MHz and the second frequency (f,) is governed
by the TMy; mode. At first frequency (f; = 945
MHz), TMy; mode is dominant as half
wavelength variation along half of the perimeter
is observed. This current distribution is also
perturbed by the dual slots and the f; is slightly
reduced. Thus, the slots do not introduce any
mode but reduces the TMy; frequency and along
with TMy; mode realizes dual band response.
Similarly a dual band pair of slots cut (slots cut
inside the patch) or U-slot cut CMSA and current
distributions at respective dual frequencies are
shown in Figs. 3 and 4, respectively.
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Fig. 2 (a) Pair of rectangular slots cut CMSA and its
(b, c) surface current distributions at dual frequencies

As seen from the current distributions, the pair of
slots and the U-slot reduces the TMy; and TMy;
mode resonance frequencies and the f; and f, are
governed by the modified TMy; and TMy; mode,
respectively. The radiation pattern for CMSA at
TMy; and TM,; mode is in the broadside and
conical directions, respectively. In these dual
band CMSAs, the radiation pattern at f; is in the
broadside direction. However, since the slots
affects the current distribution on the patch, with
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the increasing slot length, the radiation pattern at
f, becomes in the broadside direction. In the
following sections, by studying the surface
current distributions, the formulations of the
resonant length at the dual frequencies are
proposed.

P TR R
N

Py ,W;\ % 11?-
#
- s

A S R |

Ly

o I

s
vy
.S

Fig. 3 (a) Pair of rectangular slots cut CMSA and its
(b, c) surface current distributions at dual frequencies
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Fig. 4 (a) U-slot cut CMSA and its (b, ¢) surface
current distributions at dual frequencies

Il. FORMULATION OF RESONANT LENGTH
FOR DUAL BAND CMSAs

The resonant frequency for CMSA (f) is
calculated by using equation (1).

fr = ¢ Kom / 27 1 (/)2 (1)

Where,
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r. = effective CMSA radius
Kom = 1.84118 (TMy;), 3.05424 (TMyy)

For dual band CMSA as shown in Fig. 2(a), for
smaller values of Is (Is < r), the decrease in f; is
smaller whereas for I; > r, decrease in f; is larger.
The f, first decreases with increase in ls, whereas
for I > r, it nearly remains constant. This
different variation in dual frequencies is due to
the difference in the current distributions at TMy;
and TM,; modes. Therefore for different values
of Y, f, is formulated for I = 1 to 5 cm whereas f;
is formulated for I = 2 to 8 cm. As observed
from current distribution, the slot increases
surface current length and effectively modifies r..
By changing r. with respect to I, the resonant
length (frequency) formulation is obtained as
given in equations (2) — (5).

At fy,

ler = re + 2Als sin (nY/r) )
A = (ls/ 4r) sin (wls/4r) (3)
fi= ¢ Kom / 27 req ()" 4)
E =100 ((fiesq — T1) / Tiezd) 5)
Where,

r.; = effective patch radius due to the slot
1 = calculated first frequency

fiess = Simulated frequency

E = % error between the two frequencies

The factor ‘2’ in equation (2) is to account for
circulation of currents around slot length. Also
the perturbation in current length depends upon
ls. This is modeled by using a weighting function
(A). The equation for A is derived based on the
given mode and variation in frequency with
respect to ls. For a given |, the frequency reduces
with increase in Y, since the slots are placed
towards the maximum current location in both
the modes. To account for this variation, a
sinusoidal function is used in equation (2). The
frequency is calculated using equation (4) and the
% error (E) between the calculated and simulated
values with respect to simulated value is
calculated using equation (5) and they are plotted
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in Fig. 5(a — c¢). The formulation in resonant
length at f, is obtained by using equations (6) and

).

At f,,

ler = e + 2Als sin (xY/r) (6)
A = (ls/ 2r) sin (wls/2r) (7)
f, = ¢ Kom / 27 fe (/)2 (8)
E =100 ((fiesa — f2) / Tiesa) 9)
Where,

f, = calculated second frequency

Here, the equation for A is derived based on
TMy; mode and variation in its frequency with
respect to ls. The f, and E is calculated by using
equations (8) and (9) and they are plotted in Fig.
6(a — ¢). For the dual band CMSA with pair of
slots cut inside the patch (Fig. 3(a)), the reduction
in f; is negligible, as w is smaller. However slot
modifies the current length at f, and the
formulation in the resonant length is obtained by
using equations (10) and (11).

At f,,
Fer = e + 2Als sin (xY/r) (10)
A = (Is/ 2.2r) sin (nls/5.6r) (11)

Since the perturbation in current length increases
with ls, similar to the above dual band CMSA
formulation, a weighting function is used whose
value increases with ls. The value of A is
calculated depending upon the variation in
frequency against |s for TM,; mode. To account
for variation in frequency with respect to Y, the
sinusoidal term is included in equation (10). The
f, and E are calculated by using equation (8) and
(9), respectively. For Y = 1 to 3 cm, the
frequencies  calculated using proposed
formulation and using IE3D and the E plots, are
shown in Fig. 7(a - c).
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Fig. 5 (a, b) Resonance frequency and (c) E plots at f;
for pair of rectangular slots cut CMSA, (—) IE3D,
(———) Proposed method
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Fig. 6 (a, b) Resonance frequency and (c) E plots at f,
for pair of rectangular slots cut CMSA, (—) IE3D,
(——-) Proposed method

As seen from the current distributions for U-slot
cut CMSA, the slot reduces TM;; and TM,; mode
resonance frequencies and realizes dual band
response. Here, the vertical U-slot length (L) is
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orthogonal to surface currents at TM;; mode, and
it largely affects f;. Whereas the horizontal slot
length (L) is orthogonal to surface currents at
TM,; mode and it affects f..
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Fig. 7 (a, b) Resonance frequency and (c) E plots at f;,
for pair of rectangular slots cut inside CMSA, (—)
IE3D, (———) Proposed method
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The re is modified with respect to Ly and L, to
realize formulation of resonant length at f; as
given in equations (12) and (13).

fey = Fe + BL,+ AL, (12)
A = (Ly/C) (sin (mLp/2.2r))"2 (13)

The values of A, B and C used in above
equations are selected depending upon the
perturbation in surface current length with
respect to slot dimensions. For smaller U-slot
dimensions (L, < r/4) the perturbation in the
surface currents is minimum. In those cases, a
better prediction in the resonant length is
obtained by using B = 0.15 and C = 4.8. With
increase in L,, the perturbation in surface current
increases and for L, >r/4, using B =0.35and C =
3, a closer agreement between the calculated and
simulated frequencies is obtained. The f; and E
are calculated using equations (4) and (5). For L,
=1.0t05.0cm, and L,= 2 to 6 cm, the calculated
and simulated frequencies and E are shown in
Figs. 8(a—c) and 9(a, b). At f,, the formulation in
resonant length is obtained by using equations
(14) and (15).

ler = e + 1.5ALy, sin (wLVv/2r) (14)
A = (Ly/C) (sin (nLy/Dr))*2 (15)

Similar to the above, the perturbation in surface
currents depends upon L. For L, < r/4, using C
and D = 2.5, a closer prediction in resonant
length is obtained and for L, > r/4, using C = 1.8
and D = 1.5, a closer prediction between the two
frequencies is obtained. The frequencies and E
plots at f, are shown in Figs. 9(c, d) and Fig. 10.

These formulations are also validated on RT-
duroid substrate. The patch radius to have TMy;
frequency equal to 950 MHz on RT-duroid
substrate is 6.0 cm. For CMSA with pair of slots
cut inside the patch, the frequencies and E plots
calculated using equations (10), (11), (8) and (9)
are shown in Fig. 11(a - c).
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Fig. 8 (a, b) Resonance frequency and (c) E plots at f; O_
for U-slot cut CMSA, (—) IE3D, (———) Proposed R
method Ly
(d)

Fig. 9 Resonance frequency and E plots at (a - b) f;
and (c - d) f, for U-slot cut CMSA, (—) IE3D, (—-)
Proposed method

IJMOT-2010-3-540 © 2010 ISRAMT



INTERNATIONAL JOURNAL OF MICROWAVE AND OPTICAL TECHNOLOGY,

IMOT VOL.5 NO.5 SEPTEMBER 2010

l

(c
Fig. 10 (a, b) Resonance frequency and (c) E plot Fig. 11 (a, b) Resonance frequency and (c) E plots at
at f, for U-slot cut CMSA, (—) IE3D, (———) f, for pair of slots cut inside the CMSA for duroid
Proposed method substrate, (—) IE3D, (———) Proposed method

A. Results and Discussion

As observed from the dual frequencies and E
plots (Figs. 5 to 7) for dual band CMSA with
slots cut on the edges or inside the patch, a closer
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prediction in resonant length (frequency) with E
< 5% over entire slot length range is obtained.
Also for U-slot cut CMSA (Figs. 8 to 10), a close
match between the frequencies f; and f,, with E <
5% over entire slot length range is obtained. For
duroid substrate also a close match between
simulated and calculated frequencies is obtained.
Similar results using RT-duroid substrate are
obtained for U-slot cut CMSA. Thus the
proposed formulations can be used in designing
the antennas for any given substrate. For the
suspended dual band CMSAs, the proposed
equations can be used, by properly modifying the
equation for the edge extension length.

I11. CONCLUSIONS

The dual band CMSAs, realized by cutting a pair
of rectangular slots or U-slot inside the patch, is
analyzed for the modal variations over a wide
frequency range for different slot dimensions. It
has been observed that slots does not introduce
any mode but reduces the higher order mode
resonance frequency of CMSA and the dual band
response is due to the modified TMy; and TMy
modes. By studying the current distributions at
the dual frequencies, the resonant length
formulation is proposed. This is obtained by
modifying the equation for effective radius of the
CMSA with respect to the slot length. The
frequencies calculated using the proposed
formulations agrees well with the simulated
results with an error of less than 5% for different
slot lengths and their positions inside the patch.
The proposed formulations can be used to design
the dual band CMSAs at the required
frequencies, in various practical applications on
any antenna substrate.
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