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Abstract — In this paper a technique is described to extend the impedance bandwidth of patch antennas
without compromising their size. This is accomplished by embedding capacitive slits in the rectangular patch
with a truncated ground-plane, and exciting the antenna through a meandered strip-line feed. The proposed
antenna was fabricated on standard FR-4 substrate with permittivity of 4.6, thickness of 0.8 mm and loss-
tangent of 0.001. The performance of the prototype antenna was verified through measurements.
Characteristics of the antenna include an impedance bandwidth of 5.25 GHz (800 MHz—6.05 GHz) for
VSWR<2 corresponding to a fractional bandwidth of 153.28%, peak gain of 5.35 dBi, radiation efficiency of
84.12% at 4.45 GHz, and low cross-polarization. These attributes make the antenna applicable for stable and
reliable multiband applications in the UHF, L, S and major part of C-bands. The antenna offers advantages

of low cost, low profile, ease of manufacturing, durability and conformability.

Index Terms — Planar slit antenna, meandered strip-line feed, wideband antenna, multiband antenna.

[. INTRODUCTION

Antennas are essential components in wireless communications but whose size and operational frequency
bandwidth can be limiting factors. Hence the next generation wireless systems demand stringent requirements from
antennas, in particular, characteristics including multiband operation, light-weight, low profile, cost effectiveness,
portability, compactness, efficiency and reliability. Multiband functionality in antennas has become a fundamental
requirement to equip wireless devices with multiple communication standards so that they can utilize the crowded
electromagnetic spectrum more efficiently and effectively. This is necessary to ensure global portability and
enhancing capacity requirements [1]. To meet these requirements microstrip technology offers considerable size
reduction and cost effectiveness as antennas can be manufactured easily in mass production. Also such antennas can
conform to planar or cylindrical surfaces [2],[3]. However, such antennas suffer from narrow bandwidth. To
overcome this deficiency various techniques have been investigated recently, which include: introducing slit-lines
[4] in the patch antenna; implementing unusual feeding techniques [5]; incorporating parasitic elements around the
radiating patch [6]; taper matching the patch antenna [7]; embedding an array of metallic structures that act as an

electromagnetic band-gap (EBG) [8]; employing meta-surface [9],[10]; and loading the antenna with metamaterial



unit-cells [11]. Although these techniques have been shown to increase the impedance bandwidth of microstrip
based antennas however the bandwidth enhancement is limited for multiband applications. Recently the idea of
using meandered strip-line fed patch antenna to widen the bandwidth of patch antennas has raised some interest
among the antenna researchers as this technique is less cumbersome to implement [12].

The antenna proposed in this paper will be developed for RFID and WiMAX systems. The UHF band is
extensively used RFID systems for organizational and commercial applications for tracking and identification
capabilities. In Europe the UHF RFID system functions over 865-867 MHz, and in North America over 902-928
MHz [13]. On the other hand, WiMAX is based upon IEEE 802.16-2004, which was later modified to IEEE Std.
802.16e-2005 and it has different spectrum allocation in different parts of the world based on the standard band 2.3
GHz, 2.5 GHz and 3.5 GHz [14].

In this paper, a planar monopole antenna with a truncated ground-plane is presented for multiband wireless
communications systems. This is achieved by embedding in the antenna’s radiating patch an H-shaped and a pair of
inverted U-shaped capacitive slits, and exciting the antenna through a meandered strip-line. The antenna was
fabricated on commercially available FR-4 substrate with permittivity of 4.6, thickness of 0.8 mm and tané = 0.001.
The antenna occupies an area of 13.5x12.7 mm” or 0.0361,x0.033Xy; where free-space wavelength is 0.8 GHz. The
location of the slits in the rectangular patch and the meandered-line feed structure were determined through
parametric analysis. The performance of the antenna was verified through measurement. The proposed antenna
possesses properties of low-profile, ease of manufacture and integration in RF transceivers, low cost as no via holes
are used and low cross-polarization. These characteristics make it suitable for multiband applications such as: UHF
RFID, GPS, PCS, DCS, WiMAX, WLAN, WiFi, Bluetooth, and other applications in the UHF, L, S, major part of
C-bands.

II. DESIGN PROCEDURE OF A STEPPED IMPEDANCE MONOPOLE ANTENNA

The design technique proposed here offers expansion of the impedance bandwidth of the antenna without
compromising its size and salient characteristics. This is achieved by inserting an H-shaped slit in the radiating patch
and exciting the antenna using a meandered strip-line. The antenna structure excludes the use of via-holes to avoid
unnecessary complexity and manufacturing cost. Two different slit structures, i.e. H-shape and inverted U-shape,
were employed in the antenna design. Cutout in the patch of the Antenna#1 was an H-shaped slit. In Antenna#2 and
#3 an inverted U-shaped slit is cutout on the left and right hand side, respectively, of the H-shape slit. In the final
antenna, Antenna#4, the inverted U-shaped slits were located on either sides of the H-shape slit. By comparing the
characteristics of these antennas reveals the Antenna#4 exhibits a much better performance. The effect of the
meandered strip-line feed was investigated using ANSYS HFSS 3-D full-wave electromagnetic fields simulation
tool [15]. The optimization of feeding line dimensions has resulted in impedance bandwidth broadening of the

antenna.

A. Patch antenna with H-shaped slit
The generic patch antenna configuration is shown in Fig. 1(a) and (b). The equivalent circuit model of the
antenna in Fig. 1(c) shows it is constituted from composite right/left-handed transmission-line (CRLH-TL). The H-

shaped slit essentially behaves as series capacitors (C;), and high impedance meandered strip-line feed-line is



represented by inductor (L, ). Other losses introduced by the antenna structure are represented by series right-handed
resistance (Rg), shunt left-handed resistance (R;), series conductance (G;) and shunt conductance (Gg).

Location and dimensions of the slit were optimized using ANSYS HFSS simulator. The slit is located in center
of patch in order to concentrate the electromagnetic fields and currents near the antenna structure to effectively
prevent the fields from spreading along the antenna’s ground-plane which would otherwise contribute towards
unwanted coupling. This technique of embedding a slit allows the implementation of a smaller sized antenna, and
such a structure in an array minimizes mutual coupling which is important to de-correlate multipath channels in
small cellular systems. The meandered strip-line feed is used here to increase the impedance bandwidth and suppress
cross-polarization as reported in [12]. It also helps to eliminate unwanted notch bands in the antenna’s response due

to impedance mismatch, thus providing bandwidth extension.
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Fig. 1. Antenna#1 patch includes an H-shaped slit and is excited through a meandered strip-line feed, (a) simulation model, (b)
fabricated prototype, and (c) equivalent circuit model.

Length (L), width (W) and height (k) of the proposed antenna are 21.2 mm, 15 mm and 0.8 mm, respectively.
The length (L,) and width (W) of radiation patch are 13.5 mm and 12.7 mm, respectively. The corresponding
electrical size of the antenna and radiation patch is 0.1551;%0.1101,%0.0054, and 0.0994,%0.0934,, respectively,
where A, is free-space wavelength at 2.2 GHz. The simulated and measured reflection-coefficient of the antenna are
shown in Fig. 2(a). The simulated impedance bandwidth of the antenna for S;;<-10 dB is 2.58 GHz (2.05-4.63
GHz), which corresponds to a fractional bandwidth of 77.24%. The antenna has a measured bandwidth of 2.3 GHz



(2.2-4.5 GHz), which corresponds to fractional bandwidth of 68.65%. In the simulated response the antenna
resonates at fi. gimuiareq =3-62 GHz, and in the measured response at f eqsureq =3-55 GHz. The discrepancy in
bandwidth is attributed to manufacturing tolerance. The antenna has an operational bandwidth of 2.2-4.5 GHz.

The measured gain and radiation efficiency of the antenna is shown in Fig. 2(b). At spot frequencies of 2.2, 3.55
and 4.5 GHz the gain and radiation efficiency are 0.65 dBi and 18.34%, 2.75 dBi and 47.15%, and 1.90 dBi and
36.12%, respectively.
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Fig. 2. (a) Simulated (blue line) and measured (black line) reflection-coefficient response of the antenna.
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Fig. 2. (b) Measured gain and radiation efficiency response of Antenna#1.

Fig. 3 shows the measured co-polarization and cross-polarization radiation patterns of the antenna in the E(yz)-
and H(xz) planes at its resonance frequency of f, =3.55 GHz. Measurements shows the antenna radiates omni-
directionally in the E-plane and bi-directionally in the H-plane. This antenna has a high cross polarization, which is
unacceptable for practical applications. The cross polarization is generated by the H-shaped slit that excites two
orthogonal modes in phase quadrature. The cross polarization can be suppressed by inserting U-shaped slits as

shown below.
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Fig. 3. Measured radiation patterns of Antenna#1 at the resonance frequency of 3.55 GHz. [solid line: co-polarization, and
crossed line: cross-polarization].

B. Effect of inverted U-shaped slit located on the left-hand side of the H-shaped slit
In order to improve the performance of the antenna another slit was embedded on the left-hand side to the H-
shaped slit, as shown in Fig. 4. The slit resembles an inverted U-shape. The dimensions of the patch and the feed

structure were unaltered. The inverted U-shaped slit essentially enhances the series LH capacitance (C;). The

effective area or aperture of the antenna is extended by the slit.
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Fig. 4. Configuration of Antenna#2 with inverted U-shaped slit on the left-hand side of the H-shaped slit, (a) HFSS model, (b)
fabricated structure, and (c) equivalent circuit model.



Simulation response in Fig. 5(a) shows the resulting impedance bandwidth of the antenna for S;;<-10 dB is now
3.8 GHz (0.95-4.75 GHz), which corresponds to a fractional bandwidth of 133.33%. The antenna now resonates at
two frequencies f,; =2.2 GHz and f,, =3.6 GHz. The first resonance frequency is due to the inverted U-shaped slit
and the second due to the H-shaped slit.

Fig. 5(a) shows the measured response closely agrees with the simulation. The measured impedance bandwidth
is 3.55 GHz (1.1-4.65 GHz), which corresponds to a fractional bandwidth of 123.47%. The antenna resonates at
2.25 GHz and 3.45 GHz, making it suitable for WiMAX, WiFi, and Bluetooth systems. The measured gain and
radiation efficiency of antenna are shown in Fig. 5(b). At operational frequencies of 1.1, 2.25; 3.45 and 4.65 GHz
the gain and radiation efficiency are 0.50 dBi and 15.7%, 3.27 dBi and 58.34%, 4.55 dBi and 72.50%, and 2.10 dBi

and 43.12%, respectively. The peak gain and efficiency is observed at the second resonance frequency of 3.45 GHz.
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Fig. 5. (a) Simulated (blue line) and measured (black line) reflection-coefficient response of the Antenna#2.
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Fig. 5. (b) Measured gain and radiation efficiency of Antenna#2.

The measured radiation patterns of the proposed antenna in E- and H-planes at the two resonance frequencies
(2.25 GHz and 3.45 GHz) are shown in Fig. 6. The radiation is omni-directional in the E-plane and bi-directional in
the H-plane. Insertion of the U-shaped slit in the patch results in reduction in the cross-polarization compared to

Antenna#l.
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Fig. 6. Measured radiation patterns at the two resonance frequencies. Left column: E(yz)-plane pattern; Right column: H (xz)-
plane pattern of Antenna#2. [Solid line: co-polarization, and crossed line: cross-polarization].

C. Effect of the inverted U-shaped slit located on the right-hand side of the H-shaped slit

The effect on the antenna performance was investigated by locating the inverted U-shape slit on the right-hand
side of the H-shape slit, as shown in Fig. 7, without changing the dimensions of the antenna and meandering strip-
line feed. The equivalent circuit of Antenna#3 is shown in Fig. 7(c). As mentioned earlier the inverted U-shaped slit
essentially behaves like a series left-handed capacitance (C, ), consequently enhancing the overall series capacitance

which leads to the extension in the antenna bandwidth.
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Fig. 7. Layout of Antenna#3 with the inverted U-shaped slit embedded on the right-hand side of the centrally located H-shape
slit, (a) simulation model, (b) fabricated layout, and (c) equivalent circuit model.

Fig. 8(a) shows the simulated impedance bandwidth of Antenna#3 is 4.03 GHz (1.85-5.88 GHz) corresponding
to a fractional bandwidth of 104.26%. The antenna resonates at 3.45 GHz and 4.55 GHz resulting, respectively, from
the H-slit and inverted U-shape slit. Simulation and measured results show the relative location of the U-shaped slit
on the patch antenna determines how it interacts with the H-shaped slit. Hence the resonant mode frequency of the
U-shaped slit shown in Fig. 8(a) is different from Fig. 5(a). The measured reflection-coefficient in Fig. 8(a) agrees
closely with the simulation. The measured impedance bandwidth is 3.75 GHz (2-5.75 GHz), which corresponds to a
fractional bandwidth of 96.77%. The fabricated antenna resonates at 3.5 GHz and 4.6 GHz. Antenna#3 operates
across 2-5.75 GHz making it suitable for WiMAX, WiFi, Bluetooth and other communication services.

The measured gain and radiation efficiency in Fig. 8(b) at 2, 3.5, 4.6 and 5.75 GHz are 0.75 dBi and 21.50%,
3.05 dBi and 53.76%, 4.70 dBi and 75.18%, and 2.35 dBi and 47.10%, respectively. The optimum gain and

radiation efficiency are at 4.6 GHz, which is associated with the resonance frequency of the inverted U-shaped slit.
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Fig. 8. (a) Simulated (blue line) and measured (black line) reflection-coefficient of Antenna#3.
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Fig. 8. (b) Measured gain and radiation efficiency of Antenna#3.

The radiation patterns of the proposed antenna in E- and H-planes were measured at its resonance frequencies.
The measured co-polarization and cross-polarization radiation patterns at 3.5 GHz and 4.6 GHz in E- and H-planes
are shown in Fig. 9. It can be observed that in E-plane the antenna radiates omni-directionally, and in the H-plane it

radiates bi-directionally, which is similar to a monopole antenna.
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Fig. 9. The measured radiation patterns at 3.5 and 4.6 GHz. [Solid line: co-polarization, and crossed line: cross-polarization].

D. Patch antenna with two inverted U-shape slits located on either of the H-shape slit

Antenna#4 is-a combination of Antennas#2 and #3, where two inverted U-shape slits are located on either sides
of the main H-shape slit, as shown in Fig. 10. The dimensions of antenna and the meandering strip-line feed are
unaltered. The dimensions of the antenna structure are given in Table 1.

The equivalent circuit model of the proposed symmetrical antenna structure in Fig. 10(e) consists of the
composite right/left-handed transmission-line, where parasitic series reactance is represented by inductor L, and
shunt capacitor Cg. It is noticeable that, the unavoidable currents that flow on the patch establishes series inductance
Ly and the shunt capacitance Cy is mostly come from the gap capacitance between the patch and the ground-plane,
which indicates that these inductance and capacitance cannot be ignored. Series resonance is due to Lg and C;, and
shunt resonance due to Cy and L;. At low frequency, C; and L; are dominant so the transmission-line circuit shows
the left-handed characteristics; at high frequency, L; and Cy are dominant so the transmission-line circuit shows

right-handed characteristics. The propagation constant of the resulting structure is given by [16]:



y=a+jB=vVzvy (1)

With Blw) = s(a))\/ w?LpCr + 2L LCL (LL + E}Z) 2)
|(—1 if w<ws= mm(m m)
Where s(w) = 4 0 if wge<w< wsh 3)
k +1 if ou>oush—max(\/m m)
and Z(w) =j(wlg — —) 4
wCp,
V(@) = j(@Cr~5) 5)
wly,

Parameters f(w), s(w), Z(w) and Y(w) are a function of frequency and represent dispersion, sign function,

impedance and admittance of the antenna structure, respectively. Also, the series and shunt resonance frequencies are,

respectively:
1
Wge = 7= (6)
1
Wsp = m (7)

Also, the phase and group velocities are defined as:

v, = % = w?/L,C, ®)
-1
v, =(2) = ALC, ©)

The antenna’s dispersion diagram in Fig. 10(f) shows the bandwidth of structure changes from high-pass left-handed

response with cut-off frequency w; to low-pass right-handed response with cut-off frequency wy with no obvious

stop-band. The cut-off frequencies w; and wy are given below,

1

w, = 7= (10)
1
Wp :\/T—CR. (11)

Table 1: Structural parameters of the proposed antenna and meandered strip-line feed.

Dimensions (mm)

L w W Ly | Lg | Ly | Ly | Wy |[Wsp | Wss
21.2 15 12.7 13.5] 36 | 12 | 85 2.4 2.4 0.6
Ws4 WSS Wsﬁ Ll Lm Lml Lm2 Lm3 Wml Wm
0.6 1.2 1.2 35 |1 45109 | 0.9 0.3 0.3 1.2

Components (pF, nH, Q, S)

Cou | Crimvuiest| Crimvurignt | Cr Ly Lp | R, Rg G Gr
4.5 3.1 3.1 2 5.1 | 23] 1.6 0.8 1.3 0.5




Lm
Lmie »

L

.

A e M o
Meandered Line
(b)

Inverted U-shaped slit
G./3 G /3 Gy/3

(rightside)

CL, Inv. U, right

Inverted U-shaped slit N
(left side) H Slgllped slit
il

G
CL, Inv. U, left R

Meandered-Strip Line

(e)



mR — T

Right- Handed Region

Inverted U-shaped slit
{right side)
i

Gy Gy Gy

‘8' :) U Co, e, 1, righe
'8 \ () .S‘Ifjil;l ;} an {'F Inw r:.-h::l,:-[. ::;:_,I;NI slit H- ‘IE:'II;Il'I'j it ) ’,
"F L = O C L L] L, lnv. U, bei 2 R Lt
requenc
q y m se < ('l" < {U Ly !i‘ Meandered-Strip Line <

W < Wge, | -

.{
p<0 : .
Left- Handed Region

wy, T T T T T

0 20 40 60 80 100 120 140 160 180

"Beta-p (Degree)"

®

Fig. 10. (a) Simulation layout of Antenna#4, (b) meandered strip-line layout, (c) fabricated prototype of Antenna#4, (d) antenna
ground-plane, (e) equivalent circuit model, and (f) dispersion diagram.

Fig. 11(a) shows Antenna#4 generates three resonance responses at 2.05, 3.7 and 4.45 GHz, each one
corresponding to the individual slits embedded in the antenna. The first resonance is due to the inverted U-slit on the
left-hand side of the H-slit, the second resonance is due to the H-slit, and the third resonance results from the
inverted U-slit on the right-hand side of the H-slit. The simulated and measured impedance bandwidths of
Antenna#4 are 5.55 GHz (0.65-6.2 GHz) and 5.25 GHz (0.8-6.05 GHz), respectively, and the corresponding
fractional bandwidths are 162.04% and 153.28%, respectively. Antenna#4 operates across band the following
communications standards: UHF RFID, WLAN, WiMAX, WiFi, Bluetooth, GPS, PCS, and DCS. Electrical size of
the antenna in terms of free-space wavelength at 800 MHz is 0.0564,%0.0404,%0.0024,, making it suitable for
integration in portable microwave devices.

The measured gain and radiation efficiency of Antenna#4 in Fig. 11(b) at 0.8, 2.05, 3.7, 4.45 and 6.05 GHz are
0.95 dBi and 25.75%, 3.85 dBi and 63.12 %, 4.73 dBi and 75.90%, 5.35 dBi and 84.12%, and 3.05 dBi and 50.20%,
respectively. The antenna exhibits an optimum gain and radiation efficiency of 5.35 dBi and 84.12% at 4.45 GHz.
The measured radiation patterns of Antenna#4 at its resonance frequencies are shown in Fig. 11(c). The radiation
field in the E-plane is omni-directional. In the H-plane the antenna radiates bi-directionally across its operational

bandwidth.
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Fig. 11. (b) Measured gain and radiation efficiency of Antenna#4.
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Fig. 11. (c) Measured radiation patterns of Antenna#4 at 2.05, 3.7 and 4.45 GHz. Left column: E (yz)-plane pattern; Right
column: H (xz)-plane pattern. [Solid line: co-polarizations, and dashed line: cross polarizations]. Note: in some E-plane patterns
the cross-polarization is not visible as it is well below -30 dB.

III. PARAMETRIC STUDY
In order to understand the effect of the slits and the meandered strip-line feed on the performance of Antenna#4
it was necessary to conduct a parametric study. Fig. 12(a) shows that by increasing the length (Lg,) and width (Ws3)
of H-shaped slit significantly improves the impedance bandwidth and the impedance matching of the antenna. The

results are tabulated in Table 2. All other structural parameters given in Table 1 remained fixed.
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Table 2. Effect of various lengths and widths of H-shaped slit on the antenna bandwidth.

Length and Width (mm) Frequency Bandwidth (Fractional Bandwidth)
1.75—4.63 GHz (90.28%) for S is better than -20 dB
fr1'=2.25GHg, f,, = 3.38 GHz and f,; = 4.1 GHz

1.2—5.47 GHz (128.03%) for S is better than -30 dB
fr1 = 2.1GHz, f,, = 3.35GHz and f,; = 4.15 GHz

0.65—6.2 GHz (162.04%) for S is better than -40 dB
fr1 = 2.1 GHz, f,, = 3.65 GHz and f,; = 4.5 GHz

Ly = 6& Wy = 0.2

Ly =9 & Wy, = 0.4

Ly =12 & Wy = 0.6

The effect of inverted U-shaped slit’s length (Lg,) and width (Wg,) on the antenna is shown in Fig. 12(b). This
figure shows that by increasing Lg, and Wg, of the two inverted U-shaped slits the impedance bandwidth and

impedance match of the antenna are improved significantly. The results of this analysis are given in Table 3.
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Fig. 12. (b) Parametric study on the antenna as a function of length (Lg,) and width (Ws,) of the inverted U-shaped slits. All other
structural parameters in Table 1 remain fixed.



Table 3. Effect of various lengths and widths of the inverted U-shaped slits on the antenna bandwidth.

Length and Width (mm) Frequency Range (Fractional Bandwidth)
2.2 — 4.8 GHz (74.28%) for S, is better than -20 dB
fr1 = 2.48, f,, = 3.58 and f,; = 4.34 GHz
1.46 — 5.37 GHz (114.49%) for S, is better than -30 dB
fr1 =22, f,, =3.2and f,; = 4.48 GHz
0.65 — 6.2 GHz (162.04%) for S;, is better than -40 dB
fri =21, f,, =3.65and f,; = 4.5 GHz

Lgy = 2.5& Wy, = 0.2

LSZ =55 &Ws4 =04

Lg, = 8.5&Ws, = 0.6

The effect on the antenna performance by the meandered strip-line feed in Fig. 12(c) show.it greatly contributes
towards improving its impedance match. In fact by increasing the length of L,,, L,,; and-L,,,, and width W, has
virtually no effect on the impedance bandwidth of the antenna, however it significantly improves the antenna’s

impedance match. Details of these results are provided in Table 4.
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Fig. 12. (c) Antenna impedance bandwidth as a function of meandered strip-line size. All other structural parameters given in
Table 1 remain fixed:

Table 4. Results of optimizing the meandered strip-line feed. (Dimensions are in mm)

L L &Ly W, Wy Lons Notched Band Range

I: 2.55-2.95 GHz

1.5 0.3 0.4 0.15 0.15 II: 3.85 - 4.15 GHz

Impedance match better than -20 dB
[: 2.6 - 2.8 GHz

3 0.6 0.8 0.15 0.15 II: 3.95 - 4.05 GHz

Impedance matching better than -30 dB
Eliminated
Impedance matching better than -40 dB

4.5 0.9 1.2 0.3 0.3




IV. CONCLUSIONS
A simple and effective technique has been demonstrated to extend the impedance bandwidth of patch antennas. This
involves embedding three slits in the radiating patch and exciting the antenna through a meandering strip-line. Two
inverted U-shape slits are located on either side of the central H-shape slit that are etched on the radiating surface.
The antenna structure essentially behaves as a composite left/right-hand metamaterial transmission-line: The
proposed technique doesn’t affect the dimensions of the radiating patch. The antenna with dimensions of
21.2x15%0.8 mm® (0.0561x0.0401,%0.0024, in terms of free-space wavelength at 800 MHz) is shown to provide a
fractional bandwidth of 153.28% with 223.27% improvement, a maximum gain of 5.35 dBi and radiation efficiency
of 84.12% at 4.45 GHz. Its radiation characteristics are similar to a monopole antenna. The proposed antenna should

provide reliable wireless communication across UHF, L, S and C-bands.
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