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Abstract

Formalization of device to device (D2D) communication and millimeter wave (mmWave) tech-
nology into 5G and beyond cellular networks has given rise to novel challenges of multitude
dimensions. Relay selection problem (RSP) is one such fundamental challenge in D2D com-
munication where a user equipment (UE) acts as a relay to divert the communication path
between two communicating UEs when they are not in vicinity of each other or when out-
ages occur due to blockages. In this thesis, we developed several relay selection algorithms
considering the mobility of the UEs as well as the presence of obstacles.

We first developed a network-assisted stochastic integer programming (SIP) model to
incorporate uncertainty in network parameters due to UE’s mobility. By utilizing the SIP
model, we developed a greedy metric which is computed locally at each node on per-hop ba-
sis. This metric predicts the network parameters for upcoming global time instants based on
information available at the current global time instant. We have developed relay selection
algorithms for both network-assisted and device-controlled scenarios of D2D communication
using the developed greedy metric. Here, we have considered the mobility of UEs, but
presence of obstacles is not considered.

Next, we considered the RSP in the presence of obstacles. Since mmWave suffers from
severe penetration losses, a given relay link might get disconnected easily, especially by
dynamic obstacles which may change their positions abruptly. We developed a network-
assisted probabilistic model which captures the mobility related parameters of UEs and
dynamic obstacles by sensing via radars. A detailed analysis for capturing the dynamic
obstacles using geometry is presented and an algorithm to select best relay which maximizes
average data rate is developed. Here, the orientation in motion of dynamic obstacles is
assume to be known at the base station (BS).

Orientation of the motion of dynamic obstacles is very difficult to measure accurately
at the BS as it may wvary rapidly compared to that of the speed and also the obstacles
are not usually connected to the BS. We developed a network-assisted model to consider
the scenarios where the orientation information is unknown. Using simple and innovative
geometric techniques, we derived expressions for probability of blockages and based on them
developed a relay selection algorithm.

The relay initially provided by the BS at global time instants may get blocked by un-
known dynamic obstacles in near future during local time instants, thus leading to huge
packet loss and delay. Dynamic obstacles may cause abrupt variations in channel qual-
ity and deferring to the BS for an appropriate solution would incur extra delay. Hence, a
decision is made locally by source UE: i) to stop communication on the current relay and
switch to a new relay by performing directional search in its vicinity, or ii) to continue on
the current relay. For the former case, directional search comprises the exploration phase
when a new relay is selected. Since the newly selected relay at the exploration phase itself is
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vulnerable to blockages, it must be ensured that frequent relay switching is minimized while
selecting a relay, as switching has a significant delay overhead. The UE has to locally decide
during exploration phase: i) do not select the new relay link as it is likely to be obstructed
and go for exploration on another relay link, ii) select the new relay link as it is likely to
be free of obstacles and choose it for data transmission, or iii) send more probe packets as
decision cannot be made at the current exploration phase and go for further exploration on
the same relay link. Both decision problems are modeled using partially observable Markov
decision process (POMDP) framework. The channel quality is learned via acknowledgments
(ACKs) which are also vulnerable to blockages. Optimal threshold policy is derived for both
problems. Later, we gave easy to use stationary policies, which is based on the number of
successive ACK successes or ACK failures.

Through extensive simulations, we validated our theoretical findings. Our approaches
outperform various other classical and state of art approaches.
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At

Discretized global time instants.

Duration between consecutive time instants ¢ and ¢ + 1.

Discretized local time instants.

Duration between consecutive local time instants.

Network graph at time ¢ with nodes set N and edge set E°.

Link between nodes/UEs i and j.

Capacity of link (7, j) at time ¢.

Conditional probability that link will be connected at time ¢ + 1 given it
was connected at t.

Function that returns set of neighboring nodes of UE i at time ¢.
Speed of UE i at time t.

Velocity of UE ¢ at time t.

Orientation of UE ¢ at time instant ¢.

Position vector of UE ¢ at time instant ¢.

Fuclidean distance between UEs ¢ and j at time instant t.

Set of dynamic obstacles.

Total number of dynamic obstacles.

Set of static obstacles.

Total number of static obstacles.

Indicator Random variable capturing blockage of link (7, ) at ¢ 4 1.
Received power at UE j from UE ¢ at ¢ + 1.

Received power component due to fading signal at ¢ + 1.

Received power component due to penetration loss from obstacle at ¢+ 1.
Penetration loss from the blocking obstacle.

Threshold on received power for required communication on link (4, 7).
Viable set for UE 7 given by BS.

Belief of link j at local time instant .

Bayesian Estimator function for the belief.

Cost of exploration of a new relay link.

History vectors of ACKs for link j at local time instant /.

Cost function for the dynamic program at local time instant [
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Chapter 1

Introduction

1.1 Background

There is an exponential surge in mobile users due to rapid emergence of media rich applica-
tions involving streaming of video and multimedia files. This has dramatically increased the
data rate requirements in recent past and will be a major concern for near future too [2, [3].
Media-rich mobile applications like tele-presence and 3D holography will require data rates
which can not be met by previous generation technologies like 4G networks [1]. Similarly, a
compulsory data rate of 1.78 and 3.56 Gbps is required by applications like uncompressed
video streaming [3]. Along with these bandwidth-intensive applications, new applications
are emerging with rapid speed which require strict constraints on delay, higher data rate,
robust and reliable network, lower power consumption and promise high quality of expe-
rience (QoE) to users [4, 1l 5 2] 6]. To meet these requirements, 5G and beyond cellular
networks have been proposed. Device to device (D2D) communication in 5G is a paradigm
shift in cellular networks where devices or user equipments (UEs) in vicinity can communi-
cate among each other with or without involving the base station (BS). D2D communication
helps to meet aforementioned challenges along with spectrum reuse, offloading of overloaded
BS, utilizing contextual information like location of UEs, enhancing connectivity at the cell
edge and forming adhoc networks to provide connectivity when the BS is not present (e.g.,
in war fields) or destroyed in natural calamities (e.g., earthquake, hurricane, tsunami, flood,
etc.) [4, 1 5l 2] 6].

1.1.1 D2D Communication

In D2D communication, proximity mobile UEs in cellular network can communicate with each
other with or without the need of the BS. The concept of D2D communication is already
realized with standards like Bluetooth (IEEE 802.15.1), Zigbee (IEEE 802.15.4), Wi-Fi (IEEE
802.11) which utilizes frequencies in unlicensed band [I},[7,[2]. Operations in unlicensed band

may not provide guarantee on the QoS requirements of mobile users compared to cellular



CHAPTER 1. INTRODUCTION 2

networks due to uncontrolled interference in unlicensed band. D2D communication brings
in the concept of relays where a relay helps in passing on the data towards the destination
node. To guarantee the QoS requirements, the D2D communication must be included in
cellular networks standards under licensed band. Fixed relaying is included for 4G long term
evolution advanced (LTE-A) cellular standard [8]. However, fixed relaying may not provide
the full benefits like utilizing available communication space between two nodes which are in
vicinity of each other. This brings in the concept of device relaying where a given device/UE
may act as relay. This type of communication may take place with or without assistance
from the BS depending upon the need of the application under consideration.

The architecture that supports D2D communication and used in this thesis is primar-
ily based on two tiers namely macro-cell and device tiers [I]. The macro-cell tier consists
of the conventional cellular architecture where base station communicates in the licensed
bandwidth with the UEs. The device tier consists of UEs taking part in D2D communica-
tions. Here, proximity devices or UEs can communicate directly among themselves with or
without the help of a BS which are referred as operator-controlled (0C) and device-controlled
(DC) respectively. In both 0C and DC categories, UEs can either directly send data to the
destination (DC-0C & DC-DC [I] shown in Figure [1.1{i) & [1.1fiii) respectively) or can send
data through intermediate UEs acting as relays (DR-0C & DR-DC [I] shown in Figure [I.1](ii)
& [L.1f(iv) respectively) to further transfer the data to the destination. In DR-DC and DC-DC
there is no control of the base station for link establishment.

The D2D communication can be further classified as underlay or overlay to the BS de-
pending upon the frequency re-use factor. In underlay scenario, a D2D pair shares resources
with the cellular users while in overlay scenario a given D2D pair is allocated dedicated
frequency band either inside the licensed band (in-band) or unlicensed band (out-band). In
the underlay scenario, the D2D users might interfere with the conventional cellular users
since the frequency is re-used. The in-band overlay scenario reserves additional licensed
frequency for D2D communication which might be under-utilized if the reserved frequencies
are not used for longer time period since licensed band is costlier. In the case of out-band
overlay scenario, the frequency used is allocated from the unlicensed spectrum which is
usually free of cost, however they might suffer from severe interference from other trans-
mitters transmitting in the same frequency band. This introduces uncontrolled interference
in device controlled scenario of D2D communication. In this thesis, we are dealing with
the communication in device tier of the given network architecture involving in-band or

out-band overlay type of communications.

1.1.2 mmWave Communication and Obstacles

Due to emergence of bandwidth-intensive applications, there is an urge to find new solutions
to satisfy their required data rate need [3]. Recently, millimeter wave (mmWave) is widely

studied for short range D2D communication [9] due to their high available bandwidth and
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Figure 1.1: D2D architecture

capacity. mmWave is a band of radio frequencies in electromagnetic spectrum lying in range
of 30 to 300 GHz. Due to very high frequency of mmWave, it suffers from higher propa-
gation losses. However, it is compensated by using directional antenna arrays which focus
the transmit beams towards the direction of the destination UE. The transmit and receive
antenna gains are increased by placing a large number of antennas in a small region owing
to mmWave’s smaller wavelength. These multi-input multi-output (MIMO) antennas make
the directional communication possible using beam-forming techniques [10].

However, mmWave channels are very much susceptible to the blockage by obstacles due
to very high penetration loss [11} [3]. For example, penetration losses of about 40 dB for
outdoor tinted glass at 28 GHz mmWave and 178 dB from a 10 c¢m brick wall at 40 GHz
are mentioned in [I1] and [I2] respectively. This indicates that even a line of sight (LOS)
communication for a given D2D link may get blocked [I3, 14] by obstacles due to very
high penetration loss of mmWave. Hence, it renders mmWave unsuitable in presence of such
obstacles which may completely block the mmWave signal.

Searching or discovering neighboring UEs in order to establish new mmWave D2D links
by the source UE requires some significant delay because mmWave beams are directional and
narrow which takes some time in order to discover neighboring UEs in all directions. This

is in contrast to traditional micro-waves of cellular networks which are broad-casted and
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hence the delay required in establishing the link in neighborhood is negligible. One of
the technique is to sequentially search the space in all directions to align transmitter and
receiver beams (beam alignment). This overall process of beam alignment is termed as the
exploration phase [15), [16]. Beam alignment is an important step before establishing a D2D
communication link since even a small mis-alignment in transmitter and receiver beams
may cause huge drop in signal quality. It has been experimentally shown in [I7] that the
orientation of a handset relative to the body or hand can cause very rapid fluctuations
in signal quality even resulting in call drops. Different approaches for the alignment of

transmitter and receiver beams can be found in [I8] and references therein.

1.1.3 Relay Selection

To implement D2D efficiently, one has to solve several issues like service and peer discovery,
resource allocation, mode selection, channel quality estimation, relay selection and power
usage [1, (5, 2, 191 20} [7, 2], 22] 23] among others. Relay selection is one of the most funda-
mental and challenging topic inherent to D2D communication. In the relay selection problem,
appropriate UEs are chosen to transfer data packets from source to destination nodes or UEs
when they are not in vicinity of each other or the communication path is blocked by some
static or dynamic obstacle. Relays help in utilizing the available communication space
between any two given UEs which can potentially participate in D2D communication. In
network assisted scenario, relays help in connecting the mobile nodes at the cell edge with
the network, where the network reachability is poor. In this scenario, relays are also useful
in offloading the overloaded BS. In both network assisted and device controlled scenarios of
mmWave D2D communication, D2D links are of short range and directional in nature and thus
the multi-hop data transmission introduced by relaying UEs helps in mitigating the interfer-
ence at the nodes locally. In addition, mmWave D2D links support applications requiring very
high data rate given their applicability to short range communications. Here source UE,
destination UE, the relaying UEs as well as obstacles may be mobile which makes the relay
selection problem very challenging. One of the objective in this problem is to minimize the
average delay while keeping the packet loss under control which is directly dependent on

the selection of appropriate UE relays.

1.2 Motivation

1.2.1 Mobility of UEs

Efficient selection of an appropriate relaying UE/node is directly dependent on various net-
work parameters like connectivity, capacity of links, packet loss, delay and throughput.
These parameters are inherently dependent on temporal and spatial behavior of the mobile
nodes. Unpredictable mobility makes it hard to decide whether a given node is a good

relay at the moment of its discovery [24]. This shows that we must have to account for the
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dynamic nature of mobile nodes which brings stochastic elements in this type of networks.
Mobile nodes taking part in D2D communication send each other some information in the
form of packets over the communication channel. Time is discretized as ¢, t + 1, - - -, where
At is the small time difference between ¢ and t+ 1. The challenge arises due to the fact that
nodes may change their position from a time instant ¢ to the next time instant ¢ + 1. Thus
data packets transferred at time ¢ may get lost at time t+1 while they are still in transit, due
to the mobility of nodes. We are considering that for a little time difference At, there can
be large impact on the distance and signal to noise plus interference ratio (SINR) after the
link is established, depending on the velocity of the mobile users. A lot of research has been
done to optimize one or more aforementioned objectives which considers only a snapshot
of the network, which is inadequate when considering the velocity of nodes. Since the link
quality between two nodes is not directly visible to the BS, and mobility of nodes can lead to
exponential performance degradation depending upon average users’ speed, global optimum
solution when available to the mobile nodes may become less useful [25]. Thus we need to
develop a framework based on predicting the future information by capturing various mo-
bility related parameters locally. Most of the works consider mobility implicitly and hence
the performance is tightly coupled with the considered mobility model [26]. Hence there is
a need to model the mobility of nodes explicitly. Distribution of distance between nodes
is analyzed in [27), 28] because distance between nodes is one of the parameters involved
in computations of SINR. The analysis based on distance distribution might not dwell to
practical solution when devices follow heterogeneous mobility settings with different speed
ranges [29]. Hence there is a need to develop a metric which incorporates heterogeneous

mobility of nodes into account explicitly.

1.2.2 Vulnerability of relays in presence of dynamic obstacles

Relays are useful when there is outage due to mobility of nodes as explained above. In
addition, relays are also useful in diverting the communication path to mitigate the effects
of outages due to blockages especially in mmWave D2D links. Various studies [30), 31l [32,
33, B4, 27] exist in literature to mitigate obstacle’s severe effect. However, these studies
take into account the static nature of obstacles which may not be true in practice where
there may be dynamic obstacles moving throughout the given service region. The problem
arising due to uncertainty caused by dynamic obstacles becomes more challenging when
the UEs participating in the D2D communication are also in motion [35]. Note that even
static obstacles become dynamic relative to moving UEs acting as source, destination or
relays. Hence the relaying UEs which are also in motion might themselves get vulnerable
to blockage by some obstacles. The authors in [I4] showed a significant drop in data rate
even when a pedestrian act as a blockage. For mmWave communication, capturing dynamic
obstacles is a challenging task whose information may not be available apriori to the local

nodes.
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1.2.3 Challenges in capturing dynamic obstacles effectively

The speed and orientation of dynamic obstacles need to be computed in order to capture
their effects on D2D links. In network assisted mode of D2D communication, where BS
assists the devices in forming D2D links, to measure position, speed and orientation of
the UEs and dynamic obstacles which effects D2D links, radars can be employed [36] 37],
or vision cameras [I14] B8] can be used to keep track of obstacles. However, capturing the
instantaneous speed using these techniques is easy compared to measuring the instantaneous
orientation in motion of obstacles accurately. This is due to the fact that the orientation of
dynamic obstacles might change abruptly compared to the change in speed for a very small
time duration. Capturing the orientation in motion of dynamic obstacle is also challenging
due to the fact that they might not be connected to the network in comparison to UEs
which are connected to the BS and thus can send regular update about their mobility related
parameters. In such scenarios where the orientation in motion of the dynamic obstacles is
unknown, capturing the effects of dynamic obstacles on mmWave D2D links is a challenging
task.

1.2.4 Local proactive decisions to minimize delay in case of blockage

Initially, the BS may suggest source UE to continue communication via some D2D relay.
However, with time the relay link suggested by the BS might deteriorate in quality causing
severe packet loss for that D2D relay link. Thus there would be a problem of deciding
whether to stop communication on that chosen mmWave D2D relay link in case of successive
packet losses or whether to continue the transmission over it. Since the BS might undergo
some delay in acquiring the local channel state information from the UEs, and, in addition,
by the time UEs get global solution, it may become less useful due to change in positions of
the UEs and dynamic obstacles. Hence, in case of successive packet losses, aforementioned
decision must be made locally in a proactive manner. There can be other parameters local
to a UE (like battery, channel availability, perceived throughput etc.) which may further
create problems in implementing the global solution [25]. The authors in [37, [36] used radar
to capture the movement of UEs and obstacles. Mobility related parameters of dynamic
obstacles are not known a priori. Vision cameras and machine learning (ML) techniques
were used by the authors in [39] [40] [14] B8] for tracking obstacle’s spatio-temporal behavior.
However all these require either expensive hardware or high processing time and energy
usage. These might be apt at the BS but not at the UE which needs a local solution in an
online fashion. The ML based solution in [40] might need re-training when there is a change
in the environment. Moreover, it requires that the link breakage event must follow some well
defined pattern with some known distribution. However, due to the presence of obstacles,
variations in link quality behavior is abrupt. So these factors may not be perfectly modeled
as also argued in [41], thus requiring an online and proactive approach. We aim to learn

the dynamics of the environment at the UE locally in a timely manner. To account for the



CHAPTER 1. INTRODUCTION 7

dynamic obstacles locally, partially observable Markov decision process (POMDP) [42] 43 [44]
can be used in modeling the variations in unobserved D2D links. Note that in such an
environment where dynamic obstacles are present, even the acknowledgments (ACKs) can

get lost due to the presence of dynamic obstacles.

Perfectly aligned beam during exploration phase
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PY Dynamic Obstacle
Relay UE
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Figure 1.2: Perfectly aligned beam of source-destination during exploration susceptible for
blockage due to dynamic obstacles.

1.2.5 Minimizing frequency in relay switching locally

In the aforementioned scenario, after making the decision of stopping communication on
the current relay link due to occurrence of successive packet losses caused by blockage
from dynamic obstacle, a new relay link in the source UE’s vicinity is chosen by undergoing
exploration phase. The exploration time which involves a directional search has a substantial
delay (ranging from few microseconds to 10 ms [15]). Since there is presence of dynamic
obstacles in the environment, newly selected relay links are also vulnerable to get blocked
by those obstacles, even when the source and relay beams are perfectly aligned as shown in
Figure[I.2] Also, the relay links which are selected based on highest data-rate may not be the
best [39] as the relay itself may have higher chances of getting blocked. This might lead to
frequent relay exploration and switching which causes increased delay, energy consumption
and probably outage leading to call drops. Hence the frequency in relay switching must be
minimized in order to satisfy the QoE of mobile users. This problem of relay selection during
exploration phase is also challenging because the blockage occurs at the data transmission
time (100-1000 times higher than exploration time) whereas decision of relay selection must
be made at the exploration phase itself. Here also, the decision to explore and select a
relay during exploration phase has to be made locally because exchange of channel state

information with the BS might cause extra delay [45] along with delay in exploration phase.

1.3 Scope, Contributions and Outline of the Thesis

We have considered outages due to both mobility of nodes as well as due to blockage from
static and dynamic obstacles on a mmWave D2D link while studying the problem of relay
selection in D2D communication. Theoretical results have been shown for various cases

involving both network assisted and device controlled scenarios. First, we focus on the
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problem of relay selection considering the mobility of nodes and later we derive solutions

for the relay selection problem considering the presence of obstacles in mmWave D2D link.

1.3.1 Propositions and the Methodology

For the problem of relay selection considering the mobility of nodes, we need to consider
the mobility of nodes explicitly which brings stochastic elements into the network related
parameters, thus affecting the network performance. We developed a generic metric termed
connectivity factor (CF) which captures the heterogeneous mobility of devices and can be
applied to both LOS and NLOS scenarios. To compute CF, either we need to know the
distributions of mobility related parameters or knowing only the expectation and variance
of these parameters is sufficient when the distributions are not known. This metric can
then be applied to devise the relay selection algorithms for both network assisted and device
controlled scenarios. To model this problem, stochastic integer programming is used which
incorporates the uncertainty caused in network related parameters due to mobility of nodes
explicitly. The performance of our algorithms are validated through extensive simulations
and where they outperform other approaches.

Next, we looked into the relay selection problem where presence of obstacles in mmWave
D2D link is considered. Dynamic obstacles may abruptly change their position blocking the
communication path of a newly selected relay, thus making the relay selection problem more
challenging. For the network assisted scenarios, we developed relay selection algorithm by
capturing the presence of such dynamic obstacles effectively. We developed a probabilistic
model which captures the mobility related parameters of UEs and dynamic obstacles. We
utilized simple and innovative geometric techniques to derive expressions for probability of
blockages and using them developed relay selection algorithms.

For the device controlled scenarios, the relay initially provided by the BS at global time
instants may get blocked by unknown dynamic obstacles in near future during local time
instants, thus leading to huge packet loss and delay. Hence a decision must be made either
to continue on the current relay or explore another new relay. The extra delay incurred
due to directional search performed during exploration phase for the mmWave antenna must
be taken into account while making such a decision. We derived optimal threshold policies
which take the decisions by counting only the number of successive ACK failures. Moreover,
the newly selected relay at the exploration phase itself is vulnerable to blockages due to
dynamic obstacles. It must be ensured that frequent relay switching is minimized while
selecting a relay, as switching has a significant delay overhead. Here also, optimal threshold
policies are derived where a decision of selecting or not selecting a given relay under explo-
ration is made based on counting the number of successive ACK successes or ACK failures.
Both decision problems are modeled using partially observable Markov decision process
(POMDP) framework. The channel quality is learned via acknowledgments (ACKs) which are

also vulnerable to blockages. Through extensive simulations, we validated our theoretical
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findings. Our approaches outperform various other classical and state of art approaches.

1.3.2 Contributions and Outline of the thesis

To incorporate the uncertainty in various network parameters due to mobility of nodes, we
first developed a network assisted stochastic integer programming (SIP) model. This model
predicts the network parameters for upcoming time instance based on information available
at current time instance. The SIP model is then converted to an equivalent deterministic
mixed integer non-linear program (MINLP) model and then we proved its hardness result.
By exploiting the constraints of MINLP, we developed a distributed greedy metric termed as
connectivity factor (CF) which is calculated locally at each node on per-hop basis. It captures
the nodes’ mobility and hence takes care of link reliability which in turn controls packet loss
and delay considering the interference at each node. It can be computed in O(n) time, where
n is the number of transmitters interfering with the given link. Our approach is applicable
to any mobility model with relevant distributions of mobility parameters known. This is
because CF is generic in nature which captures the heterogeneous mobility of devices and can
be applied to both line of sight (LOS) and non-line of sight (NLOS) scenarios. We constructed
perceived graph based on CF values to devise network assisted and device controlled relay
selection algorithms for given source-destination pairs. This is shown in detail in Chapter
Along with this chapter, Chapters [d] and [5| also consider the mobility of nodes in part for
the relay selection problem for mmWave D2D communication.

Along with the mobility of UEs, the relay selection problem in mmWave D2D communi-
cation must take into account the presence of static and dynamic obstacles. We devised
different strategies in Chapters for the relay selection problem considering blockages due
to obstacles depending upon whether it is network assisted scenario or device controlled sce-
nario.

Chapters 4] and [5| consider the network assisted scenario for the relay selection problem
in mmWave D2D communication. In Chapter 4] we have developed a probabilistic model for
relay selection which considers both moving UEs and dynamic obstacles. Then we have
analyzed the probability of dynamic obstacles blocking a link in 3D Euclidean space by
exploiting the information from MIMO radar connected to the base station. Finally, using
this information, we have developed unique strategies based on simple geometry to find the
best relay which maximizes the expected data rate. This is a network assisted strategy
which assumes that the speed and orientation of both UEs and moving obstacles are known
with high probability at the BS.

In Chapter |5, we have considered the scenario where orientations in motion of dynamic
obstacles are unknown. This is due to the fact that the dynamic obstacles might not
be connected to network in contrast to UEs which are well connected to the BS whose
mobility related parameters can be acquired easily. Also, radars can be used to sense the

speed and orientation of dynamic obstacles, but the variations in orientation of motion can
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be sudden and abrupt in comparison to variations in their speed. This information is of
utmost importance in order to capture dynamic obstacle’s effects on a given mmWave D2D
link which might get blocked by such obstacles. Here also, we formulated the problem in a
probabilistic framework considering the fact that orientation in motion of dynamic obstacles
is unknown, whereas, their speed is known along with known mobility parameters of UEs.
The blockage probabilities are computed based on geometry which gives an unified and
elegant approach applicable to general scenario of motion of UEs, i.e., given two UEs, either
both UEs are static, or only one of them is moving, or both of them are moving. We have
proposed solutions to find the best next hop direct/relay D2D node using assistance from
the BS using the above mentioned approach.

In Chapters [6] and [7}, we have looked at the relay selection problem locally at the UEs
considering the presence of dynamic obstacles in mmWave D2D link. Also, we have assumed
that there is no extra hardwares like radars or vision cameras available at the UEs for
tracking obstacles.

The local channel condition of D2D relay initially given by the BS deteriorates gradually
with time due to presence of dynamic obstacles and moving UEs. In such cases, a new relay
needs to be chosen appropriately to stop potential heavy packet loss in further local time
instances. In order to choose the appropriate relay node locally, first it must be ascertain
that after how much successive packet losses one should go for exploring other good relay.
In other words, the UE needs to make the decision locally, whether to stop communication
on the current relay link or to continue communication on the current relay link undergoing
successive packet loss. These decisions have to be made locally since D2D channel condition
is local to UEs and propagating the quality of the D2D channel to BS by UEs may incur extra
delay. We seek to learn the presence of obstacles in D2D channels using the finite horizon
POMDP framework which helps in modeling the uncertainty introduced in link quality due
to presence of obstacles. The objective here is to minimize the cost incurred due to delay
when channel quality deteriorates due to successive packet losses, by making UEs choose
locally the best possible decision between i) to stop communication on the current link and
switch to another good relay link by exploring other possible UEs in its locality, or ii) to
continue transmission on the current relay link itself. We showed that the optimal policy is a
threshold based policy which checks whether a certain belief probability exceeds a threshold.
The policy maps belief to the given set of actions. This is a non-trivial result that required
proof of several interesting intermediate results. Our optimal policy can be implemented
locally at each UE, thereby facilitating distributed implementation. The threshold policy is
further reduced to counting the number of successive ACK failures, which is a simple and
easy to implement and based on which UE can make appropriate decision locally. Chapter
[6] describes our derived solution in great detail.

Furthermore, after making the decision to switch to another good relay as in the above

mentioned problem, potential UEs in vicinity of the source UE must be explored in order
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to select a new relay when the current link gets blocked. Frequent relay switching must
be avoided which leads to call drops and high energy consumption. In Chapter [7] of this
thesis, we have proposed the idea of reducing frequency in relay exploration and switching
and thus average end-to-end delay (in seconds) at the expense of additional exploration
time units (few milliseconds) during beam alignment. The source UE locally chooses that
action among given set of actions at the exploration phase which minimizes the future
expected cost which would be incurred to compensate for the delay due to packet loss: i)
stop exploration on current link as it would become bad in near future, or ii) choose the
current link under exploration for data transmission, or iii) transmit further probe packets
to test the quality of D2D channel since current information is not enough to make a decision.
The problem is formulated as a finite horizon POMDP. The model learns the channel quality
in an online fashion using ACKs information which can also get lost due to blockage. The
model does not require to undergo a training phase and hence suitable when there is a
change in the environment. Here also, we showed that the optimal policy is threshold type
policy which tells the UE to take appropriate decision locally. This is a non-trivial result
that required proof of several interesting intermediate results. Our optimal policy can be
implemented locally at each UE, thereby facilitating distributed implementation. Later, the
threshold policy for the problem is further reduced to counting the number of successive
ACK successes or ACK failures, which is simple and easy to implement solution.

In Chapter [8] we give the conclusion of works reported in this thesis and also some
future works in this direction are mentioned.

The related literature is given in Chapter 2] The thesis is divided into three parts.
Part I considers mobility of UEs in both network assisted and device controlled scenarios of
D2D communication comprising of Chapter [3] part II considers network assisted scenario
for mmWave D2D communication considering both mobility of UEs and dynamic obstacles
comprising of Chapters[and[f] Part III considers device controlled scenario for mmWave D2D
communication considering presence of dynamic obstacles in local D2D relay links comprising
of Chapters [6] and [, Bibliography is provided at the end of the thesis.



Chapter 2

Literature Review

Mobility of UEs

D2D communication in 5G is studied by several authors recently [4] 1, [5, 2]. The authors in
[1] gave a two-tier architecture of 5G D2D communication. In device tier, proximity devices
communicate directly among themselves with or without the need of a BS. Whereas, in macro
tier, devices take part in conventional cellular communication. In [5] [7, 2, 21 46, 22, 23],
the authors discuss various issues and challenges in 5G D2D communication which are to be
met for its successful implementation. Various optimization frameworks [47, 48| 49, [50] have
been proposed for solving the challenges in D2D communication. An optimization framework
for resource allocation problem is given in [47, [48]. Performance of D2D communication
using a stochastic geometry analysis is done in [49]. A simple 5G D2D network design has
been developed in [50] as an MINLP to minimize the average network delay. A cross layer
network assisted relay selection scheme for D2D communication in LTE-A is developed in
[51]. Outage probability analysis of full duplex relay assisted D2D network is done in [52].
All these works consider a snapshot of the network and do not consider the mobility of the
nodes adequately, thus they are more suitable for stationary D2D users as argued in [26].
Effects of user mobility in D2D network is considered in [28] by using stochastic geometry
tools. Stochastic geometry has been used to analyze the transmission capacity for relay
assisted D2D network [53]. The authors in [27] have used stochastic geometry for improving
the coverage and spectral efficiency of millimeter wave (mmWave) D2D communication. The
authors in [20] stated that optimization methods and stochastic geometry are not able to
provide appropriate tools to capture the nodes’ mobility and change in network topology
adequately. The authors in [54] showed how chance constrained programming (CCP) is
helpful in predicting uncertain scenarios with some guarantee of success for autonomous
vehicles path planning and thus claiming the usefulness of CCP. The author in [55] considered
various telecommunication problems where stochastic optimization is used as a method to
tackle uncertainty due to mobility of nodes.

Mobility can play an important role to ensure the performance of several network related

12
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parameters [56, [57]. In [57], the authors surveyed the mobility models in vehicular adhoc
network. Role of mobility on the behavior of energy and bandwidth efficiency has been
discussed in [58] and node density has been considered to account for mobility. The authors
in [59] concluded that mobility doesn’t affect the performance of network much where mobile
users are pedestrians. The authors in [60] discussed smart mobility solutions which reduces
the signaling overhead for low speed mobile users. However, mobility can lead to exponential
performance degradation depending upon node’s speed as mentioned in [25]. The authors
in [25] gave a network assisted method where the global optimum solution may or may
not be used by nodes based upon local information. This method is not applicable in the
device-controlled mode, where nodes may move independently without any support from
BS. The authors in [61], [62] considered the mobility of nodes in terms of the contact time
where contact time denotes the duration for which two nodes are within the transmission
range of each other. The authors in [62] developed a distributed transmission strategy where
the nodes use the local information opportunistically to choose the next hop node based
on the contact time distribution. They emphasized on transmission of a single copy of a
message to reduce the communication overhead. The authors in [26] argued that metric
considering mobility implicitly (contact time) is tightly coupled with mobility models. Thus
the performance of such metrics may be qualitatively different for various mobility models
even when nodes have same average speed. They emphasized the importance of explicit
mobility modeling which incorporates the user’s movement directly into the optimization
framework.

There is a need to develop metrics that should address the dynamic parameters due to
mobility of nodes, not only for the network assisted case but also for the purely distributed
case. There are several metrics described in literature and few to mention are in [63] (64, 24]
to select the next hop, but they do not consider the mobility of nodes adequately. The
authors in [65] argued that most of the studies give emphasis on network assisted approach
and develop system centric metrics. Hence they developed a user centric metric but it also
does not capture the mobility factor into account. SINR is a user centric metric which can be
used to decide if a link should be active or not. But the authors in [66] discussed that SINR
calculated in snapshot of network cannot be a good metric to predict link reliability due
to the reason of mobility of nodes. Thus, it is required that mobility should be taken into
account while computing the SINR values for the upcoming time instances. Distance between
nodes is one of the parameters involved in computations of SINR. Distribution of distance
between nodes is considered and analyzed in [27, 28] using stochastic geometry tools. The
analysis based on distance distribution might dwell to an impractical solution when devices
follow heterogeneous mobility settings with different speed ranges [29]. Supporting this
argument, the authors in [67] studied and validated the impact of non-uniformly distributed
users on the performance of 5G ultra dense networks. In this thesis, we have developed a

distributed greedy metric which incorporates heterogeneous mobility of nodes into account
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explicitly. The proposed metric not only takes care of the reliability of the link for the
upcoming time instances but also predicts the variation in SINR and hence capacity of the

link under consideration. This work is shown in great detail in Chapter

Blockage due to Obstacles

High available bandwidth and short range transmission of mmWave is a attractive choice for
D2D communication [9,68]. However severe penetration loss of mmWave make it susceptible
to very high blockage from various obstacles [13| 14 [69] [70], thus requiring an almost LOS
communication path. This raises challenges while selecting relays in mmWave D2D commu-
nication, which have been studied recently in various works. Survey of mmWave communica-
tion can be found in [71] and the references therein. Most of the works [31], 32, [33], 34, 72, 27]
deals with static obstacles. However, presence of dynamic obstacles in D2D channel make it
more susceptible to unprecedented change in the link’s quality. The authors in [I4] showed
a moving pedestrian acting as a source of blockage may cause significant drop in data rate.
In network assisted mode, to capture the effects of obstacles, radars which uses Doppler
effect can be used to track these obstacles. In wireless communication, it has been studied
to synchronize wireless sensor nodes [73], to recognize human gesture [74], to locate people
[75] and recently studied in [76] for search and rescue operations to locate trapped people
in natural disasters. High reflection coefficient of mmWave in outdoor materials [I1] makes
them suitable for utilizing the Doppler effect phenomenon as in radars. Blockage detection
performance of radars co-deployed with cellular system is analyzed in [37]. Recently, efforts
have been made to leverage the MIMO radar along with mmWave communication system [77].
MIMO radar has also been the focus of recent study to get more accurate information of po-
sition of objects [78] [79]. In this thesis, we have developed a network assisted probabilistic
model which captures the mobility related parameters of both UE and dynamic obstacles
by utilizing the information sensed via radars. This model is then used to compute the
blockage probability of any given link by dynamic obstacles using simple geometry. Later,
we devised a relay selection algorithm to select the best relay which maximizes average data
rate. This work is given in more detail in Chapter

Also, the authors in [I7] experimentally showed that the orientation of a handset relative
to the body or hand can cause very rapid fluctuations in signal quality even resulting in
call drops. Radars were used in [36] to keep track of obstacles and UEs to devise relay
selection techniques. Vision cameras and machine learning (ML) techniques are used by
the authors in [39) [40], [14], B8] for tracking obstacle’s behavior which is used in predicting
future data rates for a longer time horizon in the relay selection problem. Above techniques
might not give accurate information of the instantaneous orientations of obstacles since
they might change direction abruptly compared to that of the speed. The authors in [68]

provided a solution which uses smart antennas at the blockage which helps in diverting the
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communication through it. This might not be possible to put hardware on each moving
obstacles and moreover, all dynamic obstacles might not be connected to the BS. The
authors in [80] devised an infrastructure based relay selection technique for mmWave D2D
communication. The relays placement is fixed and might need to be updated depending
upon variations in signal caused due to presence of obstacles as the orientation of the
obstacles is not considered. The authors in [41] devised an online relay selection technique
considering dynamic blockage where the relays are unmanned autonomous vehicles (UAV).
Here the relays have freedom to move in 3D space as when needed for a given source
destination pair. However, in absence of UAV, for the UEs which act as relays and whose
motion cannot be controlled, above mentioned solution might not be useful. The authors
in [81] considered dynamic blockage and devised an N*" best routing technique. In case of
dynamic blockage, the next best relay route among N best relays is chosen to avoid sudden
call drops. This analysis considers static obstacles and chooses the next best relay when
the current relay suffers blockage due to dynamic obstacles and UE mobility. However,
due to motion of UEs and obstacles the channel information of N** best relay might be
outdated after some time instants and performance of the network might deteriorate due
to dynamic obstacles. Hence there is a need to actively sense and analyze the presence of
dynamic obstacles. In this thesis we have developed an analytical framework where the
orientation in motion of the dynamic obstacles is unknown. A probabilistic analysis is
presented using innovative idea from geometry. Geometry has also been used previously in
[82, [36]. The authors in [82] used geometric analysis to characterize directional mmWave
NLOS based on first order reflections. However, we developed a probabilistic model which
uses geometry to provide probability expressions of blockage for a given link by dynamic
obstacles considering the fact that the orientation in motion of these obstacles is unknown.
Later, we have developed a relay selection technique using the above derived probability
expression and the model. This work is shown in more detail in Chapter 5]

The change in mmWave D2D link quality is highly abrupt and depends upon the pres-
ence of dynamic obstacles which may not follow any prior known distribution. This change
in link quality needs to be propagated [45] to the BS which might cause extra delay. Hence,
as mentioned before, by the time this change is propagated to the BS and a global solution
is provided by the BS, it might become less useful due to UE dynamics [83] and moving
obstacles. Hence in these scenarios, a local solution needs to be provided at each UE. Also,
at each UE it might not be possible to deploy extra hardware like Radars or vision cameras.
The presence of obstacles and its tracking somehow needs to be learned [70]. For local
solutions, placement of Radars or vision cameras might not work if the channel condition
changes abruptly and processing time is too high. Also, the authors in [40] provided ML
based solution to measure the link qualities for D2D relay selection problem in vehicular
networks, however it might require to re-train the model when there is change in the en-

vironment. In such cases the link breakage event must follow some well defined pattern
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with some known distribution. However, due to presence of dynamic obstacles, variations
in link quality behavior is abrupt, making it difficult to perfectly model the environment
as also argued in [41], thus requiring an online approach. The authors in [39] mentioned an
online ML technique at the network which learns about the dynamics of the environment
for enabling beam training to prevent blockages. However in this work we aim to learn the
dynamics of environment locally. Enabling diversity [84] and multiplexing techniques along
with the multi-beam reflection [85] are another options to efficiently utilize the highly avail-
able space through multi-beam communication paths. However to utilize its full potential,
besides requiring extra resources and capturing bandwidth, it must also be ensured that
individual components of the multi-beam path must also be free of the obstacles.

To account for the uncertainty in D2D links due to dynamic obstacles locally, POMDP
[42, [43, 144] can be used in modeling the channel variations in unobserved D2D links. It
has been used widely in many areas like scheduling, multichannel access, relay selection
186, 87, 88, [42] 89, [90], 9T, 92] among others. The problem of whether to transmit or not in
case of packet loss was first studied in a classical paper [93] which experimentally studied
when to transmit or suspend transmission based on past estimates of success or failure
transmission in order to save energy in transmitting packets which are going to get lost at
the expense of little decrement in throughput. This was analytically studied by the authors
in [86] using the POMDP framework. The authors assumed that the feedback is perfect,
which might not be true due to presence of dynamic obstacles. In another work [90], the
authors used POMDP to model the environment considering various types of feedback. It
lacks to consider the cost due to delay induced by directional mmWave exploration. In case
of blockage by dynamic obstacles, a new relay is chosen by exploring relay links through
beam-forming [I5) I6] which are in the source UE’s vicinity. This involves a directional
search of new relay and has a considerable delay. Detailed techniques for beam-alignment
and beam-management under various scenarios can be found in [I§]. The new relaying UE
must be chosen carefully during exploration time (ranging from few microseconds to 10 ms
[15] for short range), because it may get blocked during data transmission time (100-1000
times higher than exploration time) due to presence of dynamic obstacles, even when the
source and relay beams are perfectly aligned to achieve highest data rate. It has been shown
by the authors in [39] that the relay links selected based on highest data-rate may not be
the best as it may have higher chances of getting blocked. This might lead to frequent
relay exploration and switching resulting in increased delay, energy consumption and call
drops. Hence, the problem of deciding to select any given relay during exploration should
be dealt locally considering the presence of dynamic obstacles. In this thesis, we deal with
two sequential decision problems. The first one is to make a local decision when packet loss
occurs: whether to stop communication on the current relay link and explore and switch to
a new relay link, or to continue the communication on the current relay link. The second

decision problem deals with minimizing frequent relay switching in case the decision in
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previous problem was to stop communication on the current relay link and explore and
switch to a new relay link. Both of these problems are modeled using POMDP framework and

optimal threshold policies are derived respectively in Chapters [6] and
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Chapter 3

Mobility Aware D2D Relay

Selection using Stochastic Model

Much of the content of this chapter is copied from my own papereﬂﬂ with the permission
of my co-author Sasthi C. Ghosh. FEven though the paper can be found in the literature, it
1s copied here so that I can make minor changes and clarifications for the convenience of
the reader.

In the relay selection problem appropriate relay nodes are chosen to transfer data packets
from source to destination nodes when they are not in vicinity of each other. Here source
node, destination node as well as the relay nodes all denote the UEs which may be mobile.
When the source and destination are not in vicinity of each other, the intermediate relay
nodes receive the data packets from the sending node and forward it to an appropriate next
hop node which can be another relay or the destination node. Time is discretized as t, t+1,
-+, where At is the small time difference between ¢t and ¢t + 1. The challenge arises due to
the fact that nodes may change their position from a time instant ¢ to the next time instant
t+1. Thus data packets transferred at time ¢ may get lost at time ¢+ 1 while they are still in
transit, due to the mobility of nodes. We are considering that for a little time difference At,
there can be a large impact on the distance and SINR after the link is established, depending
on the velocity of the mobile users. The objective could be to optimize various network
parameters like capacity of links, packet loss, delay and throughput. These parameters
are inherently dependent on temporal and spatial behavior of the mobile nodes. A lot of
research has been done to optimize one or more aforementioned objectives which considers
only a snapshot of the network [47, 48| 49, 50, 51} 52], which is inadequate when considering
the velocity of nodes [26]. Since the mobility of nodes can lead to exponential performance

degradation depending upon average users’ speed, global optimum solution obtained by

'D. Singh and S. C. Ghosh. Mobility-aware relay selection in 5g d2d communication using stochastic
model, IEEE Transactions on Vehicular Technology, 68(3):2837-2849, 2019.

2D. Singh and S. C. Ghosh. A distributed algorithm for d2d communication in 5g using stochastic model,
IEEE 16th International Symposium on Network Computing and Applications (NCA), pages 1-8, 2017.
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the BS, when available to the mobile nodes may become less useful [25]. Thus we need
to develop a framework based on predicting the future information by capturing various
mobility related parameters locally. Most of the works consider mobility implicitly [61], [62)
and hence the performance is tightly coupled with the considered mobility model [26]. Hence
there is a need to model the mobility of nodes explicitly. Note that different nodes may have
different mobility patterns. This heterogeneity must also be captured while computing the
SINR. Thus instantaneous SINR cannot be a good metric. Hence, we need a metric which can
predict channel parameters (e.g., SINR) for the upcoming time instance ¢ + 1 which should
be computed at the current time ¢ and should also consider the heterogeneous mobility
of nodes. We have developed such a metric and shown its computations along with its
computational efficiency in the analysis section.

The organization of the chapter is as follows:

e We have developed a SIP model to capture the dynamic network parameters by in-

corporating node’s mobility explicitly (section [3.1]).

e We have converted the developed SIP to its equivalent deterministic MINLP and proved
its NP-hardness (section [3.2]).

e We have developed a distributed greedy metric termed as connectivity factor (CF) by
exploiting the constraints of MINLP model, which captures the reliability and expected
capacity of the links. This metric is computed locally at current time instance ¢ which
consists of the predicted information for the upcoming time instance ¢t + 1 with some
probabilistic guarantee. We have shown that CF for a link can be computed in O(n)
time where n is the number of transmitters interfering to that link. CF is generic in
nature which captures the heterogeneous mobility of devices and can be applied to
both LOS and NLOS scenarios. To compute CF, either we need to know the distributions
of mobility related parameters or knowing only the expectation and variance of these

parameters is sufficient when the distributions are not known (section |3.3)).

e We have constructed a perceived graph using the CF metric. Perceived graph con-
sists of the predicted information for the upcoming time instance ¢ 4+ 1 which is com-
puted at the current time instance t. Then we developed relay selection strategies for

both the network assisted and the device controlled scenarios using perceived graph

(section [3.4).

e We have validated the performance of our algorithm through extensive simulations

and the results are compared with a recent algorithm based on AODV as described in

[94] (section .

The conclusion is mentioned in section 3.6l
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3.1 Stochastic Integer Programming Formulation of the Prob-

lem

We consider a service region served by a single BS where mobile devices or UEs are sending
information to each other in the form of packets using wireless communication channels. We
assume that mobile devices are moving independently and have the capability to establish
links among themselves for D2D communications. Time is discretized and a mobile device
may change its position from a time instant ¢ to the next time instant ¢+ 1, where At is the
small time difference between t and t + 1. A graph G' = (Nt, E?) is used to represent the
mobile network at a particular time instant ¢, where N? is the set of all nodes representing
mobile devices and E! is the set of all edges which represents links between the nodes which
are in transmission range of each other at time t. There is a single static BS which is
connected to all user devices in the given service region. Each link (4,7) at time ¢ has a
capacity ij for sending the data packets. Links may not be symmetrical due to presence
of interference and uncertain wireless channels due to node’s mobility. We are considering
the general case, where I is set of source, destination and demand triplets < s¢,r¢, he >.
Here h¢ is the demand supplied by source node s¢ to destination r¢. Let Ffj (¢) be the flow
from node i to j for the source-destination pair { € I' at time ¢, an integer quantity which
represents the number of packets transferred. Let ffjﬂ be the conditional probability that
link (7,7) is active at time ¢ + 1 given that the link was active at time ¢. Let us define eﬁj
as a Boolean variable whose value is 1, if there is an edge between nodes ¢ and j at time ¢,
t+1

and 0, otherwise. Now &;

i can be defined as follows:

i = Pleif! = 1lei; =1}, ¥(i,j) € B". (3.1.1)
We assume that the network exhibits short range dependent characteristics. The average

network delay ts at each hop for the traffic exhibiting short range dependent characteristics

can be computed as [50], [95]:

AL
ts = % Z [t”)\t]
(i,5)ert
where \f; = 37 F;() s the average traffic on link (7, j) at time ¢, x{; = Cf; is the service
capacity of link (7,7) at time ¢t and ' = >_cer ¢ is the total demand in the network.

We will give a SIP model whose objective is to minimize average network delay per
hop while keeping the link failure probability below a predefined threshold. Let «;; be the
threshold on allowable link failure probability for link (i,j). We define an optimization
variable wfj, a Boolean variable which denotes those links (i, j) that are selected at time ¢
for flow of traffic among possible set of available links in E*. We can say that if at time

t, e;; = 1 and link (i, ) is selected for flow of packets, then wf; = 1 else wi; = 0. We also
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define a constant 99T which denotes the total number of available channels with the BS. The

SIP formulation for a multiple source-destination pair is as follows:

Minimize tg (3.1.2)
he, iti=s¢
> - FL(Q) =4 —he, ifi=rc,CeT (3.1.3)
j:(i,§)EBY i:(ji)ERt
FHEE UA)EE 0, otherwise
N FY(Q) < EICHY - wly Wi, j) € B (3.1.4)
¢er
t . t
> owh<m (3.1.6)
(i,7)EE?®
Plefft =1lel; = 1} > (1 — ayj) - wl;, ¥(, j) € B (3.1.7)
wij € {0,1}, V(i,j) € E' (3.1.8)

The flow constraint signifies the amount of flow coming in is same as the amount of
flow going out at time ¢ at a particular node except for source and destination nodes. The
capacity constraint signifies that total flow on link (7, 7) at time ¢ cannot exceed the
expected capacity F [ijﬂ] of that link at the next time instance ¢t + 1. Constraint
signifies that flow at a link cannot be negative. Constraint signifies that there can
be at most 9 links chosen for flow of traffic at time instance ¢ as there are 91 available
channels. Constraint captures the conditional probability of link reliability for the
next time instance t+ 1 given that it is active at the current time instance ¢. It checks if the
link breakage probability satisfies the given threshold «;;. Depending upon this constraint,
we decide at time ¢ to choose the appropriate link in the source-destination path for next
time instance ¢ + 1. Hence, this gives a guarantee over the link reliability probability.

In the next section, we will derive a way to convert the SIP to its equivalent MINLP. We
will also prove that the converted MINLP is NP-hard.

3.2 Converting SIP to its equivalent MINLP

A classical way of solving an optimization problem with probabilistic constraints is to first
convert the probabilistic constraints into its equivalent deterministic constraints and then
solve the optimization problem involving deterministic constraints only. Before converting
constraint to its equivalent deterministic form, we first need to take into account
the attenuation factors that affect the signal quality, which in turn affect the reliability

of a link. The attenuation factors may be dependent on the device’s mobility and other
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environmental factors which needs to be incorporated in our stochastic framework. Let us
¢

ijo
of the signal power and in turn the capacity of link (7, j) at time ¢, assuming noise is constant

denote the overall attenuation by €2, which is a random variable capturing the randomness

for the channel. We can say that if Qﬁj < 7, then then efj =1 else egj = 0, where v is a
predefined threshold which determines the connectivity between two nodes. Now we will
proceed to define the expectation ,uﬁj =F [ij] and standard deviation afj = \/var(;),
where var(ﬂfj) is variance of Qf] We assume these values are known for current time
instance t. Assuming that link (4,7) is selected at time ¢ (wfj = 1), constraint (3.1.7) can
be re-written as:

P{OQT < 4|0 <A} > 1—ai; Y(i,j) € E". (3.2.1)

Here QZH represents the attenuation factor for link (4, ) in the next instance ¢ 4+ 1. This is
important because it gives a relationship of signal strength of mobile nodes for the upcoming

time instance t + 1 which is computed at the current time instance t.

Remark 3.2.1. When two random variables X and Y are independent then we can say
their conditional probability satisfies P(X|Y) = P(X).

Using remark and the previous assumption that nodes are moving independently,
we can say that Qf;rl and ng are independent and we can again rewrite constraint
as:

P <A} 21—y V(i) € E" (3.2.2)

Using mean and variance of QZFl, we can convert probabilistic constraint (3.2.2]) into its
equivalent deterministic one using the approach stated in [96]. From constraint (3.2.2)), we
get,

O_t—i—l t+1

QL ttl — ittt
P{ w My Ty < ;. (3.2.3)
ij Oj

Remark 3.2.2. If X is a random variable with mean v and variance s*, then for any real

number ¢ > 0, one-sided Chebyshev inequality (Cantelli’s inequality) [97] can be stated as:

X—v 1
P > < .
{ s C}_1+02

—pttt
Using remark [3.2.2| with ¢ = %, constraint (3.2.3]) becomes
QU — ity =t 1
j ij ij
P{ > b < . (3.2.4)
o i

— 2
t+1
Yt
14 ( —4
+1
Uij
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va
4| —1
7ij
1— ayj
R (3.2.5)

We can now replace probabilistic constraint (3.1.7]) with its equivalent deterministic con-

Now constraints and ( - 3.2.4]) implies ————

7 < «;j;, which implies,

straint (3.2.5) and get two new constraints:

1— .
%ﬁ+a?ﬂﬁziﬁ§7+G—w@-hwﬂwﬁeﬁﬁ (3.2.6)
1J

ptt ottt > 0,v(,4) € E". (3.2.7)

Here L;, is a very large number representing positive infinity.

After converting the probabilistic constraint in SIP formulation to its equivalent
deterministic form, the final MINLP can be stated as: Minimize objective function (3.1.2))
subject to the constraints (3.1.3)-(3.1.6)), (3.2.6)-(3.2.7) and (3.1.8).

Proposition 3.2.1. The MINLP formulated above is NP-Hard.

Proof. Let us define a well known decision flow problem (p) on graph H (V, E) with source
and sink vertices as § and 7, capacity C(e) € Z* and price p(e), Ve € E. Demandis B € Z+
and there is a bound M’ € Z on the total price of selected edges. Problem p is defined as:

is there a flow function f : E — Z7T satisfying the following constraints:

Do fd) = D0 fGi) =0, Vij € VA{57) (3.2.8)

(i.j)€EE (4.9)eE
S ofG R = > f(ii)=B (3.2.9)
(i, eE (Fi)eE
0< fle) < Cle) (3.2.10)

Y ple)< M. (3.2.11)

In [98], it is stated that problem p is NP-complete even when p(e) € {0,1} Ve € E.

Let us consider a decision version of MINLP, where we want to find if such a flow exists or
not which satisfies the respective constraints. Let us assume that constraints —m
always satisfied assumlng 7 is Very large number. Flow constraints in MINLP is equlv—
alent to constraints and (| in problem p. Also capacity constraint (| and
non-negativity constraint in MINLP are equivalent to constraint in problem
o. In problem o, p(e) € {0,1} Ve € E implies whether an edge is selected or not. Thus
constraint (3.2.11)) of problem p implies number of selected edges is bounded by M’ which
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is again equivalent to constraint (3.1.6) and (3.1.8)) of our MINLP when M’ = 9t. Hence we
can say that problems ¢ can be reduced to the decision version of our MINLP and hence both

are equivalent. This implies the developed optimization problem MINLP is NP-hard. ]

Though our MINLP will give optimum solution but it will take considerable amount of
time to produce solution because of the computational complexity of the problem. However,
we can carefully exploit the constraints (capacity constraint) & (link breakage
constraint) of MINLP to develop a greedy metric which can be used to produce a heuristic
solution to transfer packets from source to destination. In the next section, we will derive

the greedy metric from these two constraints and will show its efficient computation.

3.3 Greedy Metric & its Computation

Greedy Metric

Constraint signifies the upper bound on the expected flow in the next time instance
t + 1, which is calculated at the current time instance t. We are considering this con-
straint because both communicating nodes are moving and thus interference dynamics from
neighboring nodes are highly unpredictable which might reduce the data rate substantially.
Hence, higher capacity at time ¢ may not imply that the capacity requirements will be
satisfied at the next time instance ¢t + 1. Constraint signifies that the probability of
a link which was present at time ¢ will also be present in time ¢4 1. Lesser the value on the
left hand side of constraint , higher is the probability of the link to be connected at

time t + 1. By combining these two constraints, for each link (i, j) at time ¢ + 1, we define

t+1

the greedy metric termed as connectivity factor (CF) and denoted by Aij as follows:

t+1
41 _ BlGy]

ij
t+1 t+1  [l-oy
(Nz'j + 055 Ty

(3.3.1)

Since this metric is applied to each link (i, j), it is computed at each node locally using
the link related information from their respective neighboring nodes. If AZH has higher

value, then link (7,7) has higher chance of being chosen. Let us denote the numerator

and denominator of CF as %ﬁ“ and gt

J j
numerator %ZH decides the time it will take to transfer the packets because it represents

the expected capacity of the link. Denominator pf;rl signifies link breakage condition. For

respectively for all link (¢, 7) at time ¢t + 1. The

a link (4, ) to exist at time ¢ + 1 with probability 1 — aj, pf;rl < v must be satisfied. If
pZH has lower value, then it implies lower chance of link breakage which in turn means
higher reliability of the link’s existence for the next time instance ¢ 4+ 1. All of these values
are computed at the current time instance t.

In the analysis of the following subsections, we will show how to compute efficiently the
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CF metric by incorporating the predicted information for the upcoming time instance ¢ + 1
on the link (7, 7) under consideration. This analysis also shows how CF metric captures the
local information when the mobile nodes can have heterogeneous mobility models.

t+1

Computations of i

To compute the components of CF value for a link, we will need to take into account the SINR
values that each node receives from its neighbors because it is an important factor which
gives information about the signal strength and link’s capacity. Estimating SINR becomes
critical due to mobility of nodes which effects the signal strength as well as interference
from other nodes in proximity. We can say that two nodes i and j are connected at time ¢,
if Sfj > Sy, where Sfj is the received SINR at time ¢ and Sy, is the threshold on minimum
SINR required for a link to be considered as active. Since nodes i and j are moving, by the

¢

time they start communicating, the computed S;; value may change by next time instance

t+ 1. We need to model SINR and related paraineters in terms of speed and direction of
nodes which is developed in this and subsequent sections. We are giving a general network
model which can take care of mobility of nodes irrespective of the mobility model chosen
for the nodes.

We define attenuation factor as the inverse of SINR value between two links (4, j): ng =

1
St

ij
in turn the capacity of link (4, j) at time ¢, assuming noise is constant for the channel. Now

at time ¢, which is a random variable capturing the randomness of the signal power and

using this notation we can say that if Qﬁj < 7, then there is an edge between nodes ¢ and j,

where v = <. We will compute p!f! of Qf. using the SINR expression at time ¢ as stated
7= S Hij ij &

below:
t

St= "9 . 3.3.2
Here Qﬁj is the power received by node j from node 1, ]Igj is the interference received
on link (4, 7) at time ¢ and Ny, is the thermal noise which is assumed to be constant. Both
gj and ]Igj depend on the path loss (PL) model. PL is a function of distance and shadowing
factors which both can be random [99]. We use the PL model given by [99, [I00] which can

be stated as follows:

d p
gj:pit.g.< 0) ) (3.3.3)

gt
d.;

Here P! is the power transmitted by node i at time ¢. Here, 8 = G, - G, - (ﬁ)2 is a
unit-less parameter which depends on the antenna characteristics and the average channel
attenuation, G; and G, are the antenna gains at the transmitter and receiver respectively
which is assumed to be constant for the analysis, A = ¢/ f is the wavelength, ¢ is the speed
of light and f is the frequency. K is assumed to be constant in the analysis. Here, dg
is a reference distance for the antenna far-field, dﬁj is the distance between nodes i and

j at time t, p is the path loss exponent (PLE) and ¢ is the shadowing random variable.
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Shadowing component is random and can have any well known distribution py, (e.g., log
normal distribution [99]). Note that the p and 1 can take values depending upon whether
LOS or NLOS communication takes place. We define Qﬁ;ﬁl as the power received by node j

from node 7 at the next time instance ¢ 4+ 1 as follows:

Qif' =P & ( i )p-w (3.3.4)

t+1
d

t+1

Here Q! is a time dependent random variable which depends upon d;; -~ as well as the

ij
shadowing effect.

Now we will look into the denominator part of the SINR expression in equation (3.3.2))

]I';;H HZH is the interference seen at the link

for the next time instance ¢ + 1: Ny, + . Here

(4,7) at time ¢ + 1 which can be expressed as:

=" Q. (3.3.5)

Yk, ki

Now we can express QZH as follows:

t+1
Qitl — t1+1 _ N Zj’if?f ki (3.3.6)
U Q'

Assuming all devices transmit with the same power (i.e., Pl-t = P, Vi € NY), the above
expression can be simplified using equation (3.3.4)) as:

P
Nep do
PRy + ZVk,k#i <d2‘;1>

I3
do
it

Equation (3.3.7)) is used to find out the expectation and standard deviation of QZH for the

next time instance ¢t + 1. This calculation is made at the current time instance t. Note that

t+1 _
Q=

(3.3.7)

1 depends upon material of medium and assumed to be independent of time and in turn

independent of dﬁ;-rl. Let us represent the numerator and denominator of equation (3.3.7])

P

by ¥,, and ¥, respectively. ¥,, is made up of two components P]ng " and Y vk 4 (dfﬂl) .
b k]

Let us denote them by V,,; and W, respectively.

Remark 3.3.1. If two random variables X and Y are independent then their measurable

functions f(X) and g(Y) are also independent random variables.
Proposition 3.3.1. ¥,, and ¥, are independent random variables.

Proof. ¥, has two components ¥,,; & ¥,,5. Now both are independent to each other since

random variables ¢ and d}t:;l are independent. Since W, is a function of ¢ and ¥, is a
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function of , we can say that ¥,,; and ¥,» are also independent using remark
Note that W, is the function of random variable dZ-H. Also, V¥, consists of ¥,,; and W,,o

which are functions of two independent random variables v and d?jrl respectively. Now we

i1
d J

can see that W, is calculated for the values of dﬁl% for all k where k # i. So we can say
kj

that d?gl is independent of df;;fl. Hence V,, and ¥, are independent random variables. [J

Therefore using above proposition we can say that the random variables in the equation
(3.3.7) are independent of each other.

Remark 3.3.2. if X and Y are two independent random variables then E[X/Y] = E[X] -
E[1/Y].

Remark 3.3.3. if X1, Xs---,X,, are random variables then E[X; + Xo + -+ + X,,] =
EX1]+ E[Xa]) + - + E[X,)].

By taking expectation on both sides of equation (3.3.7) and using remarks and
333 we get:

= <;,V“%E[H + > E{(%)pb .EKle)p]. (3.3.8)

Wk, ki

t+1

We will now find out E [( leo

p
> } Let us say nodes i and j have speed V! & Vjt with

known distributions fy; in [V, VM%) and fy; in [iji", Vma¥] respectively. Their angle of
movements 6! & 9; are assumed to have known distributions fy, & fo, in [—7, m] respectively.
The positions of nodes i and j at current time instance ¢ are (zf,y!) & (x ;, y}f) respectively.
Let us denote their positions at next time instance t + 1 as (zf™, y!™) and (= t-“,y;H)

respectively. Then the distance dzfl between them at time ¢t + 1 can be expressed as:

d =\t -y + (@t - alty?

where, $§+1 = x + VtAt oS Ht t+1 = y§ + V}tAt sin 9;-, t-'H =zt 4+ V! At cos 6! and yt'H

yl + VIAtsin 9t Here At is the small time difference between ¢ and t + 1. Expression for

dtJrl is dependent on four independent random variables V!, Vt 0! & Gt Since we know the

t+1°\ P
probability distribution functions (pdfs) of all of them, we can find E[(d;ﬂo ) } as follows:

dt+1 anax anax t+1
- L ot v

(3.3.9)

P
Using the similar approach, F [( y7 +1) } can also be calculated. Similarly, E[i] can be
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o[ ()

Hence we can calculate the value of MZH as in equation (3.3.8)).

calculated as follows:

Computations of o'

We will use the similar approach as in previous subsection to calculate O‘Z-H of QZH from
t+1

its variance var{(;"} as:

ot =y var{Q ). (3.3.11)

By taking variance both sides in equation (3.3.7)), we get:

p
P]-Véi-zw + D vk kot ( di% )
Uar{ijl} = var{ — } (3.3.12)
)
ij

Remark 3.3.4. if X and Y are two independent random variables then var{X/Y} =
E[X?]-E[1/Y? - E[X])?-E[1/Y]2.

Remark 3.3.5. if X1, Xo---, X, are independent random variables then var{X; + Xs +
o+ Xyt =var{X 1} +var{Xs} + - +var{X,}.

As mentioned earlier, ¥,, and ¥, are independent random variables. So using remark

equation (3.3.12)) can be written as:

{2} o] - 2[3] )

Since ¥,, = ¥,,1 + U,,5, using remark [3.3.2] and [3.3.3] we can write above expression as:

{2 v )

a 3
- (E[\Ifnl]2 + E[V,02+2 E[W¥,,]- E[\Ilng]> -E Hd] 2}. (3.3.13)

Substituting the values of V,,1, Uy,9, ¥4 and using remark we can write above expres-
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sion as:

o} ={ (e ol o [( 2, () )]
erpteng] 5 e ) #[(%)]

- <Pév-t2}j62 Bl +ELk -, <dt“ﬂ
]

35l A AT

P\ 2
The term E [<Zv1~c y <d‘fﬂl> > ] in right hand side of equation (|3.3.14)) is quadratic and
b k]

hence requires O(n?) time for computation. All other terms require O(n) computation

time. Here n is the number of transmitters interfering with the link (7, j). We assume that
simple mathematical computations like addition and multiplication require O(1) time. We

will now show that this quadratic term can also be computed in linear time as stated in
proposition below.

Remark 3.3.6. If var(A) and E[A] are respectively the variance and expectation of a
random variable A, then we can say that E[A%]|=var(A)+E[A]?.

Proposition 3.3.2. Uar{‘\gz} in equation (3.3.14)) can be computed in linear time.

P\ 2
Proof. We can see that the term F [(Zw@,k# <d§l21) > } is making the computation of
kj
equation ([3.3.14) quadratic by involving quadratic terms. Using remark we can re-

write this term as follows:

do \"\* do \? do \"1?

Yk, k#i kj Vk,k#i kj Vk,k#i kj

Using remarks [3.3.6], [3.3.5] and [3.3.3] we can re-write above as follows:

dO PN 2 dO 2p d() p12

el( 2, G ) |- 3 el ) ]2l

Vkk#i N kj Yk, ki kj kj

do \"1\?
+( > E[(&) D : (3.3.16)
Vk, ki dkj

Now we can see that the right hand side of equation (3.3.16|) can be solved in O(n) time.
This expression can be substituted in equation (3.3.14) to make its overall computation

linear. OJ
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Finally, af;fl in equation (|3.3.11]) can be computed in linear time using equation (|3.3.14)).

Computations of E[C}]

The capacity of link (4, ) at the next time instance ¢+ 1 can be expressed using Shannon’s

theorem as:
CiH =B -logy(1 + S5™) (3.3.17)
Ny + I 4 Q!
—B - log, ( i B ) (3.3.18)
Ny, + ]Iij

Here, B is the bandwidth of the signal, Sf;-rl is the SINR on link (4,7) at time t 4+ 1. Taking

expectation on both sides yield:

Ny, + I 4 @ttt
E[CtH :B-E[lo < e 4 ﬂ 3.3.19
[ ij ] g2 Nth‘i‘]lg'i_l ( )
Substituting equations (3.3.4) & (3.3.5)) in equation (3.3.19)), we get:
Nin do \”
E[CIH'] =B- E[log2 < + <
J LR 41
P-R-¢ G \dy;
Nin do \”
—B-E[log2 <+ ) <t+1> . (3.3.20)
P-R-y v N\

Let us denote X = P],Vi;{‘,ﬁ + 2wk (ng1>,0 and Y = PL& + vk ki <d§z$1)p_ Assume that
there are n transmitters which are Jinterfering to link (i,7). We can sjee that computing
Ellogy(X)] requires computation of n different d?]fl components corresponding to each of
n interfering transmitters. Since computing each of d?ﬂfl requires evaluating a 4 dimen-
sional integration, thus computation of E[logy(X)] requires computing a 4n dimensional
integration. Using the following remark, we can reduce the computation of E[logy(X)] to
n number of 4 dimensional integrations, which is computationally better than computing a

4n dimensional integration.

Remark 3.3.7. If Z > 1 is a random variable with expectation E[Z] and variance var(Z)

respectively, then In(Z) around E[Z] can be approzimated using Taylor series as:

Z-E[Z] (Z-E[Z))?
E[Z]  2-E[Z)]?

In(Z) =In(E[Z]) +
Neglecting higher order terms and taking expectation on both side in above yields,

Elln(2)] ~ n(E[Z]) — ——2) (3.3.21)
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Now using remark (3.3.7), we can re-write E[logy(X)] in terms of In(E[X]), var(X) and
E[X], all of which can be computed in linear time. Similar argument holds for Elog,(Y)]
as well. Hence computation of E [C'fj+ '] takes linear time. Thus ,ufjl, af;fl and E [ij 1 all
can be computed in linear time.

Till now we have discussed how to compute the CF metric in a generic sense. For
specific cases like mmWave communication, the G} and G, can be computed by incorporating
the additional gain of the directional antenna arrays, as stated in the following remark.

Accordingly the CF metric for such cases can be computed by using these values.

Remark 3.3.8. Short range D2D communication involving mmWave channel usually employs
directional antenna arrays with beam-forming capabilities which increases transmitter and
receiver antenna gains (Gy €& G,) to compensate for high propagation loss [10]. For a
uniform planar square antenna array composed of L, elements, antenna gains can be written
as [10]:

G, = Cmt HOS /2 (3.3.22)

Gy, otherwise
where x = {t,r} is subscript for transmitter & receiver, G = Ly is the main-lobe gain,
Ga = 1/sin*(37/2\/Ly) is the side-lobe gain, ¢ = \/3/+/L, is the beam-width, and 6 €
[—7, 7] is the angle off the boresight direction. Mobility of devices would make them go out
of each other’s range, hence at every such instance the alignment of transmitter-receiver pair
needs to be done. However, this alignment overhead is in order of hundreds of micro seconds
even for extremely narrow beams of width=1° as mentioned and validated in [101)]. Since
the data transmission time duration is in order of seconds, we can consider the alignment
overhead to be negligible. So we are assuming that the transmitter-receiver pairs are perfectly
aligned to obtain the mazimum power gain as also done in [10]. In the simulation section,

we have shown the effect of directionality on the end to end delay for different network loads

in Figure[3.6

3.4 Relay Selection Strategy

In this section, we will first construct a perceived network graph based on A’;jﬂ values. Then
we will discuss the associated relay node selection strategy to find the source-destination
path for both network assisted as well as distributed cases. We will describe the relay

selection for all four types of D2D communication as shown in Figure [1.1

3.4.1 Perceived Graph

We will now calculate AZFI values in algorithm |1| using the values of uzrl, Uf;-“l and K [Cffl]

computed in previous section. This algorithm uses constraint (3.2.5)) to compute Af;.rl as
shown in line Note that the reliability with certain guarantee (ay ;) is ensured by the
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condition @;; < < in this line. Each node runs this algorithm locally and shares AZH

values with the BS using channel state information (CSI) at current time instance ¢t. These

information are used at the BS to construct a perceived graph GL5L(N'**1, E*+1) as shown

in algorithm 2 In GLE!, N**! = N' and E'1 C E' such that AZH >0 & (i,j) € E%.
Note that edges are not symmetric due to mobility and interference among nodes. It is also
important to note that the perceived graph leverages the property of Afjﬂ which keeps the
delay and packet loss information for the upcoming time instance in a per hop basis. So
G;;grl contains the information for the next time instance ¢ + 1 which is calculated at the

current time instance t.

Algorithm 1: CF_Computation Algorithm

- L Tt i+l t+1
input : i, v, aij, p; o, 035, E[Cij ]

[uny

ny; //adjacent node set for current node i
2 Aﬁj‘l — (—=1);

3 for Vj € n; do

t+1 . _ [ 41 t+1 [loaiy |,
4 | 9 =Ky Oy aij)’
5 if pﬁjl <= then

t+1
6 At+1 — E[Cij ]
1] pfj—l 9

7 end
8 end
9 return A;?;rl;

Algorithm 2: Construct_Perceived _Graph Algorithm
input : G{(N, EY), A';;'l

1 B 0
2 for Vi € {1,2,--- ,N'} do

3 for Vj € {1,2,--- ,N'} do

4 if (E'[i]j] =1) & (Ajf' > 0) then
5 | B =1

6 end

7 end

8 end

o return GELH (Nt B+,

The perceived graph (GZJCT,}) can be used for both network assisted and distributed sce-
narios. In the network assisted (DR-0C & DC-0C) scenario, when the BS is acting as the
controller for forming the links among the nodes, this graph can be used by BS to predict
with some success guarantee (depending upon «;;) to establish a source-destination path.

Since AZH values are calculated locally for each link (7, ) on a per hop basis, we can also
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use this metric in the distributed case in which nodes are moving in an adhoc manner with-
out any BS assistance. Nodes in this setting will share the information among themselves
as done in route finding phase of classical AODV protocol. In this scenario we assume that
there are multiple route reply packets and the source node will wait for maximum of ¢; time
after getting the first route reply packet to make decisions for the best path among all the
available paths. This will essentially simulate a perceived graph which will give approximate

solution restricted by ¢; time. This is elaborated in the next section.

3.4.2 Route Selection Algorithm
3.4.2.1 Operator Controlled (DR-0C & DC-0C)

In this mode, BS has complete topology information of the network and is responsible
for finding a source-destination path. In DC-0C, data can be transferred directly to the
destination when it is in vicinity of the source node. Otherwise, devices act as relays
(DR-0C) and we need to choose the best relaying nodes along the path such that they
minimizes overall packet loss and average delay.

If we choose a path with least average delay, it may not be the most reliable path, causing
a lot of re-transmissions of data packets due to packet loss. If we choose a path with the
highest reliability but with little consideration on the expected capacity, the selected path
may cause higher delay. Hence, we need to choose a path which considers both reliability
and expected capacity which has precisely been considered by our CF metric (Afjﬂ) We can
see that choosing the widest path in the perceived graph takes care of both reliability and
delay. The widest path PéV for a source-destination pair ¢ € I' is the path having maximum
width, where width of a path P¢ is defined as miny(; ;e p {Af;rl} The widest path Pév of
the perceived graph Ghi! (N1, E'1) can be found using a variation of Dijkstra’s shortest
path algorithm which runs in O(|E*!| - log(|N**1])) time. We term the procedure to
compute widest path as WP(). Procedure WP() returns PIEV and the bottleneck capacity
min_cap_P§, = ming; e ps, {CL}.

So the overall relay selection algorithm can be described as follows. Suppose a sending
node s; wants to send h¢ packets to r¢. If they are in vicinity of each other, then DC-0C
is activated and the BS instructs s; to directly transfer packets to r¢ in the current time
instance t. If the capacity of the link is not sufficient, then the communication takes place
in the next time instance and so on until h¢ packets are transferred. If s; and 7 are not in
vicinity of each other, then BS assists for DR-0C type of communication where intermediate
nodes act as relays for source-destination path. BS constructs the perceived graph at every
time instance t using algorithm [2| and uses WP () routine to find the corresponding widest
path. Nodes in the chosen path are directed by BS to transfer data packets bounded
by min,cap,PéV using send_pkts_0C() function. Acknowledgments of successful packet
delivery are handled by this function. One or more links in this path may break while the

packets are in transit leading to packet loss. Also, not all of the packets may be transferred
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to the destination due to capacity limitations of links in the path at the current time instance
t. Hence an intermediate node ¢ may posses the packets of the source node s¢ after the time
instance ¢ ends. This procedure is shown in algorithm [3| which runs at BS for every time

instance ¢ until the destination receives all the packets.

Algorithm 3: Network assisted connectivity factor (NCF) Algorithm
input : Gt(Nt,Et), I' < 8¢y T¢, hc >

1 GEEY(N'THL B =Construct_Perceived_Graphl);
2 fori={1,2,--- ,N'} do

3 for V¢ € I' do

4 if (i < sending-node) then

5 (PI§V’ min,cap,PVCV) — WP(GZJ&,I, i,7¢);
6 Send,pkts,OC(Pév , min,cap,Pév) ;

7 if Packets{r:} == h¢ then

8 ‘ remove ¢ from I’

9 end
10 end
11 end
12 end

3.4.2.2 Device Controlled (DR-DC & DC-DC)

In this mode, nodes themselves control the link establishment as they are not assisted by
BS. Since they don’t have the knowledge of complete network topology, so finding widest
path in distributed fashion is a challenge. We will leverage the path finding techniques
in adhoc networks known as AODV [64] for this purpose. In AODV there is a route finding
phase in which source node floods a route request (RREQ) packet in the network. When RREQ
reaches destination, a route reply (RREP) packet is sent back to source node from destination
forming a source-destination path. We are considering a variant of AODV described in [94]
which assumes that multiple RREP packets arrive at the source in the increasing order of the
delay. In our route selection scheme we are storing the width of a path in the corresponding
RREP packet instead of the delay. The source node after receiving the first RREP packet,
holds the transmission of data for maximum of ¢; time. This is to ensure that the source
node gets the RREP packet for a path Pév(et) which has maximum width among all the
RREPs arrived at the source node during ¢ time and it is selected for the communication.
This essentially constructs a perceived graph in a distributed fashion. Note that Pév(et)
might not be the best path globally which was selected in the operator controlled mode
because here the path chosen will have the width restricted by ¢; time. The function call
path DC() is used to find Pév(et) which essentially calls the route finding phase routines
RREQ and RREP. AZH is input to this function which is calculated as described in algorithm
il
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So the overall relay selection algorithm can be described as follows. Suppose node s¢
wants to send h¢ packets to ro. The data transmission can take place directly if they are in
vicinity of each other (DC-DC). If s and r¢ are not in vicinity of each other (DR-DC), node
s¢ will check if it has the corresponding Pév(et) path using path_exists DC() function,
otherwise it finds this path using path DC() function. Packets are sent via Pév(et) in a
distributed fashion using send_pkts_DC() function call which also handles the acknowledg-
ments of the successful packet delivery. Here also packet loss may occur due to one or more
links failure or the capacity limitations of the links in Pé,(et). Hence an intermediate relay
node 7 may posses some packets of node s which are left unsent to node r¢ at the end of
time t. These packets will be transferred to the destination at the next time instance ¢ + 1
and so on until destination receives all the packets. This procedure is shown in algorithm

which runs at every time instance ¢ at every node which has data to be sent.

Algorithm 4: Device controlled distributed connectivity factor (DC-DCF) Algo-
rithm

input : 1, ¢, AZFl, ' <se,re,he >

1 if (i «+ sending_node) then

2 for V( € I' do

3 if (i # r¢)then

4 if (path_exists_DC(i,r¢)) then
5 ‘ send,pkts,DC(ng(et));

6 end

7 else

8 Py (er) = path-DC (i, re, AL );
9 goto Line

10 end

11 end

12 end
13 end

3.5 Experiment and Results

Simulation Parameters

Simulation parameters are mostly taken from [102], [I03]. Through simulations we are
trying to analyze the strength of the proposed greedy metric and the associated algorithms.
We are initially distributing 30 nodes uniformly in a 100 x 100 m? area. Nodes are moving
independently following random walk mobility model with a speed uniformly distributed in

[0, Vinaz] m/s, where Viae € {5,8,10,12} and their angle of motion is uniformly distributed

in [—m,m]. Note that we have used random walk mobility model for computing uﬁjl,

af;-rl and F [ijﬂ] in our simulation. However, similar approach can be extended for other
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Re-transmitted Packets

Re-transmitted Packets

Figure 3.2:
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Figure 3.1: Depiction of the effects of At on packet loss.
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Depiction of the effects of variation in maximum speed on packet loss.

mobility models as long as the pdfs of the corresponding mobility parameters are known.

We are assuming that at any instance of time the number of node are always 30 in the

simulation region and all the nodes are capable of participating in D2D communication.
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Figure 3.3: Depiction of the effects of network load on packet loss.
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Figure 3.4: Depiction of the effects of network load on average end to end delay per packet.

We have considered a single source-destination pair having a load (denoted here by L for
simplicity) of L € {50,100, 500,1000} packets, where a packet is of size 100 bytes. We
have considered At = {0.5,0.8,1.0,1.2} s, admissible error rate «;; = {0.02,0.10} and
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Packet Loss at Vmax =5m/s, At=0.5s, @=0.02

500 T T 5.6
- -7 i
— o~ ——m o __ - é, _____ 5.4
450 - ===
_ - 15.2
Y
2N 15
2 400 o
% =¥ Load=500 Packets (re-transmitted packets) 148 \E,
% — % —Load=1000 Packets (re-transmitted packets) ’ %
Q L —A— | 0ad=500 Packets (E2E delay) i @
£ 350 A 46 0O
= - = Load=1000 Packets (E2E delay) w
2 4.4 m
g 300 | S
) i £ <
x 4.2
14
250
>& i 3.8
200 1 1 1 1 1 1 1 1 36
10 20 30 40 50 60 70 80 90 100

€ (ms)

Figure 3.5: Depiction of the effects of variation of € on packet loss and average end to end
delay per packet in DC-DCF for a = 0.02.
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Figure 3.6: Effects of isotropic & directional antennas for 61 GHz mmWave for both LOS &
NLOS scenarios.

e = {10,30,70,100} ms in our simulation. We have considered path loss model as given
in [102] for non-line of sight (NLOS) scenario of an urban model for 61 GHz millimeter

wave. The corresponding parameters are: path loss exponent p is 4.49, signal bandwidth is
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20 M Hz and standard deviation of log-normal shadowing component (o) in dB is 4.0 dB.
The maximum transmission power of a D2D user device is 24 d Bm, the thermal noise density
is —174 dBm/Hz [103] and hence Ny, = 2- 107194 mW. We have used Shannon’s capacity
for each link (7, ) at time ¢ to compute ij.

We have compared our algorithms NCF & DC-DCF with reliability based (RB-NA) & de-
lay based (AODV) algorithms. The RB-NA approach is a network assisted algorithm where
the path with the highest reliability is chosen. The reliability of a path P is defined as

t+1

ming jyep ﬁ where @, is the denominator of CF metric. The AODV in our experiment is
)

ij
based on the least delay path as discussed in [94].

Experimental Results & Analysis

We have run the experiment using the simulation environment mentioned in the previous
subsection and taken the average of the results of around 30000 runs. We have written our
own C 4+ + custom code and run them on a GNU 4.8 compiler on Intel core i7 machine.

We have analyzed the effect of different parameters like At, Vipaq, L, ¢ and a;; on
packet loss and average end to end delay per packet. Figures and depict results
of varying At, Vi and L on the packet loss due to mobility keeping all other corresponding
parameters fixed as shown in respective figures. Note that packet re-transmission is caused
due to packet loss. Figure [3.4] depicts the result of varying L on the average E2E delay
per packet, keeping other parameters fixed as shown in this figure. Average E2E delay is
defined as the average transmission time for a packet to reach the destination, ignoring the
propagation and processing delays. Since we have considered only one source destination
pair in our simulation study for simplicity, we have neglected the queuing delay.

The following observations can be made from Figures 3.3 1) effects of varying
«a: NCF and DC-DCF with @ = 0.02 have lesser packet loss than NCF and DC-DCF with
a = 0.10 respectively. This is because the admissible error rate o plays an important role
in determining the link reliability and which in turn affects the packet loss. Higher values
of o implies lesser reliability on link existence for the next time instance as compared to
lower value of a. 2) Effects of assistance from the BS: NCF with o = 0.02 and a = 0.10
have lesser packet loss than DC-DCF with o = 0.02 and o = 0.10 respectively. This is due
to the fact that NCF is network assisted approach and BS have complete network topology
information. Hence BS can select the best suitable source-destination path and thus gets a
better performance as compared to DC-DCF which is a distributed approach, which lacks the
complete network topology information. 3) Both NCF and DC-DCF outperform RB-NA and
AODV due to the fact that later two algorithms respectively consider reliability and capacity
factors individually, whereas both these factors are taken care by our algorithms.

It can be observed in Figure that similar behavior as in case of packet loss happens
in terms of average E2E delay for all the three points mentioned in previous paragraph. The

reason is that additional time is required to compensate for the re-transmitted packets.
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Additionally, we can observe the behavior specific to Figure 3.1} packet loss is increasing
as At increases. This is due to the fact that the distance (V At) between the nodes increases
with At and hence the chance of packet loss also increases.

Also, Figure depicts that increasing V)4, causes more packet loss because the dis-
tance VAt between nodes increases with increasing speed. Higher speed causes the node
to quickly go out of the range of the nearby nodes which are transmitting packets, hence
causing higher packet loss.

Figure depicts that the packet loss is increased as the number of packets transferred
is increased. Higher the number of packets, more chances are to split the packets in multiple
next hops, causing a higher chance of overall packet loss due to mobility of nodes.

It can be also observed in Figure that the delay increases with the network load
because the packet loss increases along with network load and thus the total time to com-
pensate for the re-transmission of packets causes rise in average E2E delay.

Figure shows the effect of increasing the wait time ¢; for DC-DCF on packet loss
as well as average E2E delay for L = {500,1000} packets keeping other parameters fixed
as shown. We can see the trade-off between delay and re-transmission of packets, as ¢
increases, packet re-transmission is reduced but the average E2E delay increases and vice
versa. This is because as ¢; increases, the devices get higher chance to select a better path
which reduces average packet loss but it incorporates more delay because of higher ¢;.

From the results shown in Figures we can see At x V is an important factor in
which both At and V have effects on packet loss which helps in choosing the best next hop
node. High At x V value causes higher packet loss. Higher speed V' of nodes may end up
in breakage of links causing more packet loss. If At is high, it causes more packets to be
sent which in turn, may cause more packet loss. We need to look at an appropriate AtV
value such that the capacity of link is satisfied along with speed to ensure the packets loss
is affordable. We cannot control the speed of nodes but we can surely control At value.
In other words, we can determine At value at which our algorithms should be executed to
ensure the packet loss is kept below a threshold. Also, in case of DC-DCF we have to choose
a value of ¢ which have moderate packet loss probability as well as appropriate minimum
delay as there is a trade-off between them.

Figure [3.6| shows the effect of using isotropic and directional antennas under both L0OS
and NLOS settings. For directional antennas, we have considered number of antenna elements
L, =4 [10]. Thus we get main-lobe gain G,,; = 4, side-lobe gain G4 = 2 and beam-width
¢ = 0.866 using equation . Interference is caused due to the side-lobe power from
the transmitting devices over the link under consideration. Using these values, we have
computed the SINR. For NLOS, PL parameters are same as in previous results (p & oy are
4.49 & 4.0 dB respectively) and for LOS, p & oy are 1.88 & 1.2 dB respectively [102].
Figure [3.6| shows the end to end delay versus network load for both isotropic & directional

antennas under both NLOS & LOS settings. It can be observe that the performance of
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directional antennas in LOS setting is overall best as expected. Similarly the performance
of LOS setting is better than the NLOS setting.

3.6 Conclusion

We have developed an operator controlled SIP model to minimize the average network
delay while keeping the packet loss under control by capturing the effect of mobility of
nodes. After converting the SIP to its equivalent MINLP and proving its NP-hardness, we
derived a distributed greedy metric CF by exploiting constraints of MINLP. CF computed at
current time instance ¢ captures the per-hop delay and reliability by incorporating channel
uncertainty by modeling dynamic and unpredictable SINR for next time instance t+ 1 using
the nodes’ mobility. We have shown the efficient computations of CF which is applicable
for any mobility models as long as the pdfs of the corresponding mobility parameters
are known. Using the locally computed CF values we constructed a operator controlled
perceived graph at current time ¢ which holds information for the upcoming time instance
t + 1. This graph is used to find the appropriate source-destination path by using a widest
path algorithm based on CF values. Similarly for device controlled case, this graph is
constructed by waiting for €; time at the source node after it receives first RREP packet
during route finding phase. Simulations have been performed to show that the proposed
network assisted and distributed relay selection algorithms outperform the reliability and
delay based approaches. Depending on the average velocity of nodes, we can tune the
parameters At and e; such that both packet loss and delay are satisfied according to the

need of an application.
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Chapter 4

Network Assisted D2D Relay
Selection Under the Presence of

Dynamic Obstacles

Much of the content of this chapter is copied from my own papeﬂ with the permission of
my co-author Sasthi C. Ghosh. Even though the paper can be found in the literature, it is
copied here so that I can make minor changes and clarifications for the convenience of the
reader.

Recently, mmWave is widely studied for short range D2D communication [9] due to their
high available bandwidth and capacity. Although mmWave suffer from higher propagation
loss characteristics, it is compensated by placing a large number of antennas in a small region
owing to their smaller wavelength, which in turn increases the antenna gains at transmitter
and receiver. These multi-input multi-output (MIMO) antennas make the directional com-
munication possible using beam-forming techniques [10]. However, mmWave channels are
very much susceptible to the blockage by obstacles due to very high penetration loss. For
example, penetration losses of about 40 dB for outdoor tinted glass at 28 GHz mmWave and
178 dB from a 10 e¢m brick wall at 40 GHz are mentioned in [I1] and [12] respectively. This
requires almost a LOS communication for a given D2D link. Hence along with the mobil-
ity of UEs which was analyzed in Chapter [3] presence of obstacles also severely effects the
network parameters in mmWave D2D communication. Note that there exist studies which
consider reflected waves for short range D2D communication as in [104], but we focused on
LOS communication in this work. Relays can be used to divert the communication path to
mitigate the effects of outages due to blockages. The problem becomes more challenging
when the obstacles are also in motion (dynamic obstacles) along with the moving UEs.

To account for the dynamic nature of the obstacles we have leveraged the information

3D. Singh and S. C. Ghosh. Network-assisted D2D relay selection under the presence of dynamic obstacles.
In 44th IEEE Conference on Local Computer Networks (LCN), pages 129-132, 2019.
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from Radars which uses Doppler effect to sense the presence of obstacles along with their
movement speed and orientation. We assume that the BS is equipped with radars which
helps in capturing the movement of dynamic obstacles with very high accuracy. It is also
assumed that the BS knows the mobility related parameters of UEs. We first design a
probabilistic model which uses simple geometric techniques to compute the link blockage
probability due to dynamic obstacles. Then using this geometric analysis, we develop an
algorithm to choose the best relay from the set of available relays which can provide the
maximum expected data rate. Finally, we have compared and shown that our algorithm
outperforms traditional approaches which do not consider the effect of dynamic obstacles.

The organization of this chapter is as follows: System model is described in section
The problem formulation is provided in section Effects of mobility of UE and obstacles
over D2D link in relay selection problem is analyzed in section Simulations results are

provided in section followed by the conclusions in section [4.5

4.1 System Model

Network

We are considering a service region occupied with mobile nodes which can form D2D com-
munication and a single base station (BS). We are considering specifically the operator-
controlled (network-assisted) scenario of device-tier of 5G D2D architecture mentioned in [I]
and shown in figure [£.1] where the BS assists UEs for either a direct connection between
them or through a potential UE relay to forward data to the destination. Time is discretized
ast,t+ 1, t+ 2, ..., where At is the small time difference between the current time in-
stance t and the next time instance ¢ + 1. At time instant ¢, the connectivity of the mobile
nodes or UEs is represented as a graph GY(N!, E), where N' represents the set of UEs and
E' represents the set of edges. Here an edge (i,j) between two UEs i € N' and j € N?
represents that they can communicate to each other. For a node i € Nt adj'(i) is the
set of all neighbors of node i at time ¢t. We assume that UEs are moving independently
and the links are formed independently of each other. We are considering device-tier of
the aforementioned D2D architecture, hence we are assuming that UEs have the capability
to form mmWave D2D link among themselves for D2D communication in out-band or in-band
overlay scenarios such that they are not interfered from the cellular users. Node i € N? is
moving with velocity vector 7f We denote speed, angle of elevation and azimuth angle of
node 7 at time t as Vf7 aﬁ and Bf respectively, which are known at the BS. For each node
i € N, its acceleration is 0 for At time duration (speed is unchanged for At duration). We
are considering nodes as point objects in 3D Euclidean space. Position vector of node i is

%
defined as T} : (¢, y!, 2!) at time ¢. Euclidean distance between nodes i and j moving with
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t t . . t t+1 .
speeds V' & V' respectively is denoted as d;;. Hence dij can be computed as:

A = JEHT = 22 (T — g2 4 (ol gl

where,

t+1 _ ot t tain gt. L ot t t i gt
z; " =y + ViAtcosagsin 5 a7 = xf + Vi At cos o sin 3;

=yt + VAt cos ol cos B y;H = y§ + Vtht cos o} cos 3

t+1 _ ot EAS ain . L Lt EAF ain b
z =z + Vi Atsinag; 2,7 = 25+ Vi Atsina;

Note that azimuth angle is measured with respect to positive y-axis (north direction when

Direct link R ~ Control link
R4 .
Relay link . *-. Traditional link
! N x uE
/ \
! ‘' B BS

‘\‘

Figure 4.1: Network-assisted device-tier architecture for D2D communication [I]

look from top into the x-y plane) and elevation angle is measured with respect to the x-
y plane (horizon) as shown in figures [£.2(i)-(ii). Elevation and azimuth angles are two
important parameters which signify respectively height of the reflecting objects and their
orientation with respect to the positive y-axis direction (north direction) on the given plane.
Azimuth angle along with round trip delay of reflected wave gives the position of object
at current time instance in x-y plane. Note that UEs could be tracked easily as they
are connected to BS, however it is difficult to track other dynamic objects which are not
connected to BS like vehicles and people. We are assuming that the BS has MIMO radar
capability that can be used to measure af, 8! and round trip delay using Doppler effect.
Here a! and f! signify the moving direction of UEs in 3D Euclidean space, round trip delay
helps to measure the distance r} of node i from the BS at time ¢ and Dopgier shift_> measures
the speed of node i. Note that r! and 7";- can be used to measure positions 7! and TJlt of nodes
i and j respectively with respect to the BS. Hence, we can measure distance dﬁj between

nodes ¢ and j.
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Obstacles

We are considering that a link (i,j) € E! can be obstructed by some static and dynamic
obstacles. The dynamic obstacles may not be communicating with the BS, which might
bring difficulty in tracking them. Hence, we are using radar leveraged BS which can de-
tect the presence of obstacles with some probability of success as discussed in [37], where
the obstacles are treated as line Boolean model with their centers distributed according to
independent homogeneous Poisson point process (PPP) with density A,. The length and
orientation of each obstacle are uniformly distributed and written as 7 and 6j, respectively.
We denote K = {1,2,--- , K} as the set of dynamic obstacles which are moving independent
of each other, where K is the maximum number of obstacles present in the given region.
There are some radars located in that area and radar locations are also independent homo-
geneous PPP with density Ar. The presence of an obstacle k is detected with the closest
radar with detection probability pf at time ¢ as mentioned in [37]. For analysis, we are
considering the center of the dynamic obstacle k € K as a point object with position vector
T} (k. yl, ;). Similarly there are a total of R static obstacles and an static obstacle I € R
remains stationary throughout the experiment. Hence its position can be represented as:
?l : (x1,y1,21). Their positions can be pre-computed in a lookup table and can be easily
verified for their interference with a communicating D2D link. Let us denote [ fjﬂ as the in-
dicator variable representing if any obstacle k¥ € RUK blocks link (¢, j) under consideration
when communication takes place during time interval At from the current time instant ¢ to

the next time instant ¢t + 1:

0, if (4,5) is not blocked by any obstacle k € RUK at time t + 1
[fj-l _ (4, 7) Yy any (4.1.1)

1, otherwise

mmWave Channel

We are considering a simple sectored antenna array model for both transmitters and re-
ceivers. For a uniform planar square antenna array composed of L, elements, antenna gains

can be written as [105]:

Gy if0<¢/2

Go=4 " ¢/ (4.1.2)

Gy, otherwise
where z = {t,r} is subscript for transmitter & receiver, G,,; = Ly, G5 and ¢ are main-lobe
gain, side-lobe gain and beam-width respectively. Here 6 € [—m, 7] is the angle off the bore-
sight direction. We are assuming that the transmitter-receiver pairs are perfectly aligned to
obtain the maximum power gain [I0]. Alignment overhead is in order of hundreds of micro
seconds even for extremely narrow beams of width=1° as mentioned and validated in [101]
which can be neglected with respect to communication time in order of seconds.

For a link (i,j) € E', where node i is the transmitter and j is receiver, the received
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signal to noise ratio (SNR) can be computed as Sf;rl = %, where Ny, is the constant
thermal noise, Qﬁ;’l is the signal strength received at j from ¢ at time ¢ + 1 in presence of
obstacles. We are considering both the large scale fading path loss as well as path loss due
to penetration from the obstacles. Here QZH consists of these two components and can be
defined as [99, [100]:

—t+1
Qi =ply; oy (4.1.3)
. p
where pllZ-rl =P -] <dtdﬂl> -1p is a component of the received power due to fading of
ij

signal and ]Tpfjl = I% is the component of received power due to penetration loss because

of obstacle’s presence in link (7, j). Here Pz-t is the transmitted power from node i at time

tand R = G- G, - (ﬁ)2 is a constant. Here G; and G, are the transmitter & receiver
antenna gains respectively which are assumed to be constant over time, A is the wavelength
and dy is a reference distance for the antenna far-field. Here d‘;jﬂ is the distance between
nodes ¢ and j at time t 4+ 1, p is the PLE and ¢ is the shadowing random variable. We also
assume P! to be constant for each transmitting node. I'y, is the penetration loss from the
blocking obstacle. We are assuming that the penetration loss by a single obstacle I', — oo
[101] and thus even a presence of single obstacle may break the connectivity of the given
mmWave link. Later, I fjl is computed by making use of this fact. This implies an LOS path

is required between two D2D nodes for successful communication.

4.2 Problem Formulation & Probabilistic Model

Suppose a mobile node i transmits at time ¢ to another mobile node j (relay or destination
node) by forming a link (4,7). The transmission takes place for At duration till the next
time instance t + 1. The link may be disconnected due to mobility of the nodes or may be
blocked by some obstacle during this At duration. Let us define efj as a Boolean variable
whose value is 1, if there is an edge between nodes i and j at time ¢, and 0, otherwise.
Here an edge between two nodes represents that they are within the communication range
of each other and there is no obstacle between them. Our problem is to find out those links
which are connected at current time instant ¢ (i.e., egj = 1) and have the higher probability
of being connected for the next time instant ¢+ 1 while the communication takes place. Our
objective is to maximize the expected data rate while taking care of packet loss and average
delay. For a given node i, we want to find a node j € adj!(i) for relaying the packets such

that the following objective is satisfied:

arg max E[Cffl],j € adj'(i) (4.2.1)
J

where, E[-] denotes the expectation, Cf;rl denotes the capacity of link (i,j) at the next

time instance t + 1. Thus E [Cf;rl] signifies the expected data rate available till next time
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instance t+ 1. Let us define 5;;1 as the probability that link (7, j) will be connected at time

t + 1 given it was connected at current time instance t:
&= Plett =1lef; =13}, V(i,j) € E". (4.2.2)

Now, we can write E [C’f;r = §t+1 Ch + (1 ftH) . We know that with probability
(1 §t+1) link (7, j) is going to fail at the next time 1nstance t+ 1, hence C’it;rl = 0. Hence,
our objective reduces to:

E[CH = ¢ (4.2.3)

{t'H captures the link breakage probability during the transmission time At considering

nodes mobility as well as static and dynamic obstacles for the upcoming time instance t+1.
Note that fffl is computed at current time instance ¢. It is evident that e i Land et ;j are
independent as nodes 7 and j are moving independently and also K obstacles are moving

independently of each other. The independence of et+1

and efj also arises from the fact that
even for two static nodes ¢ and j which are Connected at time ¢, may get disconnected at
upcoming time instance ¢t + 1 due to blockage from independently moving obstacles. Hence

we may reduce equation (4.2.2)) to:
EH = Plelft =1} (4.2.4)

To satisfy equation (4.2.4), the SNR received at node j from node i must be greater
than a minimum threshold S’fjh The threshold Sfjh denotes the required SNR of the given

link (7, j) depending upon the type of communication used (e.g., voice, video call etc.). So

equation (4.2.4) reduces to:

Since Sf;rl is a function of QZFl, for the upcoming time instance ¢+ 1, Sf;rl depends on

(i) plt'H and (ii) ppfjl Now we can compute ppg;-rl using the indicator random variable I fJ'H
as stated in equation (4.1.1)). Hence we can express equation (4.2.5)) as a joint distribution
of plt'H and It'H.

where k;; is the threshold on received power to satisfy the given data-rate requirements and
1 f{rl indicates that the link is not blocked in the upcoming time instant ¢+ 1. We can write

equation (4.2.6) as a conditional probability expression:
& = Ppl] t+1 > k|l = 0)- P(IG = 0) (4.2.7)

The first term of right hand side in above equation signifies the probability of packet loss due
to node’s mobility when there is no obstacle and the second term takes care of probability

that whether any obstacle interferes with the given link till the next time instance ¢ + 1.
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Now in subsequent sections we will show how to compute these two terms.

y-axis

* >

BS (0,0, zps) x-axis

(i) Side-View (ii) Top-View

Figure 4.2: Position and orientation of UEs for side and top views with respect to BS.
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Figure 4.3: Representation of path of movement for UEs and dynamic obstacle.

4.3 Analysing Effects of Mobility and Obstacles in Relay Se-

lection

We are exploiting the information from the radar linked with the BS to locate the UEs and

moving obstacles. The positions are first find out and P(plfjl > Kij| 1 f;rl = 0) is computed

based on it. Then using geometrical analysis, we compute P(If;r 1 - 0). Finally, we develop

an algorithm using the analysis to determine the best relay node among the potential relays

considering both static and dynamic obstacles.



CHAPTER 4. NETWORK ASSISTED D2D RELAY SELECTION UNDER THE PRESENCE OF DYNAMIC
OBSTACLES

4.3.1 Finding Positions and Movements of Nodes and Obstacles

BS will store the location of moving UEs and obstacles using the analysis as shown in figures
[4.2{(1)-(ii). Figure[d.2]i) shows the side-view and figure ii) shows its top-view indicating
distance dﬁj between nodes i and j. BS of height zpg is located at (0,0, zpg), nodes i & j
are located at (xl,y!,2!) & (l’;, y;-, zg) at time ¢ respectively. We can find out the positions
of node 1:

t_ ot b pto ot ot ¢ ot _ taio ot
x; = r; cosa;sin B y; = r; cosq; cos f;; 2, = zps — 1y sin oy

Similarly we can compute the positions of static and dynamic obstacles. Once the respective

positions are known, we need to analyze if the links formed at time ¢ are going to be

obstructed by any obstacle for At time duration till the time instance ¢ + 1 or not. To

do so, we need to look into the path of a moving object (UE or dynamic obstacle) for At

duration as follows: a moving UE 7 positioned at T at time ¢ will move with velocity V;' for

duration of At to arrive at new location TZ-H' at time ¢t + 1. This movement for a short time

duration At is a straight line as shown in figure (1) The equation of this line segment is:

— - —

po T 4 (L= p) - T =T (4.3.1)

where, ¢ € (0,1). Similarly the motion path of a dynamic obstacle k € K as shown in figure
[4.3(ii) can be written as: .

%
[ - T,ﬁ*i +(1—p) - TL=TH (4.3.2)

where, 1 € (0,1). Static obstacle [ € R is assumed to be positioned as ﬁ which is stationary
Tf+i and T]tJri

plﬁjl for a given realization of 1) and respective PLEs. Hence P(plfjl > /iijuf;_ ' = 0) can

throughout the experiment.
We can compute dﬁ;ﬁl using Then using this value, we can compute

be computed as:

1, if pli;_l > Kij

P(plif! > wy| I = 0) = (4.3.3)

0, otherwise.

It signifies the minimum received signal criteria between UEs to satisfy the respective min-
imum data rate requirement of link (7, 7) given that there are no interfering obstacles. In

the next section, we will compute P(I{;rl =0).

4.3.2 Analyzing Blockage Due to Obstacles

We must capture the location of static obstacles and motion path of dynamic obstacles in
order to find P(Iffl =0) as:

Pt =0) =] I - P - Pini- (4.3.4)
leR keK
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where pfc is the detection probability of dynamic obstacle k£ € K at time t. Pf;f and Pmt
are the probabilities that the link under consideration is not blocked by any of the obstacles
in the set K and R respectively. Here pi can be computed as stated in section We will
now calculate PfﬁC and PZJ"'E for various possible cases.

4.3.2.1 Both nodes are stationary

ﬂ — ﬁ
I-ZH* and Tj]t _ Tt+

— —
In this case, for nodes i and j, T} = ;" and hence the equation of line Tj;

connecting them can be expressed as:
=
po T+ (L—p) - T =Ty, Ve (0,1). (4.3.5)

Now we need to capture the potential obstacles which might hinder the communication
between nodes 7 and j posmoned at Tt and Tt If none of the static obstacles [ € R
positioned at Tz satisfy equation (4.3.5)), then ng = 1 otherwise Pm’f = 0. For all dynamic

obstacles k € K, we have to find whether the equation of their motion path k t (equation
H
(4.3.2))) intersects with Tj; (equation (4.3.5))). Hence we can find,

H %
1, if TA! do not intersect T;j,Vk € K

Pfﬁg _ (4.3.6)
0, otherwise
: Rest frame L
node i ;. f3} d. 5]\ ode j node i gt ili { node j
TN CER T sa——— VG @) Tt g - T,

2

N Lo _\At- VY
At-Vif-----F-mo o1

————————————— Tt+i

——————— j
t+17, Lt
Tt ( j 7?/] ) ] )
ety o
k
Obstacle k

(i) (i)
Figure 4.4: (i) Representation of both nodes moving in a skew path and obstacle k (ii)
Relative motion of node j and obstacle k relative to node i.

4.3.2.2 One of the two nodes is moving

Let us assume that node i is stationary node and j is the moving node. We can categorize

it into two cases: first is a special case when the BS detects that node j is moving towards
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or away from the statlonary node ¢ where the angle of movement is 180° or 0° respectively

with respect to line TtT ¢, In this case, node j’s movement forms a straight line with respect

T

—= ) )
again if none of [ € R satisfy line Tij‘.t, then Pfﬁ = 1 otherwise Plf‘ﬁ = 0. For dynamic

to the stationary node ¢ for duration At denoted as TAt = . For static obstacles

obstacles, we need to find out if any obstacle k € K blocks the comgmication between

nodes ¢ and j by verifying if k’s motion path equation TkAt intersects Tij‘.t or not. Thus for

dynamic obstacles we can compute:

. 1, if TAt do not intersect TAt,Vk eK
Pt — K (4.3.7)
0, otherwise

The second case is described when node j moves at angle relative to node 7 other than
that from the set {0°,180°}. This case is described in figure (iii) Initially at time ¢,

node j is inside the range of node i at a distance of dt when no obstacles were present. By
the next time instance ¢ + 1, node ] will cover a distance of At-V} from its initial point Tt

-~ —
As mentioned in equation (4 TAt T;T;

movement of node j for the durat10n of At time. In the mentioned figure, arrow denotes

denotes the line segment representing the

the direction of motion of node j. The shaded region denotes a bounded region Bz%t formed

o TE T o+
by three vertices T3, T} and T;
in 3D Euclidean space, points in Bi%t are coplanar and the equation of the plane denoted
as PPt is:

during time At. Since three points define a unique plane

(@A Ty (@ T < (1 - Ty =0 (438)

where X denotes vector cross product, %;A—% denotes the position vector (zf,y!,2!). The
shaded region covers the entire possible area where communication between nodes ¢ and
7 takes place. We also call this region B%t as the communication region which might be
vulnerable due to presence of obstacles. For static obstacle [, VI € R, we need to check if
point ?l satisfies equation or not. If it does not satisfy then there is no blockage
from it. Otherwise, we need to check if it lies inside the bounded region B@t or not. If it
lies inside then P;ﬁ =1, otherwise Pjﬁ = (0. For each dynamic obstacle k € K, we need to
check whether the line segment 7? intersects with the given plane PlAt in equation .

For this, we need to consider three possible cases:

—

1. TkAt does not intersect with plane PlAt and in this case is parallel to plane.
—

2. TA! lies on plane PP

A . A . . .
3. T intersects plane P on a point. In this case it crosses the plane.

Let us say A represents the unit vector (direction vector) of the line representing the

— = = =
obstacle’s movement (77 At) and WA = (TtJr —T}) x (Tjt —T!) denotes the normal vector to
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plane PlAt. To categorize all the above mentioned cases, we need to find the dot product of
l;:i and 7“, if it is 0 then @At and k2! are orthogonal and hence the plane is parallel to
TkAt. In this case there are two possibilities, first TkAt may lie outside plane and is parallel
to the plane (case i) and second when T,CAt lies on the plzge (case ii). To further distinguish
between these two, we need to find dot product of (I} —T}) and WA, If this value is 0 then
line is contained in the plane (case ii) otherwise line is outside the plane (case i). For case
i, when line TkAt is outside the plane and parallel to it then obstacle k does not interfere
with the communication region. For case ii, TkAt lies inside plane PlAt and hence has the
possibility of interfering with the bounded region (which is the cgglmunication region). Now
in this case, we need to figure out if obstacle’s line equation TkAt lies inside this region or

not. To check this we perform the following two step procedure for all the dynamic obstacles
ke K:

—
step a. Check if moving obstacle’s line equation 7} kAt intersects with any of the three sides

——= S S
of the bounded region B2, i.e., TitT;, fl’i'fil}'-”r or T;T;Jr )

step b. If step H is successful, it implies obstacle k interferes with Bz-%t. Otherwise, we need
—

to check if line T/ is either completely inside or outside B@t. For this, we will check

T,ﬁﬁ

inside or outside Bi%t. If that point lies inside then whole line segment describing the

%
for any one of the points either T} or of motion path of dynamic obstacle k lies
motion path of dynamic obstacle lies inside Bz%t otherwise it lies outside. If it lies
inside then it interferes with the communication region during At time, otherwise

not.

For case iii, if the dot product &2! - 74 is not 0 then line ?At crosses plane Pt and they
intersect at one point (case iii). We need to check if this point of intersection lies inside
bounded region B%t. If so then obstacle k interferes the communication region of nodes
i and j, otherwise there is no interference. Based on above discussion, we can calculate
P(If;rl = 0) as follows:

—
1, if T2 do not inter fere Bi%t,Vk eK
(4.3.9)

0, otherwise

4.3.2.3 Both nodes are moving

In this case both nodes 7 and j are moving from time ¢ to ¢+ 1. Based on their relative angle
of motion we can categorize them into two cases, first when they both are moving towards
or away from each other (relative angle of movement € {0°,180°}). This case is similar to
that of the previous section except here node i is also moving. But here too, both nodes
will form a straight line and hence we need to simply check if any obstacle is intersecting

it. Hence this is solved in similar way as mentioned in the previous section.
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For the second case when nodes ¢ and j are not moving towards or away from each
other, there are two possibilities: case i) all four points are co-planar and case ii) they are
not co-planar. Case i) is formed when either both nodes ¢ & j are moving parallel to each
other or when they are intersecting each other’s motion path. The path formed by them
is not co-planar when the respective equations of their motion paths are skew (i.e., they
neither intersect nor are parallel to each other) as shown in figure i). To check for this
categorization, we need to form a plane equation with any three points out of the given
four points and then check if the fourth point lies inside this plane equation or not. Now
to check whether an obstacle interferes with the communication region, we will first give a
solution for the non co-planar case and th_e)n genelﬂge it to the co-planar case.

For case ii), where motions paths TiAt and TjAt are skew, we compute the relative

position and velocity of node j with reference to the other node ¢ which is kept at rest.
¢

Jlé
;‘i = 73 — 75, where the magnitude speed is denoted as Vf‘z This is shown in figure
4.4(ii) which is reduced from figure [4.4]i), where node j is moving with reference to the
¢ ¢
ilir * i
the equation of a unique plane which will give a new communication region bounded by

Relative position is computed as ? = ?3 — ?f and relative velocity is computed as

fixed node 4. This in turn gives three points and ?El from which we can form
these three points. We will also compute the relative positions of all static and dynamic
obstacles and relative velocities of dynamic obstacles with respect to the fixed node 7. Now
this reduces to the problem of verifying if any of these obstacles are interfering with the
communication region. This verification can be done exactly as explained in the previous
section.

Using same approach we can proceed for case i) when the four points are co-planar.
The only difference that arises here is that the resulting relative positions lie in the same
plane which contains all four points. Whereas, for the non co-planar case the resulting
relative positions might shift the plane according to vector difference of their velocities and

positions. Using these analysis, we now give the relay selection algorithm.

4.3.3 Relay Selection Algorithm

Using the above analysis, we present our dynamic-obstacle (D-Obs) based relay selection
algorithm in algorithm For a given sending node 7, we will choose the relay among
the nodes in adj!(i) which gives the best expected data rate. The probability that a link
connected at current time instance ¢ is still connected for the next time instance ¢ + 1 is
calculated from the analysis section which considers all the possible cases of movements of
UEs and moving obstacles as done in line |5, From line we get the relay node (denoted
as chosen_j) with the best average data-rate. Function begin_transmission(i, chosen_j)
transmits the data from node i to the chosen relay node chosen_j. This process repeats for
all sending nodes i € N*'. Line[5|takes O(R+ K) computation time for a pair of sending and

relaying nodes, where R and K are number of static and dynamic obstacles. For a given
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sending node i, to choose the best relay node, our algorithm takes O(n(R + K)) running

time, where n is the number of adjacent nodes to node 3.

Algorithm 5: D-Obs Algorithm
input : G(N', E).k;;, K, R
1 for Vi € N' do

2 if i is sending node then

3 mazx_j = 0;

4 for Vj € (adj'(i)) do

5 temp = P(plf;rl > /iij|lit;r1 =0)- P(Ifj+1 =0)-Cf;
6 if max_j < temp then

7 mar_j = temp;

8 chosen_j = j;

9 end

10 end

11 begin_transmission(i,chosen_j)
12 end
13 end

4.4 Experiment and Results

4.4.0.1 Simulation Environment

We are initially distributing 30 UEs uniformly in a 200 m x 200 m square area. Throughout
the experiment these nodes remain within the service region. For simulation purpose, we
assumed that UEs and obstacles are placed on the ground (i.e. x-y plane) ignoring z-axis.
Each node is moving with speed uniformly in range [0, Viaz] m/s, for V.. € {5,10,15,20}
and angle in range [—m,7|. In the experiment, At which is measured in seconds, takes
value from the set {0.5,1,1.5,2}. Nodes are using directional transmitter and receiver
antennas for 60 GHz frequency with L, = 4, such that G, = G; = 6 dB and we are
considering a scenario where LOS PLE is 2.5 and zero mean log-normal shadowing random
variable with standard deviation 3.5 [10, [106]. Thermal noise density is —174 dBm/Hz
[103] and devices are using 18 dBm transmit power. Capacity of each link (7,7) at time ¢
is Cf; = B-logy(1+ SL;) bits/sec, where B = 20 M Hz is bandwidth and SNR threshold Sf!
is taken to be 20 dB [107]. We are assuming fixed packet length of 65535 bytes. There are
static and dynamic obstacles initially distributed uniformly in the environment. Number
of static obstacles R = 10 is fixed throughout the experiment, whereas number of dynamic
obstacles K varies in range {0, 10,20, 30}. For all of the cases, dynamic obstacles are moving
with a speed uniformly distributed in range [0, 10] m/s. Radars are deployed in the region
with Agp = 0.001 [37]. We assume a single source-destination pair for simplicity and all

other devices may act as relay. We are comparing the results of our algorithm with metrics
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based on RSS and a contention based forwarding (CBF) approach [I08] which select relay

node based on signal strength and shortest distance from destination respectively.
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4.4.0.2 Experimental Results & Analysis

We have written our own C++4 custom code and run them on a GNU 4.8 compiler on Intel
core ¢7 machine using the simulation environment mentioned in previous section and taken
the average of the results of about 10000 runs.

Figure depicts the effect of varying K on average throughput keeping other parame-
ters fixed as mentioned in the figure. Average throughput decreases rapidly for RSS and CBF
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based approaches as compared to D-0bs algorithm, because both of them neither consider
mobility nor obstacle and forward packets solely based on signal strength and distance from
destination respectively. As a result the packet loss is also very high in both RSS and CBF
based approaches as compared to D-Obs algorithm as shown in figure Packet loss in
CBF approach is higher than RSS because it chooses a relay based on its closer distance to
the destination in which case the chosen relay UE can be far from the transmitting UE which
may increase the chance of blockage from static & dynamic obstacles. Also signal strength
could be low causing a high end to end delay if packet loss occurs.

Figure depicts the effect of varying network load on average throughput keeping
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other parameters fixed as mentioned in the figure. Here again average throughput for both
RSS and CBF based approaches are lower as compared to D-0Obs algorithm, because of the
same reasons as mentioned above. As the number of packets to be sent increases, the chance

of packets loss also increases due to mobility as well as obstacles which is shown in figure

4. 10)

Figure depicts the effect of varying V4, on average throughput keeping other pa-
rameters fixed as mentioned in the figure. Here as the speed increases, the performance
of RSS and CBF deteriorate more rapidly as compared to D-Obs because with higher speed,
nodes can move longer distance giving more chance for static and dynamic obstacle to in-

terfere with them. Higher speed also causes more packet loss due to mobility as nodes may
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go out of range of each other quickly. The corresponding packet loss graph is shown in
figure

Figure depicts the effect of varying At on average throughput keeping other parame-
ters fixed as mentioned in the figure. Here also, we can see that increasing At results in poor
performance of RSS and CBF compared to D-Obs. This is because, with higher At, nodes
can move longer distance causing increase in chances of blockage by static and dynamic
obstacles which in turn causes more packet loss. Also longer distance may cause packet loss

due to mobility. The packet loss graph is shown in figure
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4.5 Conclusion

We formulated the problem of relay selection by capturing the effects of both obstacles
and node’s mobility. We optimized throughput by taking care of packet loss and average
delay. To capture the motion of dynamic obstacles, we leveraged the radar employed with
base station which would detect them with certain probability. Later, we used geometrical
analysis to derive unique solutions for computing the best relay node. In simulations, we
have shown the effects of both obstacles and node’s mobility on throughput as well as packet
loss. Results show that D-0bs outperforms other classical algorithms by appropriately

capturing the effects of obstacles and node’s mobility.



Chapter 5

Network Assisted D2D Relay
Selection in the Presence of
Dynamic Obstacles with Unknown

Orientation

In the previous chapter, we saw that the mobility parameters of dynamic obstacles, if
not captured efficiently, might cause packet loss, delay and hence deterioration of QoS.
Therefore, in order to capture the effects of these arbitrary moving obstacles, instantaneous
position and velocity (speed and orientation) of UEs and dynamic obstacles must be tracked.
However, a dynamic obstacle’s motion is hard to predict as they are not connected to the
BS. In contrast, UEs are well connected to the network and can periodically send their
movement information to the BS with very high accuracy. Even though speed of dynamic
obstacles can be measured with some accuracy, their orientation might be unknown or
very difficult to measure. The change in orientation of movement might be very rapid as
compared to that of change in speed for a small time duration. Solutions using smart
antennas at blockages to divert communication through moving obstacles was provided
by the authors in [68], however it might not be possible to place such antennas on every
moving obstacle. Radars might be employed [36, 37], or vision cameras might be used [38]
to capture the mobility related parameters of these obstacles. However, sensing the speed
of these obstacles with very high accuracy is much easier compared to their orientation
of motion as orientation in motion may change rapidly and arbitrarily comparatively to
the change in speed of their motion. Machine learning techniques can be used to predict
the blockage by such moving obstacles [14], however, these models need to be re-trained
again when there is a change in dynamic obstacle’s motion pattern, which would consume
significant time. Hence there is a need to study the movement of dynamic obstacles which

will capture the uncertainty in network parameters posed due to unknown orientation of

62
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dynamic obstacles. In the previous chapter, we did a probabilistic analysis using geometry
to devise relay selection techniques considering dynamic obstacles, however the uncertainty
in obstacle’s orientation was not considered.

In this chapter, we are investigating the relay selection problem in network assisted
mmWave D2D communication where dynamic obstacles have unknown orientation. An ap-
propriate UE acting as relays has to be selected considering the effects of dynamic obstacles
on mmWave D2D links in order to maximize data rate by minimizing packet loss and delay.
Here speed of UEs and obstacles are known at the BS but instantaneous orientation of
dynamic obstacles are unknown to the BS. The information of mobility parameters of UEs
for the next time instant is propagated to the BS at the current time instant. A geometric
interpretation for the problem is given which further elaborates the formulated problem.
Later, a probabilistic analytical framework is developed using geometry to compute block-
age probability across all possible scenarios of movements of UEs. This analysis is then
used in devising a relay selection strategy.

System model and problem formulation are given in Sections and respectively.
Link blockage probabilities analysis is done in Sections and The relay selection
algorithm is given in Section Simulation results and conclusions are given respectively

in Sections [5.6] and [7.5]

5.1 System Model & Notations

We are considering a service region equipped with a millimeter wave base station. Time is
discretized as t, t + 1, t + 2,--- and At is the small time difference between ¢t and ¢ + 1.
A graph G' U B is used to represent the service region, where G* = (N', E') represents
network graph where E' is set of edges among UEs which are also termed as nodes (N?)
at time instant t. Here B represents a singleton set signifying the BS which assists the
D2D communication among nodes. We are using the operator controlled scenario of the
device-tier of 5G D2D architecture mentioned in [I]. We are assuming that UEs take part
in D2D communication using out-band or in-band overlay scenarios such that they are not
interfered from the cellular users. E? is the set of all edges which represents links between
the nodes which are in transmission range of each other at time ¢ and adj’(i) is the set
of neighboring nodes of the node 4,Vi € N! at time t. Here, (i,j) denotes the D2D link
formed between nodes i and j. At time ¢, each node i € N is moving with certain speed
V! and orientation 6! till time ¢ + 1. Position of the nodes i and j at time t are denoted as
?’; : (2t y!) and 7; : (mé, yﬁ) respectively. Nodes are moving independently of each other
and the links among them are formed independently of each other. It is assumed that at
time instant ¢, BS knows nodes’ speed, position and orientation with very high accuracy as
the nodes are connected to the BS. However all of these parameters are subject to change

with time. It is assumed that the acceleration is 0 for At time duration (speed is unchanged
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for At duration). Let us denote d;?j as the Euclidean distance between node ¢ and j at time
t. Their respective speed and direction are V! & Vjt and 60! & 9§~ at time ¢.
A link (i,7) € Et,Vi,j € Nt is formed between transmitting UE i and receiving UE j if

the signal to noise ratio (SNR) denoted as Sffl, is above a required data rate threshold S’fjh

Qi
Nip ?
is the received signal strength (RSS) at time ¢ + 1 at node j from node ¢ which can be

We can write Sf;rl =
i+l
ij

computed as [99] [100]:

where Ny, is the thermal noise and is assumed to be constant.

do \"” 1
t+1 _ pt 0
v ‘H'ﬁ'<d§ﬁ> v, 10

where P! is constant transmitted power from node i at time ¢, &8 = G - G, - (ﬁ)2 is a

unit-less constant, G; and G, are the constant antenna gains at the transmitter and receiver
t+1
ij

is the distance between nodes i and j at time ¢ + 1, p is the path loss exponent (PLE) and

respectively, A is the wavelength, dy is a reference distance for the antenna far-field, d

1 is the shadowing random variable which can have any well known distribution p, (e.g.,
log normal distribution [99]). T', is the penetration loss from the blocking obstacle. We
are assuming that the penetration loss by a single obstacle I', — 0o and thus even a single
obstacle may break the given mmWave D2D link. Hence LOS communication is required
between any two D2D nodes. Initially, transmitter and receiver are assumed to be perfectly
aligned at any given time and ready for communication [10].

There are a total of K dynamic obstacles in the service region which belong to set

K=1{1,2,---,K}. A given link (7,j) formed at time ¢ can be obstructed by any dynamic

obstacles £ € K during At duration till time instant ¢ + 1 with certain probability pﬁ;
(which is computed in the analysis). A dynamic obstacle k is moving with speed V! at
time t and assumed to be a point object along with nodes for the sake of analysis. The
orientation angle of obstacle k is denoted as 6! and is unknown at current time instant ¢.

It is chosen uniformly in [—m, 7] with pdf:

We define Iff 1 as the random variable indicating link (i,4) obstruction by the obstacles
present in the service region. Since each obstacle k has a probability pzz of interfering

with a given link (7, j), we can say:
K
P =0) =[] -p1)) (5.1.2)
k=1

If P(Iit;L - 0) = 1 then the link (4, 7) is not obstructed by any obstacle for the upcoming
time instant, otherwise the link is obstructed by at least one obstacle k € K with some

positive probability.
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Now let us define few more notations: {ZH is denoted as the conditional probability

that link (7, j) is active at time ¢ + 1 given that the link was active at time ¢. Let us define

t
]

t, and 0, otherwise. Now§

as a Boolean variable whose value is 1, if there is an edge between nodes ¢ and j at time

t+1 can be defined as follows:

&= Plett =1lef; =13}, V(i,j) € E". (5.1.3)

Here 531 computed at the current time instant takes care of the nodes mobility as well as
dynamic obstacles for the upcoming time instant ¢+ 1. This in turn depends on Sitj‘.*'l which

is varying due to mobility of nodes and dynamic obstacles.

5.2 Problem Formulation & Probabilistic Model

A node 7 transmits some data to another node j at time ¢. The link (¢, 7) is established at
time ¢ which was free of any obstacles, however it may get blocked by some moving obstacle
while the transmission is in process during At duration till time instant t + 1. We are
considering the problem of choosing the best D2D direct/relay nodes locally at current time
instant ¢ such that the local throughput at each node is maximized while considering the
nodes’ mobility as well as dynamic obstacles in the mmWave channel for the upcoming time
instant ¢t + 1. Speed and orientation of nodes are known, however, only speed of dynamic
obstacles are known but their orientation is unknown at the BS. The presence of dynamic
obstacles in a given link may break the connection for the upcoming time instant ¢+ 1. For

a given sending node i € N, we can formally write the objective as:

arg max E[Cffl],Vj € adj' (i), (5.2.1)
J

where E [C’f;rl} denotes mathematical expectation of capacity of link (4, 7) till the upcoming
time instant ¢+ 1 which can be expanded as E[Cf]“] §t+1 Chi+(1— §t+1) 0, where §t+1
the probability that the link established at time ¢ will still be connected till time t+1. Hence
we can say that with probability (1 §t+1) ij = 0. This is because if link is disconnected
then the capacity of that link is zero. Hence we can say that F [Cf;rl] §t+1 . Links
among nodes are formed independently, nodes and obstacles are moving 1ndependently and
also it is given that at time ¢, link (4,7) is connected, i.e., P(Sj; > Sp) = 1. Hence, we
can say §t+1 (St+1 > Sin), where P(St‘H > Sin) represents the probability that Sffl is
greater than the required data rate threshold Sy,. This signifies that for a successful link
formation, the SNR received must be greater than a minimum threshold value Sy, till the
next time instant ¢+ 1. We know that Sf;rl is a function of Q;‘fj+1 which in turn is a function
of df;rl and If;l. The indicator function Ifj ! captures the blockage of link (4,5) by any

obstacles from time ¢ till time ¢t + 1. Keeping all others terms in ijﬂ constant, we can now
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say that for a successful link formation, 5?1 is reduced to:
¢t = p(diit <4, I =0) (5.2.2)

where 7 is the threshold on distance between nodes ¢ and j denoting the maximum permis-
sible distance between them to form a communication link. We can reduce equation (5.2.2))
as:
1 1 1 1
o =P <AL =0)- PG =0) (5.2.3)

In the next section, we will show the computation of ¢! for a link (7,7) at time ¢ till

ij
upcoming time instant ¢ + 1. Now we will show the geometrical interpretation of §Z-H.

Geometrical Interpretation of 5;;1

First term P(dﬁjl < ’y\[fjl = 0) of equation represents the probability that link
(i,7) is connected till time ¢ + 1 given that there are no obstacles present. This implies
that node 7 must not go out of communication range (distance at-most 7) of node i for
time duration At (from current time instant ¢ to next time instant ¢t + 1). The area of
communication region of nodes ¢ and j during At time duration which is susceptible to
blockage by obstacles is called the vulnerable region. All possible scenarios of vulnerable
region is shown in Figure We also denote line segment as ?fj which is formed by end
points ?f and ?; The parametric equation of this line segment is:

T = AT+ (1-NT (5.2.4)
where, A € (0,1). Similarly, we can define ?ik for line segment formed by end points ?f
and 7',2 Also the line joining points ¢ and j is denoted as the line ij.

The second term P(Iff L'=0)of ff;-rl represents the probability that link (¢, ) would not
be obstructed by any obstacle. For a given obstacle k& € K, speed of obstacle is known and
its orientation is unknown, hence obstacle k centered at ?t, may go anywhere in [—m, 7]
represented by C'kAt as shown in Figure (a). The example is shown for a specific case
where node i is static and node j is in motion. However, this may be extended to the other
general cases mentioned in Figure In the given example, obstacle k may obstruct link
(i,7) if it lies inside vulnerable region of nodes i and j. The probable movement of obstacle
k is represented as a circle of radius V) - At (denoted as CA2?) as shown in Figure (a).
The circle C'kAt is centered at T,ﬁ : (x};, y,’;) whose equation can be written in parametric form
as:

2ttt = 2t + (VEAE) cos(6); vt = yh, + (VEAE) sin(6},) (5.2.5)

where 0}, € (—m, 7).
Figures [5.2(b) and [5.2)(c) shows two different realizations at time instant ¢ + 1 of the
obstacle’s movement presented in Figure a). In Figure (b), obstacle do not interfere
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(d) (e)

Figure 5.1: Schematic representation of vulnerable region when (a) both node are static, (b)
one of the nodes is moving and (c)-(e) both nodes are moving. Bounded region represents
the communication zone which constitute the vulnerable region.

with the link (7, j) for duration At. However, in Figure [5.2c), obstacle is interfering with
the link (7, j) for duration At and thus causing packet loss and delay. Here we assume that if
an obstacle’s path lies inside the vulnerable region then the obstacle would block that link.
Now in next section, the respective probabilities P(dﬁ;-r1 < ’y\Ifjl =0) and P(IfjfH =0) are

computed using geometry for all possible cases.

N
Non-Blocking
Vulnerable Region  p7
1 L ]
1 j Motion of k at time ¢ + 1
At
Ci (b)
N
Obstacle’s probable S
region of movement "
] L ]

(a) (c)
Figure 5.2: (a) Vulnerable region shown for a specific case where node i is static node j is

mobile. Non blocking and blocking realizations of (a) is shown respectively in (b) and (c)
at time ¢ + 1.

5.3 Computation of P(dj!" <~|I/! =0)

We will compute the probability of link (¢, ) connectivity till time instant ¢ + 1 given that

there are no obstacle present.
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If nodes i and j are static then distance between them is constant for At duration. If
they are already connected at time ¢, they would be connected till next time instant ¢ + 1
given that there is no obstacle. Hence, for this case P(dﬁ;rl < 7|If;r 1= 0) = 1 otherwise it
is 0.

For both the cases, when node i is static and node j is moving and the case when both of
them are moving, initially at time ¢, node j is inside the range of the node 7 at a distance of
dﬁj < 7. During At duration, node j may get out of communication range depending upon
its movement. Since we can find out dfjH for the next time instant ¢ + 1, the probability of

nodes ¢ and j going out of each other’s range can be calculated as follows:

1, ifdft <~y

P < AT =0) = (5.3.1)

0, otherwise.

5.4 Computation of P(I[}' = 0)

To compute P(If;r 1 = 0), we need to take into account the effect of each obstacle k € K on
the given link (4, 7) during time duration At which is given by the probability p};ﬁ Nodes
i and j are positioned at ?f and ?E respectively. Obstacle k € K positioned at ?'}g can
lie anywhere on circumference of the circle CkAt at time ¢ + 1 which denotes its probable
movement. We need to check if the given vulnerable region under consideration is affected
by the obstacle’s probable movement and then compute pzz for all possible cases. The
analysis computing the probability of blockage is shown for just one obstacle k. However,

same analysis is applicable for all obstacles as they are moving independently.

One point intersection with Tfj X Dynamic Obstacles

|
I

! . . . . ‘

Two point intersection with Tj; - N
|
I/
I/
!
x

Regions of 1-point instersection

Figure 5.3: Both nodes ¢ and j are static.

5.4.1 Both nodes are static

Here the two UEs ¢ and j are static (shown in Figure [5.3]) and are initially connected at

time instant ¢ through link (4,7) represented by line segment Tﬁt as aforementioned in
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equation . Similarly, the equation of circle showing possible movement of obstacle
k for duration of At time is given in equation . After solving equations and
for A\, we get number of intersection points of circle Ck,At with the line segment Tfj
(when A € (0,1)). Let us define this number of intersection points as ¥ which may take
values in {0,1,2}. 1) If the value of ¥ is 0 then obstacle £ may or may not interfere with
link (4, j) for At duration depending upon if both 7} and Tjt lie inside circle C’kAt (defined as
indicator random variable F = 1) or not (F = 0). 2) If ¥ is 1 then obstacle k interfere with
link (i, 7) for At duration and intersect at one point on the line segment Tfj 3) If ¥ is 2 then
obstacle k interfere with link (4, j) for At duration and intersect at two points on the line
segment Tfj Note that ¥ wont be greater than 2 since a line can cross a circle at at-most 2

points. The probability of blocking the link is computed in the following Proposition [5.4.1

t
Hy 4

UV=0F=1 x Dynamic Obstacles

Figure 5.4: Computing blockage probability for both node static case.

Proposition 5.4.1. For a given link (i, ) between static nodes i and j, blockage probability
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p?‘ll due to obstacle k € K with unknown orientation is given by

t
cos ™! <H‘I;t”>
k
_ U =
T
H Ht
. abs <(—1)“ cos! (rmn@llz,:,]d;k)> + cos™ ! ( "; >>
+ _ J—
Prij = o ;o U=1 (5.4.1)
t t
abs ((—1)1’0031 (Hdktk”) + (=1)¢cos™! <IZ’§:>)
' ! U =0,F=1
27
0, U=0F=0

where H};J-j s the Fuclidean distance from T,ﬁ to the line segment Tfj, abs(-) denotes the
absolute value function. Here a is 0 or 1 depending upon whether Zkxy is acute or obtuse
respectively, where x=i and y=j if d}), < d;k, otherwise x=j and y=i. Similarly, b is 0 or
1 depending upon whether Zkij is acute or obtuse respectively, and c is 0 or 1 depending

upon whether Zkji is acute or obtuse respectively.

Proof. Figure[5.3shows all possible scenarios when both UEs are static. Appropriate posi-
tions of the dynamlc obstacle k is shown with respect to ¥ which is the number of points
of intersection of line segment ?%t with C’kAt. The analysis for respective cases is shown in

figure

For the case ¥ = 2, blockage probability can be computed as: p.':

ki;=¢/m. Now we can

H ..
derive ¢p=cos™! (Vf*A”t), where, H,tC i; a8 defined earlier, is the shortest distance of point ?fc
f g

from line segment Tfj Hence

Hy
J
t+1 cos (VtAt)
Dy ij T :
—

Similarly, for the case when ¥ = 1, if T is inside Ci! then probability of blockage is

)

abs <(—1)“ cos™1 (Iiltt ) + cos™! (fg“&))
o '

Here, a = 1 if Zkij is obtuse, otherwise, a = 0 and abs(-) denotes the absolute value
function. If for this case (¥ = 1), ?jm is inside CkAt then probability of blockage is

ans( (-1 o5 (%) 4 eos (7))

jk

2T

Here, a = 1 if Zkji is obtuse, otherwise, a = 0.

Proceeding in the similar manner for the case when ¥ = 0,F = 1 as shown in Figure
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the probability of blockage can be directly computed as

ik ik

2

abs((—l)bcos_1 (};%’ij) + (=1)¢cos™! (i’%”))

Here, if Zkij is obtuse then b = 1, otherwise b = 0. If Zkj¢ is obtuse then ¢ = 1, otherwise
¢ = 0. Note that, if one of the angle Zkij is obtuse then other angle Zkji would be acute
and vice versa. Note that both angles could not be obtuse (thus, @ and b must not take
value 1 simultaneously). However note that both angles may be acute (thus, a and b can
take value 0 simultaneously).

For the case when ¥ = 0,F = 0, probability of blockage is 0, since obstacle k is not
going to interfere with the link (4, j). O

5.4.2 One of the node is moving

Counter
C Clockwise

1 B

A/B @2 Py

Clockwise  |m
AT R1 <Y
@ h

(a)

Figure 5.5: (a) Direction of point C with respect to line AB (b) All possible sub-regions
when one of the nodes is moving and form a triangular communication zone. (c¢) Specific
case where obstacle k residing in sub-region R; may block the communication zone from
two sides [; and l3 of the triangular vulnerable region.

In this case, node ¢ is static and j is moving with speed Vjt. We first define a method
to identify the location of obstacle around the vulnerable region. Let us consider a point C'
whose tilt from a line AB needs to be found out which is defined as the direction towards
which the point C is facing from line AB. We define sign(BA,CA) as the function com-
puting the sign of cross product of two vectors BA and C'A across the pivot A as shown in
Figure a). The pivot is point of reference from where the tilt of a given point is mea-
sured with respect to the given line passing through it. sign(BA,CA) will be positive (+)
or it will be negative (—) depending upon whether point C' is towards counter-clockwise or
clockwise direction of line AB respectively. In our problem, in order to find out probability
of blockage by obstacle k (position as described earlier is ?2) in the vulnerable region, we
have to consider various sub-regions in the vulnerable region with obstacle’s initial position
as shown in Figure[5.5(b). There are three lines considered as line Iy : [Py, Pa], la : [P2, Ps],

and I3 : [P3,P1] with end points denoted in respective square brackets. The pivots are
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denoted as P1, Po, and Ps respectively for lines I, lo, and I3 as shown in the figure. For
example, in order to find out the tilt of point & (in sub-region defined by ¢;P;¢2 as shown in
the figure) with respect to line l1, I3 and I3 (respectively on pivots P, Po and Ps3), we would
calculate s; =sign(ly, ?%m), s9 =sign(la, ?%Qk), and s3 zsign(lg,?%gk). Combination of
< 81, 82,83 > triplets uniquely define the presence of k in a particular sub-region where
it resides. The final result is shown in Table where we can distinguish among various
sub-regions. The column sy, so, and s3 denote signs representing the tilt of point k& with
respect to lines [y, lo, and [3 respectively. The first column defines the sub-region where
point k resides. In the first row, where the triplets are < +, —, — >, defines the presence of
point k in sub-region R;. Currently, while deriving this table, we assume that point k£ do
not lie on any of the lines and this specific condition would be dealt later. Since we know
all the line equations as described in previous section, we can find out the sub-region where
k is present. Note that the relative choice of lines and respective pivot points inherently
decides the values given in Table Hence we first design a method to select the lines and
relative pivot points in order to make the Table values constant across all the possible
cases in upcoming sections as well.

Method to choose pivot points and lines: We choose the first pivot point such
that it has the minimum ¥y co-ordinate value among three points of the triangle. If two
vertex have same y co-ordinate values then we choose the one with least z-value to be the
first pivot point (P;). Then we move in clockwise direction to choose the second pivot
point. The line between the first pivot point and second pivot point is chosen to be the first
line I;. Then we again move in clockwise direction to choose the third pivot point and the
line between second (P3) and third pivot point (Ps) is the second line l3. The remaining
line is designated as the third line l3. Similarly the sub-regions are defined as shown in
the figure. For example, R; is the sub-region formed by the intersection of I; and I3 and
which is opposite to lo. Similarly all other sub-regions are defined relative to lines and their
intersections to make the notion of sub-regions uniform across all scenarios. Hence using

this strategy we can utilize Table across all possible scenarios.

Sub- s1 | s2 | s3 || Sub- S1 | s2 | s3
region region

R, + | = |+ || Bs - |+ | =
Ry + |+ | — || Rg — = |+
Rs - |+ |+ || Ry — = =
Ry + |- |-

Table 5.1: Identifying sub-regions of obstacle k£ at time ¢ when one of the node is moving.
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Handling boundary conditions: In order to complete the above design for finding
sub-regions where an obstacle might be present, we need to describe appropriate boundary
conditions. As shown in Figure (b), points marked as q; — gg show the probable presence
of obstacles which constitute boundary cases. For example, let us take point ¢; on line [y
as shown in Figure [5.5(b). This point is neither on clockwise (—) nor on counter-clockwise
(+) side of line 1. The sign(ly, 591 ql) function won’t give the tilt of point g; in this case
and hence we won’t be able to apply the mapping given in Table We can observe
that when an obstacle is present at point ¢, it would enter the vulnerable region only
from side denoted by line I3 (i.e., from sub-region Rg). Hence, we would modify our design
for such cases by returning — (negative sign denoting clockwise direction), when function
sign(ly, ?%m) is executed. Now the triplet for the point ¢; can be written as < —, —, + >
which corresponds to sub-region Rg, hence verifying our observation. This implies that in
order to compute the blockage probability due to obstacle present at point ¢;, we need to
compute the blockage probability relative to line /3. Similarly, we can see for other cases: for
point ¢4 on line /1 as shown in Figure (b), returned triplet would be < —, +, — >, which
corresponds to sub-region Rs. This is also verified from the observation of the figure that
obstacle would enter from the side lo corresponding to sub-region Rj. Similarly for point
gs on line I3 we can give the triplet as: < —,+, — > which corresponds to sub-region Rj
which is also verifiable from the observation in the Figure (b) Similarly other mentioned
boundary cases, we can get unique triplets of signs corresponding to the sub-regions from
where the obstacle would enter the vulnerable region.

Computing blockage probability due to dynamic obstacle: Now we give the
algorithm to compute the blockage probability pzz for an obstacle k on link (i, 5) for the
duration At. Note that for the case when ¢ and j move in a straight line, the probability
of blockage by k is computed in same manner as mentioned in Proposition We will
now consider the other scenarios where ¢ and j form a triangular vulnerable region during
At Eme duration. We will identify the sub-region of presence of obstacle k (positioned
at T,ﬁ) In sub-region Ry, k would block the entire vulnerable region, hence for this case
p}t:é = 1. All the sub-regions mentioned are mutually exclusive. For sub-regions Ry, Rs,
and Rg, the obstacle k blocks the communication from the respective lines (lines /1, I3 and
l3) only. For this case we can use the same method to calculate pﬁé as described previously
in Proposition [5.4.1] The sub-regions Ry, R2, and R3 are critical regions from where
the obstacle k& would block link (7, j) from two different sides of the triangular vulnerable
region as shown in Figure (c) For example, the presence of obstacle k£ in R; might
block the communication from line /; and line I3. Here we need to take the unions of the
events constituting blockage from obstacle on these two lines of the vulnerable region. Note
that for computing the blockage probability on a line, we use the method described in
Proposition First let us denote f_static(X1,k) as a function call which executes the

algorithm mentioned in Proposition Here X7 denotes the line segment which is going
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to be blocked by obstacle k. The return value of this function is in [0, 1]. The blockage

probability psz due to obstacle k£ € K is given below:

step i. Find out sub-region R for obstacle k.

step ii. If R = Ry, then p;j; = 1. Else if, R = R4, or R = Rj, or R = Rg, then pm
is f_static(X1,k), where X1 = I3, X; = lo, or X1 = I3 for R = Ry, R = Rj, or

R = Rg respectively. This function is computed according to Proposition [5.4.1

step iii. Else, when R = Ry, or R = Ry, or R = R3, p’;:é = f_static(X1, k)+ f _static(X2, k),
where X and X5 are the two sides of the triangular region going to be blocked
by the obstacle k. Here < X;, Xo > takes values in < 1,13 >, < l1,ls >, and
< lg,l3 > respectively for the cases when R = R;, R = Rs, and R = R3. Note
that the sum of the two values returned by function calls would not exceed 1.
This is because the line segments taken as arguments in these function call lie in

exclusive sub-regions as already mentioned before.

Me--- M N

Figure 5.6: Various sub-classes when both nodes are moving.

5.4.3 Both nodes are moving

This case is shown in Figure where nodes i and j both are moving with speeds V;' and
Vjt respectively. As shown in this figure, we denote M and N as the location of node i
and j at time instant ¢ + 1 respectively. This case is divided into 3 main sub-classes as
depicted in the Figure (a)—(c). We develop a solution which abstracts the selection of
sub-regions in the vulnerable region using the notion of pivots and lines formed by these
pivots to include all possible motion of nodes for all the three sub classes. We first describe
the method to differentiate among these cases. Later, we give the method to compute the
41
5

blockage probability p,"; ; due to an obstacle k € K using the method as described for the

scenario when only one of the nodes is moving as mentioned in the previous subsection.
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5.4.3.1 Differentiating among various sub-classes when both nodes are moving

If either line segments ?’;M and ?f}l or line segments ?fj and ?E}v intersect with each
then this scenario is represented by Figure (b) and denoted as sub-class(b) of this case
where both nodes are moving. When point M lies in AijN, or point N lies in AijM, or
point 4 lies in AMjN, or point j lies in AiM N, then in that case the scenario is depicted
in Figure [5.6(c) and denoted as sub-class (c). Otherwise, the scenario would be depicted
by Figure [5.6(a) which is denoted as sub-class (a).

5.4.3.2 Computation of pﬁé for sub-class (a)

After identifying the scenarios based on sub-classes as mentioned above, we first describe
the method for computing pﬁé for sub-class (a) which is shown in Figure |5.6(a). Here
also, we need to determine the sub-region where the obstacle lies. Before describing the
rule which describes the sub-region for the given obstacle and the corresponding probability
of blockage, let’s first describe the necessary steps required to make the presented design

applicable throughout any general scenario of motion of UEs for sub-class (a).

Y3 Rot}aice by angle ozr/
k .’la
e

0(0,0) ,Pr X

Vulnerable region
rotation angle «,

Figure 5.7: Geometric rotation of the vulnerable region to fix its representation across all
possible movements of UEs in sub-class (a)

Fix the representation of vulnerable region for general scenarios involving
movement of UEs: Let U denotes the bottom and leftmost pivot among four points (3,
j, M, and N). And, let V denotes the first point in counter-clockwise direction. This is
shown in Figure Let o, denotes the angle that line /) subtends on X-axis as shown
in Figure Point P, is the point of intersection of line 4V and X-axis. The vulnerable
region is rotated by angle «, in clockwise direction with respect to point P,. This process
in turn makes the side of the vulnerable region represented by points &/ and V parallel to
X-axis which is shown by dotted lines in Figure Here, the obstacle k is also rotated by
angle a,. in clockwise direction with respect to point P,. These operations require O(1) time
for each given obstacle. Note that this operation has to be performed for all the obstacles

present in the region. If the line formed by points & and V are parallel to X-axis, then
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there is no need to perform the geometric rotations either for the vulnerable region or the
obstacle. By doing this process we achieve the uniformity in region finding algorithm and
respective blockage probability computation across all possible general movement of UEs

for this sub-class.

Figure 5.8: Sub class (a) when both nodes are moving.

Sub- Rule X4 X
region

S1 RiUR] | I It
Sa Rs I la
S RyUR3 | Iy l
S RS 1 lh
Ss Ry,— Ry, | I null
Se Rs — R, | lo null
S7 Rl — Rz | I null
Ss Rt —Ry | 15 null
So R7URY X X

Table 5.2: Identifying sub-regions of obstacle k and arguments of function calls computing
the blockage probability when both nodes are moving for sub-class (a).

Rule to find the sub-region of obstacle £ and corresponding blockage prob-
ability: After we have fixed the representation of the vulnerable region, we describe the

rules to find sub-region of the obstacle and compute the corresponding blockage probability.
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As shown in Figure (a), the vulnerable region is a quadrilateral which is partitioned into
2 triangular vulnerable regions APy PoPs and AP P,yP;. Here Py, P2, Ps, Py, Pb, and
P; are respective pivots in the above mentioned two triangles. These are found out using
the method described in previous sub-section. Similarly, lines Iy : [P1, Pa], l2 : [Pa, Ps],
ls : [Ps,P1], I : [P}, Ph], I : [Ps,Ps], and 1} : [P4,Pq] are described as in previous sub-
section formed by respective pivot points written in square brackets. We can run the
sub-region finding algorithm of previous sub-section in both of the triangular vulnerable
regions. The presented design finds the sub-region in two triangles individually where the
given obstacle k lies at time ¢. The rule for finding sub-regions in the quadrilateral vulner-
able region is summarized in Table which is verified by observation and can be checked
easily. We can simply calculate the probability of blockage by obstacle k as follows: When
obstacle is in sub-region Sg, then blockage probability is 1. For other cases the blockage
probability is computed as: f_static(X1, k) + f_static(Xs, k). The values of the arguments
X1 and X5 are summarized in Table Here X; and X5 are the arguments which repre-
sent lines which are going to be blocked from obstacle k. For the cases where there is only
one line (X1) which is going to be blocked by obstacle k, the value of the other argument
Xy is mentioned to be null in the respective column given in Table and f_static(Xo, k)
would not be executed for this case. For the specific case of sub-region Sy, the blockage
probability is 1, hence the value in respective arguments column in Table is marked by
x which signifies that the argument values are not applicable for this particular case. Here,
the returned value of f_static(Xi,k) + f_static(Xa, k) would not exceed 1 for the cases
shown in Table because the arguments X; and X, together take lines which belong to
exclusive sub-regions of the quadrilateral. Hence the regions of the circle CkAt lying in these
sub-regions do not overlap while computing the blockage probability for this sub-class (a).
Exteglor Region Obstacle movement radius

O’U ’
m

/
;
4lRegion on the line {4

from where g4 faces line [

Probable movement of obstacle
(a) (b) (c)

Figure 5.9: Boundary cases for sub-class (a)

Boundary conditions: Since, we are merging the results of two different triangular
regions of the given quadrilateral vulnerable region, we need to look for the cases constituting
boundary conditions. Here these boundary points also follow the similar notations as was

used for the case where only one of the nodes was moving in previous sub-section. Let
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Figure 5.10: Boundary cases for sub-class (a) where obstacle lies in the exterior region

us first define the exterior region as the outer region of the quadrilateral, which is formed
when any of its two opposite sides are extended and they intersect at a point as shown
in Figure (b) This region is opposite to that side of the quadrilateral which is nearest
to the point of intersection of the aforementioned two sides. We now describe four types
of boundary points: For the first type, the obstacle lies in the exterior region but not on
any extended sides in that region, for example point O, as shown in Figure (b), second
type of point lies in the exterior region and only on the extended side of the quadrilateral,
for example, point g4 on line [y as shown in Figure (b) represents this case. The third
and fourth types of points do not lie in exterior region and belong respectively to the sets
X ={q1,q1,93, 96, %5, 45, @5, g5 } and YV = {q2, 4}, 5, ¢} } as shown in Figure (a).

For the first type of boundary points, the obstacle at point O, can block the vulnerable
region from both sides /; and 5 along with the side I which it is facing. This region where
O, lies, is identified as S N S3 because both So and S3 regions are common to the location
where O, lies. General cases of such points are shown in the Figure[5.10} The rule to locate
respective boundary case sub-region is also mentioned in Figure We will now give
steps to compute the blockage probability for the specific case when the obstacle lies at
O,. Obstacle k at O, can block the vulnerable zone from lo, I; and ;. Hence the blockage
probability can be computed: f_static(li,k) + f_static(la, k) + f_static(l}, k) as shown in
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Figure c¢). Note that the summation of the returned value of these three function calls
would not exceed 1 because they compute probabilities of blockage in different exclusive
regions where the regions of C’kAt do not overlap as shown in Figure (c) Similar approach
is used for other scenarios as well.

Now, let us look at the second type of boundary point ¢4 which is shown in Figure (b)
This point lies in the exterior region on the line segment l5. It is easy to observe that one
of the line vulnerable to blockage would be I3 (lying in AP;PyP3). Also, for this case when
obstacle k is lying on g4, there is one more possibility of blockage of vulnerable region from
another side I, of the quadrilateral which is lying in the other triangular region AP] P, P}
(shown in Figure (b)). For the third type of scenario, the point g4 € X do not lie in the
exterior region. The rule for finding this condition uses the following steps: If point ¢4 is on
line {1, and it belongs to sub-region R/, then it does not face the line I}, otherwise if point g4
lies in sub-region R}, then it directly faces line I5. Hence the probability of blockage can be
computed as f_static(la, k) + f_static(r, k). Here, r is I if g4 faces the line I, otherwise r is
null. Here also when r is I}, the sum of the returned function call won’t exceed 1 as already
explained before. The similar method can be used for other points lying in these two types
of regions. For the last type of boundary points belonging to set Y, for example g2 and ¢}
lines vulnerable to blockage are [; and I3 since these points belong to the sub-region S;. In
order to check this condition, we simply need to see whether the obstacle belong to both
Ry (in AP1P2P3) and Ry (in AP{PyP;). The probability of blockage by the obstacle lying
in S1 is computed as described earlier. Similarly this strategy is used for the points ¢5 and
qs-

Now we will give the final method which will be used to find out the sub-regions and
probability of blockage considering these boundary conditions. We are given the fixed
representation of the vulnerable region and the rotated obstacle as input, the steps for the

computation of blockage probability is:
i. Locate sub-regions R; — Ry and R} — R/, in the two triangles.
ii. Find the sub-regions Sy, So, S3, and Sy in the quadrilateral.
iii. Perform boundary condition check to locate corresponding sub-regions.
iv. If satisfies boundary check, compute blockage probability using aforementioned strategy.

v. Else Compute blockage probability for obstacle lying in appropriate sub-region S; — S
using aforementioned strategy as mentioned in Table

5.4.3.3 Computation of pZZIJ for sub-class (b)

Now we give the method for the sub-class (b) which is shown in Figure[5.6[b). The method to

compute blockage probability is similar to above described method with very little difference.
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Before describing the rule which describes the sub-region for the given obstacle and the
corresponding probability of blockage, let’s first describe the necessary steps required to
make the presented design applicable throughout any general scenario of motion of UEs in

this considered sub-class (b).

Y; Rotate by angle a,. Ya Rotate by 7 «

X 0000 ‘

Vulnerable region
rotation angle a.

Vulnerable region
rotation angle 7«

(a) (b)

Figure 5.11: Geometric rotation of the vulnerable region to fix its representation across all
possible movements of UEs in sub-class (b)

Fix the representation of vulnerable region for general scenarios involving
movement of UEs: There are two different possibilities in this case depending upon
whether lines :M and jN are intersecting or lines ¢j and M N are intersecting as shown in
Figure (b) Here also, we need to find the bottom and left most point denoted as U as
shown in Figure We also need to choose the other point V. The rule for choosing V
is as follows: For the case when lines ¢M and jN are intersecting, if I/ is ¢ then V is M
and vice versa, otherwise, if I is j then V is N and vice versa. Similarly, for the case when
lines ij and M N are intersecting, if ¢ is ¢ then V is j and vice versa, otherwise, if U is M
then V is N and vice versa. Now after getting these two points U and V, we find the angle
formed by the line /) with the X-axis denoted as a, as shown in Figure[5.11] (a)-(b). Point
‘P, denotes the point of intersection of the line UV with X-axis. The vulnerable region is
rotated along the point P, by angle «, in clockwise direction, if and only if none of the
points in the vulnerable region has negative Y-coordinate value after rotation as shown in
Figure (a), otherwise, the vulnerable region is rotated along point P, by angle m — a; in
counter-clockwise direction as shown in Figure (b) This process in turn makes the side
of the vulnerable region represented by points &/ and V parallel to X — axis which is shown
by dotted lines in Figure (a). Here, the obstacle k is also rotate by angle «, in clockwise
direction with respect to point P, or m — «, in counter-clockwise direction with respect to
point P, depending upon how the vulnerable region is rotate. These operations require
O(1) time for each given obstacle. Note that this operation has to be performed for all the
obstacles present in the region. If the line formed by points I/ and V are parallel to X-axis,
then there is no need to perform the geometric rotations either for the vulnerable region

or the obstacle. Here also, this process helps in achieving the uniformity in region finding
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algorithm and respective blockage computation across all possible general orientations in

motion of UEs for this sub-class.

S B iS’ 6 7 __ *513,
S % S7
° S
S, Sq Sy

Figure 5.12: Sub class (b) when both nodes are moving.

Sub- Rule X3 Xo X3
region

Sh Ry I3 I h
S R I3 ly A
Ss R, L l I
Si Rs 1l I la
Ss RiOR, |y 1 x
Se R, zg nul x
S RsNR, |1l L x
S Rg I3 null X
Sy R/ X X X
S10 Rq X X X

Table 5.3: Identifying sub-regions of obstacle k and arguments of function calls computing
the blockage probability when both nodes are moving for sub-class (b).

Rule to find the sub-region of obstacle £ and corresponding blockage prob-
ability: In order to determine the sub-region where the obstacle lies we give the following
approach. As shown in Figure the communication region is already divided into 2 tri-
angular regions. Now the triangular regions can be represented as AP;PyP3 and APy Py Ps.
Similarly, lines l; : [P1, P2, l2 : [Pa, Ps], I3[Ps, P1], 1 : [Py, P5l, 15« [Ph, Ps], and 15 : [P§, Pi]
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are described as in previous paragraph formed by respective pivot points written in square
brackets. We can run the sub-region finding algorithm of previous sub-section in both of
the triangular regions. Here the sub-regions of the vulnerable region are identified by using
the rules summarized in Table When the obstacle k is in sub-region Sg or Sig, then the
blockage probability is 1. For sub-regions S5-Sg the blockage probability is computed as:
fstatic(Xq, k) + f_static(X2, k). The values of the arguments X; and X5 are also summa-
rized in Table [5.3] Here also, the sum of the returned value of the two function calls won’t
exceed 1 as already explained before. For the remaining sub-regions S, S, S3 and Sy, the
blockage probability is computed as: f_static(X1, k)+ f_static(Xa, k)+ f_static(Xs, k). The
values of the arguments X7, X5, and X3 are summarized in Table As explained before,
the summation of the returned value of these three function calls would not exceed 1. For
example, as shown in the Figure for region S7, blockage probability due to obstacle k
is computed as: f_static(ls, k) + f_static(ly, k) + f_static(l}, k). It is clear from the figure
that the circular area of do not overlap the vulnerable region by the given computation of

blockage probability.

q
q
q3 4 /._ o2~ .-
P2 a3 7
q2
e DN/ "

Figure 5.13: Boundary cases for sub-class (b)

f-static(l}, k) computes

blockage probability in this region

f-static(ls, k) + f_static(l1, k) computes
blockage probability in this region

Figure 5.14: Probability of blockage is computed in exclusive sub-regions.
Boundary condition: This is similar to the boundary check mentioned previously

for the sub-class (a). Here also we describe four types of boundary points: For the first

case, the obstacle lies at any point in the exterior region but not on any of the extended
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Exterior Region

S1 NSy
Figure 5.15: Boundary cases for sub-class (b) where obstacle lies in the exterior region

lines of the vulnerable region shown in Figure |5.15(a) (point O,), second type of point lies
in the exterior region and only on the line extended from the vulnerable region. Here for
example point g5 as shown in Figure (a). The third and fourth type of points do not
lie in exterior region but belong respectively to the sets X = {q1, ¢2, 5, g6, 45, ¢}, 45, 96 } and
Y ={d,q3,q4,4;} as shown in Figure

For the first type of boundary points, the obstacle k at point O, can block the vulner-
able region from four sides lg, I3, l5 and I5. The region where O, lies can be identified as
S3 NS4 because both S3 and Sy regions are common to the location where O, lies. The
other case is presented in the Figure (b) along with the rule to locate respective loca-
tion. The blockage probability for case mentioned in the Figure (a) can be computed:
fostatic(la, k) + f_static(ls, k) + f_static(ly, k) + f-static(ls, k). Note that, here also, the
sum of returned values of the function calls would not exceed 1 because the sectors of the
circle CkAt intersecting these lines are exclusive which was similarly shown in Figure

Now, let us look at the second type of boundary point g5 which is shown in Figure
5.15(a). This point lies in the exterior region but on the line I3. It is easy to observe that
three lines vulnerable to this point would be I3, 15 and l5. The probability of blockage can
be computed as f_static(le, k) + f_static(ly, k) + f_static(ly, k). The returned value would
not exceed 1 due to similar reasons mentioned earlier.

For the third type of scenario, the point g5 € X do not lie in the exterior region as
shown in From this location, obstacle at g5 may block the communication from lines
lo and [4. The probability of blockage can be computed as f_static(le, k) + f_static(ly, k).
The similar method can be used for other obstacle points lying in the set X.

For the last type of boundary points belonging to set ), for example for points g2 and ¢}
as shown in Figure lines vulnerable to blockage are I; and I3 since these points belong
to the sub-region S;. In order to check this condition, we simply need to see whether
the obstacle belong to both R4 (in AP1PaPs) and Ry (in AP{PyP;). The probability
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of blockage by the obstacle lying in S7 is computed as described earlier. Similarly this
strategy is used for the points ¢5 and ¢j. The algorithm which will be used to find out
the sub-regions and probability of blockage considering these boundary conditions is same
as mentioned for the sub-class (a) with difference in the way sub-region finding rules and

blockage probabilities are set.

5.4.3.4 Computation of pﬁé for sub-class (c)

Now we give the method for the sub-class (c) which is shown in Figure [5.6[c). Here also,
let’s first describe the necessary steps required to make the presented design applicable
throughout any general scenario of motion of UEs in this considered sub-class (c).

Y
Rotate by angle a /

o

~N

0(0,0) /P "X

Vulnerable region
rotation angle «,

Figure 5.16: Geometric rotation of the vulnerable region to fix its representation across all
possible movements of UEs in sub-class (c)

Fix the representation of vulnerable region for general scenarios involving
movement of UEs: We choose one specific point fork_pivot which is the point opposite to
that point which is making the vulnerable region non-convex. For example, in the Figure
m(b)7 point A is opposite to the point D. We choose A as the fork_pivot (termed as F}).
Then we choose next fork_pivots in clockwise order, B as fork_pivot F5 and C' as fork_pivot
F5. Now using this, we can say that point U/ is F}, V is F3 as shown in Figure [5.16| Here
also, point P, is the intersection point of line 4V and X-axis and angle «, is formed by
line UV with X-axis. The vulnerable region is rotated by angle a, in clockwise direction
with respect to point P,. This process in turn makes the side of the vulnerable region
represented by points U and V parallel to X —axis which is shown by dotted lines in Figure
Similarly, we rotate the obstacle k by angle o, in clockwise direction with respect to
point P,.. This operation has to be performed for all the obstacles present in the region. If
the line formed by points & and V are parallel to X-axis, then there is no need to perform
the geometric rotations either for the vulnerable region or the obstacle.

Rule to find the sub-region of obstacle £ and corresponding blockage prob-
ability: In order to determine the sub-region where the obstacle lies we give the following

approach. As shown in Figure the communication region can be divided into 2 tri-
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Figure 5.17: Sub class (c) when both nodes are moving.

Sub- Rule X1 X5 X3
region

S1 Ry L I3 X
Ss Ro—R, |1y 3 i
Ss Rs— R, |1 3 ,
Sy RyUR, | I null X
Ss RsUR. |1 A X
Se RsUR] |3 null X
S7 R; — R, | X X X

Table 5.4: Identifying sub-regions of obstacle k and arguments of function calls computing
the blockage probability when both nodes are moving for sub-class (c).

angular regions, the outer triangle AP;PyP3 and the inner triangle AP]P5P5. Similarly,
lines Iy : [P1,Pa], la : [Pa2,Ps], I3[Ps,P1], Iy : [Py, P4l, ls : [Py, Ps], and Iy : [P§,Pq] are
described as in previous paragraph formed by respective pivot points written in square
brackets. We can run the sub-region finding algorithm of previous sub-section in both of
the triangular regions. The rule for finding sub-regions in the given vulnerable region is
summarized in Table [5.4 Here also, we can simply calculate the probability of blockage
when obstacle k as follows: When obstacle is in sub-region S7, then blockage probabil-
ity is 1. For all other cases except So and S3, the blockage probability is computed as:
f-static(X1, k) + f_static(Xa, k). The values of the arguments X; and X» are summarized
in Table For the remaining cases Sy and S3, the blockage probability is computed as:
fstatic(Xq, k) + f_static(Xo, k) f _static(X3, k). The values of the arguments X7, X5, and
X3 are summarized in Table Here also, the sum of the returned values of these function

calls would be less than or equal to 1. This is due to the same reason as mentioned earlier.
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Figure 5.18: Boundary cases for sub-class (c)

Boundary conditions: This is shown in Figure In this case, points g3, g6, ¢4
and ¢f do not constitute the boundary conditions since points g3 and ¢} belong to sub-
region Sy and points ¢ and g5 belong to sub-region Sg. Similarly points ¢5 and ¢} do not
form boundary condition as they belong to either inside vulnerable sub-region S7 (blockage
probability is 1) or outside in sub-regions Sy or Sg. Points ¢; and ¢y can be dealt in same
manner as was described in earlier sub-classes. For point ¢4, obstacle would block the
given vulnerable region from two sides I} and l5. If the obstacle k on g4 would block only
from the side I, then probability of blockage would be f_static(ly, k). Otherwise, if the
obstacle k would block from both sides I} and I}, then probability of blockage would be
f-static(ly, k) + f_static(l}, k). Note that, here also, the function call would return value
less than or equal to 1 due to reasons mentioned earlier. This strategy can be similarly
applied to all the other points ¢s, g5 and ¢j. Here also, the algorithm which will be used to
find out the sub-regions and probability of blockage considering these boundary conditions
is same as mentioned for the sub-class (a) with difference in the way sub-region finding rules

and blockage probabilities are set.

5.5 Relay Selection

In this section, we will give a relay selection strategy at the BS for a given source UE using
the analysis as shown in algorithm [6] For each given source UE, the best one hop relay UE
is chosen which minimizes average packet loss and thus delay considering obstacles. The
BS chooses that UE as relay which maximizes local data rate considering the probability
of blockage. In the algorithm, function sort_descending(S, Index) sorts the vector S in
descending order along with the respective indexes. Function return() gives that adjacent
node of i which provides maximum data rate. After the source node transmits its data to
the chosen relay node, in the next time instant, relay node becomes the new source node

and this process goes on till the data have been transmitted successfully at the destination.
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Algorithm 6: Network assisted relay selection Algorithm

input : GY(N!, EY),K,i, adjt(i), v

1 double temp=1;
2 for j € adj'(i) do
3 Compute P(dzH < 7|Iff1 =0);
4 temp=1;
5 for ke K do
6 Compute p’,‘ié,
7 temp = temp x (1 — p',;'z),
8 end
9 P(Ifj+1 = 0) = temp;
10 | S[l=P <A =0) x PG =
11 Index[j] = j;
12 end
13 sort_descending(S, Index);

[a=y
S

return Index[0];

0)

x C?.

The potential relaying nodes are selected by the BS from a collection of nodes adjacent to

the source node and closer to the destination. At each step of selection of one hop relay

node, the algorithm takes O(nK) time, where n is the number of nodes in vicinity of the

source node and K is number of dynamic obstacles. The BS does this analysis at every

time instant ¢ using above mentioned strategy.
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5.6 Simulations and Results

5.6.1 Simulation Parameters

We are initially distributing 30 UEs uniformly in a 200 m x 200 m square area. Throughout
the experiment these nodes remain within the service region. Each node is moving with
speed uniformly in range [0, Vinaz] m/s, for Vi, € {0,5,10,12,15} and angle in range
[—7, ], where Vi,q, = 0 describes the scenario where both UEs are static. In the exper-
iment, At which is measured in seconds, takes value from the set {0.5,1,1.5,2}. Nodes
are using directional transmitter and receiver antennas for 60 G H z frequency with M = 4,
such that G, = Gy = 6 dB and we are considering a scenario where LOS PLE is 2.5 and
zero mean log-normal shadowing random variable with standard deviation 3.5 [10, [106].
Thermal noise density is —174 dBm/Hz [103] and devices are using 18 dBm transmit
power. Capacity of each link (i,7) at time t is Cf; = B -logy(1 + Sj;) bits/sec, where
B = 20 MHz is bandwidth and SNR threshold Sfjh is taken to be 20 dB [107]. We are
assuming fixed packet length of 65535 bytes. Network load of maximum 500 packets are
transmitted from the source UE. All of the 500 packets might not be received at the desti-
nation UE because some packets might get lost due to dynamic obstacles and few may be
unsent due to unavailability of the required relay link. There are dynamic obstacles initially
distributed uniformly in the environment. The number of dynamic obstacles K varies in
range {0, 10,20,30,40}. Each dynamic obstacle is moving with speed uniformly in range
[0,V ] m/s, for V.25 € {5,10,12,15} and angle in range [—m,7]. The information of
position, speed and orientation of UEs are known at the BS, however only the information
about position and speed of obstacles are known and orientation information is unknown
at the BS. We assume a single source-destination pair for simplicity and all other devices
may act as relay.

We have written our own C++ custom code and run them on a GNU 4.8 compiler on Intel
core 17 machine using the simulation environment mentioned in above. We have run these
simulations for 3 hops and taken the average of the results of about 1000 run per-hop. We
have analyzed the effects of At, Viue, K, and V.22 on average packet delivery ratio (PDR)
and average throughput. We define PDR as the ratio of packets delivered successfully to that
of total packets transmitted. Throughput is defined as the total packets sent successfully
per unit time. Here, end to end delay is due to transmission delay and delay incurred due
to packet loss. We are ignoring queuing delay for simplicity.

We are comparing the results of our algorithm with metrics based on RSS and a con-
tention based forwarding (CBF) approach [I08] which select relay node based on signal
strength and shortest distance from destination respectively. Here we are assuming that
both RSS based and CBF based algorithms are aware of the mobility of UEs, thus packet
losses due to mobility of UEs do not occur. Hence we focus on the packet loss occurring

due to presence of dynamic obstacles only. However, note that, awareness of UEs’ mobility
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would still cause packet loss because full information of dynamic obstacles is not known.
Highly mobile nodes would have higher chance to get blocked by dynamic obstacles com-
pared to static nodes because they may traverse a greater area comprising vulnerable region.
This has been observed and explained in the next section where results of the simulation

are presented.

5.6.2 Simulation Results & Analysis

Figure shows the effect of varying At on average PDR. Here, Vipaz = 10 m/s, V.25, =
10 m/s, K = 30, and as mentioned earlier, maximum network load is 500 packets which is
constant throughout the experiment. The figure shows that increasing At causes decrease
in PDR. This is because, with higher At nodes can move longer distances, and hence larger
area of vulnerable region will be traversed. This would cause increase in chances of blockage
by dynamic obstacles which in turn causes higher packet loss and hence lower PDR. We can
see that our method outperforms the mobility aware RSS based and CBF based because our
method takes care of the uncertainty in orientation of motion of dynamic obstacles. Large
values of At cause higher packet loss, and which in turn cause higher end to end delay to
compensate for packet loss and hence lower throughput which is shown in Figure The
insights of results shown in Figure [5.23| are similar to that of Figure [5.19

Figure shows the effect of varying V. on packet loss keeping other parameters
fixed: V% = 10 m/s, At = 2 s and K = 30. This figure also shows that increasing
Vimaz causes decrease in PDR. The reason is similar to as mentioned in previous paragraph.
Increasing Vi,q, causes nodes to move longer distances for a given At, and hence larger area
of vulnerable region will be traversed which would cause increase the chances of blockage by
dynamic obstacles. This would in turn cause higher packet loss and hence lower PDR. Our
method outperforms the mobility aware RSS based and CBF based because it takes care
of the uncertainty in orientation of motion of dynamic obstacles. The throughput is also
affected in same manner as described earlier and hence with increasing V4., throughput
decreases as shown in Figure The insights of results shown in Figure are similar
to that of Figure [5.20

Figure shows the effect of varying K on packet loss keeping other parameters fixed:
Viobs =10 m/s, At = 2 s, and Vyper = 10 m/s. By increasing the parameter K, chances of
blockage by dynamic obstacles also increases since more obstacle are present at any given
time. Hence, this would cause higher packet loss and hence lower PDR. Here also, our
method outperforms the mobility aware RSS based and CBF based because it takes care
of the uncertainty in orientation of motion of dynamic obstacles. As shown in Figure [5.25
throughput also decreases as number of dynamic obstacles increases. The insights of results
shown in Figure [5.25]| are similar to that of Figure [5.21

Figure shows the effect of varying V;;‘j; on packet loss keeping other parameters

fixed: Vipar = 10 m/s, At = 2 s and K = 30. This figure also, we can see that, increas-
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ing value of V% would imply decreasing trend in PDR. This is because as the value of

V%bs increases, the obstacle would move to longer distances and hence higher chances of
penetrating the vulnerable region. This would in turn cause higher chances of packet loss
and hence lesser PDR. Since our method takes care of the uncertainty in orientation of
motion of dynamic obstacles, it outperforms the mobility aware RSS based and CBF based
methods. The throughput is also affected in same manner because PDR is decreasing with
Vobs - Hence with increasing V,2%%,, throughput decreases as shown in Figure where
insights of the results are similar to that of Figure

We observed that the dynamic obstacles have severe effects on the blockage of any given
mmWave D2D link. Even the case when both UEs are static, dynamic obstacles have
significant impact on the link connectivity. All factors, i.e., discretized time duration At,
mobility of UEs, number of dynamic obstacles and their speed must be taken into account
while analyzing the best relay link. The problem where a chosen relay link become vul-
nerable to blockage by dynamic obstacles is aggravated when the orientation in motion of
these obstacles is unknown as was shown with mobility aware RSS and CBF approaches.
We also observe that, for lower values of At, the throughput was higher, however with very
low value of At, signaling overhead might increase due to frequent update of information
considering dynamic obstacle’s presence. Also with very high value of At, the information
about dynamic obstacles’ presence might get outdated. Hence we need to choose an ap-
propriate value of At, for a given environment considering K, Viq, and V%% such that

average PDR and throughput is satisfactory for any given use case scenario.

5.7 Conclusion

We formulated the problem of relay selection by capturing the severe effects of dynamic
obstacles whose orientation in motion is unknown. We have developed an elegant proba-
bilistic framework which is uniform across all the possible scenarios of motion of UEs and
hence can be applied with ease. Using the concepts of geometry we derived expressions for
the probability of blockage by dynamic obstacles. This is used in our developed framework
to derive unique solutions for computing the best relay node which maximizes throughput
for each UE. In simulations, we have shown the effects of obstacles on throughput and
packet delivery ratio. The uncertainty in link quality induced due to unknown orientation
in motion of dynamic obstacles is appropriately captured by our approach. Results show

that our algorithm outperforms other classical algorithms.



Part 111

Device Controlled Scenario for

mm Wave D2D communication

92



Chapter 6

To Continue Transmission or to
Explore Relays: Millimeter Wave
D2D Communication in Presence
of Dynamic Obstacles

Much of the content of this chapter is copied from my own papeﬁ with the permission of
my co-authors Arpan Chattopadhyay and Sasthi C. Ghosh. FEven though the paper can be
found in the literature, it is copied here so that I can make minor changes and clarifications
for the convenience of the reader.

In the previous two chapters, we saw the network assisted mode of operation of mmWave
D2D communication where the BS is responsible for controlling links based on the global in-
formation it acquired at global time instants. However, D2D links are inherently distributed
in nature, i.e., their channel information is local to UEs. Hence the local information must
be acquired by the BS which causes some delay. This may cause the information to get
outdated in case of presence of dynamic obstacles in the service region. The selected relays
are themselves susceptible to blockages due to dynamic obstacles. Hence a relay initially
chosen by the BS for transferring data packets between a pair of source-destination Uks
may perform poorly over time. This in turn requires a proactive selection of some other re-
lay to avoid further delay and energy consumption while sending packets relentlessly to the
destination which are going to get lost anyhow. Also, it must be taken into consideration
that mmWave communication is directional in nature and thus requires a significant search
cost while finding a relay in vicinity of the source UE.

In this chapter, we address the problem of deciding whether to stop communication on
a chosen mmWave D2D relay link in case of successive packet losses or whether to continue

the transmission over it, by considering the directional search costs for the new relay as

4D. Singh, A. Chattopadhyay, and S. C. Ghosh. Distributed relay selection in presence of dynamic
obstacles in millimeter wave d2d communication. In IEEE International Conference on Communications
(ICC), pages 1-6, 2020.
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well as the presence of dynamic obstacles in the communication path. Here we model
this sequential decision problem by a finite horizon POMDP framework while considering
a general exploration cost (. The D2D link quality is not observable at the current time
instant; it can only be observed after taking the decision to transmit packets along a chosen
link in the form of ACKs only. Information about dynamic obstacles are not known to
the BS a priori and it can only be learned by using the feedback from UEs after the
communication gets established. We considered the fact that the ACKs can also get lost
due to presence of dynamic obstacles, and use conditional belief probability of D2D channel
quality given the ACKs history as a sufficient statistic. Optimal threshold policies are
derived which map the belief to a set of actions. Additionally, by exploiting the derived
policy structure, we obtain a stationary policy which tells the UE when to stop sending
packets on the current link and go for exploring new relay links based on the number of
consecutive ACK failures. Our optimal policy can be implemented locally at each UE,
thereby facilitating distributed implementation. The derived policies capture the trade-off
between delay caused due to packet loss and the cost for exploring a new relay link. The
theoretical analysis is validated through extensive simulation.

The organization of this chapter as follows. System model is described in section
The POMDP formulation is provided in section Optimal policy structure is derived in
section Numerical results are provided in section followed by the conclusions in
section

X

| » Relaying zone

Zone j >< )
Dynamic obstacles

X
X ZoneT —>X+— | |

—» Sending zone

Figure 6.1: Service region divided into zones along with dynamic obstacles.

6.1 System Model

We are considering the device-tier of 5G D2D architecture mentioned in [I], where devices
can communicate among themselves with or without the help from BS. The service region is

divided into various zones or grids as shown in figure [6.1] with one BS. Each zone has atleast



CHAPTER 6. TO CONTINUE TRANSMISSION OR TO EXPLORE RELAYS: MILLIMETER WAVE D2D
COMMUNICATION IN PRESENCE OF DYNAMIC OBSTACLES 95
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Figure 6.2: Discretized time slots with the smallest slot duration of 4.

one UE which is ready to take part in D2D communication as a relay or source/destination
node. The zone where at least one UE wants to transmit data to an UE of some other zone
is defined as a sending zone. We also define a set of wviable relay zones (U?) given by the
BS for sending zone ¢ which is nearer to the zone containing the destination UE and is in
the communication range of the zone . When a UE in zone ¢ forms a connection with a
UE in another zone j € U?, we term this connection as link j. Link is formed between UEs
of two zones when they are in communication range of each other and the received signal
strength is sufficient for the required data rate. Communication between UEs take place on
mmWave channels using directional antennas. The received signal strength (Q;;) on a UE

in zone j from a UE in zone i is modeled as [34]:
Qij = Vij - P - Gy - Gy - PLyj (6.1.1)

where, 1);; is shadowing random variable, P; is transmit power of UE i, G; & G, are transmit
and receive beam-forming gains respectively, and PL;; is a distance dependent path loss
function.

Time is discretized as t,t+1, - - with time duration At as shown in figure Duration
At is further sub-divided into various smaller time duration of value §. We denote each such
smaller time duration by ! which takes integer values in [0, N — 1], where N is represents
a positive integer such that At = N§. Here § is the smaller discretized time slot which is
assumed to be large enough to send one packet of size Ls bytes. Here, instants ¢,¢ +1,---
represent the moments when global decisions is given by the BS. At these time instant BS
takes the channel state information from all UEs in the service region and gives the decision

of best relaying UE of a given zone for a given source UE. Hence, in between two consecutive
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time instants when BS can make global decision, a UE can send at-most N packets of size
L to another UE. Note that at time [ = 0, the UE chooses the relay link suggested by the
BS and at time [ € {1,2,--- , N — 1}, BS has no control over information regarding channel
condition local to the UEs. Thus BS do not take part in controlling the links between UEs
during two consecutive global time instants. At global time instants, BS sends two types
of information to UEs, i) the best relay UE (or node) for a given source UE and ii) viable
relaying zones U’ for given source zone 4, hence the zone i may choose an appropriate zone
for relaying data from the set U?.

The service region consists of static and dynamic obstacles which are not known apriori.
Also it is assumed that there are no infrastructure support like radars and vision cameras
(to identify and track them). The behavior of dynamic obstacles needs to be learned from
the received ACKs of sent packets in an on-line fashion. Since mmWaves suffer from severe
penetration loss, we assume that presence of even a single static or dynamic obstacle may
break an already established D2D link resulting in packet loss. It is assumed that the
mobility of UEs in a zone i for N§ duration do not bring them outside the zone and this
do not cause link outage. Hence the only factors responsible for link breakage and packet
loss are the presence of obstacles and channel condition due to fading.

The source/relay node may take local decision when the current link quality is not
good enough. The node in this case can locally explores and switches to another one-
hop node by incurring penalty in terms of delay because a directional search is performed
while exploring the neighboring UEs belonging to set U’. The overall exploration cost for
searching a potential relay link is termed (. It is assumed that once exploration is complete,
channel switching takes negligible time. It is assumed that the beams are perfectly aligned
after the exploration phase and we focus on the effects of dynamic obstacles blockage on a
given D2D link. The decision of exploration or to continue on the current link after how
many successive ACKs failure is to be made at the nodes locally. In the next section we
formulate the problem as POMDP.

6.2 Problem Formulation as POMDP

Zone ¢ is the sending zone which contains at least one UE which needs to transmit data
to an UE of some other zone j € U’ which is termed as link j. Global decision for the
best relay is given by the BS at the time instant ¢ to relay data packet till time instant
t + 1. There are both static and dynamic obstacles present in the environment which
causes uncertainty in the channel quality resulting in packet loss and delay. The packet loss
and delay needed to be controlled for N§ duration between the two global time instants
t and t + 1 at which BS do not have control over the data packets sent. As a result,
the packet loss at early time instants may cause high delay and energy wastage if packet

loss is not controlled locally. Our problem formulation deals with locally deriving a policy
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that dictates sequential actions to be performed based on ACK feedback at each local time
instant [. This policy is helpful in deciding when to stop using the current relay when
successive packet loss occurs, and to explore new links in order to avoid further packet loss
and delay. Hence, our objective is to minimize the delay cost incurred due to packet loss
while choosing appropriate relays and keeping the exploring and switching cost as low as
possible. We have formulated this problem as a finite horizon POMDP [44] in order to
incorporate the uncertainty in channel condition. We will describe the state space, action
space, observation, transition probabilistic structure of the problem, respective costs and
cost function in upcoming subsections.

For a given sending zone 4, the state of relay link j € U’ is represented as ;E{ € {0,1}.
Values of x{ =1 and m{ = 0 signify the relay link j is in good (G) or bad (G) state respec-
tively. A good state implies that the channel quality is good enough for communication, and
a packet is transmitted successfully without getting blocked by obstacles. In a bad state,
the channel quality drops and packet loss occurs. The action set A is defined as {explore
& switch to another link (a{ = 0), transmit on current link (zone) (a{ = 1)}. The local
node in zone i, makes observation at each smaller time instant § after the packet is sent.
This observation is in the form of ACK test which is denoted as zl] € {0,1}. Here, zlj =0
represents that the acknowledgement is not received for link j because link is bad which
causes packet loss, and similarly zl] = 1 represents that the acknowledgement is received
and the link is good and packet is transmitted successfully. We also represent A and A as
the ACK received or not (zl] =1or zlj = 0) respectively. Since ACKs are quick and are
available in negligible amount of time, for state xf = 1 and action a{ = 1, the observation
(ACK) is zl] . The ACK may also be uncertain due to the unpredictable behavior of the

given channel under consideration.

Figure 6.3: Probabilistic structure of the problem at a node locally.

The probabilistic structure of the observation assumed here is shown in figure [6.3] and
written as:

P(zl =1z =1) =k Pz =0jz) =1) =1k
P(z =1|z] =0) = 0; P(z] =0]z] =0) =1

If the system is in bad state with x{ = 0 at time [, then the probability of obtaining good
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observation is zero (P(zlj = 1\x{ = 0) = 0) which is intuitive and obvious. The probabilistic

structure assumed for the system state transition is given as:
P(x], =1z] =1)=¢P(z],, =0lz; =1)=1—¢

P(az{+1 =1z} =0) = s;P(x{_H =0z =0)=1—5s

Here ¢, s and k € (0, 1), respectively represent the probabilities that link is still good, bad
link becomes good and the ACK is received successfully when the link is in good state.
The transition probability 1 — ¢ indicates that the good link becomes bad due to obstacles
or signal fading. Similarly 1 — s is the probability that bad link is still bad (for obstacles
it indicates either obstacle is large in length or moving slowly and effecting the link for
longer period). Note that the blockage probability is directly dependent on the dimension,
orientation and speed of the obstacle. This is indirectly captured in parameters g, £ and
s which are learned with time as the model gets more input. The case ¢ > s represents
the scenario where the links are positively correlated. Here, chances of good link becoming
good in the next time instant is higher than that of a link becoming good from a bad state.
Whereas, case ¢ < s represents the scenario where the links are negatively correlated. It
denotes the scenario where the chance of bad link becoming good in next time instant is
higher than that of a link becoming good from a good state. This case is possible when

obstacles are rapidly moving.

For a given relaying zone j, let ]HI{ = (zé,z{ ,zlj ) denote the information vector

available locally to the zone ¢ till smaller time instant [. Let us define b; as the conditional
state distribution acting as the sufficient statistics or belief [44](chapter 5) locally for the
given relaying link j as:

b = P(x] = 1|H]) (6.2.1)

This equation signifies the probability that the relaying link is in good state given the

previous history information. The belief evolves as:

b

1 =00, 2 4) (6.2.2)

Using Baye’s rule we get,
. 1 if 2], =1
) +1
b

+1 = _ _[qb{-i—s(l—b{)](l—'k) _
[gb] +s(1=b])] (1=k)+[(1—q)bj +(1—5)(1=b7)]’

(6.2.3)

e ]
1le+1—0

The cost structure is defined as follows: When packet loss occurs, a fixed cost C' is the
penalty (in terms of delay) incurred to overcome it. After observing that the current relay
link is not good, there may be a need to explore new relay links which might cause some

delay and the cost to compensate it. This cost is . If there is no packet loss, then the
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cost incurred is 0. Cost of testing for ACK is negligible and hence 0. Here our objective is
to derive a decision rule to choose appropriate action (continue with the current relaying
zone or explore and switch to some other zone) which leads the system to good state and
in turn causes minimum packet loss considering all the required costs. The expected cost
is formulated as a dynamic program (DP). At the end of the last period, i.e., (N — 1)th

period, the expected cost is defined as:
In_1(b_,) = min{¢, (1 — kb),_,)C}. (6.2.4)

where bg\/—l € (0,1) represents the belief of link j at time N — 1. First term in the above
minimization expression is the exploration cost and the second term is the expected cost
due to packet loss. Packet loss can be due to two types of events: i) due to the link being
in bad state and causing packet loss and ii) when the link is in good state and the ACK is

not received due to bad channel quality. For the time instant [ = N — 2, we have,

JN_Q(ij72) = min{{, ynv—2 + E[JN—I(bg\[,l)] (6.2.5)

where yn_o is the expected penalty paid due to packet loss at time [ = N — 2 which is
(1— kbgv_Q)C . The first term in minimization expression denotes the exploring & switching
cost and the second term denotes the cost for continuing in the current relay link. Similarly
we can write the dynamic program for the general expression for each [ € {0,1,--- , N — 2}
as:

Ji(b]) = min{¢, v + E[Jis1 (@], 2/,1)]} (6.2.6)

where ~; is the expected penalty paid due to packet loss at time instant [ which is (1— k‘b{ )C.
After solving this DP we will get a policy, based on which the local decision can be made to
switch the link or to remain on that link. Hence, for a given relay zone j at time instant [,
we minimize the cost Jj(b;). The derivation of this policy is given in the next section where

we derive a policy which maps the belief into action.

6.3 Derivation of the Optimal Policy

6.3.1 Properties of J;(b)

In this subsection, we will explore the properties of the cost function, which will be further
exploited to provide a optimal threshold policy in the next subsection.

The expected cost at the end of the (N — 1)th period is given by equation . The
general expression of cost for the time instant [ as mentioned in equation can be
written equivalently as:

Ji(b]) = min{¢, A7 (b))} (6.3.1)
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where,
AJ(6]) =y + P, = 1b]) T (@(b], 1)) + P(2],, = 0[b]) Ji1 (R (b],0)) (6.3.2)

At the end of time instant [, the local node has calculated b; that the relay link ¢ is still
the good or not and further decides whether to continue on the already selected relay link

7 or needs to explore and switch to another relay node and incur extra cost . In equation
(6.3.1)), v, indicates the expected penalty incurred due to packet loss and

Pz, = 1b])Jit1(@(b], 1)) + P(z],, = 0[b]) Ji1 (@(b],0))

is the expected cost to be incurred at the upcoming time instant [ + 1.
For notation simplicity we will now remove the superscript j from each of the respective
notations, e.g., we will write blj as by and Ag() as A;(). Hence A{ (blj) is denoted as A;(b;).
We can reduce A4;(b;) in equation (6.3.2)) to:

Ay(br) =(1 = kb)C + (big + (1 — b))k Ji1(1)
+ (1= (big + (1 = by)8)k) Ji41 (2 (b1, 0)) (6.3.3)

We now look into the structure of the cost function. First we will show that functions

A;(b) are piece-wise linear in b in Proposition
Proposition 6.3.1. A;(b) is piece-wise linear and concave in b for each I.

Proof. We will prove this by first showing that J;(b) is piece-wise linear and concave for

each [ using induction. Then we prove our proposition. For time instant (N — 1), we have,
In-1(b) = min{C, (1 — kb)C},
which is piecewise linear. For time instant (N — 2), we have,

Jn_2(b) = min{¢, (1 — kb)C + (bg + (1 — b)s)kJn_1(1)
+ min{(1 — (bg + (1 — b)s)k)C, (1 — (bg + (1 — b)s)k(2 — k))C}}  (6.3.4)

which is also piece-wise linear and concave since Jy_1(1) is constant.
Assuming J;11(b) is piece-wise linear and concave in b, we can say that for some suitable

scalars, m1,m2, -+ , 1, and By, B2, -+, Bn, Ji+1(b) can be written as:

Jip1(b) = min{m + B1b,m2 + B2b, -+, nn + b} (6.3.5)
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We can write J;(b)=min{(, 4;(b)}. Expanding it using equation (6.3.3]), we get:

Ji(b) = min {C, (1 —kb)C + (bg+ (1 —b)s)kJi11(1)

(1= (bg+ (1= b)s)k) i ( <fq_+{zf;1+_32)(_1b;}?> } (6.3.6)

Putting J;11 from equation (6.3.5)) in equation (6.3.6)) and simplifying, we get:

Ji(b) = min{¢, (1 = kb)C + (bg + (1 — b)s)kJ41(1)
+min{n (1 —{bg + s(1 = b)}k) + B1(bg + (1 = b))(1 — k),
12(1 = {bg + s(1 =) }k) + P2(bg + (1 = b)) (1 = k),
s (1= {bg + s(1 = b)}k) + Bulbg + s(1 = b))(1 — k)}} (6.3.7)

This is again piece-wise linear and concave in b. Thus the induction is complete.

Now we will show that A;(b) is also piece-wise linear and concave in b:

Ay(b) = (1 —=kb)C + (bg + (1 = b)s)kJi11(1)
+ (1= (bg + (1= b)s)k) Js1 (D(b,0)) (6.3.8)

The first term (1 — kb)C' is linear in b. In the second term, (bg+ (1 —b)s)k is linear in b and
Ji+1(1) is independent of b, hence overall (1 — kb)C + (bqg + (1 — b)s)kJ;11(1) is linear in b.
Now we prove that (1 — (bg + (1 — b)s)k)Ji+1(®(b,0)) is piece-wise linear in b. By putting

Ji+1 from equation (6.3.5)) in this expression and simplifying, we get,

(1 = (bg+(1 = b)s)k) Ji11(2(b,0))
— min{ny (1 — {bg + (L — b)}k) + Bu(bg + s(1 — b)) (1 — k),
n2(1 — {bg + s(1 — ) }k) + B2(bg + s(1 = b))(1 — k),-- -,
(1 — {bg + s(1 — b)}k) + Bn(bg + s(1 — b)) (1 — k)}. (6.3.9)

Since minimum of finite number of concave function is concave, A;(b) is piece-wise linear
and concave in b for all [.

This proof is similar in spirit to an unsolved exercise given in [44](chapter 5), however
the DP and the estimator function of this paper are different from that given in the book.

Hence we had to write a complete proof. ]

Below lemma is helpful and will be used in determining the monotonicity properties of

A(b).

Lemma 6.3.1. If g > s then ¢(b,0) is strictly increasing function of b, otherwise, if ¢ < s
then ¢(b,0) is strictly decreasing function of b.
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Proof. We can re-arrange equation (6.2.3)) as

1k 1k
q)(b’o):k(l—sk—b(q—s)k)i ko

It is straightforward to see that when ¢ > s, then ®(b,0) is strictly increasing in b otherwise

when g < s, ®(b,0) is strictly decreasing in b. O

Now we determine the behavior of A;(b) with b when ¢ > s and ¢ < s separately. First

we will look for the case when ¢ > s.

Proposition 6.3.2. For the case when q > s (positively correlated case), A;(b) is non-
increasing with b, i.e., Vb, b', 0 < b < b <1, A;(b) > A(b).

Proof. We will prove it using induction. We can see that the base case
Ay-1(b) = (1 = kB)C
is linear and non-increasing function in b. Also, we can see

AN_Q(b) = (1 — kb)C + (bq + (1 — b)S)]{?JN_l(l)
+min{(1 — (bg + (1 — b)s)k)C, (1 — (bg + (1 — b)s)k(2 — k))C}}

is piecewise linear and non-increasing function in b. As induction hypothesis, let us assume
this is true for [ + 1, that is, Aj11(b) > Aj41 (V) for all 0 < b < b’ < 1. Let us now see for
I: Ai(b) = (1 —kb)C + (bg+ (1 = b)s)kJi41(1) + (1 — (bg + (1 — b)s)k) Ji+1(P(b,0)). We can

rearrange the terms in this to write as:

Ab) = C(1—kb)
+ (1= (bg + (1 = 0)$)k) (Ji11(P(b,0)) = Ji31(1)) + Ji41(1) (6.3.10)

In above equation, the term ®(b,0) < 1 because it is a probability term. Function ®(b,0)
is increasing in b for ¢ > s from lemma Also, for time instant [ + 1, since J;41(b) =
min{¢, A;11(b)}, we can say that J;1;(b) is non-increasing in b due to induction hypothesis.
Hence, we can say that J;41(®(b,0)) is also non-increasing in b. Hence, we can say that
Ji41(®(b,0)) — Jp41(1) is positive and non-increasing in b. Also the term (1—(bg+(1—b)s)k)
is positive (¢ > s) and non-increasing in b. Terms C(1 — kb) and J;4+1(1) in above equation
are non-increasing in b and constant respectively. Hence we can say that A;(b) is a non-
increasing function in b. Hence A4;(b) > A;(b') for all 0 < b < ¥/ < 1. O

Next, Proposition describes the variation of A;(b) with time .

Proposition 6.3.3. For time instants | € {0,1,--- | N — 2}, Ay(b) is non-increasing with
[, i.e., Vb € [O, 1}, Al(b) > Al+1(b)-
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Proof. We will first prove J;(b) > Ji11(b), then we will use this to prove A;(b) > A;+1(b).

First we start for base case [ = N — 1 and the first term in recursion [ = N — 2:
Jn-1(b) = min{(, (1 — kb)C}
and

Jn_2(d) = min{¢, (1 —kb)C + (bg + (1 —b)s)kJn_1(1)
+ min{(1 — (bg + (1 = b)s)k)¢, (1 — (bg + (1 — b)s)k(2 — k))C'}}.

We can easily see that Jy_o(b) > Jn_1(b). We now prove it for first two terms of the
recursion Jy_o(b) and Jy_3(b). We can write Jy_3(b) as:

Jn_3(b) = min{¢, (1 — kb)C +
(1= (bg + (1 —b)s)
> min{¢, (1 — kb)C +
(1 — (bg+ (1 — b)s)k)In_1(®(b,0)
= Jn_a(b)

Hence Jy_3(b) > Jn_2(b). Similarly it proceeds for other ! and hence J;(b) > Jj11(b). Now
let us see this for A;(b) using previous proof for J;(b):

Ay(b) = (L= kb)C + (bg + (1 = b)s)kJi1(1)+
(L= (bg + (1 = b)s)k)Ji-1(2(b, 0)
> (1 - kb)C + (bg + (1 — b)s)kJisa
(L= (bg + (1 = b)s)k)Ji42(2(b, 0)
= Ai+1(b)

(
)
(1)+
)

Hence A;(b) > Aj+1(b). O

Propositions[6.3.2]and [6.3.3| together describe the structure of the cost function for ¢ > s
case which can be exploited to develop a threshold policy for making decisions of continuing
or not on the given link.

Now we determine the behavior of 4;(b) with b when ¢ < s and for cases i) ¢ > 1/2 and
i) s < 1/2.

Proposition 6.3.4. For the case when q < s, A;(b) is non-increasing with b, i.e., Vb, V',
0<b<d <1, A(b) > AY) for both cases when i) g > 1/2 and ii) s < 1/2.

Proof. We will prove it using induction. We can see from equation (6.2.4) that Jy_1(b) =

min{¢, (1 — kb)C'} is piecewise linear and non-increasing function in b. Here An_1(b) =
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(1 — kb)C is non-increasing in b.
As induction hypothesis, we assume that A;11(b), Aj1a(b), -, Anv_2(b) are all non-

increasing in b. We want to prove that A;(b) is non-increasing in b. Note that

Al(b) = (1 — kb)C + (bq + (1 — b)s)le+1(1)
+ (1= (bg + (1 = b)s)k) Jy41(B(b,0)). (6.3.11)

We can expand it further as:

Ab) = (1-kbC
+ (bg + (1 = b)s)kmin{ ¢ , Aj41(1)}
+ (1 — (bg+ (1— b)s)kz> min{ ¢ A (B(b,0)) } (6.3.12)

Here also, there are four possible cases due to two minimization expressions in above
equation which is due to combinations: Case (i) z1x3, Case (ii) z1x4, Case (iii) xoxs and

Case (iv) xox4.

Case (i)

In this case, we have:
Ay(b) = (1 — kb)C + (bg + (1 — b)s)kC + (1 — (bg + (1 — b)s)k)C (6.3.13)
which can be written further: A;(b) = (1 — kb)C + ¢ which is clearly non-increasing in b.

Case (ii)

We can see that case (i7) is not possible. We can see that A;1(1) < A;41(®(b,0)) due to
induction hypothesis, and ®(b,0) < 1. Let us assume that x; = ( is selected from the first
minimization term which implies that ¢ < A;41(1). Now if 4 = Aj11(P®(b,0)) is selected
from the second minimization term then it implies that A;11(®(b,0)) < ¢. This in-turn
implies A;41(P(b,0)) < Aj+1(1), which is a contradiction due to aforementioned argument.
Hence, we can say if x1 = ( is selected from the first minimization, then x, cannot be

selected from the second minimization term.
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Case (iii)
In this case:

A4(b) =(1 = KD)C + (b + (1 — B)s)eArs1(1) + (1 — (bg + (1 — B)s))C
=C + skA;1(1) + ¢ — sk¢ —kb{C — (s —q) (¢ — Ai11(1))} (6.3.14)

Since s > ¢ and (s — ¢q) < 1, we get that A;(b) is non-increasing in b provided ¢ —
A;11(1) < C. For the current combination, ¢ < A;+1(®(b,0)) and from induction hy-
pothesis, A;11(®(b,0)) < A;41(0). This implies A;11(0) > (. Hence to prove A;(b) is
non-increasing in b, it is sufficient to prove that A4;41(0) — A;41(1) < C.

From equation we can write A;11(b) as:

Ar11(0) = (1 = kb)C + (bg + (1 = b)s)k min{C, A12(1)}
(1= (bg + (1 — b)s)k) min{C, Ay o(®(b, 0))} (6.3.15)

Due to the current combination, ¢ > A;4+1(1) and from Proposition Aip1(1) > Apga(1).
Hence in the first minimization term ¢ > A;;2(1). For the second minimization term,
there are two possible sub-cases in equation (6.3.15)): (i) when ¢ < A;42(®(b,0)), and (ii)

¢ = Ap2(®(b,0)).
For sub-case (i), we have,

Ap1(b) = (1 = kb)C + (bg + (1 — b)s)kAr2(1)
(1= (bg+ (1= b)s)k)C (6.3.16)

Now we can say that
A1 (0) = A (1) = kC = (s — )k(¢ — Ai42(1)).

Clearly, ¢ > A;11(1) as explained above. Hence A;41(0) — Aj11(1) < kC < C.

For sub-case (ii), we have,

A1 (6) = (1= KB)C + (bg + (1 — b))k Arya(1)
4 (1= (bg + (1 — b)s)k) Apsa(®(b, 0)) (6.3.17)
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Now we can say that

Ar11(0) = Ay (1) = kC + qk{AHz (q — qk) - Al+2(1)}

1—qk
Cskd A (258 oA
5 W2\ T .k 1+2
s — sk q— qk
A — A 6.3.18
+ l+2(1—8k> l”(l—qk) ( )
Since ¢ < s and Aj2(b) is non-increasing function in b (induction hypothesis), we get

that A1 <i_‘;£ — Ao % < 0. Also, since gk < 1 and sk < 1, we can write equation

(16.3.18]) as,

— gk
Ap1(0) — A (1) < kC + sk{Al+2 <(11—Zk> - AZ+2(1)}

— Sk{Al+2 <.f:zz> — Al+2(1)}
<kC+ {Az+2<§ — ZZ) - Al+2(1)}

- {Al+2<i — Z:) - Al+2(1)}

+ Al+2<i — zl;:) - Al+2<(1] — ZZ)

=kC < C. (6.3.19)

Hence we can say that A;(b) is non-increasing in b.

Case (iv)
In this case,

Ay(b) = (1 = kb)C + (bg + (1 —b)s)kA141(1)
(1= (bg+ (1= b)s)k) Aiy1 (D(b, 0)). (6.3.20)

Differentiating above equation (6.3.20)), we get,

d(Ay(b))
db

= —kC — (S — q)kAH_l(l) + (3 - Q)kAH-l((I)(b?O))

d(Ar11(2(b,0))) d(®(b,0))

(1= G+ (1= D)) = s =

(6.3.21)
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where, % and % denotes differentiation with respect to b and ®(b,0) respectively.

We will use subgradients wherever applicable. Re-arranging and simplifying above equation

(16.3.21]) we get,

d(Ai(b))
db

- _ kC{1 B (s—q) (Az+1(¢g, 0)) — Al+1(1)) }

~ d(A(2(5,0)))
d(®(b,0))

(s—a)f (6.3.22)

where f = (1_(&1:%. It can be clearly seen that f € (0,1) and 0 < (bg+(1—b)s)k < 1
(since g,s, and k € (0,1)).

Let us first show that (A;11(®(b,0)) — Aj11(1)) < kC. We can also show this for the
expression A;+1(0) — Aj+1(1) < kC since A;41(b) attains its maximum value at b = 0 due
to induction hypothesis. We have already proved A;;1(0) — A;11(1) < kC in previous
Case(iii), sub-case (i7). Since A;11(0) > A;11(®(b,0)), we can also say that

Al+1((I)(b, 0)) — Al+1<1) < kC. (6323)

Now let us substitute A;1(®(b,0)) — A;41(1) by k1C where, k1 < k and k1 € (0,1). We
can now reduce equation (6.3.22) as:

d(Ai(b))
db

Ap1(2(5,0))) (s
d(®(b,0))

= —kC{l—(s—q)k1} — il —-q)f (6.3.24)

Here, A;+1(®(b,0)) is piecewise-linear (Proposition |6.3.1) and hence differentiable in

each of its sub-domains where it is linear in ®(b,0). Also A;+1(®(b,0)) is non-increasing

with respect to ®(b,0), thus % is negative. First let us expand A;41(®(b,0)) as:

A1 (8(b,0)) = (1~ k®(5,0))C + (B(b,0)q + (1 — B(b,0))s)kJi2(1)
(1= (@(5,0)g + (1 — (b, 0))s)k) Jir2(S(P(b, 0),0))
= (1— k®(b,0))C
T (@(5,0)g + (1 — (b, 0))s)k min{C, Arya(1)}
+ (1= (B(b,0)g + (1 — (b, 0))s)k)
x min{C, Aryo2(®(®(b,0),0))}. (6.3.25)

Now A;1(1) > A;42(1) (due to Proposition [6.3.3), we can say that A;42(1) < ¢ because
A;11(1) < ¢. Hence in above equation (6.3.25), min{(, A;42(1)} is equal to A;42(1). We
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can now reduce equation (6.3.25)) as:

A1 (8(b,0)) = (1~ k®(b,0))C + (8(b,0)g + (1 — B(b, 0))s)kArsa(1)
+ (1= (®(b,0)g + (1 — ®(b,0))s)k)
x min{¢, Ap42(®(®(b,0),0))}. (6.3.26)

Now there are two sub-cases in equation depending upon whether ¢ < A;;2(®(P(b,0),0))
(sub-case (i)) or ¢ > Aj12(®(P(b,0),0)) (sub-case (ii)). Let us look for the first case when
¢ < Ap2(2(2(b,0),0)).

Sub-case (i):

In this case, ¢ < Aj42(P(P(b,0),0)), we can expand equation as follows:

A1 (®(6,0)) = (1 = k@(b,0))C + (2(b,0)g + (1 — (b, 0))s)k Ar2(1)
+ (1 = (®(b,0)g + (1 — 2(b,0))s)k)C. (6.3.27)
Differentiating above equation (6.3.27]) with respect to ®(b,0) as follows:

CZ@{ZW{(AM(@(Z), )} = — k:(j{l G ; q) << B A,+2(1)> } (6.3.28)

Here also we can say that ¢ — Aj12(1) < kC because we know that ¢ < A;12(®(P(b,0),0))
and A;42(®(P(b,0),0))—A;42(1) < kC. The later expression A;2(®(P(,0),0))—A;412(1) <
kC can be proved in similar way A;1(®(b,0)) — A;41(1) < kC was proved earlier. We can
say that A;12(0) — Aji2(1) < kC in same way as was shown for A;,1(0) — A;11(1) < kC.
Now, we know that A;o(®(P®(b,0),0)) > Aj12(1) (due to induction hypothesis). Hence we
can claim that A;1o(®(P®(,0),0)) — A;42(1) < kC. Now let us substitute ¢ — A;12(1) by
koC where, ko < k and kg € (0,1). Substituting the result from above equation in
equation , we get,

d(Ay(D))
db

= —kC{(1 = (s — k1) — (1 = (s = Qk2)(s — q) f} (6.3.29)
We will show that k2 > k; in above equation (6.3.29).

ko = ¢ — Apya(1)
> (= Ai+1(1), since Apq(1) > Apya(1)
> Ap41(9(b,0)) — A1 (1), since ¢ > Aj11(9(b,0))
=k C

Hence we can say that (1 — (s —¢q)k1) > (1 — (s — q)k2)(s — q) f in equation (6.3.29). Hence
overall w in equation (6.3.29)) is negative. This shows that for sub-case (i) , A;(b) is
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non-increasing function with respect to b.
Sub-case (ii):
In this case, ¢ > A;42(P(P(b,0),0)), thus we can expand A;41(P(b,0)) in equation

(16.3.26|) as

Ap1(2(0,0)) = (1 — k2(b,0))C + (2(b,0)q + (1 — 2(b,0))s)kAr42(1)
+ (1= (®(b,0)q + (1 — ®(b,0))s)k) Ar42((®(b,0),0)).  (6.3.30)

Differentiating above equation ([6.3.30)) with respect to ®(b,0) and re-arranging as follows:

d(Ai+1(2(b,0))) (s—q)
d&(b, 0) kc{l - C

(Aua(@(@(0.0,0) - 4201)) |

d (A2 (®(®(b,0),0)))

+ (1= (D(b,0)(q — 5) + 5)k) d(®(b,0))

(6.3.31)

We know that A o(®(P(b,0),0)) — Aj2(1) < kC. Let us substitute A o(®(P(b,0),0)) —
Aj12(1) by ks where k3 < k and k3 € (0,1). Re-writing equation (6.3.31)), we get

A Ay (B(0,0))
166,0) ’“0{1 ~ - Q)"*”}

d(Avs2 (D (@ (b,0),0))

+ (1 = (®(b,0)(q — s) + s)k) 3@ (5.0)) (6.3.32)
Now let us substitute equation in equation (6.3.24), we get,
WD — ko1~ (s~ )k + 1)}~ KO(s — 0%k
~{a-ee.o6-9+am
d (A’“;(q;((i (Ob)’)o) .0)) }(s —q)f (6.3.33)

From equation (6.3.33)), we can see that terms

d (Al+2 ((I) ((I) (b7 0) 70)))
d(®(b,0))

(s—q), f, (1 —(®(b,0)(q — s) + s)k) and

are positive. Term

d (Al+2 (CI) ((I) (bv 0) ) 0)))
d(®(b,0))

is positive because A;io(-) is non-increasing function (due to induction hypothesis) and
®(-,0) is decreasing function, hence Ay o(®(-,0)) is increasing function. Thus we can say

that the term
d (A2 (2 (2 (5,0),0)))

d(2(b,0))
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is positive. Hence we can say that

d (Ar2 (2 (2 (b,0),0)))
d(®(b,0))

—{(1 = (2(b,0)(q — 5) + 5)k) Hs—a)f

is negative in above equation (|6.3.33)). Let us look at the remaining term
—kC{1 — (s — q) (k1 + f)} — kC(s — q)*ks .

We will prove that this term is also negative by proving that 1 — (s — ¢)(k1 + f) > 0 for
both cases when i) ¢ > 1/2 and when ii) s < 1/2. We can say that for both of these cases,
0<(s—q)f <1/2, where 0 < f < 1. Hence 1 > 1— (s —q)k; > 1/2, where k; < 1. Thus
we can easily see that 1 — (s — q)(k1 + f) > 0. Using this fact, we can say that % in
equation is negative implying that A;(b) is a non-increasing function in b. Thus

induction is complete for both cases i) ¢ > 1/2 and ii) s < 1/2. O

All these Propositions [6.5.1], [6.5.2] [6.3.3] and [6.3.4] and Lemma give intermediate

results which are useful in proving our Theorem [6.3.1] mentioned in the next subsection.

Now we give the following conjecture for the remaining and last case for ¢ < s, when ¢ < 1/2

& s > 1/2 which is a hard case to prove.

Conjecture 6.3.1. For the case when q < s, and ¢ < 1/2 & s > 1/2, Aj(b) is non-

increasing with b.

We believe that this conjecture is true and is also validated through extensive simulations
later in the Section [6.4l

6.3.2 Policy Structure

The structure of an optimal policy for our POMDP problem is provided in the following

theorem.

Theorem 6.3.1. The optimal policy for our POMDP problem is a threshold policy. If
¢ < (1 —=k)C then the optimal action is always to explore. For the cases when q > s, and
g < s (both scenarios when ¢ > 1/2 and s < 1/2): When ¢ > (1 —k)C, at any time instant
[l €{0,1,--- ,N — 1}, the optimal action is to continue transmission on the current relay
link if by > «y, and explore and switch to another better relay link if by < «y. Also, the

threshold oy € [0,1] is non-increasing in [.

Proof. For the case ( < (1 —k)C: First we start for base case [ = N — 1 and the first term
in recursion | = N — 2:

Jn-1(b) = min{¢, (1 — kb)C} = ¢,
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since ¢ < (1 — k)C. For time instant N — 2, we have

Jn—2(b) =min{¢, (1 — kb)C + (bg + (1 — b)s)kJn_1(1)
+ min{(1 — (bg + (1 — b)s)k)(, (1 — (bg+ (1 — b)s)k(2 — k))C}}. (6.3.34)

We can easily see that Jy_o(b) < Jy_1(b) since ¢ < (1 — k)C. Hence we can conclude that
Jn—2(b) = (. We now check Jy_2(b) and Jy_3(b). We can write Jy_3(b) as:

Jn-3(b) = min{¢, (1 — kb)C +
(1= (bg + (1 = b)s)k)Jn—2(®(b,0
< min{¢, (1 — kb)C' + (bg+ (1 — b)s
(1= (bg + (1= b)s)k)Jn—1(2(b,0)
= Jn-2(b) = ¢

(
)
(
)

Hence Jy_3(b) = (. Similarly it proceeds for other [ and hence J;(b) = ¢. Thus cost of
exploring in this case when ¢ < (1 — k)C' is always optimal.

For the case when ¢ > (1 — k)C: Let us see the possible cases which exists for the
given DP by fixing [ = N — 2 and at belief probabilities 0 and 1. For by_o = 0, cost
¢ of exploration is always optimal if ( < C' + (1 — sk)C otherwise continuation is always
optimal. For by_9 = 1, if ( < (1 — k)C + (1 — ¢k)C then exploration is always optimal.
If ( > (1 —=k)C+ (1 — qk)C then continuing on the current link is the best option and
exploring other links is never optimal. Hence we will see the following scenario where we
can get the decision criterion for choosing between exploring other links versus continuing
on the same relay link. Assuming for by_2 =1, ( > (1 — k)C + (1 — ¢k)C is satisfied and
for by_o = 0, ¢ < C + (1 — sk)C is satisfied. If this condition is true, then there exists
a scalar ay_o with 0 < ay_o < 1 that determines an optimal policy for the last period
as: continue transmission on relay j if by_9 > an_o else stop transmission on relay j and
explore and switch to another better relay. Since we are looking for the condition when
the communication on given relay link can continue or not. When it cannot be continued
then first action is chosen which stops the communication on the current relay link and
exploration for new link begins.

Using Proposition Proposition [6.3.3, Proposition and Proposition [6.3.4] we
can say that the functions y = ¢ and y = A;(b;) intersect at a single point and from the
DP algorithm in equation , we obtain that the optimal policy for each period is
determined by the unique scalars a; which are such that: ( = A;(aq). Since we get a single
point of intersection which decides the optimal choice for choosing an appropriate option,
we can say that the optimal policy for the time period [ is given as: continue transmission
on relaying zone j if b; > «y, else stop transmission on relaying zone j and explore and

switch to another better relay.
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Second part of this theorem: Using Propositions (6.3.4} |6.3.3[and [6.3.2], A;(b;) are mono-

tonically non-increasing with respect to [. Hence we can say that sequence of «; is also

non-increasing with ! (using Proposition and [6.3.2)). O

This theorem do not use the Conjecture for the proof. However, once this conjec-
ture is proved, its result can be extended to above Theorem Now, in the Theorem
if ( < (1 —k)C then the UE will only explore all the time in case of packet loss and
there would not be any data transmission if packet loss event happens frequently, which
is clearly undesirable. We will look for the cases for which ¢ > (1 — k)C. At | — oo,

«y converges to some scalar @, as a decreasing sequence which is bounded below always
converges. Hence, for very large horizon length IV, the optimal policy can be approximated
by a stationary threshold policy with a time-invariant threshold @.

Case q > s: Let us now derive a simplified threshold policy for the case when g > s.
Note that, if z; = 1, then b, = 1. Hence, without loss of generality, let us assume that
bp = 1. If zo = 0, then by = ®(by = 1,29 = 0) = % < 1 = by. Now, it is easy to check
that ®(b,0) is a strictly increasing function in b. Hence, by = ®(b1,0) < ®(bp,0) = by.
Proceeding in this way, we can show that b; strictly decreases with [ whenever we observe
several successive ACK failures. We can define recursively a probability 7, of getting m
successive ACK failure as: m = ®(1,A), m = ®(m, A), -+, 7y = ®(mm_1,A). Let r be
the smallest integer such that m, < @. We can further simplify the stationary threshold
policy as follows.

Simplified stationary threshold policy (¢ > s): Let r be the smallest integer such
that w. < @. If there are r successive ACK failures, explore and switch to another better
relay link, else continue transmission on the current relay link.

Case q < s: As mentioned earlier, for the case when ¢ < s and whether ¢ > 1/2 or
s < 1/2, the policy is a time-invariant threshold @ policy. The optimal action at time
instant [ would be to continue transmission on the current relay link if b, > @, and explore

and switch to another better relay link if b; < @.

6.4 Simulation and Results

Simulation Environment

Since D2D communication is suitable for short range only, we consider that the service
region comprises of D2D users residing within a small cell of dimension 100 m x 100 m, as
also considered in [109, 110]. However it can be extended to the dimensions of macro cell
region. We have divided the service region into grid zones each of dimension 10 m x 10 m.
Each zone is assumed to have enough UEs to form a D2D link with UEs of other zones. Here
60 G Hz mmWave is used and transmitter and receiver antennas with gains G, = Gy = 6 dB

are assumed. Data transmission takes place for 1 s with 6 = 10 ms, thus there are maximum
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of 100 packets that can be sent during 1 s local time duration. We are considering a scenario
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where line of sight path loss exponent is 2.5 and log-normal shadowing random variable has
zero mean and standard deviation 3.5 [10, [106]. Thermal noise density assumed here is
—174 dBm/Hz and transmit power of a UE is 24 dBm. Capacity of each link (i,j) is
Blogy(1+ S;j) bits/s, where B = 20 M Hz [102] is bandwidth and S;; is the received signal
to noise ratio. We are assuming fixed packet length of 65535 bytes. There are total S=32
static obstacles placed randomly and D dynamic obstacles present in the environment,
where D € {0, 16,32,48,64,80}. Each static obstacle is assumed to be of the dimension
of a grid. Hence all communications going via a grid where there is a static obstacle will
get blocked. Each dynamic obstacle is moving randomly and independently of each other.
We assume a realistic scenario where they follow a random Bernoulli blockage model where

with probability p (here we have assumed p=0.7), they may come in between any given
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link which is due to their mobility pattern. Once they come in between any given link they
would block the link completely with probability 1 and would stay there for some random
amount of local time instants which is chosen uniformly in {1,2,--- ;N — 1}. Since, at the
very start of the experiment the exact values of parameters ¢, s, and k are unknown to the
BS as well as UEs, they need to be estimated along the horizon as communication between
nodes take place. For a given link 7, let g; denote the total number of times link ¢ became
good at time instant [ + 1 given that it was good at time instant [. Let G; represent the
total number of times the given link i becomes good at time [ + 1 irrespective of whether it
was good or bad at time instant [. Thus we can estimate ¢ empirically by the ratio g;/G;.
Similarly, this technique is applied to estimate other parameters s, and k at global time
instants based on packet loss and ACK success/failure data received from the UEs during

local time instants. Through out we maintain the inequality for two different cases when
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Figure 6.18: Behaviour of A;(b) with b fixing Figure 6.19: Z — X axis view of A;(b) with
q=0.4 b fixing q=0.4
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Figure 6.20: Behaviour of A;(b) with b fixing Figure 6.21: Z — X axis view of A;(b) with
s=0.7 b fixing s=0.7

(1) g > s and (2) ¢ < s ((i) ¢ > 0.5 and (ii) s < 0.5). Once we get estimate of parameters
q, s and k, we simply put these values in our model and accordingly can compute the belief
probability. Hence we can now apply our main result of Theorem [6.3.1] which simply uses
these parameters for finding out the threshold. We are assuming that a given zone ¢ can
make connection with another zone out of at-most 8 neighboring zones surrounding it, i.e.,
U? < 8. We assume a single source-destination pair for simplicity and all other devices
in a given zone may act as relay. We have written our own C++ custom code and run
them on a GNU 4.8 compiler on Intel core ¢7 machine. We run our experiments for around
6000 runs and take average results per run and per hop for the packet loss, end to end
(E2E) delay per packet, and throughput. E2E delay is the total time (in seconds) to send a
packet successfully from source UE to the destination UE including time it takes to explore

and switch to newly selected relay links. New relays are selected during exploration based
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on the highest received signal strength. The throughput is defined total packets delivered
successfully per unit time. We have given two proposed approaches respectively for i) ¢ > s
and ii) ¢ < s (for both cases ¢ > 0.5 and s < 0.5) based on the analysis and method
presented in the previous section. We are comparing the results of our proposed approach
with two existing approaches: 1) an approach which selects relay link based on received
signal strength (RSS Based) and 2) an approach which selects relay link based on maximum
overall throughput (Throughput Based) [34] which utilizes parameter ¢ in computing the
throughput. We show the impact of varying number of static and dynamic obstacles on
aforementioned parameters. Also, effect on percentage of total links where explorations and
continuing decisions are optimal on varying (, is also shown. The parameter ( is lying in
the set {0,0.25C,0.5C, 0.75C, C,1.25C, 1.5C, 1.75C,2C'}. The cost C' is taken to be penalty

of one slot duration 6=10 ms.

Simulation Results & Analysis

For Figures ¢=C and the number of static obstacles S is fixed at 32. Figure
shows the result of average packet loss over the number of dynamic obstacles. The packet
loss increases with increasing in number of dynamic obstacles for the policy given for both
cases where ¢ > s, and ¢ < s (for both cases ¢ > 0.5 and s < 0.5). As the number of dynamic
obstacles increase, chance of more links getting blocked by these obstacles also increases.
Our proposed methods outperform other algorithms because we learn the quality of D2D
links based on ACK received and switch to another better relay when the quality of current
D2D link deteriorates. While other algorithms, RSS based and Throughput based, only
continue on the link initially provided by the BS. Hence, lot of packet loss occurs when link is
blocked by dynamic obstacles. This explains the importance of deferring the communication

to some other newly selected relay when several successive packet loss occurs on the current
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link provided by the BS. Figures [6.5] and [6.6] capture the effect of the number of dynamic
obstacles over average E2E delay per packet and average throughput respectively. As the
number of dynamic obstacles increases, the delay increases and the throughput decreases.
This is due to increased packet loss, since link blockage chance increases as obstacles increase
as explained above. Here too our proposed method outperforms other algorithms since it
learns the channel quality by utilizing the optimal policy analyzed in the paper. In all of
figures [6.4H6.6] our approach for the case ¢ > s performs better than the case ¢ < s because
of the nature of the transition probabilities. The chance of going from good state to good
state is more as compared to that of going from bad state to good state for the case when
q > s. Hence when a link is in good state, it implies that it transitioned from a good state
with a higher probability. Hence most of the time the link resided in the good state and
hence higher performance is observed.

The results mentioned in Figures|6.7H6.9are capturing the effects of varying S on average
packet loss, average E2E delay, and average throughput keeping D = 0 and (=C. Here the
trends and explanations are similar to previous paragraph.

In rest of the Figures [6.10H6.15] we show the effect of varying the exploration cost ¢
on various parameters and observe some insights for the case when ¢ > s. Similar insights
would follow for the other case (¢ < s when (i) ¢ > 0.5 and (ii) s < 0.5) as well. Figures
6.10 show the performance of our approach in terms of average packet loss, average E2E
delay, and average throughput for varying ¢ when D = 48 and S fixed at 32. In Figure[6.10]
as ( increases, the average packet loss first decreases slightly and then increases rapidly after
(=C. For (=C, average packet loss is 11.41 and average packets transmitted successfully
is 76.01. However, when (=0, upon packet loss, new links are explored instantaneously.
Here average packet loss is 15.68 and average packets transmitted successfully is 82.44. We
can see that average number of packets sent for data transmission when (=0 is 98.14 which
is higher as compared to that of the case when (=C (87.42). This is because of lower
exploration cost when (=0 and hence more slots are available for data transmission, hence
lower chances of packet loss comparatively for (=C'. Note that when (=0, the total packet
transmitted is not 100% because for some time instants all neighbouring zones might be
blocked due to blockage and no zones are available for data transmission after exploration.
In Figure [6.11] average E2E delay increases with (. For (=C', average packets transmitted
successfully in 1 second is 76.01. For (=0, this value is 82.44. Hence, the average E2E delay
for the case when (=0 is lower compared to the case when (=C'. Effects of { on average
throughput in Figure [6.12| can be explained similar to previous result as more packets are
transmitted for (=0 (82.44 packets) case as compared to that of (=C (76.01 packets) case.

Figure [6.13] shows the effect of varying ¢ on total number of times communication is
stopped on the current link and new explorations are performed in the given time horizon.
We can observe that, as ¢ increases, the frequency in exploration decreases. Higher values

of ¢ discourages explorations when packet loss occurs. Hence, number of times communica-
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tion on current link is stopped and new explorations are performed also decreases. Lower
exploration cost ( makes more explorations and switching feasible when packet loss event
occurs. As shown in the figure, when (=2C', the number of times new links are switched is
almost 0, this causes the data transmission to be continued on current relay link selected
by the BS for the whole time horizon even in case of longer successive ACK failures due to
obstacles. This case is similar to that of RSS based approach. When (=0, the new relay
links would be explored and switched every time there is a packet loss event and thereby
causing excessive explorations. The value of ¢ has a strong effect on the value of the derived
scalar @. When ( value is lesser, @ is closer to 0, indicating exploring for a new relay link is
optimal during packet loss event. Similarly, for higher value of {, @ is closer to 1, indicating
continuing on the current link is optimal during packet loss event. These results are shown
respectively in figures 6.15| Figure shows that the percentage of total available
links where explorations are optimal decreases with ¢. Similarly, Figure shows that the
percentage of total available links where continuing on those links are optimal increase with
¢. Till (=C, it is 0% and then rapidly increases with . At (=C, there are total of about
63% links where exploration is optimal (Figure and 0% links where continuation is
optimal (Figure , and for the rest 37% links there is a threshold based policy which is
directly dependent on the derived scalar a.

We numerically checked Conjecture by running 10000 simulation runs and varying
¢, s, and k, keeping ¢ fixed at 1.5C. These results verify Conjecture[6.3.1] We are presenting
few results in figures[6.16 where k=0.5 and [=N-3=97 for our simulation environment.
In Figures and we have shown the behaviour of A;(b) keeping ¢ fixed at 0.2 and
0.4 respectively and varying s in range (0.5,1.0). Figures and show the view of
X — 7 axis, corresponding to Figures and [6.18] respectively. Similarly, Figures [6.20]
and we have shown the behaviour of4;(b) keeping s fixed at 0.7 and 0.9 respectively
varying ¢ in range (0,0.5). Figures and show the view of X — Z axis corresponding
to Figures and respectively. These results are consistent with Conjecture [6.3.1

6.5 Conclusion

The unpredictable fluctuations in D2D channel quality due to presence of dynamic obstacles
may cause severe packet loss and hence delay. The problem of making decision to stop
communication via current relay in the event of successive packet loss considering substantial
exploration cost is modeled as a finite horizon POMDP framework at each UE locally. An
optimal threshold policy that maps belief to action is derived for both positively (¢ > s)
and negatively (¢ < s) correlated links. We conjectured that A;(b) is non-increasing in b
for the negatively correlated links when ¢ < 1/2 & s > 1/2. We then provided a simple
stationary policy for positively correlated links which tells UE to make decision locally by

counting the number of ACK failures. Similarly, a strategy based on scalar @ is also devised
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for negatively correlated links. Both of these strategies are simple and easy to implement.
Through simulations, we showed that our approach captures the effects of dynamic obstacles

and outperforms other state of art algorithms.



Chapter 7

Local Relay Selection during
Exploration time in Presence of
Dynamic Obstacles in Millimeter
Wave D2D Communication

Much of the content of this chapter is copied from my own papeﬂ with the permission of
my co-authors Arpan Chattopadhyay and Sasthi C. Ghosh. FEven though the paper can be
found in the literature, it is copied here so that I can make minor changes and clarifications
for the convenience of the reader.

In the previous chapter, we described the local sequential decision problem at each UE,
i.e., whether stop communication on a chosen mmWave D2D relay link in case of successive
packet losses or whether to continue the transmission over it, by considering the directional
search costs for the new relay. The next problem which follows is: How to locally guarantee
that the chosen relay is itself free of dynamic obstacles and it would not cause frequent
relay switching. Note that frequent relay switching might occur if the newly chosen relay is
also going to get blocked by dynamic obstacles in local time instants when it was selected.
This has very high overhead because the directional search of mmWave D2D relay has some
significant cost in terms of exploration time. The new relaying UE must be chosen carefully
during exploration time (ranging from few microseconds to 10 ms [I5]), because it may
get blocked during data transmission time (100-1000 times higher than exploration time)
due to presence of dynamic obstacles, even when the source and relay beams are perfectly
aligned as was shown in figure [1.2

In this chapter, we have investigated the idea of reducing frequency in relay switching
and thus average end-to-end (E2E) delay at the expense of additional exploration time

during beam alignment. Here we have considered the fact that exploration has a substantial

°D. Singh, A. Chattopadhyay, and S. C. Ghosh. Local relay selection in presence of dynamic obstacles in
millimeter wave d2d communication. In IEEE International Conference on Communications (ICC), pages
1-6, 2021.

121



CHAPTER 7. LOCAL RELAY SELECTION DURING EXPLORATION TIME IN PRESENCE OF DYNAMIC
OBSTACLES IN MILLIMETER WAVE D2D COMMUNICATION 122

delay. We have modeled the problem as a finite horizon POMDP. The states are the D2D
relay link qualities which are not observable at the current time instant. It can only be
observed after receiving the acknowledgements (ACKs) of the probe packets which are sent
in order to access a link. Fven the ACKs can get lost due to presence of dynamic obstacles.
Information about dynamic obstacles are not known at BS a priori and it can only be
learned through ACKSs of probe packets. The goal is to take decision of whether selecting
or not selecting a relay which minimizes packet loss and in-turn delay by sending additional
exploration probe packets to learn the channel quality. Optimal threshold policies have
been derived which maps the belief to a set of actions. By exploiting the derived policy
structure, we have obtained a stationary policy which tells the UE during exploration that
after how many successive ACK successes or ACK failures to take the decision of whether
selecting or not selecting the relay respectively. Our optimal policy can be implemented
locally at each UE, thereby facilitating distributed implementation. Theoretical analysis is
validated through extensive simulation.

The organization of the chapter is as follows. System model is described in section [7.1
The POMDP formulation is provided in section Optimal policy structure is derived in
section Numerical results are provided in section followed by the conclusions in
section

7.1 System Model

We are considering the device-tier of 5G D2D architecture mentioned in [I], where devices
or UEs can communicate among themselves with or without the help from BS. The service
region is discretized into various zones or grids as shown in figure[7.1fa) with one BS. Each
zone may have many UEs and is assumed to have at least one D2D device which is ready to
take part in D2D communication as a relay or source/destination node. A zone i containing
the source UE may form connection to a UE of another zone j € U? , where U’ is the viable
relay zones of the zone ¢ which is given by the BS. A viable relaying zone of zone ¢ is one
which is nearer to the zone containing the destination UE and is in the communication range
of the zone i. When the source UE in the fixed zone ¢ forms a connection with another UE
of zone j € U, then the link formed between zones i and j is termed as link j. Link is
formed between UEs of two zones when they are in communication range of each other and
the received signal strength is sufficient for the required data rate.

Time is discretized as t,t+ 1,--- as shown in figure with time duration At between
two consecutive time instants. Duration At is further sub-divided into various smaller time
duration of value 6. We denote each such smaller time duration by [ which takes integer
values in [0, N — 1], where N is represents a positive integer such that At = No. Here ¢
is the smaller discretized time slot when the UEs transmit packets locally. It is assumed

that 0 (for each I € [0, N — 1]) is large enough to send one packet of size L, bytes. Here,
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instants ¢, + 1,--- represent the moments when global decisions is given by the BS. At
these time instant BS takes the channel state information from all UEs in the service region
and gives the decision of best relaying UE of a given zone for a given source UE. Hence, in
between two consecutive time instants when BS can make global decision, a UE can send
at-most N packets of size Ly to another UE. Note that at time [ = 0, the UE chooses the
relay link suggested by the BS and at time [ € {1,2,--- , N — 1}, UEs do not get channel
state information from the BS. At global time instants, BS sends two types of information
to UEs, i) the best relaying UE for a given source UE and ii) viable relaying zones U* for
given source zone i, hence the zone i may choose an appropriate zone for relaying data

from the set U’ by undergoing exploration. Each UE can communicate with one another on
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Figure 7.1: (a) Service region divided into zones along with dynamic obstacles. (b) Dis-
cretized time slots with exploration time unit.

mmWave channels using directional antennas. The received signal strength ( ﬁj) at time [

on zone j from zone i is modeled as [34]:
Li=v-P -G -G, PL, (7.1.1)

where, 1 is the shadowing random variable, P! is the transmit power of the UE in zone i at
instant I, G; & G, are transmit and receive beam-forming gains respectively. PLi-j is the
distance dependent path loss function between zone i and zone j.

Exploration: When the current link quality is not good enough then source UE locally
explores for an appropriate relaying UE from given viable set. One of the basic procedure
in the exploration phase involves sequentially searching space in all directions to align
transmitter and receiver beams (beam alignment). The quality of link is piggy-back to the

sending UE. This overall process of beam alignment is termed as the exploration phase.
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Any of the state of art approaches mentioned in [I8] can be applied for the exploration
phase. We have considered an abstraction of this phase and thus it is considered as a black
box. It is assumed that the beams are perfectly aligned after the exploration phase and
thus we focus on the effects of dynamic obstacle’s blockage on a given D2D link. This
exploration by source UE in zone i is done for UEs belonging only in the set U’ to find out
the best relaying zone for that time instant. Note that the UE is using directional mmWave
antennas for exploring the neighbors and hence explorations cause some significant delay.
Each exploration time duration is denoted by € < ¢ as shown in figure [7.1[(b). In a given
duration §, we can perform a number of explorations. Each of the time instants during
exploration time of duration € is denoted by m € {0,1,--- , H — 1}, where H = |§/¢|. The
overall exploration time is bounded by the maximum value M which can be more than H.
It is assumed that once exploration is complete, switching takes negligible time.

There are static and dynamic obstacles in the service region. There is no external
facility like radars or vision cameras available at BS to track them. The behavior of dynamic
obstacles are not known a priori and need to be learned from the received ACKs of probe
packets during exploration phase in an online fashion. Since mmWayves are highly susceptible
to obstacles and suffer from severe penetration losses, we assume that even a single moving

or static obstacle may break an already established D2D link and can cause packet loss.

7.2 Problem Formulation as POMDP

Zone i containing source UE forms a link with an UE (relay or destination) of some other
zone j € U’. Global decision for the best relay is given by the BS at the time instant ¢ to
relay data packet till £4 1 time instant. The quality of link given by the BS may deteriorate
due to presence of dynamic obstacles resulting in link outage and a new relay link needs
to be explored from the viable set U’ locally. A newly found relay link might provide very
good data rate initially during exploration phase, but it may gradually deteriorate in future
data transmission time because of dynamic obstacles. This problem is subtle due to the
fact that exploration time is very small (ranging from few microseconds to 10 ms [15]) in
contrast to the data transmission time which is in order of seconds (usually 100-1000 times
more than search time). The main idea is to reduce the E2E delay on the cost of sending
additional probe packets till decision of whether selecting or not selecting a given relay for
data transmission considering dynamic obstacles can be learned. This process is limited
upto maximum M exploration time units where each exploration time duration is of € time.
If the given relay is not selected within this time then the exploration process again starts
for another possible relaying UE in a zone belonging to U?.

We model this problem of relay selection during exploration as that of POMDP consid-
ering uncertainty in relay link quality. We will define the POMDP as follows: For all the

possible links j € U?, the state is written as yﬁﬁ € {0,1} for exploration time instant m.
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Values 1 and 0 signify if relay link j is in a good or a bad state respectively. Good and bad
notion denotes that whether the given link will be formed successfully or not respectively.
State represented by G and G respectively denote the good and bad state as shown in
figure The action set is defined as {do not select relay link, select relay link, decision
cannot be made thus continue sending probe packets}. The first action signifies that the
current link is bad, hence stop exploring it and start a new exploration. The second action
signifies that the current link being explored is of good quality, hence choose it for data
transmission. The third action signifies that the decision of relay selection cannot be made
and exploration should continue for another e unit of time to learn the relay link quality.
The action is denoted by al, for link j at time instant m. The link quality is observed
by the ACKs of the received probe packet signal. The ACK test for link j at time m is

denoted as wi, € {0,1} for a given state yﬁn and action aj,, may also be uncertain due to

the unpredictable channel condition. In figure A and A denotes whether ACKs are
received successfully or not respectively.

Figure represents the probabilistic structure of the problem as shown below.
P(w), = 1|y, =1) = k; P(w}, = Oy}, = 1) =1k

P(wi, =1y}, =0) = g; P(w), = 0]y}, =0)=1—¢

However, note that the ACK piggyback in current time instant will show quality of the
channel for probe packet sent in previous time instant. Hence a transition probability of
g is introduced above. The probabilistic structure assumed for the system state transition
is given below. We have assumed that ¢ > s and k > g which signify respectively that
the probability of a link becoming good from previous good state is higher than that of
previous bad state and probability of successful ACK from good state is higher than that
of bad state.

Py, =1y, =1)=q Py, =0y, =1)=1—¢q
Py, =1y, =0)=sPyl, =0y, =0 =1-s

For a given relaying zone j, let us define the information vector available locally to the

1-g

Figure 7.2: Probabilistic structure of the exploration problem at a UE locally.
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zone i till time instant m as H, = ( 2 w{, -+, wh,). The sufficient statistics or belief [44]

(chapter 5) for this problem is defined locally for a relaying zone j as:

b, = Py}, = 1[H,) (7.2.1)
This equation gives the probability that a relaying link/zone is in good state given the
previous history of information. The estimator function for the local system can be defined

as:
oy = (b, wl ). (7.2.2)

Using Baye’s rule we get,

_ (g +(1-bl)s)k o 1
bl = { (@bt (=bin)s)ket (5 (1) (1—b) (1=9))g” i (7.2.3)
m (bl +(1—=b2,)s)(1—k) 2.

(qbl+(1=bln ) 8) (1= k) + (bl (1—q) +(1=bln ) (1—5)) (1—g)

e J _
1fwm+1—0

Cost structure: The cost for stopping the exploration for both cases when link cannot
be and can be formed is 0. However, if the link which seems to be good and selected, may
become bad in upcoming time instants and thus causes packet loss. So it will incur Dy cost
to compensate for the packet loss. Similarly, the link which was bad and not selected could
have been a good relay link in upcoming time instants. Then it will incur some cost D; in
order to compensate for further exploration. If decision of relay selection cannot be made
in current time instant, then probe packets are sent for another e time unit to continue
the exploration. The cost incurred here is c.. This will go on till time M which is the
upper bound on the exploration time for a single link. The objective is to derive a decision
criterion, whether to select or not select the given relay link, or if this decision cannot be
made then continue learning the current relay link quality. The expected cost is formulated

as a dynamic program. At the end of the (M — 1)th period, the expected cost is:
J7,_(b) = min{bDy, (1 — b) Dy} (7.2.4)
where b is a variable denoting belief. For the time instant m = M — 2, we have,
J1,_o(b) = min{bDy, (1 — b) Dy, cc + E[J],_, (D)] (7.2.5)

where E[-] is the mathematical expectation over the observations. Here the first term in
minimization expression denotes the expected cost (bDy 4+ (1 — b)0) incurred when the
learning of the current link being explored is stopped since it was in the bad state. The
second term denotes the expected cost for selecting the current relay link being explored.

The third cost is the expected cost for continuing exploring the current relay link for another
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round of € unit of time. We can write a general expression as:

J2,(b) = min{bDy, (1 — b)Da, ce + E[J 1 (@' (b, w))]} (7.2.6)

where w € {0,1} is a variable denoting ACKs failure/success. Note that the notation ws

defined earlier denotes the ACK failure/success of link j at time instant m, whereas w is
used to denote a general variable for ACK failure/success. We will derive the optimal policy
for this problem in section

7.3 Derivation of the Optimal Policy in Exploration Phase

Properties of J/ (b)

The general expression for time instant m as mentioned in equation ([7.2.6)), can be written

equivalently as:
J1.(b) = min{bDy, (1 — b) Dy, AL, (b)} (7.3.1)

where,

AL (b) = ce + P(w = 1|b)J7, 1 (9 (b, 1))+
P(w = 0[b)J} . (¥'(b,0)) (7.3.2)

For notation simplicity we will now remove the superscript j from each of the respective
notations, e.g., we will write A7,() as A,,(). Hence AJ,(b) can now be denoted as A,,(b).
Now equation ([7.3.2) can be further reduced as:

Ap(b) = cc+
((gb+ (L =b)s)k + (b(1 = q) + (1 = b)(1 = 8))g) Tm+1(P' (b, 1))+
(1= ((gb+ (1 =b)s)k+ (b(1 —q) + (1 = b)(1 = 5))g)) Jm+1(®'(b,0)) (7.3.3)

The expected cost for the base case at the end of (M — 1)th period is mentioned in equation
(7.2.4). We now show some of the properties of A,,(b).

Proposition 7.3.1. A,,(b) is piece-wise linear and concave in b.

Proof. We will prove this by first showing that J,,(b) is piece-wise linear and concave for

each m using induction. Then we prove our proposition. For time instant (M — 1), we have,
JM_l(b) = min{bDl, (1 — b)DQ}
which is piece-wise linear and concave. For time instant (M — 2), we have,

JM_Q(b) == min{bDl, (1 — b)DQ, AM_Q(b)}
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where,

Ap—2(b) = cc + min {(gb + s(1 — b)) kD,
(b(1 = q) + (1= s)(1—b))gDa2}+
min { (¢gb + s(1 — b)) (1 — k) Dy,
(b(1—q)+ (1= s)(1=1b))(1—g)Da}.
This overall equation is also piece-wise linear and concave.

Assuming J,,+1(b) is piece-wise linear and concave in b, we can say that for some suitable

scalars, n1,7m2, -+, and S1, B2, , Bny Jm+1(b) can be written as:

Jm+1(0) = min{ny + B1b,ma + Bab, - -+, nn + Brb}. (7.3.4)

We can write,
Jm(b) = min{bD1, (1 — b) Dy, A, (D) }.

Expanding above using equation ([7.3.3), we get:

Jm(b) = min {bDl, (1 — b)Dg, Cet

((bq +(1=0b)s)k+ (b(1—gq)+ (1 —b)(1— s))g> x

(bg+ (1 — b)s)k
JmH((bq%— (1-— b)s)k+ (b(l —q¢)+(1-0b)(1—- s))g>+

<1 — ((bg + (1 = b)s)k + (b(1 — q) + (1 — b)(1 — s))g)) X

(bg+ (1 -0)s)(1 - k)
St ( (1 —((bg+ (1 —=0)s)k+ (b(1 —q)+ (1 —b)(1 — S))g)) > } (7.3.5)

Let us substitute Y for ((bg + (1 — b)s)k + (b(1 — q) + (1 — b)(1 — s))g) to simplify the
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calculations. Now using equation ([7.3.4)), the equation (7.3.5)) is reduced as:

Jm(b)=min {bDl, (1 —b)Dg, ce+

(gb+ s(1— b))k
% :

Y min {771 + 51

(qb—i—sg—b))k’”_7 n+6n(qb+s§}—b))k}
(gb+s(1—0))(1—k)
(1—Y) M2+
(gb+s(1—-0b)(1—-k)
a-v)

N2 + B2

(1 —Y)min {n + f

B2

We can further reduce above equation as:

Jpm(b)=min {bD1, (1 — b) Dy, ¢ + min{ (Y )m+
Bi(gb+ s(1 = b))k, (Y)n2 + Ba(qb + s(1 = b))k, - - -,
(Y + Bulab+ s(1 = b))k} + min{(1 = Y)m+
Bi(gb+ s(1 —=0b))(1 —k),(1 =Y )n2 + B2(gb+ s(1 —b))(1 — k)
,(1=Y)nn + Bulgb+s(1—b))(1 —k)}} (7.3.7)

This is again piece-wise linear and concave in b. Thus the induction is complete.

Now we will show that A,,(b) is also piece-wise linear and concave in b:
A (b) = cc+ (V) T2 (2(0, 1)) + (1 = V) T 11 (27(8, 0)) (7.3.8)

The first term c. is constant. For the next two terms (V) Jy,41(®'(b, 1)) and (1-Y) 41 (P (b,0)),
by expanding them using equation (|7.3.4), we get,

(V) Tim41(2' (0, 1)) + (1 = Y) T 41 (¥ (0, 0)) =

(Y) min {771 + b1 <qb+8§} _b))k, n2 + (qb—i—sg D)k )
'777n+5n(qb+8$_b))k} ) min < 71+

(gb+s(1—0))(1—k)

(g + 5(1=b)(1 — k)
1-V » 12

1-Y
(qb+ s(1 — b))(l k)
— } (7.3.9)

B1 + o

M+ Bn
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We can reduce above to:

(Y) 1 (2 (6, 1)) + (1 = Y) Jpns1 (2'(b,0)) =
min {11 (Y) + B1(gb+ s(1 — b))k, n2(Y) + Ba(gb + s(1 = b))k, - -+,
M (Y) + Bulgb+ s(1 —b))(1 — k) } +min {m (1 - Y)+
Brlgb+ s(1 = 0))(1 — k), m2(L = Y) + Ba(gb+ s(1 = b))(1 — k), -,
(1 —Y) + Bulgb+s(1 —b)(1 —k)}. (7.3.10)

Since minimum of finite number of concave function is concave, A,,(b) is piece-wise linear

and concave in b. ]

Proposition 7.3.2. Vb € [0, 1],
Am—1(b) < Am(b) < Ay ()

Proof. We will first prove Jy,,(b) > Jp,41(b), then we will use this to prove A,,(b) > Ap,4+1(b).

First we start for base case m = M — 1 and the first term in recursion m = M — 2:
JM_l(b) = min{bDl, (1 - b)DQ}

and
JM_Q(b) = min{bDl, (1 — b)D27 AM_Q(b)}

respectively. We can easily see that Jy/—1(b) > Jy—2(b). We now prove it for first two
terms of the recursion Jys_o(b) and Jy;_3(b). Let’s denote Y = (bg + (1 — b)s)k + (b(1 —
q)+ (1 =0b)(1—s))g, we can write Jas_3(b) as:

Jai—3(b) = min{dDy, (1 — b)Da, ce + (V) Jar—a(® (b, 1))+
(1= Y)Jn—2(2'(b,0))}
< min{bD1, (1 — b)Da, e + (V) Jas—1(¥'(b, 1))+
(1 =Y)Jp—1(2'(b,0))}
= Jar—a(b)

Hence Jy—2(b) > Jar—3(b). Similarly it proceeds for other m and hence Jp,4+1(b) > Jp(b).
Now let us see this for A,,(b) using previous proof for J,(b):

Ay (b) = ce + (V) Ty 1 (9'(5,0)) + (1 = Y) Tpr1 (D' (b,0)) (7.3.11)
< ce + (V) Tmia(®'(5,0)) + ((1 = Y)Tpi2(®'(b,0)) (7.3.12)
= Apms1(b) (7.3.13)
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Hence A,,+1(b) > A (b).

Policy Structure

The structure of an optimal policy for our POMDP problem is provided in the following

theorem.

Theorem 7.3.1. The optimal policy for exploration in POMDP problem is a threshold
policy. At any time instant m € {0,1,--- , M — 1}, the optimal action is to stop exploration
on current relay link and start exploring other relay links from U' if b, < oy, or stop
exploration on current relay link and choose it for data transmission if by, > B, otherwise
continue sending probe packet once more on the current relay link which is being explored to

check the link quality if amy < by < Bm. Here caun, Bm are appropriate constants. Also, we

can say for the thresholds: -+ > oy > a1 > -+ > aq and similarly - -+ < By, < B <
Proof. For the last time period M — 1, there exists p = foDQ such that stop exploration on

current link and start exploring other links from U’ if b < p, otherwise stop exploration on

current link and choose it for data transmission if b > p. At p, Jyr—1(p) attains it maximum

Do D1
Di1+Dso -

For general time instants m, we can say that A,,(0) > ¢ and A,,(1) > c.. Using this fact,

proposition and proposition we can say that if for some o', Apr_o(b') < D’i 33712,
then Aps—o(b) and subsequent A,,(b) will intersect min{bD;, (1—b) D3} at two points. Hence

we can say that for general time instant m we will get an optimal policy as: stop exploration

value of

on current link and start exploring other links from U? if b,, < a,, or stop exploration on
current link and choose it for data transmission if b, > [5,,, otherwise continue sending
probe packet once more on the current link which is being explored to check the link quality
if ayn < by, < Bin. Here oy, and B, are found by satisfying the corresponding equations:
amD1 = Ap () and (1 — By) D2 = A (Bm)-

If for all b, Apr—o(b') > DD12+Z)D12 , then terms bD; and (1—b) D3 will contribute to the single
threshold p which is trivial for time instant M — 2 due to proposition In this case,
using proposition and proposition [7.3.2] one can have either single or two thresholds

for other time instants m depending upon whether A,,(b) intersects min{bD1, (1 — b) D3y}
at two or no points as shown in figure below.

For the second part, using proposition and if Ay _o(p) < [?1 2_352, we can say that
ap—2 < p < PBuy—2. This is easy to see because Jy;—1(b) first increases till p and then

decreases. Also,
JM_l(b) Z JM_Q(b> = min{JM_l(b),AM_g(b)}

and apr—1 = Bym-1 = p- Hence, apr—o < ap—1 and By—1 < Bar—z. Similarly, using
proposition we can say this for other instants m that a,, < amy1 and By > Bmai.
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Figure 7.3: Cost structure of the problem for two cases.

Hence we can say that with respect to m:

and similarly

O]

Using above result, we can say as m — 00, a;, and [, converges to some scalar @ and
B respectively. This is because 3, is bounded below and «,, is bounded above. Hence,
for very large horizon length M, the optimal policy can be approximated by a stationary
threshold policy with a time-invariant threshold @ and . In this case we can say that
at time instant m, if b,, < @ then stop exploration on current link and start exploring
other links from U’, if b,,, > S then stop exploration on current link and choose it for data
transmission, otherwise if @ < b,, < /3 then continue sending probe packet once more on
the current link which is being explored to check the link quality.

It is easy to check that ®(b,w) is a non-decreasing function in b. Let us denote by
as the prior belief. We can say that, when prior belief satisfies by > ®(by, w) = by, then
by = ®(b1,0) < ®(by,0) = by and by = P(by,1) < P(bg,1) = by. Proceeding in this way, we
can show that b, strictly decreases with m whenever we observe several successive ACK
failures/successes. Similarly, when the prior belief satisfies by < ®(by, w) = by, then we can
say that by = ®(b1,0) > ®(by,0) = by and by = ®(by,1) > P(bg, 1) = by. Proceeding in this
way, we can show that b, strictly increases with m whenever we observe several successive

ACK failures/successes. For getting x successive ACK failures, we can define recursively

a probability 7, as: m = ®(bg, A), T = ®(m, A), -, mp = ®(mp_1,A) with my = bg.
Similarly, for getting = successive ACK successes, we can define recursively a probability
mh as: = ®(bg, A), %y = (7}, A), -+, 1 = ®(nl,_1, A) with 7| = bp. Let ¢ and d be

the smallest integer such that 7. < @ and 7/, > B respectively. We can further simplify the

stationary threshold policy as follows.
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Corollary 7.3.1. Using theorem[7.5.1), we can simplify the optimal policy further as follows.
Let ¢ and d be the smallest integer such that 7. < @ and wl) > B respectively. If there are
¢ successive ACK failures, stop exploring on current relay link being explored and start
exploring some other relay link. If there are d successive ACK successes, stop exploring on
current relay link being explored and choose it for data transmission. Otherwise, decision

cannot be made and more probe packets are needed to be sent to learn the link quality.

7.4 Simulation and Results
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Figure 7.4: M vs % of times no decision can be made

Service region of dimension 100 m x 100 m is divided into grid zones each of dimension
10 mx10 m. We have taken § = 100 ms and € = 1 ms. UEs are using directional transmitter
and receiver antennas for 60 GH z frequency with G, = Gy = 6 dB. LOS path loss exponent
is 2.5 and zero mean log-normal shadowing random variable with standard deviation 3.5
[10, 106]. Thermal noise density is —174 dBm/Hz and devices are using 24 dBm transmit
power. Capacity of each link (7, 7) is Blogy(1 + S;;) bits/sec, where B = 20 M Hz [102]
is bandwidth and S;; is the received signal to noise ratio. The packet length is fixed and
of size 65535 bytes. A source UE in a grid zone 4 can transmit data to a maximum of 24
grids surrounding it (|U?| < 24). There are maximum of 16 static and D dynamic obstacles
present in these 24 grids surrounding the source UE, where D € {0,4,8,12,16}. Each

static obstacle is placed uniformly in the service region. Each dynamic obstacles is moving
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Figure 7.5: M vs % of times no decision can be made when M > 3
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Figure 7.7: Trade-off for average exploration time and average E2E delay.

randomly and independently of each other and following a simple blockage model such that
with probability 0.5 it will block a given link otherwise it will not block the link. A single
source-destination pair is assumed for simplicity and all other devices in a given zone may act
as relay. We have written our own C++ custom code and run them on a GNU 4.8 compiler
on Intel core ¢7 machine and average of 1000 runs are taken. The average exploration
time and E2E delay for sending 100 packets are the main parameters considered. We have
compared our results with the received signal strength (RSS Based) approach which is most
commonly used for relay selection during exploration after transmitter and receiver beams
are perfectly aligned.

Value of M is derived experimentally in figure [7.4] This value should not be too small,
otherwise there won’t be sufficient exploration to lead to a decision. Also M should not
be too big, otherwise a lot of time would be wasted in exploration. Figure [7.4] shows the
percentage of time the decision could not be made on varying values of M for different D.
It is clear that for almost all values of D, decision cannot be made when M is 1 and 2. For
D =16 and M = 3, for around 3.5% of cases decision cannot be made a shown in figure 7.5
This figure shows that with dynamic obstacles, no. of times the decision of relay selection
cannot be made, also increases. We have chosen M = 4 for performing further simulations.

Figure [7.6| shows the effect of dynamic obstacles on percentage of times new relays are
explored and switched. With dynamic obstacles, the probability of link breakage increases
and thus number of times new relays are explored and switched also increases. Our approach

outperforms the RSS based approach because it chooses the link by learning dynamic obsta-
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cle’s presence while RSS based approach greedily chooses a link based on best RSS values
which might have higher chance of blockage. Figure [7.7] shows following results: first with
dynamic obstacles, average E2E delay is increased which follows from previous result of
figure Since higher number of dynamic obstacles will have higher chance of breaking a
link and thus causes increase in E2E delay. Similarly, following the argument of previous
result of figure our approach outperforms RSS based approach. Secondly, with dynamic
obstacles, average exploration time is increased because higher link breakage with dynamic
obstacles would cause more exploration and switching of relays. Here RSS based approach
performs better since it always takes one time unit of exploration, whereas our approach
takes additional exploration time units to learn the quality of link considering dynamic
obstacles. Thirdly, it can be seen from above two results that, average exploration time is
higher in our approach at the cost of reducing the cost of average E2E delay significantly
compared to the RSS based approach. This describes the trade-off of additional exploration

time over the average E2E delay.

7.5 Conclusion

The problem of selecting a given relay during exploration is investigated taking into account
presence of dynamic obstacles. We have modeled this problem as a finite horizon POMDP
framework at each UE. Using this model, an optimal threshold policy is derived for each
UE which is then simplified to a stationary policy. This policy governs the source UE to
take decisions based on successive ACK failures or success on the current relay link under
exploration. Through simulations, the trade-off between average exploration time and E2E
delay is shown, where our approach captures the effects of dynamic obstacles significantly

compared to the RSS based approach.



Chapter 8

Conclusion and Future Directions

In this thesis, we have looked into the relay selection problem in D2D communication. We
first considered the mobility of UEs which brings uncertainty in network parameters which
in turn may lead to exponential performance degradation of the network. In order to
capture the mobility of UEs we develop a SIP model which is later reduced to equivalent
deterministic MINLP model whose hardness result is proved. We then utilized the constraints
of the developed MINLP model to derive a greedy metric which is computed locally, hence
utilising the distributed nature of D2D link quality. The metric efficiently captures the
variations in the SINR of D2D link due to mobility of UEs. Perceived graph is constructed
using the greedy metric which is then used to develop both network assisted and operator
control algorithms for data transmission. Then, while selecting a relay, we considered the
problem of the presence of dynamic obstacles which may cause unprecedented outage of
D2D links since mmWaves are suffers from severe penetration losses and hence susceptible to
blockage from obstacles. In this case too, we considered both network assisted and device
controlled scenarios. We developed probabilistic model in network assisted scenario where
geometry was used to analyse the blockage probability of dynamic obstacles considering
both cases when the orientation of dynamic obstacles are known as well as unknown. Using
the analysis we devised relay selection algorithms. For the device controlled scenario, the
first problem was to decide locally at each UE, whether i) to stop communication on the
current relay link and go for exploration of some other new relay link, or ii) to continue the
communication on the current relay link itself, in case packet loss occurs considering the fact
that exploration phase has significant delay overhead. The second problem was to ensure
that the newly selected relay link during exploration is free from dynamic obstacles in near
future during local time instants if it is chosen for data transmission. This follows after the
decision in earlier problem was “to stop communication on the current relay link and go
for exploration of some other new relay link”. Here we want to minimize the frequent relay
switching of newly explored relays, otherwise it would cost significant delay overhead. Here
we are considering the fact that those newly explored relay links are to be chosen during the

exploration phase which minimizes the packet loss and in turn delay due to blockage from

137
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dynamic obstacles on the D2D relay link under exploration. For the second problem also, the
UE has to locally make the decision: whether i) to discard the relay link under exploration
and go for exploration of some other new relay link, or ii) to choose the current link under
exploration for data transmission, or iii) to send more probe packets as a decision cannot
be made and go for exploring that same relay for further exploration time units. For both
of these problems, we modeled the uncertainty caused due to presence of dynamic obstacles
in a given mmWave D2D link using the POMDP framework locally at the UEs. The link quality
is observed using the information of ACKs which themselves are vulnerable to blockage.
Optimal threshold policy is derived for both of these problems. Later, we gave easy to use
stationary policies, which is based on counting number of successive ACK successes or ACK
failures to arrive at a decision.

We found through simulations that dynamic obstacles have significant effects on a given
relay link in terms of blockages. Hence their effects are required to be captured while
selecting a relay. We demonstrated that our relay selection algorithms captures the presence
of obstacles effectively and hence incorporate their effects on D2D relay links appropriately.
Our algorithms outperform various other classical and state of the art approaches.

For future directions related to our thesis, we are thinking of further working on these

major topics:

e To devise a relay selection algorithm for the case where the orientation in motion for
both UEs and dynamic obstacles are unknown, by leveraging the ideas presented in
Chapters [4] and

e To further study the Perceived graph for the underlay scenario of D2D communication

which takes into account the interference from cellular users as well.

e Also, the Perceived graph can be further utilized to arrive on devising some channel
allocation strategies, especially in unlicensed band, as it inherently takes into account
the interference caused due to neighbouring nodes communicating on the same chan-

nel.
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