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Abstract—This paper addresses the issue of high cost and
fabrication complexity associated with isolating circularly po-
larized (CP) waves in a compact multiple-input−multiple-output
(MIMO) antenna for joint communications and sensing (JC&S)
in IEEE 802.11ad spectrum. A printed circuit board (PCB)-
based dual-port antenna engaging 3.83λ × 3.83λ × 0.04λ area
at the center frequency of 57.55 GHz is proposed. The antenna
comprises of a microstrip patch attached to a grounded coplanar
waveguide (CPW), with a signal track designed to enable
CP radiations. A metallic grid-based electromagnetic bandgap
(EBG) structure was engineered and positioned between the two
antenna elements to attain a peak isolation of 50.83 dB. The
distance between each pair of microstrip parts was subjected to
the fabrication capabilities of conventional PCB manufacturers.
The final arrangement yielded a gain of ≈10 dBi and efficiency
of >85%. The simulation results have been validated through
cost-effective fabrication and measurements. Compared to the
latest designs, the proposed antenna is fairly competitive.

Index Terms—Cost-effective, circular polarization (CP), com-
pact, efficiency, electromagnetic bandgap (EBG), gain, isolation,
multiple-input−multiple-output (MIMO).

I. INTRODUCTION

The throughput required for joint communications and
sensing (JC&S) via radio, for instance three-dimensional high
definition video streams and others has been exceeding the
available capacity in sub-10 GHz spectrum [1], [2]. The IEEE
802.11ad standard for JC&S in the 60 GHz band offers multi-
Gigabit rates to meet this requirement [3]. The 60 GHz band,
which ranges from 57−71 GHz, is an unlicensed band that is
available across the globe. This spectrum has the advantage of
small wavelengths of about 5 mm, enabling the deployment
of miniature antennas that are essential for handheld devices.
However, there is a great deal of free space attenuation in the
60 GHz range [4].

Antennas with circularly polarized (CP) radiation pattern
exhibit good absorption impairments, transmission gains, and
reflection performances [5], [6]. Furthermore, CP antennas
exhibit remarkable efficiency in mitigating signal attenuation
resulting from environmental factors, including snow, precipi-
tation and others. Another option to achieve higher throughput
is to take advantage of multiplexing techniques by equipping
the user phone with a second antenna [7], [8]. Therefore,
CP multiple-input−multiple-output (MIMO) antennas would

be a good choice to meet the throughput requirements of
digital systems [9], [10]. However, the isolation problem that
results in MIMO antennas eventually lowers the throughput
performance [11]–[13]. Hence, it’s critical to look for ways
to improve the isolation between antenna elements.

Manufacturing compact antennas for the millimeter wave
bands has proven quite expensive and complex [14], [15].
The use of printed circuit board (PCB) represents a low
cost and easy fabrication method [16]. A PCB-based aperture
coupled antenna for operation at 60 GHz was manufactured
in [17]. However, the framework was made of multiple PCB
layers that resulted in occupying a large profile. Moreover,
the antenna involved distinct vias, adding to the design
complexity. Similarly, an air cavity-based multi-layer organic
package antenna for the 60 GHz band was fabricated in
[18]. However, the air cavity in the layout complicated
fabrication and increased the risk of delamination during high-
temperature soldering. Furthermore, strict design guidelines
for the copper-to-edge clearance, element spacing, and trace
dimensions are vital for standard PCB production.

The fundamental goal of this work remained to establish
a cost-effective method for isolating CP waves in small
antennas. Particularly, we propose a PCB-based dual-port
microstrip patch antenna that occupies 3.83λ × 3.83λ ×
0.04λ area in IEEE 802.11ad spectrum. The proposed antenna
leverages a strategically designed signal track of CPW to
enable CP waves. A peak isolation of 50.83 dB was achieved
by meticulously placing an EBG structure between the two
antenna elements. Furthermore, reasonable MIMO antenna
performance with gain of ≈10 dBi, efficiency of >85%,
envelope correlation coefficient (ECC) of <0.5, and diversity
gain (DG) of ≈10 dB was ascertained. The Ansys high
frequency structure simulator (HFSS) simulation results have
been verified through inexpensive fabrication and measure-
ment.

II. DESIGN FRAMEWORK

A. Antenna Layout

Fig. 1(a−c) shows the proposed antenna configuration, and
Table I lists their parameter values. The antenna was made
up of two ports that fed from opposite ends. RO4350BTM
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Fig. 1. Proposed antenna layouts: (a) Top, (b) bottom, and (c) perspective.

TABLE I
ANTENNA PARAMETER VALUES IN λ AT 57.55 GHZ.

Parameter Value Description
lg 3.83 ground length
wg 3.83 ground width
td 0.04 dielectric substrate thickness
ds 0.19 screw diameter
lc 1.76 coplanar waveguide length
wc 0.96 coplanar waveguide width
lµ 0.38 microstrip feed or patch length
wµ 0.19 microstrip feed or patch width
lλ 0.55 transition of feedline length
wλ 0.06 transition of feedline width
lm 0.58 meshed trace length
wm 0.04 unit meshed trace width
ws 0.09 unit meshed slot width
gµ 0.07 gap among coplanar ground and feedline edge

PCB with dielectric constant (ϵr) of 3.48 ± 0.05, and loss
tangent (tan δ) of 0.0037 was deployed. The bottom side of
PCB was integrated with a full ground plane. Two CPW-
fed microstrip patches positioned in front of one another and
separated by meshed traces made up the top side of PCB.
The spacing between every pair of microstrip portions was
considered to be within the fabrication capabilities of standard
PCB manufacturers.

B. Coplanar Waveguide

A CPW framework is typically comprised of one conduct-
ing (signal) track, and two return conductors (CPW-ground),
one on each side of the track. The equations mentioned in
[19] served as the basis for designing the standard CPW
to match the port impedance. The calculated values were
subsequently employed to model and simulate the traditional
CPW in HFSS. A resonance from 57.3−57.7 GHz was
accomplished, as displayed in Fig. 2(a). However, the axial
ratio (AR) values were >3 dB, as illustrated in Fig. 2(a). The

Fig. 2. Standard CPW results: (a) |S11| and AR, and (b) electric field at
57.55 GHz. Proposed CPW results: (c) |S11| and AR, and (d) electric field
at 57.55 GHz.

electric field along an observation plane has been examined
to ascertain the current distribution of the standard CPW at
57.55 GHz. The center of the arrangement showed the largest
current distribution, indicated by the red color in Fig. 2(b).
Hence, slots were inserted into the signal track to split the
incident wave into two equal orthogonal components. An
adequate impedance matching response, and AR of <3 dB
was established with the proposed CPW design, as shown in
Fig. 2(c). The enlarged gap between the CPW-ground and the
feedline edge contributed in rerouting the currents, allowing
two orthogonal resonant modes with identical amplitude and
90◦ phase deviation being induced, as depicted in Fig. 2(d).

C. Microstrip Patch

The bandwidth of the proposed CPW layout described
in the previous subsection was only 0.4 GHz. Hence, a
microstrip patch was introduced in juxtaposition with the
signal track, the dimensions of which were determined using
the calculations stated in [20]. The antenna operated from
56.7−58.4 GHz, allowing for an improvement of 1.3 GHz
bandwidth through the integration of microstrip patch to the
proposed CPW, as shown in Fig. 3(a). Furthermore, an AR of
<3 dB was ascertained across the entire operating band, as
demonstrated in Fig. 3(a). It is worth noting that an expanded
impedance bandwidth may be produced by introducing new
resonant frequencies with microstrip patches; however, this
was not the objective of this study. Therefore, this CPW-fed
single element microstrip patch antenna setup was considered
as optimum.

To proceed on to the MIMO setup phase of the investiga-
tion, simulation studies were carried out where two CPW-
fed microstrip patch antenna elements were positioned in
front of each other. As displayed in Fig. 3(b), the CPW-
fed dual element microstrip patch antenna provided >12 dB
of isolation and <3 dB of AR in the working band from
56.7−58.4 GHz.
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Fig. 3. (a) Proposed CPW-fed single element antenna results: |S11| and AR.
(b) Proposed CPW-fed dual element antenna results: |S11|, |S21| and AR.

Fig. 4. Proposed unit EBG cell: (a) Layout, (b) equivalent circuit, (c)
Brillouin region, and (d) dispersion diagram.

D. Meshed Traces

The CPW-fed dual element microstrip patch antenna con-
figuration mentioned in the preceding subsection yielded a
maximum isolation of only upto 24 dB. Consequently, meshed
traces were modeled to achieve an EBG and placed between
the two antenna elements to mitigate the mutual coupling
effects. Based on the equations presented in [21], the dimen-
sions of the unit EBG resonating in the 60 GHz spectrum were
established. Subsequently, unit cell simulations were carried
out utilizing the HFSS eigenmode solver. Fig. 4(a) depicts the
unit cell diagram, which has periodic boundaries assigned to
the unit cell to realize an array of the inductive metallic grid.
During the simulation, four modes (ξ) were excited, and the
structure’s impedance response was recorded. The resonance
characteristic was further verified using an equivalent circuit
portrayed in Fig. 4(b), where the letters C and L represent,
respectively, the inter-element spacing and the transmission
line elements.

The Brillouin domain was taken into account while con-
ducting the HFSS eigenmode simulation to assess the EBG
property of the unit cell. The Γ position indicates the focal
point of the Brillouin area, while the M and X positions
constitute the intersections of an edge and a face, respectively,
as shown in Fig. 4(c). The relationship between these points
and the wave vector is expressed in [22]. The unit cell
dimensions of the metallic grid were tuned such that it yields
an EBG in the desired frequency band. This is confirmed
by the results of the unit metallic grid in Fig. 4(d), which
demonstrates a 17.5 GHz wide EBG from 55−72.5 GHz.

Fig. 5. Proposed antenna current distribution at 57.55 GHz.

III. OPERATING PRINCIPLE

The working principle of proposed CPW-fed dual element
microstrip patch antenna with meshed EBG traces has been
analyzed by examining the current distribution at 57.55 GHz,
as portrayed in the initial four photographs in Fig. 5. Un-
derstanding the current flow’s trajectory—which is indicated
with gray arrows for easily identifying the direction of the
primary current flow—the proposed antenna established the
CP mechanism. For instance, the principal currents on signal
tracks near port 2 and port 1 were generated, respectively,
in the directions of −y and +y at 0°, +y and −y at 90°,
+y and −y at 180°, and −y and +y at 270°. Similarly, the
fundamental currents on the CPW ground near port 2 were
produced in the directions of −x and +x at 0°, +x and −x at
90°, +x and −x at 180°, and −x and +x at 270°. Furthermore,
the primary currents on the CPW ground near port 1 were
generated in the directions of +x and −x at 0°, −x and +x
at 90°, −x and +x at 180°, and +x and −x at 270°.

The importance of meshed traces is confirmed by the
surface current distribution at 57.55 GHz depicted in the
rightmost two images in Fig. 5. Descriptively, the antenna
without meshed traces showed a significant amount of cou-
pling of the surface currents from port 2 into port 1, while the
antenna with meshed traces confirmed a significant blockage
of surface currents entering from port 2 to port 1.

IV. EXPERIMENTAL VALIDATION

The simulation results were validated through measure-
ments conducted in the anechoic chamber. Fig. 6(a−b)
displays the fabricated antenna under measurement of S-
parameters and radiation patterns. The simulation and mea-
surement results showed a fair degree of agreement.

Fig. 7(a) displays the |S11| response of the proposed
antenna. An appropriate −10 dB impedance matching from
56.7−58.4 GHz (1.7 GHz bandwidth) with 57.55 GHz cen-
ter frequency was accomplished. The |S21| response of the
proposed antenna is demonstrated Fig. 7(b). Peak isolation
of 50.83 dB was established with the help of meshed EBG
traces.

The AR response was examined to confirm the CP behavior
that was found to be below the 3 dB range as depicted in Fig.
8(a). The gain response illustrated in Fig. 8(b) confirms that
>7 dBi gain was attained in the entire operating frequency
band. The simulated and measured right/left hand (R/LH) CP
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Fig. 6. Proposed antenna experimental measurement setup of (a) S-
parameters and (b) radiation patterns.

Fig. 7. Proposed antenna results: (a) |S11|, and (b) |S21|.

Fig. 8. Proposed antenna results: (a) AR, (b) gain, (c) simulated gain pattern
at 57.55 GHz, and (d) measured radiation pattern at 57.55 GHz.

radiation patterns at 57.55 GHz is shown in Figs. 8(c) and
8(d), respectively. Stable radiation patterns were confirmed
with a gain of 9.53 dBi at 57.55 GHz.

The antenna’s good MIMO performance has been sup-
ported by ECC of <0.5 and DG of ≈10 dB, as illustrated
in Fig. 9(a). The expressions mentioned in [23] were utilized
to evaluate ECC and DG. Finally, reasonable efficiency of
86.82% at 57.55 GHz was confirmed, as displayed in Fig.
9(b).

V. BENCHMARKING

Table II presents a comparison between the proposed an-
tenna and state-of-the-art antennas to highlight the importance

Fig. 9. Proposed antenna results: (a) ECC and DG, and (b) efficiency.

of this work. A down (↓) and an up (↑) arrow, respectively,
have been used in the table to indicate a relatively poor
performance measure and the necessity for a large area
with high fabrication cost. In the context of an economi-
cally viable method to improve isolation between adjacent
CP radiating elements, the proposed antenna configuration
remains competitive. Similarly, the proposed antenna works
reasonably within all of the remaining specifications fac-
tored into considerations. With respect to other antennas, the
proposed antenna’s impedance bandwidth tends to be small.
However, accomplishing a broad bandwidth was not the goal
of this research. Furthermore, an extended bandwidth may
be achieved by adding new resonant frequencies via simple
methods, as discussed in the design framework section.

VI. CONCLUSION

This paper presents the design of a cost-effective and com-
pact MIMO antenna that generated high gain CP radiations at
57.55 GHz center frequency. In the CPW signal track, slots
were added at key locations to achieve a compact geometry
and CP radiations. Meshed traces were modeled to attain an
EBG and integrated between the antenna elements to enhance
isolation. The distance between each pair of microstrip sec-
tions was kept within the capabilities of standard PCB man-
ufacturers. Therefore, the proposed antenna was fabricated
at a cost-effective rate. This work delivers four significant
advancements. First, the proposed layout of meshed traces
produces a wide EBG. Second, the proposed MIMO antenna
yields CP radiations with good efficiency and gain values.
Thirdly, the proposed MIMO antenna and EBG structure
have simple geometry. Finally, the proposed MIMO antenna
and EBG configurations represent inexpensive methods to
enhance port isolation. Hence, the proposed MIMO antenna
represents a good fit for IEEE 802.11ad JC&S terminals.
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TABLE II
PERFORMANCE SUMMARY OF STATE-OF-THE-ART ANTENNAS.

Antenna fabrication technology Layout Dimension
(λ2)

Profile
(λ)

Frequency
(GHz)

Bandwidth
(%)

Polarization Isolation
(dB)

Gain
(dBi)

Efficiency
(%)

Reference

Metallic nanowire membrane ↑ Array 0.84 × 0.84 0.01 60.00 12.20 Linear ↓ 9.20 ↓ −6.90 ↓ — [24]
Multiple substrates and metals ↑ Array 5.77 × 5.77 ↑ 0.46 ↑ 58.00 16.10 Circular — 20.00 52.40 ↓ [25]
Multiple substrates and spacers ↑ MIMO 5.36 × 3.07 ↑ 0.32 ↑ 59.00 23.70 Linear ↓ 53.00 8.50 ↓ 89.00 [26]
Multiple printed circuit boards ↑ MIMO 3.00 × 3.00 1.00 ↑ 59.50 11.76 Circular 15.00 ↓ −5.00 ↓ 55.00 ↓ [27]
Single printed circuit board MIMO 3.83 × 3.83 0.04 57.55 2.95 Circular 50.83 9.53 86.82 This work
↑ represents a high fabrication cost or large size in comparison to the proposed antenna. ↓ conveys poor performance relative to the proposed antenna.
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