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ABSTRACT A novel millimeter-wave (MMW) hybrid isolator is presented to reduce the mutual-
coupling (MC) between two closely-spaced dielectric resonators (DR) antennas at 60 GHz. The proposed
hybrid isolator consists of a combination of a new uni-planar compact electromagnetic band-gap (EBG)
structure and an MMW choke absorber. The design of the proposed EBG unit-cell is based on the
stepped-impedance resonator (SIR) technique. The results show that the proposed EBG structure provides
a wide frequency bandgap in the 60 GHz band with miniaturization factors of 0.79 and 0.66 compared to
conventional uni-planar EBG and uni-planar compact (UC-EBG) structures, respectively. The proposed EBG
is then placed between two Multiple-Input Multiple-Output (MIMO) DR antennas to reduce the MC level.
As a result, an average of 7 dB level reduction is obtained. To further reduce the MC level, a thin MMW
choke absorber wall is mounted vertically between the two DR antennas and above the EBG structure.
An average of 22 dB MC reduction is achieved over the suggested bandwidth while maintaining good
radiation characteristics. The measured isolation of the prototype antenna varies from —29 to —49 dB in
the frequency range from 59.3 to 64.8 GHz. In fact, the proposed hybrid isolator outperforms other hybrid
isolation techniques reported in the literature.

INDEX TERMS Millimeter-wave (MMW) antennas, dielectric resonator (DR) antennas, electromagnetic
bandgap (EBG), mutual coupling (MC), multiple-input-multiple-output (MIMO) systems, choke absorber,

stepped-impedance resonators (SIRs).

I. INTRODUCTION

With the recent advances in low-cost millimeter-wave
(MMW) RF integrated circuits and devices, the use of MIMO
techniques at frequencies as high as 60 GHz band has become
very feasible as it satisfies the high bandwidth requirement of
the emerging 5G wireless cellular networks and the associ-
ated advances in the Internet-of-Things (IoT) [1]-[3]. Given
the rising channel capacity requirement for 5G, which is
about 20 Gbps as proposed by the ITU [4], the most promising
technique is to combine both the high bandwidth available
at MMW bands, and the channel throughput improvement
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achieved by exploiting the spatial degrees of freedom [5] to
satisfy this soaring demand for data rate.

However, the mutual coupling MC between MIMO anten-
nas at the 60 GHz band is found to be very significant
and it deteriorates antennas’ and propagation channel perfor-
mance including array radiation pattern, side lobe level, gain,
impedance matching of the radiating elements, and channel
capacity [6]-[8].

In some applications, it is strictly required to have a MC
level as low as —40 dB. In fact, in MIMO systems, it is
required to keep low envelope correlation coefficient by
keeping high isolation levels between radiating elements [9].
Therefore, isolation between antenna elements must be
considered during the design stage of multiple antenna
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systems (MIMO), as this is crucial for reaching antenna-
diversity schemes. In [10], [11] it was shown that the mutual
coupling increases the channel correlation and reduces the
radiation efficiency of the diversity antenna solution. There-
fore, in order to obtain high diversity gain, the correlation
between antenna ports must be minimized [12]. Moreover,
driven by the recent deployment of 5G wireless systems,
massive MIMO is considered as one of most promising
technologies since it has shown over ten times channel
capacity increase than a conventional MIMO system under
realistic propagation scenarios. However, compact MIMO
antennas are recommended in mobile terminals as well as
in base stations (BS). Because of the close proximity of
antenna elements, electromagnetic mutual coupling becomes
inevitable [13]. The mutual coupling tends to alter the input
impedance, reflection coefficients, and radiation patterns of
the array elements. Thus, it is important to develop mutual
coupling mitigation techniques from the antenna point of
view.

Recently, several approaches have been reported to reduce
MC effects and improve the isolation between radiat-
ing elements, such as slotted ground plane [14], [15],
substrate integrated waveguides [16], frequency selective
surfaces [11], [17], meta-materials [6], parasitic ele-
ments [18], neutralization lines [19], and Electromagnetic
band-gap structures (EBG) [20].

Electromagnetic band-gap (EBG) structures are among the
most used ways due its effectiveness and fabrication easiness.
Mostly, EBG structures, when applied in MIMO antennas,
are able to suppress surface waves by introducing frequency
band-gaps where EM propagation is not allowed. For exam-
ple, in [21], mushroom like EBG structure is incorporated in
a 60 GHz dielectric resonator antenna to efficiently suppress
surface waves from propagating by introducing an isolating
bandgap over the suggested bandwidth. However, the pres-
ence of via holes and connections at MMW bands places
severe constraints on the fabrication process and limits the
potential applicability at these bands. Therefore, uni-planar
EBG structures [22], [23], are more applicable and feasible
at MMW bands. However, these structures (EBGs) are not
efficient enough to suppress other main sources of MC, where
its contribution to the isolation level is usually limited to
surface wave suppression [21].

Consequently, hybrid isolation technique seems to be the
best candidate to overcome other sources of MC. However,
there is a paucity of research studies on hybrid isolators.
In [24], a hybrid isolator composed of Mushroom EBG and
two metallic chokes to reduce the mutual coupling between
two patch antennas operating at 9.4 GHz, and an isolation
improvement of about 13 dB was achieved.

In [25], a hybrid isolator is proposed to reduce mutual cou-
pling between two microstrip antennas operating at 5.8 GHz.
The hybrid isolator is realized by a metallic wall combined
with two open-ended slots, and an isolation level of around
—20 dB is achieved. Another hybrid approach to reduce
MC is reported in [17], which involves frequency selective
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surface wall and two etched slots in the ground plane. Around
—30 dB isolation level between two dielectric resonator (DR)
antennas operating at the 60 GHz is achieved. In [7],
the isolation level between two 60 GHz DR antennas varies
between —30 dB to —47 dB. This is achieved by incorporat-
ing a metasurface comprising split ring resonators between
DR elements.

In fact, the aforementioned hybrid isolators support the
propagation of electric currents due to the existence of metal-
lic structures. These currents affect the isolation level when
coupled from one antenna to the other, hence, this affects
MIMO antennas’ radiation characteristics.

The scarcity of practical investigations on MC reduction
at MMW bands can be mainly attributed to two reasons:
First, the fabrication complexity and tolerance caused by the
small physical spacing between the radiating elements, and
therefore, the demand of a compact and easy-to-fabricate
EBG structure to fit within the radiating elements becomes
very challenging. Second, the wide bandwidths associated
with MMW bands require isolators that work efficiently
over a wide frequency bandwidth. Considering these factors
and what other researchers achieved, this paper presents,
an efficient hybrid isolator based on a combination of two
isolation techniques by compacting uni planar EBG structure
and a choke absorber. The design and miniaturization of the
proposed EBG unit-cell is based on the stepped impedance
resonator (SIR) technique [26]. The EBG miniaturization
process is systematic and tunable to different frequency
bands. Therefore, the main sources of MC can be controlled
and considerably reduced without affecting the radiation
characteristics by incorporating the proposed hybrid structure
in MIMO antenna systems.

This paper is organized as follows. In section II, the theory
and design considerations of the proposed hybrid isolator,
which includes both an SIR-based miniaturized EBG struc-
ture and a choke absorber are presented. The MIMO antenna
configuration considered in the design is also described in this
section. Section III, presents an experimental validation of the
proposed hybrid isolator in reducing the mutual coupling in
MIMO antenna structure. Finally, the conclusion is drawn in
Section I'V.

Il. PROPOSED HYBRID STRUCTURE

The MC level, in MIMO systems, depends mainly on the
spacing between the radiating elements, the geometry and
physical parameters of the antenna elements [11], [16], [17].
In planar antennas with common ground plane, the main
sources of MC are surface waves propagating along the
dielectric/air interface, space waves interacting in the near
field region of the MIMO and hence increase coupling
between different antenna elements and creeping waves prop-
agating along the ground plane. Despite the no controlling of
the creeping waves, both surface and space waves could be
deliberately controlled to keep the MC under the desired level
using the EBG unit-cell and the MMW choke absorber that
are described in what follows.
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FIGURE 1. (a) Conventional EBG unit-cell and (b) its equivalent SIR
configuration.

A. PROPOSED EBG UNIT-CELL

The proposed EBG unit-cell is designed and miniaturized
based on the SIR technique. SIR technique is based on alter-
nating sections of high and low characteristic impedance
lines [26]. Due to their ease of design and compactness, SIR’s
are widely used in some applications where compactness is
required.

The design procedure starts with a conventional uni-planar
EBG unit cell, which will be referred to as ‘‘conventional
EBG unit-cell” throughout this work, which consists of a
single rectangular patch [22], as shown in FIGURE 1(a). The
SIR equivalent of the conventional EBG unit-cell is shown
in FIGURE 1(b), which will be referred to as *“proposed
EBG unit-cell” throughout this work is generated from the
conventional unit cell with a miniaturization factor using the
SIR technique. In order to have the conventional EBG unit-
cell electrically equivalent to the proposed EBG unit-cell,
the ABCD matrix of the conventional EBG unit-cell [26],
must be equal to the product of the ABDC matrices of the
Hi-Z, Low-Z, Hi-Z of the SIR EBG unit-cell, i.e.,

cosf, JjZ,sinb,
jZ_U sinb, cosf,
cosoy JZnsiny cosb; JjZ;sinb;
= 1 1
Jj Z—hsineh cost, Jj Zsin@; cosH;
cosOy JZnsiny
1 ()
J—sinb, coso
Zp

matrix multiplications and rearrangement yield:

cos0, (1 — KZ%tan? (Oh)) + %sin@o (1 + K2) tant,
1 + K2%tan? (6y)

cost; =
2
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FIGURE 2. Layout of (a) conventional uni-planar EBG unit-cell and

(b) proposed EBG unit-cell. The parameter values (all in millimeters) are:
£1=2.2,wl =0.16, £2 = 1.2, w2 = 0.12, {3 = 0.31, ¢4 = 0.40, {5 = 0.31,
and ¢6 = 0.05.

where
Zp Zp
0=p1, K = tanb;tanb,=— and M =tanb,tanf, = —
Z; Z,
The miniaturization factor [27], is given by:
20, + 6;
— 3
Bo

Therefore, by choosing the proper values of the line
impedances Zh and Z¢£ and the electrical lengths ®h and ©¢,
it can be shown that both configurations can have the same
ABCD matrices with a miniaturization factor that depends
on the values of ®@h and ©¢. However, the physical dimen-
sions of the proposed EBG unit-cell are less than that of the
conventional one.

The parameters’ values of the proposed EBG unit-cell were
chosen based on equations (1 —3) and further optimized using
CST simulator [28].

FIGURE 2 shows a layout of the conventional and pro-
posed EBG unit-cells. Both the conventional and proposed
EBG structures were printed on the top of a 0.25 mm thick
ROGERS RO3006 substrate.

The proposed EBG unit-cell consists of three rectangular
patches connected through narrow metallic branches in the
vertical direction. Both conventional and proposed unit-cells
are connected to adjacent cells through connecting bridges in
both directions.

Using equations (1-3), the calculated miniaturization factor
for the proposed EBG unit-cell is 0.79. The physical areas of
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the conventional and proposed EBG unit-cells are 2.64 mm?>
and 1.92 mm?, respectively, with a miniaturization factor
of 0.73. Both miniaturization factors are well matched with
each other.

FIGURE 3 shows the simulated transmission coefficients
of the proposed and conventional EBG unit-cells. Simulations
were carried out using CST simulator. It is apparent that both
conventional and proposed EBG unit-cells have similar trans-
mission coefficients. Both unit-cells have a bandgap around
the 60 GHz frequency band, with a transmission coefficient
of less than —50 dB. This indeed confirms the validity of the
SIR technique in generating a maniturazized EBG unit-cell
from a conventional one without degrading the performance.

FIGURE 3. Simulated transmission coefficients of the proposed and
conventional EBG structures.

In order to further examine the transmission characteristics
of the proposed EBG unit-cell, the dispersion diagram is
calculated using CST software.

The dispersion diagram of any EBG unit-cell usually
shows the propagating modes versus the wave number over
the irreducible Brillouin zone (the I'-X-M region shown
inside the red triangle shown in FIGURE 4) for different
phases. The irreducible Brillouin zone is defined as the min-
imum area required to construct the EBG unit-cell [29].

Since the proposed EBG unit-cell is asymmetric along the
irreducible Brillouin zone, one can expect different bandgaps
for the different I'-X, X-M, and M- I directions. However,
only guided modes propagating through the proposed EBG
unit-cell along the I'-X will be examined in the next section.
These modes can be determined by varying the phase dif-
ference along the I'-X direction from 0 to pi radians, while
keeping the phase difference along the X-M direction at a
constant value of O radians. This results in a region above the
light line, in which no EM wave propagation is allowed.

FIGURE 4 shows the dispersion diagram of the proposed
EBG unit-cell. The figure shows the first two propagating
modes (solid and dotted lines, respectively). The two vertical
lines represent the light line. Results show a bandgap between
the first two propagating modes for different wave numbers
along the I'-X direction and in the region above the light
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line. The proposed EBG has a bandgap from 56.8 GHz to
66.6 GHz, with a gap to mid-gap ratio of 14.8% over the
I'-X direction. This agrees well with the results previously
highlighted in FIGURE 3. Over this frequency band, elec-
tromagnetic waves with different phases are prohibited from
propagating along this direction.

FIGURE 4. Dispersion diagram of the proposed EBG unit-cell.

B. MMW CHOKE ABSORBER

The 0.5 mm thick MS—760KW absorber from Epoch
Microelectronics [30], which is used in the hybrid struc-
ture, is shown in FIGURE 5(a). This absorber is designed
using silicone gel binder. The filler particle composition
in the absorber yields suppression of unwanted EM energy
coupling and surface currents. In addition, it provides
consistent performance due to temperature stability. The
attenuation performance of the MS—760KW absorber is
shown in FIGURE 5(b). As shown, the selected absorber has
an attenuation performance of less than —20 dB around the
60 GHz band.

The purpose of the absorber is to reduce coupling between
higher order modes in the reactive near-field region between
the two Dielectric Resonator antennas (DR) of the MIMO
configuration described in the next section.

C. MIMO ANTENNA CONFIGURATION

The layout of the MIMO antenna is shown in FIGURE 6.
It consists of two identical aperture-coupled DR antennas
mounted on the top of 0.25 mm thick ROGERS 3006 sub-
strate. The spacing between the antenna elements is half of
the free space wavelength at 60 GHz which corresponds to
2.5 mm. The diameter and height of the DR antenna are
1.06 mm and 1.27 mm, respectively. The DR antennas are
fed by two identical 50 € microstrip lines of 0.36 mm width,
each. The microstrip lines are printed on a 0.25 mm thick
ROGERS 3006 substrate. The energy is coupled to the DR
antennas through two identical slots etched in the ground
plane.
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(a)

(b)

FIGURE 5. (a) The MS-760KW absorber and (b) the absorption
performance (as taken from the data sheet).

FIGURE 6. Layout of the DR antennas: Perspective view (top) and side
view (bottom).

Slot-coupling has the advantage of isolating the microstrip
feedline from the DR antennas. However, at MMW bands,
the dimensions of the feed line are comparable to those of
the radiating elements [7]. The slot has a length and width
of 0.87 mm and 0.18 mm, respectively.

Five periods of the proposed EBG structure were
interposed between the two radiating elements. Finally,
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(a)

(b)

FIGURE 7. (a) The fabricated symmetric microstrip line structure and
(b) the reference structure.

1.0 ~ 1.1 mm high and 0.5 mm thick choke absorber was
vertically added and mounted between these two radiating
elements.

IIl. VALIDATION AND EXPERIMNETAL RESULTS

A. MEASURED TRANSMISSION COEFFICIENT FOR THE
EBG UNIT-CELL

The transmission coefficient of the proposed EBG unit-
cell was measured using the symmetric microstrip line
technique [21], for the fabricated EBG unit-cell shown
in FIGURE 7(a).

In the microstrip line technique, a lattice of the pro-
posed EBG is inserted between two open ended, symmetric
50 € microstrip lines of width 0.36 mm printed on the top
of 0.25 mm thick ROGERS RO3006 substrate. Electromag-
netic waves are launched by the first microstrip line, and
detected by the second microstrip line. The transmission
coefficient is then measured and compared to the transmis-
sion coefficient measured for a reference structure, which
includes two identical open ended microstrip lines but with
the absence of any EBG lattice in the middle, as shown
in FIGURE 7(b). Consequently, the attenuation due to the
conductor and dielectric losses will be the same in both
structures, and hence, any difference in the transmission
characteristics will be solely attributed to the EBG structure.
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The microstrip line technique reduces the influence of para-
sitic modes and as a single-layer technique, it has the advan-
tage of ease of fabrication as compared to the two layers
suspended microstrip line technique [31].

FIGURE 8(a) shows a microscopic photo of the fabricated
EBG structure used in the measurements. Measured and sim-
ulated transmission coefficients of the proposed EBG struc-
ture are shown in FIGURE 8(b). The measured and simulated
transmission coefficients ties very well. The VNA used for
this measurement goes up to 65 GHz hence, measured results
stop at 65 GHz.

(a)

(b)

FIGURE 8. (a) Fabricated EBG unit-cell and (b) measured and simulated
transmission coefficients of the proposed EBG structures.

B. EXPERIMENTAL RESULTS FOR THE FABRICATED MIMO
In order to demonstrate the ability and performance of
the proposed hybrid isolator, three MIMO antenna proto-
types were fabricated and tested as shown in FIGURE 9.
The three fabricated prototypes are: the reference MIMO
antenna without EBG structure or choke absorber shown in
FIGURE 9(a), the MIMO antenna with EBG structure shown
in FIGURE 9(b), and the hybrid MIMO antenna with both
EBG structure and choke absorber shown in FIGURE 9(c).
The choke absorber was rubbed against a piece of sand paper
to elaborate the required height and thickness.

The absorber choke is mainly used to mitigate the EM
interactions caused by the space waves [26]. On the other
hand, the EBG structure is presented to improve the isolation
level through controlling surface-waves propagation [21].
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(a)

(b)

(c)

FIGURE 9. Photos for the fabricated antenna array prototypes:

(a) reference DR antennas, (b) DR antennas with EBG structure, and
(c) DR antennas with the proposed hybrid isolator (EBG structure and
choke absorber).

Therefore, by combining both isolation techniques, sources
of MC could considerably be controlled and reduced.
FIGURE 10 exhibits the measured transmission coef-
ficient for all prototypes shown in FIGURE 9. The
MIMO antenna prototype with EBG structure yields around
5 to 13 dB isolation improvement over the reference
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FIGURE 10. Measured transmission coefficients of the reference, EBG,
and hybrid MIMO antenna prototypes.

MIMO antenna prototype. The average reduction, as com-
pared to the reference prototype results, is close to 10 dB in
a quit broad frequency band (54 GHz-65 GHz). On the other
hand, the hybrid MIMO antenna has an isolation enhance-
ment of about 25 dB over the reference MIMO antenna, and
about 10 dB over the MIMO antenna prototype with EBG
only. The choke absorber is located in the reactive near-filed
region of the radiating elements. In this region, a strong cou-
pling exists due to the higher order modes (evanescent modes)
and the interaction between surface currents. This justifies
the significant isolation level improvement once the choke
absorber is incorporated. Table 1 summarizes the results.

TABLE 1. Summary of the transmission coefficients for different isolation
techniques.

Isolation Technique Average Mutual-coupling level
reduction
Reference Array( no isolation) 16 dB
EBG Isolator 21-29 dB
Proposed Hybrid Isolator 30-40 dB

FIGURE 11 shows the measured reflection coefficients
of the three MIMO antenna prototypes. The three MIMO
antenna prototypes are well matched over the desired fre-
quency bandwidth (S;; < —10 dB). However, the presence
of the EBG structures in both: MIMO antenna prototype with
EBG and the hybrid antenna prototype, negatively affect the
impedance matching level. In fact, EBGs are resonant struc-
tures, which have high equivalent impedance at resonance,
therefore, when placed close to the DR antenna elements,
they alter the input impedance of the antenna structure and
consequently, impacts the impedance matching.

An electrically-long microstrip feed-lines are needed
to accommodate the connectors. This tends to decrease
the radiation efficiency of the MIMO prototype.

58472

FIGURE 11. Measured reflection coefficients of the reference, EBG, and
hybrid MIMO antenna prototypes.

FIGURE 12. Normalized H-plane (¢ = 0°) radiation patterns of DR
antenna element for different isolation techniques.

The calculated-from-measured radiation efficiency of the
hybrid MIMO antenna prototype is 69%, at 60 GHz.
FIGURES 12 and 13 show the normalized measured
H- and E- plane radiation patterns at 60 GHz for a sin-
gle DR antenna element for different isolation techniques,
respectively. The measurements were carried out with one
microstrip feed line which is excited while the other
microstrip feed line is terminated with a matched load. It can
be observed from FIGURE 12 that the H-plane radiation
patterns experienced some changes when the EBG isolator
and the hybrid isolator are used. The H-plane radiation pattern
for the EBG MIMO has around 5 dB reduction along the
substrate edges (90° and 270°) as compared to the reference
one. This is due to the ability of the EBG structure to block
surface wave propagation. On the other hand, the main peak
direction in the H-plane is tilted by about 30° from the broad-
side direction for the hybrid MIMO prototype. This is resulted
from the presence of the choke absorber. The front to back
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FIGURE 13. Normalized E-plane (¢ = 00) radiation patterns of DR
antenna element for different isolation techniques.

ratio is improved for the EBG MIMO and the Hybrid MIMO
due to the reduction of the edge scattering effect. As for the
E-plane patterns, it is evident that all E-plane pattern have
their maximum radiation level in the broadside direction.

The gain of the reference and hybrid MIMO antenna pro-
totypes is calculated from the gain of a single DR element
and using the antennas theory. The calculated gain value
(from measured patterns) of the hybrid MIMO prototype
is 8.1 dBi at 60 GHz with 1.9 dBi enhancement over the
reference MIMO antenna. In addition, the back radiation is
noticeably reduced.

The E-plane radiation patterns of the MIMO antenna with
EBG and hybrid MIMO antenna are narrower than that of the
references MIMO antenna. In fact, the existence of the EBG
structure reduces edge diffraction and minimizes backward
radiation.

IV. CONCLUSIONS

In this paper, new EBG unit-cell and hybrid isolator operating
at the 60 GHz band have been proposed and investigated.
The new EBG unit-cell is realized by miniaturized a uni-
planar EBG structure. The EBG structure is miniaturized
based on the stepped impedance resonator technique. The
miniaturization process is systematic and tunable to different
frequency bands hence, it can be used by other researchers
to design EBG unit-cells. The transmission characteristics of
the proposed EBG structure show a wide bandgap around the
60 GHz frequency band as compared to a reference model
that does not include the proposed EBG unit-cell. The EBG
unit cell was tested in a MIMO antenna, which comprises
of two DR antenna elements, and has shown its effective-
ness in reducing the unwanted mutual coupling between the
MIMO elements. The hybrid isolator is then incorporated
by adding a choke absorber to the EBG unit cell to further
reduce the mutual coupling between closely-spaced dielectric
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resonator MIMO antenna systems. Experimental results show
the potential and capability of this hybrid isolator in reducing
the MC level and enhancing the isolation. This efficient iso-
lator is expected to be very useful for massive MIMO for 5G
wireless communication systems.
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