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Abstract—A metamaterial photonic bandgap (MTM-PBG) periodic structure is used as a decoupling frame to improve the
isolation between transmit-receive (T/R) sections of densely packed array antenna in synthetic aperture radar (SAR) and
multiple-input multiple-output (MIMO) systems. With this technique the MTM-PBG structure is shown to effectively suppress
surface wave propagations between the T/R array antennas by an average of 12 dB. MTM-PBG layer comprises a periodic
arrangement of dielectric circles etched in the cross-shaped microstrip frame that is inserted between the radiating elements.
Unlike other recently reported methods, the advantages of the proposed technique are: (i) simplicity; (ii) cost effectiveness as
there is no need for short-circuited via-holes or 3D metal walls; and (iii) can be retrofitted in existing array antennas. The
proposed T/R array antennas were designed to operate over an arbitrary frequency range (9.25-11 GHz) with a fractional
bandwidth (FBW) of 17.28%. With this technique (i) the side-lobes are reduced; (ii) there is minimal effect on the gain
performance; and (iii) the minimum edge-to-edge gap between adjacent radiating elements can be reduced to 0.15A at 9.25
GHz.

Index Terms—Metamaterial (MTM), photonic bandgap (PBG), periodic structures, surface wave suppression, isolation,

synthetic aperture radar (SAR), multiple-input multiple-output (MIMO).

I. INTRODUCTION

One of the features of photonic or electromagnetic bandgap
(PBG/EBG) structures is their ability to suppress surface
currents within their bandgap [1]. This property can be
exploited to reduce the mutual EM coupling between
radiating elements resulting from surface wave currents
over the antenna [2]. Although other types of techniques
[3] can also be utilized for this purpose, the PBG/EBG
structures offer benefits of compactness, lower integration
complexity, and notable bandgap propertiecs. PBG
structures have been extensively used to improve the
performances of array antennas, e.g. this can be achieved
by inserting PBG structures between antenna elements in
arrays to suppress mutual coupling that exists between the
elements. Attributes of this technique in array antennas are:
(i) gain increase [4]; (ii) better control of side-lobes [5]; and
(iii) wider scan angles of phased arrays [6]. Furthermore,
by reducing the mutual coupling between radiating
elements enables the antennas in the array to be arranged
much closer to each other. This allows for more antennas
to be squeezed in the array thus increasing system capacity
[7] as is evident in multiple-input-multiple-output (MIMO)
wireless communication systems [8]. Application of PBG
in the references cited above are focused on reduction of
mutual coupling between two antenna elements. To date
only a few works have been published on investigating
isolation enhancement between radiating elements in a
larger array antenna, which is crucial to the performance of
MIMO and radar systems.

In this paper, we have shown the application of a 2-
dimensional MTM-PBG structure in a six-element array
antenna can improve isolation between the T/R radiating

elements by an average of 10 dB. MTM-PBG employed
here comprised periodic arrangement of dielectric circles
that essentially block propagation of surface waves within
the bandgap region which is determined by the dimension
of the circular slots and their spacing. The patch array
antenna was designed to operate over an arbitrary
frequency range of 9.25-11 GHz. MTM-PBG was realised
by etching dielectric circles on microstrip-line that was
inserted between the radiating elements. Results reveal the
effectiveness of the MTM-PBG layer in suppressing
surface wave propagations between the radiating elements,
and thereby enhancing isolation between T/R patches.

II. DESIGN OF PBG STRUCTURE

The reference X-band T/R patch array antenna structure
without MTM-PBG, shown in Fig. 1 (a) & (b), was
constructed on FR-4 lossy substrate with thickness of 1.6
mm, dielectric constant (&,) of 3.4, and loss-tangent of
0.025. Each of the arrays has a size of 15x15 mm?’
(0.46Aq 55617%0.4619 5561,) and consists of 3x2 microstrip
patch elements. The overall antenna comprises of six
square patches that are feed individually. Transmit patches
are: #1, #3, & #5; and receive patches are: #2, #4, and #6.
The array’s S-parameters response across 9.25—11 GHz are
shown in Fig. 2. The average S-parameter performance is
given in Table I.

To suppress mutual coupling between the radiation
elements and therefore improve T/R isolation, a 2D
periodic structure of MTM-PBG was introduced between
the radiating elements, as shown in Fig. 1(c) & (d). This
consists of cross-shaped microstrip frame with periodic
arrangement of circular dielectric circles etched onto the
microstrip-line. MTM-PBG cross-shaped frame is 4 mm



wide (0.121¢ 5561)- The gap between the T/R arrays is 5
mm (0.154¢ 556p,)- Diameter of the dielectric circles and
their center-to-center gap are 0.5 mm (0.01544 55¢,) and
1.75 mm (0.05329 55¢p5), respectively.

TABLE 1. MEASURED S-PARAMETERS FOR THE REFERENCE ARRAY
ANTENNA WITHOUT MTM-PBG (Units are in dB)

Si1: 10.4-11 GHz, FBW = 5.6%
S-par. Si Si3 Sia S34 Sss S36
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Fig. 1. Array antenna, (a)-(b) top and back views of the reference array
antenna (simulation configuration and fabricated prototype); and (c)-(d)
top and back views of the proposed array antenna with periodic MTM-
PBG (simulation configuration and fabricated prototype).

The concept of photonic bandgap was first
demonstrated by authors in [9][10]. The photonic bandgap
lattice structure employed here consists of circular
dielectric circles embedded in the cross-shaped microstrip
frame introduces series and shunt reactive elements that
determine the propagation constant of the structure.
Stopband condition is determined by the lattice period a
(i.e. gap between the dielectric circles) and filling factor
rla, where r is the radius of the circles [11]. When this

condition is satisfied, the propagation of the quasi-TEM
mode is prohibited, resulting in a deep stopband.

Compared to other isolation methodologies reported in
literature the proposed 2D MTM-PBG technique has
advantages of: (i) relatively simple design; (ii) ease of
integration and implementation inside planar array
antennas; (iii) not requiring any short-circuited via-holes
that can impact on manufacturing costs; and (iv) facilitates
retrofitting in existing array antennas.

The S-parameter response of the MTM-PBG structure
in Fig. 2(a) exhibits isolation exceeding 40 dB from 9.25
GHz to 11 GHz. S-parameter responses of the array
antenna with MTM-PBG structure are shown in Fig. 2(b).
The bandwidth of the array antenna of 1.75 GHz extends
between 9.25 to 11 GHz with FBW of 17.28%. The array’s
salient features with MTM-PBG are summarized in Table
11
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(b) S-parameter of the array antenna.

Fig. 2. Measured S-parameters of (a) the proposed MTM-PBG structure;
and (b) the array antenna without (WO) and with (W) MTM-PBG. As the
antenna is a symmetrical configuration the following conditions apply:
S13=8157824=S26, & S157816=S23=825, & S34=Ss6, & S36=Sus, & S35=Ss.
‘W’ and ‘WO’ refer to ‘with’ and ‘without’ the MTM-PBG isolator,
respectively.

The results in Table II demonstrate that isolation
between T/R array antennas is improved by 5 dB (between
transmit patch#1 & receive patch#2), 14 dB (between
transmit patch#1 & receive patch#4), 10 dB (between
transmit patch#3 & receive patch#4), and 19 dB (between
transmit patch#3 & receive patch#6). There is also
improvement between radiating elements in the transmit
and receive sections, i.e. by 6 dB (between transmit patches
#1 & #3), and by 10 dB (between transmit patches #3 &
#5).

TABLE II. ISOLATION IMPROVEMENT USING THE PROPOSED
MTM-PBG TECHNIQUE

Su 9.25-11 GHz, Max. matching
FBW =17.28% improvement: ~15 dB

Si2 Max. suppression: Ave. suppression: 4 dB
(T/R) 5dB @ 10.98 GHz

Sis Max. suppression: Ave. suppression: 3 dB
(T/T) 6dB @ 9.25 GHz

Sis Max. suppression: Ave. suppression: 10 dB
(T/R) 14 dB @ 10.97 GHz

Sss Max. suppression: Ave. suppression: 8 dB
(T/R) 10 dB @ 10.25 GHz

Sss Max. suppression: Ave. suppression: 5 dB
(T/T) 10 dB @ 10.5 GHz

S36 Max. suppression: Ave. suppression: 7 dB
(T/R) 19 dB @ 10.07 GHz

The simplified equivalent electrical circuit model of the
3x2 array antenna with MTM-PBG structure is shown in
Fig. 3, where the patches and MTM-PBG are represented
as parallel RLC circuit. The patch radiator is represented by
a resonant circuit comprising inductance (Lp), capacitance
(Cp), and resistance (Rp) accounting for the Ohmic and
dielectric loss. Similarly, MTM-PBG is represented with
inductance (Lps), capacitance (Cps), and resistance (Rps).
Coupling between the patches and MTM-PBG are
represented by Kps. The optimised values of the equivalent
circuit model were extracted using optimization tool in
full-wave EM simulation by CST at 10 GHz. Magnitudes
of these parameters are given in Table III.
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Fig. 3. Simplified equivalent electrical circuit model of the proposed 3x2
array antennas loaded with MTM-PBG decoupling slab.

Input impedance of the proposed array antenna
computed using CST Microwave studio and equivalent
electrical circuit model are shown in Fig. 4. There is
excellent correlation in input impedance response between
the circuit model and CST Microwave Studio. This is
because the equivalent circuit model parameters were
extracted using optimization method in full-wave EM
simulation CST over the specified frequency range.

TABLE III.
EXTRACTED PARAMETERS OF THE EQUIVALENT CIRCUIT MODEL OF
F1G.3 AT 10 GHz

Extracted Parameters Value
Cp 0.97 pF
Lp 0.26 nH
Rp 550
Cps 2.15 pF
Lbs 0.12 nH
Rps 2200 Q
Kbps 0.0098
Ly 2.4nH
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Fig. 4. Input impedances (unit is in Q) of the proposed array antennas
loaded by the periodic MTM-PBG.

Surface current distribution ‘with” and ‘with no’ MTM-
PBG isolator, shown in Fig. 5, provides further insight how
the surface currents are suppressed. It is evident the cross-
shaped MTM-PBG decoupling slab significantly interacts
with the surface currents to block them from affecting
adjacent radiation elements in the array antenna.
Destructive effects of surface currents in the antenna are
significantly suppressed from effecting the far-field of the
antenna array.
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Fig. 5. Surface current density distributions over the array antennas
without (left side) and with (right side) MTM PBG at working
frequencies. It is worth to comment that here to save space, we have only
shown the surface current distributions stimulated by port #1.

Radiation performance of the array antennas was
measured in a standard anechoic chamber where the
antenna under test (AUT) was mounted on a rotating stand
across from a reference antenna. This test setup was used
to measure the transmission coefficient (S»i) by exciting
the reference antenna and then measuring the power
received by the AUT. The AUT is rotated 360°. The

reference antenna is a broadband horn. Measurements were
conducted at four spot frequencies and the results are
plotted in normalized dB. Fig. 6 shows the measured
radiation patterns of the array antenna ‘with’ (W) and
‘without’” (WO) MTM-PBG structure at the operational
frequency. MTM-PBG structure which is disposed
between the patches eliminates propagation of surface
waves on the substrate which would otherwise undermine
the antenna performance. MTM-PBG structure improves
isolation between the patches in the array however it
doesn’t affect the far-field radiation because the EM-fields
that contribute to far-field radiation are orthogonal to the
surface of the antenna plane. This is verified in the
measured far-field radiation patterns. Compared to the
reference antenna array, the array with the MTM-PBG
structure exhibits improved radiation characteristics in
terms of side-lobe suppression and there is negligible effect
on the gain performance.
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Fig. 6. Measured radiation patterns of the reference and proposed array
antennas without (WO) and with (W) MTM-PBG isolator at the specified
spot frequencies.



The simulated and measured radiation gain and
efficiency plots of the proposed array antennas ‘without’
and ‘with” MTM-PBG isolator are shown in Fig. 7. There
is good correlation between the simulation and measured
graphs. The optimum measured gain and efficiency of the
array antenna loaded with MTM-PBG are 7.85 dBi and
92.78%, respectively, at 10.6 GHz. Without MTM-PBG
the optimum gain and efficiency are 7.38 dBi and 88.05%,
respectively, at 10.6 GHz. These results show that the
radiation performance is not severely affected by applying
MTM-PBG isolator.
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Fig. 7. Simulated and measured radiation gain and efficiency of the
proposed array antennas ‘without” and ‘with® MTM-PBG isolator over its
operating frequency range.

Performance of the proposed technique is compared
with other antenna isolation mechanisms reported in
literature in Table IV. In the literature all the antenna
designs were constructed using two radiation elements.
However, in our case here we have used array elements of
six to give a more accurate representation. In addition, all
the references cited in Table IV except for [30]-[36] have
used the defected ground structure (DGS) technique to
enhance isolation between the two radiating elements. It is
also evident from the table that antenna arrays with smaller
edge-to-edge gap between adjacent radiating elements
operate over a narrow bandwidth and their radiation
patterns are degraded, whereas the proposed array antenna
operates a wider bandwidth and its radiation patterns are
improved. The proposed method described here offers an
optimum T/R isolation of 10 dB. Although references such
as [27][28] provide better isolation by employing short-
circuit vias however they have a narrow bandwidth. In
general, compared to other techniques cited in Table I1I the
proposed approach provides simultaneously high isolation,
wider bandwidth, minimal effect on radiation pattern, and
with no ground-plane defection. In addition, the proposed
technique offers design simplicity and it can be easily
retrofitted to existing antenna arrays quickly and at low
cost.

III. CONCLUSIONS

A simple and effective mutual coupling reduction
technique is demonstrated using MTM-PBG cross-shaped
frame that is located between the radiating transmit/receive
array antennas. The MTM-PBG structure is a microstrip
frame with periodically arranged dielectric circles. This
structure blocks propagation of surface waves on the arrays
antennas to improve isolation between the transmit/receive
array antennas. Average isolation between the
transmit/receive array antennas is improved by 12 dB. This
2D technique is simple to implement in practice and offers
the advantage of retrofitting on existing array antennas.
This structure should be suitable for the SAR and MIMO
systems that require high T/R isolations.



TABLE IV. COMPARISON BETWEEN THE PROPOSED ARRAY WITH THE RECENT WORKS

Ref. Method Max. isolation Fractional Rad. pattern | Number of Applied Edge-to-Edge Gap
Bandwidth adversely elements DGS Between Adjacent
(FBW) affected Technique | Radiating Elements
[3] EBG 8.8dB Narrow - 2 Yes 0.75
[12] Defected Ground 17.4dB Narrow Yes 2 Yes 0.23%
Structure
[13] SCSRR 10dB Narrow Yes 2 Yes 0.25)
[14] SCSSRR 14.6 dB Narrow Yes 2 Yes 0.125%
[15] Compact EBG 17 dB Narrow Yes 2 Yes 0.8%
[16] U-Shaped Resonator 10 dB Narrow Yes 2 Yes 0.6M
[17] | Meander Line Resonator 10dB Narrow No 2 Yes 0.055M
[18] UC-EBG 14dB Narrow Yes 2 Yes 0.5%
[19] EBG 10 dB Narrow Yes 2 Yes 0.5
[20] EBG 5dB Wide (~16%) - 2 Yes 0.6
[21] EBG 13dB Wide (~12%) Yes 2 Yes 0.5%
[22] EBG&DGS 16 dB Narrow No 2 Yes 0.64
[23] Fractal load with DGS 16 dB Narrow (2.5%) No 2 Yes 0.22)
[24] EBG 4 dB Narrow Yes 2 Yes 0.84N
[25] Slotted Meander-Line 16 dB Narrow Yes 2 Yes 0.112%
Resonator
[26] I-Shaped Resonator 30dB Narrow Yes 2 Yes 0.45
[27] W/g MTM 20dB Narrow No 2 Yes 0.125%
[28] W/g MTM 18 dB Narrow No 2 Yes 0.093%
[29] UC-EBG 10dB Narrow Yes 2 Yes 0.5%
[30] Coupled Resonator 10 dB Wide (15%) Yes 2 No 0.15%
[31] Coupled Resonator 20dB Narrow - 2 No -
[32] Reactively Loaded 20 dB Narrow - 4 No 0.21%
Dummy Elements
[33] | Interference Cancellation 15 dB Narrow - 2 No -
[34] MTM 18 Narrow No 2 No 0.13%
[35] Multi-Layered EBG 30 Narrow Yes 2 No 0.13%
[36] Dual-Band Coupled 15 Narrow Yes 2 No 0.13%
Resonator
This MTM-PBG 10 dB Wide No 6 NO 0.15%
work (~17%)
coupling design for array applications,” [EEE Trans. Antennas
Propag., vol. 51, no. 10, pp. 2936-2946, Oct. 2003.
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