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Abstract—In this paper, a pattern diversity antenna, capable of radiating broad side as well as conical
radiation patterns using quarter mode substrate integrated waveguide sub-array, has been presented.
The pattern diversity is achieved by in-phase and out-of-phase excitation of the sub-array using a rat-
race coupler feed network. The overall profile height of the proposed antenna is 3.17 mm. The measured
performance of the antenna, in terms of return loss, isolation, gain and diversity performance in the
−10 dB impedance bandwidth, is in agreement with the simulated results. The proposed sub-array
occupies 25% less area than the conventional microstrip antenna.

1. INTRODUCTION

The advancement in microwave wireless technology demands planar, low-profile and low-cost
components and circuits. Substrate integrated waveguide (SIW) structures are promising candidates to
realize low-loss, low-cost, and low-profile planar waveguide components and antennas [1–3]. It has the
advantages of both conventional rectangular wave guide (RWG) and microstrip lines (high Q-factor,
high power handling capacity, ease of interconnection, etc.). SIW based antennas have been proposed
for frequency reconfigurability, polarization diversity and leaky wave antenna (LWA) applications [4–7].
Half mode SIW (HMSIW) has been proposed for 50% size reduction with similar performance as that
of the corresponding SIW configurations [8]. The HMSIW based LWA is proposed in [9]. The quarter
mode SIW (QMSIW) is realized by bisecting the HMSIW along the quasi magnetic wall, is reported
in [10]. The QMSIW is also used as the antenna element for linear and circular polarization applications.
The field distribution of QMSIW is almost similar to that of an original SIW. A Circular polarized (CP)
planar antenna, based on the QMSIW sub-array, is presented in [11]. Each antenna element in subarray
is fed with required amplitude and phase for the CP operation.

The pattern diversity antenna enhances the performance of the wireless systems such as high data
rate, throughput and multipath fading mitigation. Various methods have been proposed to achieve the
pattern diversity in antennas. In [12, 13], switching elements or varactor diodes are used on the radiator
or feeding network for pattern reconfiguration. The switching diodes and varactor diode needs dc bias
circuits, which increase the design complexity and fabrication cost of the antenna. In [14–16], a circular
patch exited in TM11 and TM01 mode for broadside and conical pattern has been proposed. Shorting
pins are used to excite the two resonant modes at the same frequency in [14]. However, this configuration
requires complex feed and matching network and also larger antenna size. A hybrid feed network has
been proposed in [15] to excite the patch. In [17], the even and odd modes of a shorted patch have
been exited using rat-race feeding network to get pattern diversity. The null scanning technique also
proposed and implemented. Nevertheless, all the above designs employ air gap between the feed network
and radiating patch, which increases the profile of the overall structure and the fabrication complexity
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of the antenna. A fully planar antenna having radiation pattern diversity, based on QMSIW subarray,
is proposed in this paper for the first time. The radiation pattern could be broad side or conical type
depending on the excitation phase. A rat-race coupler is used to feed the antenna for the Pattern
diversity. The proposed QMSIW sub-array based antenna, with pattern diversity, is planar, low profile,
low loss and easily integrable with other planar circuits. In addition, each QMSIW element has the size
of quarter wave length; this ensures compactness of the proposed antenna configuration. Additionally,
this SIW antenna is less susceptible to electromagnetic interference. The return loss bandwidth and
radiation characteristics of the proposed antenna are measured for comparison with simulated results.
The antenna exhibits broad side and conical radiation pattern for in-phase and out-of phase excitations,
respectively.

2. OPERATING PRINCIPLE AND ANTENNA GEOMETRY

2.1. QMSIW Principle of Operation

The QMSIW is a quadrant of a square SIW resonator as shown in Figure 1(a). Its resonant modes, field
distribution and boundary conditions are analyzed in [10]. The QMSIW has two magnetic walls and
one electric wall. The dominant mode of this isosceles right triangular wave guide is TM100/TM010 [10].
The mode function of TM mode is given in (1) [10].
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where, m and n are non-zero integers. Equation (1) satisfies the entire boundary conditions of TM
mode when m �= n. The QMSIW antenna is designed and simulated in CST microwave studio 2012 to
verify the analytical model. The antenna is designed on the Rogers RT5880 substrate with thickness
h = 1.574 mm, dielectric constant εr = 2.2 and low-loss tangent tanδ = 0.0011. The via hole diameter
is d = 0.5 mm with the spacing between adjacent via holes of s = 1mm. The side lengths; a = 17.3 mm
and b = 24.5 mm. The coaxial feed is located at f = 9.7 mm along the line of symmetry. The length
L = 12.23 mm is chosen, which is quarter wavelength at the center frequency. Figure 1(b) shows the
simulated electric field distribution of the antenna based on the QMSIW. The first resonance occurs at
5.17 GHz, which is corresponding to the TM100/TM010 mode of the QMSIW resonator.

(a) (b)

Figure 1. Quarter mode substrate integrated waveguide antenna. (a) Antenna geometry, (b) simulated
electric field distribution of dominant mode.

2.2. Pattern Diversity Antenna Geometry

The proposed pattern diversity antenna consists of two substrate layers of Rogers RT5880 with thickness
h = 1.574 mm as shown in Figure 2. The upper substrate layer is single sided with dimensions of Lt×Wt.
Two element QMSIW sub-array is etched on the top substrate. Each element of the sub-array has the
same dimension as the QMSIW antenna shown in Figure 1(a). The spacing ‘g’ between the two elements
is optimized as 0.8 mm as shown in Figure 2(a).
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(a) (b)

(c)

(d)

Figure 2. Configuration of the proposed pattern diversity antenna; (a) Top view, (b) bottom view, (c)
side view, (d) ground plane; Lt = Wt = 60 mm, Lb = Wb = 65 mm.

The rat-race coupler is designed on the bottom side of the lower substrate to feed the sub-array
and the top side is used as the ground plane as shown in Figures 2(b) and 2(c). The output ports of
the rat-race coupler are directly connected to the QMSIW antenna sub-array through respective feed
probe with diameter d = 0.7 mm. Two holes of diameter G = 2.4 mm is etched out in the ground plane
as shown in Figure 2(d). The feed probes are connected to the antenna through ground plane holes.
The rat-race coupler provides equal amplitude of in-phase and out-of-phase excitations when the signal
fed to port 1 and port 2, respectively. The antenna subarray radiates conical and broadside pattern for
in-phase and out-of-phase excitations, respectively. The rat-race coupler gives good isolation between
two input ports. Two shorting lines with distances of l1 and l2 from rat-race ring are connected to the
port 1 and port 2 to match the port impedances to 50 Ω. It serves as a shunt inductance and by tuning
length ls impedance matching has been achieved. The feed network has the following parameters:
lg = λg/4, ls = 4 mm, l1 = 12.7 mm, l2 = 3.5 mm, w1 = 2.65 mm, w2 = 4.5 mm, d2 = 1.4 mm and
λg = 40.5 mm.

3. SIMULATION AND MEASUREMENT RESULTS

The simulated electric current distribution of QMSIW sub-array is shown in Figure 3 for in-phase and
out-of-phase excitations. The currents in the case of in-phase excitation have the opposite direction in
the subarray patches, resulting in a null in the broadside, while they are in the same direction in the
patches for the out-of-phase excitation giving maximum radiation at the broadside.

The fabricated prototype of the designed QMSIW subarray is shown in Figure 4. Figure 5 shows
the measured and simulated s-parameters of the diversity antenna for port 1 and port 2. There is
reasonable agreement between the simulated and measured results. The 10 dB return loss bandwidth
from 5.1 GHz to 5.24 GHz for port 1 and 5.08 to 5.2 GHz for port 2 is observed. The isolation between
the two feed ports is more than 22 dB.

In both ports, the antenna resonance frequency is tuned to 5.17 GHz by introducing the shorted
stubs in the feed line. Even though the antenna elements are close to each other, the inherent boundary
of the QMSIW provides low mutual coupling between antennas. The simulated and the measured
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Figure 3. Surface current distribution of
the proposed quarter mode substrate integrated
waveguide subarray pattern diversity antenna for
in-phase and out-of-phase excitation.

 (a) (b)

Figure 4. Fabricated prototype of the quarter
mode substrate integrated waveguide pattern
diversity antenna. (a) Antenna element on the
top layer. (b) Feed network on the bottom layer.

(a) (b)

Figure 5. Measured and simulated S-parameters of the proposed quarter mode substrate integrated
waveguide subarray pattern diversity antenna. (a) For In-phase excitation (port-1), (b) for out of-phase
excitation (port-2).

gains in the range of operating bandwidth are presented in Figure 6(a). When the antenna radiation
pattern is in broad side direction, the simulated and measured peak realized gains are 7.6 dB and 7.1 dB,
respectively while in conical pattern mode, the respective simulated and measured antenna gains are
observed to be 5.4 dB and 5.1 dB.

The measured gain is found to be less than the simulated gain of antenna along with feed network,
which is attributed to the mismatch and connector losses in the measurement. The envelope correlation
(ρe) and diversity gain (DG) are the important parameters for calculating the antenna performance of
the diversity systems [18]. ρe can be calculated using the far-field parameters or S-parameters of the
antenna. The envelope correlation for broadside and conical pattern antenna can be calculated from
the S-parameters [19] by using

ρe =
|S∗

11S12 + S∗S21S22|
(1 − (|S11|2 + |S21|2))(1 − (|S22|2 + |S12|2)) (2)

The Diversity gain (DG) is obtained [19] from (2) by using

DG = 10.48
√

1 − |ρe|2 (3)

Figure 6(b) shows the envelope correlation and DG calculated from S-parameters and (2). It is
observed that the envelope correlation (ρe) is less than 0.05 and DG is about 10 dB for −10 dB impedance
bandwidth.
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The simulated and measured far-field patterns of the antenna at 5.2 GHz for both input ports (in-
phase and out-of-phase excitations) are shown in Figure 7. For the input signal at port-2, the antenna
radiation pattern is towards the +z direction (Figure 7(a)), while for port-1, conical radiation pattern
with a null in the +z direction observed (Figure 7(b)). This pattern re-configurability is achieved by
feeding the antenna structure in one port with other one match terminated with 50 ohm impedance.
For conical pattern the measured cross polarization is found to be 25 dB below the co-polar radiation
in the x-z plane and y-z plane. In the broadside mode of radiation the measured cross pole is around
−35 dB in both planes. The measured and simulated radiation pattern is stable for the entire −10 dB
impedance bandwidth.

Table 1 presents the performance comparison between the proposed configurations and those of
previously reported antennas. It is seen that the present configuration has comparatively low profile.
In addition, radiation efficiency and gain are also improved.

(a) (b)

Figure 6. Measured and simulated gain, envelope correlation coefficient and diversity gain of the
proposed pattern diversity antenna. (a) Gain plot, (b) diversity characteristics.

(a)

(b)

Figure 7. Measured and simulated radiation pattern of the proposed pattern diversity antenna at
5.2 GHz. (a) Port-2 excitation, (b) port-1 excitation.
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Table 1. Performance comparison of the proposed pattern diversity antenna with pervious literatures.

Pattern diversity
antennas

Frequency
(GHz)

10 dB-|s11|
bandwidth

εr
Radiator
size (λ2

0)
Antenna

profile (λ0)
Broadside
gain (dB)

Conical
gain (dB)

Circular patch using
L-probe feed [14]

1.85 24% 2.65 0.3 0.12 8.5 4

Circular patch using
hybrid feed [15]

2.4 23% 2.65 0.15 0.078 9.1 4.3

Shorted patch
antenna [17]

2.4 3.5% 4.4 0.25 0.05 8.93 4.34

Inverted-L
antenna [20]

2.4 15% 4.4 0.7(GP) 0.09 - -

Proposed antenna 5.17 3% 2.2 0.22 0.05 7.2 5.1
GP = Ground plane, λ0=Free space wavelength

4. CONCLUSION

A low-profile QMSIW sub-array based radiation pattern diversity antenna is proposed. The
configuration is simulated and tested at 5.2 GHz. The antenna radiates conical and broad side pattern
at fixed frequency when the subarray is excited with in-phase and out-of-phase excitation, respectively.
The proposed structure produces pattern diversity with improved gain and less cross polarization level.
This antenna, being low profile, is a good candidate for various applications of wireless communication.
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