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ABSTRACT In this paper, we propose a closely spaced two-port microstrip patch antenna system
with significant isolation enhancement (> 90 dB), which can be deployed for MIMO as well as
full-duplex transceiver systems. We deploy a resonant combination of rectangular defected ground struc-
ture (DGS) and a near-field decoupling structure (NFDS) in the vicinity of a closely spaced (inter-element
spacing = 0.011¢) two-port microstrip patch antenna system at 5.85 GHz. This drastically reduces the port-
to-port mutual coupling (< —90 dB), which can help in self-interference cancellation for full-duplex point
of view without any additional circuitry, while still preserving desired impedance matching performance
(< —15 dB). The broadside gain of individual antennas in the two port MIMO system is 7.11 dBi, with
97% efficiency and co-to-cross-polar level < 25 dB. The proposed concept is validated by full-wave
simulation in CST Microwave Studio, as well as experimental results on fabricated prototype. Moreover,
MIMO performance metrics such as total active reflection coefficient (TARC), envelop correlation coefficient
(ECC) and channel capacity loss (CCL) are analysed using simulation and measurement.

INDEX TERMS Full-duplex, MIMO, mutual coupling reduction, microstrip antenna, self-interference

cancellation.

I. INTRODUCTION

FD (Full-duplex) antenna systems have garnered signifi-
cant attention in the context of high data rate wireless
communication system design, since they concurrently use
same time/frequency slot for both transmission and recep-
tion, leading to enhanced spectral efficiency compared to
their half-duplex (HD) counterparts [1] (See Fig. 1 for a
schematic representation of HD and FD communication sys-
tem). However, the FD communication system suffers from
self-interference (SI) problem, that occurs due to the signal
emanated by the device’s own transmitter, which interferes
with the received signal of interest [2]. In a broad sense,
the SI cancellation approaches available in literature can
be classified in two modes: passive and active, where the
active strategy can be subdivided into analog and digital
techniques [2]. Passive mode of SI cancellation (also known
as “antenna cancellation”) relies on mutual coupling reduc-
tion between the transmitter and receiver antenna in the
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FD system, while the active SI reduction strategies are
implemented in the analog/digital base-band stages. How-
ever, analog SI cancellation cannot provide sufficient iso-
lation to prevent the saturation of active components such
as low nose amplifier (LNA) and analog-to-digital converter
(ADC), prior to the digital SI cancellation [3]. Therefore, to
augment the active (analog and digital) SI cancellation tech-
niques and reduce the system cost, it is judicious to use pas-
sive antenna mutual coupling (MC) reduction techniques in
FD antenna systems. Apart from the FD technology, MIMO
(multiple-input multiple-output) antenna system is another
enabling technology for the advanced 4G/5G wireless com-
munication that provided high data rate and enhanced spectral
efficiency. However, MIMO antenna systems also require low
inter-port mutual coupling to cater optimum performance.

It should be noted that, MIMO antenna systems can
operate with port-to-port MC level of —15 dB. For exam-
ple, a three-element diversity MIMO antenna with MC less
than —15 dB is presented in [4]. MC less than —20 dB
between two microstrip MIMO antenna using an inverted
fork shaped decoupling structure (IFSD) is presented in [5].
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FIGURE 1. Schematic representation of HD and FD wireless
communication systems.

Similarly, several techniques for MIMO antenna systems
are available in literature, which result in reduced MC lev-
els around —15 dB, utilizing defected ground structures
(DGS) [6] — [8], split-ring resonators (SRR) [9], meta-
material based isolator [10], modified U-shaped microstrip
resonators, meander-lines, EBG structures, parallel-coupled
line resonators (PCR), frequency selective surface (FSS),
slot and using pixelization and binary optimization (PBO)
were proposed in [11]-[13] and [14]-[17] and [18] respec-
tively. Moreover, a review on MC and its reduction tech-
niques for other MIMO system are provided in [19] and [20]
respectively.

However, FD antenna systems demand far greater degree
of MC reduction (< —60 dB) [21]. A passive SI reduction
of about 60 dB is obtained for three element FD antenna
system is provided in [21]. Antenna cancellation of more
than 35 dB is achieved in [22] using 180° hybrid and a
DGS structure. A pattern/polarization diversity FD antenna
system having antenna cancellation of more than 30 dB is
presented in [23]. But these FD antenna systems have large
inter-element separation, which is not suitable for compact
systems. A reconfigurable polarization-based antenna cancel-
lation (PAC) technique is provided in [24] to achieve more
than 50 dB antenna cancellation in the expense of antenna
design and fabrication complexity. Moreover, it is mentioned
in [20] that to decode the signal from received antenna for
a 802.15.4 FD system, 60 dB SI reduction is desired using
antenna cancellation method (to combat ~ —100 dB system
noise floor). Therefore, for smooth functioning of Tx and Rx
module for a FD application, the passive SI cancellation at
electromagnetic level should be at least 60 dB.

In this paper, we propose a MC reduction technique in a
closely spaced two-port patch antenna system for FD as well
as MIMO application. The proposed technique uses antenna
design asymmetry with the resonant combination of DGS and
near-field decoupling structure (NFDS). To the best of the
authors’ knowledge, isolation enhancement of > 90 dB with
inter-element spacing < 0.01A and compact antenna volume,
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FIGURE 2. Schematic diagram of proposed two-port antenna at 5.85 GHz.

has not been reported in the FD antenna systems of open
literature. Moreover, the proposed design is suitable for upper
WLAN and 5G NR-U band [30] MIMO application.

Il. PROPOSED TWO-PORT ANTENNA DESIGN

The proposed two-port antenna comprises of a three-layer
structure as shown in Fig. 2. The co-axially fed microstrip
patch antenna in Fig. 3(a) is designed on a RTD5880 substrate
of 1.57 mm thickness, having ¢, = 2.2 and tané = 0.0009.
An inverted L-shaped structure is connected from one end of
the patch radiating edge and directed toward the non-radiating
edge to create an asymmetry in the design, thereby reducing
the inter-element H-plane coupling. A rectangular portion
having dimension of I; x wy is etched from the ground
plane to design a defected ground structure (DGS) (Fig. 3(b)).
Another dielectric sheet RT5880LZ of 0.5 mm thickness
having ¢, = 1.96 and tan§ = 0.0019 is placed above the
microstrip antenna at s, height (Fig. 3 (c-d)). Inspired by
the antenna decoupling surface proposed in [26], two parallel
microstrip lines are designed on that dielectric sheet imme-
diately above the inter-element spacing and the near field
region, which act as NFDS. Note that the NFDS substrate
should be low loss and its dielectric permittivity should be as
low as possible to avoid the effect of dielectric loading on the
antenna radiation performance. The resonant combination of
DGS and the NFDS helps in reducing field coupling between
the two nearby antennas.

A detailed analysis of aforementioned decoupling mecha-
nism by examining the field distribution has been provided in
the subsequent section. It has been shown that the reduction
of field coupling, both E and H field, helps in reducing the
mutual coupling between the nearby radiating elements to an
extremely low value.

IlIl. EXPLANATION OF DECOUPLING MECHANISM IN
PROPOSED TWO-PORT ANTENNA

In this section, we present the design evolution of the pro-
posed two-port antenna along with its decoupling mecha-
nism. For each design stage, we examine the field distri-
bution, mutual coupling (S21/S12) and impedance matching
(S11) levels and the 2D radiation pattern.

o Stage-0: Initially, an antenna system having two closely
spaced (g2 = 0.0610) microstrip patches (dimensions of
l1 x wi each) are designed (Fig. 4). The patch antenna
works at 5.85 GHz LTE band with good impedance
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FIGURE 3. Proposed two-port antenna showing dimensions for individual
layers in Fig. 1: (a) top layer, (b) middle layer, (c) ground plane, (d) side
view. Dimensions: L = 1.0921¢, W = 0.5071q, /; = 0.311¢, w; = 0.381,
I, = 1g, Wy = 0.4)g, g; = 0.039%, g, = 0.068), g5 ~ 0.01%q,

Iy = 0.394)9, wy = 0.117, Is = 0.4781¢, ws = 0.018)¢, gs = 0.004291 ¢,
h; =0.00571, h, = 0.01361, h5 = 0.031,.

matching (|S1;| < —10 dB). However, strong H- and
E-field coupling between the nearby antennas (|S2;]| =
|S12| about —11 dB) can be observed (Fig. 5). The 2D
radiation patterns (E/H plane) of antenna #1 and #2 at
stage-0 are shown in Fig.6(a) and (b) respectively. The
patterns show the good cross polar level (below —20 dB)
at both E and H plane for two antenna elements.

o Stage-1: Next, the L-shaped structure of Fig. 3(a) is
included to create an asymmetry in the microstrip
antenna structure designed in stage O to reduce the
mutual coupling (Fig. 7), which can be verified from
the H-field distribution in Fig. 7. As compared to
stage-0, stage-1 exhibits 8 dB increase in the isolation.
The L-shaped structure increases the effective electrical
length of individual antenna elements, causing a shift
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FIGURE 4. Schematic of the proposed two-port antenna at stage 0 (only
top layer with two side-by-side microstrip patches is shown).
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FIGURE 5. H and E field distribution on the patches of the stage-0
antenna configuration at 5.85 GHz, along with the frequency variation of
S-parameters (Port 1 is excited, while keeping port 2 terminated with
matched load).Note that, we have S;; = S,, due to structural symmetry
(reciprocity ensures Sy, = Sy1)-
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FIGURE 6. Simulated 2D radiation pattern at 5.85 GHz of antenna design
stage 0 (Fig. 4): (a) Antenna #1, (b) Antenna #2.

in the operating frequency from 5.85 GHz at stage-0
to 5.75 GHz at stage-1. However, the asymmetry in the
antenna design varies the individual antenna impedance
matching and the E-field coupling still exist as shown in
Fig. 7. The 2D radiation pattern for the stage-1 antenna
configuration is shown in Fig. 8. The asymmetry intro-
duced in this stage increases the cross-polar level than
the antenna configuration at stage-0. However, the cross
polar level is below —15 dB at the broadside direction
for both the antenna elements(see Fig. 8).

o Stage-2: The stage-2 incorporates both the DGS
(Fig. 3(b)) and the NFDS (Fig. 3(c)) in conjunction with
the asymmetric patch configuration of stage-1. DGS
loading in the ground plane reduces the surface wave
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FIGURE 7. H and E field distribution on the patches of the stage-1
antenna configuration (see only Fig. 3(a)) at 5.85 GHz, along with the
frequency variation of S-parameters (Port 1 is excited, while keeping
port 2 terminated with matched load). Note that, due to structural
asymmetry, we have S;; # S,, (reciprocity ensures S5 = S,;,

as expected).
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FIGURE 8. Simulated 2D radiation pattern at 5.7 GHz of antenna design
stage 1 (Fig. 3(a)): (a) Antenna #1, (b) Antenna #2.

excitation thereby improving the cross-polar response
(see Fig. 14) and the dimension of the DGS deter-
mines stop band effect by incorporating transmission
zero at the frequency of interest [27], [28]. The height
between NFDS and the antenna ground plane determines
the phase of the partially diffracted wave to cancel
out the coupled wave. Also, height between defected
ground and NFDS such ensures extremely low value
of the inter-element mutual coupling. The dimensions
of DGS and NFDS as well as the height between them
is carefully decided using parametric analysis as shown
in Fig. 9.

The parametric study is conducted for the DGS design
parameters /; and wy and the NFDS design parameters I,
ws and hp. It is observed that the variation of I; and wy
have very less impact on impedance matching, however these
decide the resonant frequency for S>; (S12). As shown in
Fig. 9 (a) and (b), there is a gradual decrease (increase)
in the frequency for mutual coupling parameter with grad-
ual increase (decrease) in I; (wd) values is observed.
On the other hand, the variation of NFDS design parameters
(ls, ws and hp) alter the antenna operating frequency due
the superstate loading effect. Moreover, the NFDS design
parameters improve the mutual coupling performance at the
frequency of interest as shown in Fig. 9 (c-e). The parametric
study provides an intuition for NFDS design in the presence
of DGS to reduce the mutual coupling. Moreover, the study
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FIGURE 9. Studies on parameters: (a) /4, (b) wy, (c) Is, (d) ws, (e) h,,
to understand the respective effects on S-parameter response of the
proposed two-port antenna configuration.
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FIGURE 10. Study of power flow between the antenna elements in the
near-field region and inside the substrate for different stages of antenna
design (Port 1 is excited, while keeping port 2 terminated to the matched
load).

of power flow between the antenna elements for different
stages of antenna design is provided in Fig. 10. As stage-0
(Fig. 4), as the antenna elements are very closely spaced
having no decoupling technique is being used the power
flow between the antenna elements through substrate and the
near-field region is very high (see Fig. 10). The asymmetry
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FIGURE 11. H and E field distribution on the patches of the stage-2
antenna configuration (see complete Fig. 3) at 5.85 GHz, along with the
frequency variation of S-parameters (Port 1 is excited, while keeping
port 2 terminated with matched load). Here also due to structural
asymmetry, we have S;; # S,; (reciprocity ensures Sy, = Sy,

as expected).
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FIGURE 12. Fabricated proposed antenna prototype: (a) Top-view
(without superstrate), (b) Bottom-view, (c) Top-view (with superstrate),
(d) Far-field radiation pattern measurement setup in Anechoic chamber.

introduced at the stage-1 (Fig. 3(a)) antenna design reduces
the power flow in the substrate region, from antenna #1 to
antenna #2, compared to stage-0 (see Fig. 10). At stage-2 the
use of DGS and NFDS along with the asymmetry introduced
in stage-1 completely prevent the power flow both in the
substrate region and near-filed region of antenna #2 from
antenna #1(see Fig. 10).

The combined resonant effect of DGS and NFDS reduces
both the H-field and E- field coupling between the nearby
antenna as shown in Fig. 11. Consequently, the pro-
posed technique exhibits the good impedance matching
at 5.85 GHz desired operating frequency and reduces the
mutual between the nearby antennas having S;; < —10 dB
and $71/S12 < —90 dB respectively as shown in Fig. 11.
Antenna #1 covers 5749 MHz-5949 MHz operating band
having —10 dB impedance bandwidth of 200 MHz, while
antenna #2 covers 5762 MHz- 5978 MHz operating band
having —10 dB impedance bandwidth 216 MHz. The over-
lapping bandwidth of the antenna is 187 MHz.

IV. PROTOTYPE FABRICATION AND MEASUREMENT
RESULTS

Fig. 12(a-c) depicts the fabricated antenna prototype. The
superstrate with NFDS structure is supported and height 4,
is adjusted by four dielectric screws at four corners of the
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FIGURE 13. Frequency variation of simulated and measured S-parameters
for the proposed antenna in Fig. 1.
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FIGURE 14. Simulated and measured patterns at 5.85 GHz: (a) E-plane
(antenna 1), (b) H-plane (antenna 1), (c) E-plane (antenna 2), (d) H-plane
(antenna 2).

antenna (see Fig. 13). The S-parameters for the proposed
two-port antenna are measured using Agilent N5230A PNA
and compared with the simulation results (see Fig. 13).
The measured inter-element isolation at operating frequency
is & 90 dB and it is more than 25 dB over the com-
plete operating band. The deviation in the S-parameter is
due to the fabrication tolerances and surrounding effects.
Fig. 12(d) depicts the antenna far-field measurement setup.
The measured and simulated far-field E-plane and H-plane
co/cross polar pattern in provided in Fig. 14. The proposed
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FIGURE 15. Frequency variation of simulated and measured gain for the
proposed antenna.

TABLE 1. Comparison of proposed two-port antenna with other
structures available in open literature.

Ref spe:cgiflg OF IBW Isolation  Decoupling E:i,i;
o) (GHz) (%) (dB) Technique (dBi)
[6] 0.06 245 1.5 >25 Ring DGS NA
[10] 0135 58 NA 45 Mctamaterial o,
structure
Modified-U
[11] 0.1 54 NA >23 shape DS 4.24
[12] 0.11 4.8 5.21 >16 SMLR NA
[15] 0.07 35 2.8 >35 PCR ~6
[16] 0.13 5.25 2.6 >16 FSS 9
[17] 0.19 10 3 >37 Slot
[18] 0.14 4 NA >45 PBO 53
180 hybrid/

[22] NA 2.4 9 >35 DGS 4
[24] 0.09 4.7 6.5 >50 PAC ~3
- Asymmetry
Prop. =~ 0.01 5.85 341 >90 +DGS+NFDS 7.11

(OF: operating frequency, IBW: 10dB impedance bandwidth)

antenna exhibits a maximum gain of 7.11 dBi at 10° broad-
side tilt angle and 6.69 dBi gain at 0° broadside direction.
The simulated and measured gain over frequency curve is
provided in Fig. 15.

A comparison study of these earlier published work with
proposed technique is provided in Table 1. The comparison
study shows that the proposed technique exhibits maximum
possible isolation (> 90 dB) with very close inter-element
spacing (= 0.01X¢) compared to the earlier published works.
Moreover, the impedance bandwidth and gain of the proposed
antenna are comparable with the earlier reported results as
provided in Table-1.

A. MIMO PERFORMANCE PARAMETERS

MIMO performance study of the proposed two-port antenna
configuration is carried out by computing total active
reflection coefficient (TARC), envelop correlation coefficient
(ECC) and channel capacity loss (CCL) in the operating band
(see Fig. 16). The relevant mathematical formulations for
ECC, CCL and TARC are provided in [4]. The value of ECC'is
much less than 0.5 in the uniform propagation environment,
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FIGURE 16. Frequency variation of MIMO performance metrics for the
proposed two-port antenna system: (a) TARC, (b) ECC, and (c) CCL.

which indicates excellent diversity performance, which is
further reflected in the low value of channel capacity loss
(< 0.5 bits/s/Hz) in the operating band. Also, the TARC being
less than —10 dB around 5.85 GHz indicates that the two
port system is capable of operating efficiently in ‘“‘active”
(simultaneous port-excitation) condition.

V. CONCLUSION

In this brief, a closely spaced microstrip antenna configu-
ration with good impedance matching (|S11] < —15 dB),
very high inter-port isolation (> 90 dB), individual antenna
gain > 7 dBi and radiation efficiency of 97% (antenna total
efficeicny:96.9%) is presented for FD and MIMO appli-
cations at 5.85 GHz (upper WLAN frequencies [29] and
5G NR-U band [30]). The relevant design steps are sys-
tematically described, with emphasis on E/H-field coupling
and S-parameter analysis with parametric variation. The
proposed design concept is very generic (i.e. can be scaled
to any other frequency range), and are validated through
prototype fabrication and experimental measurements
of S-parameters, radiation patterns (2D cuts) and post pro-
cessed MIMO performance metrics (ECC, TARC and CCL).
Table-1 clearly demonstrates that the best performance is
achieved in terms of high inter-port isolation for very small
edge-to-edge antenna spacing, without compromising much
on the gain and impedance bandwidth. Therefore the pro-
posed microstrip antenna system is an excellent candidate for
FD and MIMO applications, where self-interference cancel-
lation through analog mode and inter-port isolation are key
desired attributes respectively.
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