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Abstract: This paper proposes a full-duplex (FD) antenna design with passive self-interference (SI)
suppression for the 28 GHz mmWave band. The reduction in SI is achieved through the design
of a novel configuration of stacked Electromagnetic Band Gap structures (EBGs), which create a
high impedance path to travelling electromagnetic waves between the transmit and receive antenna
elements. The EBG is composed of stacked patches on layers 1 and 2 of a four-layer stack-up
configuration. We present the design, optimization, and prototyping of unit antenna elements,
stacked EBGs, and integration of stacked EBGs with antenna elements. We also evaluate the design
through both HFSS (High Frequency Structure Simulator) and over-the-air measurements in an
anechoic chamber. Through extensive evaluations, we show that (i) compared to an architecture that
does not use EBGs, the proposed novel stacked EBG design provides an average of 25 dB of additional
reduction in SI over 1 GHz of bandwidth, (ii) unit antenna element has over 1 GHz of bandwidth
at —10 dB return loss, and (iii) HFSS simulations show close correlation with actual measurement
results; however, measured results could still be several dB lower or higher than predicted simulation
results. For example, the gap between simulated and measured antenna gains is less than 1 dB for
26-28 GHz and 28.5-30 GHz frequencies, but almost 3 dB for 28-28.5 GHz frequency band.

Keywords: stacked electromagnetic band gap structures; port-to-port isolation; ansys high-frequency
structure simulator; mmWave full-duplex

1. Introduction

The scarcity of spectrum in the conventional sub-6 GHz bands coupled with increasing
demand for wireless capacity has pushed the wireless industry to deploy next generation
cellular and WiFi devices over mmWave bands. For example, in the United States Verizon
holds the majority of the spectrum in the 28 GHz frequency band and leverages channels
with wide bandwidths to increase the wireless capacity. However, mobile data traffic
continues to grow considerably every year. For example, Ericsson predicts that average
mobile data usage per smartphone is set to rise from 21 GB in 2023 to 56 GB in 2029,
and total mobile data traffic is estimated to grow by a factor of around 3 between 2023 and
2029 [1]. It is therefore imperative to seek solutions that can further increase the spectral
efficiency of mmWave wireless networks.

At the same time, full-duplex (FD) wireless has recently emerged as a new technology
that can double the spectral efficiency of next generation wireless networks. A radio with
FD functionality can transmit and receive wireless signals at the same time and on the same
frequency band. The key challenge to FD is self-interference (SI), in which the transmit
(Tx) antenna on the wireless device causes significant interference to its own receive (Rx)
antenna. Initial FD radio designs and prototypes were presented in 2010 [2—4] and proved
the feasibility of building FD radios. Since then, the community has proposed many FD
radio designs with different tradeoffs in terms of SI cancellation level, cost, and scalability
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to MIMO, among others (for a survey, refer to [5]). However, the majority of these designs
are specific to traditional sub-6 GHz wireless networks.

Our goal in this paper is to study the potential for FD in mmWave wireless devices.
Specifically, we focus on antenna design as an avenue to not only optimize the radiation
pattern but also to reduce SI. Specifically, we propose using separate Tx and Rx antenna
elements and embedding a High Impedance Surface novel Stacked Electromagnetic Band
Gap (HIS-nSEBG) structure in between them to reduce SI. Our key contributions can be
summarized as follows:

*  Design: We present the design steps for a unit patch antenna, stacked EBG, and inte-
gration of stacked EBGs in between the antennas. We discuss the theoretical modelling
of a band gap as an LC circuit and discuss how different components of EBG con-
tribute to the inductance (L) and capacitance (C) behaviors of the LC circuit. We then
refine the initial design with extensive HFSS (High Frequency Structure Simulator)
simulations to provide a desirable balance between different objectives, such as return
loss, frequency bandwidth, SI reduction, and antenna gain.

¢ Evaluation: We conduct extensive evaluations of our designs through both HFSS
simulations and measurements of a prototype. Specifically, we conduct extensive over-
the-air measurements of our antennas both inside and outside an anechoic chamber.
Our results showed close correlation between simulations and real-world measure-
ments with small deviations resulting from the manufacturing and measurement
processes, e.g., we see an average of 2 dB difference in SI reduction prediction between
simulation and measurement. However, the gaps can sometimes be large (e.g., more
than 10 dB in return loss prediction) at lower and higher frequencies in the case of
frequency bandwidth (return loss) plots. Further we show that the proposed design
compared to not using EBGs provides more than 25 dB of additional reduction in SI
over a 1 GHz of bandwidth.

The rest of this paper is organized as follows. We describe the related work and
background on FD wireless and EBGs in Section 2. Next, we design a unit element patch
antenna and characterize its return loss, antenna gain, and frequency bandwidth through
Ansys HFSS [6] simulations and measurements in an anechoic chamber in Section 3. We
discuss the design of our HIS-nSEBG and how to integrate them between Tx and Rx patch
antennas in Sections 4 and 5, respectively. We characterize the overall antenna performance,
including port-to-port isolation (i.e., SI reduction) in Section 6. Finally, we conclude the
paper in Section 7.

2. Related Work

In this section, we provide a brief background to FD wireless radio design and EBGs.
We also discuss some of the related work in these areas.

2.1. Full-Duplex Radio Design

Consider a small handheld device or a femto cell with 20 dBm transmission power
and noise floor around —93 dBm. To enable FD, one would need to cancel 20 + 93 =113 dB
of SI. This large amount of SI can be removed over multiple stages, namely antenna,
analog, and digital cancellation. Figure 1 depicts how different SI cancellation blocks can
be incorporated in the design of a typical radio to enable FD.

Antenna cancellation is primarily a passive SI cancellation technique that arranges Tx
and Rx antennas and/or uses RF elements such as reflectors, absorbers, frequency selective
surface structures, or EBGs to reduce SI (The proposed antenna system in this paper as well
as the majority of the related work in antenna cancellation would not by themselves impact
the power consumption, as they are only passive techniques. However, FD operation
would activate both transmit and receive paths (RF chains) of the radio, which entail active
elements and draw power. This increase in power consumption, however, comes at the
benefit of a higher system capacity (i.e., bi-directional communication)). A common strategy
here is to use separate Tx and Rx antennas to benefit from path loss and then use other
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methods (e.g., extra antennas) for additive SI gains [3,4,7-12]. Similarly, the work in [13]
uses a defected ground structure (DGS) in the ground plane and an MT-30 absorber on top
of the array to achieve a high isolation. In another work [14], a 16 dB isolation was achieved
by developing a diamond shaped decoupling network with two inverted-F antennas.
In [15], a decoupling structure has been introduced that employs a parasitic element to
emit orthogonal polarized fields to nullify the coupling field around an Rx antenna in a
collinear FD dipole array, bringing the total isolation to 50 dB. Furthermore, other literature
has explored the use of cross-polarization between transmitting and receiving antenna
elements. For example, refs. [16,17] have demonstrated that up to 10 dB of isolation can be
achieved with cross polarization. Cross polarization can be combined with other antenna
cancellation techniques for additive/additional SI reduction gains.

Analog cancellation is an active cancellation technique that requires knowledge of
the SI channel to create a copy of the SI signal in the RF domain and cancel it before the
signal is digitized [2,18,19]. Digital Cancellation is another active cancellation technique
that requires knowledge of the SI channel to recreate digital samples of the transmitted
signal in the digital domain and subtract them from received samples to remove remaining
SI that cannot be removed through antenna and analog cancellation [2].

\Vd \V 4
Antenna
Cancellation
Analog :l
Cancellation RF Analog
RF Analog

Baseband =» RF

RF = Baseband

Digital
Cancellation

[

Receiver Transmitter

Figure 1. In an FD radio, SI is cancelled over multiple stages, including antenna, analog, and digital
cancellation. Antenna cancellation refers to a plurality of techniques, including use of RF absorbers,
reflectors, EBGs, or even additional antennas to reduce SI in the antenna domain.

The majority of the related work in FD radio design is specific to sub-6 GHz radios,
with mmWave FD only recently gaining popularity. For example, in [20], the authors
develop mmWave circulators to reduce SI. In mmWave systems antenna sizes are very
small relative to their wavelength. Thus, one can use separate Tx and Rx antennas for even
higher reduction in SI due to over-the-air path loss. Other work has built a custom IC that
achieves high bandwidth analog cancellation at mmWave frequencies [21]. Our work can
be integrated with this design for further reduction in SI.

2.2. Electromagnetic Band Gaps

An electromagnetic band gap (EBG) is a phenomenon in which certain materials or
structures exhibit a range of frequencies within which electromagnetic waves are prohibited
from propagating. Essentially, it creates a band of frequencies where electromagnetic waves,
such as radio waves or microwaves, cannot travel through the material or structure. EBGs
are typically engineered using periodic structures, such as arrays of conducting elements
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or dielectric materials arranged in a specific pattern. These structures interfere with the
propagation of electromagnetic waves by creating constructive and destructive interference
patterns, resulting in band gaps where waves are forbidden to propagate. EBGs have
gained widespreadd use in a a variety of applications such as antenna design, microstrip
circuits, metamaterials, and photonic crystals, among others [22-24]. A useful list of EBG
applications for antenna engineering is given in [25].

EBGs have been used in the related work to reduce mutual coupling. For example,
in [23] EBGs have been used to provide an isolation of 14 dB in 28 GHz band as compared to
non-EBG design. Further, additional reduction in coupling is achieved by placing hair-pin
DGS on the ground plane, resulting in maximum isolation of 48 dB [24]. Our design pro-
vides a higher level of peak isolation with a more compact design (smaller periodicity/size).
In other work [26,27], EBGs have been used to simultaneously miniaturize the antennas
and reduce the mutual coupling in Sub-6 GHz frequency bands. Similarly, [28] proposed a
compact EBG design at 60 GHz and showed that (i) the design has a maximum of 30 dB
reduction in mutual coupling with 200 MHz isolation bandwidth, and (ii) the size of the
proposed EBG unit cell structure is 78% less than the conventional uniplanar EBG and 72%
less than the uniplanar-compact EBG (UC-EBG) operating at same frequency [29]. It is
also claimed that the proposed EBG has 12% more size reduction than any other planar
EBG structures at microwave frequencies. Our HIS-nEBG design achieves more than 72 dB
reduction in mutual coupling with 1 GHz of isolation bandwidth and with the same EBG
size. Further, ref. [30] used a combination of EBGs and choke structure to improve the Tx
and Rx isolation of X-band large antenna arrays by 30 dB within a 3% bandwidth in the
radar operation band. The achieved isolation and its associated bandwidth are due to a
combination of using thicker substrate material and choke structures. However, the period-
icity and shape of the EBG is large compared to the wavelength, which makes it undesirable
for mutual coupling reduction in a compact design. Our proposed HIS-nEBG achieve a
compact size through the use of stacked slotted patches, and also achieves a higher mutual
coupling isolation. Note that this is the first time a stacked EBG with slotted patch has been
designed and implemented for Tx-Rx isolation at 28 GHz band with a periodicity (size)
simmilar to that of an EBG in 60 GHz band [28]. In our prior work [31,32], we discussed
preliminary EBG-based antenna designs to reduce SI and evaluated their performance
through simulations. In this work, we further optimize our antenna and EBG designs to
provide more Sl isolation and better antenna performance. It is important to note that our
prior work [31] uses a combination of a novel VicCross EBG and a defected ground structure
on the ground plane to achieve higher antenna-to-antenna isolation. In our current design,
a stacked novel type EBG with slotted patch was employed to achieve a much higher
peak isolation and bandwidth. Moreover, we prototyped our designs and evaluated their
performance through over-the-air measurements in addition to HFSS-based simulations.

3. Unit Antenna Element Design and Characterization

In this section, we discuss the design and performance evaluation of a unit antenna
element composed of a rectangular patch. Later in Section 5, we use two copies of this
unit antenna element to create separate Tx and Rx antennas on a single wireless device
(substrate PCB) and will embed HIS-nEBG structure in between the two antennas elements
to reduce SI. The choice to have two separate Tx and Rx antennas is due to the following
reasons: (i) antenna separation itself provides more than 30 dB reduction in SI, as we
show through lab-measured data in Section 6, and (ii) smaller wavelengths associated with
mmWave bands allow us to pack many antennas on the same wireless device, which in
turn allows us to use this degree of freedom for SI cancellation.

3.1. Design of the Rectangular Patch Antenna

We consider an edge-fed rectangular patch antenna in our design due to its ease of
fabrication in mmWave bands, ease of integration into circuits and systems (as well as in our
overall FD design), and its simple feed line technique (These advantages come at the cost of
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lower antenna gains, narrower bandwidth, and excitation of surface waves). Our design is
focused on 28 GHz frequency band, which is used for 5G cellular mmWave communication.
Figure 2 (top right) shows the 3D view of the rectangular patch antenna design on
a four-layer stack-up structure. The top layer of stack-up is used for a rectangular patch
antenna implementation and pad contact for a 2.92 mm RF connector connection, as shown
in Figure 2 (top left). The second layer (L2) is used as a ground (GND) reference plane for the
patch antenna lead-in trace. A rectangular void structure on L2 is created under the patch
antenna for improved antenna efficiency. A similar rectangular void structure is created
on the third layer (L3) to further improve the antenna performance. A solid GND layer is
defined at the bottom layer as GND reference, which also has mechanical connection for RF
connector assembly. Four mechanical non-Plated (NP) holes are added to the PCB design to
allow for mechanical support of the Antenna Under Test (AUT) during 3D radiation pattern
measurements, as we will discuss later in this section. Rogers RT-Duroid laminate RO4350B
(Temperature variations can cause variations in the measured performance metrics. Our
selected Rogers material has a low coefficient of thermal expansion and high glass transition
temperature to minimize such impacts) and RO4450F pre-preg (Pre-preg is a composite
material made from “pre-impregnated” fibers and a partially cured polymer matrix, such
as epoxy or phenolic resin, or even thermoplastic mixed with liquid rubbers or resins [33])
materials with a permittivity (Er) of 3.66 and a loss tangent (tand) of 0.0037 are used for the
stack-up construction, as depicted in Figure 2 (bottom). The laminate utilizes both 1080 and
1674 glass type weave for controlled impedance and lower resin contents. Inner and outer
copper layers are chosen to have 1 oz/ft? (0.035 mm thickness) with core and pre-preg
thicknesses of 0.254 mm and 0.02 mm, respectively, which leads to a stack-up thickness of
0.85 mm, an optimal thickness required for the chosen 2.92 mm RF connector assembly.

Connector

. T -
p il R
. . . ‘;V_;-M . . /’/ \\
//// = Signal Pl.l:‘d.-,- Radiation Box PR
({@/ " Patch anteng \/’/ =
U 4 - g T
2.92mm _.| S/ / 4 /

Megchanical hole
C

L e T e e e e ] | |‘|[ | e B Em— [ e T R R L ] ?op Layer

Second Layer
RO4350B~ ~VIA™
Third Layer

Bottom Layer

Figure 2. Top Left: Zoomed-in 3D model of the unit antenna showing mechanical holes and
connector. Top Right: Unit antenna in radiation box. Bottom: Stack-up with material property and
layers. Bottom and second layers are used as GND.

The overall dimension of the AUT PCB design, i.e., Length x Width x Height is
designed to be 100 mm x 45 mm X 0.85 mm to allow for radiation pattern measurements
using a modular millimeter wave anechoic chamber. The modularity of the millimeter
wave anechoic chamber is defined by modular cavity sizes to capture far-field radiation
energy at millimeter wave frequencies. The RF connector used in the design is a 50 Q)
end launch female 2.92 mm connector with a maximum operating frequency of 40 GHz.
A 15 mm microstrip transmission line is used to feed the antenna.
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In the design of the patch antenna, the standard antenna equations from [31] guided
our initial patch antenna length and width dimensions. Ansys HFSS was then used to
optimize for the frequency bandwidth and radiation pattern gain.

3.2. Unit Antenna Characterization

In this section, we discuss the performance characterization of the fabricated unit
antenna element in terms of frequency bandwidth, radiation pattern, and antenna gain. In
addition to lab-based measurement data, we also present HESS [6]-based simulation data
to compare and correlate the two data sets.

Figure 3 shows the lab setup for the unit antenna performance characterization using a
two port Anritsu [34] Vector Network Analyzer (VNA). A 2.4 mm cable is connected to the
antenna under test (AUT) via a 2.92 M (Male) to 2.4 F (Female) adapter. VNA calibration
was conducted to the shift reference measurement plane to the RF cable connector end point,
including the adapter. The calibration was conducted to allow electrical characteristics of
the AUT along with its RF connector to be captured without artifacts or parasites from the
measured environment and correctly conduct comparisons with the data obtained through
HFSS simulations.

2-Port VNA

PCB with
mechanical hole

2.92mm
connector

Edge-fed
transmission
line

. RF Cable
Y Antenna under
Rectangular microstrip Test

:patch antenna ;

~SE

——

Figure 3. Frequency bandwidth and return loss measurement setup for the AUT. Left: Unit antenna
on Printed Circuit Board (PCB) and its connector. The connector is attached to a 2.92 mm RF adapter,
which is then connected to the VNA through a blue RF cable. Right: Unit antenna lab measurement
setup. The Anritsu 2-port VNA is connected to the AUT via a blue RF cable.

Figure 4 shows the measured and simulated return loss plots for the unit antenna as a
function of frequency. At a desirable return loss of —10 dB or lower [23], measured band-
width for the unit antenna is 1.2 GHz (27.6-28.8 GHz), resulting in a fractional bandwidth
of 4.3%, which satisfies the desired bandwidth for Gbps speed mmWave communication
at 28 GHz frequency. We also observe that simulation results have high correlation with
the measurement results. However, the gaps can sometimes be large (more than 10 dB) at
lower and higher frequencies.

In Figure 4, the bottom plot shows the voltage standing wave ratio (VSWR) of the
antenna. At the desired 28 GHz frequency, the VSWR value is 0.4:1. This indicates a higher
transmitted power, which also translates to a higher efficiency antenna.
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Figure 4. Top: S-parameter plots (|S11]) showing simulated (red) and measured return loss (blue).
Bottom: VSWR Plots. The measured —10 dB bandwidth is 1.2 GHz (from 27.6 GHz to 28.8 GHz).

We subsequently conducted radiation pattern measurements using an anechoic cham-
ber to determine the measured 3D electric field radiation of the patch antenna. We also
conducted simulations for comparison against measurements. Figure 5 shows the Mil-
libox [35] mmWave anechoic chamber that we used for antenna 3D radiation pattern
characterization and measurements, with the AUT mounted on a robotic arm on the right
side of the chamber. A probe transmitting horn antenna held by another robotic arm on
the left side of the chamber is in line-of-sight to the AUT. The distance between the probe
antenna and AUT is within the far-field distance of 2 feet, which allows for appropriate
characterization of the far-field radiation pattern of the AUT. 3D radiation pattern mea-
surements were taken across the 26 GHz to 30 GHz frequency band. We also rotated
the transmitting antenna both vertically (from —90° to 90°) and horizontally (from —90°
to 90°) with a step size of 2° for fine-grained radiation pattern measurements (First, the
probe antenna was oriented in an H-Polarization state and 3D radiation pattern data were
captured with V: —90° to 90° and H: —90° to 90°, with a step size of 2°. Next, the probe
antenna was oriented in a V-Polarization state and 3D radiation pattern data were captured
with V: —90° to 90° and H: —90° to 90°, with a step size of 2°).
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Mechanical screw
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pgbotic arm

Figure 5. Far-field measurement setup in an anechoic chamber. Left: robotic arm holding a probe horn
antenna. Right: Robotic arm holding the antenna under test (AUT) to determine the 3D radiation pattern.

The simulated and measured 3D radiation pattern results for the AUT are shown in
Figure 6. We observe a close agreement between the two radiated field plots. Specifically,
we observe maximum radiated gains and nulls at similar phi and theta angles in both the
measured and simulated plots. The presence of nulls in the measured data, which is also
observed in simulation, is due to the destructive interference of near-field coupling between
the patch antenna element lead-in trace and the connector. The future planned design of a
1 x 4 patch antenna array for Tx and Rx with an antenna-to-antenna element pitch of A /4
with the RF connectors placed side-by-side, necessitated the current placement architecture
of the AUT and its connection with the lead-in trace element.

In Figure 6¢,d, we have shown simulated H- and E- plane Co and Cross polarization
plots. The unit antenna demonstrates a higher Cross polarization compared to Co polar-
ization in the H-plane, as seen in Figure 6¢. This is partially due to the proximity of the
transmission line to the antenna patch, which may have resulted in destructive interference
of TE energy traveling on the transmission line to the linearly polarized transmitted energy
from the antenna (We carried out simulations using connector models with wave-ports
applied to the RF input of the connector. We modelled the AUT and connector as depicted
in Figure 2, which depicted the test set-up used to characterize the AUT in the lab. The use
of a connector in the antenna model increases the cross component compared to if we
applied the wave-port directly to the trace end of the microstrip transmission line. This can
be understood as being due to the amount of impedance discontinuity (mismatch) caused
by connector pin impedance and the microstrip trace. The reason we included the connector
in our antenna performance results, was to show results that will be representative of what
we would encounter in the lab measurement environment (which would use the connector).
As a result, our results are representative of the worst-case antenna setup). On the other
hand, in the E- plane (Figure 6d), there is a higher Co polarization at the boresight direction.
The Cross polarization of the E-plane plot shows a null at the boresight. This suggests that
more energy is being transmitted at the antenna boresight direction.
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For the main power in the boresight direction of the E-plane cut, we estimated the 3 dB
beamwidth to be 20 degrees, which makes the antenna directive in nature, as is required
for mmWave communication.

Gan®etll - Ansys Simulated 3D
Radiation Pattern

3D Radiation Pattern
— Measurement
)

— dB(GainPhi)

Setup1 : LastAdaptive
Freq='28GHz' Phi='0deg'
— dB(GainTheta)

| |Setup1 : LastAdaptive

| [Freq="28GHz' Phi='0deg'
190

dB(GainPhi)
Setup1 : LastAdaptive -
Freq='28GHz' Phi='90deg’|
— dB(GainTheta)
Setup1 : LastAdaptive
Freq='28GHz' Phi='90deq’| |
-90

A50 L 150 d

180 -180

Figure 6. (a): Simulated 3D radiation pattern (dBi). (b): Measured 3D radiation pattern (dBi). (c): Sim-
ulated H-Plane (Co) and (Cross) polarization plots. (d): E-Plane (Co) and (Cross) polarization plots.

Figure 7 demonstrates the measured and simulated boresight antenna gains as a
function of frequency. A close agreement is observed between simulated and measured
plots for 26-28 GHz and 28.5-30 GHz frequencies. Within the 500 MHz frequency range
of 28-28.5 GHz, we see almost a 3 dB difference in antenna gain (Many factors can con-
tribute to differences between simulated and measured data. For example, (i) Fabrication
Inaccuracies: Real-world manufacturing processes may introduce variations in antenna
dimensions, shapes, and materials, which are not present in the idealized simulation model.
(if) Measurement Equipment: Calibration, accuracy, and resolution of measurement equip-
ment (e.g., network analyzers, anechoic chambers) can influence results. (iii) Geometry
Simplifications: The simulated model may simplify or approximate the physical antenna
geometry, leading to discrepancies. (iv) Material Properties: Differences between assumed
material properties in simulations (e.g., permittivity, permeability) and actual properties
can affect results). The proposed antenna design achieves a measured gain of about 4 dBi
within the 28 GHz and 28.5 GHz frequency range of interest. This gain is acceptable for a
low-profile patch antenna designed for deployment in various small form factor wireless
devices. However, a 5G device manufacturer (e.g., smartphone) may target a slightly
higher antenna gain based on their link budget analysis. However, this paper focuses on
characterizing the impact of novel EBGs on SI reduction, rather than optimizing individual
patch antenna designs. Evaluating our EBG designs with other unit element designs will
be part of our future work.
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Figure 7. Frequency vs. gain simulated (red) and measured (blue) plots showing measured peak gain
of 4 dBi between 28 and 28.5 GHz.

4. High Impedance Surface Novel Stacked Electromagnetic Band Gap (HIS-nSEBG)

In this section, we discuss the details of a novel EBG that is implemented between the
Tx and Rx unit antenna elements to reduce SI.

Among the different variations of EBGs, the mushroom-like high impedance surface
EBG has become widely used [36], and there have been different variations of mushroom
EBGs in the related work that are well suited for antenna design in RF and microwave
frequencies. The popularity of EBGs in general is due to their ease of design and manufac-
turing, especially when it comes to antenna design at sub-6 GHz frequencies. However,
integrating EBGs (whether unipolar or mushroom type) as part of antenna design in
mmWave bands can be particularly challenging as EBGs need to be compact to prop-
erly fit in mmWave transceivers, and the overall design needs to maintain high antenna
performance and low overall system complexity.

To illustrate how EBGs can help with antenna performance improvement, consider
a microstrip patch antenna on a substrate material, as depicted in Figure 8 (left). With-
out the use of EBGs, a percentage of the electric field power, relative to the maximum
energy transferred to the antenna, radiates from the patch antenna onto free space and the
remaining power leaks through the dielectric substrate [37] and copper layers as surface
current waves. However, EBGs can be used as part of the antenna design (Figure 8 (right))
to suppress the surface waves and radiate more power towards the main beam to increase
the overall antenna efficiency.

In this paper, we develop a novel mushroom-like two-layer stacked EBG structure
to reduce port-to-port mutual coupling between the Tx and Rx antennas as a means for
passive SI suppression in a mmWave FD radio design. Figure 9 depicts a two-stacked EBG
structure in a four-layer (top layer, second layer, third layer, and bottom layer) stack-up
design. The stacked type of EBG provides higher SI suppression and higher bandwidth
compared to the single stack mushroom EBG [32,36,38].
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Figure 8. Left: Multi-path interference due to patch antenna destructive interference of surface
current waves and antenna radiated waves resulting from using solid GND plane as reference GND
in patch antenna design. Right: Mushroom EBGs, as an alternative to the solid ground plane, mitigate
surface current propagation and radiation, and improve the antenna performance.
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Figure 9. High Impedance Surface novel Stacked EBG (HIS-nSEBG) 3D model structure. (a): Four-
layer stack-up showing top and second layers of the patch with a plated through-hole via. The diam-
eter of the through hole via is 0.2 mm. Substrate thickness is 850 pm and the PCB material is RO435B
Rogers laminate. (b): The 3D view of stacked HIS-nEBG connecting to the Bottom ground layer.
(c): The dimension of top and second layer stacked EBG are specified. The dimensions were finalized
after numerous HFSS simulations to provide a balance between antenna gain, isolation bandwidth,

and port-to-port cancellation.

The surface impedance equation in Equation (1) guided our theoretical optimization
in determining the initial size of the through-hole via (which impacts inductance, L) and
the stacked EBG patch shapes (which impacts capacitance, C):

_ jwL
Zsurfuce = (1 — szC) @

where w is the angular frequency defined as w = 27f, and f is the desired (resonant)
frequency. Further, L and C can be modeled through the following equations:

L= % x tan(ph) )
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where 15 = \/uour /€0y and Bs = w./Hopreoer defined respectively as the intrinsic wave
impedance and propagation constant. £y and g denote the free space permittivity and

permeability, respectively, and ¢, and y, denote the corresponding relative values. D, g
and h are EBG pitch (EBG to EBG center), gap (EBG to EBG patch spacing) and EBG height,
respectively.

To create a high impedance surface, the denominator in Equation (1) should be set to
zero, which results in the following relationship between L, C, and f:

D
C h (= 3
X COS (g) 3)

1
fresonunce = 27_[ X \/E (4)

The overall operation of the via and stacked EBG patch is modeled as an LC (res-
onant) circuit. At frequencies below the resonant frequency, the circuit model becomes
inductive and supports TM (transverse magnetic) surface waves, whereas at frequencies
above the resonant frequency, the circuit model becomes capacitive and thereby supports
TE (transverse electromagnetic) surface waves. At a narrow band around the resonant
frequency, surface impedance becomes very high. The novel EBG shape and its stacked
formation was designed to further reduce the capacitance effect of the EBG patch (which
was needed to increase the isolation bandwidth) and to limit further reduction in patch
shape size to accommodate manufacturing limitations. A similar reduction in EBG patch
capacitance through creating a novel EBG patch was carried out in a previous paper [31].
In comparison, ref. [31] has a defected ground structure in addition to the VicCross type
of EBG with a different stackup and PCB material construction, while our new proposed
HIS-nSEBG comprises of defected stacked patch EBGs with a similar orientation for both
the top- and inner-layer EBG patches. Both designs have similar periodicity due to similar
reduction in EBG patch capacitance that allows us to further improve isolation.

The final dimensions of the stacked EBG are shown in Figure 9 and were achieved after
extensive optimization using HFSS to provide a balance between antenna gain, isolation
bandwidth, and port-to-port cancellation. We refer to this EBG design as High Impedance
Surface novel Stacked EBG (HIS-nSEBG). Note that the patches on the top and second layers
of HIS-nSEBG need to be in the same orientation to allow for maximum coupling reduction
of surface current waves. This is because with the same patch orientation, the capacitance
effect of the stacked patches is maximized, thereby reducing the effective coupling, which
increases the isolation bandwidth.

5. EBG Integration with Antennas and Its Operation

In this section, we discuss the integration of the proposed HIS-nSEBG with the Tx and
Rx antennas for a complete EBG-based FD antenna system. We also discuss the operational
aspects of the electric field coupling between the Tx and Rx antennas resulting from the
surface wave radiation through the substrate for both with and without the novel stacked
EBG designs.

5.1. HIS-nSEBG Integration with Tx and Rx Antennas

We optimized the placement of HISnSEBG using Ansys HFSS simulations to achieve
high SI suppression between the Tx and Rx antenna elements, while maintaining similar
antenna element characteristics in terms of gain and efficiency, as we discussed in Section 3.

Figure 10 shows the placement of HIS-nSEBG structures in between the Tx and Rx
antennas. There are 10 columns of HIS-nSEBG structures placed at the center of the
design between the Tx and Rx antennas, and the leftmost or rightmost EBG column is
2.5 mm from the solid GND plane. There is a “guard ring” consisting of three rows of
HIS-nSEBG along the top and a 3 x 8 column of HIS-nSEBG at the left and right edges.
This guard ring is shown in Figure 10 and was optimized to provide optimum antenna gain
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without degrading the performance of antenna elements, as evaluated in Section 3. Based
on simulations, more than 4 mm minimum of spacing is required between HIS-nSEBG
and the antenna to maintain gain and antenna efficiency (We conducted numerous HFSS
simulations to optimize the design and placement of EBGs such that the reduction in
mutual coupling does not come at the cost of antenna gain. Specifically, as we iterated over
different simulation parameters, we only considered designs in which the antenna gain of
the system with HIS-nSEBG was within 1 dBi of the antenna gain of the design without
HIS-nSBG. The reason we chose a 1 dBi tolerance was to accommodate the variations that
may arise due to the manufacturing of the design. In the final design that we picked,
presented in the paper, and prototyped, the antenna system with HIS-nSEBG has 0.8 dBi
higher main-lobe gain and 0.8 dBi lower side lobe level. In other words, there is marginal
impact to antenna gain compared to a similar antenna system that does not use EBGs).

GND plane

§ 47.5mm %

Figure 10. Transmit and Receive antenna elements relative to HIS-nSEBG.

Figure 11 shows a close-up view of HIS-nSEBG integration with Tx and Rx antennas.
HIS-nSEBG dimensions are shown in the bottom left with top and second layer patches
having the same width dimension of 1.2 mm, with similar cutout dimensions of 0.3 mm,
0.4 mm, and 0.28 mm, respectively. Shielding vias, seen on the bottom right, are placed
at a distance of 0.25 mm to shield unwanted higher-order electric and magnetic mode
resonances, and to attenuate reflected surface current waves from the HIS-nSEBG.

¥ o =
P T
C A
TRt e,

2 a" -
F T
NES : .
T e % 2nd Layer
g novelEBG

7 7 2ndL\
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\A . p GND plane Plang
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== _ Pad: 0.4mmg@
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‘W‘ I\ B W m

STACKED novelEBG |

Figure 11. Top Left: HIS-nSEBG implementation in between Tx and Rx antennas. Top Right: Zoomed-
in HIS-nSEBG showing top and second layer EBG patches. Bottom Left: HIS-nSEBG dimension of
patches. Bottom Right: PCB stitching vias around EBG walls.

The antenna-to-antenna pitch distance of 47.5 mm (almost 5A) was optimized to
allow for a sufficient distance from the center EBGs (to achieve high antenna gains) and to
maximize the constructive interference between Tx and Rx antenna surface waves when the
radio operates in the FD mode. Further, during the optimization of the HIS-nSEBG using
HEFSS, it is observed that the novel EBG supports TM surface waves at lower frequencies,
TE surface waves at higher frequencies and both TM and TE in between the low and
higher frequencies. However, at the resonance frequency, the imaginary part of the surface
impedance of the HIS-nSEBG structure becomes large, where both TE and TM surface
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waves are suppressed, resulting in an electromagnetic surface wave bandgap, thereby
isolating the transmit and receive ports (Placement of HIS-nSEBGs in between the antenna
elements suppresses surface waves and reduces mutual coupling. By suppressing surface
waves, EBG structures reduce undesired electromagnetic interactions that can distort the
polarization of the transmitted and received signals. Further, by reducing mutual coupling,
they help minimize the introduction of unwanted polarization components. However,
the extent of HIS-nSBG impact on polarization purity requires additional performance
characterization, which we plan to conduct as part of our future work).

5.2. Operating Mechanism of HIS-nSEBG

The operating mechanism of SI suppression using the HIS-nSEBG described in this
work is as seen in Figure 12 based on HFSS simulation plots. The top figure in Figure 12
shows the antenna design without EBGs. Here, the electric field that results from the
excitation of the transmitting antenna and movement of charges in substrate and copper
layers of PCB is denoted by E. Through the direct coupling path, an electric field «F is
induced on the receiving antenna, where « is the coupling coefficient. On the other hand
(Figure 12 bottom), by adding HIS-nSEBG structures, a new path condition is generated
for the electric field propagation. The coupling coefficient from the transmitting antenna
to HIS-nSEBG is given by 81, and the coupling coefficient between the HIS-nSEBG and
the receiving antenna is given by f,. The total induced electric field force at the receiving
antenna is given by (a’ 4 B182)E, and with properly designed passive SI suppression EBG
structures in a transceiver system, the electric field in the EBG path produces a reverse
coupling of the transmit to receiver antenna coupling:

«'E = —P1poE )
Tx antenna Rx antenna
N YWY YA T~ L
| ’4' \; \ /r:?ZJs; o«- y 'Di%ct;o@lin;g’pai-:, ;;\"w,‘\% ; ! 2
/s i ~ .4
WAV e s 2\\Yi9s 2. o5 9"
-— = Aﬁ - - ,

Figure 12. Top: The coupling between Tx and Rx ports/antennas without an EBG. Bottom: HIS-
nSEBG creates a scattering path within the EBG structure, which reduces the mutual coupling.

6. Measured and Simulated Self-Interference Suppression Results

In this section, we present the SI suppression results of the overall antenna design
with HIS-nSEBG embedded in between the antennas. We use both HFSS simulations and
over-the-air measurements of a fabricated prototype to derive these results.

6.1. Measurement Setup

The lab setup for the measurement of the FD antenna system is shown in Figure 13.
Anritsu 2-port VNA and RF cable assembly were used to connect to the antenna RF
connector ports using a 2.4 mm to 2.92 mm adapter, similar to AUT setup in Section 4.

A 2-port network is a pair of two terminal electrical network and because of its
application in transmission networks, one of the ports is called the Input port and the
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other port, the output port. 2-port network modeling is used in transmission line analysis,
where numerous parameters—such as Z, Y, ABCD, H, and T-parameters—define the
relationship between dependent and independent quantities. In this work, we used a
scattering parameter (S-parameter) model, which is used to model the behavior of linear
RF and microwave networks. We have used a 2-port network model of the S-parameter
to quantify the reverse transmission coefficient of energy from a transmitter to receiver.
The significance of using the transmission coefficient of the S-parameter model is to capture
the effect of mutual coupling power or isolation of a transmitting antenna at the receiving
antenna. The reverse transmission coefficient is termed as |S12|, where 1 and 2 represent
ports 1 and 2 of the 2-port network, respectively.

The Anritsu 2-port VNA setup is used to measure the port-to-port isolation properties,
in the form of scattering parameters, of the antenna system with HIS-nSEBG as well as a
similar antenna setup that does not use any EBGs. Scattering parameter measurements for
the individual antenna elements within the FD system were also conducted to make sure
the performance matches the results presented in Section 3.

Figure 13. 2-Port Anrithsu VNA lab measurement setup for gathering the return loss and isolation
parameters for the antennas. The picture shows the fabricated antenna with integrated HIS-nSEBG.

6.2. Self-Interference Suppression Performance

Figure 14 shows the port-to-port isolation (i.e., SI reduction) results of the two antenna
systems as a function of frequency (from 26 GHz to 30 GHz): one with HIS-nSEBG and
one with no EBG. For each measured result, we also plot the predicted simulated results
from HFSS.
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Figure 14. Simulated and measured SI Suppression plots with and without HIS-nSEBG structures.
Simulated and measured data compare well across all frequencies with only a few dB difference.
Tx-Rx coupling without HIS-nSEBG (due to over-the-air path loss) is about —30 dB. HIS-nSEBG
provides an average of 25 dB additional SI reduction across the 27.5 GHz and 28.5 GHz frequency
range of interest.

We observe that there is a measured SI reduction of about —30 dB with no EBG, which
is due to the over-the-air path loss. The introduction of HIS-nSBG provides an average
of 25 dB additional reduction in SI over a 1 GHz bandwidth (27.5-28.5 GHz). We also
observe that the measured data (both with and without EBG) track the simulated data with
only a few dB of difference, which shows the high fidelity of the simulations in terms of
characterizing the reduction in SIL

Figure 15 depicts a snapshot in time of the electromagnetic field distribution between
the transmit and receiver antennas, both with (bottom) and without (top) HIS-nSEBG. In the
top figure, the TE mode of excited propagating electric field at 28 GHz travelling from Tx
to Rx interferes with the propagating wave from Rx to Tx. Further, there is no structure in
between the two antennas to create a high impedance path for the propagating fields.

dB(E Field)
100.0000

93.3333
86.6667
80.0000
Travelling Electric Tr;avelling Electric 73.3333
Field from Tx Port Field from Rx Port 66.6667
60.0000
53.3333
46.6667
40.0000
33.3333
26.6667
20.0000
13.3333
6.6667
0.0000

TravellingrEle::tric ) Travelling Electric
Field from Tx Port Field from Rx Port

50 (mm)

Figure 15. A snapshot of the electric field distribution when the radio operates in FD mode with
HIS-nSEBG (bottom) and without EBG (top).
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On the other hand, the TE modes of excited propagated electric field with integrated
HIS-nSEBG have less interference with one another, which is due to HIS-nSEBG’s creation
of the high impedance path.

6.3. Comparison with Other Related Designs

In this section, we provide a summary comparing our work with related work from
the literature. Table 1 summarizes isolation and periodicity of different methods according
to the EBG type. It is noticeable that our previous work [31], has a periodicity and isolation
level that is comparable to this work but with a lower peak isolation. Further, the current
design lends itself to easier manufacturing. This allowed us to prototype our design and
evaluate its performance with over-the-air measurements in addition to HFSS simulations.
Other related works at the same 28 GHz frequency of operation (e.g., [24]) have lower
isolation improvement with higher periodicity (and thus more design complexity). Also,
when compared to related work at 60 GHz (e.g., [29]), we observe that HIS-nSEBG achieves
a higher isolation with comparable periodicity.

Table 1. Summary of Isolation and Periodicity of Different EBG Types and Designs.

Ref.

Operating Frequency EBG/DGS Type

Total Mutual
Coupling Level
Reduction @ 200 MHz
BW Isolation of
Operating Frequency

Periodicity (Ag)
[Length X Width]

[24]

28 GHz

—14 dB with EBG

novel EBG & DGS 205mm x 2.05mm g 4 i EBG & DGS

[27]

Sub-6 GHz

UC-EBG 6.6 mm X 6.6 mm within —30 dB

(28]

60 GHz

UC-EBG 0.98 mm x 0.23 mm <—30dB

[29]

60 GHz

within —20 dB for
E-plane coupling and
—30 dB for H-plane
coupling

UC-EBG 1.1 mm x 1.1 mm

[30]

12 GHz

Mushroom EBG with Choke Structures 1.6 mm x 1.6 mm —55dB

[31]

28 GHz

—60 dB and
>—68 dB of Peak
Mutual coupling
reduction

Vicross EBG(Our prior work) 1.3 mm x 1.3 mm

28 GHz

—60 dB and
>—80 dB of Peak
Mutual coupling
reduction

Stacked EBG(Our prior work) 0.6 mm x 0.6 mm

12 GHz

Fractal Defected Ground Structure 8.5 mm x 8.5 mm —33dB

2.4 GHz

Fractal Defected Ground Structure 222 mm X 22.2 mm —60dB

This work

28 GHz

—60 dB,

—72 dB of peak

mutual coupling
HIS-nEBG 1.2mm x 1.2 mm reduction and

—25 dB of Isolation

improvement with

HIS-nEBG

7. Conclusions

Full-duplex wireless is an important technology, which promises to double the spectral
efficiency of the next generation wireless networks. While the majority of the related work
has studied FD wireless in the context of sub-6 GHz wireless radios, this paper studied
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mmWave FD radio design. Specifically, we showed the design and implementation of a
novel EBG architecture that can provide more than a 25 dB reduction in SI. As part of our
future work, we plan to extend the design to support a plurality of transmit and receive
antennas and study the joint operation of beamforming and antenna design to provide
even further reductions in SIL

8. Future Work

Our work in this paper focused on a single Tx and a single Rx antenna, and embedded
HIS-nSEBG in between them to reduce SI. As part of our future work, we plan to design an
array of Tx and Rx antennas with HIS-nEBG in between them. The plurality of antennas
would allow us to characterize the potential for isolation improvement when antenna
design is combined with other techniques such as beamforming.

Further, our HIS-nSEBG was designed to suppress linear polarized energy from a unit
antenna element with linear polarization. As part of our future work, we plan to design
antenna and EBGs that support polarization diversity and evaluate the joint impact of
antenna design and polarization diversity to reduce SI in mmWave FD radios.
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Abbreviations

The following abbreviations are used in this manuscript:

BS Base Station

FD Full-Duplex

SI Self-Interference

MIMO Multiple Input Multiple Output

Tx Transmit

Rx Receive

HEFSS High Frequency Structure Simulator
EBG Electromagnetic Band Gap

HIS-nSEBG  High Impedance Surface novel Stacked Electromagnetic Band Gap
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