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ABSTRACT

The tremendous successes of wireless communications, including cellular sys-
tems, wireless local area networks (WLAN), satellite communications and underwater
acoustics (UWA), have had a great impact on almost every aspect of human life, such
as social networks, entertainment, machine-to-machine communications, smart cities
and ocean resource explorations. As a result of these flourishing wireless networks,
we have been confronted by an explosion of connected devices and data-hungry appli-
cations, and, future wireless systems are going to face exponentially increasing data
traffic demands.

Heterogeneous networks, the integration of various technologies/standards, are
a promising solution to provide ubiquitous coverage, and improve network performance
(such as spectrum efficiency and energy efficiency). The third generation partnership
project (3GPP) has standardised licensed-assisted access (LAA) in Release 13/14 and
proposed new radio (NR) based unlicensed access in Release 15, in which cellular
systems are allowed to access unlicensed spectrum. However, a major challenge to
realizing the potential advantages of spectrum sharing is the inter-system interference,
i.e., cellular systems have to coexist with other radio access technologies, especially
WLAN, which already operate in the unlicensed medium.

In addition, instead of sharing the spectrum for transmission and reception (ei-
ther in separate time slots or different frequency bands), in-band full-duplex (IBFD)
has been proposed to enable wireless terminals to transmit and receive simultaneously
over the same frequency band, with the advantage of doubling the spectral efficiency,
in addition to the benefits obtained using other technologies. The major drawback
of an IBFD system is the high level of intra-system interference created by its own

transmissions while trying to receive a distant and useful signal. In general, to achieve

Xvi



the two-fold spectrum efficiency gain, multiple interference cancellation schemes, in-
cludes antenna cancellation, analog cancellation, and digital cancellation, are required
to suppress the severe interference.

In this dissertation, we investigate and analyze intra- and inter-system inter-
ference under three scenarios: IBFD cooperative relaying, IBFD underwater acoustic
transmission, and coexistent WLAN/LAA networks.

For IBFD cooperative relaying, we evaluate three different types of interference:
self-loop interference, cross-talk interference and possible direct-link interference (from
the source to the destination). In particular, we first investigate the spectral efficiency
of IBFD relaying when the self-loop interference and the cross-talk interference cannot
be completely suppressed due to imperfect channel estimation. Then, we analyze the
impact of the interference from the direct link by deriving closed-form expressions for
the outage probability of half-duplex (HD) and IBFD relaying over Rayleigh fading
channels. We show that the “signal” from the direct link might cause a severe error
floor in the system performance, even when self-loop and cross-talk interference can be
completely suppressed.

We next focus on deploying IBFD transmissions to extremely bandwidth-limited
UWA systems, which is more challenging due to the much harsher UWA propagation
environment. By analyzing the challenges in implementing IBFD UWA systems, we
propose an acoustic-specific design that includes both analog and digital cancellation,
and present its performance in the presence of imperfect channel state information
(CSI), ambient noise, and quantization noise from the analog-to-digital converter. In
addition, for IBFD UWA cooperative transmissions, we employ orthogonal frequency
division multiplexing (OFDM) techniques to overcome the impact of the residual self-
loop interference, and propose a delay-diversity scheme with a Viterbi detector to utilize
the long-delay reflected interference (interference due to reflections from sea surface or
seafloor).

Finally, we investigate the inter-system interference in coexistent WLAN/LAA

systems. We first analyze the coexistence challenges of Wi-Fi (i.e., WLAN) and LAA

XVvil



posed by frequent collisions, which are caused by the use of different sensing/detection
methods. To improve the coexistence performance of Wi-Fi and LAA in downlink
transmissions, a distributed adaptive algorithm is proposed to adjust LAA’s Energy
Detection (LAA-ED) thresholds. Further, we extend the adaptive energy detection
algorithm to the multi-carrier case, and propose a simple, but efficient, carrier-selection
algorithm based on LAA-ED thresholds. Via simulations, the proposed adaptive energy
detection and carrier selection algorithms are shown to improve the overall system

performance as well as achieve better fairness among Wi-Fi and LAA networks.

xviii



Chapter 1

INTRODUCTION

1.1 Background

Over the last thirty years, wireless communications systems, such as cellu-
lar communications, wireless local area networks (WLAN), and underwater acoustics
(UWA), have experienced tremendous advances in technology and have become essen-
tial in people’s daily lives. However, the exponential rise in usage of connecting devices
has not shown any signs of slowing down, and the demands for high date rates, low
latencies, and long battery life are still dramatically increasing due to the widespread
use of wireless applications, such as 4K video streaming, e-Health, gaming, the Internet
of Things (IoT), and exploration of the ocean resources [4]. As shown in Fig. 1.1, in
2016, Cisco [1] predicted that mobile data traffic demand would see a 53% compound
annual growth rate from 2016 through 2021, increasing to about 49 exabytes per month
by 2021.

To meet this demand and provide higher aggregate capacities for more simulta-
neous users, future wireless networks are expected to be a tiered mixture of networks
with different sizes, transmit powers, and radio access technologies (RATs). One major
limiting factor is the interference that arises due to the limited bandwidth available and
the increased temporal and spectral reuse of these resources. The traditional methods
for resource allocation and interference management, for example, channel allocation,
power control and cell association, may not be efficient enough to deal with the in-
terference in a dense heterogeneous environment. Other novel strategies, including
cooperation [5, 6], interference alignment [7] and multi-user multiple-input multiple-

output (MU-MIMO) beamforming [8], have been proposed to reduce the interference
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Figure 1.1: Global mobile data traffic, 2016 to 2021 [1].

and improve the system capacity in a more efficient way. For instance, MU-MIMO
beamforming, which can achieve directional signal transmission or reception with lin-
ear signal processing, is standardized in current cellular and WLAN applications, e.g.
the 3rd Generation Partnership Project Long Term Evolution (3GPP LTE) [9] and
IEEE 802.11ac specifications [3].

To potentially double the spectral efficiency, the use of in-band full-duplex
(IBFD) transmission (for example, see [10-14]) has been proposed to enable wireless
terminals to transmit and receive simultaneously over the same frequency band. In
addition, to keep up with the emerging traffic demands in cellular systems, 3GPP Re-
lease 14 has standardized licensed-assisted access (LAA) and Release 15 has proposed
“new radio (NR) based unlicensed access” and “enhancements to LTE operation in un-
licensed spectrum,” where the evolution of LAA will allow 5G to access the unlicensed
spectrum [15-18]. Unfortunately, without a careful system design, new types of inter-

ference will be introduced using these techniques. Even though IBFD transceivers can



ideally double the spectral efficiency independently of any other technique employed,
the self-loop (intra-system) interference, which arises from the leakage of transmitted
signals in the receiver, may cause significant degradation in performance. Using LTE
in the unlicensed spectrum can clearly provide a benefit to cellular subscribers through
spectrum sharing, as they can get access to more spectrum resources. However, this
can cause inter-system interference to others using these bands, especially to Wi-Fi
networks. Therefore, a closer investigation of the interference management problem in
these scenarios is required.

In this dissertation, we will first evaluate and analyze these new types of intra-
and inter-system interference under three sample scenarios: IBFD cooperative relaying,
IBFD underwater acoustics, and mixed LAA/WLAN networks. Then, new strategies

will be presented that address the interference management problem for these scenarios.

1.2 Intra-System Interference in IBFD Systems
1.2.1 IBFD Relaying

Cooperative relaying, typically, half-duplex (HD) relaying, has been presented as
a promising solution to combat fading in wireless channels due to the benefits of spatial
diversity [5,6]. However, HD relays transmit and receive either in different time slots or
over different frequency bands. For example, two orthogonal time slots are employed
to facilitate communication: in the first slot, the source broadcasts its message and all
cooperating nodes listen; in the second slot, some relays are selected to forward the
source information to the destination. In contrast, IBFD relays transmit and receive
simultaneously on the same frequency, which can ideally double the capacity achieved
with HD.

The reason why IBFD relaying has not been widely employed in the past is quite
simple: the system performance might decrease rapidly due to strong interference from
its own transmission, which is difficult to be completely suppressed with a practical
implementation. This type of interference is called self-loop interference. As illustrated

in Fig. 1.2, there is one IBFD relay node (R) between the source (S) and the destination
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Figure 1.2: IBFD relaying system with a possible direct link and a relaying link. The
IBFD relay suffers from self-loop interference.

node (D). The source node communicates with the destination via the IBFD relay
node and (possibly) a direct link. The IBFD relay node receives and transmits signals
simultaneously using the same frequency; so, there will be a self-loop link (dashed
line in Fig. 1.2) between the transmitter and the receiver of the relay node. Since
the distance between the receive and transmit antennas is usually small, this self-loop
interference could be several orders of magnitude stronger than the signal received
from the source. In recent years, advanced cancellation schemes have been proposed to
significantly suppress/cancel the self-loop interference [11,13], making IBFD feasible in
some practical applications. Unfortunately, in cooperative communications, multiple
nodes may be selected to forward source messages. In this case, each IBFD relay would
suffer from not only the self-loop interference from its own transmitter, but also from
the cross-talk interference from the transmitters of other relays [19,20]. Worse still,
the signals directly transmitted from the source may also interfere with the received
signals at the destination.

In the presence of intra-system interference, it is not clear whether IBFD still

outperforms HD relaying. The effect of this interference needs to be evaluated, and



new schemes for interference management need to be devised and studied.

1.2.2 IBFD Underwater Acoustics

The fundamental difficulty in achieving high data rates for UWA communica-
tion networks lies in the narrow bandwidth available, with a maximum of only tens of
kilohertz. Thus, it is reasonable and desirable to investigate the employment of IBFD
in UWA systems. However, even though radio frequency (RF) IBFD wireless commu-
nications has been successfully demonstrated [13,14], direct application to the UWA

channel is not possible due to the much harsher UWA propagation environment [21-25].
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Figure 1.3: Self-multipath interference of acoustic IBFD systems in shallow water.

As shown in Fig. 1.3, an IBFD UWA transceiver is equipped with a transmitter
(transducer) as well as a receiver (hydrophone). In shallow water, the hydrophone
hears the desired signal from a remote transducer, self-loop interference from its own
transducer, and reflections from the sea surface and seafloor. Therefore, there are two

types of interference for an IBFD UWA transceiver: 1) self-loop interference from its



own transmission; and 2) interference due to reflections, called self-multipath interfer-
ence, which makes the interference cancellation more challenging. Even in the deep
ocean, where the multipath interference can be neglected, additional challenges exist.
First, the self-loop interference in the underwater acoustic channel has a delay several
orders of magnitude larger than that in the RF environment (due to the slow speed of
sound!), which makes it difficult to generate an artificial copy that adds destructively
to cancel out the strong interference. Second, the acoustic path loss offered by the an-
tenna separation is limited for short ranges (within meters); thus, higher suppression
gain is needed. Third, some existing cancellation schemes used for the RF channel, for
example, the antenna cancellation scheme in [10], cannot be adopted due to the strong
frequency-dependence of acoustic propagation.

In light of these difficulties, acoustic-specific methods are necessary to suppress
and /or utilize the strong self-loop interference as well as the long-delayed interference

caused by reflections.

1.3 Inter-System Interference: Coexistence of LAA and Wi-Fi

Cellular communication systems were originally designed to operate in a li-
censed frequency band with periodic channel access to maximize spectral efficiency,
minimize interference, and optimize user experience. On the other hand, Wi-Fi data
transmissions operate in unlicensed bands employing random access with contention-
based algorithms used to mitigate interference from other radios. To keep up with the
emerging traffic demands expected in 4G and 5G systems, the 3GPP standardization
group has investigated and standardized LAA to expand LTE operation to the unli-
censed band [26]. In one typical scenario of the current specifications, the unlicensed

band, specifically the 5-GHz band, is used as a secondary cell (SCell), which is always

1 The speed of sound is variable and depends on the properties of the medium through
which the waves are travelling. In sea water, a typical value for the speed of sound is
1500 m/s, while the speed of electromagnetic waves in free space is 3 x 10® m/s.



anchored by a licensed primary cell (PCell) within the LTE carrier aggregation frame-
work. The PCell is used to exchange critical control signals and guarantee quality of

service, whereas, the SCell can be employed to boost the downlink data rate [27,28].

LTE eNB (PCell) LAA eNB (SCell)

wristn [ \ a
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Figure 1.4: Interference in a network where LAA and Wi-Fi coexist.

In Fig. 1.4, a simple example is shown for a network where LAA and Wi-Fi
coexist, with one LTE Evolved Node B (eNB) (PCell), one LAA eNB (SCell), one LAA
User Equipment (UE), one Wi-Fi Access Point (AP), and one Wi-Fi station (STA).
Here, LAA and Wi-Fi both operate in the unlicensed band, and LTE uses the licensed
band. When the LAA eNB and Wi-Fi AP both have data to transmit and happen
to choose the same carrier (frequency band), they will interfere with each other: the
downlink LAA transmission might cause interference to both the downlink and uplink
of the Wi-FI system, and the Wi-Fi AP’s transmission might interfere with reception
at the LAA UE. In IEEE 802.11 networks, carrier sense multiple access with collision
avoidance (CSMA /CA) works well for managing access to provide different nodes with

equal transmitting opportunity. Considering that the main incumbent system in the



5-GHz band is the widely deployed WLAN technology, including IEEE 802.11 a/n/ac
devices [3], the basic criterion for LAA operation is that it should not impact Wi-Fi
transmissions more than an additional Wi-Fi network on the same carrier. Hence,
similar to CSMA /CA, a listen-before-talk (LBT) procedure is recommended for LAA
[26] in order to sense if the channel is idle or not before any data transmission. This
requires scheduling and optimization between the two wireless networks to ensure fair
coexistence between LAA and Wi-Fi, and also effective coexistence between different
LAA operator nodes.

As a first step, the coexistence feasibility of these two wireless access technologies
has to be evaluated under different scenarios. Then, strategies must be devised to
minimize the inter-system interference in LAA and Wi-Fi networks to ensure that fair
access and effective coexistence are achieved from the perspective of both throughput

and latency.

1.4 Dissertation Organization

In this dissertation, we investigate the impact of intra- and inter-system interfer-
ence on the performance of different wireless communication systems. We start with a
cooperative IBFD relaying scenario, and we analyze the spectral efficiency and outage
of different cooperative schemes with imperfect channel estimation. Then, we extend
the RF interference cancellation approaches to acoustic-specific cancellation techniques
for IBFD UWA transceivers, and design delay diversity schemes to effectively exploit
the residual interference in IBFD transceivers. Finally, we evaluate the coexistence
challenges for LAA and Wi-Fi systems, and propose adaptive energy detection and
carrier selection algorithms to achieve fair and effective coexistence.

In Chapter 2, we first explicitly model the residual self-loop interference and
cross-talk interference caused by imperfect channel estimation. Also, we analyze the
impact of overhead on the outage probability and spectral efficiency of three typical

cooperative schemes when the relays operate in FD mode. Then, to better understand



the impact of direct-link signals, we derive closed-form expressions for the outage prob-
abilities of HD and IBFD relaying over Rayleigh fading channels when the direct-link
signals can or cannot be combined with the relay-to-destination transmission.

In Chapter 3, we develop IBFD modems for the UWA channel. First, we dis-
cuss three challenges in implementing IBFD UWA systems: 1) strong interference with
significant delay due to reflections from the sea surface and seafloor; 2) limitations
of analog cancellation in acoustics; and 3) effectiveness of some existing cancellation
methods adopted from IBFD radios for UWA systems. Also, we design an acoustic-
specific cancellation scheme for IBFD UWA systems with different types of residual
interference. Then, to deal with the residual interference from the self-loop link and
reflections, we employ delay-diversity codes and orthogonal frequency division multi-
plexing (OFDM) [29-31] techniques to utilize the residual interference so that we can
achieve diversity gain with imperfect cancellation.

In Chapter 4, we first study the coexistence of Wi-Fi (IEEE 802.11ac) and LAA
in the 5-GHz band with a single shared carrier (20 MHz). Extensive computer simu-
lations are carried out to obtain insights on the coexistence of Wi-Fi and LTE under
several different realistic implementation scenarios. Because Wi-Fi adopts preamble
decoding to detect Wi-Fi signals and energy detection to sense non-Wi-Fi signals while
LAA only employs energy detection, we develop adaptive energy detection algorithms
for LAA to ensure the fair coexistence of these two different wireless access techniques.
Then, these analyses and the adaptive energy detection algorithms are extended to the
case of multiple carriers. Channel bonding is employed for IEEE 802.11ac to aggregate
certain carriers to support higher throughput [3],while LAA can transmit on any idle
carriers using carrier aggregation techniques. Based on the adaptive energy detection
algorithms, an efficient carrier selection is proposed to further improve the performance
of coexistent Wi-Fi and LAA networks.

Finally, we summarize our contributions and describe interesting open problems

for future research in Chapter 5.



Chapter 2

COOPERATIVE IN-BAND FULL-DUPLEX (IBFD)
DECODE-AND-FORWARD (DF) RELAYING

2.1 Introduction

IBFD relaying [14] can potentially double the spectral efficiency of HD relay-
ing by allowing simultaneous transmission and reception, but it may also suffer from
significant performance loss due to the severe intra-system interference, including self-
loop interference, cross-talk interference and possible interference from the direct link.
Thus, two questions must be answered in designing cooperative IBFD relaying schemes:
(i) How to suppress or utilize these different types of interference in IBFD relaying?
(ii) Does IBFD relaying really outperform HD relaying without ideal interference can-
cellation, if so, how much cancellation do we need?

In [14], taking the residual self-loop interference into account, the authors in-
vestigate a coverage extension scenario with one relay node, and introduce hybrid
IBFD/HD relaying schemes that switch opportunistically between IBFD and HD modes.
In [19], a distributed linear convolutional distributed space-time-coded relaying (DLC-
STC) scheme is proposed to utilize both residual self-loop and the signals from the
direct link instead of removing them for IBFD amplifier-and-forward (AF) cooperative
networks. In some works [32,33], the messages from the direct link are viewed as in-
terference at the destination for IBFD decode-and forward (DF) relaying, and in [32],
the system outage probability was derived with the residual self-loop interference and
direct-link interference. Some authors have tried to utilize the direct-link messages
using block Markov encoding [34,35] or space-time coding [36]. In these works [32-35],
there is only one relay in the system, but multiple relays may exist in real cooperative

networks.
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For a cooperative network with multiple relays, timer-based best-select relay-
ing (TBBS) [37], Dis-STC [38] and M-group Dis-STC relaying (M-group) are three
attractive schemes for practical applications since central control or full inter-relay

communications is not required!:

e TBBS [37] is a popular selective cooperative relaying approach, where only the
best node is selected to forward the source information. In particular, every eli-
gible cooperating node sets up an individual timer based on certain performance
metrics, and the node whose timer expires first is considered as the best node.
Once the best node begins transmitting, all other node back off.

e In the Dis-STC scheme [38], all eligible cooperating nodes coordinate simultane-
ous transmissions from the multiple relays using a STC. Notice that both TBBS
and Dis-STC can achieve the full diversity order [40].

e M-group Dis-STC relaying (M-group) [41] is a special case of randomized Dis-
STC [42], which can significantly reduce the amount of control information in
Dis-STC. In M-group, all the eligible cooperating nodes are employed, but each
relay randomly chooses one column of an underlying M-column STC matrix to
transmit. The diversity order is upper-bounded by M.

In this chapter, we analyze the outage probability and spectral efficiency of IBFD
relaying for the three cooperative schemes described above, and determine whether
IBFD relaying really outperforms HD relaying.

First, to understand the impact of the direct link, we assume the self-loop and
cross-talk interference can be completely suppressed, and closed-form expressions for
the outage probability for HD and IBFD relaying over Rayleigh fading channels are
derived for two cases: (i) no scheme is adopted to deal with the direct-link messages,
i.e., the direct-link messages are viewed as interference; and (ii) the direct-link messages
are assumed to be combined with the relay-to-destination transmission. We show that
the direct link plays a critical role in the performance of IBFD relaying.

Then, we analyze the spectral efficiency of cooperative IBFD systems without

considering the signal or interference from the direct link. In particular, the residual

L The spectral efficiency of these three cooperative schemes under HD operation is
analyzed in [39].
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self-loop interference and cross-talk interference caused by imperfect channel estimation
are explicitly modeled, and the overhead, outage probability and spectral efficiency are
analyzed for IBFD relaying systems. We show that (i) the residual interference can
significantly degrade the outage probability, especially for Dis-STC; (ii) IBFD can
achieve a much higher spectral efficiency than HD, especially for high signal-to-noise
ratio (SNR) margins; and (iii) M-group with M > 3 cannot be applied in IBFD

cooperative communications.

2.2 System Model

We consider a DF cooperative network with one source-destination pair and N
IBFD relay nodes, illustrated in Fig. 2.1, where the source and the destination are
single-antenna nodes and the relays are equipped with separate receive and transmit
antennas. For all nodes, we assume that the data transmission stage follows the chan-
nel estimation or relay selection stage, and that there is perfect time and frequency
synchronization among the nodes. Different from HD relaying, IBFD relays can receive
messages from the source and forward the messages to the destination at the same time.
However, as shown in Fig. 2.1, due to the simultaneous transmission and reception,
there exist three types of interference: 1) self-loop interference: the receive antenna
of relay R; hears its own transmission; 2) cross-talk interference: the relay R; also
receives the transmissions coming from other relays; and 3) possible interference from
the direct link: the messages directly transmitted from the source to the destination
may interfere with the messages forwarded by the relays. Recent cancellation schemes
mainly consider the cancellation of self-loop interference [11,13,14], and they can be ex-
tended to suppress the cross-talk interference since each relay can also have information
about the transmissions of the other relays. Note that the cancellation performance of
cross-talk interference may decrease with time due to the accumulation of noise in the
transmitted signal when amplify-and-forward relays are employed [19,20]. In contrast,
in DF relaying, there will be no accumulation of noise with successful decoding at the

relays.
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Figure 2.1: Single-phase relaying. Among N potential relay nodes, L nodes are
selected to forward messages from the source.

Let 7; denote the received signal-to-interference-plus-noise ratio (SINR) at relay
R;. We call R; a decodable node if ; is larger than a pre-specified threshold ~;,. Let
D ={Ry,Ry, -+ ,Rr} (0 < L < N) denote the set of decodable nodes, where N is the
total number of potential relay nodes. Note that L = 0 means that D is an empty set;
in this case, we assume an outage occurs. The channel coefficient of the link from the
source to relay R; is denoted as /Kl (1 < i < L), where kg and hg; capture the
path loss and multipath fading effects of the link from the source to R;, respectively.
Similarly, let \/k;hi;, \//i_jihji, Vkiahia and \/ksahsq denote the channel coefficients of
the self-loop link at R;, the cross-talk link from R; to R;, the link from R; to the
destination, and the link from the source to the destination, respectively, where x;;,
Kji, kig and reg denote the path loss, and hy;, hj;, hig and heq denote the fading effects.

We employ the classical path-loss model x(d) = Go(%)_“, where d is the dis-

tance between two nodes, dy is the reference distance, GGy is the path loss at the
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reference distance from the transmitter, and pu is the path loss exponent. The fading
channel on the self-loop links are modeled as Rician with large K-factor [11], and the
channel coefficients are assumed to be i.i.d. complex Gaussian random variables, i.e.,
hii ~ CN(m,0?) with m? + 02 = 1 2 and K = ", where CA/(-) denotes a complex
Gaussian distribution. Rayleigh fading is assumed for all other links. Without loss of
generality, the channel coefficients are assumed to be i.i.d. complex Gaussian random
variables, i.e., hy ~ CN(0,1), hjg ~ CN(0,1) and hj; ~ CN(0,1) for j # i. Then, at

time n, the received signal at relay R; is
rz(n) =\ Pslisihsz‘l'(n> —|— \ PZI{uhZZIZD(TL — Ti)
L
+ > VPR (n = 1) + z(n) (2.1)

i=Lj#i

where P; and P; represent the transmitted power at the source and R;, respectively,
z(n) denotes the transmitted signal, 7; denotes the processing delay at relay R;, z'(n—
7;) is the transmitted signal at relay R; (note that, % (n — 7;) may be different from
x(n—m;) if a STC matrix is applied to the transmitted signals), and z;(n) is the additive
white Gaussian noise (AWGN) at relay R;, 1 < i < L. In summary, the first term
is the desired signal, the second term is the self-loop interference, and the third term
is the cross-talk interference. To avoid severe interference, the relays have to apply
cancellation to eliminate the second and third terms.

Without loss of generality, we make the following assumptions: 1) all relays
transmit with the same power P, = Pr/L, where Pr denotes the total transmitted
power at relays that forward messages; 2) the processing delay times 7; are the same
at all relays and are set as 7; = 1 (1 < ¢ < L); and 3) each relay knows the columns

of the STC matrix employed by other selected relays. With these assumptions, we can

2 Here, for simplicity, m? + o2 is normalized to 1 so that the self-loop links have the

same power gain as other links. In real IBFD systems, the residual self-loop interference
might still be strong; in this case, we can assume a larger m? + o2
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let 2%,(n) = z(n), and the signal at relay R; after cancellation is
= P, Iisz‘hsil' TL + P, Ii”(h” - iLm)x(n — ].)
+ Z VPokji(hy — hy)a(n — 1) + z(n) (2.2)

J=1,j#i

where iLm and izji denote the estimated values of h; and hj;, respectively.

Similarly, the received signal at the destination is

Z \/ Pikighiat’n(n — 1) + \/ Psksahsgr(n) + 24(n) (2.3)

where z4(n) is AWGN at the destination, and the second term on the right side repre-

sents the messages from the direct link.

2.3 Impact of Direct Link on Outage of Cooperative IBFD Relaying

In this section, to study the impact of the direct link on the performance of an
IBFD DF cooperative network, we assume perfect channel estimation can be achieved,
ie., hj; = fzji for 1 < j < Lin (2.2). In other words, there will be no residual self-loop
interference and cross-talk interference; the impact of these two types of interference
will be analyzed in Section 2.4. In addition, to isolate our discussion from stochastic
geometry [43], we assume that all the relay nodes are located close to one point between
the source and the destination, i.e., the distances from the source (or destination) to
different relays are approximately the same, but all relays still experience independent

fading.

2.3.1 Outage Analysis: Direct Link as Interference

For IBFD relaying, since the destination receives the messages from the source
and the relays simultaneously, the direct link will interfere with the relays’ transmissions
if one does not carefully deal with the direct link. In contrast, due to the orthogonality
of the source and the relays’ transmissions in HD relaying, the messages from the direct

link can be ignored or easily combined at the destination.
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Here, we analyze the outage of IBFD relaying when the direct link is not utilized,
i.e., the messages directly received from the source are viewed as interference at the
destination. For comparison purposes, we also derive the outage of HD relaying, in
which we assume the direct link is simply ignored.

The SNR at relay R; for IBFD relaying is the same as that for HD relaying,

o Ps’isi|hsi|2
Vsi = PN

Since the hy;’s are i.i.d., and hy ~ CN(0,1), we have |hy|? ~ Exp(1) (exponentially

(2.4)

distributed with mean 1), and the outage of the source-to-relay link is the same for all

i€ L, L], e,
V"
pgD = Pr(yq < ’yféD) =1—exp (——7 ) (2.5)
FD FD 7121)
PEP = Pr(s < 7fP) = 1 — exp (——; ) (26)

where 7, denotes the average SNR at each relay, 7, = Piky/ Py, YiP = g x (2%/8 —
1) [44], and v5P = g x (2"/B — 1) with the coding gain g and the target spectral
efficiency r/B. Note that, in this proposal, we let HD and IBFD relaying have the
same target spectral efficiency r/B; thus, the thresholds for HD (v”) and IBFD
(vhP) are different.

The SNRs at the destination for HD and IBFD will be different, and can easily

be derived as
P, kiq|hial?
HD rhvid|ltid
ip _ Lriidlltdl 2.7
Yid PN ( )
"Y'FD _ Pr’fid|hid|2
id Ps"fsd|hsd|2 + PN

In (2.8), the messages from the direct link are considered as interference.

(2.8)

2.3.1.1 Best Selection (BS) Relaying

In the TBBS scheme, if multiple relays have the same or similar channel gains,
more than one relay might be selected and a collision could happen. For simplic-

ity, we ignore this unsuccessful relay selection and consider a general best selection
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(BS) scheme here; the outage and overhead caused by relay selection in TBBS will
be analyzed in Section 2.4. In the BS scheme, only one relay in D, the one with the
highest channel gain to the destination, is selected to forward the source message; then,
P, = Pg. For HD relaying, the relay-to-destination links are independent of each other,

so the outage at the destination is

PP = Pr{y{l” <P P <AhP. il <AhP}
L HD L
[ Prindi < APy = (1 - exp(vt_L)) (2.9)
il Vd
=1

where 7, denotes the average SNR at the destination, and 7, = Prkiq/Py.
For IBFD relaying, the SNR for the link from R; to the destination is given in
(2.8). We define o = Pr/P,, and 8 = k;q/ksq; then, the SINR 5P can be written as

Valhsal? + af
Thus, the outage at the destination for a given decoded set is

FB FD FD _FD FD FD FD
Pra. = Pr{viy” < ved <ot Vid < Viw

S
- / T1 Prvi? < AEP|\haal?} ()
0 =1

[e.9]

FD FD \ L
/ (1 - exp(—% — %)) exp(—x)dx

) (2.11)

0
L i ‘ L—i .
I FD FD inFD
> (I (1 o2 ) oo 12
o\ I ol Va Va
The above outage at the destination for IBFD looks too complicated to give
an intuitive explanation of the impact of the direct link interference. To show this
impact, we consider the simplest case of L = 1 (in this case, there will be no relay

selection process and this relay is considered as the “best” one). Then, the outages at

the destination for HD and IBFD are

'7HD
plB =1 —exp (—t_i) (2.12)
Ya
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FD

FB af ( Vin )

pEB—1— — P exp (-t (2.13)
! VP + af V4

We can conjecture that IBFD will outperform HD at low SNR since v4P > 5P but
IBFD will suffer from an error floor due to the existence of the factor af/(v5P + af3);
this will be verified by simulation results in Section 2.3.3.

If we consider both the source-to-relay link and the relay-to-destination link,
the overall outage for IBFD relaying is

N
N N-L
pen =13 ()20 P ) (2.14)

L=1

The overall outage for HD (pgp) can be similarly obtained by replacing pt? and pLP

with pfP and pfP.

2.3.1.2 Dis-STC Cooperative Relaying (Dis-STC)

In Dis-STC, instead of selecting the best relay, all the nodes in D will forward
the source signal simultaneously to the destination, and each node in D is assigned one
unique column of an L-column STC matrix to transmit, where L is the cardinality of
D. Then, to have a fair comparison with the BS scheme, we set P, = Pg/L for the
Dis-STC scheme. Thus, the |hy|?’s are i.i.d. exponentially distributed with mean 1/L,
that is, |h|* ~ Exzp(L). Assuming orthogonal STC [45] and coherent detection are
employed, the SNR at the destination is the summation of the SNRs of all the links.
Let hy = 3 |hig|”, and we have h, ~ Erlang(L,1). The associated probability density
function ilseD

L—-1_—z

e >0 (2.15)

P = =
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Thus, the outage at the destination for HD is

phf =Pr {ZvﬁD < %ﬁm}

€D
L—-1 _ 2
R
_ Pr{ 7d|Ld| < ’yf,{D}
=0
LD 11 L .
— 1 (- 2 37 L (H, (2.16)

Ya i Ib T

where 7, = Prkiq/Py.
For IBFD relaying, similar to (2.10), the SINR 5P

~ED _O‘Mdl al (2.17)
L7,lhsq|? + Laf
Then, we have
Z'Y < 'Vth ho)
€D
ho 1 9
= Pr<ap( — —) < |hs |h0}
{ LyiP a
he 1 LyfP
_ exp <_aﬁ<L’75LD Vd)> ’ ha > 7: (2.18)
1, otherwise

and the outage at the destination for IBFD is

Pl =Pr(> P <P =/ O AP < AP lho ) f, () de

€D 0 €D
L"fth
L 1 e~ % % 1 :L.L—le—ac
d — o)) "
/ VES / exp( O‘B(Lv %)) -
0 Lﬂ/gLD
Yd

— 1 exp(—1287) (Z%“FD)] I 0 L ) 219)

It is easy to verify that, when L = 1, the outages with HD and IBFD relaying for
Dis-STC are the same as for the BS scheme, which is given in (2.12) and (2.13).
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By comparing the SINR (2.10) and (2.17) for the two schemes, we can see that
the SINR of Dis-STC is worse than that of BS for each relay-to-destination link. Thus,
we can conjecture that Dis-STC using IBFD relaying will suffer from a higher error
floor than that of TBBS; this will be verified by simulation results in Section 2.3.3.

The overall outage for Dis-STC prg and pyg can be similarly obtained.

2.3.2 Outage Analysis: Direct Link as Signal

Though the direct link can be easily combined at the destination for HD relaying,
it is not convenient to utilize the direct link in IBFD relaying. Here, no matter what
method is used, we assume the messages from the direct link can be combined with
the signals from the relays for both HD and IBFD relaying. Then, the derivation of
the outage for HD and IBFD will be similar, except with different decoding thresholds.
Note that, yHP = g x (22/B — 1), and 45P = g x (27/8 - 1).

For simplicity, we use similar notation as in Section 2.3.1. For each relay-to-
destination link, we have

FD __ Prliid|hid’2

HD
e e ALl 2.20
Yid Yid PN ( )

2.3.2.1 Best Selection Relaying (BS)
After combining the signals from the source and the best relay, the SNR at the

destination is

Ya = max{ Vi s Yaq s Vit + Vs (2.21)
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and the outage for a given decoded set is

pEP = Primaz{ Vi, vl s VEL T+ Ved < V"

0,
_ / T PrvE? + e < AEP haal?} o ()
0 =1

aBYEP /A

L
1 —exp(— %h +axﬁ)) exp(—az)dx

é@m(”xp‘ &)

j=1
. FD Il FD
X exp(—yﬁh ) — < exp(—aﬂjﬁ” ) (2.22)
Yd H (Z o Ozﬁ) Vd

Note that, we should have 0 < max{yiP vEP. . AFPY < 4BP and 0 < v,0 < VEP.

FD
Thus, 0 < |hal® < a’;%; this is different from the case when the direct link is
considered as interference.
For HD relaying, similar results can be obtained when 5P is replaced with

YHP | and the overall outage prp and pyp can be obtained as in deriving (2.14).

2.3.2.2 Dis-STC Cooperative Relaying (Dis-STC)
For Dis-STC, the SNR at the destination for IBFD relaying is
Ya =) Vg + Ved (2.23)
€D
Then,

FD
Y he
PY(E 7’51D + Vsa < '.Yt};;D |hy) =Pr {|hsd|2 < @5(—%}1 - f) |ha}

i€D d

FD h
—1—exp (—aﬂ_%h 4 o0 ") (2.24)
Va L
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and the outage at the destination for IBFD is

prd =PrQ) Al + v <l = /PT(Z Y 4 sa < V" e ) fi, () da

i€D 0 i€D
L'EF}‘LD
Yd
afyEP  afx )\ pt e
/ ( (=== =) o™
0
L i L—1
7d i1 (L — Z)' L — O{B 7d
L L Oéﬁ%iD
- - 2.25
(o) op-—= ") (2.25)
Note that, since 0 < S 45 4+ 7,4 < vEP, we should have 0 < |hy|” < B~ %{ZD and
i€D
0< Y vEP < % Similarly, the overall outage can be derived as in (2.14).

i€D
2.3.3 Simulation Results

We evaluate the impact of the direct link for different cooperative relaying
schemes under HD and IBFD relaying using simulations. Both HD and IBFD re-
laying have the same target spectral efficiency r/B = 2 bps/Hz, and we choose the
degree of coding g = 1. In the path-loss model, we set dy = 1 m, 10 * log,,Go = —38
dB, and pu = 4.

To verify the correctness of the derivations in Sections 2.3.1 and 2.3.2, we plot
the outage probability as a function of Pi,ksq/Py from the formulas (solid line) and
using Monte Carlo simulation (dashed line) in Fig. 2.2 and Fig. 2.3 for BS and Dis-
STC, respectively. As shown in Fig. 2.2, we use “UDL” to denote the case when the
direct link is combined with the signals from the relays (the analysis in Section 2.3.2),
and “NDL” to denote the other case (the analysis in Section 2.3.1). First, the outage
curves match very well for both cases under HD and IBFD relaying. Also, we can see
that, in the “NDL” case, IBFD outperforms HD at low SNR since 752 < 2P but
IBFD relaying will suffer from a high error floor due to the existence of interference

from the direct link. Further, in the “UDL” case, the performance of IBFD relaying
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Figure 2.2: Outage probability as a function of P,y ksq/ Py for BS relaying with N =5
(number of potential relays).

is greatly improved compared with that of the “NDL” case, and the performance gain
for HD relaying is limited; this means that the direct link cannot offer much diversity
gain due to relatively weak signal strength, but may severely degrade the performance
of IBFD relaying when it is viewed as interference.

For Dis-STC relaying, similar conclusions can be obtained from Fig. 2.3, and
STC suffers from a higher error floor than that of BS relaying. These results are
consistent with the conjectures in Section 2.3.1.

In Fig. 2.4, the outage is plotted as a function of the number of potential relay
nodes for BS (solid line) and Dis-STC relaying (dashed line). First, as the number of
potential relay nodes increases, the outage will decrease because of the diversity gain.
Also, the utilization of the direct link can significantly improve the performance for

IBFD relaying. From all of the results, we can conclude that the direct link plays a
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critical role in the performance of IBFD relaying, and certain techniques are necessary

to utilize the direct link to avoid severe performance loss.

2.4 Spectral Efficiency of Cooperative IBFD Relaying with Imperfect CSI

In Section 2.3, we investigated the impact of the direct link on performance of an
IBFD DF cooperative network by assuming ideal cancellation of the self-loop and cross-
talk interference. However, ideal cancellation is difficult to achieve due to imperfect
channel estimation and non-ideal signal processing. In this section, we analyze the
spectral efficiency of IBFD relaying with residual self-loop and cross-talk interference
caused by imperfect channel estimation. The direct link from the source to destination

is assumed to be very weak due to the presence of deep fading or shadowing, i.e., the
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received signal at the destination, (2.3), becomes
L
rqe(n) = Z vV Pikighigry(n — 1) + z4(n) (2.26)
i=1

2.4.1 Channel Estimation Overhead: TBBS, Dis-STC and M-group
Generally, a training sequence is used to estimate the channel response. Let h
and h denote the actual channel and the estimated channel, respectively. However,
due to the existence of residual interference, the overhead incurred by the channel
estimation of IBFD relaying is different from that of HD relaying. Assuming h and h

are jointly ergodic and stationary Gaussian processes, we can write

h=h+e (2.27)
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where h ~ CN(my, 0}) with m? 4+ o2 = 1, so that the gain is normalized, and where €
is the estimation error. Assuming a linear minimum-mean-square-error estimator, € is

uncorrelated with 7 and is distributed as e ~ CA(0, 02) [46], where

2 o
= 2.28
T IY o N (2.28)
where 7 is the average SNR for the training sequence and NV, is the number of training

sequences. The received signal at relay R; is given in (2.2); then, using a maximum

likelihood receiver, the output of the detector is

=/ P, /ﬁmh* 7i(n (2.29)

where [-|* denotes conjugation. Then, the SINR at relay R;, including the estimation

error and residual interference, is

.2
P St hsi
v = Fsi | (2.30)
P, HSZO' B /'i“U .+ Z P, IiﬂO' + Py
J=L1,j#1

2

where Py is the power of the noise, and 0'6251,, o;., and afﬁ, are the variances of the

estimation errors of hy;, h;; and hj;, respectively. According to (2.28), we have

1 1
0L, = P N P (2.31)
LTl St
2
2 o 1
07, = — N (2.32)
" 1 + PITD_J\;ZO'2Nt —PITDN” Nt
1 1
o = (2.33)

g, = ~
€ji 1 + P;Hji Nt Prnﬂ Nt
N

where the approximation is very accurate in the hlgh SNR region, i.e., % > 1,

Prn”

P}f“a > 1 and > 1. Considering that high SNR is often the case of interest, we

use the above approximations in the following analyses. Then, (2.30) can be simplified

as . 2

’h81|
L+1
o+l

(2.34)

7~
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Note that, although the interference is much stronger than the desired signals, the
channel estimation of the self-loop link and the cross-talk link are more accurate due
to a higher SNR. Thus, the impact of imperfect channel estimation on the SINR for
different signals is similar, as can be seen from (2.34). Also, the SINR decreases as the
number of selected nodes increases.

In selective relaying, like TBBS [37], since only one relay is selected for trans-

mission, there will be no cross-talk interference, and the SINR at R; is

~ 2
BS ]133; K'si‘hsi’

; N% 1 (2.35)
If vB5 is higher than the specified threshold vy, relay R; is selected as a potential relay,
and all the potential relays comprise the decoded set Dgs.

If Dis-STC [38] is used, the number of potential relays depends on the SINR,
which is related to the size of the decoded set. Thus, we cannot determine the decoded
set in this case. One simple approach is to define 7 = (Pi;/isimsiﬁ)/(]\%l + 1), where N
is the total number of potential relay nodes. If 7 is higher than the specified threshold
Ytn, relay R; is included in the decoded set Dgr. Let L denote the cardinality of Dgr,
then, each node in Dgr is assigned one unique column of an L-column STC matrix to
transmit. Then, the SINR of Dis-STC (77T¢) reduces to (2.34).

In M-group [41], an underlying M-column STC matrix is utilized, and every
potential relay randomly chooses one column to transmit. Thus, the decoded set is
equivalently divided into M groups, Gi,Ga, - -+ , G (note that M does not change with
the decoded set and empty groups might exist). As stated in [39], since the relays
in one group transmit the same message, the composite channel link from the relays
in one group to the destination can be viewed as a Rayleigh channel. Here, we can
also obtain similar equivalent channels for the channel links among relays nodes. For
example, for a group G,, that includes R; (1 <m < M,1 < i < N), the self-loop link
of R; together with the cross-talk links from other relays in G,, to R; can be modeled

as a Rician channel. In addition, the links from relays in other groups G (T # m

and 1 <m < M) to R; can be modeled as a Rayleigh channel. Note that, although
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the variances of the equivalent Rician and Rayleigh channels are the summation of
the variances of the individual channels, the approximations in (2.31)-(2.33) are still
accurate when the number of nodes in each group is not large. Therefore, we can view
the potential relays as M virtual nodes both during the channel estimation stage and

the data transmission stage. Thus, the SINR at R; is approximated as

~ 2
M 5:, ’isi|hsi|

o B (2.36)
ot

Relay R; is selected as a potential relay if v > 74, and all the potential relays

comprise the decoded set D). In Section 2.4.2, we will show that only M = 2 can be

used for IBFD relays.

2.4.2 Spectral Efficiency Analysis
In this section, to analyze the performance-overhead trade-off for different co-
operative techniques with IBFD relaying, we follow the work of [39]; the efficiency is

defined as
o T,
BT

where r is the bit rate of the data transmission, 7, is the effective data transmission

U Psuc (2.37)

time, B is the bandwidth, T" is the total transmission time, and pgu. is the successful
decoding probability at the destination. Note that there is an additional factor of 1/2
for HD relaying [39]. In the following analysis, to isolate our discussion from the issues
of stochastic geometry [43], we assume that the distance from the source to relay R;
and that from R; (1 < i < N) to the destination are all approximately the same; in
this case, the path loss (kg and k;4) can be normalized to one. The impact of randomly

distributed relays will be discussed in Section 2.4.3.

2.4.2.1 Timer-Based Best-Select Relaying
In the channel estimation stage, the relays do not transmit training sequences
when the source or destination is broadcasting its training signals; this guarantees

that the channel estimation is not severely degraded. Thus, in TBBS, three training
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sequences are required to estimate CSI: the first one is broadcast from the source to all
relays to obtain izsi, the second one is broadcast from the destination to all relays to
obtain hg (the channels are assumed to be reciprocal), and the last one is transmitted
from the selected relay R; so that R; can obtain ﬁ” and the destination can acquire
lAzid. In addition, in the selection stage, each node in the decoded set Dgg sets up
an individual timer, which is configured as t; = A/|hiq|? [37], where X is a scaling
factor associated with the average SNR and izid is the estimated channel coefficient.
If one timer expires, the associated node immediately forwards the source message to
the destination, and, at the same time, all other relays back off when they overhear
this transmission. We use T, to denote the selection time, and 7; to represent the
time period of one training sequence. Thus, the effective time for data transmission is
T.=1T - 3T, — T;.

For the link from the source to R;, we have hy; = hy — €5 ~ CN (0,02%), and
0k =1—02 = ;N—]:C’;l, where 7, is the average SNR at R;, i.e., 7; = P;/Py. Then,

|hgi|? ~ Exp(=r). Since the hy’s are 1.i.d., the outage of the source-to-relay link is the

same for all 7, giving

7. N

(2

ps = PrivPs < yu} ~ Pr{jhq|? <

Vi N T

(2.38)

=1—exp

Since DF relaying is assumed, there will be no difference for the link from the
relay to the destination whether HD or IBFD is used. Let ppg denote the outage of
the relay-to-destination link; this is given in Eq. (12) of [39]. Therefore, the spectral
efficiency of TBBS is

N
r N (N -
s = > (L) (1 — pos)"(pes)™ (1 — pgs 1)
L=1
T—-31 — T,
X #t[l - pcoll(L)] (239)

where peo is the collision probability in the selection stage, which is given in Eq. (6)

of [39]. Here, a collision means that more than one node is selected for transmission,
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which can occur if the difference between the two timers is small [37].

2.4.2.2 Dis-STC Cooperative Relaying

In the Dis-STC scheme, each selected relay R; is required to transmit one train-
ing sequence. Then, R; can obtain the estimated self-loop channel gain iLu‘, other relays
R; (j € Dgr and j # i) obtain ilij, and the destination also acquires fLZ-d. In this case,
assuming the size of Dgr is L, then, LT, is required in Dis-STC to obtain the asso-
ciated CSI. In addition, as discussed in Section 2.4.1, each relay needs to know the
columns of the STC matrix employed by other selected relays to suppress cross-talk
interference, and the destination needs to assign a unique column of an L-column STC
matrix to each relay in Dgr; the latter can be done by broadcasting the assignment
from the destination (the time consumption is assumed to be 7;). Thus, including the
T; consumed to obtain izsi, the effective data transmission time is T, = T — (L + 2)T;.

Similar to the derivation of (2.38), the outage probability of the link from the

source to any relay is

Yen Ve + L+ 174Ny + 1
psr ~ 1 — exp {—7—2 N, SN, (2.40)
Therefore, the spectral efficiency of Dis-STC becomes
Py~ (N Loy yN-p /2] 41
nst = EZ (L)(l—pST) (pst) oL
L=1

L) (2.41)
where [z] denotes the least integer not less than x, the factor [2L / 5};1 is the maximum

code rate for orthogonal STC [45], and psr 11 is the outage probability at the destination,
which is given in Eq. (17) of [39].

2.4.2.3 M-group Dis-STC Cooperative Relaying
As discussed in Section 2.4.1, in the M-group scheme, the relay nodes in each
group can be viewed as a virtual node, which means that the relays in one group

can transmit a training sequence simultaneously. Thus, a time consumption of MT;
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is required to estimate the virtual links from each group to the destination, and the
virtual links from one group to itself and other groups. In addition, to suppress the
cross-talk interference, each relay, when using IBFD, needs to know the columns of the
STC matrix employed by other groups. In other words, each group has to broadcast
the information about its chosen column to other relays. However, M-group has been
proposed to reduce the overhead incurred in Dis-STC [41], i.e., to avoid inter-node
communication. Therefore, M-group is not appropriate in IBFD cooperative commu-
nications if M > 3. For 2-group, one group automatically obtains the information
about the chosen column of the other group. The total time consumed for 2-group is
thus 37}, which includes the T; consumed to obtain iLsi. Similar to the derivation of

(2.38), the outage of the link from the source to any relay is

pv = 1 —exp — — 2.42
. [ Y N YNV ( )
Therefore, the spectral efficiency of M-group is
N
r N
_r 1_ L N-L
m=g 3 ()0 )
T — 3T,
X Tt[l —paa(L)] (2.43)

where pypqp is the outage at the destination, which is given in Eq. (21) of [39)].

2.4.3 Simulation Results

In this section, we first evaluate the impact of overhead on the spectral efficiency
for different cooperative relaying schemes without considering the effect of path loss.
The end-to-end transmission duration is set as T' = 1 msec, and one symbol length
is assumed to be 0.01 msec, which means that 7;/T = N,;/100. The SNR threshold
Yin for the relays and the destination are both determined from g x (2%/8 — 1) [44],
where r/B is the maximum possible spectral efficiency and g depends on the degree of

coding; we choose r/B =1 bps/Hz and g = 1. For a fair comparison, a total transmit
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Figure 2.5: Exact and approximate outage probability as a function of SNR margin
for IBFD relaying with different K-factors, NV; = 2 (number of training
sequences) and N = 5 (number of potential relays).

power constraint is applied, and uniform power allocation is assumed for the selected
relays®, i.e., LP, = P, .

To verify the accuracy of the approximations for SINR in Section 2.4.1, in Fig.
2.5, we present the exact and approximate outage probabilities of different cooperative
schemes for IBFD relaying with different K-factors. The outage probability is plotted
as a function of the SNR margin 6, which is defined as the ratio of the average SNR
(Ps/Px) to the SNR threshold (y41), @ = Ps/(1nPxn). Two training sequences (N; = 2)

and five potential relays (N = 5) are assumed. We can see from the results that the

3 Compared to HD relaying, IBFD relaying may consume more energy due to the
interference cancellation required; this has not been considered here. Thus, we refer to
transmit power for simplicity, and the transmit power budget is set to be the same for
both HD and IBFD relaying.
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Figure 2.6: Outage probability as a function of SNR margin for IBFD and HD re-
laying with N; = 2 (number of training sequences) and N = 5 (number
of potential relays).

approximations are quite accurate for all three cooperative schemes. Therefore, in what
follows, we only present results using the approximate SINRs.

In Fig. 2.6, we compare the outage probability for IBFD and HD relaying. It
can be seen that the outage probability in IBFD relaying is worse than that for HD
relaying for all three cooperative schemes, especially at low SNR, due to the existence
of residual interference. In particular, for HD relaying, TBBS and Dis-STC outperform
2-group at low SNR due to the high diversity order. Also, for a large SNR margin,
the advantage of TBBS disappears; the outage for TBBS increases slowly as the SNR
increases because of a large decoded set and small timer differences [37] resulting in a
high collision probability. For IBFD relaying, Dis-STC suffers severe performance loss,
which agrees with the analysis in Section 2.4.1, i.e., the SINR decreases inversely with

the number of selected relays for Dis-STC, resulting in a small decoded set and high
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Figure 2.7: Spectral efficiency as a function of SNR margin for IBFD and HD relaying
with V; = 2 (number of training sequences) and N = 5 (number of
potential relays).

outage.

In Fig. 2.7, we show the spectral efficiency of different cooperative schemes as
a function of the SNR margin 6. First, we see that the spectral efficiency of IBFD
relaying is much higher than that of HD relaying due to simultaneous transmissions
at the same frequency. At low SNR margin, the gain is less than a factor of 2 due
to the existence of residual interference. In contrast, the spectral efficiency is almost
double that of HD at high SNR margin. In this case, the channel estimation is very
accurate, and the impact of the interference is negligible. Moreover, we notice that 2-
group requires a higher SNR margin to outperform TBBS for IBFD relaying compared
to HD relaying; this is caused by the fact that the residual interference of 2-group is
larger than that of TBBS for IBFD relaying, which is even worse for Dis-STC.
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Next, we evaluate the spectral efficiencies of TBBS and 2-group in the presence
of path loss. The N potential relays are uniformly distributed in a square area of
size 100 m x 100 m, and the source and destination nodes are placed at opposite
corners. The path-loss model k(d) = GO(%)_“ is employed, where Gy is the path
loss at the reference distance, dy, from the transmitter, and we consider dy = 1 m,
10 * log,Go = —38 dB, and p = 4. In the following simulations, the locations of all
the other potential relays are randomly generated and 100 realizations are considered.
For any given geographic distribution, a large number of realizations of instantaneous
channel gains are generated to evaluate the outage probability. Finally, the spectral
efficiency is averaged over all the realizations of the geographic distributions of the
nodes. Moreover, since Dis-STC suffers a great performance loss due to the high
overhead, in what follows, we focus on TBBS and 2-group.

To normalize our results, we plot the spectral efficiency as a function of P;/Pyax,
where P« is the transmit power required for the direct link (the link between the
source and destination) to achieve the maximum possible spectral efficiency r/B with-
out Rayleigh fading [44]. As shown in Fig. 2.8, IBFD relaying can almost double the
spectral efficiency of HD, especially when Ps/P.x is large. Fig. 2.9 illustrates the
spectral efficiencies of TBBS and 2-group with different numbers of potential relays
and N; = 2; it shows that 2-group outperforms TBBS as the number of nodes in-
creases even for a small value of Py/P,.x (—2 dB). Therefore, we can conclude that the
gain of 2-group over TBBS becomes even larger when P;/Py.x or N increases for both
HD and IBFD relaying; this is because TBBS suffers from increased relay selection
overhead while 2-group has a constant amount of overhead. Also, due to the impact
of residual interference, 2-group requires more cooperative nodes to outperform TBBS
in the IBFD relaying case compared to HD relaying. In addition, Figs. 2.8 and 2.9
show that the path loss and randomness of the relay locations have little effect on the

performance gap between HD and IBFD relaying.
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Figure 2.8: Spectral efficiency as a function of the normalized power for IBFD and
HD relaying with Ny = 2 (number of training sequences) and N = 5
(number of potential relays).

2.5 Summary

In this chapter, we first analyzed the impact of the direct link for IBFD co-
operative communications under two conditions: 1) the signals from the direct link
are considered as interference at the destination, and 2) the signals from the direct
link are combined with the relays’ transmissions at the destination. Both analytical
and simulation results showed that the direct link may cause a severe error floor and
significantly degrade the performance of IBFD relaying for both BS and STC relaying.

Then, we studied the spectral efficiency of IBFD relaying, in which self-loop
interference and cross-talk interference cannot be completely suppressed due to im-
perfect channel estimation. Particularly, the residual interference is viewed as extra

overhead for IBFD relaying and the spectral efficiencies of three typical cooperative
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relaying schemes are derived. In summary, the results exhibit three main differences
between HD and FD: (i) the SINR will decrease for IBFD relaying, which will de-
grade the outage probability of cooperative communications, especially for Dis-STC;
(ii) although the overhead incurred in IBFD relaying is higher than that of HD, IBFD
can still achieve a much higher spectral efficiency due to the simultaneous transmis-
sions at the same frequency; and (iii) only 2-group is applicable for IBFD cooperative
communications since inter-node communication is prohibited in M -group.

In the future, the following three aspects can be investigated: 1) analyze the
spectral efficiency of IBFD relaying with three different types of interference, i.e., the
interference from a relay’s own transmission, from other relays’ transmissions, and

also from the source’s transmission; 2) design STC schemes to utilize the residual
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interference so that IBFD relaying will not suffer from error floor problems; and 3)
study the relay selection problem in IBFD-like cooperative transmission schemes as
proposed in [47-51], which adopt multiple HD relays to mimic IBFD relays so that the
factor of 1/2 in HD relaying and the strong self-loop interference in IBFD relaying can
both be avoided.
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Chapter 3

INTERFERENCE IN IN-BAND FULL-DUPLEX (IBFD)
UNDERWATER ACOUSTICS (UWA) SYSTEMS

3.1 Introduction

Underwater acoustic (UWA) communications has been widely discussed for
monitoring marine environments, exploring ocean resources, and responding to man-
made disasters. However, due to the extremely limited bandwidth of UWA channels,
with a maximum of only tens of kilohertz, and the harsh ocean environment, UWA com-
munications generally provides only low data rates [52-54], especially over long com-
munication distances. Significant progress has been made over the past two decades
in supporting high data rates with acceptable reliability in UWA communications.
For example, channel modeling and equalization [53], multicarrier modulation, espe-
cially in the form of orthogonal frequency-division multiplexing (OFDM) [55-57], and
multiple-input-multiple-output (MIMO) techniques [58-60] have resulted in improved
throughput and enhanced robustness of UWA communication systems.

As mentioned in Chapter 1, the fundamental difficulty for UWA communication
networks lies in the narrow bandwidth available, with a maximum of only tens of kilo-
hertz [21,23,24]. Recently, radio-frequency (RF) testbed implementations [10,12, 13]
have proven that in-band full-duplex (IBFD) is feasible and can outperform half-duplex
(HD) systems. This approach enables two transceivers to communicate over a bidi-
rectional channel using the same temporal and spectral resources. Therefore, IBFD
ideally renders up to double the spectral efficiency with respect to conventional HD sys-
tems. Considering that the bandwidth available for UWA communications is extremely
limited [23], it is reasonable and desirable to investigate the employment of IBED tech-
niques in UWA systems. As described in [10,12,13], the suppression or cancellation of
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the strong self-loop interference caused by its own transmission plays the most critical
role in the performance of an IBFD RF transceiver. In [10], an extra transmit chain
is used to generate an RF reference signal for cancellation. Implementations in [12]
employ multiple antennas or fixed phase shifters to create a null point at the receive
antennas. In [13], samples of the RF self-loop interference are interpolated to generate
the reference signal for cancellation. Among the limited work on IBFD UWA systems,
the UWA modems in [22] perform FD communications through a frequency division
scheme. A FD underwater network, through separate frequency bands, is proposed
in [61] to solve the hidden/exposed terminal problems. In [62], FD communications
through code division multiple access (CDMA) is used to support simultaneous data
transmission and reception in the acoustic channel. FD communications via frequency
division schemes or CDMA does not increase the spectral efficiency; however, IBFD
communications does.

In addition, cooperative transmission has been investigated in the UWA com-
munity [63-65]. Cooperative UWA communications, where one or more relays transmit
replicas of the source signals, can reduce transmission power, extend the communica-
tion range, and provide spatial diversity. In [66], a time-reversal distributed space-time
block coding scheme with amplify-and-forward (AF) relaying is proposed and analyzed
for distributed UWA cooperative communications. Different from the traditional co-
operative schemes designed for radio networks, a new cooperative transmission scheme
is proposed in [67], which takes advantage of the low speed of sound. In [68], a delay-
independent cyclic-prefix (CP) insertion scheme and an associated symbol detection
algorithm are developed. In [69], a pilot-assisted cascade channel estimation and equal-
ization algorithm is proposed for OFDM-based AF relaying in the UWA channel. In [70]
and [71], the capacity of cooperative UWA communications is analyzed for both AF
and decode-and-forward (DF) relaying. Originally developed in [72], delay diversity is a
special case of space-time coding that exploits the transmitter spatial diversity [72-74].

In [52], by adding an appropriate CP, an efficient OFDM-based scheme is developed to
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combat the asynchronism issues among geographically separated relays, and a delay di-
versity gain is obtained at the destination. In most of the current acoustic cooperative
efforts, relays operate only in half-duplex (HD) mode, i.e., a relay is restricted to receive
and transmit on orthogonal channels, either in a frequency-division or a time-division
fashion. The HD mode either introduces delay or reduces spectral efficiency.

In-band full-duplex (IBFD) relays can receive messages from the source and
forward the messages to the destination using the same temporal and spectral resources,
which can ideally double the spectral efficiency achieved with respect to conventional
HD relaying [75]. However, the performance of IBFD systems might decrease due to
the existence of strong self-loop interference when the transceiver can hear its own
transmission. Full suppression of this self-interference may be difficult.

In radio-frequency (RF) communications, testbeds [76-78] have been developed
and advanced cancellation schemes have been implemented that demonstrate the fea-
sibility of radio IBFD systems. These IBFD systems significantly outperform HD
systems. IBFD cooperative communications has been investigated in the RF wireless
environment [19,20,79,80]. The impact of self-interference is analyzed in [79] and
two distributed linear convolutional space-time coding coding schemes [19,20] are em-
ployed to suppress/utilize the residual interference, and the high spectral efficiency
of IBFD relaying is maintained without significant performance loss. In [80], a de-
lay diversity OFDM scheme is proposed to provide spatial diversity by including the
direct source-to-destination link, the relay forwarding link and the residual self-loop
interference. However, different from IBFD RF relaying, there might exist additional
reflected interference in IBFD UWA relaying system due to the existence of sea surface
and seafloor.

Considering the limited bandwidth available for UWA communications, it is
desirable to consider IBFD relaying in UWA systems. There is relatively little literature
on acoustic IBFD. The challenges in implementing IBFD UWA systems are discussed in
[81], where an acoustic-specific cancellation scheme is proposed. In [82], a time-reversal

scheme is investigated for a bidirectional OFDM-based UWA cooperative system. In
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this effort, one user transmits (receives) messages to (from) the other user via the help
of a relay. The relay transmits and receives at the same time using frequency division,
but each user transmits and receives simultaneously in the same frequency band. Then,
interference cancellation is applied to both users to suppress the self-loop interference.

In IBFD UWA, as stated in [81], ideal cancellation of self-interference is difficult
to achieve. The self-loop interference has a delay several orders of magnitude larger
than that in the RF environment. Further, acoustic IBFD may suffer from strong
interference with extended delays due to reflections from the sea surface and seafloor.
Some existing cancellation schemes used for RF communications, like antenna cancel-
lation [76], cannot be adopted because of the strong frequency-dependency of acoustic
propagation and the limited path loss offered by antenna separation.

In this chapter, we describe interference cancellation schemes for IBFD UWA
transceivers as well as STC schemes for cooperative IBFD UWA relays. First, we
discuss three challenges in implementing IBFD UWA systems: 1) strong interference
with significant delay due to reflections from the sea surface and sea floor; 2) limitations
of analog cancellation in acoustics; and 3) effectiveness of some existing cancellation
methods adopted from IBFD radios for UWA systems. For IBFD UWA transceivers,
we propose an acoustic-specific cancellation scheme to deal with the different types
of interference: self-loop interference and multipath interference due to reflections.
Simulation results show that the proposed scheme performs well when the reflected
acoustic returns do not have fast fluctuations. Then, for IBFD UWA relaying, we
investigate the impact of self-interference in a UWA system through a SINR analysis
for two cases: 1) when there is only self-loop interference; and 2) when there are mixed
self-loop and reflected interferences. OFDM with a CP is employed to deal with the
self-loop interference. Further, we adopt delay diversity codes to utilize the reflected

interference and interference from the direct link as useful signals.
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3.2 Interference Cancellation for IBFD UWA Transceivers
3.2.1 Challenges in IBFD UWA Systems

As illustrated in Fig. 3.1, there are two types of interference for an IBFD
transceiver: 1) self-loop interference from its own transmission; and 2) interference due
to reflections from the sea surface and sea floor, called self-multipath interference. In

the presence of self-multipath interference, the received signal is

r(t) = Zx(t — 1) % hi(t) + s(t) + 2(t), (3.1)

i=0

where x(t) is the transmitted signal from the self transducer, 7; denotes the propagation
delay of the i-th self-multipath link, h;(t) is the overall channel responses (including
the amplifier and transducer responses, and the medium effects of the i-th interference
link), s(t) is the desired signal from a remote transmitter, and z(¢) is the ambient noise
in the ocean. Therefore, the first term in (3.1) is the summation of all interference
from the self-loop z(t — 7p) * ho(t) and the later multipath z(t — 7;) * h;(t), i > 1. Note
that s(t) may contain distortion from multipath effects between the transceiver and
the remote transmitter.

Different from the self-loop interference in IBFD radios, the reflected interference
in the underwater acoustic channel could be strong, and the interference arrives at
the transceiver after a significant delay. These characteristics make the interference
suppression much more difficult. Here, we provide an example to calculate the path
loss associated with reflected interference for the scenario shown in Fig. 3.1. We use

the acoustic model from [23]

A(d, f) = (d/do)*a( )", (3.2)

where f is the signal frequency, d is the transmission distance, dy is the reference

distance, p is the path loss exponent (2 is adopted here), and the absorption coefficient
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Figure 3.1: Self-multipath interference of acoustic IBFD systems in shallow water.

a(f) can be expressed empirically (for frequencies above a few hundred Hz) using
Thorp’s formula [23], which gives a(f) in dB/km for f in kHz
f? f?
44
1+ 72 0y 2
+2.75% 1071 f2 + 0.003 (3.3)

10loga(f) =0.11

We assume the speed of sound is 1500 m/s, the acoustic carrier frequency is 25
kHz, and the distances from the transceiver to sea surface and to sea floor are di; = 60
m and dy = 40 m, respectively. The calculated path loss and propagation delay of
the self-multipath interference are shown in Fig. 3.2 !. Twenty reflected returns from
the surface and sea floor are shown. We can see that some of these reflections with
long delays (on the order of a tenth of a second) are still strong, creating significant

interference to the desired signal in this example.

! Note that acoustic propagation at short ranges, within meters, is very complex to
model. Often it requires measurements in field tests. This shares some similarities with
RF electromagnetic wave propagation, where the near field effects are also difficult to
delineate.
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Figure 3.2: Path loss of the self-multipath signals in acoustic IBFD systems.

As discussed in Chapter 1, even in the deep ocean where the multipath inter-
ference can be neglected, additional challenges exist. First, the self-loop interference
in the underwater acoustic channel still has a delay several orders of magnitude larger
than that in the RF environment, due to the slow speed of sound. In analog cancel-
lation schemes in IBFD radios, the channel response of the self-loop link is estimated,
and then an artificial signal is generated to approximate the self-loop interference by
properly delaying and attenuating the original “known” transmitted signal. Then, the
artificial signal is subtracted from the received signal. In IBFD radios, the self-loop
delay is small enough so that it can be generated by printed circuit board lines [13].
In the acoustic channel, the self-loop delay can easily reach tens of milliseconds, which

cannot realistically be generated by circuit delay lines.
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Second, the acoustic path loss offered by the antenna separation is limited for
short ranges (within meters); thus, higher suppression gain is needed. In addition,
the ambient noise may be non-white, which means that effective cancellation methods
should provide enough suppression for the worst case in the communication band.

Third, some existing cancellation schemes from the RF channel, for example the
antenna cancellation scheme in [10], cannot be adopted due to the strong frequency-
dependency of acoustic propagation. Following the scheme from [10], we can cancel the
interference by adding two acoustic signals destructively at the hydrophone. For exam-
ple, two transducers are placed at distances d and d + A/2 away from the hydrophone
(as in [10]). Equivalently, two transducers are placed at the same distance from the
hydrophone but a fixed 7 phase shifter exists between the two transmitted signals (as
in [12]). However, these methods can only create a null at the center frequency. The
cancellation performance decreases quickly with an increase in the bandwidth.

In Fig. 3.3, we compare the cancellation performance between an RF and an
acoustic system. The center frequency and bandwidth for the IBFD radio are 2 GHz
and 10 MHz, respectively; and those for the acoustic system are set as 10 kHz and 1
kHz, respectively. As shown, the antenna cancellation for the radio can provide about
35 dB suppression at 1.995 GHz (or 2.005 GHz). But less than 10 dB suppression can be
obtained at the frequency of 9.5 kHz (or 10.5 kHz) for the acoustic system. The result
indicates that acoustic antenna cancellation only works with a narrow bandwidth, less
than 1 kHz.

In light of these difficulties, we conclude that acoustic-specific methods are nec-

essary to suppress the strong and long-delayed multipath interference.

3.2.2 Interference Cancellation for IBFD UWA Transceivers

In this section, we describe the proposed IBFD UWA system and analyze its
interference performance in the presence of several imperfections. These imperfections
include imperfect channel state information (CSI), analog-to-digital converter (ADC)

quantization noise, and ambient noise.
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Figure 3.3: Residual interference after antenna cancellation for IBFD radios and
IBFD UWA systems. Note that the range of the z-axes in the two sub-
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To deal with strong self-multipath interference and the large delay, we use a
hybrid solution that contains both analog and digital interference suppression schemes,
as shown in Fig. 3.4. The acoustic IBFD transceiver adds one auxiliary transmit chain
for interference cancellation, in addition to the common transmit and receive chains
in HD systems. We employ multiple buffers in the digital domain to match the large
delay of the self-multipath interference. We also adopt a directional transmit antenna
to provide about 25-dB of suppression [83].

At the transmitter side, we use orthogonal frequency division multiplexing
(OFDM) as the modulation scheme. The information symbol sequence, z[k], is mod-

ulated, amplified, and converted into acoustic energy through the use of a directional
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Figure 3.4: Block diagram of the proposed IBFD system.

transducer. At the receiver side, the received signal is converted to an electrical sig-
nal by a hydrophone. We assume that there is no hydrophone saturation®?. Then,
after analog and digital cancellation, the desired signal is demodulated via an OFDM

demodulator.

3.2.3 Residual Self-Multipath Interference from Imperfect CSI
In the auxiliary transmit chain, we treat the self-loop interference and the self-
multipath interference differently. The reason is that the self-loop interference is much

stronger while the self-multipath interference has much longer delays. To deal with the

2 The most significant phenomenon associated with saturation is the presence of non-
linear distortion. A hydrophone usually has a wide dynamic range so that the output
voltage increases/decreases linearly as the acoustic pressure increases/decreases.
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strong self-loop interference, the signal x[n]| is first delayed by a buffer and then passed

through an artificial channel. The output is

Zo[n] = z[n — Ry * ho[n], (3.4)
where * is the linear convolution operator, 7., denotes the integer part of the estimated
delay, 79, and ho[n] is the estimate of ho(t) in the digital domain. After passing through
the digital-to-analog converter (DAC) and mixer, the output Zo(t) is fine-tuned with
attenuation and delay. Then, it is combined destructively with the received signal.

The residual self-loop interference is
ya(t) = x(t — 70) * ho(t) — G - To(t — 7a), (3.5)

where G is the attenuator gain and 7, is the delay generated in the analog domain.
Here, we implement /g [n] in the digital domain rather than the analog domain because
this simplifies the design of the analog canceller; only an attenuator and delay module
are required in the analog cancellation.

We define
rou(t) = (ho(t) = G - ho(t))/ho(t), (3.6)

and
re, (t) = (70 — 0 — 7a)/ 70, (3.7)

as the normalized errors of the channel estimation and the delay mismatch, respec-
tively. We assume r, (t) and r._(t) ~ CN(0,0%). In the ideal case, > = 0, which
means that we can obtain ideal CSI with perfect analog circuits; there is no residual
interference. Due to imperfect channel estimation and circuitry, however, digital can-
cellation is necessary after the analog circuitry to further suppress the interference.
To facilitate digital cancellation, we view all prior processing modules collectively as
a “channel”. The “channel” response (hyesn]) is estimated to reconstruct the residual

self-loop interference. The estimated residual digital interference is

~

vpln] = aln — ng] * hees[n] — yolnl, (3.8)
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where hyes[n] is the estimate of hyes[n], and y2[n] is the discrete version of y3(t).

To cancel the reflected interference, we use buffers to match the large delays
from the reflections. Due to the path loss at longer distances, the reflected interference
is weaker than the self-loop interference; in the example of Section 3.2.1, the strongest
reflected interference is about 25 dB below the self-loop interference. Thus, we can
directly apply digital cancellation for the reflected interference. Let h;[n] and n,, denote
the digitized version of h;(t) and 7;, respectively. Then, the residual interference for

the ¢-th reflection is

yin] = x[n — ns) hi[n] — z[n — no,][n) * hin], (3.9)
where n;, and h;[n] are the estimates of 7; and hy[n], respectively. We also assume that
the normalized channel estimation error for the reflections obeys a complex Gaussian
distribution. Note that, if some reflected interference is strong, as when the transceiver
is deployed close to the ocean boundaries (i.e., surface or floor), we need to use addi-
tional analog cancellation, as we used for the self-loop interference cancellation. Here,
we make the assumption that the channels for the reflected interference do not vary

during the training for the the interference cancellation.

3.2.4 Effects of Ambient Noise and ADC Quantization Noise
We adopt the empirical formulations in [21] to model the ambient non-white

noise in the ocean, which consists of four noise components (turbulence, shipping,
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waves and thermal noise) in dB re uPa® per Hz as a function of frequency in kHz,

10log Ny(f) = 17— 301log f
10log N,(f) = 40 +20(s — 0.5) + 26log f — 60log(f 4 0.03)
101og Ny (f) = 50 + 7.5w'/? + 201log f — 40log(f + 0.4)

10log Ny (f) = =15+ 201og f (3.10)

where s is the shipping activity, whose value ranges between 0 and 1, and w is the wind
speed in meters/second. We assume there is no shipping activity in our simulations in
Section 3.2.5.
The ADC noise is a uniformly distributed noise introduced by the signal quan-
tization. For an m-bit ADC, the quantization noise power can be calculated as [84]
1 1 ol

P, = S (3.11)
T R 12-22m2 0 g2

12.22% is the quantization noise variance, and (yna is the gain of the

where o7 =
low-noise amplifier in the receiver front-end. If the residual interference at the input
of the ADC is strong, the gain fyna should be small to avoid saturation; however, a
smaller gain increases the quantization noise power (which can be seen from (3.11)).
For a m = 12-bit ADC, the average noise power over a frequency band of 20-30 kHz
is plotted in Fig. 3.5; the noise power increases as the residual analog interference
increases. Thus, strong analog cancellation is required; otherwise, the transceiver will

experience high noise levels, which are difficult to suppress in later stages of the receiver.

3 For sounds in water, the reference level is expressed as “dB re 1 yPa”: the amplitude
of a sound wave’s intensity with a pressure of 1 microPascal (uPa). The relationship
between dB re 1 pyPa and dBW is 10log% = 2010g% — 170.8, where P is the
transmit power in Watts and p,.,s denotes the root-mean-square (RMS) amplitude of
pressure changes in Pa. RMS means that the instantaneous sound pressures (which
can be positive or negative) are squared and averaged, and then, the square root of the
average is taken.
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Figure 3.5: Receiver noise power as a function of the residual analog interference
level.

3.2.5 Simulation Results

In this section, we demonstrate the effectiveness of the proposed interference
cancellation scheme. The acoustic IBFD system has a center frequency of 25 kHz and
a bandwidth of 10 kHz. We assume there is no shipping activity (s = 0), and the
wind speed is w = 10 meters/second. With the empirical formulations shown in (3.10),
the noise variance is about 86 dB re 1 pPa. We employ OFDM modulation at the
transmitter side. The I'TC-3001 is used as as the transducer, which has a directional
gain of 25 dB [83], and the average transmit power level is 180 dB re 1 pPa. A 12-bit
ADC is used in the receiver. Other parameters are shown in Table 4.1.

We first consider the case of the deep ocean, where there is only self-loop in-
terference. The cancellation performance of the proposed scheme with different o, is

shown in Fig. 3.6 and Fig. 3.7. Due to the use of directional transmissions and the
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Table 3.1: Simulation Parameters

Center frequency fe =25 kHz
Bandwidth B =10 kHz
Speed of sound in the ocean v = 1500 m/s
Separation of the transmit and receive antennas | dy, = 0.5 m
Modulation BPSK
Number of OFDM subcarriers N =512
Length of cyclic prefix Ncp = 128
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Figure 3.6: Analog and digital cancellation performance with a normalized error of

20logyo(0.) = —40 dB.

existence of path loss, the average received power is about 40 dB lower than the average
transmit power. The analog cancellation can offer about 40 dB (or 20 dB) suppression

gain when 20log,,(c.) is —50 dB (or —40 dB). In Fig. 3.8, the average residual analog
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Figure 3.7: Analog and digital cancellation performance with a normalized error of

and digital interference levels are shown as a function of the variance of the normalized
errors o2; the receiver noise floor is also shown. We can see that the performance of
analog cancellation strongly depends both on the accuracy of the channel estimation
and on the ability to closely match the propagation delay. However, the interference
can be further suppressed to the noise level by using digital cancellation, regardless of
the residual interference level after the analog cancellation. Notice that the receiver
noise floor and residual digital interference increase as o. becomes large. This is be-
cause the analog cancellation cannot provide enough suppression, which leads to large
quantization noise.

In shallow water, the strength of the reflected interference depends on the dis-
tance between the ocean boundaries and the receive antenna. Here, we assume dg = 60

m and dgy = 40 m. In Fig. 3.9, we show the residual interference level as a function
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2

o:.

of M,, the number of reflections that are suppressed. Particularly, M, = 0 means that
we only reconstruct and suppress the self-loop interference in the digital canceller. If
M, =5, we reconstruct and suppress the first five reflections (in Fig. 3.3). As shown
in Fig. 3.9, the digital cancellation experiences enhanced performance as M, increases.
The residual digital interference is about 90 dB re 1 puPa when the first ten reflections
are cancelled. It is still about 5 dB higher than the receiver noise floor, this is because
the residual digital interference accumulates when we cancel the self-loop interference

and the reflections.
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Figure 3.9: Residual interference level for different numbers of reflections that are
suppressed (M,.).

3.3 Interference Management in IBFD Cooperative UWA Communica-
tions
3.3.1 System Model
In this section, we consider an IBFD cooperative UWA system, shown in Fig.
3.10, in which there is one source (S) and one destination (D), and one IBFD relay
(R). The IBFD relay helps the source forward its messages to the destination using AF
relaying. For simplicity, we assume the relay is located close to the seafloor, but far from
the sea surface. Therefore, at the IBFD relay, there is self-loop interference and one
reflected interfering signal (called the reflected self-interference) from the seafloor. Due
to the slow speed of sound, the delay of the reflected self-interference can be relatively
large. At the destination node, without a careful design, the reception of messages

forwarded by the IBFD relay could also experience interference from the transmission
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on the direct link.

Sea Surface

Direct link

Self-loop
interference

reflection

Seafloor

Figure 3.10: IBFD relaying with self-loop interference, reflected self-interference from
the seafloor, and possible interference from the transmission on the di-
rect link.

At the source, we employ a conventional OFDM transmission technique with
N subcarriers. Using a discrete baseband representation, after channel coding and
mapping, the m-th (m € 1,2,---) data block in the frequency domain is denoted by
X" = [X(m,0), X (m,1), -, X(m, N — 1)]T, where (-)T is the transpose operation.
Then, the time samples of the m-th transmitted OFDM block are represented by x™ =
FHX™) = [#(m,0),z(m,1), -+, x(m, N — 1)]T, where F'(-) denotes the inverse
discrete Fourier transform (IDFT), i.e., x(m,n) = & 307" X (m, k)e/?™ /N After
adding a CP of length Ncp to x™, the generated data blocks x§' (m € 1,2,--- | M) are
transmitted from the source (where the subscript S denotes the source transmission).

If the self-interference (including the self-loop interference and the reflected

self-interference) at the IBFD relay can be completely suppressed, and let x}} =
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[zr(m,0),zr(m, 1), ,zr(m, N + Ncp — 1)] denote the m-th data block received at

the IBFD relay (designated by subscript R), the received time samples at the relay are

Lsr

wr(m,n) = hsp(m,Drg(m,n —1) + zp(m, n) (3.12)

where hggr(m,[) is the channel impulse response of the source-to-relay link (for data
block m and time 1), Lgg is the number of associated resolvable paths, and zg(m,n) is
the ambient noise at the receiver of the relay. Then, the transmitted signal from the
relay is

yr(m,n) = frr(m,n —n,) (3.13)
where [ is the amplifying factor at the IBFD relay and does not change with time, and
we assume there exists a potential processing delay of n, samples at the relay. The
role of this processing delay will be discussed in Section 3.3.2.

For the system shown in Fig. 3.10, without perfect interference cancellation,
there are two types of residual interference at the IBFD relay: self-loop interference
and reflected self-interference from the seafloor. The received signal at the IBFD relay
is

Ir(m,n) = zr(m,n) + Ax(m,n) (3.14)
where Ax(m,n) denotes the residual self-interference, which could come from previous
symbols in the same OFDM block or even from previous OFDM blocks. Similarly, the

transmitted signal from the IBFD relay in this case is
yr(m,n) = BTr(m,n —n,). (3.15)

Let x = [zp(m, 1), xp(m,2), -+, xp(m, N+ Ncp—1)] denote the m-th received
data block at the destination (designated by subscript D), and

Lyrp Lsp

rp(m,n) = Z hgp (m, Dyr(m,n —1) + Z hsp(m, l)xs(m,n — 1) + zp(m,n) (3.16)

1=0
where hgrp(m — 1,1) and Lgrp are the channel impulse response and the number of

resolvable paths for the relay-to-destination link, respectively, hsp(m,l) and Lgp are
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the channel impulse response and the number of resolvable paths for the source-to-
destination link, respectively, and zp(m,n) is the ambient noise at the destination.
After CP removal, OFDM demodulation, channel equalization, demapping, and de-
coding, the source information can be recovered at the destination. Note that, at the
destination, the difference in delays among the signals received from the source and the
relay can be quite large due to the slow speed of sound, and the signals on the direct

link might interfere with the reception of the forwarded signals from the IBFD relay.

3.3.2 Impact of Residual Interference

In an IBFD cooperative UWA system, the system suffers from three types of
interferences: self-loop interference at the relay, reflected self-interference at the relay,
and possible interference from the direct link transmission.

In this section, we focus on analyzing the impact of residual self-loop interference
and reflected self-interference at the relay. In the UWA system shown in Fig. 3.10,
with a typical system setting, the delay of the self-loop interference can be on the order
of a symbol in one OFDM block, and the delay of the reflection can be on the order
of an OFDM block. For example, if the distance between the IBFD transducer and
hydrophone is 0.15 m, the distance from the seafloor to the relay is 35 m, the total
bandwidth is 10 kHz, and the number of subcarriers is N = 512. Then, the duration
of one symbol (i.e., the duration of z(m,n)) is 0.1 ms, and the duration of one OFDM
block (i.e., the duration of x™) is about 50 ms. Using the speed of sound at sea as
v = 1500 m/s, the delay for the self-loop link is 0.1 ms, and the delay for the reflection
is about 50 ms.

In this chapter, we assume that we have a rough estimate of the delay for the
reflected link at the IBFD relay. Then, by adjusting the processing delay (n, samples)
at the relay, we can have the delay of the reflected interference (the addition of the
propagation and processing delays) to be roughly an integer multiple of the duration
of one OFDM block. With the help of the CP, and at the expense of reduced spectral
efficiency, the system can deal with the intersymbol interference (ISI) when the delay
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of the reflected interference is not an exact integer multiple of an OFDM block. Note
that n., is necessary to guarantee the spectral efficiency of IBFD relaying. For example,
without the processing delay of n, samples, if the propagation delay of the reflected link
happens to be half of an OFDM block, a long CP has to be added to align the received
signals from the source and the reflected self-interference. For the self-loop delay, it
is always an integer multiple of the duration of one symbol in the discrete baseband
representation. In this work, we assume that the delay of the self-loop interference
is roughly the duration of one symbol, and the delay of the reflected interference is

roughly the duration of one OFDM block.

3.3.2.1 Self-loop Interference Only
First, we consider the case where there is only self-loop interference, for example,
when the IBFD relay is far away from both the sea surface and seafloor. The residual

interference is

Ax(m,n) = hpi(m,n)yg(m,n — 1) (3.17)

where ygr(m,n — 1) denotes the delayed self-loop interference, and hyi(m,n) is the
self-loop channel impulse response (designated with subscript LI), after interference
cancellation (using a directional transducer, analog cancellation, and digital cancel-
lation), associated with the m-th block. Note that we assume a single-tap self-loop
channel here, which is practical due to the small distance between the transducer and

hydrophone. Then, (3.14) becomes
Tr(m,n) = zr(m,n) + hry(m,n)yr(m,n — 1) (3.18)

By iteratively substituting (3.18) into (3.15), we obtain the transmitted signal
at the IBFD relay

yr(m,n) = fir(m,n) = frr(m,n) + BZ {xR(m,n —1) ﬁ(ﬁhu(m,n - z))}

=1 =0

(3.19)
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where the first term is the desired signal, and the second term is the interference caused
by the self-loop link. Here, the self-loop channel impulse response is infinite, i.e., it
corresponds to an infinite impulse response (IIR) channel. We assume the self-loop
channel impulse response varies slowly, remaining stationary over one OFDM block,
i.e., hpi(m,n—i) ~ hyy(m) fori =0,1,--- | N—1. Also, to avoid amplifying the residual
interference, it is required that |Shri(m)| < 1; and, we also assume |Shy(m)|E ~ 0,
where L is the number of symbols that are actually affected by the self-loop interference

(typically L < N). Thus, (3.19) can be simplified to
L L

yr(m,n) = prg(m,n) + 3 Z(ﬁhLI(m))lxR(m, n—10)=p Z(ﬁhm(m))lmg(m, n—1)

=1 =0

(3.20)

Define vectors y% = [yr(m,0),yr(m, 1), -+ ,yr(m, N + Nep — 1)]* and xJ =
[zr(m,0),2r(m, 1), -+, zr(m, N + Ngp — 1)]7, which denote the m-th OFDM blocks
transmitted and received at the relay, respectively. Also, define a vector hy', the

equivalent channel impulse response of the self-loop link, as
hg' = 8, Bhwi(m), B°hig(m), -+, B(Bhi(m))"] (3.21)

Then, we can write (3.20) in a linear convolutional form as
YR = hg' * xg (3.22)

where x denotes the convolution operation.

3.3.2.2 Interplay of Self-loop Interference and Reflected Self-interference
In this subsection, we consider a UWA system with both self-loop interference
and reflected self-interference (as shown in Fig. 3.10). The received signal, with the

residual interference, is
Tr(m,n) = zr(m,n) + Az(m,n)

= zr(m, n) + hu(m)yr(m,n — 1)

Lg1

+ ) hri(m — 1, Dyr(m —1,n — 1) (3.23)
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where hpj(m) is the self-loop channel impulse response associated with the m-th block,
yr(m,n — 1) denotes the previous OFDM block transmitted at the relay, hri(m —1,1)
is the channel impulse response of the reflected channel (designated with subscript RI)
associated with the (m — 1)-th block, and Lgy is the number of resolvable paths. For
simplicity, in the following analyses, we assume the reflected channel is a single-tap
channel (i.e., Lg; = 0); this can be easily extended to consider a multi-tap reflected

channel. With this assumption, (3.23) simplifies to

Zr(m,n) = zr(m,n) + hpy(m)yr(m,n — 1)

+ hri(m — 1)yr(m — 1,n) (3.24)

where hri(m — 1) is the one-tap reflected channel impulse response and ygr(m — 1,n)
is the reflected self-interference from the last OFDM block.

By substituting (3.24) into (3.15), we can obtain the transmitted signal at the
relay

yr(m,n) =g(m,n) +gy(m—1,n)+---+y(1,n) (3.25)

where g(m,n) is the signal created by the self-loop channel at the m-th OFDM block,
which is given in (3.20), i.e.,

L

g(m,n) =By _(Bhu(m))'zr(m,n —1), (3.26)

1=0
and y(m — k,n) (k € {1,2,--- ,;m — 1}), the interference caused by the interaction
of the reflected and self-loop channels on the m-th OFDM block from the (m — k)-th
OFDM block is given by (for k =1,2,--- ,m — 1)

L

gj(m—kz,n):ﬁnﬁhm(m—z’) SU DY TIBh(m =) | anlm —k,n—1)

=0 ro+--+rp=l j=0
0<ro,,rk<l

(3.27)

In (3.28), we expand the terms in (3.26) and (3.27) to illustrate the impact of

the residual interference. It can be seen that the current transmitting OFDM block
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suffers from interference from all previous transmitted OFDM blocks (i.e., ISI) due to

the interplay of the self-loop and reflected self-interference.

7(m,n) = Brr(m,n) + Grhri(m)zg(m,n — 1) + Bhy(m)’zg(m,n —2) + - - -

y(m —1,n) = Grhri(m — 1)zg(m — 1,n)
+ Bhgi(m — 1) [hg(m) + hr(m — 1] zr(m — 1,n — 1)
+ BYhri(m — 1) [her2(m) + her(m)her(m — 1) + her?(m — 1)) 2r(m — 1,n — 2)
4.

y(m = 2,n) = Fhpi(m — Dhgi(m — 2)ar(m — 1,n)
+ B*hri(m — V)hgi(m — 2) [hrr(m) + hpi(m — 1) + hpi(m — 2)] ag(m — 2,n — 1)
+ BPhgi(m — 1)hgi(m — 2) [hpi?(m) + -+ + b2 (m — 2)] ar(m — 2,n — 2)
4.

(3.28)
We define y™ = [g(m,0),5(m, 1), ,5(m, N + Nep — 1)]T, then (3.28) can be
re-written in a linear convolutional form as
y" =h"*xy

om—1 _ hm—l * mel
Y " (3.29)

ymf2 — hm—2 * XnR1—2
where * denotes the linear convolution operation, and the corresponding channel re-
sponses are

h™ = [57 ﬁzhLI(m)7 thLI2(m)7 te ]

h™ ™' = Bhgi(m — 1) - [8, 8 [hui(m) + hri(m — 1)], - -]

h" ™% = B2hpi(m — 1)hgi(m — 2) - [8, 52 [hea(m) + hu(m — 1) + hu(m = 2)] - -]

(3.30)

and the m-th OFDM block transmitted at the relay is

L S (3.31)



In (3.30), h™ denotes the equivalent channel created by the residual self-loop interfer-
ence for the m-th OFDM block; due to the existence of the reflected self-interference,
there are multiple “channels” (h™ h™ ' h™ 2 ...). Note that, usually, we have

|Bhri| << 1 and |Shgri| << 1. Thus, the high-order terms in (3.30) can be ignored.

3.3.3 OFDM-based Delay Diversity Scheme
In this section, we employ OFDM to overcome the impact of the self-loop in-
terference. Then, the “interferences” from the reflected link and the direct link are

utilized as useful signals at the destination.

3.3.3.1 SINR Analysis for OFDM-based IBFD Relaying

According to Section 3.3.2, the self-loop channel is equivalent to a multipath
channel. Then, OFDM can be used to deal with the self-loop interference. Here, to
focus on the impacts of the self-loop gain and the CP length, we ignore the interference
from the reflected link and the direct link, and also assume there is no multipath for the
source-to-relay and relay-to-destination links. Then, the received signal at the relay is
simply

zr(m,n) = xs(m,n) + zg(m,n) (3.32)

and the transmitted signals at the relay are given in (3.26). At the destination, we
have yp(m,n) = yr(m,n) + zp(m,n). The received SINR determines the quality of
the source signal recovery.

Here, we derive SINR expressions for OFDM-based IBFD relaying by extending
the analyses presented in [85-87]. Let Gip = £{|hr1(m)|*} and Gr = 3 denote the
channel gain of the residual self-loop interference and the amplifying gain of the IBFD
relay, respectively. For the channel response of the self-loop link in (3.21), we have

Gr _ Ggr
1—5{|6hm(m)|2} 1—GRGLI

E{II g I} = ZGRc‘?{I(ﬁhLI(m))i‘IIQ} ~ (3.33)

where £{-} denotes the expectation operator. Note that GrGp < 1 is required to

. . L+1
guarantee a finite transmit power, and we assume (GRGLI) 0.
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Let Sp(m,n), Ip(m,n), and Zp(m,n) denote the desired signal, interference,
and noise, respectively. Let Ps denote the transmit power at the source (E{|zs(m,n)[*}).

Then, we define the SINR at the destination vp as

E{|Sp(m,n)|*}

2= ST (m, m)E} + €4 Zn(m, )} (3:34)
where the power of the desired signal is
EISolm )} = B S () (GrCur) (3.35)
=1
and the interference power is
E (T m.m)?) = P31 — (0))(GrGu) " (3.36)

i=1
where ¢(i) is the bias function derived in [85] and employed in [86,87] to analyze the

system SINR for fading channels, which is given as

p

0, 1< —N
(N +1)/N, —N<i<0
c(i) =19 1, 0 <i< Ncp (3.37)
(N —(i—Ncp))/N, Ncp <i< N+ Nep
0, 1> N+ Ncp

3
Note that, the same as in [85], we assume that the signal variations arriving at different
delays are uncorrelated and that the correlation properties of all channels are stationary.

A closed-form expression for (3.35) can be derived (see Appendix), but it is
fairly complicated and provides little insight. Thus, we consider two extreme cases: (i)
when the CP is sufficient (i.e., Gr1'°" ~ 0); and (ii) when there is no CP added to the
OFDM block (i.e., Ncp = 0).

As shown in the Appendix, for Case (i), the power of the desired signal can be

approximated as
GrPs

Ellsolm i}~ =5 o

(3.38)
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and the interference power as
E{|Zp(m,n)|*} =~ 0 (3.39)

For Case (ii), the power of the desired signal can be approximated as

GrPs 2GR Ps
E{|S )~ — 3.40
{’ D(man)| } 1— GRGLI N(]_ _ GRGLI)2 ( )
and the interference power as
2GR Ps

E{|Z N~ 3.41
{| D<m7n)’ } N(l _ GRGLI)Q ( )

Let Pr denote the transmit power at the relay, and we have

GrP
Pr = E{|Sp(m, n)|?} + E{|Tp(m,n)]?} = — > (3.42)
1-— GRGLI

At the destination, the noise power includes two components: the noise for-
warded by the relay and the noise at the destination receiver. Due to the existence of

the self-loop link, we have

Zp(m,n) =Y ho(m, i)zg(m,n — i) + zp(m,n) (3.43)

=0
We assume the noise at the relay and the destination have the same average power Py,

and the noises are independent of each other. Then, we have

E{|Zn(m,n)|*} = E{|hy * 2z} + zp(m, n)|*}
=&{|hy" I’} Py + Px

Gr P
=— R _ Py+Py="Py+P 3.44
1—-GpGy ~ N pg NN (3-44)

where the first term is the forwarded noise from the IBFD relay, and the second term
is the ambient noise at the destination. By substituting (3.38)-(3.44) into (3.34), we
can obtain the SINR for the two extreme cases.

For Case (i), we simply have

Pr

_— (3.45)
%PN + Px

YD =
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since the impact of the residual self-loop interference is negligible.

For Case (ii), the SINR is

GrPs 2GR Ps
_ 1-GrGu N(1-GrGL1)?
YD = 2GR Ps (346)

P
Ni—cno? TR IN T IN

and without sufficient CP, the system suffers a degradation in performance. For UWA
systems, considering that the number of OFDM subcarriers is usually quite large, with

an appropriate CP, the impact of self-loop interference could be relatively small.

3.3.3.2 Reflected Self-interference: Delay Diversity
1) SINR analysis

At the destination, without the interference from the direct link (the direct link
should be relatively weak in a coverage extension scenario), after CP removal and FFT

operation, the frequency-domain received signals can be denoted as

m—1
Xp =Y X" HG K Hpt - HY Rz (3.47)
k=0

where Hgp * and Hp (0 < k < m — 1) are, respectively, the frequency responses
of the source-to-relay link and the relay-to-destination link for the (m — k)-th OFDM
block. In (3.47), H™ " is the frequency response corresponding to the “channel” h™ "
in (3.30), and Z™ is the noise component in the frequency domain. From (3.47), we
see that the received signals at the destination are the superposition of the previous
transmitted OFDM blocks.

To show the impact of the reflected self-interference, we assume the CP is suffi-
cient to deal with the self-loop interference. Then, according to (3.31), we can obtain

the power of the desired signal as given in (3.38), and the power of the interference as

E{|Zo(m, n)I*} = E{Ily™ " I+ EUI Y™ 1P} + -+ EL ¥ 1P}

= (GrGri1 + Gr°Gri* + -+ (GRGr)" ) E{ ¥™ I’}

Gr>GriPs
~ 4
(1 — GRGLI)(l — GRGRI) (3 8)
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where Gry = E{|hri(m—Fk)|?} for k € {0,1,--- ,;m—1}, denotes the channel gain of the
reflected link. Here, we assume the data from different OFDM blocks are independent
from each other. Similar to the derivation of (3.44), we can obtain the noise power at

the destination as

E{|Zo(m,n)} =E{|| W™ >+ | b ||* 4+ } Py + Py
Gr
1-— GRGLI)(l — GRGRI)

Py + Py (3.49)

i

where the first term is the forwarded noise from the IBFD relay, and the second term
is the ambient noise at the destination. By substituting (3.38), (3.48), and (3.49) into
(3.34), we can obtain the SINR for this case. The SINR degrades due to the existence
of self-loop and reflected self-interference, which may lead to severe performance loss.
2) Delay diversity at the destination

In this section, we show that delay diversity can be obtained from the forwarded
signal and the reflected self-interference. According to (3.47), the received signals at
the destination are shown in Fig. 3.11, in which each received OFDM block is the
superposition of the current and previously transmitted OFDM blocks from the source.
With interference cancellation, typically we have Gr; << 1, then, the interference from
the previous OFDM blocks decreases rapidly over time. Thus, we can approximate the
received signals at the destination as the superposition of the current OFDM block and

a few previously transmitted OFDM blocks.

X3 X3 X3 X3 X
X, x| X6 X@ D] XN, XE D[ XN, X D] XN, X 1) |
i [X(m-1,N), -, XL )| - [x@ N, x@ ] xe), - xe o xao, L xa, )| :
Hlxm-2,N, xm2, 1) 0 [xe ), xe ] xa, - xa, )| '

[x@ N, ..oxwy |

Figure 3.11: Delay diversity sturcture at the destination.
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As an example, in Fig. 3.11, we consider the interference from the two previous
OFDM blocks, which are highlighted in the dashed-line box. Here, X (m, k) denotes
the symbol on the k-th subcarrier in the m-th OFDM block. For simplicity, the channel
impulse responses have not been written out explicitly. In this example, the relaying
system is equivalent to a system having three streams of transmissions. The delay is
the duration of one OFDM block between two neighboring transmissions. Note that
the number of streams to be combined depends on the level of the residual reflected
self-interference (Ggy). If the residual reflected self-interference is not strong, we may
only need to consider the superposition of the first several (2 or 3) streams, which is
discussed in detail in the simulation section.

3) Detection by Viterbi algorithm

® & 6

®

Figure 3.12: Trellis for delay diversity with three paths (desired signal mixed with
the first two streams) using BPSK modulation.
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At the destination node, a Viterbi detector can be used to detect the superposed
streams. We assume M-ary phase shift keying (PSK) modulation is adopted at the
source. The number of previous OFDM blocks that are utilized in the delay diversity
scheme is D — 1, and the number of data streams is D in the delay diversity structure.
Then, at the destination node, after channel equalization, we can employ a Viterbi
detector with M?P states for maximum likelihood (ML) detection of the transmitted
symbols at each OFDM subcarrier. In particular, N parallel Viterbi decoders are
required, and the k-th Viterbi detector is used to detect the transmitted symbols
over the k-th subcarrier; the k-th Viterbi detector generates an estimated sequence
{X"(k), X?(k), X3(k),---}. For example, to decode the signals shown in Fig. 3.11,
the associated trellis for the Viterbi detector with binary PSK (BPSK) modulation is
shown in Fig. 3.12.

To reduce the detection delay, Viterbi detectors with truncated path memory
can be employed [88]. Note that, in OFDM systems (for example, Wi-Fi systems), the
signals are usually transmitted in frames, and one frame consists of multiple OFDM

blocks. Thus, the truncated length can be the number of OFDM blocks in one frame.

3.3.3.3 Interference from Direct Link: Delay Diversity Structure

As mentioned in [89], the interference from the direct link may cause severe
performance degradation. At the destination, the frequency-domain received signals,
after CP removal, can be written as

m—1
p=Y XmR HG-HEGE - HTP X7 HE + 2" (3.50)
k=1

where Hg, represents the frequency response of the source-to-destination link for the
m-th OFDM block. In this case, the received signals get additional interference from
the direct-link signal, which will further decrease the system performance. However,
similar to the analysis in Subsection 3.3.3.2, we can consider the interference from the
direct link as an additional stream in the delay diversity scheme, and also employ a

parallel Veterbi decoder to detect these delayed signals.
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3.3.4 Results
3.3.4.1 Simulation Setup

In this section, we demonstrate the effectiveness of the proposed delay diversity
scheme through computer simulations. For the system model shown in Fig. 3.10,
we use the BELLOP ray tracing model [90-92] to generate the impulse responses of
specific channel realizations, including the source-to-relay, the relay-to-destination, the
source-to-destination, and the reflected channels. The self-loop channel has only one
tap (no multipath). Also, only time-invariant impulse responses are considered. In
generating the impulse response, we assume a flat sea surface and seafloor in a water
depth of 300 m, with the sound speed profile shown in Fig. 3.13. The source, relay, and
destination nodes are all positioned at 35 m above the seafloor. The distance between
the source and the relay nodes is 2 km, and the destination node is also 2 km away
from the relay on the other side. The distance between the IBFD relay’s transducer
and hydrophone is 15 cm.

The source and relay transmit at the same power Ps. The ambient non-white
noise in the ocean is modeled with the empirical formulation in [53], the mean power of
which is denoted as Py. The system has a center frequency of 15 kHz and a bandwidth
of 10 kHz. BSPK mapping and OFDM modulation is employed at the source. The
number of OFDM subcarriers is 512 and the CP ratio (the ratio of the CP length to
the OFDM block length) is 1/4. The number of OFDM blocks in one frame is M = 20.
At the destination, the length of the truncated path in the Viterbi detector is the same
as the number of OFDM blocks in one frame.

In the following results, we show the system performance as a function of the
average received SNR at the destination, which is defined as SNR = (PsysrGrYrp )/ Pn
where vsg = £ {|| hsr ||3} and yrp = £{|| hrp ||3}. Note that, we assume the relay
node also transmits with the same power Ps, thus, we have Grysg = 1, and SNR =

Psyrp/Py. All the following results are averaged over 1000 channel realizations.
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Figure 3.13: Sound speed profile adopted in the simulations.

3.3.4.2 Simulation Results and Discussion

The impact of the residual self-loop interference is shown in Fig. 3.14, in which
the error rate performance is plotted as a function of the received SNR at the desti-
nation, for different levels of self-loop interference. Here, we assume the system only
suffers from self-loop interference, i.e., there is no interference from the reflected link
and the direct link. The “ideal” case, in which perfect interference cancellation is as-
sumed, is given as a reference. For the other three cases, different levels of self-loop
interference are represented by different GrGpr;. Note that, Gg and Gy are the ampli-
fying gain at the IBFD relay and the equivalent channel gain of the residual self-loop
interference, respectively. Thus, GrGy denotes the relative power of the self-loop in-
terference compared to the power of the received signal at the relay. In particular,

GrGLr = —3 dB represents the case where, after interference cancellation (using a
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directional transducer, analog cancellation, and digital cancellation), the power of the
residual self-loop interference is 3 dB lower than that of the received signal at the re-
lay. We can see that, compared to the “ideal” case, both the OFDM block error rate
(BLER) and the bit error rate (BER) performance loss are negligible if the self-loop
interference can be suppressed to 9 dB lower than the power of the received signal.
Thus, OFDM is able to deal with the residual self-loop interference effectively when it

is relatively weak.
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Figure 3.14: Error rate performance for different levels of residual self-loop interfer-
ence. Only self-loop interference is present.

Next, in Figs. 3.15-3.17, we show the performance of the delay diversity schemes,
when the system suffers from both self-loop interference and reflected self-interference
but there is no direct link from the source to the destination. The reflected channel
is generated with the BELLOP model, and could be a multi-tap channel. Similarly,

we use GrGRr1 to denote different levels of reflected self-interference after interference
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Figure 3.15: Error rate performance with D = 2 streams in the delay diversity struc-
ture, for different levels of reflected self-interference. There is both
self-loop interference and reflected self-interference, and GrGrr = —9

dB.

cancellation using a directional transducer and digital cancellation), i.e., the relative
power of the residual reflected self-interference compared to the power of the received
signal at the relay.

In Fig. 3.15, the error rate performance is presented as a function of the received
SNR at the destination, for different levels of reflected self-interference, when there are
D = 2 streams in the delay diversity structure. The “ideal” case is also given as a
reference. To focus on the effects of the reflected interference, we assume GrGr = —9
dB so that the residual self-loop interference would not play a critical role in the
system performance. We can see that the system encounters a very high error floor

when GRrGR;j is higher than —6 dB. In contrast, both the BLER and BER performance
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Figure 3.16: Error rate performance with D = 3 streams in the delay diversity struc-
ture, for different levels of reflected self-interference. There are both
self-loop interference and reflected self-interference, and GrGrr = —9

dB.

are close to that of the ideal case when GrGrr = —9 dB, and the performance loss
is negligible when GrGrr = —12 dB. Similar conclusions can be drawn from Fig.
3.16, in which D = 3 streams are employed in the delay diversity structure; however,
with D = 3 streams, the system is more robust to the reflected self-interference. For
example, with D = 3, both the BLER and BER performance are much better than
the case of D = 2 when GrGgrr = —6 dB. This is because, when we have relatively
strong interference, the high-order terms in (3.30) cannot be ignored, i.e., the ISI from
previous OFDM blocks is still strong. Thus, we need to include more streams in the
Viterbi decoder at the destination to detect this “interference”.

To compare the system performance with different numbers of streams employed

in the delay diversity scheme, the system error rate performance is plotted as a function
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Figure 3.17: Error rate performance as a function of the power of the reflected self-
interference, for different number of streams in the delay diversity struc-
ture. There is both self-loop interference and reflected self-interference,
GRGLI =-9 dB7 and SNR = 35 dB.

of the power of the reflected self-interference in Fig. 3.17, with a received SNR of 35 dB.
Also, the residual self-loop interference is such that GrGrr = —9 dB. Note that D =1
indicates that the system only detects the current OFDM block, i.e., the system does
nothing to deal with the reflected self-interference. First of all, due to the existence
of reflected self-interference, in the case of D = 1, the system suffers from significant
performance loss even with weak interference (GrGry = —15 dB). Further, with D = 2
streams at the Viterbi decoder, the system performance is very close to that of the
ideal case when the residual reflected self-interference is not too strong, for example,
when GrGRy is less than —9 dB. On the other hand, more streams have to be included

to guarantee the system performance if the residual interference is strong, and there is
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a trade-off between the system performance and decoding complexity.
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Figure 3.18: Error rate performance with D = 3 streams in the delay diversity struc-
ture by combining the “interference” from the direct link. We include
interference from the self-loop link, the reflected link, and the direct
link. (|Bhri(m)[*> = —9 dB and ||Bh;||2 = —12 dB.)

Finally, in Fig. 3.18, we include all possible interference from the self-loop link,
the reflected link and the direct link. To focus on investigating the impact of the direct
link, here, we assume we have small residual self-loop interference (GrGri = —9 dB)
and reflected self-interference (GrGri = —12 dB). Note that, by including a larger
residual interference, the system performance gets worse, but the relative performance
gain or loss is not affected. For the Viterbi decoder at the destination, we have D = 3,
where the three streams are the “interference” from the direct link, the current OFDM
block, and the ISI from the previous OFDM block. On the one hand, we can see
that the system error rate performance degrades severely if we do not carefully deal

with the direct link (marked as “direct link as interference”). Since the source and
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destination nodes are only 4 km away and the relay node has the same power as the
source node, the “interference” from the direct link is strong enough to interfere with
the reception of the signals from the relay at the destination. On the other hand, the
system performance outperforms that of the ideal case when we combine the stream
from the direct link at the destination (marked as ”direct link as signal”); this gain
comes from the utilization of the direct link. Therefore, the delay diversity scheme can
work effectively to combat the reflected self-interference and the interference from the

direct link.

3.4 Summary

In this chapter, we proposed to develop acoustic IBFD systems, which could
potentially double the spectral efficiency in the underwater environment. By analyz-
ing the challenges in implementing IBFD UWA systems, we presented a hybrid design
that includes both analog and digital cancellation for the underwater acoustic environ-
ment. Further, we analyzed its performance in the presence of imperfect CSI, ambient
noise, and ADC quantization noise. In a deep ocean environment, we showed that the
combination of directional transmission, analog cancellation, and digital cancellation
can be used to suppress the self-loop interference. In shallow water, the self-multipath
interference may pose challenges to the IBFD transceiver if it is not carefully treated.

Also, for IBFD UWA relaying, OFDM techniques were employed to overcome
the impact of the residual self-loop interference. Simulation results show that there
is not significant performance loss when the residual self-loop interference is not very
strong. To deal with the reflected interference, a delay diversity scheme was imple-
mented at the destination and Viterbi algorithm was used to detect the transmitted
signals. Both analyses and simulation results show that the proposed scheme can
effectively combat the reflected interference effectively.

In the future, the following two aspects could be investigated to further evaluate
the feasibility of IBFD UWA systems: 1) verify and improve the proposed hybrid

cancellation scheme by doing experiments in real sea environments; and 2) propose
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other types of space-time coding schemes or more efficient detectors to utilized the

reflected interference in IBFD UWA relaying systems
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Chapter 4

INTER-SYSTEM INTERFERENCE IN UNLICENSED BAND

4.1 Introduction

As explained in Chapter 1, to alleviate the problem of scarce spectrum resources
and keep up with the ever growing traffic demands in cellular systems, the 3GPP stan-
dardization group has investigated and standardized LAA in LTE release 13 [2,27,93].
Recently, 3GPP Release 15 has proposed “new radio (NR) based unlicensed access”
and “enhancements to LTE operation in unlicensed spectrum,” where the evolution of
LAA will be standardized to allow 5G to access the unlicensed spectrum [15-17,94-96].
In particular, channels in the unlicensed bands (specifically the 5-GHz band) are used
as secondary carrier frequencies which are anchored by licensed primary carrier fre-
quencies within the LTE carrier aggregation framework. The primary licensed carrier
frequencies are used to exchange critical control signals to guarantee the quality of ser-
vice, whereas, the secondary unlicensed carrier frequencies are used opportunistically
to boost downlink bandwidth. Compared to the traditional offloading of cellular traf-
fic to Wi-Fi networks, which relies on the connection between the LTE core network
and Wi-Fi, LAA can potentially provide better coverage, higher capacity, and lower
latency, with seamless data flows, by using the same core radio technology across both
licensed and unlicensed spectrum. Further, with a single evolved packet core (EPC)
network, LAA could facilitate integrated network management and more efficient re-
source utilization, and, thus, lower operational costs [97-100].

Wi-Fi, which includes IEEE 802.11 a/n/ac [3], has had tremendous success, be-
coming the primary incumbent in the 5-GHz unlicensed band. Because LTE was origi-

nally designed to operate in licensed bands, it can optimize the physical (frequency and
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time) resource allocation based on a centralized Media Access Control (MAC) protocol;
this, however, does not provide any coexistence mechanisms when operating in the un-
licensed 5-GHz band. Thus, deploying LTE directly in the unlicensed band would lead
to significant performance degradation for Wi-Fi systems. In addition, different geo-
graphical regions have different regulatory requirements on transmissions in unlicensed
spectrum [98]; this makes LTE Unlicensed (LTE-U), which occupies the channel using
a static/dynamic muting approach, infeasible in certain regions. Therefore, a major
focus of the Release 13 LAA specification is to design mechanisms for LTE to coexist
with Wi-Fi so as to contend for access in the unlicensed band.

To provide efficient access to the unlicensed spectrum, IEEE 802.11 networks
employ Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) in the
MAC layer [3]. This mechanism, which is also known as the Distributed Coordination
Function (DCF), enables Wi-Fi nodes to coexist with one another. To avoid interfering
with existing Wi-Fi networks, 3GPP proposes that an LAA network should employ a
fair coexistence mechanism so as not to impact Wi-Fi transmissions more than an ad-
ditional Wi-Fi network would [2]. Thus, a similar Listen-Before-Talk (LBT) procedure
was recommended for LAA in Release 13 in order to sense (using energy detection)
whether the channel is idle or not before transmission.

There have been several previous studies on the coexistence of Wi-Fi and LAA
[101-107]. In [101], a performance evaluation shows that LTE operating in the unli-
censed band generally outperforms Wi-Fi in similar scenarios. In addition, a compari-
son is made in [102] among different coexistence mechanisms, including static muting,
LBT, and Request-To-Send/Clear-To-Send (RT'S/CTS), and the results show that the
RTS/CTS based method provides significant performance gain over the other mecha-
nisms for indoor scenarios. In [104], system-level simulation results are presented for
indoor and outdoor scenarios which show that fair coexistence of LAA and Wi-Fi can
be achieved, and the deployment of LAA can also provide a gain for Wi-Fi perfor-

mance. In [103], two LBT-based channel access techniques are evaluated with different
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signal and energy detection thresholds, and the simulation results show that the detec-
tion thresholds play a critical role in the system performance. However, incorporating
RTS/CTS into LAA requires redesigning the LTE protocol, and the 3GPP standard
only recommends energy detection for LAA, so that RTS/CTS or signal detection
might not be practical. Further, though different detection thresholds are evaluated,
no solutions have been proposed to adapt the detection thresholds to further improve
the coexistence performance. In [106], the user association and resource allocation are
jointly optimized to improve the system throughput and fairness in coexistent Wi-Fi
and LTE-U networks.

Also, work has been performed from a theoretical perspective. The authors
in [105] analyze the coexistence of LAA and Wi-Fi, and derive the optimum spectrum
access for LAA by switching between scheduling-based and random access schemes.
Also, a fair LBT algorithm is proposed in [107] to allocate proper idle periods for Wi-
Fi nodes by jointly considering the total system throughput and coexistence fairness.
In [106], the coexistence of LTE-U and Wi-F1i is improved by optimizing user association
and resource allocation using the IEEE 802.11 Point Coordination Function (PCF)?
access protocol. Although these theoretical analyses provide insights and guidelines to
enhance/optimize the coexistence of Wi-Fi and LAA, their solutions either ignore the
details of LBT (CSMA/CA) or use a centralized controller.

In addition, to provide ultra high-speed and low-latency communications, IEEE
802.11ac and LTE networks utilize channel bonding and carrier aggregation mecha-
nisms, respectively, to aggregate multiple channels/carriers. For LAA systems, differ-
ent options for multi-carrier LBT are proposed in [2] so that LAA can access multiple
carriers effectively without adversely affecting the performance of the coexistent Wi-
Fi systems. Among recent works, a coexistence solution based on carrier selection is
proposed in [108], in which UE measurements are used to optimize the network sum

capacity. In [109], a new LBT mechanism is proposed to avoid the adverse impact of

' In PCF, an optional MAC technique used in IEEE 802.11 networks, the channel
access is centralized through access points (APs).
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radio RF leakage on multi-carrier operations for LAA. In [110], different carrier ag-
gregation schemes are evaluated to show their effectiveness in improving throughput
performance and end-user experience in a dense network with multiple carriers. These
techniques improve the coexistence performance, but require additional feedback or
significant modifications in the current multi-carrier LBT procedure.

The main goals of the work presented in this chapter are to investigate the im-
pact of energy detection thresholds on the coexistence of Wi-Fi and LAA networks,
and to propose an adaptive energy detection algorithm to improve the performance of
both networks. We first analyze the coexistence challenges of Wi-Fi and LAA posed
by frequent collisions that result from the employment of different sensing/detection
methods and the asymmetric setting of energy detection thresholds in CSMA /CA and
LBT. To improve the coexistence performance of Wi-Fi and LAA in downlink transmis-
sions, we propose a distributed adaptive algorithm to adjust LAA’s Energy Detection
(LAA-ED) thresholds per user or per base station. Via simulations, we show that
the proposed adaptive energy detection algorithm can achieve significant performance
gain compared to using a fixed energy detection threshold for LAA transmitters. Also,
the proposed adaptive algorithm can achieve performance comparable to that of the
RTS/CTS based method [102], but with a much simpler implementation. In addi-
tion, we extend the adaptive energy detection algorithm to the multi-carrier case. To
further improve the coexistence performance, based on the adaptive energy detection
algorithm, we propose a simple, but efficient, carrier-selection algorithm based on LAA-
ED thresholds. In particular, carriers with low energy detection thresholds may suffer

from interference and, then, are less likely to be aggregated.
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4.2 Coexistence of Wi-Fi and LAA Networks with Adaptive Energy De-

tection
4.2.1 CSMA/CA in Wi-Fi and Cat 4 LBT in LAA
4.2.1.1 Review of CSMA /CA Adopted in Wi-Fi

IEEE 802.11 employs CSMA/CA for all APs and stations (STAs) to contend
for access to the shared medium, and the basic idea of CSMA/CA is to sense the
channel idle or not whenever a Wi-Fi node has a pending transmission [3]. Specifi-
cally, an AP/STA having data to transmit first performs a Clear Channel Assessment
(CCA), which is followed by an exponential backoff mechanism to avoid collisions when
more than one node senses the medium idle and transmits at the same time. The
sensitivity requirements of CCA depend on two thresholds, CCA Carrier Sense (CCA-
CS) and CCA Energy Detection (CCA-ED), which vary according to the transmission
bandwidth. CCA-CS refers to the capability of the receiver to detect and decode the
preambles of incoming Wi-Fi signals, and CCA-ED is used to detect the energy level
of the signals present on the shared channel. In the context of coexistence of Wi-Fi
and LAA, Wi-Fi nodes are not able to decode any LAA signals. Thus, Wi-Fi nodes
apply CCA-ED to detect potential interference from LAA nodes, and both CCA-ED
and CCA-CS to detect and decode signals from other Wi-Fi devices®.

4.2.1.2 Review of Cat 4 LBT Adopted in LAA in Release 13

In comparison, as specified by 3GPP [2], an LBT procedure plays a critical role
in the coexistence of multiple LAA networks (of the same or different operators), and
the coexistence of LAA with Wi-Fi in the same unlicensed spectrum.

The Category 4 LBT (Cat 4 LBT) mechanism [2], depicted in Fig. 4.1, has
been included in LTE Release 13 for LAA downlink transmissions. The key idea of
Cat 4 LBT is similar to CSMA/CA, i.e., an LAA eNB is required to perform CCA

to determine whether the channel is idle or not before transmission. Specifically, Cat

2 For Wi-Fi, CCA-CS is performed to decode possible valid Wi-Fi preambles; if the
preamble portion is missed, CCA-ED is performed to detect any possible interference.
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Figure 4.1: Cat 4 LBT procedure, which consists of LBT-iCCA and LBT-eCCA
procedures [2].

4 LBT consists of the LBT initial CCA (LBT-iCCA) and the LBT extended CCA
(LBT-eCCA) procedures. An LAA eNB begins by executing LBT-iCCA, when there
is data to be transmitted, to check whether the channel is idle or not. If the channel
is idle for an iCCA period (e.g., 34 us)?, data transmission can proceed; otherwise,
the LBT-eCCA procedure begins as follows. The LAA eNB starts a backoff process to
defer its access to the shared channel. To back off, the LAA eNB first picks a random

3 In the CSMA/CA procedure, the distributed coordination function interframe space
(DIFS) duration is 34 us for IEEE 802.11a/n/ac (5 GHz).
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number N uniformly from the interval [0,¢q — 1], where ¢ is the current contention
window size. Then, the channel is checked to see if it is idle or not for an eCCA defer
period (e.g., 34 us). If the channel is sensed busy during the eCCA period, the LAA
eNB continues sensing until the channel is free. Once the channel becomes free, it
continuously conducts a CCA for another eCCA slot duration (e.g., 9 us or 10 us) and
decrements N if the channel is sensed idle. This process is repeated until N reaches
zero and, at that time, the LAA eNB can begin its transmission. Note that, after a
successful transmission, if the LAA eNB still has pending packets to be transmitted,
the LBT-eCCA procedure, rather than the LBT-iCCA procedure, is performed. In
addition, the contention window size ¢ is updated whenever a collision occurs, or reset
to the minimum contention window size (gmi,) with a successful transmission. Note that
the dashed box in Fig. 1 highlights the procedures of Cat 4 LBT that we will modify
and extend to include the proposed adaptive energy detection, which is described in

Section IV.

4.2.2 Coexistence Challenges: Collisions in Wi-Fi/LAA Networks
Although the Cat 4 LBT procedure enables LAA to coexist with Wi-Fi, the
fundamental differences between LAA and Wi-Fi may still degrade the performance.

The three key differences between the two technologies are as follows:

e In CSMA/CA, there exist two different mechanisms to sense/detect the idle or
busy condition of a medium: CCA-CS and CCA-ED. For instance, for operations
on a 20-MHz channel, the threshold for CCA-CS (nccacs) is —82 dBm to decode
the Wi-Fi preambles, and the threshold for CCA-ED (nccagp) is set to —62 dBm
for detecting any signal, both Wi-Fi, if the Wi-Fi preamble portion was missed,
and non-Wi-Fi signals. In contrast, in Cat 4 LBT, energy detection is the only
recommended sensing method for all signals.

e For Wi-Fi, an AP serves only one STA in a single transmit time interval?, and
the contention window size ¢ is updated if the AP does not receive associated
ACKs. In contrast, an LAA eNB can schedule multiple UEs in a single transmit

4 Multi-user multi-input multi-output (MU-MIMO) technology can enable one Wi-Fi
AP to transmit data to different STAs simultaneously; this is not considered in this
thesis.
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time interval and their respective ACKs may be received at different times or

even not received by the anchored LTE eNB. In that case, a criterion is required
for LAA eNB to update ¢ when the LTE eNB does not receive all ACKs from
the involved UEs within a certain time interval.

e CSMA /CA employs an exponential backoff procedure, where ¢ is doubled when
a collision occurs, until reaching its maximum value. In contrast, for Cat 4 LBT,
there exist multiple candidate backoff procedures, including exponential backoff
as in Wi-Fi.

In this section, we focus on analyzing the potential collisions caused by the

different sensing schemes adopted in Wi-Fi and LAA.

4.2.2.1 Hidden Node Problem in Wi-Fi Networks

In Wi-Fi networks, the hidden node problem occurs when two (or more) trans-
mitter nodes, not detectable by each other, transmit data simultaneously to the same
receiver node [111,112]. Hidden nodes may cause collisions in both the uplink (multiple
STAs transmit data to an AP) and the downlink (multiple APs transmit data to their
associated STAs) transmissions. In this paper, we focus on the downlink transmissions,
and an example is shown in Fig. 4.2, with two APs (A4; and A,) and two associated
STAs (S; and S3). When A; is transmitting data to S, the hidden node A, would not
be silenced, i.e., Ay can also transmit data to So. Thus, a collision occurs at S in this
case.

Usually, such collisions occur to STAs located close to the edge of an AP’s
transmission area, which may not happen very often. However, in a coexistent network
of Wi-Fi and LAA, due to the different energy detection thresholds adopted for APs and

eNBs, such collisions may occur more frequently during downlink data transmissions.

4.2.3 Collisions in Coexistent Networks of Wi-Fi and LAA

In the network scenario studied in 3GPP [2], as shown in Fig. 4.3, two operators
(Operator A using IEEE 802.11ac and Operator B using LAA) share a single 20-MHz
channel, and each operator deploys four small cells in a one-floor building (Wi-Fi

APs and LAA eNBs are marked as circles and diamonds, respectively). Considering
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Figure 4.2: An example of hidden nodes in a pure Wi-Fi network, where A; and A,
are two APs, and S; and S5 are the associated STAs.

the leftmost three transmitters (Wi-Fi #1, LAA #2 and Wi-Fi #3) under the 3GPP
fading model [2], since both Wi-Fi #1 and #3 adopt the same nccacs (—82 dBm) to
sense the channel, a transmission from one AP will block a transmission from the other
AP5. The resulting two sequential transmission scenarios are shown in Fig. 4.4(a): if
Wi-Fi #1 transmits first, Wi-Fi #3 would back off to wait until the channel becomes
idle, and wvice versa.

In contrast, in Fig. 4.4(b), both LAA #2 and WiFi #3 use energy detection to
detect each other’s transmissions. For example, the threshold of CCA-ED for Wi-Fi
is —62 dBm, and we assume the LAA-ED threshold is —70 dBm. Then, if Wi-Fi #3
transmits first, LAA #2 might back off due to its lower LAA-ED threshold. On the
other hand, if LAA #2 transmits first and the received power at Wi-Fi #3 is lower
than —62 dBm, Wi-Fi #3 may sense the channel idle and begin its data transmission,
which could result in collisions at both the UEs of LAA #2 and the STAs of Wi-Fi

® Collisions may still occur in this case if Wi-Fi #1 and #3 both have data to transmit
and happen to choose the same countdown counter. The collision probability, which
depends on the current contention window size, is usually not very large.
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Figure 4.3: 3GPP indoor topology with 4 Wi-Fi APs (circles, labeled as #1, #3, #5,
and #7) and 4 LAA eNBs (diamonds, labeled as #2, #4, #6, and #8).
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Figure 4.4: Hidden node problems in a coexistent network of Wi-Fi and LAA: the
light colored blocks are Wi-Fi’s downlink or uplink transmissions, and
the dark colored blocks are LAA’s downlink transmissions (LAA’s uplink
transmissions are fulfilled over the licensed band).

#3. Such asymmetric threshold settings cause Wi-Fi/LAA networks to suffer from
“hidden” node problems (in this case, Wi-Fi #3 is visible from LAA #2, but LAA
#2 is not visible from Wi-Fi #3). Note that, this hidden node problem is different
from the conventional hidden node problem in a (pure) Wi-Fi network (in which two or
multiple nodes are not detectable from each other), and frequent collisions may occur
due to the asymmetric energy detection thresholds. To avoid such collisions, one could
consider setting the LAA-ED threshold to be —62 dBm. However, this would introduce
unfairness when Wi-Fi signals below —62 dBm, but above —82 dBm, are detected by
other Wi-Fi nodes using carrier sensing (which will then back off) but not by other
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LAA nodes.

In addition to the hidden node problem, Wi-Fi networks also suffer from an
exposed node problem. Such a problem occurs when a node is unnecessarily silenced
because of a neighboring transmitter, which might result in decreased overall through-
put, especially in dense networks. The exposed node problem also exists in coexistent
networks of Wi-Fi and LAA.

IEEE 802.11 employs the RTS/CTS mechanism to (partially) address both hid-
den and exposed node problems [111], and a similar scheme has been applied to LAA
networks in [102], which protects the destination node from the “hidden” nodes. How-
ever, such RTS/CTS based methods are not mandated by the 3GPP LAA specifica-
tions, and thus require proprietary modifications to the LTE frame structures, which

would be impractical in the near future.

4.2.4 Adaptive Energy Detection Algorithm

To manage the impact of “hidden” /exposed nodes, as well as to improve the co-
existence performance of Wi-Fi and LAA, we study adaptive energy detection schemes
for LAA eNBs. We first discuss the impact of LAA-ED thresholds on system perfor-
mance, and then propose a distributed adaptive energy detection algorithm.

In a coexistent network of Wi-Fi and LAA, we assume all the APs and eNBs
transmit at the same power P,. Let 7 and R denote the set of transmitters (APs
and eNBs) and receivers (STAs and UEs)®, respectively. Also, let Tz and Ty, denote
the set of LAA eNBs and the set of Wi-Fi APs, respectively, i.e., T, U Ty = T. The

channel gain from transmitter i to receiver j is denoted as hy.(i,7) (i € T and j € R).

6 This paper focuses on increasing LAA downlink data rates. Here, the APs and eNBs
are the transmitters, and the STAs and UEs are the receivers. Note that uplink trans-
missions still exist for control signals (e.g., data requests and ACKs), and UEs/STAs
are transmitters in this case.
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Therefore, the received SINR at receiver j from transmitter ¢ is

Pt|htr<l7j)|28<l)

W) = TSR ()RS () + P
ke{T\i}

(4.1)

where 7\ i denotes the set of transmitters excluding transmitter i, Py denotes noise
power, and S(7) denotes the transmission status of transmitter . Specifically, S(i) = 1,
if the channel is occupied by transmitter i; S(i) = 0, otherwise.

At the receiver side, a larger v;(j) typically results in higher throughput. Also, if
7i(j) is less than a predefined SINR threshold, the incoming packets cannot be decoded
successfully, and hence there will be no ACK returned to the corresponding transmitter.
In this case, receiver j experiences either a collision or a deep fade, and the system
suffers a performance loss.

We define the throughput achieved for the link from transmitter ¢ to receiver j
as C(i,7) = f(7(y)), where function f(-) can be determined by the Shannon Capacity
[113] or by the specific modulation-coding schemes in IEEE 802.11ac [3] and the LTE [2]
specifications. Let R; denote the set of receivers involved in individual transmissions
with transmitter ¢ (R; C R). Note that a Wi-Fi AP transmits data to one STA at
each time instance, i.e., |[R;| = 1 for Wi-Fi APs, where | - | denotes the cardinality. In
contrast, an LAA eNB can transmit data to multiple UEs simultaneously, i.e., |[R;| > 1
for LAA eNBs. Therefore, to maximize the system throughput,

max ;]EZRZ C(i,5) (4.2)
we need to find the “optimal” transmission vector S so that the number of effective
concurrent transmissions is maximized, while not resulting in performance losses caused
by SINR degradation or collisions, especially for neighboring transmissions. For the
two extreme cases, when S(i) = 0 for all i« € T, there is zero throughput for the
network; when S(i) = 1 for all ¢ € T, there exists severe interference, leading to small

vi(7) and low data rates.

91



As explained in Section 4.2.1, Wi-Fi employs both CCA-CS and CCA-ED to
detect signals present on the shared channel, and LAA only uses energy detection.
Let hy(k,i) denote the channel gain from transmitter k& to transmitter i. Given a
transmitter 4, if it is a Wi-Fi AP (i.e., i € Tyy) and has data to transmit to one of its
associated STA, with the CSMA /CA procedure, we have
(

0, 10log,o (Z(k,1)) > nccacs, for k€ {Tw \ i}
S(1) =<1 0, 1010g10< > I(k:,i)) > 1)CCAED (4.3)
ke{T\i}

\ 1, otherwise

where Z(k,i) = Pi|hy(k,1)|*?S(k)/ Py denotes the normalized sensed energy at trans-
mitter ¢ from transmitter k, and 7Ty \ i denotes the set of Wi-Fi APs excluding the
transmitter AP 7.

Eq. (4.3) indicates that Wi-Fi AP i cannot transmit (i.e., will back off) in two
cases: 1) when any other Wi-Fi transmission exists for which the sensed energy at AP
i is greater than nccacs (i-e., the preamble portion can be decoded), and 2) when the
aggregated interference level from the ongoing Wi-Fi/LAA transmissions is larger than
Nocagp- In particular, in the second case, the aggregated interference also includes Wi-
Fi signals because the preamble decoding could be unsuccessful if there are multiple
concurrent Wi-Fi transmissions. Note that Z(k, ) is the sensed energy (interference)
at transmitter ¢ from transmitter k£, which determines whether transmitter ¢ should
back off or not. In contrast, the SINR defined in (4.1) is the received SINR, which
determines the achievable throughput at receiver j.

On the other hand, if transmitter 7 is an LAA eNB (i.e., i € 7;) and has data
to transmit to its associated UEs, with the Cat 4 LBT procedure, we have

0, 10log, ( > I(k,i)) > nuaaep (i, j), for any j € R;
}

S(i) = ke{T\i (4.4)

1, otherwise

where npaagp(i,7) is the LAA-ED threshold for UE j, which is involved in the data

transmission from eNB i (j € R;). Eq. (4) indicates that eNB ¢ will not transmit
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if the normalized sensed energy is higher than any of the energy detection thresholds
assigned to its intended UEs.

Given (4.3) and (4.4), because nccagp and nccacs are fixed values defined by
the IEEE 802.11 standard, the issue of finding the optimal transmission vector S
becomes one of choosing a configuration of nAagp (7, j) so that the system throughput
is maximized. To model the coexistence performance of downlink traffic in 3GPP,
both procedures, CSMA/CA and Cat 4 LBT, must be incorporated. However, it is
nontrivial to formulate the CSMA/CA and Cat 4 LBT procedures as constraints into
the optimization problem defined in (4.2). In addition, to avoid the signaling overhead
associated with any centralized solution, here, we focus on distributed Adaptive Energy
Detection (AED) solutions.

The basic idea of the proposed distributed AED algorithm is that an eNB’s
LAA-ED threshold is decreased if this eNB encounters frequent collisions; otherwise,
a high LAA-ED threshold is maintained to encourage concurrent transmissions.

The extended Cat 4 LBT with the proposed AED algorithm is shown in Fig.
4.5, where the LAA-ED threshold is adaptively updated due to collisions. The differ-
ences between the two procedures are highlighted by the dashed boxes in Figs. 4.1
and 4.5. Specifically, let Ny, and 7y. denote the predefined minimum and maximum
LAA-ED thresholds, respectively. In our study, we set Nuin = Nccacs = —82 dBm, and
Nmax = Nocaep = —62 dBm for a 20-MHz channel. Variable n, denotes the number of
retransmissions for a specific packet, which is initialized to zero. Also, the contention
window size ¢ is set to its minimum value ¢yi,. The LAA-ED threshold npaagp(i,7)
is initialized to 7.y, Which makes the LAA eNBs aggressive at the beginning of the
data transmission. In a network with weak interference and light traffic, having a high
LAA-ED threshold is beneficial to LAA while not hurting Wi-Fi. However, in a dense
network with heavy traffic, keeping a high LAA-ED threshold will result in frequent
collisions for both LAA and Wi-Fi. Therefore, if a packet cannot be successfully trans-
mitted from eNB i to UE j within N, trials, it is reasonable to decrease npaarp (%, )

until either the packet is transmitted successfully, or naagp (7, j) reaches or falls below
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Figure 4.5: The extended Cat 4 LBT with the proposed AED algorithm, where the
LAA-ED threshold is adaptively updated due to collisions.

its minimum value. This decreases the transmission opportunities from eNB i to UE
j, but is beneficial to the entire network since the probability of collisions is reduced.

To adjust the LAA-ED threshold, we propose two methods as follows:

I: Update naaep(i,j) per UE: each LAA eNB can set different thresholds for
its associated UEs.

IT: Update nuaaep (7, j) per eNB: each LAA eNB sets the same threshold for all
of its associated UEs, but the thresholds can be different for different eNBs.

For Method I, the proposed AED algorithm adaptively changes the LAA-ED
threshold per UE. Specifically, if a packet fails to be transmitted in N, trials, nuaagp (4, j)
is decremented by 1, i.e., nuaaep(?,J) = nuaaep (i, j) — 1. With the AED algorithm, a
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UE that is close to its associated eNB will have a higher LAA-ED threshold because
the received signal power will still be strong enough compared to the interference from
other ongoing transmissions. eNBs refrain from transmission by setting lower LAA-ED
thresholds to the UEs who are far away from their associated eNBs. By having dif-
ferent LAA-ED thresholds for different UEs, the system can handle more concurrent
transmissions without causing too many collisions. Due to this flexibility, the AED
algorithm using Method I has the potential to achieve better performance.

For Method II, the LAA-ED thresholds are adaptively adjusted per eNB, which
may be more practical for LAA networks. The updating rule for LAA-ED thresholds
is mLaaED (4, k) = naaep (i, k) — 1/N; for all UE k (k € R;), which is derived from

. ]- . T .
nuaaep (4, k) = N [Mraaep (i, k) — 1] + N, nLaaep (7, k)
) 1
= 77LAAED(2, ]f) - E (4-5)

where N; denotes the number of UEs associated with eNB 7. The updating rule shares
the same idea as that of Method I. The rationale is that one of the LAA-ED threshold
values is decremented by 1 due to collisions (nLaaep (¢, k) — 1), and all the others main-
tain the same threshold as before (npaagp (i, k)). Then, the new LAA-ED threshold at
eNB 17 is the average of all these threshold values.

In addition to the two updating methods used in Fig. 4.5, all the eNBs can
employ the same npaa.gp for all the UEs, an approach termed Method III. Since we
assume eNBs cannot communicate with each other, it is difficult to update the LAA-
ED threshold to be the same for all the different transmitters during transmissions.
For evaluation, we choose a common value of naagp for all the eNBs, and, in the next

section, present the coexistence performance of Wi-Fi and LAA with different values

of NLAAED-
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4.2.5 Evaluation of Coexistence Performance
4.2.5.1 Simulation Setup

To evaluate the coexistence performance of Wi-Fi and LAA with the AED
algorithm, we adopt the indoor scenario specified by 3GPP [2], and consider a congested
case with a single unlicensed 20-MHz channel shared between LAA and Wi-Fi (IEEE
802.11ac) [3] networks. As shown in Fig. 4.3, each operator (Operator A for IEEE
802.11ac, or Operator B for LAA) deploys four cells in a one-floor building. The four
eNBs or four APs are equally spaced (30 meters apart) and centered along the shorter
dimension of the building. The distance between each neighbouring pair of eNB and
AP is 5 meters. Each eNB/AP serves five UEs/STAs, and all UEs/STAs are randomly
located within the coverage area of their associated eNBs/APs.

The transmit power of LAA eNBs, Wi-Fi APs, and STAs in the unlicensed
spectrum is set to 23 dBm, 23 dBm, and 18 dBm, respectively’. The two detection
thresholds for Wi-Fi nodes are nccagp = —62 dBm and nccacs = —82 dBm, and the
energy detection threshold for LAA (npaagp) varies from —82 dBm to —62 dBm. The
indoor hotspot path loss and shadowing models from [9] are used. The transmission
opportunity length (TxOP, referring to a bounded time interval during which one
transmitter is permitted to send multiple packets after gaining access to the channel)
of the LAA eNBs is fixed as 4 ms, which is the same for Wi-Fi. To focus on studying
the impact of LAA-ED thresholds, we assume Cat 4 LBT employs exponential backoff
as used in Wi-Fi. For each LAA eNB, the contention window size ¢ is doubled (until it
reaches the predefined maximum value) if there is no ACK received from any involved
UE. For LAA and IEEE 802.11ac, the minimum and maximum values for ¢ are 16 and
64, respectively.

In addition, we assume all eNBs/APs/UEs/STAs are equipped with only one

antenna. The adaptive modulation-coding schemes (MCS), which are given in Table

" For LAA networks, the transmit power of the UEs is 18 dBm in the anchored LTE
licensed band.
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4.1, are implemented for both IEEE 802.11ac [3] and LTE [114] systems®. In particular,
the modulation type can be Quadrature Phase Shift Keying (QPSK), 16 Quadrature
Amplitude Modulation (16-QAM) and 64-QAM, and the code rate r is 1/2 or 3/4.
The SINR threshold denotes the minimum required SINR to transmit with a specific
MCS over the associated radio link?. We assume LAA systems employ the same types
of MCS, SINR thresholds, and physical rates as those in LTE systems. Further, traffic
is modeled as an FTP download of a 0.5 MB file with different Poisson request rates
(A) [2]. Each simulation is executed for 500 seconds with a random deployment of

UEs/STAs, and results are averaged over 50 runs.

Table 4.1: Different types of MCS, the associated SINR thresholds and the absolute
physical rates adopted in IEEE 802.11ac and 3GPP LTE specifications.

SINR Threshold (dB) || Physical Rate (Mbps)

MCS 802.11ac | LTE (LAA) | 802.11ac | LTE (LAA)
QPSK, r=1/2 5.0 2.0 14.4 16.8
QPSK, r = 3/4 9.0 9.5 21.7 25.2
16-QAM, r = 1/2 11.0 7.9 28.9 33.6
16-QAM, r = 3/4 15.0 12.2 43.3 50.4
64-QAM, r = 1/2 | 18.0 15.3 57.8 67.2
64-QAM, r = 3/4 | 20.0 17.5 65.0 75.6

4.2.5.2 Simulation Results and Discussion
In Fig. 4.6, the aggregate throughputs of Wi-Fi and LAA networks for different
LAA-ED thresholds are shown, respectively, with a Poisson request rate of A = 2.5 for

8 There are 12 and 15 different types of MCS in IEEE 802.11ac and 3GPP LTE spec-
ifications, respectively. For simplicity, we choose 6 common MCS (adopted in both
IEEE 802.11ac and 3GPP specifications) in the simulations.

9 Compared to IEEE 802.11ac, LTE has a lower SINR threshold as well as a higher
absolute physical rate due to the adoption of different physical layer techniques and
hybrid automatic repeat request schemes.
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Method III, where all eNBs have the same LAA-ED threshold. Here, the throughput
is measured by the number of successfully transmitted bits over the total transmission
period, and the aggregate throughput is the sum of the individual throughputs of
eNBs/APs for one operator. It is observed that Wi-Fi outperforms LAA when the LAA-
ED threshold is —82 dBm. As the LAA-ED threshold increases, Wi-Fi’s performance
degrades while LAA’s improves. This is because, with a higher LAA-ED threshold, Wi-
Fi APs back off more frequently since CCA-CS is employed for Wi-Fi’s transmissions.
With a lower LAA-ED threshold, LAA becomes less aggressive, which yields more

transmission opportunities to Wi-Fi.
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Figure 4.6: Performance of Wi-Fi and LAA systems with A\ = 2.5 as a function of
the LAA-ED threshold, which is the same across all eNBs (Method III).

The performance of a pure Wi-Fi network is also shown in Fig. 4.6 (dashed

lines), where both Operator A and Operator B deploy Wi-Fi APs. The aggregate
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throughputs of Operator A and Operator B are 59.88 Mbps and 60.20 Mbps, respec-
tively, where the two corresponding dashed lines overlap with each other in the figure.
In comparison, for the performance of a coexistent network of Wi-Fi and LAA with
naaep = —75 dBm, as shown in Fig. 4.6, the aggregate throughputs of Operator
A (Wi-Fi) and Operator B (LAA) are 71.32 Mbps and 66.44 Mbps, respectively. In
terms of the sum of the aggregated throughputs of Operator A and B, the percentage
improvement of a coexistent Wi-Fi and LAA deployment is about 15% over a pure Wi-
Fi deployment. This demonstrates that introducing an LAA network to an existing
Wi-Fi network can improve the performance of both networks compared to introduc-
ing an additional Wi-Fi network. The reasons are two fold: 1) LTE provides a higher
absolute physical rate than IEEE 802.11ac for the same SINR, and the same physical
rates are employed by LAA as in LTE; and 2) compared to a pure Wi-Fi network,
there are more concurrent transmissions in a coexistent Wi-Fi and LAA network. In
this deployment, a Wi-Fi AP detects the transmissions from other LAA eNBs using
CCA-ED, and an LAA eNB senses other signals using LAA-ED with threshold nyaagp-
In contrast, in a pure Wi-Fi network, the CCA-CS mechanism is used to decode the
Wi-Fi preambles, and CCA-ED is employed only when the preamble portion is missed
or corrupted. Since nccacs is much lower than nccapp (and even npaagp), the trans-
mitters in a pure Wi-Fi network will back off more often than those in a coexistent
LAA and Wi-Fi network. Note that having a higher sensing threshold encourages more
concurrent transmissions, but it could also lead to more collisions.

The results in Fig. 4.6 also show that, around naagp = —75 dBm, LAA and Wi-
Fi can achieve similar performance (or fair coexistence). In the following simulations,
we will generally use naagp = —75 dBm as a reference to evaluate the performance
of the proposed AED algorithm.

In Fig. 4.7, we plot the aggregate throughput of the coexistent Wi-Fi and
LAA network with four different methods. From left to right, the first method is for
Method III with a fixed LAA-ED threshold of —75 dBm, the second scheme uses the
RTS/CTS method [102] with an LAA-ED threshold of —75 dBm, the third scheme is
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Figure 4.7: Performance of Wi-Fi and LAA with A\ = 2.5 for four methods: Method
IIT with TILAAED — —75 dBIIl7 R,TS/CTS with TILAAED — —75 dBm, AED
with Method I using N, = 1, and AED with Method II using N, = 1.

the AED algorithm with Method I using N, = 1, and the fourth scheme is the AED
algorithm with Method II using N, = 1. First of all, we see that RTS/CTS and the
proposed AED algorithm can achieve visible performance gains compared to Method
IIT with a fixed-threshold npaagp = —75 dBm: the percentage improvements over
Method III for RT'S/CTS, AED with Method I, and AED with Method II are about
25%, 20% and 10%, respectively. This indicates that both RTS/CTS and adaptive
energy detection can improve the system performance by avoiding collisions. Also,
RTS/CTS provides the best overall performance, and the proposed AED algorithm
with Method I can achieve similar performance as RTS/CTS. Considering that the
introduction of RTS/CTS control messages requires a significant change to the LTE
protocol, it might not be feasible. Therefore, the adaptive LAA-ED threshold algorithm
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is a better alternative since it only requires updating a specific parameter (the LAA-ED
threshold). Further, we observe that the proposed AED algorithm with Method II can
also improve the network’s overall performance compared to Method III with a fixed
LAA-ED threshold for all the LAA eNBs. Since the LAA eNBs do not need to update
the LAA-ED thresholds individually for their associated UEs, this scheme provides a
tradeoff between implementation complexity and performance, at the expense of some

degradation to Wi-Fi.
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Figure 4.8: Performance of Wi-Fi and LAA with A = 2.5 for the four methods
(nLAAED = —82 dBm and NT = 1).

For comparison purposes, the performance of Wi-Fi and LAA for Method III
and the RT'S/CTS method with a fixed LAA-ED threshold of npaagp = —82 dBm are
shown in Fig. 4.8. As expected, LAA suffers a lot with a low LAA-ED threshold. For
the AED algorithm, it does not have such an issue, since the LAA-ED thresholds are
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Figure 4.9: Performance of Wi-Fi and LAA with A = 2.5 for the four methods
(Muaaep = —75 dBm and N, = 1), under two different deployments:
2 APs coexist with 2 eNBs, and 8 APs coexist with 8 eNBs.

adaptively changed based on collisions. In other words, we need to “specify” a good
LAA-ED threshold for the RTS/CTS method to achieve fair coexistence, which might
depend on architectures, traffic models, traffic loads, and other factors.

As shown in Fig. 4.9, the coexistence performance of Wi-Fi and LAA has also
been studied for two other deployments with the four methods. Different from the
3GPP indoor scenario, in the first deployment of “2 APs 42 eNBs”, each operator
deploys two small cells (APs or eNBs) in the one-floor building, and the two small cells
are 60 meters apart. In the deployment of “8 APs +8 eNBs”, each operator deploys
eight small cells, which are equally spaced, 15 meters apart. Note that all the simulation

settings in Fig. 4.9 are the same as those in Fig. 4.7, except for the numbers of APs
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and eNBs deployed. First of all, it can be observed that, as the number of small cells
is doubled, although the aggregated throughput increases, it is much less than double.
The reasons are two-fold: 1) the coexistence performance has been evaluated with
heavy traffic that almost saturates the channel; 2) the size of the building is the same
for all three deployments, which would lead to more interference as the number of small
cells increases. Also, due to fewer collisions occurring for LAA with a smaller number
of cells, using Method III and RTS/CTS, LAA outperforms Wi-Fi in the deployment
of “2 APs + 2 eNBs”, while Wi-Fi outperforms LAA in the deployment of “8 APs +
8 eNBs”. In contrast, the proposed AED algorithm adaptively updates the thresholds

to improve the performance of both networks and to achieve fairer coexistence.
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Figure 4.10: Performance for individual APs and eNBs with A = 2.5 for the four
methods (nLaagp = —75 dBm and N, = 1). In each method, the
transmitters are, from left to right, Wi-Fi #1, Wi-Fi #3, Wi-Fi #b5,
Wi-Fi #7, LAA #2, LAA #4, LAA #6 and LAA #8.
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Figure 4.11: Performance for individual APs and eNBs with A\ = 0.5 for the four
methods (maagp = —75 dBm and N, = 1). In each method, the
transmitters are, from left to right, Wi-Fi #1, Wi-Fi #3, Wi-Fi #b5,
Wi-Fi #7, LAA #2, LAA #4, LAA #6 and LAA #8.

In Fig. 4.10, the throughputs of individual APs and eNBs are shown, for a
Poisson request rate of A = 2.5, using the previously described four methods. The
light colored bars for each scheme represent the individual throughput of WiFi #1,
WiFi #3, WiFi #5, and WiFi #7 (APs in Fig. 4.3). Similarly, the dark colored bars
for each scheme denote the individual throughput of LAA #2, LAA #4, LAA #6, and
LAA #8, respectively. Due to this specific 3GPP layout, the transmitters in the middle
will be disadvantaged since they need to contend for access to the shared channel with
transmitters from both sides, while the transmitters at the edge only need to compete
with the transmitters on one side. Therefore, in a congested scenario, the performance

of the receivers associated with the transmitters in the middle is significantly worse
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than that of the receivers associated with the transmitters at the edge, which is also
true for a pure Wi-Fi network. In Fig. 4.11, we decrease the Poisson request rate to

A = 0.5. In this case, we have light-traffic conditions, every transmitter can finish their

data transmissions, and they achieve similar throughputs.
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Figure 4.12: Performance of Wi-Fi and LAA as a function of the number of retrans-
missions N, for AED with Method I. (A = 2.5).

From Fig. 4.7, we notice that, for Method I, Wi-Fi outperforms LAA by using
the proposed AED algorithm with NV, = 1. Since the LAA-ED threshold will decrease
if collisions still occur after N, retransmissions, we can choose a larger N, to make
the LAA-ED threshold decrease at a slower rate so as to provide LAA with more
transmitting opportunities. As shown in Fig. 4.12, LAA has similar performance as
Wi-Fi (coexist well with each other) for N, = 2 (Wi-Fi: 81.84 Mbps, LAA: 86.04
Mbps). If we continue to increase N,, LAA’s performance keeps improving while

Wi-Fi’s degrades. Therefore, we need to choose the proper N, based on the system
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requirements. Also, for the AED algorithm with Method II using N, = 1, Wi-Fi’s
performance is worse than LAA’s since the LAA-ED threshold decreases at an even
slower rate compared to that of Method I. One simple way to equalize the performance
of Wi-Fi and LAA is to decrease LAA’s initial LAA-ED thresholds. For example, when
Nmax = —70 dBm is used in AED with Method II, the aggregate throughputs of Wi-Fi
and LAA are 74.88 Mbps and 64.56 Mbps, respectively.
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Figure 4.13: The CDF of the aggregate throughput for Wi-Fi APs over 50 runs, with
four different schemes: Method III with npaagp = —75 dBm, RTS/CTS
with npaagp = —75 dB, AED with Method I using N, = 2, and AED
with Method II using N, = 1. (A = 2.5).

Finally, the aggregate throughputs shown in Figs. 4.6-4.12 are averages over 50
trials. To better understand the performance, cumulative distribution functions (CDF)
of the aggregate throughputs for both Wi-Fi and LAA systems using the four different
methods are shown in Figs. 4.13 and 4.14, respectively. It is observed that the AED
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Figure 4.14: The CDF of the aggregate throughput for LAA eNBs, with four dif-
ferent schemes: Method III with npaagp = —75 dBm, RTS/CTS with
nuaaep = — 75 dB, AED with Method I using N, = 2, and AED with
Method IT using N, = 1. (A = 2.5).

algorithm with Method I can always achieve significant performance gain compared to
Method III with a fixed LAA-ED threshold, while the AED algorithm using Method
IT can maintain similar performance for LAA as that of Method I at the expense of a
slight performance loss to Wi-Fi.

In summary, LAA can fairly coexist with Wi-Fi: (1) Introducing an LAA net-
work to an existing Wi-Fi network can improve the overall performance of both net-
works as compared to introducing an additional Wi-Fi network. (2) The AED al-
gorithm can further improve the system performance compared to the use of a fixed
LAA-ED (Method III), especially when an eNB can set different LAA-ED thresholds
for its UEs (Method I). (3) The AED algorithm can achieve similar performance to
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RTS/CTS, but with simpler implementations than incorporating RT'S/CTS into LAA.

4.3 Multi-Carrier LBT Operation for LAA with Adaptive Energy Detec-
tion and Carrier Selection

4.3.1 Multi-Carrier Transmissions for IEEE 802.11ac and LAA Networks
In this section, we discuss the CSMA/CA and LBT operations at the APs and

eNBs, respectively, when there are multiple carriers available.

4.3.1.1 Multi-carrier access in IEEE 802.11ac

CSMA/CA is employed in IEEE 802.11 for Wi-Fi nodes, i.e., APs and STAs, to
contend for access to the shared unlicensed medium. In the IEEE 802.11ac standard,
channel bonding is employed for a node to switch transmission bandwidth dynamically
on a frame-by-frame basis (i.e., 20 MHz, 40 MHz, 80 MHz, or 160 MHz). Also, pri-

mary and secondary channels'” are introduced to facilitate transmissions over multiple

channels.
----- 1
20 MHz | 20 MHz 1
primary secondary:
----------- 1
40 MHz 40 MHz 1
primary secondary al
H 80 MHz 80 MHz
I secondary primary

160 MHz

Figure 4.15: Specific patterns for channel bonding in IEEE 802.11ac [3].

10" To follow the terminology used by IEEE 802.11 standard, “channel” is used here,
which has the same meaning as “carrier” in the LTE standard.
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The relationship between the channels composing the wider channel is illustrated
in Fig. 4.15. In particular, channel bonding requires that: 1) a primary channel should
always be included in each channel bandwidth; and 2) only adjacent channels in specific
patterns can be combined to obtain a wider channel [3]. In addition, the whole CSMA
procedure is only performed on the primary channel; on the associated secondary
channel, only a quick clear channel access (CCA) check, i.e., the duration of a point

coordination function interframe space (PIFS), is performed before transmitting data.

4.3.1.2 Multi-carrier LBT operation for LAA

As described in the beginning of this section, 3GPP introduces an LBT pro-
cedure to facilitate the coexistence of LAA and Wi-Fi, as well as multiple LAA net-
works, in the same unlicensed spectrum [2]. The basic idea of Cat 4 LBT is similar to
CSMA/CA: an LAA eNB is required to perform a CCA to check whether the carrier is
idle or not before transmission [3]. To access a wider carrier in an LAA system, 3GPP

proposes two main options:

e Option 1: Similar to Wi-Fi, only one full Cat 4 LBT procedure is completed
on one selected carrier (primary carrier), and quick CCA checks (PIFS) are per-
formed on other carriers (secondary carriers) before data transmission.

e Option 2: Multiple Cat 4 LBT procedures are independently performed on dif-
ferent carriers, and the data transmissions over multiple carriers are aligned by
introducing a self-deferral period.

Figs. 4.16 and 4.17 present an example of the two options with four candidate
carriers (each carrier has a bandwidth of 20 MHz). In Option 1, as shown in Fig. 4.16,
the LAA eNB performs a full Cat 4 LBT procedure on the “primary” carrier (which
is the first carrier in this example), and performs sensing for the duration of PIFS
before transmitting data on all the “secondary” carriers. Different from the channel
bonding approach adopted in a Wi-Fi system, LAA can aggregate any idle carriers. In
Option 2, as shown in Fig. 4.17, four LBT procedures are performed independently
on all four carriers. Different carriers will finish their individual LBT procedures at

different times. To synchronize transmissions across multiple carriers, a self-deferral
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Figure 4.16: Multi-carrier LBT Option 1: a single Cat 4 LBT procedure is performed
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Figure 4.17: Multi-carrier LBT Option 2: Cat 4 LBT procedures are independently
performed on all four carriers.
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period is added to the carrier that finishes its LBT procedure first. After the the self-
deferral period, the carriers who finish their Cat 4 LBT procedures will be selected
for data transmission after a quick iCCA check!!. Between the two options, Option
1 is generally more aggressive and might be unfair to Wi-Fi, while Option 2 is an
extension of the Cat 4 LBT for the single carrier case, and the performance depends
on the self-deferral period. With a large self-deferral period, the idle carriers might be
occupied by other systems; with a small self-deferral period, the system would only
be able to transmit data on a few carriers, since the Cat 4 LBT procedures on other

carriers might not be finished yet.

4.3.2 Multi-carrier LBT with Adaptive Energy Detection and Carrier Se-
lection

In a coexistent network of Wi-Fi and LAA, due to the asymmetric detection

thresholds adopted for APs and eNBs, frequent collisions may occur during data trans-

missions.

4.3.2.1 Multi-carrier Cat 4 LBT with the AED algorithm

In this subsection, Cat 4 LBT with AED, as described in Section 4.2, is extended
to the case of multiple carriers. We also assume that each LAA eNB ¢ can have different
thresholds npaagp (4, j) for its associated UE j.

Let C denote the set of available carriers in the coexistent LAA and Wi-Fi
systems. We define C(i, j) to denote the candidate carriers for data transmission from
eNB i to UE j, i.e., the carriers considered to be idle after performing the multi-carrier
LBT procedure (Option 1 or Option 2). Let K(i,j) denote the actual aggregated

carriers for the data transmissions from eNB ¢ to UE j. Since there might be a limit

' In a real LAA system, multiple candidate carriers could exist; the maximum num-
ber of carriers that can be aggregated depends on the system configuration and
requirements.
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N on the maximum number of carriers that can aggregated for each transmission, let

|KC(i,7)| < N, where | - | denotes the cardinality. We then have
K(i,j) €C(i,j) € C (4.6)

In addition, we define npaagp(i, 7, k) as the energy detection threshold from eNB i to
UE j on carrier k, and npaagp(4,j, k) is initialized to the maximum threshold 7.y
for k € C(i,7). After multi-carrier LBT procedures, if collisions happen during data
transmissions, we decrease naarp (i, 7, k), k € K(i, j), to avoid frequent collisions until
either the packet is transmitted successfully, or naarp (i, J, k) reaches or falls below
its minimum value (Ny;,). Specifically, the updating rule for the LAA-ED threshold
(nLaagp) in Fig. 4.5 is

Naaep (i, 7, k) = nuaaen(4, j, k) — 1, for k € K(i, j) (4.7)

The updating rule for the AED algorithm is the same for both Option 1 and Option
2, i.e., even though Cat 4 LBT procedures are applied to one carrier (Option 1) or
multiple carriers (Option 2), the LAA-ED thresholds are updated on all aggregated
carriers if collisions occur (leading to unsuccessful transmissions).

Here, we decrease the energy detection thresholds on all aggregated carriers &
(k € K(i,7)) after collisions for two reasons: 1) for an unsuccessful data transmission
over multiple carriers, we may have no information about which carrier suffers from
severe interference; and 2) by decreasing the energy detection thresholds of all aggre-
gated carriers rather than only specific carriers, the probability of aggregating multiple
carriers is decreased, which could be beneficial to both LAA and Wi-Fi systems due to
the power limitation in the unlicensed band. By aggregating fewer carriers, the LAA
eNB can transmit with a relatively high power, which makes the system more robust
to interference in a dense network.

Note that, because different carriers may be aggregated during different trans-
missions, the LAA-ED thresholds of naaep (7, j, k) can be different from each other for
k € C(i,j). Also, if there is no more data to be transmitted from eNB i to UE j, the

system will reset aagD (7, 7, k) t0 Nmax for all k € C(4, 7).
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4.3.2.2 Multi-carrier Cat 4 LBT with carrier selection

With multiple carriers available, carrier selection can significantly improve the
performance of coexistent Wi-Fi and LAA systems [108], in which carrier selection
is fulfilled based on UE measurements. In this paper, we propose a carrier selection
algorithm based on the current LAA-ED thresholds of different carriers per UE, which
requires no additional feedback from UEs.

To avoid potential collisions with Wi-Fi or other LAA networks, we follow two

general rules in the carrier selection procedure:

1. Choose “clean” carriers to transmit data.

2. Choose carriers that are less likely to break the channel bonding patterns adopted
in Wi-Fi systems.

For example, we assume that we have four carriers: #1, #2, #3 and #4, and
Wi-Fi’s primary channel is #1. In this case, LAA would prefer to choose Carrier #3
or #4 rather than #2 or #1, which could be relatively “clean” and give Wi-Fi more
opportunities to transmit data with a higher bandwidth.

The key idea of the proposed carrier selection algorithm is that, for data trans-
missions from eNB i to UE j, eNB ¢ will first aggregate the carriers with high LAA-ED
thresholds. This is because a certain carrier k, shared by multiple systems, is more
likely to have a low naarp (i, J, k) to avoid too many collisions according to the AED
algorithm. Thus, aggregating carriers with high LAA-ED thresholds would lead the
LAA system to choose relatively “clean” carriers. In addition, we add another pref-
erence for the carrier aggregation in LAA systems: LAA eNBs follow the channel
bonding patterns as adopted in the Wi-Fi system if there are multiple candidate carri-
ers. With this preference, LAA can transmit with a large bandwidth as well as reduce

the negative impact on the channel bonding scheme used by the Wi-Fi networks.
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In summary, for Option 1, the “primary” carrier is predefined, and the aggre-

gated “secondary” carriers are chosen to satisfy

NLaaeD (4, 7, k) > nuaaen (4, j, k), for k € K(4, ),
ke C(i, )\K(, ) (4.8)

For Option 2, there are no “primary” or “secondary” carriers, so all aggregated carriers
should satisfy (4.8). Moreover, for both Option 1 and Option 2, to fairly coexist with
Wi-Fi, the carrier aggregation scheme will try to follow the channel bonding approach

in Wi-Fi systems, if possible.

4.3.3 Simulation Results

Similar to the simulation setup in Section 4.2.5.1, to evaluate the coexistence
performance of Wi-Fi and LAA with adaptive energy detection and carrier selection,
we adopt the indoor scenario specified by 3GPP [2]. Each operator (Operator A for
IEEE 802.11ac, or Operator B for LAA) deploys four cells in a one-floor building.
Each eNB/AP serves five UEs/STAs, and all UEs/STAs are randomly located within
the coverage area of their associated eNBs/APs. The total transmit power of LAA
eNBs, Wi-Fi APs, and STAs in the unlicensed spectrum is set to 23 dBm, 23 dBm,
and 18 dBm, respectively. Traffic is modeled as an FTP download of a 0.5 MB file
with a Poisson request rate of A = 2.5. The self-deferral period of Option 2 is 10
ms. LAA/Wi-Fi can aggregate/bond at most 4 carriers, and there are 8 unlicensed
20-MHz carriers in total to be shared by LAA and Wi-Fi (IEEE 802.11ac) networks.
The energy detection thresholds scale up with increasing channel bandwidth due to
the power limitation in the unlicensed 5-GHz band. Each simulation is executed for
500 seconds with a random deployment of UEs/STAs, and results are averaged over
50 runs. The remaining simulation setting and parameters are the same as those in

Section 4.2.5.1.
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Figure 4.18: Overall throughput performance of Wi-Fi and LAA systems with dif-
ferent LAA-ED thresholds for multi-carrier LBT Option 1 and Option
2.

In Fig. 4.18, the aggregate throughputs of the Wi-Fi and LAA networks are
shown for different LAA-ED thresholds, where all eNBs have the same LAA-ED thresh-
old for all UEs (—65 dBm, —70 dBm, and —75 dBm). Here, after multi-carrier LBT
procedures, we assume that the actual aggregated carriers K(i,j) are randomly se-
lected from the idle carriers C(z, j) for eNB ¢ and UE j. For comparison purposes, the
performance of a pure Wi-Fi network is also shown in Fig. 4.18, where both Operator
A and Operator B deploy Wi-Fi APs. Note that the throughput is measured by the
number of successfully transmitted bits over the total transmission period, and the ag-
gregate throughput is the sum of the individual throughputs of the eNBs/APs for one

operator. It is observed that: 1) introducing an LAA operator can improve the overall
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Figure 4.19: Aggregate throughput performance of Wi-Fi and LAA for four cases:
pure Wi-Fi, LAA with a fixed LAA-ED threshold of —75 dBm, LAA
with adaptive energy detection, and LAA with adaptive energy detec-
tion and carrier selection.

throughput (the sum throughput of both Operator A and Operator B); 2) Wi-Fi sys-
tems may suffer from severe performance loss, especially for Option 1; 3) by setting a
low LAA-ED threshold, LAA becomes less aggressive, which yields more transmission
opportunities for Wi-Fi. In the following simulations, we focus on the simulation of
multi-carrier LBT Option 2 since this option coexists better with Wi-Fi networks.
Fig. 4.19 illustrates the aggregate throughput of the coexistent Wi-Fi and LAA
network for four different cases. From left to right, 1) a pure Wi-Fi network that
acts as our reference; 2) a Wi-Fi/LAA coexistent network, in which the LAA oper-
ator employs multi-carrier LBT Option 2, with a fixed LAA-ED threshold of —75

dBm and random carrier selection; 3) a Wi-Fi/LAA coexistent network, in which the

116



250

[ IWi-Fi
HLAA

N
o
o

—

(&)}

o
T

100 ||

Effective Throughput (Mbps)
(&)
o

WiFi/WiFi -75 dB AED Carrier Selection

Figure 4.20: Effective throughput performance for individual APs and eNBs for four
cases: pure Wi-Fi, LAA with a fixed LAA-ED threshold of —75 dBm,
LAA with AED, and LAA with AED and carrier selection.

LAA operator employs multi-carrier LBT Option 2 with the AED algorithm; and 4)
a Wi-Fi/LAA coexistent network, in which the LAA operator employs multi-carrier
LBT Option 2 with the AED algorithm and the proposed carrier selection algorithm.
The sum throughputs of Operator A and Operator B are 807.24 Mbps, 878.56 Mbps,
1050.38 Mbps and 1141.11 Mbps for the four cases, respectively. Particularly, for the
last two cases, i.e., multi-carrier LBT with AED, multi-carrier LBT with AED and car-
rier selection, the aggregated throughput gains are 19.56% and 29.88%, respectively,
compared to the case of multi-carrier LBT with a fixed LAA-ED threshold. Moreover,
we can see that, by extending the AED algorithm in [115] to multi-carrier LBT and
including carrier selection, not only does the system performance improve more, but

LAA can also coexist better with Wi-Fi networks in terms of fairness.

117



In Fig. 4.20, the throughputs of individual APs and eNBs are shown for the
previously described four cases. The light colored bars for each case represent the
individual throughputs of WiFi #1, WiFi #3, WiFi #5, and WiFi #7, respectively.
Similarly, the dark colored bars for each scheme denote the individual throughputs of
LAA #2, LAA #4, LAA #6, and LAA #8, respectively. Due to the specific linear
3GPP layout, the transmitters in the middle will be disadvantaged since they need to
contend for access to the shared carrier with transmitters from both sides, while the

transmitters at the edge only need to compete with the transmitters on one side.

4.4 Summary

In this chapter, we discussed the hidden and exposed node problems in a mixed
Wi-Fi and LAA network, due to different energy detection strategies adopted for Wi-
Fi APs and LAA eNBs. We showed that the LAA-ED plays a critical role in the
system’s performance. With a high LAA-ED, the system supports more concurrent
transmissions but collisions also happen very often, which limits the system’s overall
performance; with a low LAA-ED threshold, the system would also suffer from per-
formance loss due to needless backoff. Therefore, the Dis-AEDU algorithm has been
proposed to adaptively change LAA-ED per user to encourage concurrent transmis-
sions as well as avoid collisions. Further, considering practical implementation issues,
the Dis-AEDB algorithm has also been provided to update LAA-ED per base station,
which can improve the system performance but not as much as that of the Dis-AEDU
algorithm.

In addition, in a coexistent network of Wi-Fi and LAA with multiple carriers
available, we studied and evaluated two different schemes for multi-carrier LBT. We
showed LAA with multi-carrier LBT Option 2 coexists better with Wi-Fi because it
performs LBT procedures on all carriers and introduces a self-deferral period, which
can give Wi-Fi more opportunities to transmit data. Then, the previously proposed
adaptive energy detection algorithm was extended to the multi-carrier case, to achieve

a better coexistence performance. In addition, a new carrier selection algorithm was
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proposed, in which the carriers with high LAA energy detection thresholds would be
aggregated first; this was demonstrated to further improve the coexistence performance.

In the future, the following two aspects should be investigated to further evaluate
the coexistence challenges of Wi-Fi and LAA systems: (i) analyze the impact of LAA-
ED on the system performance from a theoretical viewpoint by simplifying channel
sensing procedures and using probability traffic models; and (ii) evaluate the proposed
adaptive energy detection and carrier selection algorithms using a network simulator

(like ns-3).
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Chapter 5

CONTRIBUTIONS AND FUTURE WORK

This chapter summarizes the main contributions of the dissertation and dis-
cusses potential future research. Section 5.1 summarizes our work and gives some
concluding remarks. Section 5.2 discusses a variety of directions for future research

relating to our viewpoint on interference management in wireless networks.

5.1 Contributions

Today, and in the future, wireless networks will continue to face one of their
greatest limiting factors: interference. This is due to the limited spectrum available
and the increased temporal and spectral reuse of these resources. As we introduced
in Chapter 1, new types of intra- and inter-system interference are created by some
recently proposed advanced technologies. In this dissertation, we provided both theo-
retical analyses and practical insights on interference management in wireless commu-

nications systems.

Performance Analysis of IBFD Relaying with Residual Interference
Cooperative relaying techniques can significantly increase system throughput
and extend coverage of wireless networks by introducing spatial diversity to combat
fading on wireless channels, and there are two main relaying protocols: HD and FD
(IBFD). In HD relaying, the transmission is usually organized in two time slots. During
the first slot, the source broadcasts its message and all cooperating nodes listen, and
during the second slot, some relays are selected to forward the source information to
the destination. In IBFD relaying, the relays transmit and receive at the same time on

the same frequency, which can ideally double the spectral efficiency achieved with HD.
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However, the main problem with IBFD operation is that the system performance might
decrease rapidly because of strong interference, which could be difficult to completely
suppress. In Chapter 2, we analyzed the spectral efficiency of cooperative IBFD systems
with self-loop and cross-talk interference, and also studied the impact of the direct link
on the system’s performance. These studies show that the IBFD relaying’s performance

is strongly dependent on the residual interference.

Interference Cancellation and Utilization for UWA Transmissions

For IBFD UWA systems, the interference cancellation in the dynamic ocean is
even more challenging than that of IBFD radios. These challenges include 1) strong self-
loop interference from its own transmission; 2) interference due to reflections from the
sea surface and sea floor with huge delays (caused by the slow speed of sound waves);
and 3) some cancellation schemes adopted in IBFD radios, like analog cancellation
and antenna cancellation, will be much more difficult to implement and might not
even work in IBFD UWA systems. In Chapter 3, we proposed a hybrid cancellation
strategy for IBFD UWA systems. With some simplifications, the simulations results
show that IBFD UWA systems are feasible and can provide performance gain for UWA
communications. Then, OFDM with a sufficient length of CP, and delay diversity
coding were employed to deal with the residual self-loop interference and the reflected

interference.

Efficient and Effective Coexistence of Wi-Fi and LAA systems

To achieve higher data rates, LAA expands operation of the LTE standard into
the unlicensed bands. However, LTE was originally designed to operate in licensed
bands, and LAA could lead to significant performance degradation for Wi-Fi systems.
In Chapter 4, we first evaluated the coexistence challenges, and proposed adaptive
energy detection algorithms to achieve fair and effective coexistence between Wi-Fi and
LAA in a single 20-MHz channel. Due to the large amount of spectrum available in the
5-GHz unlicensed band, 3GPP LAA and IEEE 802.11ac can both operate on channels
wider than 20 MHz. Thus, we extended our adaptive energy detection algorithm to the
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multi-carrier case for two different options of multi-carrier LBT. To further improve
the coexistence performance, an efficient carrier selection was proposed, in which the

carriers with high LAA energy detection thresholds are aggregated first.

5.2 Future Research Opportunities

For RF IBFD cooperative communications, one potential topic of interests is to
analyze the spectral efficiency of IBFD relaying with all kinds of interference, i.e., the
interference from one relay’s own transmission, from other relays’ transmissions, and
also from the source’s transmission. Also, to reduce the throughput loss of HD relaying
and avoid introducing the severe interference of IBFD relaying, several hybrid schemes
(between HD and FD) have been proposed in the literature [47-50]. The basic idea
of these techniques is to adopt a two-relay network where the two relays alternately
forward messages from a source terminal to a destination terminal, i.e., during the
first (second) time slot, the source and the first (second) relay transmit to the second
(first) relay and the destination, respectively. Thus, the messages are transmitted at
the same time in the same frequency band; we call this approach FD-like relaying.
In [51], the authors employ HD relays with buffers to mimic FD relays, and the relay
with the largest SNR among multiple relays is always chosen to forward messages to
the destination. Intuitively, the FD-like schemes can avoid the factor of 1/2 in HD
relaying without introducing strong self-loop interference as in IBFD relaying. Thus,
it is valuable to study whether an FD-like scheme can achieve similar performance as
in ideal IBFD relaying.

For UWA transmissions, it is very important to do experiments in real sea
environments to verify and improve the proposed cancellation schemes. Acoustic in-
terference cancellation for high frequencies, 120-140 kHz, should also be studied. At
these frequencies, attenuation is significant for the reflected interferences. For example,
in the 30-m deep ocean, surface interference will experience 30 dB of attenuation, in
addition to the scattering and reflection loss from the dynamic surface. To characterize

the multipath interference, an acoustic system could be deployed to collect interference
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measurements for 1) multiple transducer-hydrophone separation distances and differ-
ent transducer orientations, and 2) different sensor depths, water column conditions,
and sea states. With the data from these real experiments, the previously proposed
cancellation scheme can be improved and made adaptive to different practical envi-
ronments. In addition, for IBFD UWA relaying, the current proposed delay diversity
scheme works well for IBFD relays with reflected interference from the sea surface. In
shallow water, the interference utilization will be much more difficult to implement due
to reflections from both the sea surface and sea floor. One straightforward solution is to
view those reflections as additional “antennas” in the delay diversity scheme; however,
the decoding complexity of the Viterbi detector will increase exponentially. Thus, it is
important to investigate other STC schemes or more efficient detectors to utilize the
reflected interference in IBFD UWA relaying systems.

For LAA networks, one potential useful future activity is to verify the proposed
algorithm with a network simulator, such as ns-3. Based on the results from ns-3,
the adaptive energy detection and carrier selection could be further optimized. Also,
other schemes can be developed to ensure fair and efficient scheduling/interference
management for heterogeneous Wi-Fi/LAA networks. In particular, multi-user (MU)
MIMO beamforming can support multiple streams sharing the same frequency without
detrimentally interfering with each other. However, ideal channel state information is
required for MU beamforming, which may be impractical when LAA and Wi-Fi are not
allowed to coordinate with each other. Thus, the exploration of the use of long-term
channel statistics can be one option to avoid interference and devise new MU beam-
forming schemes, which can achieve enhanced overall throughput while maintaining

fair coexistence between Wi-Fi and LAA.
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Appendix
IBFD UWA RELAYING WITH RESIDUAL INTERFERENCE

The power of the desired signal is
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Define & = Zﬁiw%)QGR(GRGLI)Fl and & = Zi]iclP(chl\jf_i)ZGR(GRGLI)i_l for

the second and third terms in (A.1), respectively. Then,
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It can be shown that
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where ag is a constant, and |g| < 1.

Using (A.3) and (A.4), we can obtain a closed-form expression for (A.2); how-
ever, it is fairly complicated and provides little insight. Here, we assume the size of
an OFDM block is quite large, so that (GrGLr)" = 0. Then, we consider two extreme
cases: (i) the CP is sufficient (i.e., (GrRGr1)¥e? = 0); and (ii) there is no CP added to
the OFDM block (i.e., Ncp = 0).

For (i), & ~ &, and the power of the desired signal is

Gr

E{|Sp(m,n)|"} ~ TGl (A.5)
For (ii), (A.2) can be approximated as
£ ~ Gr B 2GR
1—-GrGLr N(1— GrGp1)?
Gr 2GR*GLy (A6)

T NI1 = GG | N2(1- GaGu)?
For large N, we can further ignore the third and fourth terms in (A.6), and the power

of the desired signal can be approximated as
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