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Abstract

Full-duplex (FD) wireless is a new technology that allows a device to transmit and

receive at the same time and on the same frequency band. It has the potential to

double the capacity and spectral efficiency of a wireless link compared to the family

of conventional half-duplex wireless systems. The key challenge in implementing

FD wireless communication is self-interference (SI): a node’s transmitting signal

generates significant interference to its receiver. Several previous studies have

demonstrated the potential to reduce SI and develop FD radios; however, these

studies are mostly limited to sub-6 GHz systems. Previous and on-going research

explored various techniques, including analog self-interference cancellation (SIC),

digital self-interference cancellation, passive self-interference cancellation, and

combinations of these approaches.

However, at millimeter wave (mmWave) frequencies, the sizes of components

decrease significantly in relation to their wavelength, leading to a more compact

form factor for mmWave designs. This miniaturization allows for the possibility

of innovative FD design approaches; however, it also presents challenges, such as

reduced spacing between components. As a result, implementing analog or digital
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SIC techniques using robust component devices for mmWave radio and wireless

applications demands careful consideration and adaptation.

Furthermore, the transceiver architecture developed for FD solutions at sub-

6 GHz frequencies requires modifications to effectively transition to mmWave

applications, highlighting the need for architectural advancements in both the

digital and analog SIC sections of the transceiver. By addressing these challenges,

we can improve the performance and functionality of FD mmWave systems.

This dissertation investigates the potential of a passive solution for SIC at the

mmWave frequency of 28 GHz. The research study approach involves the design

and integration of a novel electromagnetic band gap (EBG) structure within a

substrate design of transmit (Tx) and receive (Rx) antenna arrays. The research

investigates novel EBG structures aimed at mitigating planar and surface wave

coupling between Tx and Rx antennas within the reactive near-field region of the

antenna system. By attenuating these undesired coupling mechanisms, the EBG

structure effectively reduces SI to levels that permit reliable reception of the desired

signal in a FD operation.

The Tx and Rx antenna system considered for this research comprises unit

antenna (single Tx and Rx) elements and Multiple Input Multiple output (MIMO)

antenna arrays (1x4 and 4x4). The designs were also fabricated for testing, mea-

surement, and comparison to simulation data. The simulation and manufacturing

of prototype antenna and novel EBG designs took into account manufacturing

process variations, and substrate material permittivity changes due to temperature

and humidity effects.
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Furthermore, the design of the unit and MIMO antenna array was validated

through passive measurement in an anechoic chamber and using a Vector Network

Analyzer (VNA) to determine and compare measured antenna performance metrics

with simulated data.

The novelty of our EBG designs lies in the substantial reduction of effective

capacitance compared to conventional mushroom-type EBG structures operating

at 28 GHz. This reduction is achieved through miniaturization of the unit cell,

which allows a greater number of EBG elements to be integrated within a fixed

footprint. The miniaturization and effective capacitance change of the novel EBG

results in enhanced suppression of surface and leaky wave modes. Consequently,

the structure provides wideband isolation between the Tx and Rx antenna arrays,

significantly improving FD performance for mmWave applications.

Ultimately, this dissertation aims to advance mmWave FD wireless commu-

nication by substantially mitigating SI in the passive RF domain. By addressing

SI at the physical layer, the approach has the potential to eliminate reliance on

complex and bulky analog cancellation circuits, thereby enabling the development

of more compact, energy-efficient, and cost-effective mmWave full-duplex radio

architectures.
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Chapter 1

Introduction

The demand for wireless capacity is exploding due to emergent applications,

ranging from augmented/virtual reality (AR/VR), artificial intelligence (AI), to

massive cellular access [1]–[3]. The spectrum crunch in the legacy sub-6 GHz radio

bands has led to the use of higher frequency spectrum, millimeter wave (mmWave)

bands, due to the large amounts of spectrum available in these bands. On a parallel

front, full-duplex (FD) wireless has recently emerged as a new technology that

allows a wireless device to transmit and receive at the same time and on the same

frequency band. With FD, the transmitting antenna causes a significant amount

of SI on the receiving antenna. Given the co-location of the interfering source

compared to the farther desired transmission source, this would completely drown

the weaker intended signal in interference, rendering its decoding impossible.

Thus, the key challenge in enabling FD so far has been to reduce/eliminate self-

interference (SI). Over the past decade, several works have proposed a variety of SI

cancellation techniques to enable FD but they are primarily limited to sub-6 GHz

systems (e.g., [4], [5], [6] [7] [8]). For example, to enable FD at a small handheld

device with 19 dBm transmission power and -95 dBm of noise floor, 114 dB
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of SI needs to be canceled to enable the receiver correctly interpret and decode

the transmitted data. Existing designs use passive cancellation techniques (e.g.,

antenna design with large separation between transmitter and receiver or transmit

and receive antennas with different polarization) and then augment that with active

cancellation techniques, which use SI channel information to remove the remaining

SI in the analog and/or digital base-band domains. In a FD transceiver such as

depicted in Fig. 1.1, signal interference cancellations techniques can be categorized

as either active or passive signal interference cancellation. The total SI cancellation

requirements are based on implementation methods and can reach up to or more

than 100 dB for the maximum realization of FD wireless communication.

From Fig. 1.1, active suppression techniques employ analog and digital cancel-

lation techniques and work based on subtracting the SI signals from the received

signal [9]. Published work on active SI cancellation employed different techniques

such as using gradient descent [10] technique, an adaptive filtering in the digital

domain and focuses on receiver amplifier saturation, dynamic range and attenuation

of SI for wide band signals. On the active analog SI cancellation technique, [11] re-

views current RF cancellation mechanisms and investigates an efficient mechanism

for future wideband systems with minimum complexity while the working princi-

ple and implementation details of multi-tap cancelers are introduced, an optical

domain-based RF canceler is reviewed, and a novel low-cost design is proposed.

Overall, the subtraction process of both active analog and digital self-interference

cancellation will be carried out through analogue and digital samples.

The main sources of SI as seen in Fig. 1.1 come from near-field or free space
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Figure 1.1: FD transceiver link channel showing digital Signal Interference
Cancellation (SIC) , analog SIC and passive SIC stages. Tx and Rx antenna with
integrated EBG are sharing the same substrate design and common ground plane,

thereby increasing the effect of surface wave coupling from Tx to Rx antenna.
[9]

coupling and also from an indirect surface-wave coupling between antennas. This is

especially evident when two antennas, in close proximity, share the same substrate

or the same ground plane. Also, impedance mismatch, transmitter and receiver

impairments, non-linearity in the RF front end components and multiple reflections

of the emitted signal, i.e., non-Line-of-Sight (nLoS) transmission from the Tx to

Rx, contribute to some additional but lower SI level into the receiver. Thus, for an

efficient FD transceiver system, the cancellation techniques need to be considered

gradually starting from the antenna section to the digital one, passing through the

RF/analog part.

More recently, researchers have proposed FD radio designs for mmWave

systems. For example, in [12], authors develop a mmWave circulator that connects

to the same transmit (Tx) and receive (Rx) antennas and reduces SI. On the other

hand, using separate Tx and Rx antennas can provide much more reduction in SI
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due to over-the-air path loss reduction, which can further simplify the design of

active SI cancellation techniques. This can also lead to compact FD designs that

can fit in small mobile devices [13] [14] [15].

From Fig. 1.1, the major SI contributions, i.e. the near-field or free space mutual

couplings, can be reduced by either increasing the distance between antennas (more

than about λ /2) or by designing Tx antennas radiation pattern to exhibit minimum

(or null) in direction toward Rx antenna. Once these antenna-level SI components

are strongly reduced, surface waves guided along the interface between the ground

plane and the dielectric/air interface, become the most important SI contribution.

Suppressing surface-wave coupling between transmit and receive antennas is of

prime interest in FD systems. As a result, several mushroom-type EBGs have

been studied and their narrow band performance are considered to reduce mutual

coupling due to surface waves [16] propagation.

In this research, a new mushroom-type electromagnetic band gap (EBG) struc-

ture are introduced and also presented in [17] [18] to reduce surface waves between

Tx and Rx antenna in order to improve passive broadband isolation and enable FD

wireless communication. Low profile planar unit antenna and multiple input and

multiple output (MIMO) (4x4 and 1x4) antenna array are used to demonstrate the

effectiveness and electrical characteristics of the proposed EBG in this dissertation.

Standard mushroom EBG such as depicted in Fig. 1.2(a) consist of a metallic

patches on the top layer which has an effective capacitance used to model electric

field between the gap of two metallic patches, while the inductance represents the

inductive path of the current flow from one patch to another as seen in Figs. 1.2(b)
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Figure 1.2: Side View of single layer mushroom EBG with square pattern (a); unit
cell behavior model (b); and equivalent lumped model (c)

[9]

and (c). The inductive loop depends on the substrate or printed circuit board (PCB)

thickness and the permeability of the material. In mushroom EBGs, the bandwidth

and impedance surface can be estimated using Eqs. 1.1 and 1.2 [9]

BW =

√
(L/C)√
(µ0/ε0)

, (1.1)

Z = j
ωL

(1− ω2LC)
(1.2)

The design and modeling of our EBG employs Eqs. 1.1 and 1.2, where the

capacitance of metallic patches were further optimized for smaller form-factor and

higher broadband isolation.

1.1 Full-Duplex Communication Applications

FD has been shown to have applications in a variety of scenarios [19], [20] includ-

ing: base station QoS (Quality of Service) enhancement, femtocells, UEs (User

equipment) and D2D (Device to Device) communication, and more recently in
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6G (Sixth Generation) mobile communication systems. In this section, we discuss

these applications in more detail.

1.1.1 FD for Base Station QoS Enhancement

Vial et. al. [21] suggest that intra-cell FD application would enhance transmitted

and received signals by making sure that fading characteristics of both up-link and

down-link signal are same. Therefore, making it easier for the Base Station (BS)

to correct the received signal. This is unlike BS based on HD (Half-Duplex) using

FDD (Frequency Division Duplex) mode, where up-link (UL) and down-link (DL)

signal are propagated in different wireless environments, which has higher latency

and gets affected by propagation loss and multi-path.

1.1.2 FD for Femtocells

Femtocells are designed to improve spectral and energy efficiency, while offloading

traffic from macrocells [22]. In a typical femtocell, which is about 40 m wide

in a typical isolated environment [19], users transmit at a much less power than

macrocell BSs, which have approximately 1 km range [21]. Reducing transmit

power is a direct way to reduce FD signal interference [22]. Therefore, FD is likely

to have major applications in femtocell networks.

1.1.3 FD for UE and D2D Communication

Vial et. al. [21] also suggests that when UEs are in close proximity, a D2D com-

munication link is formed without a third party being involved, which offloads



CHAPTER 1. INTRODUCTION 7

traffic from macrocell BS. In traditional half-duplex systems, D2D communication

would need to switch between transmit and receive modes, resulting in periods of

inactivity and under-utilization of the available spectrum. With FD, both devices

can communicate at the same time, doubling the effective capacity of the com-

munication link without needing additional spectrum. This helps overcome the

challenge of limited bandwidth in crowded wireless environments.

Also, for D2D communication, the amount of time to send and receive beacons

in order to discover peer devices is reduced in FD [23]. Unlike FD, HD discovery

time is longer since the equipment cannot receive while it is transmitting.

1.1.4 FD for 6G Applications

FD has been considered as part of technologies that enable 6G wireless technology.

One of the main areas where FD is considered prominent is in the integrated access

and backhaul (IAB) [24]. The benefit of applying FD to backhaul is significant

because it avoids throughput degradation and reduces the communication latency.

Also, interference between the access link and backhaul link can be suppressed

using passive cancellation through antenna directivity.

1.2 Summary of Dissertation Contributions

Key research contributions for this research include the following:

1. A VicCross EBG design concept was developed, modeled, and simulated

to passively suppress SI at mmWave frequencies for full-duplex wireless

applications.
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2. A new High-Impedance Surface stacked EBG (HIS-nSEBG) design concept

was developed, modeled, and simulated for passive signal interference sup-

pression at mmWave frequencies in full-duplex wireless applications. We

considered the following two designs:

(a) single Tx and Rx antenna in a FD system and

(b) MIMO (1x4) Tx and Rx antenna array in a FD system

1.3 Dissertation Overview

This dissertation focuses on passive self-interference cancellation technique for FD

application by proposing a new electromagnetic band gap structure integrated in a

substrate or PCB design between transmitting and receiving antennas.

This dissertation is composed of integrating series of conference and journal

articles published during the course of the research. The structure of the dissertation

is outlined as follows:

1. Chapter 2 discusses the related work on passive SIC for full-duplex wireless

at sub-6 GHz and mmWave frequencies.

2. Chapter 3 presents the design of a novel EBG structure for mmWave FD.

The extensive simulation and optimization of the novel EBG is described. In

addition, a 4x4 cascaded array MIMO antenna is simulated and optimized

to carry out the FD Isolation characteristics of the novel EBG. This chapter

focuses primarily on a conference paper that addresses in detail the novelty

of the new EBG design and its comparison with existing passive isolation

devices and components such as mushroom EBG. Importantly, this novel
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EBG did not affect the antenna characteristics and metrics necessary for a

functional antenna array at mmWave.

3. Chapter 4 presents a stacked nature of the novel EBG design in a unit

antenna Tx and Rx FD environment. Based on further simulation analysis of

the novel VicCross EBG necessitated by manufacturing requirements and

available laminate material, the novel EBG described in Chapter 2 provided

higher isolation or mutual coupling reduction in a stack nature where two

novel EBGs are constructed on top of each other in a PCB laminate. This

chapter focuses on a Journal article publication that presented simulated and

lab-measured data for isolation improvement using the novel EBG.

4. Chapter 5 is an extension of the work described in Chapter 4. The stacked

novel EBG described is used in a MIMO antenna array environment. The

use of MIMO in the characterization of the novel EBG comes with the

assumption that most mmWave antennas used in FD application would

require higher gain, and as such, antenna array is required. Lab-measured

data is presented to quantify the mutual coupling suppression or isolation of

antenna arrays working in FD mode.

5. Chapter 6 summarizes the research with a comprehensive discussion and

conclusion.

6. Chapter 7 highlights the major contributions of this work towards FD tech-

nology in the area of passive self-interference cancellation.

7. Chapter 8 summarizes the limitations of this research and proposes ideas for

future work. The limitation described focuses on the active measurement
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test bench setup and the inability to incorporate the prototyped antenna array

in the test bench system.
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Chapter 2

Related Work

This chapter describes some of the related work on FD wireless focusing on passive

signal-interference cancellation using EBG structures. For a more comprehensive

discussion of the related work, please refer to [8].

If a small handheld device or a femto cell with 20 dBm transmission power and

noise floor around -93 dBm is considered. 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. Fig. 2.1 depicts how different SI

cancellation blocks can be incorporated in the design of a FD radio.

Antenna cancellation is primarily a passive SI cancellation technique that

arranges Tx and Rx antennas or uses RF elements such as reflectors and absorbers

to reduce SI [5], [25]–[30]. 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 [6], [31]. 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
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through antenna and analog cancellation [6].

Figure 2.1: In a FD radio, SI is canceled over multiple stages, including antenna,
analog, and digital cancellation. Antenna cancellation refers to a plurality of

techniques including use of RF absorbers, reflectors, or even additional antennas
to reduce SI in the antenna domain.

Majority of the related work in FD radio design are specific to sub-6 GHz

radios, with mmWave FD only recently gaining popularity. For example, in [32]

authors develop mmWave circulator to reduce SI.

In mmWave systems antenna sizes are very small because their size scales

proportionally to the operating wavelength, and thus one can use separate Tx

and Rx antennas for even higher reduction in SI due to over-the-air path loss.

Other researchers have built a custom integrated circuits (IC) that achieves high



CHAPTER 2. RELATED WORK 13

bandwidth analog cancellation at mmWave frequencies [33]. Our work can be

integrated with this design for further reduction in SI. Another common strategy

to reducing coupling energy and interference between Transmitter antenna to

Receiver antenna is by increasing separation distance which results in high path

loss [34] [35]. The drawback of this technique is that it uses up a larger real estate

in designs that requires compact systems. The use of frequency selective surface

(FSS) structures have also been deployed to reduce coupling resulting from surface

current propagation from antenna to antenna coupling [36]. A 16 dB isolation

level was achieved by [37] with a diamond shaped decoupling network with two

inverted-F antennas acting as a MIMO antenna. Furthermore, other researchers

have explored the use of cross-polarization between a transmitting and receiving

antenna elements. In [38] and [39], it was demonstrated that up to 10 dB of

isolation can be achieved with cross polarization which effectively attenuates the

intensity of coupling waves received by the receiving antenna element. [40]

introduced a novel decoupling structure that employed parasitic element to emit

orthogonal polarized fields that effectively nullifies the coupling field around a

Rx antenna in a collinear FD dipole array, bringing the total isolation to 50 dB.

Furthermore, defected ground structure (DGS) [41], and EBG structures [42]

and [43] have demonstrated impressive effectiveness in mutual coupling reduction

when combined with antenna separation and cross-polarization to over 40 dB of

isolation. However, the practical application of using defected groung surface

(DGS) and EBG techniques is confined to system with limited number of antenna

elements and usually surfer from space constraints especially when large array
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of antenna element is required to achieve certain gain at mmWave applications.

Also, incorporating these additional structures in a system causes complexity and

affect the radiation pattern and performance of the antenna array. In [44], authors

explored a compact EBG design at 60 GHz and showed that the size of proposed

EBG unit cell structure is 78% less than conventional uniplanar EBG and 72%

less than uniplanar-compact (UC) EBG operating at same frequency band. It is

also claimed that the proposed EBG has 12% more size reduction than any other

planar EBG structures at microwave frequencies. On the other hand, [45] used

a combination of EBG and choke structure to improve the transmit and receive

isolation of X-band large antenna arrays by 30 dB within a 3% bandwidth in

the radar operation band. It is important to note that the increased isolation and

its associated bandwidth resulted from a combination of using thicker substrate

material and combination of choke structures.

In order to mitigate the complexity of design and still maintain the compact

design requirement for FD application at mmWave, the proposed unit element

HIS-novel stacked EBG is designed to achieve a compact size through the use of

stacked slotted patches which has similar planar size structure as EBG designs for

much higher frequency (above 30 GHz) applications and is still able to achieve

better mutual coupling isolation. The resulting compact nature of the novel EBG

is necessitated to alleviate the space constraints in transceiver system designs at

mmWave and most importantly reduce the complexity of integration of these EBG

components in system design so as not to affect the overall performance of the

antenna system.
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Table 2.1 summarizes comparison between recent EBG design research for

Tx and Rx for both mutual coupling reduction/isolation and for FD application

at sub-6 GHz, mmWave frequencies and beyond. The table also shows EBG unit

cell size. Note that the operating frequencies and corresponding wavelengths vary

which makes direct comparison between sizes difficult.

Table 2.1: Summary of Isolation, EBG/DGS Types and unit cell size

Ref Operating
Frequency

EBG/DGS Type Unit cell size
[length × width]

Total Mutual coupling Level reduction @
200 MHz BW Isolation of Operating Fre-
quency

[43] Sub-6
GHz

UC-EBG 6.6mm×6.6mm within -30 dB

[46] 2.4 GHz Fractal Defected
Ground Structure

22.2mm ×
22.2mm

-60 dB

[47] 12 GHz Fractal Defected
Ground Structure

8.5mm×8.5mm -33 dB

[45] 12 GHz Mushroom EBG with
Choke Structures

1.6mm×1.6mm -55 dB

[48] 28 GHz novel EBG & DGS 2.05mm ×
2.05mm

-14 dB with EBG
-48 dB with EBG & DGS

[49] 28 GHz Stacked EBG
(Our prior work)

0.6mm×0.6mm -60 dB and
> -80 dB of Peak Mutual coupling reduction

[50] 28 GHz VicCross EBG
(Our work, Ch 3)

1.3mm×1.3mm -60 dB and
> -68 dB of Peak Mutual coupling reduction

[18] 28 GHz HIS-nSEBG
(Our work, Ch 4)

1.2mm×1.2mm -60 dB,
-72 dB of peak mutual coupling reduction and
-25 dB of Isolation improvement with HIS-
nSEBG

[44] 60 GHz UC-EBG 0.98mm ×
0.23mm

< -30 dB

[51] 60 GHz UC-EBG 1.1mm×1.1mm within -20 dB for E-plane coupling and
-30 dB for H-plane coupling
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Chapter 3

Novel EBG-Based Self-Interference Cancellation to Enable mmWave

Full-Duplex Wireless

In this chapter, we introduce the design of a new EBG structure to explore its

potential for reducing self-interference in mmWave transceiver antenna designs

for full-duplex scenarios. Specifically, we present the "VicCross" EBG, which

is integrated into the antenna substrate, and evaluate its performance through

simulations in terms of SI reduction, antenna gain, and operating bandwidth. We

provide an overview of FD at mmWave and discuss the factors driving its transition

from sub-6 GHz to mmWave. We introduce the mmWave MIMO antenna array

considered for the transceiver system in FD mode in Section 3.2. We further

detaile the antenna array configuration and EBG integration within the antenna

array system to characterize and evaluate the novel EBG design for FD wireless

in Section 3.3. We finally present the results of our extensive simulations in

Section 3.4. The key contributions in this chapter are as follows:

• The main concept of the novel EBG design is to reduce or minimize SI power

of the transmitter over a receiver by integrating it between transceiver Tx and

Rx antenna arrays. We show that the design effectively reduces the surface
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wave electric field power between the Tx and Rx arrays. We also derive a

circuit model that shows the VicCross EBG with resonant slot on the ground

plane creates a high impedance path between the Tx and Rx arrays.

• We conduct extensive simulations using High Frequency Structure Simulator

(HFSS [52]) to evaluate performance of mushroom EBG in the mmWave

band and further optimize to obtain VicCross EBG. We show that with a

combination of bow-tie slot on the ground plane and VicCross EBG between

the Tx and Rx antenna arrays, we can achieve up to -70 dB of Tx-Rx isolation

at 28 GHz with more than 100 MHz of isolation bandwidth at -60 dB. We

also show that VicCross EBG provides up to 20 dB more isolation compared

to a conventional mushroom EBG optimized for operation in the 28 GHz

band. Finally, we show that VicCross EBG has negligible impact on antenna

array performance metrics such as antenna gain, frequency bandwidth, and

return loss.

3.1 mmWave Full-Duplex

Millimeter-Wave communication is a promising technology for future broadband

wireless networks. While originally designed for semi-stationary applications

such as wireless docking and cellular backhaul [53], mmWave communication

is nowadays a key component of 5 G and can provide high capacity mobile data

rates [54], low latency and ability to support large density of devices on a network.

mmWave systems are typically associated with large bandwidths, e.g., a typical
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802.11 ad1 device routinely uses 2 GHz of bandwidth in the 60 GHz band for

communication. However, the amount of mmWave spectrum available to cellular

operators depends on the locality and could be far less. For example, even after the

recent Federal Communications Commissions (FCC) 5G spectrum auctions [55],

AT&T (the second largest mmWave spectrum holder in the US) holds only an

average of 630 MHz of mmWave bandwidth [56] in the top 100 PEAs 2. In addition,

AT&T’s initial mmWave deployments use only 100 MHz of bandwidth [57]. With

mobile data traffic expected to double each year [58], it is therefore imperative to

seek solutions that increase the spectral efficiency of mmWave systems.

FD wireless is an emerging solution in this direction, which can double the phys-

ical layer spectral efficiency by eliminating SI. With FD, transmission and reception

happen on the same time-frequency resource block unlike existing FDD/TDD wire-

less systems.

FD wireless has been extensively studied over the past decade but majority of

the research is dedicated to sub-6 GHz frequency bands [59], [60]. To enable FD,

a large amount of SI needs to be canceled. For example, to build a FD wireless

fidelity (WiFi) radio with 20 dBm transmission power and -90 dBm noise floor, 110

dB of SI needs to be canceled. In another example, if we consider the following

example in the context of contemporary femto-cell cellular systems [61] and based

on data provided in Table 10-2 in [61], femto base stations and mobile handsets

transmit at 21 dBm with a receiver noise floor of −100 dBm. If we assume 15
1WiFi mmWave standard 80211ad.
2PEA: Partially Economic Area, which is a unit of area used by FCC in assigning radio

licenses FCCPEA.
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dB isolation between the base station’s transmit and receive signal paths, then the

base station’s self-interference will be 21 −15 − (−100) = 106 dB above the noise

floor. Thus, for a full-duplex base-station to achieve the link SNR equal to that of a

half-duplex counterpart, it must suppress self-interference by more than 106 dB,

see Fig 3.1.

Figure 3.1: Illustrative example of residual self-interference motivated by
contemporary femto-cell cellular systems [61]. Even with perfect digital-domain
self-interference cancellation, the effects of limited ADC dynamic range cause a
residual self-interference floor that is 52 dB above the desired receiver noise floor.

Existing techniques remove the SI at multiple stages, e.g., SI can be initially

removed through passive cancellation (e.g., specific antenna design), then possibly

with active RF/analog cancellation, and finally through digital cancellation, which
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removes the remaining SI that cannot be canceled through passive and active RF

cancellation in the digital base-band. Scanning the literature on self-interference

cancellation, we observe from the literature that different proposed techniques

use a combination of wireless-propagation-domain techniques [62] [63] [64],

analog-circuit-domain techniques [65] [66] [67] and/or digital-domain techniques

[68] [69] [70].

More recently, the community has started to tackle the problem of mmWave

FD radio design. CMOS RF cancellation techniques have been proposed in [12],

[71], however, these designs are all limited to a small number of antennas (e.g., 1

transmit and 1 receive antenna). Real-world mmWave radios, on the other hand,

use an array of antennas to increase the beamforming gain and compensate for the

high path loss associated with mmWave frequencies.

3.2 Antenna Design Configurations

A wireless device with separate Tx and Rx antenna arrays is considered for the

following reasons: (i) antenna separation reduces SI by up to 40 dB as shown

through simulations in Section 3.4,subsection 3.4.3; (ii) circulator based systems

are ill-suited at mmWave frequencies due to larger size and inability to scale to

multi-antenna systems, and (iii) smaller antenna sizes at mmWave bands allow us

to pack more arrays in the same wireless device.

Each Tx/Rx antenna array studied in this section is composed of four 1x4 series

fed patch antennas spaced at 0.5λ (where λ denotes the wavelength) as shown

in Fig. 3.2. The Tx and Rx antenna arrays are designed and optimized through
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simulation on the same substrate system with 1.6λ edge-to-edge spacing. The 1.6λ

distance is chosen as a compromise between array port to port coupling and size

of the system considered for this application3. Each antenna array is optimized

for maximum array gain using high-frequency structure simulator (HFSS) full-

wave electromagnetic simulation tool. Rogers RO3035 substrate material with

thickness of 50 µm along with permittivity and loss tangent values of 3.6 and

0.0015 was employed [72]. Two adjacent patch elements in a 1x4 series fed array

are connected using 0.1λ electrical length of transmission line. The first three

patches are designed using edge feed while the top patch is designed using inset

feed. The first two lower patches have the same width of 0.36λ along with lengths

of 0.36λ and 0.45λ , respectively. The two top patches are square shaped with

width and length of 0.4λ . The length and width of each patch were determined

using Eqs. (4.1)-(4.3) [73]:

W =
v0

2 fr

√
2
εr

(3.1)

L =
1

2 fr
√

εre f f
√

µ0ε0
−2∆L (3.2)

∆L = 0.412×
(εre f f +0.3)(W

h +0.264)

(εre f f −0.258)(W
h +0.8)

(3.3)

here, w, L, and ∆L denote the patch width, patch length, and patch length

extension, v0 is the speed of light in free space, εr, ε0, εre f f , µ0, and h are relative

3We considered a portable wireless device application such as a smartphone.
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permittivity, permittivity of free space, effective permittivity, permeability, and

thickness of the substrate material, and fr denotes the mmWave resonant (desired)

frequency set to 28 GHz4.

Figure 3.2: 4x4 Tx and Rx antenna arrays on the same substrate material
separated by 1.6λ . The location of edge 1x4 Tx-Rx arrays are also specified. The

impact of SI is most sever between the two edge arrays due to their proximity.

The input ports to the 4x4 MIMO array for both the transmitter and receiver

antenna array are all excited to transmit and receive signals at same time to mimic

FD communication. Further, each individual port is designed to be fed with

an independent phase shifter to mimic a phased array system. The simulation

results of antenna array mutual coupling analysis or transmit and receive signal

interference isolation investigated in Section 3.4 use the closest two 1x4 arrays,

one from the transmitter and one from the receiver antenna array. These edge

arrays are considered to have the worst case mutual coupling characteristics (i.e.,

have the highest SI). The total coupling coefficient seen by an edge 1x4 array for

the transmitter (receiver) array is a summation of the mutual and self coupling

4A 5 G software-defined radio was acquired which operates in the 28 GHz band and allows
us to experiment with different antenna designs. As part of future work, we plan to compare the
results of the simulations presented in this paper with experiments conducted on our 5 G hardware.
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coefficients of the 4x4 transmitter (receiver) array.

3.3 Novel EBG Integration with MIMO Antenna Arrays

Electromagnetic band-gap structures are periodic structures that interact and create

a stopband to block electromagnetic waves of certain frequency bands by forming

a fine, periodic pattern of small metal patches on dielectric substrates. When these

structures interact with electromagnetic waves many unique features result. Observ-

ables are characteristics such as frequency stop-bands, pass-bands, and band-gaps.

However, various terminology has been used to classify these structures depending

on the domain of the applications in filter designs, gratings, frequency selective

surfaces (FSS), photonic crystals and band-gaps (PBG), etc. EBG refers to such a

stop-band as well as to substances (medium to transmit electromagnetic waves) that

have such a structure. Broadly speaking, EBG structures are 3-D periodic objects

that prevent the propagation of the electromagnetic waves in a specified band of

frequency for all angles of arrival and for all polarization states of electromagnetic

waves. In practice, however, it is very difficult to obtain such complete band-gap

structures and partial band-gaps are achieved. Applications of EBG structures

include components of electronic devices to suppress electromagnetic noise as

well as design of antenna and other microwave circuits [74]. More recently, a

conventional mushroom EBG has been used to reduce SI and enable FD at 3.2 GHz

frequency band [75]. In this research, a new EBG design targeted for mmWave

frequencies (28 GHz) is developed and its performance is extensively evaluated

through simulations.
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3.3.1 Mushroom EBG Design and Its Integration with Tx and Rx

Antenna Arrays

Mushroom EBG structure is configured from via mediated metal patches as shown

in Fig 3.3 arranged periodically on the reference layer.

Figure 3.3: A unit cell Mushroom EBG showing metallic patch on a base material
with a reference layer. A Plated Through Hole (PTH) Via is located at the center of

the patch and is connected to the reference layer on the bottom side.

Mushroom EBG structure configured in this way is known as a composite

right/left-handed transmission line and between the right-handed and left-handed

frequency bands is the stop-band. In the design of our novel EBG, we start by

designing a mushroom EBG composed of metallic square patches with unit element

width and spacing between patches of 4 mm and 3.4 mm, respectively. The EBG

is designed for a stop band at 28 GHz as shown in Fig. 3.4. The transmission

characteristics (S12) of the mushroom-type EBG structure are presented in Fig. 3.4.
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The red curve corresponds to the insertion loss when the EBG structure is employed

as the reference plane for signal propagation along the trace. In contrast, the blue

curve represents the insertion loss of the same transmission line with a continuous

solid ground plane serving as the reference plane. The mushroom EBG structure

exhibits increased attenuation near the 28 GHz frequency band, indicative of

its inherent stop-band behavior, which suppresses signal propagation within this

frequency range.

Figure 3.4: Blue curve with close to zero loss shows the transmission loss (S12) of
a transmission line using a ground plane as its return path. The red curve shows

the transmission loss when mushroom EBG is employed.

Eqs. (3.4)-(3.6) [73] guided our design of the mushroom EBG:

C =
Wε0(1+ εre f f )

π
cosh−1(

W +g
g

) (3.4)

L = 2×10−7 ×h× [ln(
2h
r
)+0.5(

2r
h
)−0.75] (3.5)
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f =
1

2π
√

LC
(3.6)

W is the unit element width, g is the gap between two EBG unit elements, ε0

and εre f f are free space and relative permittivity of substrate material, h is the

substrate material thickness, r is the radius of EBG shorting via, L, C and f are the

inductance, capacitance, and resonant frequency of the EBG design.

The initial mushroom design derived from the above theoretical formulas was

further optimized in HFSS to provide maximum isolation of up to -80 dB at 28 GHz

frequency as depicted in Fig. 3.4.

Fig. 3.5 shows the integrated mushroom EBG with the 4x4 Tx and Rx antenna

arrays. The mushroom EBG patch was further optimized to obtain Tx-Rx isolation

(SI reduction) of up to -48 dB at 28 GHz as we will show later through simulations

in section 3.4.3.

3.3.2 Novel VicCross EBG Integration with Tx/Rx Antenna Arrays

In an attempt to improve the EBG, we started from a mushroom EBG design and

its metallic patch was further optimized and modified by cutting slots on the patch

to increase inductance and reduce capacitance to form a new EBG design coined

“VicCross EBG". We chose the name VicCross due to its shape’s similarity to a

Victorian Cross as shown in Fig. 3.6.

The VicCross geometry (Fig. 3.6, top right) consists of a unit cell metal sheet

with a two-dimensional lattice of resonant elements (slots), acting as a two di-

mensional filter to prevent the propagation of electric current. The dimension of
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Figure 3.5: Mushroom EBG integrated with 4x4 Tx and Rx antenna arrays. The
antenna array elements are enclosed by a mushroom EBG, with sufficient space
between the elements and the EBG edge to avoid affecting the efficiency of the

antenna array’s performance.

the two-dimensional lattice slots are derived through extensive optimization in a

bid to further reduce the capacitive characteristics of the EBG patch and thereby

increasing its impedance and prohibiting unwanted electric field propagation from

one antenna to another. On the other hand, a Defected Ground plane Structure

which was used to form a resonant slot, was employed in the ground plane directly

under the VicCross EBG to further create a high impedance path to the incident

electric field propagation.The DGS shape on the GND plane is termed a "bow-tie"

resonant slot.

VicCross EBGs and bow-tie resonant slot on the ground plane (Fig. 3.6, top left)

were used between transmit and receiver antenna arrays, while VicCross EBG with

shorting via to ground plane were used to surround the antenna arrays (Fig. 3.6,
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bottom). We will later show in Section 3.4 that the proposed EBG provides

up to 20 dB of additional isolation (SI reduction) compared to the conventional

mushroom EBG at mmWave 28 GHz Frequency.

Figure 3.6: 4x4 TX-RX antenna arrays integrated with VicCross EBG. VicCross
EBG with bow-tie cross slots are integrated between the Tx and Rx antenna
arrays. VicCross EBG also surrounds the two arrays in a periodic manner.

The novel VicCross EBG reduces mutual coupling and is able to isolate trans-

mitted to receiver surface wave currents through the top ground plane and within

the substrate. The bow-tie cross slot on the ground plane was designed as a DGS

between the transmit and receive array elements in order to increase the inductive

path of the electromagnetic wave coupling on the ground plane. Further, VicCross

EBG between Tx and Rx array element is designed to have series capacitance to

the ground loop inductance in order to further reduce the capacitance of VicCross
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EBG patch to the ground plane. A circuit model shown in Fig. 3.7 can be used

to describe the lumped element behavior associated with the VicCross EBG and

DGS.

Figure 3.7: VicCross EBG surface impedance circuit model. The component
values are reported by the ADS (Advanced Design Suite) software (developed by

Keysight), which approximate the VicCross EBG model.

From the equivalent circuit model in Fig. 3.7, at frequencies below the design

frequency, the circuit model becomes inductive and supports TM surface waves,

whereas at frequencies above the design frequency, the circuit model becomes

capacitive and thereby supports TE surface waves. At a narrow band around the

LC resonance point (frequency), the impedance between the Tx and Rx antenna

arrays becomes very high.

The VicCross EBG is designed so that its surface wave band gap covers our

desired antenna resonant frequency bandwidth. Note that, as shown in Fig. 3.6,

there is no EBG structure under the antenna arrays. Further, the thickness of the

substrate under the antenna arrays is the same as when EBG is not used. This is to

keep the antenna frequency bandwidth of our design similar to the design with no
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EBG. The edge gap between the antenna array and surrounding VicCross EBGs is

carefully chosen through simulation to be a minimum of 0.13λ to not affect the

frequency bandwidth and performance characteristics of the antenna array and at

same time to effectively reduce the surface wave propagation.

3.4 Performance Evaluation

In this section, we characterize the performance of the VicCross EBG through

extensive simulations using HFSS. First, as a baseline for comparison, we consider

the antenna design with separate Tx and Rx antenna arrays but with no EBG (i.e.,

Fig. 3.2). Next, we show that the VicCross EBG has only a minor impact on

the antenna performance metrics (frequency bandwidth, gain) but substantially

increases the Tx-Rx isolation (i.e., substantially reduces the SI power). Finally,

we end our performance evaluation by demonstrating the electric field coupling

between the Tx and Rx arrays.

3.4.1 Antenna Frequency Bandwidth.

Fig. 3.8 shows the active S-parameter plot of 4x4 array ports. Active S-parameters [76]

represent the reflection coefficients for the various 1x4 array excitations and is an

important performance metric for active phased array antennas. Active S-parameter

of transmitter and receiver edge ports (i.e., the two closest Tx and Rx 1x4 arrays)

were plotted in Fig. 3.8 for both when EBG is not employed (blue curve) and

when VicCross EBG with bow-tie ground resonant slot is used (red curve). For

each design configuration, the series-fed transmitter (Tx) and receiver (Rx) edge
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ports demonstrate consistent and comparable impedance matching characteristics.

The plots shown in Fig. 3.8 correspond to the return loss (S11 or S22) responses,

representing the impedance bandwidth of individual series-fed Tx or Rx edge ports.

These results validate the symmetry and uniformity of the port performance across

the respective configurations. In antenna design, a return loss of -10 dB or lower is

typically desirable. From Fig. 3.8, we observe that VicCross EBG has a 1.9 GHz

impedance bandwidth, which is about 20 MHz less than the impedance bandwidth

when EBG is not employed. This represents roughly 1% change and is considered

negligible.

Figure 3.8: Active S-parameter plot showing VicCross EBG and noEBG
frequency bandwidth at -10 dB return loss.

3.4.2 Antenna Gain.

Fig. 3.9 demonstrates the Tx (Rx) 4x4 antenna gain in both E and H planes. It is

observed that the VicCross EBG slightly increases the gain but narrows the beam-

width. We also observe up to 5 dB increase in side lobe level (SLL) and back side

lobe which are due to the interaction of the reflected surface waves caused by the
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Figure 3.9: (a): E-plane gain. VicCross EBG slightly increases the gain but
narrows the beamwidth. We also observe up to 5 dB increase in side lobe level;

(b) H-plane performance of the VicCross EBG and no EBG are quite similar.

VicCross EBG, changes in electrical characteristics of the ground plane shape, and

the antenna radiation characteristics. We hypothesize that a further optimization of

the EBG placement near the antenna array could improve the SLL and back lobe

performance. On the other hand, H-plane performance of the VicCross EBG and

no EBG are quite similar.

Next, we plot the bore-sight gain variation across the frequency bandwidth in

Fig. 3.10. We observe that VicCross EBG and no EBG antenna system exhibit

a similar gain vs frequency performance. In both designs, a maximum gain of

18.5 dB is reached at 28 GHz, which remains the same as the frequency increases.

3.4.3 Tx-Rx Isolation (SI reduction)

We next characterize the reduction in SI power for three scenarios: (i) no EBG, (ii)

conventional mushroom EBG (discussed in Sub-section 3.3.1), and (iii) VicCross
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Figure 3.10: Tx/Rx antenna array gain as a function of frequency. VicCross EBG
has negligible impact on the antenna gain across the 2 GHz ( 27 GHz to 29 GHz )

frequency bandwidth of simulation.

EBG with bow-tie resonant slot on ground plane. Fig. 3.11 shows the Tx-Rx

isolation across the three schemes. We observe that even without the EBG, the

Tx-Rx isolation ranges between -35 dB and -40 dB, primarily due to the separation

between the Tx and Rx antennas. The Mushroom EBG improves the isolation to

-48 dB at 28 GHz, as shown in the same figure, providing an additional 13 dB

of isolation compared to the antenna array without the EBG. Additionally, the

Mushroom EBG demonstrates consistent performance across different frequencies.

Our proposed VicCross EBG with bow-tie cross slot provides up to -70 dB of

isolation at the 28 GHz frequency with more than 100 MHz of isolation bandwidth

at -60 dB 5. At its maximum isolation point, this is 32 dB more isolation when

compared to the no EBG antenna array and 20 dB more isolation when compared

to the antenna array with conventional mushroom EBG. Its important to note that

5Wireless applications that use this bandwidth will have Tx and Rx isolation of more than
60 dB. For example, AT&T’s initial mmWave deployments use only 100 MHz of bandwidth [57].
Therefore, lower isolation at adjacent frequencies will not impact the performance of the FD
communication link.
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the port to port isolation plots in Fig. 3.11 correspond to active s-parameter plots

of the edge 1x4 Tx and Rx arrays, where the SI power is highest.

Figure 3.11: Transmitter-Receiver isolation with no EBG (blue), with mushroom
EBG (green) and VicCross EBG (red). VicCross EBG with bow-tie cross slot

provides up to -70 dB of isolation at 28 GHz frequency with more than 100 MHz of
isolation at -60 dB.

3.4.4 Tx-Rx Electric Field Coupling.

We next investigate the electric field coupling between the Tx and Rx antenna

arrays resulting from the surface wave radiation through the substrate for antenna

system with and without EBG and plot them in Fig. 3.12. Our simulation in

Fig. 3.12(a) shows a higher coupling of more than 57 dB(V/m) with no EBG,

while Fig. 3.12(b) shows reduction in coupling down to 46 dB(V/m) between the

VicCross EBG and the antenna array. The VicCross EBG interaction with the

substrate material properties resulted in a high impedance path for the surface wave

electric field to propagate from the Tx to Rx array.
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Figure 3.12: (a): no-EBG substrate Electromagnetic field propagation; (b)
VicCross EBG substrate Electromagnetic field propagation. VicCross EBG

reduces the coupling by up to 46 dB (V/m) between the EBG and antenna array.

In summary, through extensive simulation through HFSS tool, we showed

that in a 4x4 MIMO array antenna FD environment, a new novel EBG coined

"VicCross" EBG FD environment can achieve up to -70 dB of Tx-Rx isolation at

28 GHz with more than 100 MHz of isolation of bandwidth at -60 dB. The novel

VicCross EBG provides up to 20 dB more isolation compared to a conventional

mushroom EBG optimized for operation in the 28 GHz band and has negligible

impact on antenna performance metrics.
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Chapter 4

MmWave High Impedance Surface novel Stacked EBG: Simulation

and Characterization

In this chapter, we present the design of a stacked novel EBG structure that creates

a high-impedance path for electromagnetic waves traveling between the transmit

and receive antenna elements. The EBG configuration consists of stacked novel

EBG patches on layers 1 and 2 of a 4-layer stack-up, and it is evaluated through

both simulations and laboratory measurements in a unit antenna transmitter and

receiver setup. The chapter also covers the design, optimization, prototyping of the

unit antenna elements, stacked novel EBGs, and their integration into a mmWave

FD System.

To meet specific manufacturing requirements, the novel EBG presented in this

chapter is a derivative of the VicCross EBG discussed in Chapter 2. To comply

with manufacturing rules and requirements, meet isolation standards equal to or

exceeding those of VicCross EBG, and enable the fabrication and characterization

of the novel EBG in a stacked configuration, we re-optimized the VicCross EBG

using HFSS simulations. Passive measurements and over-the-air (OTA) character-

ization of the unit antenna elements were performed in an anechoic chamber to
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compare simulated results with measured data for an antenna design intended to

operate at mmWave frequencies for full-duplex applications.

Through extensive evaluations, we demonstrate that: (i) compared to an ar-

chitecture without EBGs, the proposed novel stacked EBG design achieves an

additional 25 dB of isolation over a 1 GHz bandwidth, providing 10 times more

isolation bandwidth than the VicCross EBG, (ii) the unit antenna structure offers

1 dB higher main lobe antenna gain and 1 dB lower side lobe levels compared to

the no EBG architecture, (iii) the unit antenna element maintains over 1 GHz of

bandwidth at -10 dB return loss, and (iv) the unit antenna structure, along with

the integrated antenna and stacked EBG system, shows close agreement between

simulated and measured performance evaluation results.

The overall goal of this chapter is to evaluate how our new EBG design would

work in a real-world environment. To achieve this, we first propose using a single

transmit and receive antennas while embedding a High Impedance Surface novel

Stacked Electromagnetic Band Gap (HIS-nSEBG) structure in between them to

reduce SI. We later introduced an array of transmit and receive antennas of same

antenna design while embedding the new EBG to characterize SI. The following

outlines the design and evaluation carried out in this chapter

• Design: We outline the design process for a unit patch antenna, a stacked

novel EBG, and the integration of these stacked novel EBGs between the an-

tennas. The initial design of the VicCross EBG was refined through extensive

HFSS simulations to achieve an optimal balance between key performance

metrics, including return loss, frequency bandwidth, SI reduction, and an-
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tenna gain. Additionally, we present the theoretical modeling of the band

gap structure of the stacked novel EBG as an LC circuit and explain how

the different components of the EBG contribute to the inductance (L) and

capacitance (C) characteristics of the LC circuit.

• Evaluation: We conduct comprehensive evaluations of our design through

both HFSS simulations and laboratory measurements of a prototype. Addi-

tionally, extensive over-the-air measurements are performed in an anechoic

chamber. Our results demonstrate a close agreement between simulations

and real-world measurements, with only minor deviations due to manufactur-

ing and measurement factors. For instance, we observe an average of 2 dB

difference in SI reduction between simulation and measurement. However,

larger discrepancies can occur, such as more than 10 dB differences in return

loss predictions at lower and higher frequencies, particularly in the frequency

bandwidth (return loss) plot. Furthermore, we show that the proposed design,

compared to a system without EBGs, achieves over 25 dB of additional SI

reduction over a 1 GHz bandwidth, as well as more than 1 dB higher main

lobe antenna gain and 1 dB lower side lobe levels.

This chapter is organized as follows. In Section 4.1 We describe the design

of a unit element patch antenna and characterize its return loss, antenna gain, and

frequency bandwidth through Ansys HFSS [77] simulations and measurements in

an anechoic chamber. We discuss the optimization and design of novel HIS-nSEBG

and how to integrate them between Tx and Rx patch antennas in Sections 4.3

and 4.4, respectively. We characterize the overall antenna performance including
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gain and port-to-port isolation (i.e., SI reduction) in Section 4.5.

4.1 Unit Antenna Element Design and Characterization

This section discusses the design and performance evaluation of the unit antenna el-

ement designed to characterize the performance of proposed HIS-nSEBG. The unit

antenna element is composed of a rectangular patch. Using this antenna element, a

Transmit and Receive patch antennas on a single wireless device (substrate or PCB)

with an embedded HIS-nSEBG structure in between the two antennas to further

reduce SI is described in Section 4.4. The choice for Tx-Rx antennas separation as

described in this design are 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 4.5 and (ii) smaller wavelengths associated with mmWave bands

allows us to pack many antennas on the same wireless device.

4.1.1 Design of the Rectangular Patch antenna

An edge-fed rectangular patch antenna is considered for this work to characterize

the performance of the proposed HIS-nSEBG because of its ease of fabrication in

mmWave bands, ease of integration into circuits and systems, and its simple feed

line technique. This is an advantage that comes at the cost of lower antenna gains,

narrower bandwidth, and excitation of surface waves. Our design is focused on

28 GHz frequency band, which is used for 5 G cellular mmWave communication.

Fig. 4.1 (top right) shows the 3D view of the rectangular patch antenna im-

plementation on a 4-layer stack-up structure. The top layer of stack-up is used
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Figure 4.1: Top Left: 3D Model of a unit antenna showing zoomed-in unit Antenna
with mechanical holes and connector. Top Right: Unit antenna in radiation box.

Bottom: Stack-up with material property and layers.

for a rectangular patch antenna implementation and pad contact for 2.92 mm RF

connector connection as shown in Fig. 4.1 (top left). The second layer (L2) is used

as ground (GND) reference plane for patch antenna lead-in trace. A rectangular

void structure on L2 is created under the patch antenna for improved antenna

efficiency. Similar rectangular void structure is created on 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 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 Section 4.2. Rogers RT-Duroid
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laminate RO4350B and RO4450F pre-preg1 materials with permittivity (Er) of 3.66

and loss tangent (tand) of 0.0037 are used for the stack-up construction as depicted

in Fig. 4.1 (bottom). The laminate utilizes both 1080 and 1674 glass weave type

for controlled impedance and lower resin contents. Inner and outer copper layers

are chosen as 1 oz/ f t2 (0.035 mm thickness) with core and pre-preg thicknesses

of 0.254 mm and 0.02 mm, respectively, which leads to a stackup thickness of

0.85 mm, an optimal thickness required for the chosen 2.92 mm RF connector

assembly.

The overall dimension (Length, Width and thickness) of AUT PCB design, i,e.,

Length x Width x thickness is 100 mm x 45 mm x 0.85 mm to allow for radiation

pattern measurements in an anechoic chamber. The RF connector used in the

design is a 50 Ω end launch female 2.92 mm connector with maximum operating

frequency of 40 GHz. A 15 mm microstrip transmission line is used to feed the

antenna.

In the design of the patch antenna, the length and width were determined using

Eqs. (4.1)-(4.3) [78]:

W =
v0

2 fr

√
2

εr +1
(4.1)

L =
1

2 fr
√

εre f f
√

µ0ε0
−2∆L (4.2)

1Pre-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 prepreg.
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∆L = 0.412×
(εre f f +0.3)(W

h +0.264)

(εre f f −0.258)(W
h +0.8)

(4.3)

Here, W , L, and ∆L denote the patch width, patch length, and patch length

extension. v0 is the speed of light in free space. εr, ε0, εre f f , µ0, and h are relative

permittivity, permittivity of free space, effective permittivity, permeability, and

thickness of the substrate material, and fr denotes the resonant (desired) frequency.

The resonant frequency considered for this design is 28 GHz.

4.2 Unit Antenna Characterization

We next proceed to the characterization and the performance evaluation of the

fabricated unit antenna element in terms of frequency bandwidth, radiation pattern,

and antenna gain. In addition to lab-based measurement data, HFSS [77] based

simulation data is also presented to compare with lab measured data. Fig. 4.2

shows a lab setup for the unit antenna performance characterization using a two

port Anritsu [79] Vector Network Analyzer. A 2.4 mm cable is connected to the

antenna under test via a 2.92 M (Male) to 2.4 F (Female) adapter. VNA calibration

was done to shift reference measurement plane to the RF cable connector end point

including the adapter. The calibration was done to allow electrical characteristics

of the AUT along with its RF connector to be captured without artifact or parasitic

from the measured environment and correctly do comparisons with data obtained

through simulations.

Fig. 4.3 shows measured and simulated plots for the unit antenna bandwidth
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Figure 4.2: Frequency bandwidth and return loss measurement setups 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.

performance with good return loss profile agreement across the frequency range.

At a desirable return loss of -10 dB or lower [78], measured bandwidth for the unit

antenna is 1.2 GHz (27.6 GHz - 28.8 GHz), resulting in a fractional bandwidth

of 4.3% and is considered to meet the Gbps data speed for mmWave communica-

tion of intended 28 GHz mmWave application. We also observe that simulation

results have good agreement with the measurements results, however, the gaps can

sometimes be large (more than 10 dB) at lower and higher frequencies.

Fig. 4.4 shows the voltage standing wave ratio (VSWR) of the antenna. At

the desired 28 GHz frequency, the VSWR value is 1.06:1. This indicates a higher

transmitted power, which also translates to a higher efficiency antenna.

Radiation pattern measurements using an anechoic chamber were also carried
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Figure 4.3: S-parameter plots (|S11|) showing simulated (red) and measured
return loss data (blue). The simulated and measured -10 dB bandwidth is

∼1.8 GHz and ∼1.2 GHz respectively

out to determine the measured 3D electric field radiation of the patch AUT and

this was compared against HFSS simulations. Fig. 4.5 shows the Millibox [80]

mmWave anechoic chamber used for antenna 3D radiation pattern characterization

and measurements, with the designed AUT mounted on a robotic arm on the right

side of the chamber. A reference 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 transmitting antenna and AUT is within the far-field distance, which

allows for appropriate characterization of the far-field radiation pattern of the AUT.

3D radiation pattern measurements were taken from 26 GHz to 30 GHz frequency

band, and by rotating the transmitting antenna both vertically (from -90◦ to 90◦)

and horizontally (from -90◦ to 90◦) with a step size of 2◦.
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Figure 4.4: Simulated Voltage Standing Wave Ratio (VSWR) of unit antenna
element showing 1.06:1 within 28 GHz frequency of interest.

The simulated and measured2 radiation 3D pattern results for the AUT are

shown in Fig. 4.6 with a close agreement between the two radiated field plots.

It is observed that the radiated 3D fields plots for both measured and simulated

AUT shows maximum radiated gain and nulls in similar phi and theta angle of

measurement and simulated plots. The presence of nulls in the measured data

which was also observed in simulation is characterized by the the destructive

interference of near-filed coupling between the patch antenna element lead-in trace

and the connector. However, the performance characteristics of the antenna still

met FD mmWave application, as intended Further work of having an array (1x4

for both Tx and Rx) of similar patch antennas with a pitch of λ/4 and being

able to have the connectors placed side-by-side necessitates the current placement

architecture of the AUT and its connection with the lead-in trace element. This
2Millibox RF engineers assisted in carrying out the radiation pattern measurement
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Figure 4.5: Millibox anechoic chamber far-field measurement setup. Left: robotic
arm holding a reference horn antenna and Right: Robotic arm holding the

antenna under test (AUT) to determine the 3D radiation pattern.

work is described in detail in Chapter 5.

The measured and simulated bore-sight antenna gain variation as a function of

frequency is seen in Fig. 4.7. A close agreement is observed between the two plots

with only a few dB of difference between measured and simulated results. The

proposed antenna design achieved a measured gain of about 4 dBi over 28 GHz

and 28.5 GHz frequency range of interest. This is good gain performance for a low

profile patch antenna required to be deployed for an array of antenna meant for

mmWave full-duplex application.
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Figure 4.6: Simulated (left) and Measured (right) 3D radiation patterns.

4.3 High Impedance Surface novel Stacked Electromagnetic Band

Gap (HIS-nSEBG)

In this section, we discuss the design of proposed novel EBG that we later embed

in between the antennas to reduce SI in Section 4.4.

Among the various types of Electromagnetic Band Gap structures, the mushroom-

like high-impedance surface EBG has become one of the most widely used de-

signs [81]. While EBGs are relatively easy to design and fabricate, particularly

for antenna applications, numerous innovative EBG designs have emerged in the

literature, tailored for antenna applications in RF and microwave frequencies. As

a result, EBGs have traditionally been employed in various antenna applications,

such as enhancing antenna efficiency. For example, consider a microstrip patch

antenna on a substrate material as depicted in Fig. 4.8 (top). Without the use of

EBGs, a small percentage of the electric field power radiates from the patch antenna
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Figure 4.7: Frequency vs gain simulated (red) and measured (blue) plots showing
measured peak gain of 4 dBi between 28 GHz and 28.5 GHz.

to free space and the remaining power leaks through the dielectric substrate [82]

and copper layers as surface current waves. EBG can be used as part of the antenna

design (Fig. 4.8 (bottom)) to suppress the surface waves and radiate more towards

the main beam to increase the antenna efficiency.

In the proposed novel EBG, we develop a VicCross-like 2-layer stacked EBG

structure to reduce the port-to-port coupling between the Tx and Rx antennas as a

means for passive SI suppression in a mmWave FD radio design. Fig. 4.9 depicts

a 2-stacked EBG structure in a 4-layer (top layer, second layer, third layer, and

bottom layer) stack-up design. Stacked type EBG provides higher SI suppression

and higher bandwidth compared to single stack mushroom EBG [49], [81], [83].

The surface impedance equation in Eq. (4.4) [84] guided our initial optimization
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Figure 4.8: Top: 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 for patch antenna design. Bottom:
Mushroom EBG structures, as alternative to the solid ground plane, mitigate

surface current propagation and radiation.

in determining the size of the through-hole via (which impacts inductance L) and

the EBG shape (which impacts capacitance C):

Zsur f ace =
jωL

(1−ω2LC)
(4.4)

where ω is the angular frequency defined as ω = 2πf, and f is the desired

(resonant) frequency. Further, L and C can be modeled through the following

equations:
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L =
ηs

ω
× tan(βh) (4.5)

C =
wε0(εr1 + εr2)

π
× cosh−1(

D
g
) (4.6)

where ηs =
√

µ0µr/ε0εr and βs = ω
√

µ0µrε0εr defined respectively as the

intrinsic wave impedance and propagation constant. ε0 and µ0 denote the free

space permittivity and permeability, respectively, and εr and µr are 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 Eq. (4.4) should be set

to zero, which results in the following relationship between L, C, and f:

fresonance =
1

2π ×
√

LC
(4.7)

The overall operation of the via and EBG shape is modeled as an LC (resonant)

circuit and at frequencies below the resonant frequency, the circuit model becomes

inductive and supports TM (transverse magnetic) surface waves, whereas at fre-

quencies 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 [84].

The novel EBG shape and its stacked formation was implemented to further

reduce the capacitance effect of the EBG patch (which was needed to increase the
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isolation bandwidth) and to limit further reduction in patch size to accommodate

manufacturing limitations. Similar reduction in EBG patch capacitance through

creating a novel EBG patch was carried out in [50] and described in Chapter 3 and

is coined VicCross EBG. In comparison, [50] has a defected ground structure in

addition to the VicCross EBG with different stackup and PCB material construction,

while our new proposed HIS-nSEBG comprises of defected stacked patch EBGs

with similar orientation for both top and inner layer EBG patches. Both designs

have similar periodicity due to similar reduction on EBG patch capacitance that

allows us to further improve isolation.

The final dimensions of the stacked EBG are shown in Fig. 4.9 and were

achieved after extensive optimization using HFSS tool to provide a balance between

antenna gain, isolation bandwidth, and port-to-port isolation. We refer to this EBG

design as High Impedance Surface novel Stacked EBG.

Note that the patches on top and second layer of HIS-nSEBG need to be in

the same orientation to allow for maximum coupling reduction of surface current

waves. This is because with same patch orientation, the capacitance effect of the

stacked patched are maximized and thereby reduce the effective coupling, which

increases the isolation bandwidth.

4.4 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. We also discuss the

operational aspects of the electric field coupling between the Tx and Rx antennas
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Figure 4.9: High Impedance Surface novel Stacked EBG 3D model structure in a
4-layer stack-up showing top and second layer patch with plated through hole via.
The diameter of the through hole via is 0.2 mm. Substrate thickness is 850µm and

the PCB material is RO435B Rogers laminate. The dimensions were finalized
after numerous HFSS simulations to provide a balance between antenna gain,

isolation bandwidth, and port-to-port cancellation.

resulting from the surface wave radiation through the substrate with and without

the novel stacked EBG designs.

4.4.1 HIS-nSEBG Integration with Tx and Rx Antennas

The placement of HIS-nSEBG is optimized using Ansys HFSS simulations to

achieve high SI suppression between the Tx and Rx antennas and also to achieve

optimum Tx/Rx antenna gains by reducing unwanted surface wave radiation such

as side lobes and back lobes.

Figure 4.10: Transmit and Receive antenna elements relative to
HIS-nSEBG.(picture not drawn to scale)
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Fig. 4.10 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. Further, there is 12.5 (10 + 2.5) mm

distance between the Tx/Rx antenna transmission line and the leftmost/rightmost

EBG column. There is a “guard ring" consisting of 3 rows of HIS-nSEBG along

the top and 3x8 column of HIS-nSEBG at the left and right edge. This guard ring

is shown in Fig. 4.10 and was optimized to provide optimum antenna gain and

reduction in side lobe level and back side radiation level resulting from surface

current propagation from transmit to receive antenna. Based on simulations, more

than 4 mm minimum spacing is required between HIS-nSEBG and the antenna to

achieve a reasonable gain and antenna efficiency.

Fig. 4.11 shows a close-up view of HIS-nSEBG integration with Tx and Rx

antennas. HIS-nSEBG dimensions are shown in 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 bottom right, are placed at 0.25 mm distance from edge of the PCB to shield

unwanted higher order electric and magnetic mode resonances, and to attenuate

reflected surface current waves from the HIS-nSEBG.

The antenna to antenna pitch distance of 47.5 mm (almost 5λ ) was optimized

to allow for sufficient distance from 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
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Figure 4.11: 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 HIS-nSEBG using HFSS, 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 waves are suppressed, resulting

in an electromagnetic surface wave bandgap thereby isolating the transmit and

receive ports.

4.4.2 Operating Mechanism of HIS-nSEBG

The operating mechanism of SI suppression using the HIS-nSEBG described in

this work is as seen in Fig. 4.12 based on HFSS simulation plots. From Fig. 4.12
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top figure, the observed electric field excitation resulting from the movement of

charges in the substrate and copper layers of PCB structure by the transmitting

antenna is described by E⃗.

Through the direct coupling path, an electric field αE⃗ is induced on the receiv-

ing antenna where α is modeled as the coupling coefficient. On the other hand, by

adding HIS-nSEBG structures, a new path condition is generated for the electric

field propagation. The coupling coefficient of the transmitting antenna to HIS-

nSEBG is modeled by β1 and the coupling coefficient between the HIS-nSEBG

and the receiving antenna is modeled by β2.

The total induced electric field force at the receiving antenna can be modeled as

(α ′+β1β2)E⃗ and with properly designed passive SI suppression EBG structures in

a transceiver system, the electric field in the scattering path is expected to produce

a reverse coupling coefficient of the transmitted energy.

4.5 Measured and Simulation Results

In this section, we present the performance evaluation results of the overall antenna

design with HIS-nSEBG embedded between the transmitting and receiving anten-

nas. We use both HFSS simulations and over-the-air measurements of a fabricated

prototype to derive these results.

4.5.1 Measurement Setup

The lab setup for the measurement of the FD antenna system is shown in Fig. 4.13.

Anritsu 2-port VNA and RF cable assembly were used to connect to the antenna
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Figure 4.12: HIS-nSEBG (bottom figure) creates a scattering path within the EBG
structure, which reduces the coupling between the antennas. The top figure

shows the coupling between Tx and Rx ports/antennas without an EBG.

RF connector ports using a 2.4 mm to 2.92 mm adapter, similar to AUT setup in

Section 4.3. This 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 measurement for the individual antenna elements within

the FD system was also performed to make sure the performance matches measure-

ments carried out in Section 4.1.

4.5.2 Self-Interference Suppression Performance

Fig. 4.14 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
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Figure 4.13: 2-Port Anritsu 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.

predicted simulated results from HFSS.

It is observed that measured SI reduction is 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 GHz

- 28.5 GHz). Also observed is that measured data (both with and without EBG)

tracks the simulated data with only a few dB of difference, which shows high

fidelity of the simulations in terms of characterizing reduction in SI.

Fig. 4.15 depicts a snapshot in time of the electromagnetic field distribution

between the transmit and receiver antennas both with (bottom) and without (top)
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Figure 4.14: Simulated and measured SI suppression plots with and without
HIS-nSEBG structures. Simulated and Measured data compared well across all
frequency plots 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 around 27.5 GHz and 28.5 GHz frequency range of

interest.

HIS-nSEBG. In the top figure, the TE mode of excited propagating electric field

at 28 GHz traveling 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.

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.

Based on these results, we have successfully designed a derivative of the

VicCross EBG, called the HIS-nSEBG, which was integrated with unit antenna

elements. Its isolation characteristics were explored through both simulation and

measurement data at the 28 GHz mmWave frequency. Furthermore, while most
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Figure 4.15: A snapshot of the electric field distribution when the radio operates
in FD mode with HIS-nSEBG (bottom) and without EBG (top).

related work has focused on FD wireless in the context of sub-6 GHz radios, this

study investigates mmWave FD radio design, specifically demonstrating the design

and implementation of a novel EBG architecture. This architecture provides over

25 dB reduction in SI and marginally improves antenna performance in terms of

gain and side-lobe levels. As discussed in Chapter 5, we extend this design to

support multiple transmit and receive antennas and explore the joint operation of

beamforming and antenna design to achieve further reductions in SI.
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Chapter 5

HIS-nSEBG Isolation Improvement of MIMO Antenna

As a key technology for 5G, multiple-input and multiple-output (MIMO) uses

multiple transmit (Tx) and receive (Rx) antennas to leverage multipath propagation,

effectively increasing the capacity of a radio link [85]. Integrating FD with MIMO

can enhance spectral efficiency, but both techniques require minimizing coupling

between antenna elements, which becomes a major challenge for antenna designers,

especially as the number of Tx/Rx chains increases as the radio node would

contain N simultaneously active transceivers creating cross-interference between

transmitter and receiver pairs from different transceivers. Physical separation of

the transmit and receive antennas is an effective way to reduce the amount of

interference between the Tx and Rx paths but requires more physical space and

twice the number of antennas. Different methods to improve isolation in MIMO

antenna configuration have been researched and few of the different techniques

used are coupled line resonator [86], which employs a techniques that uses a a

pair of parallel coupled-line resonators (PCRs) for isolation enhancement in planar

microstrip patch array antennas. The proposed PCR-based decoupling unit cell

provides additional 12 dB – 26.2 dB coupling reduction with an enhancement of
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antenna gain up to 1.25 dB. Neutralization line [87], [88] which consist of a dual-

antenna, consisting of two symmetric antenna elements and three neutralization

lines (NLs). The working mechanism of the three NLs is analyzed based on the

S-parameters and surface current distributions. Polarization isolator [89] described

a novel approach to suppress mutual coupling between patch antennas. A parasitic

isolator, which is printed between the two patches, controls the polarization of

the coupling field to reduce the antenna coupling. Measured results showed

that this technique achieved isolation enhancement and cross-polarization level

of 19.6 dB and 13.2 dB respectively. Capacitively-loaded loop (CLL) [90],

described the capability of a magneto-dielectric superstrate to suppress the surface

wave propagation. The capacitively loaded loop (CLL) meta-material (MTM)

superstrate exhibits a high degree of surface wave attenuation and it is used to

reduce the mutual coupling between the microstrip patch elements in MIMO

antenna configurations. Meta-material superstrate [91] [92], described novel

decoupling techniques for closely packed patch antennas using near filed resonators

(NFR) and meta-surface superstrate structure to reduce mutual coupling. Split

ring resonator (SRR) [93] [94], used one-dimensional electromagnetic band gap

(1-D EBG) and split ring resonator (SRR) structures inserted between monopole

antennas to suppress mutual coupling. The 1-D EBG and SRR function as a

reflector and wave trap and are able to reduce mutual coupling between the antennas

elements by more than 42 dB. The mushroom EBG described in [95] [96] use

different configuration and designs to reduce planar surface wave between MIMO

antenna elements. A new defected ground structure (DGS) in [97] is used to
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reduce the mutual coupling by controlling the polarization of the coupling field in

addition to using two hybrid EBG structures with the ability to support and stop

surface wave propagation are utilized simultaneously for achieving an extremely

low envelope correlation coefficient (ECC). Also, [98] described a novel fractal

DGS (FDGS) to reduce mutual coupling between coplanar spaced microstrip

antenna elements. And lastly, meta-material absorber [99] employs the use of

meta-material absorber (MA) to achieve high isolation between two patch antennas

in a 2-element MIMO system operating at 5.5 GHz resonant frequency useful for

WiMAX application.

The next chapter describes isolation improvement of MIMO antenna using

novel HIS-nSEBG at mmWave frequency in a Transmit and Receive FD system

environment.

5.1 HIS-nSEBG Extension to MIMO

In this section, we describe MIMO antenna array configuration using a 1x4 antenna

array configuration without taking into account the effect of cross interference

between Tx or Rx antenna elements. This chapter serves as an extension of Chap-

ter 4 and leverages the unit antenna element design to configure MIMO antenna

array. The novel HIS-nSEBG is then characterized in the MIMO environment

and mutual coupling isolation is evaluated and data presented. Due to the type of

VNA [79] used for the measurement of the prototyped 1x4 antenna array design,

which consist of a 2-port network, individual transmit and receive antenna from the

antenna array elements were considered at the same time in the mutual coupling
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isolation measurement. In line with our base assumption in Chapter 3 (Section 3.2),

the inner edge and closest transmit and receive antenna will have lowest isolation

while the farthest receive antenna would have higher isolation relative to the same

inner edge transmit antenna. In addition, A single transmit antenna (inner edge

antenna) was used as a transmitting element for all the individual receiver array

antenna array during the FD isolation measurement. A comparison plot describing

the different isolation measurement plots of individual unit antenna from Tx array

to all unit antenna in Rx array is also discussed.

5.2 MIMO Antenna Configuration

This section details the antenna array measurement setup. The same Anritsu VNA,

which was used for HIS-nSEBG characterization with a single antenna element

for both Tx and Rx in Chapter 3, is utilized here. The VNA consists of a 2-port

network terminal, which can be connected to our prototype MIMO antenna array

element two ports at a time. This means that the VNA port can be connected to one

Tx antenna element and one Rx antenna element at a time to characterize the HIS-

nSEBG. Due to this limitation, we do not account for cross interference between the

antenna elements within the array, either on the receiving or transmitting antenna.

Additionally, the inner-edge transmitter antenna (Tx0) was used as the transmit

antenna, while the receive antenna element alternated between Rx0, Rx1, Rx2, and

Rx3. This arrangement is illustrated in Fig. 5.1
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5.2.1 MIMO Antenna without EBG

To assess the impact of our HIS-nSEBG design, we measured the MIMO antenna

array without the EBG, as shown in Fig. 5.1. The prototype antenna represents the

Tx0 and Rx0 measurement setup for the edge antenna element of a MIMO antenna

array.

Figure 5.1: 2-Port Anritsu VNA lab measurement setup for gathering port-to-port
isolation parameters for MIMO antennas. The picture depicts Tx0 port and Rx0

port measurement.

The prototype MIMO antenna array is labeled from inside outwards with the

edge Tx and Rx antenna element as Tx0 and Rx0 while the outermost antenna

element is Tx3 and Rx3 respectively. Not included in the picture are the RF
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connectors for other Tx and Rx antenna elements. This was done to capture the

mutual coupling effect of the edge Tx and Rx antenna elements, with and without

populating the RF connectors to other antenna elements. Data suggest that the

presence (with ideal 50 Ohm termination) and absence of RF connectors do not

impact the isolation measurement of individual antenna element from Tx to Rx.

In subsequent measurements, we would populate the RF connectors for easy

mating and de-mating to and from the VNA cable.

Subsequent measurements were performed using the same configuration de-

picted in Fig. 5.1, with the transmit antenna positioned at the array edge. In this

setup, the second, third, and fourth receiver antennas were activated sequentially

to characterize the mutual coupling between Tx0 and Rx1, Tx0 and Rx2, and

Tx0 and Rx3. The mutual coupling data obtained from these measurements are

analyzed and benchmarked against a comparable antenna prototype configuration

incorporating an integrated HIS-nSEBG structure, with the comparative results

detailed in Section 5.3.

5.2.2 MIMO Antenna with HIS-nSEBG

Fig.5.2 shows a MIMO antenna configuration involving elements Tx0 and Rx0,

with a novel EBG structure fully integrated across the antenna array, including the

inter-element region between the transmit and receive arrays. The coaxial input of

the antenna is interfaced with a high-performance RF cable rated for up to 40 GHz

bandwidth, which is connected to a VNA for S-parameter measurements.

The HIS-nSEBG structure implemented between adjacent antenna elements is
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Figure 5.2: 2-Port Anritsu VNA lab measurement setup for gathering port-to-port
isolation parameters for MIMO antennas with integrated HIS-nSEBG. The picture

depicts Tx0 port and Rx0.

specifically designed to suppress near-field surface wave propagation and mitigate

electromagnetic coupling from the transmit to the receive antennas. In FD opera-

tion, the receiver must operate concurrently and co-channel with the transmitter,

leading to significant SI due to the high transmit power, often several orders of

magnitude greater than the receiver’s sensitivity threshold. By introducing the

HIS-nSEBG, surface current coupling is effectively attenuated, thereby enhancing

isolation and reducing SI at the receive ports.

To capture the SI or mutual coupling effect of the transmit antenna from

other neighboring receiver antennas, measurements were carried out similar to
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section 5.2.1 to represent measurement setup for Tx0 and Rx1, Tx0 and Rx2, Tx0

and Rx3, respectively.

5.3 Measured Results

The measured results from the configurations detailed in Sections 5.2.1 and 5.2.2

are presented in Fig.5.3. The plot spans a 2 GHz frequency range and illustrates

the isolation performance both with and without the HIS-nSEBG structure. In

the figure, the solid continuous lines represent the MIMO antenna configuration

with the full HIS-nSEBG implementation, while the dashed lines correspond to the

configuration without the EBG.

The data show a consistent 20 dB improvement in isolation when comparing the

configuration with HIS-nSEBG to that without it. Moreover, the isolation between

Tx0 and the corresponding receiver antenna elements (Rx0, Rx1, Rx2, and Rx3)

increases by approximately 5 dB for each successive receiver. These results are

in line with theoretical expectations, confirming that both the increased physical

separation between transmit and receive elements, as well as the integration of the

HIS-nSEBG, contribute to enhanced isolation in the MIMO antenna system. In the

higher frequency range of 28.4 GHz to 29 GHz, it is observed that the isolation with

the HIS-nSEBG remains invariant regardless of the separation distance between

Tx0 and Rx1 through Rx3. This behavior is also evident in the isolation results for

the configuration without HIS-nSEBG within the same frequency band. The causes

of this phenomenon are currently under investigation; however, it is hypothesized

that it may be attributed to the constructive mode alignment of the surface wave
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propagation which could lead to a phase synchronization effect that diminishes the

impact of varying element separation.

Figure 5.3: Port-to-Port Isolation for MIMO antenna with and without HIS-nSEBG.
Blue plot lines showed Tx0 and Rx0 isolation, Red plot lines showed Tx0 and Rx1
isolation, Pink plot lines showed Tx0 and Rx2 isolation, Black plot lines showed

Tx0 and Rx3 isolation respectively.

The measurements reported here do not include the additional transmit antenna

elements—Tx1, Tx2, and Tx3—and their corresponding receiver elements in the

Rx array. It is hypothesized that the isolation results for these additional transmit

antenna elements would demonstrate further improvements. This is based on the

expected reduction in mutual coupling due to their relative spatial separation from
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the receiver elements. Specifically, Tx1 and Rx0 would exhibit higher isolation

compared to Tx0 and Rx0, Tx1 and Rx1 would show greater isolation than Tx0

and Rx1, and so on. Similarly, Tx2 and Tx3 would experience less coupling with

Rx0 compared to Tx0 and Tx1 with Rx0, and similarly for other receiver elements.

In conclusion, the integration of the HIS-nSEBG structure within the MIMO

antenna array has been shown to significantly improve isolation between transmit

and receive antenna elements, particularly within the measured frequency range.

The results confirm the theoretical expectations that increasing spatial separation

between antenna elements, coupled with the HIS-nSEBG, enhances mutual iso-

lation. Additionally, the hypothesis that isolation performance improves with

the relative positioning of transmit and receive elements, especially for antenna

elements further separated in the array, is supported by the observed data. While

the measurements presented focus on Tx0 and its corresponding Rx elements, it

is anticipated that similar improvements will be observed for the other transmit

elements (Tx1, Tx2, Tx3), with further reduction in mutual coupling due to their

increased separation. The findings highlight the efficacy of the HIS-nSEBG in

mitigating self-interference and enhancing the overall performance of full-duplex

MIMO antenna systems.
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Chapter 6

Conclusion

In this dissertation, we considered the problem of passive self-interference cancel-

lation in mmWave FD systems.

Specifically, we developed a novel EBG structure, named VicCross EBG, along

with a resonant GND slot, through extensive simulations using HFSS Tool. This

VicCross EBG design was integrated between the transmit and receive MIMO

array antennas operating in a FD environment. The VicCross EBG is intended to

create a high impedance path that minimizes electromagnetic wave propagation

between the transmitting and receiving MIMO array antennas. The innovation of

this EBG lies in the reduction of capacitance of the mushroom EBG patch and its

design for operation at 28 GHz to achieve wideband isolation. The high impedance

characteristics were validated through a signal scattering matrix and plotted using

HFSS tool. In the FD system, the VicCross EBG demonstrated through simulation

an improved isolation between the transmitter and receiver antennas of up to 70 dB

or higher at 28 GHz, with a bandwidth exceeding 100 MHz.

To enable the manufacturability of our novel EBG and enable active characteri-

zation in a practical FD system, we further optimized the VicCross EBG through
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extensive simulations and developed a stacked version of the design, referred to as

High Impedance Surface novel Stacked EBG. Initial characterization of this stacked

EBG involved the use of a unit transmit and receive antenna. We performed passive

measurement of the unit antenna and compared the results with simulated data to

ensure that simulations accurately predict performance of antenna element. The

performance evaluation, which included isolation measurement characterization

and simulations of the novel EBG integrated with the unit antenna elements in FD

system, showed good agreement within 2-dB of deviation across the frequency

bandwidth of measurement. The results indicated approximately 30 dB isolation

between the transmitter and receiver, in comparison to a system without the EBG.

We expanded our simulation, manufacturing, and measurement of the HIS-

nSEBG design to include MIMO antenna arrays. The HIS-nSEBG was integrated

between a 1x4 MIMO antenna array, and its performance was evaluated through

measurements. We employed a 2-port VNA to assess the the impact of the novel

EBG in isolating the transmitter array from the receiver array antennas. In the

MIMO setup, the isolation achieved was approximately 20 dB when compared to a

full-duplex system without the EBG.

Our results show that a combination of antenna separation and EBG integration

can reduce SI by more than 70 dB. Thus, the results presented in this dissertation

show that we can build mmWave FD radios by primarily canceling SI through

passive antenna design along with active beamforming and digital cancellation.

This can potentially eliminate the need for complex and bulky analog cancellation

techniques, paving the way to build compact and low cost mmWave FD radios.
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Chapter 7

Major Dissertation Contributions

7.1 Major Contributions

The primary contribution of this dissertation is the development and comprehensive

characterization of a passive SIC methodology for FD communication systems,

targeting both infrastructure nodes and UE operating at mmWave frequencies. The

research focuses on the design, electromagnetic modeling, full-wave simulation,

and experimental verification of novel EBG structures. These EBGs are strate-

gically integrated between co-located transmit and receive antenna elements to

suppress near-field coupling and mitigate self-interference within compact FD

antenna architectures. The following sections provide a detailed exposition of these

contributions.

• A novel EBG structure was developed, incorporating analytical modeling

and full-wave electromagnetic simulation, aimed at achieving passive self-

interference suppression in the mmWave frequency spectrum..

• The proposed EBG structure features a highly compact footprint, facilitating

its integration into space-limited mmWave front-end architectures, such as

those in 5G and future 6G systems. Despite its reduced size, the design
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meets the stringent isolation and self-interference suppression requirements

essential for FD operation.

• The proposed FD antenna designs contribute to the advancement of mmWave

wireless systems by effectively passively mitigating self-interference, thereby

obviating the need for intricate and bulky analog SIC techniques. This en-

ables the possibility of performing complete residual interference cancella-

tion within the digital domain, enhancing system efficiency and simplifying

the overall architecture.

Finally, a custom mmWave measurement test bench was developed, employ-

ing National Instruments (NI) and TMYTEK mmWave transceiver modules

and components, to facilitate the experimental Over-the-air (OTA) character-

ization of passive self-interference isolation in FD antenna systems. Initial

tests were conducted using an off-the-shelf antenna array, and over-the-air

(OTA) data was collected by measuring throughput and signal-to-noise ratio

(SNR) at the receiver. However, due to equipment malfunction, we were

unable to complete the final testing of the prototyped HIS-nSEBG design, as

detailed in the following chapter. Nevertheless, we successfully established

a mmWave full-duplex (FD) test bench, which will be used to characterize

the HIS-nSEBG prototype in an FD environment.
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Chapter 8

Research Limitations and Future Work

In this section, we outline several key research challenges that, if addressed, could

have improved the efficiency of data acquisition in this study. Additionally, we

explore the opportunities and potential avenues for future work in the context of

mmWave FD wireless communication.

8.1 Limitations

Listed below are some of the ways that this research can be expanded and improved.

8.1.1 Multiple Port VNA

In the characterization of port-to-port isolation for the MIMO array configuration

discussed in Chapter 5, a 2-port VNA was utilized to measure the isolation be-

tween individual transmit and receive antenna elements, capturing their respective

isolation performance in isolation from one another. It would have been easier to

use a higher port VNA. The integration of multi-port VNAs, such as the Keysight

M9485A PXI VNA [100] or Transcom’s T-Series multi-port VNAs [101], facili-

tates simultaneous multi-port measurements, thereby enhancing the efficiency and
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accuracy of characterizing complex antenna systems.The T58XX series VNAs are

capable of performing parallel testing on designs under test (DUTs) with up to 10

ports or conducting simultaneous measurements across multiple DUTs. Similarly,

the Keysight M9485A PXI VNA offers a versatile and scalable platform, addressing

the increasing complexity of high-performance measurement tasks. By leveraging

either of these VNAs, comprehensive MIMO antenna array measurements for FD

systems can be conducted. This configuration facilitates concurrent transmission

from multiple transmit ports and simultaneous reception on multiple receive ports,

enabling advanced isolation and interference characterization critical for mmWave

FD applications.

8.1.2 Active Measurement Test Bench

An active measurement test bench was established to assess the FD functionality

of the radio architecture. This setup includes key FD radio components: the

National Instruments Software Defined Radio (USRP2943R), TMYTEK Up-Down

(UD) Converter, Beamformer, along with coaxial and Ethernet cabling, enabling

comprehensive evaluation of the FD radio system’s performance and interference

characteristics.

A physical test bench, as shown in Fig. 8.1, was established utilizing an off-

the-shelf 4x4 antenna array for OTA signal transmission and reception between the

USRP devices. The beamformer, integrated with the antenna array, was positioned

1.5 feet apart to facilitate proper signal exchange. Additionally, a custom software

graphical user interface (GUI) was configured for controlling each device in the
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Figure 8.1: Active measurement Test bench set up showing National Instrument
Software Defined Radio (USRP2943R), TMYTEK Up-Down Converter and

Beamformer.

setup.

The purpose of the test bench, depicted in Fig. 8.1, is twofold: first, to perform

OTA measurements using the standard 4x4 antenna array, and second, to replace

this array with a prototyped 1x4 MIMO full-duplex (FD) antenna array. This con-

figuration enables validation of the test bench by ensuring successful data/packet

transmission between the base station (USRP) and UE (USRP), and allows for

the investigation of beam steering effects at the transmitter on mmWave signal

reception at the receiver.

During the test measurement phase, the transmitter UD-Box sustained damage

due to electrostatic discharge (ESD), which compromised its functionality. The

faulty device has been sent to the manufacturer for repair or replacement. As of
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the time of writing this dissertation, the device had not yet been returned, thereby

preventing the completion of the intended active measurements with our prototyped

antenna array. The absence of the UD-Box precluded the execution of the active

measurement tests, which were designed to assess signal transmission and reception

within a FD operational environment.

8.1.3 MIMO Array OTA Measurement

OTA measurements were not conducted with the 1x4 MIMO antenna array due to

its 4-port configuration. The mmWave anechoic chamber, which was used for OTA

characterization of single-port antenna elements, does not have the infrastructure

to accommodate and measure a 4-port antenna array. The 1x4 MIMO array was

specifically designed to integrate directly into the active measurement setup, as

shown in Fig. 8.1. The TMYTEK beamformer, equipped with a 4-port terminal,

supports the connection of four input antenna elements to form the array. It utilizes

internal phase shifters to manage beamforming and control the radiated power

distribution across the antenna array.

8.2 Future Work

In this section, we discuss some ideas to expand the work proposed in this thesis.

8.2.1 Active Measurement Characterization

The active measurement setup, as illustrated in Fig.8.1, will be employed alongside

the prototyped antenna array. Two TMYTEK UD-Box devices will be positioned in
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parallel to establish a full-duplex node, enabling measurement operations as shown

in Fig.8.2. This configuration allows for a comprehensive joint characterization of

beamforming techniques and antenna design with respect to their influence on FD

wireless system performance. In typical mmWave systems, analog beamforming is

optimized to maximize beamforming gain in a targeted direction. However, a trade-

off exists where some of this gain may be deliberately sacrificed at both the transmit

and receive ends to reduce SI. The integrated design of such beamforming strategies,

in conjunction with the proposed antennas, aligns with active SI cancellation

approaches and offers a compelling area for future research advancements.

Figure 8.2: Active measurement Test bench set up showing National Instrument
Software Defined Radio (USRP2943R), TMYTEK Transceiver device with

integrated 1x4 modular antenna array facing TMYTEK Beam Former device with a
cartoon of prototype MIMO antenna array with integrated HIS-nSEBG.

Active measurement data can be collected using the LTE application frame-

work on the test devices, as demonstrated in Fig. 8.2, right image. The primary

metrics for evaluating isolation between the Tx and Rx antennas include the I-Q

constellation diagram, receiver throughput, and signal-to-noise ratio (SNR). These
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parameters are essential for quantifying the performance of the full-duplex system

and assessing the effectiveness of self-interference mitigation techniques.
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