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Abstract

A novel planar dual-band bow-tie slotted patch antenna backed by high-impedance surface
(HIS) is designed at 2.5 and 3.5 GHz for wireless application. The antenna employs coplanar
waveguide fed patch and bow-tie slot as radiating elements. The bow-tie slot enables dual-
band operation for the antenna. The HIS is made asymmetric in design to make it polarization
dependent. This polarization-dependent HIS is eventually designed to reflect circularly polar-
ized waves from linearly polarized incident waves.

Introduction

The microstrip antennas are widely used these days as they are low profile and lend themselves
well with simple planar technologies while providing high front to back ratio (FBR). But, these
antennas inherently have narrow bandwidth [1]. The conventional bandwidth given by such
antennas varies between 3 and 5% only. The other alternative to achieve low back lobe can
be by utilizing a reflector behind the dipole antenna as the dipole antennas have much
wider bandwidth compared to microstrip antennas.

From image theory [1, 2], we know that when a horizontal dipole antenna is placed over a
perfect electric conductor (PEC) reflector, then its image current is out of phase, thus cancel-
ling out the effect of antenna current. Whereas, if a Perfect Magnetic Conductor (PMC)
surface is used as a reflector, the image current is in the same direction and reinforces the
antenna current. The high-impedance surface (HIS) is such a periodic structure which repli-
cates the in-phase reversal property of PMC. The HIS is a periodic structure with the period of
its surface texture small compared to the operating wavelength. D. Sievenpiper [3] proposed
such a mushroom-like electromagnetic band-gap (EBG) structure for the first time [3].
Since then, many other structures were intended to enhance the properties of EBG structures
[4, 5]. These EBG structures are widely used to enhance antennas capabilities [6-8].

The dipole antenna placed over a HIS can solve the problem of narrow bandwidth while
giving low FBR [9]. But, this system cannot provide dual-band resonance. Moreover, such a
design will no longer be planar.

To solve these drawbacks, we combined the above two methodologies while preserving
their advantages. We used a slotted bow-tie, complementary to the conventional dipole
(Babinet theorem [1]) to solve the non-planar issue of a conventional dipole antenna and
the patch antenna for dual-band resonance. We integrated this bow-tie slot over a rectangular
patch antenna such that it resonates for two bands while giving a wider bandwidth.

We designed a HIS to function as an artificial magnetic conductor (AMC) over 3 to 5 GHz
bandwidth. In the other range of 2 to 3 GHz, it behaves as a PEC. A coplanar waveguide
(CPW) fed patch antenna was designed to operate at 2.6 GHz with a bow-tie slot working
at 3.5 GHz. In this manner, the HIS beneath the antenna provides a conventional PEC
reflector for the patch and an AMC reflector for the bow-tie slot. To attain the circular polar-
ization, the HIS unit cell has been designed asymmetrically by cutting slots only along one
dimension. Such HIS behaves differently for the incident wave of x and y-polarization [9].
This characteristic is utilized to convert a linearly polarized (LP) radiation into circularly
polarized (CP) one.

In the literature, single band CP antenna [10, 11] and dual-band linear polarized antenna
[12, 13] have been proposed. In [14], a similar dual-band planar antenna with coaxial feed is
proposed, but the antenna gives LP radiation. In [15], the mechanism to achieve CP from a
rectangular cell AMC is discussed for the dipole antenna. Our design combines the planar
antenna in [14] with the asymmetric cell AMC of [15] to achieve dual-band CP radiation.

This paper is categorized in the following section: 1. Proposed Antenna Design and
Analysis, 2. Simulation Results, 3. Experimental Results, and 4. Conclusion. For numerical
simulations, an Ansys HFSS tool is used.
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Fig. 2. Bow tie slotted patch antenna.

Proposed antenna design and analysis
HIS unit cell design

Figure 1 shows the unit cell of the proposed HIS. The 8 x 8 array
HIS structure is designed over an FR4 substrate (g, =4.4) with a
thickness of 1.6 mm. For fabrication simplicity, the HIS cell is
kept planar, i.e. without vias. To make it polarization dependent,
a slot is cut in the x-direction in the unit cell such that the effect-
ive x- and y-dimensions are not the same. Due to this asymmetry,
the HIS behaves differently for the incident wave of x- and
y-polarization [3]. Above this surface, the proposed antenna is
placed over a distance of 0.5 mm from the HIS array.

Antenna design

Figure 2 shows the bow tie slotted patch antenna. The proposed
antenna is designed using an FR4 substrate (=4.4) with a thick-
ness of 1.6 mm and loss tangent is 0.0025. The antenna utilizes
CPW feed. The dimension of patch is 20.70 x 23.50. The separ-
ation between ground and microstrip feed is 0.30 mm and the
width of the microstrip line is 1.75 mm. The substrate is 60 x 60
separation between ground and patch is 14.25 mm.
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Fig. 3. Reflection phase (LS11) of the unit cell (degree).
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Fig. 4. Reflection coefficient (|S11|) of the antenna.

HIS operation

HISs can be designed in many ways such as to perform different
functions viz. it can be utilized to have in-phase reflection, to con-
trol the propagation of surface waves and even to have variable
surface impedance depending upon the incident wave polariza-
tion. These structures are periodic in nature and to maintain
their periodicity their dimensions are less than the quarter of
their operating wavelength. The electrical equivalent of such
structure is a parallel LC circuit. This structure provides a high-
impedance boundary condition for all directions of propagation
and for both kinds of polarizations. They also posse in-phase
reflection rather than 180° in the case of PEC. These structures
are also called AMC as they imitate the boundary condition sat-
isfied by the magnetic conductors i.e. at the surface, the tangential
component of magnetic field becomes zero which is opposite to
the PEC behavior where the tangential component of the electric
field is zero at the conductor boundary.

In this paper, the asymmetry of the HIS cell enables it to
behave differently for the incident x- and y-polarized waves.
Due to slot along the x-direction, the effective length in y dimen-
sion is reduced. Hence, for the incidence of the y-polarized wave,
the structure gives zero reflection at higher frequency, which can
be seen in Fig. 3 [5]. The HIS shows + reflection phase for
x-polarized and for y-polarized waves at the required frequencies.
This behaviour is utilized to convert the linear polarization of the
antenna into circular polarization [9, 16].

The antenna radiates a linear polarized wave that, in time-
harmonic form, can be expressed as the sum of two orthogonal
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Fig. 5. Bow tie slotted patch antenna on top of the HIS.
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Fig. 6. Simulated and measured reflection coefficient of the antenna (solid blue line:
measured, solid red line: simulations).

components in x- and y-directions. Thus, radiated electric field
(E4) from the antenna can be expressed as,

-, E i
Eq= = Rel(a, + a)e/ "] (1)

The HIS gives 90° rotation to x- and —90° rotation to
y-polarized waves. Thus, the reflected electric field (E,) is,

o E —~ .
E = 7°Re[( ja, — ja,)e =P )
The total radiated electric field in the +z direction is superim-
position of this radiated field E; and the reflected field E,.
—_— —

- E i
E =E + Es = 5 Rell(1 + )i+ (1 =i} 3)

Equation (3) shows that the radiated wave has equal magni-
tude for x- and y-components of the waveform while being 900
out of phase, which shows that the whole assembly of the HIS
and antenna radiates CP waves.

Simulation and results
Reflection phase of HIS unit cell

The reflection phase (phase of reflection coefficient, LS;;) of the
unit cell of the HIS for normally incident wave is shown in Fig. 3.
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Fig. 7. Simulated and measured AR of the antenna (solid red line: measured, solid
black line: simulations).
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Fig. 8. Axial ratio for different gap values.

Here, x-polarized waves have 90° phase at 2.5 GHz and
y-polarized waves have —90° at the same frequency. The combin-
ation produces right hand circularly polarized (RHCP) waves
from equation 3. Similarly, at 3.5 GHz the phase of reflected
wave for the x-polarized wave is —90° and for the y-polarized
wave is 90°. A left hand circularly polarized (LHCP) wave is pro-
duced from the aforementioned combination.

Reflection coefficient of bow tie antenna

The CPW fed bow tie slotted patch antenna gives resonance at
frequencies of 2.5 and 3.5 GHz. The simulated S;; (reflection
coefficient) for these frequencies are —43 and —35 dB respectively
as shown in Fig. 4. The designed antenna shows a bandwidth of
75 MHz at both frequencies. The real WiMax bandwidth for
2.496-2.690 GHz is 5-10 MHz, and for (3.4-3.8) GHz is
5 MHz [17].

The conventional bow-tie antenna offers a wide bandwidth
because (a) the radiation depends on the angle of bow-tie oppos-
ite to the length in standard dipole antenna [1]; and (b) the vol-
ume is higher which enables the more radiation modes to fit in
the structure [1]. The designed antenna here has a small length
and width (hence less volume). Also, it is not a conventional bow-
tie antenna but a bow-tie shaped slot is cut in the microstrip patch
antenna. The microstrip patch antennas are inherently narrow-band
structure. Hence, the designed antenna shows narrowband behavior.
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Fig. 9. Reflections from the antenna for different gap values.
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Fig. 10. Radiation pattern of the antenna at 2.4 GHz.

Reflection coefficient and axial ratio of bow tie antenna above
HIS

Figure 5 shows a bow-tie slotted patch antenna over 8 x 8 HIS
aligned with 45 shift. The separation between patch and HIS is
4.5 mm. §;; at 2.4 GHz is around —26 and —22 dB at 3.42 GHz
as shown in Fig. 6. Around 100 MHz or 4% of frequency reduc-
tion is obtained at lower frequency. A total of 2.2% or 80 MHz of
frequency reduction is observed at higher frequency due to place-
ment of the HIS below antenna. Equation (3) shows the form of
field for circular polarization [18]. The axial ratio (AR) of less
than 3 dB is achieved for both bands (Fig. 7). The AR is around
2.8 dB at 2.42 GHz and 2.8 dB at 3.42 GHz.

Parametric study

Parametric sweep is shown in Fig. 8. As the separation between
the HIS and antenna increases, the AR shifts right side and it
shifts left side for a decrease in separation. The AR nearly remains
constant for all sweep. The reflection coefficient with parametric
sweep is observed in Fig. 9. The reflection coefficient value is
shifting left and decreased as the separation between the HIS
and antenna is minimized. Similar results are realized, when
HIS separation is increased from 4.5 mm.

Radiation pattern of bow tie slotted patch antenna

The radiation patterns are obtained for a bow tie slotted patch
antenna at two required frequencies as shown in Figs 10 and 11.
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Fig. 11. Radiation pattern of the antenna at 3.42 GHz.
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Fig. 12. Fabricated antenna and HIS.

The RHCP pattern is realized in xz and yz planes while cross
polarization is low in both planes at 2.4 GHz. For 3.42 GHz
cross polarization is low ie. RHCP while LHCP is high in xz
and yz planes.

Experimental results

Figure 12 shows the fabricated design of the CPW fed bow tie slot-
ted patch antenna and the polarization dependent EBG reflector.
As discussed in the above section, the antenna gives the optimum
performance when the gap between the two layers is 4.5 mm.

Measured reflection coefficient of proposed antenna above HIS

Figure 6 shows the simulated and measured S;; of the antenna.
The measured result at higher frequency is shifted from the
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Fig. 14. Measured radiation pattern of the antenna at 3.42 GHz.

simulated however; at lower frequency, the result is close with a
shift of 100 MHz. The measured reflection coefficient at
2.5 GHz is —27 dB and it is —20 dB for 3.5 GHz. The shift in fre-
quencies is due to general fabrication and measurement errors.

Measured axial ratio of proposed antenna above HIS

The simulated and measured ARs are plotted in Fig. 12. The AR
at lower frequency (2.5 GHz) is 2.5 dB, while for upper frequency
(3.5 GHz) the AR is 0.9 dB. The measured AR shows 10 and 67%
of improvement at lower and higher frequencies as compared to
simulated result.

Measured radiation pattern of proposed antenna above HIS

Figures 13 and 14 show the measured radiation pattern of the
antenna for the two resonating frequencies. The cross-polarization
level in the measured pattern is comparable to the simulated pat-
tern; however, more variations are obtained in the measured result.
Deviation from simulated results is due to the feeding cable effect,
fabricated and measurement errors.

Conclusion

A dual-band bow tie slotted patch antenna is designed and evalu-
ated for WiMAX application. The antenna is fed by the CPW tech-
nique. Its low profile and circular polarization have been enabled
using the polarization dependent HIS. A total of 4 and 2.2% of fre-
quency reduction are realized at lower and higher frequency,
respectively when the HIS is placed below the proposed antenna.
RHCP and LHCP patterns are observed at two frequencies, respect-
ively. The designed antenna can be used for an application where
two different circular polarizations are needed in two bands. The
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discussed findings can also be used to alter the results according
to the requirement in other applications.
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