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Abstract

This thesis focuses on system modeling, optimization and comprehensive perfor-
mance analysis of wireless information and energy transfer to the Internet-of-Things
(IoT) devices. These devices are likely to form a core component of beyond fifth
generation (5G) wireless systems in order to support numerous applications fore-
seen in such systems. We first investigate whether a base station (BS) with massive
number of antennas can support joint machine-centric communication among the
IoT devices and human-centric communication among the mobile terminals. To this
end, we derive downlink spectral efficiency (SE) of the IoT devices with maximum
ratio precoding when channel estimates are acquired via the proposed distance-
dependent grouping based hybrid pilot assignment strategy. As benchmarks, we
also evaluate SE under non-orthogonal pilot assignment and distance-independent
grouping. We show that under channel inversion based power control at the BS,
the proposed pilot assignment and channel estimation strategy yields the highest
sum SE and can serve the largest number of IoT devices when compared to the
benchmarks. The corresponding performance under max-min power allocation is

also presented.

We then elucidate feasibility of wireless energy transfer (WET) with the help of an
intelligent reflecting surface (IRS). We consider a source equipped with multiple
antennas and a single radio-frequency (RF) chain. And propose a low complexity
rule that does joint antenna selection (AS) at source and passive beamforming at
IRS. We derive new expressions for probability of outage in WET under perfect
and estimated channel knowledge and for both single and multiple users. For a

system with M antennas at source and N passive elements at IRS, we prove that
TH-3218_156102011



the diversity order equals M + N. Generalizations to subset AS, discrete phase shift
design, and performance under limited scattering are also presented. Our results
show that the proposed AS rule yields near-optimal performance while requiring
only M + N pilot transmissions compared to M + MN pilot transmissions required
by the optimal AS rule in literature. We illustrate that active RF chains at source
can be traded with passive elements at IRS to obtain improved performance both
in terms of outage probability (OP) and power transfer efficiency (PTE). And 3-bit

IRS is sufficient to obtain good performance at lower complexity.

Thereafter, we study viability of WET from a source that is assisted by double IRS.
To this end, we derive new closed-form analytical expressions for OP under non-
linear energy harvesting (EH) at the user for different channel fading scenarios.
We also generalize our outage analysis to a scenario where all links via the direct
path and via the cascaded paths along the two IRSs undergo Rician fading. This
analysis involves developing a novel statistical model based on Gamma distribution
for the sum of product of Rician fading envelopes corresponding to cascaded paths.
We then study the impact of four communication links between source and user on
OP. To this end, we develop two algorithms, one based on manifold optimization
and the other based on alternating optimization to design the phase shift matrices
at two IRSs. Furthermore, we determine the optimal number of IRS elements that
maximizes PTE under double IRS-assisted configuration. As benchmarks, we also
derive the corresponding results for single IRS-assisted WET and massive multiple
input multiple output enabled WET. The operational regimes in which double IRS

aided WET provides improved performance are characterized.

We then investigate simultaneous wireless information and energy transfer to mul-
tiple IoT users using IRS under spatial correlation and optimal phase configuration.
We derive a new and fairly tight upper bound on OP using Boole-Fréchet inequal-
ity when the IoT users are served based on round-robin scheduling strategy, share

common source to IRS links and adopt non-linear EH at their end. We then de-
TH-3218_156102011



rive the diversity order for this system. A new upper bound on SE is also derived.
The analysis involves developing a statistical model based on the Gamma distribu-
tion for the sum of product of Rayleigh fading envelopes that are correlated across
reflected paths via the IRS. We determine the shape and scale parameters of this
distribution using moment matching method and express them as hypergeometric
function of the correlation coefficient. We present results to validate the accuracy
of our statistical modeling and novel analytical bounds. The gain in performance

relative to random and equal phase shift configurations is also quantified.
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1. Introduction

It is predicted that an exceptionally large number of Internet-of-things (IoT) devices will
be part of the cellular network in the next five years [1,12]. These IoT devices include sensors
that sense data and communicate over a network. They find wide applications in consumer
electronics, intelligent transportation, telecommunications, smart grids, home automation, in-
trusion detection for security, and autonomous monitoring of health, environment and struc-
tures. The current generation cellular network does not have the potential to handle concurrent
machine-centric communication among these massive number of IoT devices and human type
communication among these cellular or mobile terminals [3,'4]. The requirement to provide
high aggregate data rates and reliable connectivity to such a huge number of IoT devices in
addition to the mobile terminals is the main driver behind evolution of fifth generation (5G) and
beyond 5G cellular networks.

Furthermore, most of these 10T devices operate on limited capacity batteries. Hence, their
batteries need to be replaced or recharged from time-to-time for continued operation. This may
not be feasible when these devices are placed in hazardous or inaccessible locations. Wireless
energy transfer (WET), in which these energy-constrained [oT devices harvest energy from
electromagnetic signals is one potential solution that can help charge the batteries of these

massive number of IoT devices [3]].

1.1 Challenges in Implementing Wireless Information and Energy Transfer

There are several challenges associated with supporting machine type communication among
these IoT devices in addition to concurrently serving the mobile terminals. Firstly, these IoT
devices may have diverse requirements in terms of data rates, latency, reliability and energy
budget [3]. Secondly, acquisition of channel state information (CSI) for such a large number of
IoT devices poses a significant training overhead and gives rise to challenges in pilot assignment
and channel estimation. This is the first aspect that needs to be addressed.

The other aspect is that a completely different and unique set of challenges need to be ad-
dressed in order to efficiently implement WET to these IoT devices. Firstly, only a very small

percentage of the power radiated by a source can be potentially harvested by an IoT device due
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1.1 Challenges in Implementing Wireless Information and Energy Transfer

to severe path loss and limitations associated with the energy harvesting (EH) circuitry. Sec-
ondly, design of WET systems must ensure that the sensors harvest more energy than what they
consume in sensing, computation, channel estimation and communication. Thirdly, the receive
power levels that are sufficient for reliable data transfer and decoding may not be sufficient
for WET and for activating the harvester in these sensorsH Fourthly, in order to make WET
an economically viable alternative, it is highly likely that WET may happen in conjunction or
concurrently with information transfer [7].

To address these challenges, massive multiple input multiple output (MIMO) systems, where
the base station (BS) is equipped with hundreds of antennas, has been identified as one of the
key 5G technologies in the emerging wireless standards [8,9]. These systems offer huge de-
grees of freedom and have the potential to serve both mobile terminals and the IoT devices
simultaneously over the same time-frequency resource through spatial multiplexing [10-12].
Furthermore, canonical massive MIMO operates in the time division duplex (TDD) mode. This
makes these systems scalable in the sense that channel estimates obtained at the BS through
transmission of pilots on the uplink (UL) may be used to precode data on the downlink (DL) [8]].
Furthermore, it is shown that WET to IoT devices is feasible with massive number of antennas
at the BS [6,113]. However, these systems require as many radio-frequency (RF) chains as the
number of antennas at the source. Since each of these RF chains consists of signal converters,
up-converters, filters and power amplifiers. This increases the power consumption, hardware
complexity and cost at the source in these systems.

Intelligent reflecting surface (IRS), which uses an array of passive low-cost reflecting ele-
ments and does not have any dedicated RF chains, is shown to enable WET [14./15]. Further-
more, it has the potential to enhance spectral efficiency (SE) and energy efficiency (EE), security
and coverage of a wireless network. It is being envisioned as a promising 6G technology and a
core component of emerging wireless standards [16,17]. Each of the passive IRS elements can

be programmed to induce amplitude and phase shift to the incident signal. Programming these

'Unlike wireless information transfer, it is the absolute received power that is of interest in WET and not the
signal-to-noise ratio (SNR) [6]].

TH-3218_156102011




1. Introduction

low cost passive elements to ensure coherent combination of signals at the receiver improves

the receive signal energy. It thus enhances reliability and enables wireless charging.

1.2 Focus of Thesis and Our Contributions

This thesis focuses on system modeling, optimization and comprehensive performance anal-
ysis of wireless information and energy transfer to the [oT devices. We first investigate concur-
rent machine centric-communication among IoT devices and human-centric communication
among cellular terminals from a BS equipped with massive number of antennas. We then ana-
lyze the feasibility of WET to [oT devices from a source that is equipped with fewer RF chains
than the number of antennas and is assisted by an IRS. Thereafter, we extend this work to char-
acterize the regimes in which double IRS aided WET can give improved performance relative
to single IRS or massive MIMO enabled WET. Towards the end of this thesis, we also explore
simultaneous wireless information and energy transfer (SWIET) to these devices under spatial
correlation and optimal phase configuration at IRS. We present a brief background of each of

these problems below and state our specific contributions.

1.2.1 Massive MIMO Enabled Joint Transmission to IoT Devices and Cellular terminals

We consider the DL of a massive MIMO system where a BS equipped with massive num-
ber of antennas serves two heterogeneous sets of user terminals, namely the mobile terminals
and the IoT devices simultaneously over the same time and frequency. In order to construct
precoders to transmit distinct data streams on the DL to mobile terminals and the [oT devices
over a channel that varies over time, the CSI must be learnt at the BS every coherence interval.
To facilitate this, we consider orthogonal pilot assignment strategy for mobile terminals where
every mobile terminal is allocated an orthogonal pilot for channel estimation.

Since the number of [0T devices is expected to be high and the coherence interval has finite
time-frequency samples, we consider two different low overhead pilot assignment and channel
estimation strategies for the IoT devices to address the infeasibility of assigning an orthogonal
pilot to every IoT device. In the first strategy, which we refer to as the distance-dependent

grouping based hybrid pilot assignment strategy, the 1oT devices are grouped based on their
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relative distances (path losses) from the BS, for example, the farthest [oT device is grouped with
the nearest, the second farthest is grouped with the second nearest and so on and every group
is assigned an orthogonal pilot sequence, while [oT devices within a group share the same pilot
sequence. In the second strategy, every 1oT device is assigned a unique non-orthogonal pilot
sequence. We also consider power control during the pilot phase which ensures that the average
channel gain estimate of every 10T device is the same irrespective of its distance relative to
the BS. During the data transmission phase, we consider two different power control policies,
namely, channel inversion based power control and max-min power control that ensures uniform
service to all.

Given this model, we make the following contributions:

e We first develop an expression for the channel estimate of every IoT device in a group
for the proposed distance-dependent grouping based hybrid pilot assignment strategy. We
then derive a new expression for the DL SE of the IoT devices when channel estimates
are acquired using the hybrid strategy and maximum ratio (MR) precoding is used at the
BS. Our analysis takes into account the correlation among the channel estimates of IoT
devices within a group and also the interference that arises due to the presence of cellular
users in the network.

e Asabaseline, we also derive a new expression for the DL SE of IoT devices when channel
estimates are acquired using non-orthogonal pilot assignment strategy.

e We then analyze the SE of mobile terminals when they are served jointly along with the
IoT devices on the DL. We show that the SE of mobile terminals is independent of the
pilot assignment strategy employed for [oT devices.

e We prove that under channel inversion based power control at the BS, distance-dependent
grouping based hybrid pilot assignment strategy achieves the highest DL sum SE for
IoT devices since it causes the least pilot contamination induced interference during data
transmission when compared against the benchmarks.

e Furthermore, we also prove that for lower number of 10T devices, orthogonal pilot as-
signment strategy achieves the highest sum SE. However, as the number of IoT devices
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grow, the sum SE with orthogonal strategy eventually reduces to zero and the distance-
dependent grouping based hybrid strategy can the serve the largest number of IoT devices,
when compared against non-orthogonal or distance-independent strategy.

e We numerically obtain the max-min power control coefficients and show that the SE
obtained by the IoT devices is independent of the pilot assignment and channel estimation
strategy used. This is because 10T devices also employ channel inversion based power
control during pilot transmission phase, which makes the channel gain estimate of every

IoT device roughly the same.

1.2.2 Single IRS-Assisted WET

We then study a practically relevant model where a source equipped with fewer RF chains
than the number of transmit antennas is assisted by an IRS to transfer energy wirelessly. Each
transmit RF chain, which is made up of digital-to-analog converters, up-converters, filters, and
power amplifiers makes the source power hungry, bulky and costly. Antenna selection (AS)
employed by the source reduces the number of RF chains required, thus reducing hardware
complexity, power consumption, and the associated cosiQ. For this model, our main objective is
to ascertain whether the receive power level at the user can be maintained at the same level by
trading-off active RF chains at the source with passive elements at the IRS that do not require
dedicated RF chains. Our model includes as a special case, the full-complexity system in which
the source is equipped with as many RF chains as the number of antennas. We next summarize
our key contributions:

e AS Rule: For a system with M antennas and N passive elements at IRS, we propose a joint

AS and passive beamforming rule that requires only M+ N pilot transmissions for channel
estimation. This is significantly lower than M + MN pilot transmissions required by the
optimal rule in [[19,20]. Therefore, the proposed AS rule reduces the pilot transmissions
significantly and increases the time available for WET in a coherence interval.

e Performance Analysis: We derive a new analytical expression for probability of outage in

WET with perfect CSI. This is an appropriate performance metric to ascertain feasibility

’This is the reason why it is a part of next generation wireless standards [18].
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of WET in a wireless system with static or limited mobility users [6,113,21-23]]. It helps
identify operational regimes where users harvest more than what they consume in tasks
related to channel estimation, sensing, computation, and communication. We also derive
new expressions for minimum number of IRS elements required to avoid outage. These
expressions provide key insights related to WET system design.

o Estimated CSI: We also derive a novel mathematical expression that approximates prob-
ability of outage in WET under linear minimum mean square error (MMSE) estimate of
the cascaded and the direct channels. Our analysis helps in understanding the robustness
of WET in practical scenarios in which the channel estimates are likely to be imperfect.
The analysis involves order statistics of the magnitude of the estimated direct path channel
gains and depends on IRS phase shifts that are designed based on estimated CSI.

e Diversity Order: We prove that diversity order of a joint AS and IRS-assisted WET is
equal to sum of the number of antennas at the source and number of passive reflecting
elements at the IRS, i.e., the diversity order equals M + N.

e Subset AS: We next generalize our model to include a source that is equipped with more
than one RF chain and selects a subset of antennas based on strength of the direct channels
to the user. We apply alternating optimization (AO) to obtain the beamformer at the source
and phase shifts at the IRS. And elucidate the trade-off between probability of outage in
WET and power transfer efficiency (PTE) under AS and full-complexity based energy
beamforming.

e Discrete Phase Shifts: We then study the impact of practically relevant and implementation-
friendly discrete phase shift design at IRS on performance. We show that a 3-bit pro-
grammable IRS is sufficient to achieve good trade-off between complexity and outage
performance.

o Multi-User Scenario: We derive novel analytical bounds on probability of outage in WET
to multiple users under both perfect and estimated CSI, where users are served based on
round-robin (RR) scheduling strategy. This analysis takes into account the correlation

that is expected to arise due to common source to IRS links for different users.
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o Limited Scattering: We also study the impact of limited number of scatterers and inter-
element spacing on outage probability (OP) [24]]. We show how by exploiting the under-
lying spatial correlation, the pilot overhead can be reduced further from M + N to M + £,
where G denotes number of adjacent IRS elements that are configured with identical
phase shifts.

While this part of the thesis focuses on fundamental aspects related to system modeling, op-
timization and comprehensive performance analysis to elucidate the feasibility of single IRS-
assisted WET from a source that is equipped with fewer RF chains than the number of antennas.
We next delve deeper into ascertaining the use of double IRS for WET and quantifying the gain
in performance that can be achieved in terms of OP and PTE relative to single IRS-enabled

WET and massive MIMO enabled WET.

1.2.3 Double IRS-Enabled WET

In this part of the thesis, we consider a wireless scenario where a single antenna source
assisted by double IRS transfers DL energy to a single antenna user via reflected paths and the
direct path. We design the passive beamforming at both the IRSs to maximize the received
power at the user. We consider practically-relevant channel fading scenarios between different
hops of the cascaded and direct channels to obtain a well-rounded and thorough understanding
of the practical feasibility of double IRS-assisted WET. Our key contributions are listed as
follows:

e OP Analysis: We derive new expressions for OP with double IRS-assisted configuration
under non-linear EH at the user. Our analysis considers the presence of direct channel
between the source and the user. This is justified and practically relevant, since there
is a higher likelihood that the direct channel would also exist between the source and
the user at typical distances foreseen in most WET scenarios. We note that this analysis
entails designing the phases at the two IRSs in order to maximize the received power
at the user and finding the joint probability density function (PDF) of the direct and the
cascaded paths. As benchmarks, we derive new expressions for OP with single IRS-

assisted configuration and with massive MIMO enabled WET.
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e Outage Analysis for Generic Channel Fading Scenario: We generalize our analysis to
also include the case when each link via the direct and the cascaded paths between the
source and the user follows Rician fading. This analysis involves developing a novel
statistical model based on Gamma distribution for the sum of product of Rician fading
envelopes and rigorously deriving its shape and scale parameters through moment match-
ing. We also validate the accuracy of this statistical modeling. Based on this, we derive a
novel expression for OP for this scenario.

e Extension to Four Communication Links: We then study the impact of modeling four
communication links between the source and the user on OP. Specifically, we develop
two algorithms: one based on manifold optimization (MO) and the other based on AO in
order to determine the phase shift configurations at the two IRSs to maximize the received
power and obtain the corresponding OP.

e PTE Analysis: We also determine the optimal number of IRS elements that minimizes
total power consumption for a given received power, thus optimizing PTE with double
IRS-assisted WET under non-linear EH at the user. As benchmarks, we also derive new
closed-form expressions for the optimal number of IRS elements and the optimal number
of antennas that minimize total power consumption for a given received power for single
IRS and massive MIMO enabled WET.

o Extensive Numerical Results: We prove that significant savings of power radiated by the
source can be obtained through the use of two IRSs when compared to single IRS or
massive MIMO while keeping OP fixed at a specific level. We also show that double
IRS-assisted WET achieves about 10x and 1000x improved PTE compared to single IRS-
assisted WET and massive MIMO enabled WET, respectively under pure line-of-sight
(LoS) channels. Furthermore, we show that fewer number of elements are required in a
double IRS configuration relative to single IRS and the number of antennas in massive
MIMO to obtain the same received power.

e New Design Insights: Based on asymptotic analysis, we also determine the minimum

number of elements that are required in double IRS-enabled WET in order to overcome
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the effective path loss of the cascaded channel and give improved received power when
compared to single IRS or massive MIMO-aided WET.
While the goal in this part of the thesis was to investigate the viability of WET from a double
IRS-assisted source. We wish to emphasize that to make WET an economically viable alterna-
tive, one option is to integrate WET with the existing wireless information transfer system such
that the same source and waveform can be harnessed to enable WET and make it a reality [7]].

To this end, in the last part of the thesis, we consider IRS-assisted SWIET to IoT devices.

1.2.4 IRS-Enabled SWIET

In the last part of the thesis, we consider a novel and a practically well-motivated model
in which a source assisted by an IRS performs SWIET over spatially correlated channels to
multiple [oT users. Our model is comprehensive in the sense that we consider non-linear EH
and power splitting architecture at the user end and optimal phase configuration at the IRS. We
consider that the source adopts the channel unaware but fair RR scheduling strategy to perform
SWIET to multiple users over equal duration time-orthogonal slots. We wish to emphasize
that this is a practically appealing strategy that guarantees uniform quality of service to all the
users. It enables real-time phase configuration at the IRS based on the direct and the cascaded
channels to the user being served in the specific slot. It also avoids the necessity of running
computationally intensive algorithms at the source to configure phases at the IRS when all users
are served simultaneously. For this model, we summarise our key contributions below:

e OP Analysis: We derive a new upper bound on OP using Boole-Fréchet inequality [25]]

when IoT users are scheduled based on the RR strategy and share common source to
IRS links. This rigorous analysiﬂ takes into account the spatial correlation among the
channels via the IRS elements. It also captures the correlation that arises in the energy
harvested by different IoT users due to common source to IRS links. Furthermore, it
involves developing a statistical model based on Gamma distribution for the sum of prod-
uct of Rayleigh fading envelopes that are correlated across the reflected channels via the

IRS. And computing the shape and scale parameters of the Gamma distributed random

30ur analysis is generic and applicable to any arbitrary correlation model.

TH-3218_156102011

10



1.3 Organisation of Thesis

variable (RV) as functions of the channel statistics using moment matching method and
expressing them as hypergeometric function of the correlation coefficient.

e Diversity Analysis: We derive the diversity order for this system as 1 + %“, where k,
denotes the shape parameter of the Gamma distributed RV.

e SE Analysis: A new and simple closed-form upper bound on SE is also developed for
this model. This result exploits concavity of the logarithm function and uses the new
statistical model based on Gamma distribution described above.

e Extension to Multi-Antenna Systems: To obtain well-rounded understanding, we gener-
alize our system to study the impact of multiple antennas at the source on OP. For this
scenario, we obtain the transmit beamforming at the source and passive beamforming at
IRS using AO with the objective of maximizing the received power at the 10T user being
served.

e Numerical Results and Novel Insights: We present numerical results to validate the ac-
curacy of our modeling and analytical bounds. We quantify and benchmark the gain in
performance in terms of OP and SE, that can be achieved by systems that employ optimal
phase shift configuration at IRS relative to systems that employs either random or equal
phase shift configurations in a multi-user scenario under spatial correlation. We also elu-
cidate that larger number of users can be supported by increasing number of IRS elements

while maintaining OP at a specific level. Furthermore, by adding multiple antennas at the

source, one can obtain the target OP at much lower transmit power.

1.3 Organisation of Thesis

The rest of the thesis is organized as follows. In Chapter 2| we analyze whether a BS
with massive number of antennas can support joint machine type communication among IoT
devices and human type communication among mobile terminals and address challenges in
doing so. In Chapter 3L we develop low complexity AS rule, active and passive beamforming
design based on the selected antennas and present comprehensive performance analysis under

both perfect and estimated CSI for joint AS and IRS-assisted WET. Thereafter, in Chapter 4]
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we extend our study to analyze the feasibility of WET from a double IRS-assisted source under
non-linear EH and characterize regimes where they outperform single IRS-enabled WET and
massive MIMO enabled WET. We then generalize our model to study SWIET to multiple IoT
users under spatial correlation and optimal phase configuration at the IRS in Chapter[3 This is

followed by conclusions and directions for future research in Chapter[6l
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2. Massive MIMO Enabled Joint Transmission to IoT Devices and Cellular Terminals

In this Chapter, we consider the DL of a massive MIMO system where a BS with mas-
sive number of antennas serves two heterogeneous sets of user terminals, namely the cellular
terminals and the IoT devices simultaneously over the same time and frequency. To construct
precoders to transmit distinct data streams on the DL to mobile terminals and the IoT devices
over a channel that varies over time, the CSI must be learnt at the BS every coherence inter-
val. For this, we focus on orthogonal pilot assignment for mobile terminals where every mobile
terminal is allocated an orthogonal pilot to enable channel estimation. Since the number of
IoT devices is expected to be high and considering the fact the coherence interval has finite
time-frequency samples, we analyze two different low overhead pilot assignment and channel
estimation strategies for the IoT devices.

Given this model, we ask and delve deeper into answering the following questions: What
is the DL sum SE that can be achieved by the IoT devices (interested in machine type commu-
nication) given that (1) they are served jointly with the mobile terminals (interested in human
type communication) and (2) it is infeasible to assign an orthogonal pilot to each IoT device for
channel estimation since very little time will be left for data transmission otherwise in a coher-
ence interval? And how does the answer to the question above depend on the pilot assignment,
channel estimation and power control strategies adopted.

We first review few papers related to massive MIMO enabled machine type communication.

2.1 Related Literature

While the authors in [26] discussed random access protocols for massive MIMO systems,
in [27], a joint pilot assignment and data transmission protocol based on random access was
proposed and UL sum-rate expressions were derived under pilot collisions and intermittent de-
vice activity. In [28,129], the authors considered UL communication with massive number of
devices and characterized the impact of imperfections in activity detection and channel esti-
mation on the average achievable rates. The authors in [30] proposed the use of compressed
sensing approaches like approximate message passing for device activity detection in order to

ensure that grant free access schemes for pilot allocation remain scalable. In [31], deep learn-
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ing based pilot assignment scheme was proposed for massive MIMO 5G systems. In [12], the
authors considered a single-cell scenario and analyzed the UL achievable rates when both ma-
chines and cellular users are served simultaneously using massive MIMO technology. In [32]],
the authors derived the achievable rates for each user terminal in a single cell for both unicast
and multigroup-multicast scenarios.

In [33], the authors developed solution for the weighted max-min fairness problem for a
multigroup-multicast system under a per-antenna peak transmit power constraint. The authors
in [34]] considered a multicast scenario and proposed a pilot transmission scheme in order to es-
timate the sum channel of users interested in a common message within a group. A multigroup-
multicast system where a common message is transmitted to all users within a group was also
considered in [35], where the objective was to provide a low complexity solution to the weighted
max-min problem in order to ensure uniform service to all. In [36], the design of precoding ma-
trix which maximized the minimum SE of the users in every group for multicast and unicast
transmissions was proposed. While for multicast transmission, joint precoding matrix was de-
signed for the users in every group, for unicast transmission, a distinct precoding matrix was
designed for each user in every group. As before, the users in every group were interested in
common message and across groups distinct messages were transmitted.

Based on the discussion above, we conclude that grouping users to reduce the pilot sig-
naling overhead has been considered before. However, every user in a group was considered
to be interested in a common message and the precoder design for this multicast transmission
was based on the sum channel estimate of the users within the group obtained via shared pilot
signaling [32-36]. And for unicast transmission, the precoders were designed based on chan-
nel estimates acquired via orthogonal pilot signaling [32,36]. We also observe that joint UL
transmission to IoT devices and cellular users has also been considered before. However, to the
best of our knowledge, this is the first work which considers DL unicast transmission from a BS
with a massive number of antennas that transmits distinct messages jointly to two heterogeneous
sets of user terminals, namely, the mobile terminals and the [oT devices [12]. To facilitate DL

data transmission, the precoder, unlike the existing works has been designed based on estimates
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obtained via low overhead channel estimation strategies where the pilot sequences assigned to
all the user terminals need not be orthogonal. This is relevant since an orthogonal pilot cannot
really be assigned to every loT device which may be interested in distinct messages and which
are expected to be huge in number in beyond 5G networks.

Notations: Boldface uppercase and lowercase letters denote matrices and vectors, respec-
tively. The conjugate of a complex number and transpose are denoted by (-)* and (-)?, respec-
tively. The expectation and variance operators are denoted by E(-) and var(-), respectively. A
complex Gaussian RV Y with mean y and variance o2 is denoted as Y ~ CN(u,0?). An x|

identity matrix is denoted by 1;.

2.2 System Model

We consider the DL of a single cell massive MIMO system where a BS equipped with L
antennas serves M mobile terminals and D 10T devices simultaneously over the same time-
frequency resource as shown in Figure The two heterogeneous sets of user terminals,
namely, mobile and IoT devices are expected to have different data rate requirements. We
assume that number of IoT devices is much larger than number of mobile terminals, i.e.,
D > M [12]. We model the channel vector k,, € C*' between the BS and the m™ mo-
bile terminal as Rayleigh faded, i.e., h,, ~ CN(0,8,1,), forall m € {1,2,..., M}, where (3,
denotes the path loss between the BS and the m™ mobile terminal. Similarly, the channel
vector g, € CI*! between the BS and the d" IoT device is modeled as Rayleigh faded, i.e.,
g, ~CN(0,8,1,), foralld € {1,2,..., D}, where 5, captures the path loss between the BS and
the d™ IoT device. The path loss to any user is independent of the BS antenna index since the
array length is considered to be much less than the distance between the BS and the users [8].

The channels are assumed to be time-invariant over a coherence interval of 7. samples.
Furthermore, we assume TDD mode of communication between the BS and the user termi-
nals (mobile or IoT devices) in order to exploit channel reciprocity [8,[11]. This ensures that
the channel estimates acquired during UL training phase may be used to precode data to user

terminals on the DL.
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Fig. 2.1: System Model

The communication between the BS and the user terminals occurs in three different phases
as shown in Figure In a coherence interval of 7. samples, the first 7,; samples are used for
UL pilot signaling by the IoT devices. The next 7, samples are used for UL pilot signaling by
the mobile terminals. This is followed by the data transmission phase of 7, samples, wherein
the BS based on the channel estimates acquired during the first two phases precodes data to both

mobile terminals and the 10T devices. Thus, 7,4 + T,y + 75 = 7.
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Fig. 2.2: Frame structure for UL pilot and DL data transmission.

2.2.1 UL Pilot Signaling and Channel Estimation

In order to multiplex data streams to both the mobile terminals and the IoT devices, the BS
must acquire CSI through UL pilot transmission. We consider a scenario where every mobile
terminal is assigned an orthogonal pilot sequence for channel estimation. Furthermore, for the
IoT devices that have relatively low data rate requirements and are relatively huge in number,
we consider two different pilot assignment strategies with the objective of reducing the training
overhead. While in the first strategy, which we refer to as the distance-dependent grouping

based hybrid pilot assignment strategy, the IoT devices are grouped together based on their
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relative distances from the BS and every group is allocated an orthogonal pilot sequence while
devices within a group share the same pilot. In the second strategy, every IoT device is assigned

a dedicated non-orthogonal pilot sequence whose length is less than D.

2.2.1.1 By IoT Devices Using the Proposed Distance-Dependent Grouping Based Hybrid
Pilot Assignment Strategy

In this strategy, the 10T devices are grouped together based on relative distances from the
BS and every group is assigned an orthogonal pilot sequence. However, devices within a group
share the same pilot. Let N IoT devices be grouped together, so that we have 2 groups

Let ¢ € C>! denote the pilot sequence assigned to G group such that 7,; > 2. This
condition ensures that every group of IoT devices is assigned an orthogonal pilot for channel
estimation, i.e., these pilot sequences are allocated such that (¢D")H g,- = 0;j, where 6;; = 1 if
i = jand is O otherwise. Let quk denote the pilot power of d" IoT device in G}{h group.

The signal Yg € C*™ni received at the BS based on this pilot transmission strategy by the
IoT devices is given by

D/N
Z @[Z 9,8 ] ?)H + Ny, @.1)

deGy
where gG" € C! denotes the channel vector between the BS and the d" IoT device belonging
to the G}(h group, N¢ ¥ 8 CI is the noise introduced at the BS, each of whose entries is
independent and identically distributed (i.i.d.) CN(0,0?). In order to estimate the channel
of the d™ IoT device in the G}{h group, de-spreading of the received signal is performed. Let

[GM’; € C™! denote the de-spreaded signal for the d™ IoT device in G{* group. Then,

G 4G
VED 0 (2.2)
Gy ,G Gy G Gy
Tag5' 85+ Y \Tad g+ nl, (2.3)
d'eGp\(d)
where n NG G" . Each entry of n[i’; is also i.i.d. CN(0, %) owing to the rotational invariance

property of circular symmetric complex Gaussian RVs.

Analyzing the signal at the /'™ BS antenna from the d™ IoT device in the G}(h group would be

'"We assume % to be an integer.
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enough, since the elements of the channel and noise matrices are statistically independent [37/].

Hence, using (2.3), the signal received at the [ BS antenna from the d™ IoT device in the G

group
G

You = NTwd3 85+ D T 85+ noh (2.4)

d’'eGi\{d}

where gdle denotes the M element of gg" and ncfi'l denotes the /™" element of ncg. Based on this,
p p

the MMSE estimatfH of the channel ggl" between the /" BS antenna and the d™ IoT device in the

G}{h group can be obtained and is stated in a simplified form in the Lemma below.

Lemma 2.1. The channel estimate gf; from the d™ 10T device of the G group to the I BS
antenna, where every group is allocated an orthogonal pilot sequence while loT devices within
a group share the same pilot sequence is given by

Nei G , 5G
8a =84 T8l (2.5)
where gg;f is the channel estimation error that is uncorrelated to gdle and is given by

2 Gy oG
o+ Z Tpd qd/k d/k qu T ﬁGk
-G, Gy d'eGi\(d) d ‘pdPq

2 Gi Gk + 2 Gr nGx [
o+ X Tpaqy By o+ X Tpady By \wloma
d'eGy, d'eGy,

Tpdqg,k gg,"l + nggl] . (2.6)
}

G Gk
q, Tpdﬂd d

. G ! AGy |2
Furthermore, the variance y;* of the channel estimate equals E [| g ] =
o +d ZG Tpdqd/ ﬁd’
/E k

. . . ~Gi|2
the variance of the estimation error equals E [| ggl" ] = g" - yg".

Proof. The proof is given in Appendix i

Remark: Note that the channel estimate of the d" IoT device belonging to the G}{h group is
a linear combination of the true channels of all the N IoT devices that belong to the G}{h group.
Therefore, the channel estimates are correlated within the group. Furthermore, these estimates
are also valid for the distance independent strategy where IoT devices are grouped irrespective

of their distances from the BS.

2.2.1.2 By IoT Devices Using Non-Orthogonal Pilot Assignment Strategy

We now consider the strategy where every IoT device as shown in Figure is assigned a

unique non-orthogonal pilot sequence. Let ¢, € C**! denote the unique non-orthogonal pilot

2The computational complexity involved in estimating the channel vector to all D IoT devices based on this

strategy requires 20D 4 2LD + 3D real multiplications, (4Lt, — 2L)% + D real additions and D real divisions.
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sequence assigned to d™ ToT device such that 7,4 < D. Furthermore, the pilot sequences are
chosen such that ¢§I¢d, =1, ifd =dand ¢f;’¢d, # 0, if d’ # d. Let g, denote the pilot power
of d™ IoT device.
The signal Y, € CP received at the BS when every IoT device transmits a unique non-
orthogonal pilot sequence is given by
D
Y, = ), Vdagibll + N, 2.7)
d=1
where N, € C™ is the noise introduced at the BS, each of whose entries is i.i.d. CN(0, o).

In order to estimate channel of d" IoT device, we de-spread Y, using ¢, to obtain

D
Vi = Yoo = \Tpadaga + ) |, \NTpaGar 80 Pbs + My, (2.8)
d'=1
d'#d

where n,; = N,¢,. Each entry of n,, is also 1.1.d. CN(0, o?). It is sufficient to consider the

de-spreaded signal from the d" IoT device to the /™ BS antenna as given by [37]

D
Ypdl = \Tpaqa&ai + Z NTpaGa 81 P + Mpars (2.9)

2
where g, denotes the ™ element of g, and n,y denotes the ™ element of n,,. Based on this
observable, the MMSE estimateH of the channel from the d™ IoT device to the /™ BS antenna is

given by the classic conditional mean [38]] and is stated in a simplified form as a Lemma below.

Lemma 2.2. The channel estimate &4 from the d™ IoT device to the I" BS antenna when every
IoT device transmits a unique non-orthogonal pilot sequence is given by

8a1 = 8ai + &ar, (2.10)

3The computational complexity involved in estimating the channel vector to all D IoT devices based on this
strategy requires 4Lt,D + 2LD + 47,D* + 4D? real multiplications, (4Lt, — 2L)D + 47,D? real additions and D
real divisions.
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where g, is the channel estimation error that is uncorrelated to g4 and is given by

D
H
a2+ Y qaTraBalds Pl
d=1

D
d'2d \TpaqaBa

~ H
Su=—8u > + 5 Z VTpada8a 19y Pa+ Npar | -
H H r_
o2+ dZI GaTpaBa |y Pyl? 0'2+le GarTpaBa [Py Pal? 41

2.11)

2
Tpdqdﬁd

D
H
T+ Ty dgl qaBa |9l 4l

Furthermore, the variance vy, of the channel estimate equals E [|gdl|2] = and

the variance of the estimation error equals E [|gd,|2] =By — Ya-

Proof. This can be proved using standard results on conditional Gaussian RVs. O

Remark: Note that the channel estimate of the d" IoT device obtained above is a linear
combination of the true channels of all IoT devices. The estimates of different IoT devices are

thus correlated to each other.

2.2.1.3 By Mobile Terminals Using Orthogonal Pilot Assignment Strategy

Let ¢,, € C*! be the pilot signal assigned to the m™ mobile terminal such that 7,,, > M.
Furthermore, ¢Z¢m, = Opm», Where 0,,,, = 1 if m" = m and is 0 otherwise. Let g,, denote the
pilot power of the m™ mobile terminal. The signal R, € C*™ received at the BS when every

mobile terminal transmits an orthogonal pilot is given by

M
R, = Z NTomGm Py + W, (2.12)
m=1

where W, € C™™n is the noise introduced at the BS each of whose each entries is i.i.d.
CN(0,c?).
Based on the observables in (2.12)) at the BS, the MMSE estimate of the channel 4,,; between

the m™ mobile terminal and the /" BS antenna is given by [37.138]]
Pt = Bont + o, (2.13)

where %, is the channel estimation error that is uncorrelated to the izm,. Furthermore, %,,; =

_hml( o2 )+ VI T pmPm

o2+t pmqmPBm 04T pmGmPBm

Womi, Where w,,,; denotes the ™ element of w om = Wy, It can be

2
Tpm qmﬁm

O-2+Tpmqmﬁm and Varlance Of

) ) A2
shown that the variance y,, of the channel estimate equals E [|hml| ] =
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2. Massive MIMO Enabled Joint Transmission to IoT Devices and Cellular Terminals

N = 2 ) )
the estimation error equals E [|hm,| ] = B — ¥Ym- Note that the channel estimates of the mobile
terminals are uncorrelated to each other.

The channel estimates obtained in this section will be referred to in the analysis in Sec-

tion

2.2.2 DL Data Transmission

Let x € C2! denote the signal vector transmitted by the BS. Then,
D M
x = \Patisa+ ) \NPrnlnSm, (2.14)
d=1 m=1
where a, denotes the precoding vector corresponding to the d® IoT device, a,, denotes the
precoding vector corresponding to the m™ mobile terminal, p, denotes the data power of d™
IoT device, p,, denotes the power with which data is sent to the m™ mobile terminal, s, denotes
the symbol transmitted to d™ IoT device and s,, denotes symbol transmitted to the m™ mobile
terminal. Every symbol is independently transmitted and is assumed to have unit variance. We
assume that the BS is transmit power constrained, i.e., E [||x||2] <P.
Collectively, the signal y € CP*M*! received at the user terminals during DL data transmis-
sion is given by

y=G/ x+w, (2.15)

where w € CP+M)x1

is the noise introduced at the users during data transmission, each of whose
entries is i.i.d. CN(0, 0®) and G, € C*P*™ denotes the composite true channel matrix given
by G. = [G H]. The d" column of G is G(:,d) = g, for 1 < d < D and the m™ column of H is

H(:,m)=h,,forl <m< M.

2.3 SE Analysis

In this section, we derive new expressions for the DL achievable SE first for the IoT devices
and then for the mobile terminals. The expressions are derived for the case when MR precoding
is deployed at the BS and channel estimates for mobile terminals are obtained using orthogonal

pilots while that for the IoT devices are obtained based on either of the two different pilot
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D/N

Gy _ Gy G G Gk Gy Gy Gy Gk/ T Gy Gk/
VG =Jp5 (85) @SSt + > NS (85) aSsS 0 > e (5) el sg

d’'eGi\{d} k' 1 d'eGy

" Z m(ggk)T A, Sy + wdc, (2.16)
m'=1

Py . Par 2
0 i O @) 3, ) (E)
+DZM:V 2 pd('; () (25") *sz;""+z Vg (66) B
k=1 d <Gy Ly,” L)/ ,
o[ P_?(wk)( S RCRT)
T\ LS 3 o

signaling strategies aimed at reducing the training overhead as discussed in Section

2.3.1 For IoT Devices Based on the Proposed Distance-Dependent Grouping Based Hy-
brid Pilot Assignment Strategy

Based on (2.13) and upon simplification, the data signal y5* received on the DL by the d®
IoT device in group Gy is given by (2.16)) given at the top of the next page, where pde denotes

the data power for the d™ IoT device in G}(h group, the MR precoding vector for the m™ mobile

—= while the MR precoding vector for the d™ IoT device in group G

terminal is a,, i
m

equals aGk —

all [ from (2.3) in m we get @.17).

In order to apply use and forget bound to evaluate the signal to interference plus noise ratio

Substltutmg the corresponding precoding vectors and g& = = 3% al -3¢ 4 for

(SINR) [39], we rearrange (2.17) to obtain (2.18)). Note that the first term in (2.18)) corresponds
to the desired signal for the d™ IoT device in group G;, the second term captures the interference
due to all other users within the group Gy, the third term captures the interference due to IoT
devices in all other groups except G;. The other three terms capture the interference due to

mobile terminals, receiver noise, channel estimation error, and the penalty due to the application
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G
o\ - 3\ e @

7 1
35\ ) ) \/7 ) s
K'=1deGy L«)/g,]‘,
K7k
117
+|wS - A (g'Gk)T(gG") s [HAGk” _E”AGk”] sg- (2.18)
d L)/gk d d d L Gk
v VI

of use and forget bound. Using (2.18)), we obtain the DL achievable SE of the d" IoT device in

the G}(h group and state that next as a theorem.

Theorem 2.1. The DL achievable SE Rg" of the d™ 10T device in the GZ‘ group when the IoT de-
vices adopt the hybrid pilot assignment strategy for channel estimation while mobile terminals
adopt orthogonal pilot assignment strategy is given by

[+ o
RS = (1 ~ pd—p)logz(l + SINRY"), (2.19)
Te
where,
L
SINRY* = yd v Q20
P ’ Py Gy
o+ Lde 4’ +ﬁ Z P +ﬁd pd o= Z Z de, d/k
d'eG\(d} Va iiﬂl d'eGy Ly

Gy Gi\2 Gy Gr\2 G 1 oG G
x5 = (5 (rpdqdkL(u (5 + Gz\{d}rpdqukw;ﬂb + LB 2)
ueGy

Gk oGk
Tpdq y B
(e
o2+ 3 Tpaqy By
veGy

2
ka, _( Gk/) ( 3 Tpdqgk,LﬁgkﬁGk, +LﬂGk 2) and ndG,k —

ueGy

Proof. The proof is given in Appendix i

The achievable SE analysis of the d" IoT device in the G}(h group accounts for the correlation
among the channel estimates of the IoT devices within a group due to pilot sharing within
the group and also accounts for the interference that arises due to the mobile terminals in the

network.
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s pmz Ak
y":‘\/m EllglF)s \/ gggd’s"’JrZ Ly, Sl s
pd ~T Ax pd ~ 2 ~ 2
+ - [— + [ -E . (223
(wd 1/Lw‘;_,rdgdsd) i (12 ~ Bl 2. 223

v \4

2.3.2 For IoT Devices Based on Non-Orthogonal Pilot Assignment Strategy

Based on (2.13)), the signal received at the d™ IoT device can be written as

D M
Ya = \VDPaghaqsq + Z \Pa ghaqy sy + Z NP 818 Sy + W, (2.21)

T2 B
where the MR precoding vector for the d" IoT device under this strategy equals a; = %\%
Substituting the corresponding precoding vectors and g = 24—8 for all [ from (2.10) in 2.21)),

we get

M
ATA* Pa T Ax Pw 74 Pd -7 nx

Yy = 8,854+ g g Sy + —g.h, s +wy — 8,2,5,.
w/ ; Z 18 mZ:l‘/Lm / ‘/Lyd s

d’;td

(2.22)
We invoke the use and forget bound to evaluate the SINR [39], and re-write the above equa-
tion as (2.23) shown at the top of this page. Note that the first term in (2.23) is the desired signal
for the d™ 10T device, the second term represents the interference due to other IoT devices, the
third term represents the interference due to mobile terminals, the fourth term captures noise
and the error incurred in channel estimation while the fifth term captures the beamforming gain
uncertainty. It is the penalty incurred due to the application of use and forget bound. We state

the SE achieved by the d" IoT device in this scenario below.

Theorem 2.2. The DL SE R, achieved by the d" IoT device when every IoT device is assigned a
dedicated non-orthogonal pilot sequence and every mobile terminal is assigned an orthogonal
pilot sequence for channel estimation is given by
Tpd t Tpm
R, = (1 - —)1og2 (1 + SINR,), (2.24)
T
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M D
pm 7, 2 pm pd’ T Ax
Y = | —E{llh*}sm + / h,, m,sm, + |——h, 25 sy
Ly m,Z: ; Lys ¢
1 11

m'£m

"y

+(wm— P hmhmsm)+ P il = Bl P15 . (227)

Ly m
v v
L )
where SINR,; = 5 R JXa =15 (QdT pal(L + 1) |¢§ [y
0'2+d,2_:1 L;fl' Xa' +Bd ,zl] Pt HBdPd
d'#d
\(q ' T nd ﬂ 4
+ Z q”Tde:Bdﬁu ¢u ¢d' 4 and Na = Lop
u=1 o2+ Z QT pdPBy |¢» (9% |2
u#d
Proof. The proof is given in Appendix [A.3l i

The achievable SE analysis of the d IoT device accounts for the correlation among the
channel estimates due to non-orthogonal pilots based channel estimation and also the interfer-

ence arising due to the presence of the mobile terminals in the network.

2.3.3 For Mobile Terminals Based on Orthogonal Pilot Assignment Strategy

From (2.13)), the signal received at the m™ mobile terminal equals

M D
= P! a,s, + Z NPl @y s, + Z pahlay sy + wy, (2.25)
d=1

m'£m

A*

where a,, = \/_ WL and a; =

term in (2.23), we get

D
pm "T"* P TL* Pa TA* Pm 5T 2%
VYm = h,h, s, + [ h,h,, s, + [——h, 8 Ss +Wn — h,h,s,.
L’}’m Z L’}’m' d,Z:; L’)/d’ d L’}’m

m'=1
m;tm

\/_ \/_ Substituting Ay = Ay — Ry for all [ from @.13) in the first

(2.26)

In order to invoke use and forget bound to evaluate the SINR [39], we re-write (2.26) as (2.27)
shown at the top of this page. Note that the third term in arises due to the presence of

the IoT devices. The achievable SE for the m™ mobile terminal can be found by computing the
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variances of each of the terms in and is stated in a simplified form below.

Theorem 2.3. The DL achievable SE R,, for the m™ mobile terminal when every mobile terminal
is assigned an orthogonal pilot sequence for channel estimation and irrespective of the channel
estimation strategy employed by the loT devices is given by

Tpm + Tpd
Ry =[1--22""")10g, (1 +SINR,), (2.28)
Te

where SINR,, = Y, o Wl
0-2+Bm Z pm""ﬂm Z Pa

m' =1 d’'=1

Proof. The proof is given in Appendix [A.4l i

Note that the achievable SE of the m™ mobile terminal is independent of the choice of the

pilot assignment and channel estimation strategy employed by the 1oT devices.

2.4 Numerical Results

In this section, we present numerical results to illustrate the impact of the proposed distance-
dependent grouping based hybrid pilot assignment strategy for channel estimation of 10T de-
vices on the achievable DL sum SE of IoT devices and the mobile terminals. As benchmarks,
we also compare the performance of the proposed strategy against non-orthogonal, orthogonal
and distance-independent grouping based hybrid pilot assignment. We consider two different
power control techniques at the BS, namely, the channel inversion based power control [40] and
the max-min power control. Out of the total power P available at the BS, a fraction AP is given
to the mobile terminals and (1 — A)P is given to the IoT devices, where 0 < A < 1. The power
allocation parameter A can be chosen based on the sum SE requirements of the mobile terminals
and the IoT devices.

Furthermore, we assume that the mobile terminals transmit with full available power during
the pilot phase whereas the IoT devices employ channel inversion based power control during
the pilot phase in order to counter the near-far effect and benefit the relatively weaker IoT
devices [40]. Specifically, if every IoT device has a maximum transmit power constraint of

of the d" 10T device in the G group equals ¢7* = gma222,

By
where S, denotes the large-scale fading coefficient of the farthest IoT device. We consider a

qmax> then the pilOt power qgk
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Fig. 2.3: DL sum SE of mobile terminals vs. DL sum SE of IoT devices (M = 5, D = 20, 7. = 200,
L =100 and P = 40 W).

single cell scenario where the mobile terminals and the IoT devices are uniformly distributed
over an annular ring of inner radius rp;,; = 20 m and outer radius ry,,x = 250 m [12]. We
model the large-scale fading coefficient 5, between the BS and the user terminals as 8, =
130 + 37.6log 10(d), where d is the distance of the user (mobile/IoT) terminals from the BS
in Kms. Unless mentioned otherwise, we take P = 40 W, the maximum transmit power gpmax
during training as 1 W, o> = 2 X 1072° W/Hz and the bandwidth equal to 10 MHz. For the
distance-dependent grouping based hybrid pilot assignment strategy, we consider N = 2. For
the non-orthogonal pilot assignment strategy, we consider non-orthogonal pilot sequences of
length % which satisfy the Welch bound equality (WBE) [41], since such sequences minimize

the maximum mean square error of the channel estimates [12].

2.4.1 Based on Channel Inversion Power Control at BS

Under channel inversion based power control during the data transmission phase, the power

allocated to the @™ ToT device belonging to the G group equals pS* = —1=UC L and the
DIN (%}(, y
K=1d'eGy\ B,/
power allocated to the k™ mobile terminal equals p,, = —2& ﬁl This power control ensures
1 m
=1 B

that the user terminals that are far-off from the BS are allocated relatively more power than those
that are nearer. It thus improves the performance of relatively weaker user terminals, however,

unlike max-min power control, it does not ensure uniform service to all the user terminals.
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Fig. 2.4: DL sum SE of IoT devices vs. L (M =5, D =20, 7. =200, 4 = 0.3 and P = 40 W).
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Figure plots the DL sum SE of mobile terminals in (bits/s/Hz) vs. the DL sum SE of
IoT devices (averaged over user locations) by varying the power allocation parameter A from
0 to 1. Note that 4 = 0 corresponds to the case when the BS allocates all its power to serve
IoT devices and 4 = 1 corresponds to the case when the BS allocates all its power to serve
mobile terminals. We obtain these curves for three different cases, namely distance-dependent
grouping based hybrid channel estimation, distance-independent grouping based hybrid channel
estimation, and non-orthogonal channel estimation strategy. For each of the three cases, both
the analysis and simulation results are plotted and we observe that they are in close agreement
with each other. We observe that while keeping the sum SE of the mobile terminals at the same
level, distance-dependent grouping based hybrid pilot assignment strategy yields the highest
sum SE for the IoT devices among the three strategies. This is because the proposed channel
estimation strategy produces the least pilot contamination induced interference during the data
transmission phase. It can be observed that non-orthogonal channel assignment strategy yields

the lowest sum SE because of highest pilot contamination induced interference among the three.

Figure 2.4] plots the DL sum SE of IoT devices (averaged over user locations) vs. L for the
three different pilot assignment strategies employed by IoT devices. As expected, the sum SE

increases with L and the proposed strategy gives the highest sum SE among the three.
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Fig. 2.5: DL sum SE of mobile terminals vs. L (M =5, 7. = 200, 1 = 0.3 and P = 40 W).
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Fig. 2.6: DL sum SE of IoT devices vs. D (M =20, 7, = 100, 4 = 0.3, L = 100 and P = 40 W).

Figure plots the DL sum SE of the mobile terminals (averaged over user locations) vs.
L for two different values of D. Note that the sum SE of mobile terminals is independent of the
choice of the pilot assignment and channel estimation strategy used by the IoT devices. It can
also be observed that just by deploying a few more additional antennas at the BS, more number
of 10T devices can be supported in the network without deteriorating the sum SE of mobile
terminals.

Figure 2.6 plots the DL sum SE of ToT devices averaged over device locations vs. D for three

different pilot assignment strategies. In addition, we also benchmark against orthogonal pilot
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assignment, where the IoT devices are also assigned orthogonal pilots for channel estimation.
We clearly observe that when the number of 10T devices is small, then orthogonal strategy yields
the highest sum SE for IoT devices due to no pilot contamination. As the number of IoT devices
increases which is likely to be the case in beyond 5G networks, the sum SE falls down sharply
and hits zero at D = 80 = 7.— M, since all the samples are lost in learning the channel. However,
the proposed distance-dependent grouping based strategy can clearly support larger number of
IoT devices with reasonable DL sum SE without affecting the achievable SE of the mobile

terminals when also compared against non-orthogonal and distance-independent grouping.

2.4.2 Based on Max-Min Power Control at the BS

Under max-min power control, the objective is to maximize the minimum SINR among all
user terminals thus providing uniform service to all. The optimization problem can be stated

mathematically in a generic form as follows:

max min SINRy,

{pu} k
U
st ) pu<OP, (2.29)
k=1
pu = 0, for all £, (2.30)

where k € {d,m}, SINR; € {SINRS" ,SINR,, SINR,,} depending respectively on whether we
want to maximize the minimum SE of IoT devices using distance-dependent grouping based
hybrid channel estimation or non-orthogonal training or that of mobile terminals based on or-
thogonal training, p, € {pg", Pa> P}, U € {D, M}, and 6 € {4, (1-21)}. Note that in case of hybrid

D/N
pilot assignment strategy, the power constraint in (2.29) gets modified to ), Y’ pde < 6P. This
k=1 deGy

problem can be stated in the epigraph form as follows [42]:

max SINR,
{pu}

s.t. SINR; > SINR, for all &,

U

D PusdP,

k=1
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pu >0, for all k, (2.31)

where SINR is the common SINR target for all the user terminals. The problem as stated above
is a linear feasibility problem and its solution is obtained numerically based on bisection search
using a standard optimization tool such as CVX [42-44].

Figure plots the DL sum SE of IoT devices (averaged over user locations) vs. L for
both max-min and channel inversion power control. Note that under max-min power control
during data transmission phase, the power is allocated to IoT devices in such a manner that
every IoT device gets the same SE irrespective of its location. Furthermore, since [oT devices
also employ channel inversion based power control during the pilot phase, it essentially makes
the strength of the channel estimates of these IoT devices nearly the same. This results into
identical sum SE irrespective of the pilot allocation strategy employed. Moreover, the DL sum
SE of IoT devices under channel inversion is higher than their performance under max-min
since the IoT devices that are far-off are benefitted in two ways when channel inversion based
power control is employed jointly with grouping based hybrid pilot assignment. First, the way
these IoT devices are grouped under the proposed strategy, the far-off IoT devices experience
relatively less interference from the other IoT devices within a group. Secondly, under channel

inversion control, far-off IoT devices get relatively more power.
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Fig. 2.8: Under Max-Min power control DL sum SE of IoT devices vs. D (M = 20, 7. = 100, 1 = 0.3,
L =100 and P = 40 W).
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Figure[2.8]plots the DL sum SE of IoT devices averaged over user locations vs. D when max-
min power control is deployed at the BS. Note again that under max-min power control, the DL
sum SE of [oT devices is independent of the channel estimation strategy deployed by the IoT
devices. And that with orthogonal training during data phase and no pilot power control, the DL
sum SE reduces to zero when D = 7.— M, since the number of samples left for data transmission
reduces to zero. Furthermore, with the proposed lower overhead channel estimation strategy, a

relatively larger number of IoT devices can be supported.

2.5 Summary

We investigated DL unicast transmission from a massive MIMO BS jointly to IoT devices
and mobile terminals. To facilitate MR precoding, the channel estimates were obtained us-
ing orthogonal pilot assignment strategy for mobile and two different low overhead channel
estimation strategies, namely, grouping based hybrid pilot assignment (distance-dependent or
distance-independent) and non-orthogonal pilot assignment for [oT devices. We derived new
expression for the DL sum SE for the IoT devices when estimates are acquired based on group-
ing based hybrid pilot assignment strategy. As a baseline, we also derived new DL sum SE

for IoT devices based on non-orthogonal strategy. The analysis accounted for the correlation
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among the channel estimates and the interference due to mobile.

We proved that under channel inversion based power control at the BS, distance-dependent
grouping based hybrid strategy achieves the highest DL sum SE for IoT devices when compared
against non-orthogonal or distance-independent grouping based hybrid strategy since it causes
least pilot contamination induced interference during the data phase. We also showed that the
distance-dependent grouping based hybrid strategy can serve the largest number of 10T devices
among all the strategies considered. A new expression for the DL sum SE of mobile terminals
taking into account the interference due to IoT devices was also developed. We showed that
the sum SE achieved by the mobile terminals is independent of the pilot assignment strategy
employed by the IoT devices. Furthermore, under max-min power control at the BS during
data transmission phase, we observe that the performance of IoT devices remains unaffected
irrespective of the estimation strategy due to power control used during estimation.

While this Chapter focused on the first aspect related to system modeling and performance
analysis of joint machine-centric communication among IoT devices and human-centric com-
munication among mobile terminals and addressed challenges associated with pilot assignment
and channel estimation, the next Chapter considers the second aspect and addresses challenges

associated with efficient wireless charging of these 10T devices.
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3. Single IRS Enabled WET

In this Chapter, we focus on a practically well-motivated model where a source equipped
with fewer RF chains than the number of transmit antennas is assisted by an IRS to transfer
energy wirelessly to IoT users. Each transmit RF chain, which is made up of signal converters,
up-converters, filters, and power amplifiers makes the source power hungry, bulky and costly.
AS employed by source is a low hardware complexity solution that reduces the number of RF
chains required, thus reducing power consumption and the associated cost. For this model, our
main objective is to identify the operational regimes that guarantee feasibility of WET and to
determine if the receive power level at the user can be maintained at the same level by trading-
off active RF chains at the source with passive elements at the IRS that do not require dedicated
RF chains.

We first present a near-optimal joint AS and passive beamforming rule that requires fewer
pilot transmissions than the optimal rule in the literature. We then analyze probability of outage
in WET with both perfect and estimated CSI for both single and multiple users. Diversity anal-
ysis for the joint AS and IRS enabled WET is also presented. Thereafter, we present extensive
numerical results, discuss extensions to subset AS, discrete phase-shift design and evaluate the

performance under limited scattering.

3.1 Related Literature

We now present some key related references on IRS-aided WET and IRS-aided SWIET
system.

IRS-Assisted WET System: The authors in [14] proposed a channel estimation protocol and
designed near-optimal beamformers at BS and at IRS. Active beamformer at BS and constant
envelope precoding based passive beamformer at IRS were designed to maximize sum received
power at IoT users in [15]. Average symbol error and outage probabilities were derived with
perfect CSI in [45]. The authors in [46] designed active beamforming at source and passive
beamforming at IRS to maximize minimum harvested power among users. In [47], the authors
jointly optimized beamformers at the source and at the IRS to maximize the total power received

by the users. The authors in [48]] maximized weighted sum direct current under a transmit power
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constraint at source and unit modulus constraint at IRS.

IRS-Assisted SWIET: The authors in [49] maximized the common throughput of the infor-
mation and energy users by jointly optimizing transmit time, power allocation, and reflection
coefficients at IRS. In [50], the authors jointly optimized beamformer at the BS and transmis-
sion mode at the IRS to minimize total BS transmit power. In [51]], the authors designed active
beamforming at the BS and phase shifts at the IRS to minimize transmit power under SINR
constraint at the information user and EH constraint at the energy user. In [52], the authors
determined the optimal power splitting ratio, active beamforming at the BS, and phase shifts of
the IRS to maximize the EE. Transmit beamformer and covariance matrix of the artificial noise
at the BS were optimized in order to maximize the system EE in [53]].

Analytical bounds on achievable rate and harvested energy were derived for time switching
and power splitting protocols in [54]. Transmit power at the BS is minimized with minimum
rate and harvested energy constraints at every user in [55)]. The authors in [56] optimized
the active beamforming at the BS and phase shifts at the IRS to maximize the minimum rate
of the information users subject to minimum EH constraint at the energy users. The authors
in [57] studied the trade-off between sum data rate maximization and sum harvested energy
maximization by jointly optimizing the information/energy beamforming vectors at the BS and
phase shifts at IRS. An extensive survey of works that consider IRS-aided wireless information
and/or energy transfer without spatial correlation can be found in [7] and the references therein.

Based on the discussion above, we observe that most of the works considered IRS assisted
transmission from a source that is equipped with as many RF chains as the number of antennas.
This increases hardware complexity, power consumption and cost at the source. AS is a low
complexity technique that reduces the cost and power consumption at the source. There are
limited works available on joint AS-IRS beamforming. While [19] studied joint AS at the BS
and passive beamforming at the IRS to maximize received signal power under perfect CSI.
The authors in [20] considered joint AS and IRS beamforming to maximize the ergodic sum
data rate and in [58]], algorithms were developed for joint AS and passive beamforming at the

IRS to maximize channel capacity under unit modulus constraints of all IRS elements assuming
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perfect CSI. However, system modeling, developing low complexity AS rule, active and passive
beamforming design based on the selected antennas, and comprehensive performance analysis
in terms of OP and PTE under both perfect and estimated CSI for joint AS and IRS-assisted
WET to single and/or multiple users is still in its infancy, remains an open problem and is the
focus of this work.

Notations: We denote an N X N diagonal matrix with diagonal elements ay,...,ay by
diag(a,,...,ay). The probability of an event A is denoted by Pr(A) and PDF of a RV X is
denoted by fx(-). Real and imaginary parts of a complex variable are denoted by R(-) and J(-),
respectively.

Organization: This Chapter is organized as follows. We present the system model in Sec-
tion We propose our joint AS and passive beamforming rule, analyze its probability of
outage with perfect CSI and extend this analysis to multi-user scenario in Section 3.3l We an-
alyze the corresponding performance with estimated CSI in Section [3.4l The numerical results

and summary are presented in Sections [3.3]and [3.6, respectively.

3.2 System Model

We consider an IRS-assisted WET system as shown in Figure[3.1] It has a source S equipped
with M antennas and a single RF chain that transmits RF signal to a single antenna user U. We
consider that the passive reflecting elements of IRS 7 are arranged in a planar array of dimen-
sion N, X Ny, where N, and N, denote the number of IRS elements along length and breadth,
respectively. Therefore, total number of IRS elements N = N,N,. The source dynamically
switches its RF chain to the antenna selected based on instantaneous CSI. It also computes the
IRS reflection coefficients, which are communicated to IRS through a dedicated control link.
We consider a block fading model, in which the wireless channel remains constant over a co-
herence interval of duration 7. and varies independently across different coherence intervals.
We consider TD mode of communication to exploit channel reciprocity. The CSI acquired

through UL pilot signaling is used to select an antenna at S and compute reflection coefficients

"Indoor/outdoor field trials confirmed that UL and DL channels are reciprocal in TDD mode even in IRS-aided
wireless communications [S9]. Furthermore, this has been widely adopted in literature [14,/60-63].
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A
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Fig. 3.1: System model: Joint AS and IRS-assisted WET.

at I. We consider that the IRS is completely passive in nature and does not have dedicated RF
chains connected to it. Let hy, € CY*! denote the complex channel gain vector of direct path
from S to U. We model it as Rayleigh fading. Therefore, hy, ~ CN(0,B,.1),), where B,, de-
notes distance-dependent path loss. Let Hy; € CY*Y denote complex channel gain matrix from

S to I. We model it as Rician fading. It can be written as

Ksi si 7y i T7
Z: Hsi + g Hsi’ (31)
Ks‘i +1 V Ksi +1

where {;; and K; denote the distance-dependent path loss and the Rician factor, respectively.

Furthermore, the (m,n)" element of the line-of-sight (LoS) component Es,» € CM*N is given

by Hy = exp|jZd ((m — 1)sin@) cos()+(n,—1) sin(@) cos(y) +(n, — 1) sin) sin(¢y))].
where the indexn = (n, — 1) + 1 + (ny - l)Nx, A denotes the wavelength, d denotes the inter-
element spacing at S and I, ¥, ¢1, Y2, ¢, € (0, 2m) denote the elevation angle of departure (AoD)
and azimuthal AoD at §, elevation angle of arrival (AoA), and azimuthal AoA at I, respectively,

l1<m<M,1<n,<N, and1 <ny, <N, [24]. The elements of the non-LoS component H si €

CM*N are i.i.d. circular symmetric complex Gaussian RVs with zero mean and unit variance,

i.e., H™ ~ CN(0,1). Thus, H™ ~ CN (™", B,i), where u" = [ Rba F™ and B; = 22, The

Ki+1

elements of the channel matrix H; are independent across m and n.
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Let h;, € CN*! denote the complex channel gain vector from I to U. It is modeled as

Kiuéu 7 é/iu T
hiu = \, hiu \’ hiu, 3.2
Kiu + 1 * Kiu + 1 ( )

where ;, and K;, denote the distance-dependent path loss and the Rician factor, respectively.

The n™ element of the LoS component &, € CV*! is given by

—n 2
i, = exp [jfd((nx = 1)sin(ys) cos(¢3) + (n, — 1) sin(y3) cos(%))] , (33)

where 3, ¢; € (0,2r) denote the elevation AoD and azimuthal AoD at I, respectively [24].
Furthermore, Fl;,-u € CM*! denotes the non-LoS component with i.i.d. CN(0, 1) elements. Thus,
h:, ~ CN , Bi), where ui = %EL and B, = ﬁ The elements of the channel vector
h;, are independent of each other. Let @, € [0, 1] and 6, € [0, 2x] denote the amplitude and
phase coefficients of the n™ IRS element. Then, the phase shift matrix of the IRS is given by
O = diag(a e/, aye’®, ..., aye’™).

Leta € {1,2,..., M} denote the index of the antenna selected at S. Furthermore, let A§,

and k¢, € C™" denote a™ element of h,, and a™ row of H, respectively. Then, the DL signal

received at the user is given by
Yu = (h§, + BGOhy) X + wy, (3.4)

where x; denotes the transmit symbol and w, denotes circular symmetric complex additive
white Gaussian noise (AWGN) with variance o>. Therefore, w, ~ CN(0,0?). Let g, =
[g?ilu, 8w ] = h* diag(h!) € C™V denote the vector of cascaded channels of the reflected
path. Furthermore, let f, = [ l.l, R fl.N ]T denote the IRS passive beamforming vector, where
/7" denotes the n™ diagonal element of @ and is given by f”" = e,e/%. Using these notations, the

signal y, in (3.4)) can be re-written as

Yu = (h, + 85 i) X5 + wWa. (3.5)

TH-3218_156102011

40



3.3 AS Rule and its Analysis With Perfect CSI

3.3 AS Rule and its Analysis With Perfect CSI

In this section, we state our low-complexity AS rule and derive its probability of outage

with perfect CSIH Let p% and A, denote the magnitude and phase of the direct path channel

su

ie., h" = p"eitu forme(l,2,..., M)}.

su’ su

gain h’

3.3.1 AS and Passive Beamforming

The source selects the antenna with the highest channel power gain along the direct path

from S to U. Therefore, a = argmax {p7.}. From y, in (3.3), the energy harvested at U in a
me(1,2,...M)

coherence interval of duration 7. seconds is given by

E, = nrelx P 1he, + g% filF =nvclx ) b (3.6)

su +Z gsm i

where 0 < 17, < 1 denotes the rectification efficiency of the EH circuit at the userH Let p = |x;

|2
and y = n,7.p. The contribution of noise w, to the harvested energy is negligibly small and is

therefore not considered [6,/13-15,166]. In terms of magnitude and phase, we can express the

RVs in (3.6)) as gu = psmef‘ﬁsm where pS' = p%p? | pU = |H§‘l" ,ph, = |ht|and ¢ = LH + LR} .
Therefore, E, in (3.6) can be expressed as
2
E, = y|p% e + Z e g 3.7)

By triangle inequality, we know that programming f/" = ¢~ 1(9%,71%) maximizes E, in (3.7). This
choice enables coherent combination of the direct path signal and the reflected path signals via

the IRS. Therefore, our joint AS and passive beamforming rule can be written as

a = argmax {p},}, (3.8)
me{1,2,...M}
fr=exp(—j(¢5i — AS)), forn=1,...,N. (3.9)

2WET with perfect CSI refers to genie-aided WET, where the CSI is error-free and no resources are spent on
pilots.

3With a single EH circuit, the energy harvested is a non-linear function of the received energy due to saturation
effects. However, it is shown that we can mitigate the non-linear behavior and also extend the range over which it
is a linear function by using multiple such circuits in parallel [49./64.165].
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We now describe the two-step procedure that implements the above AS rule. Step 1: The IRS
is turned off and the user sends M pilots. The source estimates the direct path CSI and selects
antenna a in (3.8). Step 2: The source switches the RF chain to the selected antenna and the
IRS is turned on. Now the user sends N pilots and the source estimates the sum of direct path
and the reflected path CSI corresponding to the antenna a selected. Then, the source subtracts
the direct path CSI to obtain the reflected path CSI and computes the IRS passive beamforming
coefficients as in (3.9). These coefficients are communicated to the IRS through the dedicated
control link. The channel estimation procedure in these two steps is discussed in detail in
Section[3.4.1l

Benefits of the Proposed Rule: (i) It reduces number of pilot transmissions required and
increases the time available for WET. Based on the above description, we see that the proposed
joint AS and passive beamforming rule requires M + N pilots to obtain required CSI. This is
significantly lower than the M + MN pilots required by the optimal AS rule proposed in [19,
20]; (ii) In Section [3.5] we show that the proposed rule is near-optimal with fewer pilots; (iii)

Furthermore, it simplifies outage analysis and brings out valuable insights.

3.3.2 Probability of Outage Analysis

Let Ey, denote the threshold energy required at the user. We now derive an expression for
the probability of outage in WET, i.e., Pr(E, < Ey,), for the proposed joint AS and passive
beamforming rule with perfect CSI. Substituting f* from (3.9) in (3.7), we get

N 9,
E, = 7(;);1, - Zp?;z) : (3.10)
n=1

N
Here, E,, is square of the sum of two independent RVs p¢, and 21 P4 . From (3.8), we know that
i

N
% =max{p! ..., oM}, whichis the maximum of M i.i.d. Rayleigh RVs. Furthermore, Y, p™ =
n=1

N
2. pitp is the sum of the product of independent Rician RVs. Therefore, the probability of
n=1

outage in energy transfer can be written as

N 2
Poutage = PI' (Eu S Eth) = PI' (V[P?u + ZP?;J SEth} . (31 1)

n=1
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Theorem 3.1. The probability of outage for the proposed joint AS and passive beamforming
rule with perfect CSI is given by

P~ Ai‘ ]\/’i:_lim(Mn: 1) 1—wQ( : ﬂy) e [Q(—_f)_Q(Ehz—ﬂyD ,
m=0 Y \/777"5 i YN
(3.12)
py = 2Bl (—K.i) Ly (=Ki), 5 = NByiBu (1 + Kﬂ)(l + Ki) = Ny,

Mo =5 \/ﬁsiﬁiuL% (-Ky) L% (—K;,), O() denotes the Q-function [67] and L,(-) denotes Laguerre
polynomial of order-n [68].

Proof. The proof is given in Appendix [B.1l i

The above expression brings out the dependence of the probability of outage on system
parameters M, N, and Ey;, and channel parameters K;, K, By, By and S;,. With M = 1, Py
in (3.12) reduces to a form similar to [69, Eqn. (7)]

E-n1x

B S ) ) o
: wq %) \ﬁh_(fggzw_lgz(wﬁI (3.13)

2
wherem:(ﬁ— 2),§,_(ZE‘“+”y)and)(1—(ﬁ“‘+0)

y

3.3.2.1 Asymptotic Analysis

We now study the behavior of the probability of outage for large number of IRS ele-
N

ments. As N — oo, by law of large numbers [70], we know that % 2 pi = E( ‘S’Z’L) =
n=1

E(p“fl)]E(p” ) = yo =7 \/ﬁsi/g’,-uL (-Ky) L1 (—K;,). Furthermore, the outage event can be written

St

as —pm Z psn < NEth For sufficiently large N, + v Z pY — pp and
Poutage — Pr (p?u < Eth - NIUO) . (314)
Using the fact that p, = max{p!,, ..., p"}, the probability of outage

Pouage = Pr(p}, < Eqy = Npto. ... ph < Eqy = Nig). (3.15)
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Since p!,, ..., pM are i.i.d. Rayleigh RVs, we get

0, if Nuo > Eq,

_ 2\ M
[1 —exp(_(E‘hﬁ;Nﬂo))] , otherwise.

— (3.16)

P, outage

From the analysis above, we see that Poyee — 0 when Ny > E. Therefore, the probability of
outage can be made negligibly small when the number of IRS elements is greater than

4 VEu
TP Te Vﬁsiﬁiul’% (_Ksi) L% (_Kiu)‘

(3.17)

Insights: We see that the minimum number of IRS elements required is inversely proportional to
the strength of the cascaded reflected path. It decreases as the strength of the LoS components
increases, i.e., as K; or K;, increases. This is because L% (x) 1s a monotonically decreasing

function of x. Furthermore, it is independent of the strength of the direct path.

3.3.2.2 LoS Scenario

We now consider a special case when there are only LoS components from S — [ and from
I - U, ie., K; — o and K;, — oo. Therefore, Hy; = \/C,; Hy; and h;, = \/Zy hsy. In this case,

N A
2. pit = N+, and the probability of outage in (3.11)) reduces to Pr( W<En—-N \/{s,-{,-u).
n=1

Further simplification yields

0, if N VZ5i = En,
Poutage = By NNTT N\ IM (3.18)
[1 —exp (_(‘h_ﬂ—{{))] , otherwise.

Note that (3.18]) is an exact expression for the probability of outage in WET. Here, employing

\/Eth/ (pn,7.{si;,) number of IRS elements will yield zero OP.

3.3.2.3 Extension to Multi-User Scenario

With K users, if the source transmits energy wirelessly to every user based on RR scheduling

strategy over a slot of length % seconds, then the joint AS and passive beamforming rule is given
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by
a, = argmax {p7,} (3.19)
me{l,2,...,M}
"= exp(-j(¢% - A%)), forn=1,....N, (3.20)

where 1 < k < K denotes index of the user being served in slot k, p% denotes magnitude of

the direct path channel gain from the m™ antenna at the source to user k, A?; denotes phase

an
sik T

of the direct path channel gain from the selected antenna a; at the source to user k and ¢
(H" + K. Note that ZH;;" denotes the phase of the channel between the selected antenna ay
at S and n™ IRS element and /I, denotes phase of the channel between n™ IRS element and k™
user. For this model, Poyge €quals one minus the probability that every user harvests more than
E, amount of energy. Mathematically,

K

Pouage = 1 — Pr[ﬂ E, > Eth], (3.21)

k=1

where E; denotes energy harvested by k™ user.

Theorem 3.2. An upper bound on probability of outage in WET with perfect CSI when users
are served based on RR scheduling strategy is given by

K
Pouage < min(l, D Pr(Ec< El,,)), (3.22)
k=1
where Pr (E; < Ey) is given in Theorem 3.1\ with y replaced by %.

Proof. The proof is given in Appendix [B.2l |

3.4 Analysis of Probability of Outage in WET With Estimated CSI

In this section, we first present estimation of the direct and the reflected channels via the
IRS using the two step procedure described in Section[3.3.1l Then we present our joint AS and

IRS passive beamforming rule based on estimated CSI and derive its OP.
3.4.1 UL Pilot Transmission and Channel Estimation

Step 1: First, we estimate the direct path channel gain from S to U. In order to do that, we

configure all the IRS elements to the off state, i.e., @, = O foralln = 1,... N. The user transmits
TH-3218 156102011
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pilot x, with power g. Then the source receives signal y" when it connects RF chain to the m™
antenna. It is given by

= \ghyx, +w", form=1,..., M, (3.23)
where |xp|2 = 1 and w™ is the complex AWGN with zero mean and variance 0. We know that
y'=y"x, = \qht, +w", (3.24)

where w" = = w"x), is a sufficient statistic to estimate h,. Based on y", the MMSE estimate of

the direct path channel gain is given by [3§]]

b = ﬂym. (3.25)
GPBsu + 0
Substituting y", it can be further simplified as
" =h" + B, form=1,...,M, (3.26)

where the channel estimation error /", = —_pm 4 P i Note that h™ is independent

= W 0
qﬁst«+0'2 LK qﬁsu"'a'z

of . Let yy, = E( h 2

) = qﬁqﬁ »_ denote the variance of the channel estimate. Furthermore,

the variance of the channel estimation error ]E( ) Bsu — ¥su- Let P, and A’;; respectively

denote the magnitude and phase of the channel gain estimate /", i.e., fz’s’}d = f)’;}leﬂm, form €

su’

{1,2,..., M}. The source selects antenna a that has the highest channel power gain estimate. It
is given by
a = arg max {07, }. (3.27)
me(1,2,..,M}

Step 2: The source connects the RF chain to antenna a and estimates the corresponding
cascaded channel gain via IRS. We turn on one IRS element at a time. The signal received at S

when the n'" IRS element is turned on, i.e., @, = 1 and 6, = 0, is given by
= \gh® x, + \Jqg" x, + w", forn = 1,..., N, (3.28)

where w? is complex AWGN with zero mean and variance o2. Let 3" denote the signal com-

ponent after subtracting the scaled version of the direct path channel gain estimate obtained in
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_gin [0'2 +q(5, )2]
a(Bo+ ) (o + ) + o2 + 9 (0.) - 6]|Msm|
\/a((ﬂsi + |ﬂ?ln| )(ﬂiu + |,u;lu|2) Hin )[—an s, — \/5(/1?,’; - ﬂ?u):l

an
+ iy

— (3.33)
q (ﬂsi + || )(ﬂm + ) + 0% + g (Frm) g lun
Step 1, which is given by
" — \ght x, (3.29)
Using (3.26)), we get
= \gg™ x, + " — \Jgh® x,, forn=1,...,N. (3.30)

A sufficient statistic to estimate the cascaded channel g?l’; via the n'" IRS element is given by

o= Y= Ve + W — i, (3.31)

forn=1,...,N, where w"" = w? x> . Based on ;an, we next develop the linear MMSE estimate
of the cascaded channel coefficient between S and U via the n™ IRS element. Since, IRS is

passive, estimate of the cascaded channel coefficients can only be obtained.

Lemma 3.1. The linear MMSE estimate of the cascaded channel coefficient "' between the
selected antenna at S and U via the n™ IRS element is given by [38]

g =gl +gh, (3.32)

- ; - an _ Ksié'_si 7 mgm
where g™ is given in (3.33) at the top of this page, po" = o Ho 1, Tl o =

i, = B Kb g = B(70) = R (@) + 9 (i), R (&) = 8( a)
o ~MABa T M=1 s (—_I)M gmtl M-1 my (12)’"1 3ma+l
‘R(,um)— PRV [mZ::‘)( m ) 3M+m m1:0m2:0( )(m2)3m1 +my+3| (3.34)
a\? 7a M(ﬁsu Ysu) LS M-1 1\ m \/3(31’)’11 +my +3)
(O-SM) ) Var(hs ) [n;omzZ:o( mi )( )( 12) 3 (3my +my + 3)?
M-1 M-1
<2 (Mn; 1)(%) 3’”“—“(32% ;)’?)] —| . 3.3s)
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Proof. The proof is given in Appendix [B.3l ]
3.4.2 DL Transmission Based on Estimated CSI

h

Let fi” denote the reflection coefficient programmed at the n™ element based on the es-

adn

b /% denote estimates of the direct and the

timated CSL. Let A%, = pf ¢/ and g =

st

reflected channels, respectively in terms of magnitude and phase. Substituting these estimates,

in (3.8) and (3.9), joint AS and passive beamforming rule with estimated CSI can be written as

a = argmax {p}, }, (3.36)
mef1,2,...,M}
A =exp(—j(% - A3%,)), forn=1,....N. (3.37)

o A AT
Let f; = [ l.l, f?, . fl.N ] denote the IRS passive beamforming vector based on estimated CSI.

Signal received at U when source employs above joint AS and passive beamforming rule is
(h?u + g?iuﬁ) Xs + Wy, (338)

where w, ~ CN(0, 0%) denotes complex AWGN at the user. Here, we spend (M + N )7, seconds
to obtain channel estimates of the direct and reflected channel paths and energy is harvested
for (TC - (M+N )Tp) seconds in each coherence interval. Therefore, from (3.38)), the harvested

siu Ai 2’ where 7 5 P’?r(’rc - (M + N)TP)'

ha

su

energy with estimated CSI is given by £, =7

Expressing true channel as sum of estimate and estimation error based on (3.26) and (3.32), we
get

A a A za =2 A\

E =Y ‘(hsu + gsiufi) - (hsu + gsiufi)' . (339)

Neglecting the estimation errors, £, in (3.39) can be approximated as

AM
+Zg.§'lll l pSlle] ’ +Z

A, + g‘;’m =7 g | e (3.40)
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By triangle inequality, we know that the choice of /" in (3.37) maximizes £, in (3.40). There-

fore, substituting fl.” from (3.37)) in (3.4Q), the harvested energy can be written as

- y[pm ; z

This approximation ensure analytical tractability. Furthermore, it is justified at practical operat-

g‘;;;) . (3.41)

ing points, since estimation errors 4%, and %, make negligibly small contribution to E, [6,[71].
In Section[3.3] our numerical results show that the probability of outage obtained through Monte
Carlo simulations based on exact £, in (3.39) is in close agreement with the probability of out-

age expression derived in Theorem [3.3] based on approximate £, in (3.41).

3.4.3 Analysis of Probability of Outage in WET

With estimated CSI, the probability of outage in WET is given by

poutage = Pr (Eu < Eth) [ (psu + Z

gSlLl

] < Eth] : (3.42)

antenna at S to U via n™ IRS element. To simplify the analysis, we model it as a Rician RV.

Figure [3.2] plots the cumulative distribution function (CDF) of

adan
i

85" | obtained empirically from

10° samples through Monte Carlo simulations and the CDF of a Rician RV for three values of
K,; and K;,. We observe that for moderate and higher values of K; and K;,, the empirical and

the Rician CDF match well. And for lower values of K,; and K;,, we notice that the Rician

model, we next derive mathematical expression that approximates f’outage under estimated CSI.

Theorem 3.3. With joint AS and IRS assisted passive beamforming based on estimated CSI, the
probability of outage in WET is given by

M- N B ~ A
M(— 1)’" -1 n— Uy e 7 & Ep — w5
outage Z ( m ) I- WQ( l P > |- Q — | Q 12 Ay )
m=0 y 7’70'}% \/ﬁ O-ﬁ \/ﬁ
(3.43)
- IRETANN m 2 m+DE, 5~ 2mtDE P A
e = () < BB ek b - Bk g o 2L g

2 ~2 7 |l1 tu| 2]
i) o= Jan (FE)

1

=L (52} o (2 oy
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Fig. 3.2: CDF of |§‘;‘3[| compared with Rician model with similar parameters (8y, = —45.81 dB, {;; =
—46.67 dB, ¢;, = —40.81 dB, o> = —100 dBm, and ¢ = 0 dBm).
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/Jsiu .

v = (B + ) (B + ) = i) and ez = (B + ) (B + )+ 0%~

Proof. The proof is given in Appendix [B.4l i

The analysis above accounts for order statistics of the magnitude of the estimated channel
coefficients along the direct path and design of phase-shifts at / based on CSI estimates. Unlike
the Poyage expression for perfect CST in (3.12), Poutage in (3.43) is a function of the pilot power g,
the time (TC -(M+N )Tp) that is used for DL WET, noise power ¢~ that accounts for estimation
errors, and the statistics of the estimated CSI. Furthermore, the expression in (3.43)) also brings
out the dependence of f’outage on system and channel parameters. At high pilot power, Poumge
in (3.43)) reduces to Poyge in (B12), since w5 — 0'§ — o and Yy — B

3.4.3.1 Diversity Order

We refer to the slope of the probability of outage versus the source transmit power curve in
the asymptotic regime in a log-log scale as the diversity order in WET systems. In other words,
it measures the rate of decay of the probability of outage as a function of the source transmit
power. We now derive the diversity order with estimated CSI in terms of number of antennas at

the source and the number of passive reflecting elements at the IRS.
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3.5 Numerical Results

Theorem 3.4. The diversity order of a joint AS and IRS passive beamforming assisted WET
system with estimated CSI equals M + N.

Proof. The proof is given in Appendix [B.3l ]

3.4.3.2 Extension to Multi-User Scenario

With estimated CSI, K(M + N)t, seconds in a coherence interval would be spent on pilots.
And AS at source and passive beamforming at IRS will be performed with estimated CSI.
Therefore, based on RR scheduling strategy, the source would transfer energy wirelessly to
every user over a slot of length w Then, with estimated CSI, f’oumge equals one
minus the probability that every user harvests more than Ey, amount of energy. Mathematically,

K
Poage = 1 — Pr[ﬂ £ > Eth], (3.44)
k=1
where E) denotes the energy harvested by the k™ user with estimated CSI.

Theorem 3.5. An upper bound on probability of outage in WET with estimated CSI when users
are served based on RR scheduling strategy is given by

K
Posage < min[l, > Pr(Ei < E,,,)), (3.45)

k=1

p’]r(Tc_K(M+N)Tp)

where Pr (Ek < Eth) is given in Theorem 3 3 withy = e

This can be proved along similar lines using ideas from Theorem [3.2] and Appendix [B.4l

3.5 Numerical Results

We now present numerical results to illustrate the potential of joint low complexity AS at
source and passive beamforming at IRS for WET. We present results to show the impact of the
system parameters such as number of antennas M at source, number of IRS elements N, source

transmit power p and pilot power g on the probability of outage. Unless mentioned otherwise,

0.017,
M+N >

for illustration, we take E, = 1077 J, p = 1 W, g = 1 mW, 7, = 10 ms, 1, = 0.5, T, =

2
o2 =10 W, K =1, K;; = 10, Ky, = 10, o = 9% where a,b € {s,u, i}, w = (i) is the

]
dab 2n

average channel attenuation at unit reference distance with d = % denoting the inter-element

“Note that this result is valid when the wireless channel offers rich scattering. It can therefore be considered as
the maximal diversity gain that one can extract from such a system.

TH-3218_156102011

51



3. Single IRS Enabled WET

—_
(=)
o

<

<
¥}

—_

e
o

Probability of outage in WET
S

Probability of outage in WET
=)

10 107 ¢
Perfect CSI (Analysis in (3.12)) Perfect CSI (Analysis in (3.12))

5 O Estimated CSI (Simulations based on (3.39)) 5| |~ = —Estimated CSI (Analysis in (3.43)) |

10 + Perfect CSI(Simulations based on (3.10)) 10 O Estimated CSI (Simulations based on (3.39))
- - -Estimated CSI (Analysis in (3.43)) + Perfect CSI (Simulations based on (3.10))
106 . . . \a M 107 . I " , \\
10 30 50 70 90 110 -10 -8 -6 -4 -2 0 2
Number of IRS elements (N) Source transmit power (p in dBW)
(a) (b)

Fig. 3.3: (a) Impactof N(p = 1 W, g = 1 mW, K = 1, and Eg, = 1077 J). (b) Impact of p (g = 1 mW,
K =1,and Ej, = 1077 J).

separation at the IRS, f = 915 MHz, ¢ = 3 x 10® m/s denotes speed of light and d,,;, denotes
distance between a and b. Furthermore, we take G, = G, = 0 dBi, G; = 5 dBi and the path
loss exponent p = 2 [[14]]. We consider that S, I, and U are arranged in a rectangular topology,
S and I are placed opposite to each other with their coordinates (in meters) as (0, 0) and (10, 0)
respectively, and U is placed at (5, 1).

Figure [3.3] (a) plots probability of outage in WET as a function of N for three configura-
tions, namely, C = (1,1), C = (1,2) and C = (1,4) and for both perfect and estimated CSI.
Note that C = (Ngg, M) refers to the configuration where the source is equipped with Ngg RF
chains and M antennas. We note that the Monte Carlo simulations are in close agreement with
analysis for both perfect and estimated CSI, thus validating our analysis. We observe that with
N = 70, the probability of outage when C = (1,4) is lower by factors 100x and 1000x when
compared to Poyuee With C = (1,2) and C = (1, 1), respectively. This is because the reduction
in outage probability is more sensitive to changes in number of antennas M at the BS than to
the changes in the number of IRS elements N since the direct path is relatively stronger than the
reflected cascaded paths. We also observe that probability of outage degrades marginally with
estimated CSI due to estimation errors and the fact that a part of the coherence interval is spent

in estimation.
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Fig. 3.4: (a) Impactof g (p = 1 W, Ey, = E, + g(M + N)7,, C=(1,4), K =1,and E, = 1077 1), (b)
Impact of discrete phase shifts (p =1 W, C = (1,2), K =1, and Ey, = 1077 )).

Figure 3.3 (b) plots probability of outage as a function of p for C = (1, 1) and C = (1,4) and
for two values of N. This is again done for both perfect and estimated CSI. As before, analysis
matches well with simulations. We observe that the required transmit power at the source to
achieve a given probability of outage decreases as the number of IRS elements increases. For
example, with C = (1,4), we can achieve Pyug. Of 107 with 5 dBW lower transmit power at
S by adding 100 extra IRS elements. Moreover, the diversity order, which is equal to M + N,
increases as M or N increase.

Figure 3.4] (a) plots probability of outage as a function of ¢ for both perfect and estimated
CSI. In general, the threshold energy Ey, required at the user depends on the energy E, spent
on performing assigned tasks and the energy spent on channel estimation, i.e., g(M + N)7,,. To
illustrate the impact of ¢, we consider E,, = 107Jand Ey, = E » +q(M + N)7,. With estimated
CSI, we observe three regions of operation: 1) For small values of pilot power, the probability
of outage is high due to high channel estimation errors; ii) For medium values of pilot powers,
i.e., =70 dBW < g < -40 dBW with N = 75, the probability of outage is relatively insensitive
to the increase in pilot power; iii) For large values of pilot power, i.e., ¢ > —40 dBW with
N = 75, large amount of energy is spent for channel estimation. This increases Ey,, which

in turn, increases the probability of outage. Under perfect CSI, the probability of outage is
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Fig. 3.5: Result to corroborate the diversity order (g = 1 mW, K = 1, and Eg, = 1077 J).

constant for smaller values of g. This is because g(M + N)7, < E,, and P, does not depend
on estimation errors. Furthermore, Pyge increases as g increases beyond —40 dBW since the
threshold increasesH

Discrete Phase Shifts: Figure[3.4] (b) plots probability of outage in WET as a function of N
under both continuous and discrete phase shifts at the IRS. We obtain the discrete phase shift by
quantizing the continuous phase shift to the nearest available quantization level. We note that
with j-bit discrete phase shifter at the IRS, 2/ phase-shift quantization levels are possible. As the
number of quantization bits used to program the IRS increases, the performance with discrete
phase shifts gets closer to the performance with continuous phase shifts. This is because an
increase in the resolution of the discrete phase shifts enables better coherent combination of the
reflected and direct path signals. In fact, a 3-bit programmable IRS is sufficient to achieve good
trade-off between complexityl] and performance.

Figure plots the probability of outage in WET as a function of source transmit power

with the objective of corroborating the diversity order. The diversity order based on graphical

SWe show the outage performance with perfect CSI as well to elucidate and quantify the loss in outage perfor-
mance due to estimation errors. The threshold energy under perfect CSI is kept the same as that with estimated
CSI to ensure fair comparison.

®To configure phase shifts, positive-intrinsic-negative (PIN) diodes are used in the control circuitry at the IRS.
With one PIN diode in the control circuitry at the IRS, only phase shifts of 0 and 7 can be induced. To induce an
Q-level phase shift per IRS element, log,(Q) PIN diodes would be required.
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Fig. 3.6: (a) Impact of number of users (p = 1 W, g = 1 mW, C = (1,4) and Ey, = 1077 J). Users are
distributed uniformly between (0, 1) and (10, 1), (b) Performance benchmarking: Impact of different AS
strategies (p = 1 W, g = 1 mW, K = 1, and Eg, = 1077 J).

method for the curve with (C = (1, 2), N = 50) is given by

1010y (1.10 x 107'4) = 101og,, (3.59 x 10°1%)
8.8 (in dBW) — 8.9 (in dBW)

diversity order = — =48.99. (3.46)

The theoretical value of diversity order corresponding to this curve is 52. While the diversity

order based on graphical method for the curve with (C = (1, 1), N = 75) is given by

101og, (1.42 X 107'%) - 101og,, (2.75 x 107%)
5.5 (in dBW) — 5.6 (in dBW)

diversity order = — =71.45, (3.47)

the theoretical value of diversity order corresponding to this curve is 76. We observe that the
diversity order obtained using the graphical method deviates slightly from the theoretical value.
This is because the diversity order expression that we derive theoretically is an asymptotic
expression.

Figure (a) plots probability of outage in WET vs. N for K = 2 and 4 with perfect
and estimated CSI. Analysis matches well with simulations, thus confirming the tightness of
the upper bound. We observe that by increasing N, WET to a larger number of users can be
supported while maintaining the probability of outage fixed at a specific level. For example,
100 extra IRS elements are required to support WET to 4 users when compared against WET

to 2 users while maintaining probability of outage fixed at 107
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3. Single IRS Enabled WET

Performance Benchmarking: We benchmark the performance of the proposed AS rule with
the selection rules considered in the literature.

1) Optimal Antenna Selection (OAS) rule [19,120]: With estimated CSI, the OAS rule is
)

perfect CSI. However, it requires M + MN pilot transmissions to obtain CSI. This is much

Hmnmn

A
m
h Su 8 siu

given by %% = arg max ( ) This rule maximizes the receive power under

1<m<M
higher than the M + N pilot transmissions required by our proposed AS rule.
2) Low Complexity Antenna Selection (LAS) rule [19]: With estimated CSI, the LAS rule is
N
> o

the CSI. Both OAS and LAS rules configure IRS elements as in (3.37).

s +

Am
hsu

given by a4
1<m<M

= arg max ( ) It requires 2M + N pilots transmission to obtain

Figure (b) compares the performance of the proposed AS rule with the above two AS
rules. It plots the probability of outage vs. N with estimated CSI for two different configura-
tions. For C = (1,2), we see that the proposed AS rule| performs very close to OAS and LAS
rules, which consider reflected channel gains in addition to the direct path channel gains. This
is because the strength of the reflected channel gain via the IRS is relatively weaker compared
to the strength of the direct path channel gain. We note that the proposed AS rule performs
close to the optimal rule while requiring fewer number of pilot transmissions. For C = (1,4),
as N increases, we see that the proposed AS rule performs better than the OAS and LAS rules.
This is due to increase in the time required for the pilot transmission for both OAS and LAS
rules, which in turn reduces the time available for DL energy transmission. For OAS and LAS
rules, the time available for DL energy transfer is (TC - (M + MN)Tp) and (Tc -(2M + N)Tp)
seconds, respectively, while the proposed AS rule has (TC - (M + N)T,,) seconds available for
energy transfer. Furthermore, the OAS rule performs marginally better than the LAS rule de-
spite having a smaller DL energy transmission duration since it by design maximizes the receive

power under perfect CSI.

"Unlike information transfer, in which the range is of the order of hundreds of meters, the range of WET is
very limited and typically varies from few meters to few tens of meters [[5,16,[13H15/72]. In most WET scenarios,
it is, therefore, more likely that the direct channel between the source and the user would be present. And in
WET, it is the absolute receive power that matters, unlike information transfer where the receive SNR is of interest.
And by using IRS-assisted beamforming, the receive power can be boosted significantly to compensate the loss in
performance due to AS.
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Subset AS: Figure [3.7] (a) plots the PTEQ as a function of the number of RF chains at the
source for M = 32 and N = 50, 75, and 100. We observe that the PTE increases initially as the
number of RF chains increase and reaches a maxima. This is because the power harvested by
the user increases as more number of antennas are selectec@ for energy beamforming. However,
beyond a certain number of RF chains, the PTE decreases as the power consumption at the
source dominates the harvested power at the user. Therefore, employing subset AS with a
certain number of RF chains yields optimal PTE when compared to employing full complexity
energy beamforming where number of RF chains must equal the number of antennas. For a
given number of RF chains at the source, the PTE improves as N increases.

Figure [3.71(b) plots the probability of outage as a function of p for N = 50 and N = 150 and
for different configurations. We observe that for a given source transmit power, the probability
of outage of single AS (1,4) with N = 150 is lower than even a full complexity (4,4) system
with N = 50. Thus, one can trade-off active RF chains at the source with passive elements at
the IRS to obtain improved outage performance. We also note that for a given configuration,
substantial savings of radiated power is obtained by adding few passive elements at the IRS
while maintaining the same probability of outage.

Limited Scattering: To study the impact of limited scattering on the probability of outage
in WET, we model and decompose the channels as in [24]. Note that this modeling accounts
for the number of scatterers that are present in the wireless environment. Based on this physics
based generic model [24}/50], the n'™ entry of the phase shift matrix is given by [@],, = a,e’",

2
where a2 = (@ lg; (D, d>r)|) , for all n, captures the amount by which the product of the path

81t is defined as the ratio of the average power harvested by the user to the total average power consumed at the

source. Please note that we model the total average power consumed at the source as P, = pix + pgx + NReps + pip +

Npe [111[73], where p = UL, p denotes the source transmit power, 77,, denotes the efficiency of the power amplifier
pa

at the source, psx denotes the fixed power required to run the source, ps denotes the circuit power consumed in
3NxeKB

every RF chain at the source, Ngrr denotes the number of RF chains, pj, = S denotes the total power consumed
in computing active beamformer at the source, B denotes the system bandwidth, S, = B.7. denotes the number of
samples in a coherence block, B, denotes the coherence bandwidth, 7. denotes the length of the coherence interval,
K denotes the number of users, k; denotes the source computational efficiency (in flops/watt) and p. denotes the
power spent in configuring the phase shift at each IRS element.

For subset AS, the direct link channel power gains are arranged in descending order and Ngr antennas with
the highest channel gains are selected. The active beamformer at the source and the phase-shifts at the IRS for
both subset AS and the full-complexity system are obtained to maximize the received power based on AO, which

is given in Appendix [B.6l
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Fig. 3.7: Illustration of trade-off between RF chains at source and passive elements at IRS (a) PTE vs.
number of RF chains (M = 32, p = 1 W, p, = 1 W, pix =1 W, 5, =039, po = 5mW, K =1,
B =10 MHz, B. = 10 KHz, and k, = 20 x 10° flops/W), (b) Poutage vs. p (K = 1 and Ey, = 1077 J).

losses from source to IRS and IRS to user would get affected due to the amplitude change

induced by the IRS Note that

Nam
8 (@ &) = j——7 Ig (D, ) (3.48)

denotes the response of each reflection element at IRS, 7’ denotes amplitude of the reflection
coefficient, ll.2 captures the area of an IRS element, @, denotes the direction of the incident signal,
@, denotes the direction of the reflected signal, and g; (®,, ®,) is given in [24, Eqn. (11)].

Figure[3.8](a) plots probability of outage in WET as a function of N under limited scattering.
Note that L,,, L;, and L;, denote the number of scatterers in the channel from S to U, S to [,
and / to U, respectively. We observe that probability of outage increases as number of scatterers
in the channel reduce. This is because the channel becomes more and more spatially correlated
as the number of scatterers decrease.

The channel correlation can be exploited to further reduce the number of pilot transmis-

sions by considering grouping based channel estimation We configure the phase shift of

For this model, po in Section (3.2 can be expressed in a generic form as gy =

T 23 3. K. _K. ; : : : A VEn .
5 ViBsiBiuLs (-Ky) Ly (=Ky).  Using this, @BI7) is modified as B T VAL (KoL (K This

expression brings out dependence on the size /; of each reflecting element at the IRS, and also gives insight that as
size of IRS elements decreases, we need more IRS elements to avoid outage. The corresponding analysis under
LoS scenario can be done along similar lines.

"'"The authors in [74] exploit the sparse structure of the wireless channel at mmWave frequencies to reduce
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any element in a group of size G as f® = exp (—j (qb?g = A?u)) , forall g € {1,...,G}, where

“G= /HYC + /hG, A%, = (h%, and a denotes the strongest antenna along the direct path to
the user. This grouping further reduces the number of pilot transmissions to M + g [75]. To
illustrate performance with grouping under limited scattering, Figure (b) plots probability
of outage vs. N for different inter-element spacing (d) and for two values of G. We observe that
the gap between probability of outage with G = 1 and G = 4 decreases as d decreases. This
is due to increase in spatial correlation as inter-element spacing decreases. This gives us an

interesting design insight that the underlying correlation can be exploited to configure a larger

group of adjacent elements with identical phase-shifts.

3.6 Summary

We considered a WET system in which a source with multiple antennas and a single RF
chain transfers energy to an energy-constrained user and is assisted by an IRS with passive re-
flecting elements. We proposed a joint AS and passive beamforming rule that selects antenna
based on direct path channel gains. We showed that it is near-optimal with fewer pilot trans-
missions. We derived new mathematical expressions for probability of outage for both perfect

and estimated CSI cases and for both single and multi-user scenarios. We also proved that the

channel estimation overhead. However, we focus on WET at sub-6 GHz, where the channel is not really sparse.
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3. Single IRS Enabled WET

diversity order of joint AS and IRS beamforming assisted system equals sum of the number of
antennas at the source and the number of passive reflecting elements at the IRS.

We showed that the source transmit power required to achieve a target probability of outage
decreases as the number of IRS elements or the number of transmit antennas increase. With
estimated CSI, we observed that probability of outage is high both at low pilot powers due to
high channel estimation errors and at high pilot powers as large fraction of the harvested energy
is spent on channel estimation. We proved that we can trade-off active RF chains at source with
passive elements at IRS to obtain improved performance both in terms of probability of outage
and PTE. We also showed that by adding few passive IRS elements, WET to a larger number of
users can be supported. Furthermore, a 3 bit programmable IRS gives near-identical probability
of outage as a continuous phase shift IRS. We also elucidated the impact of limited scattering
and inter-element spacing at the IRS on performance.

Based on the comprehensive characterization and evaluation of the WET system presented
in this Chapter, a wireless system designer can identify operational regimes where the users
harvest more than what they consume in sense, estimate, compute and communicate. In other
words, this study gives an idea about the probability that the user may suffer from a blackout due
to insufficient energy [21] and can help design systems that are robust to blackouts and ensure
feasibility of WET. This can have potential applications in areas related to health monitoring
where an implantable medical device would require perpetual supply of energy to continuously
monitor vital parameters. Another potential application where systems designed based on this
metric could prevent sensor nodes from going into sleep state due to insufficient energy is
intrusion detection, which is again very critical to ensure security.

In this Chapter, we focussed on system modeling, optimization and performance analysis
with perfect and estimated channel knowledge to elucidate the feasibility of single IRS assisted
WET from a source that is equipped with fewer RF chains than the number of antennas. In the
next Chapter, we extend our study and delve deeper into understanding the use of double IRS
for WET and identify operational regimes where double IRS-aided WET outperforms single
IRS-aided WET and massive multiple input multiple output (MIMO) enabled WET.
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4. Double IRS Enabled WET

In this Chapter, we focus on a wireless scenario where a single antenna source assisted by
double IRS transfers energy on the DL to a single antenna user via reflected paths and the direct
path. We design the phase shift matrices at both the IRSs to maximize the received power at the
user. We analyze OP for this model under non-linear EH at the user and for different practically
relevant channel fading scenarios between different hops of the cascaded and direct channels.
We also present the outage analysis for the generic scenario where each link via the direct and
the cascaded paths between the source and the user follows Rician fading.

This analysis entails developing a novel statistical model based on Gamma distribution for
the sum of product of Rician fading envelopes. We then generalize our study to also understand
the impact of four communications links on OP and develop algorithms based on MO and AO
to design the phase shifts at the two IRSs. Thereafter, we determine the optimal number of IRS
elements that optimizes PTE for double IRS-assisted WET. Benchmarking against single IRS
and massive MIMO enabled WET is also presented. We first discuss some key state-of-the-art

literature related to massive MIMO, single-IRS and double-IRS enabled WET.

4.1 Related Literature

Massive MIMO Enabled Systems: Upper bounds on OP in WET were derived for a multi-
user scenario in [13]. Authors in [76] optimized the transmit time switching factor and power
allocation coefficient to maximize the minimum throughput of users. EE and PTE were max-
imized over number of BS antennas and number of users in [71]. Power allocation at the BS
and power splitting factor at the receivers were designed to maximize the EE in [77]]. A detailed
survey of WET based on multi-antenna beamforming can be found in [78] and the references
therein.

Single IRS Enabled Systems: In [52]], the authors obtained the optimal power splitting ratio,
active beamforming at BS and phase shifts at IRS to maximize the EE for a simultaneous wire-
less information and power transfer (SWIPT) system. The authors in [79] analyzed coverage,
probability of signal-to-noise ratio (SNR) gain, and delay outage in an IRS-aided single input

single output (SISO) communication network. In [14], active beamformer at the source and
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passive beamformer at the IRS were designed for a multiple input single output WET system.
An exhaustive survey of IRS-assisted WET and IRS-assisted SWIPT can be found in [7] and
the references therein.

Double IRS Enabled Systems: In [80], passive beamforming at IRSs were designed to ana-
lyze the power gain at the user. Coverage probability of double IRS assisted SISO system was
analyzed in [81]. In [82], the authors optimized the beamforming at the source and phase shifts
at IRSs to maximize the secrecy rate at the intended user. Authors in [83] optimized receive
beamforming at the source and passive beamforming at IRSs to maximize the minimum SINR
in a MIMO system. In [84], transmit beamforming at source and phase shift at IRSs were opti-
mized to maximize the DL sum rate subject to a minimum rate constraint per user in a MIMO
system. The active beamforming at the source and passive beamforming at IRSs were designed
to maximize the received signal in a multi-IRSs assisted communication scenario in [83]].

Unlike existing works, the main objective of this work is to ascertain whether the use of
double IRS can help save radiated power at the source while keeping OP fixed at a specific
level and improve PTE. We ask and answer the following fundamental questions: 1) Under
non-linear EH at the user, how does the harvested energy scale as a function of the number
of elements in the double IRS configuration? The basic objective is to determine the scaling
laws for WET using double IRS configuration; 2) How does the number of elements required
at the two IRSs depend on the distance-dependent path loss and the channel propagation model
used? 3) How does double IRS-assisted WET compare to single IRS assisted WET and massive
MIMO assisted WET in terms of OP and PTE? The answer to these open questions require
thorough investigation and would help us understand the fundamentals of double IRS enabled
WET.

Notations: The (m,n)™ element of a matrix H and the n™ element of a vector k are denoted
by H™" and h", respectively. The inner product between a and b is denoted as (a, b). Element-
wise product of two matrix/vector is denoted by ©.

Organization: This Chapter is organized as follows. We present the system model in Sec-
tion We design the passive beamformer and analyze the probability of outage for different
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IRS I,
with N; elements

Single-antenn
source-S

Fig. 4.1: Double IRS enabled WET

fading scenarios in Section 4.3l The outage analysis discussion is extended for four commu-
nication links in Section The PTE is analyzed in Section The numerical results and

summary follow in Sections 4.6l and 4.7] respectively.

4.2 System Model

We consider a wireless scenario where a single-antenna source serves a single-antenna user
via the direct path and via the cascaded path through IRS 7, consisting of N; passive reflecting
elements and another IRS I, consisting of N, passive reflecting elements as shown in Figure 411
We consider that /; is located at ¢; and its elements are arranged along the orthonormal vectors
k¢ and k. And I, is located at ¢, and its elements are arranged along the orthonormal vectors
k¢ and k5. We denote the distance between ¢, and ¢, by d and the inter element distance at
both IRSs is denoted by r. We denote the angles between k] and ¢, — ¢; by af for i € {1,2}
and o € {a,b}. The channel between S and U via the direct path is represented by Ay, € C.
We denote the channel between S and I, by hy;, € C™M | the channel between I, and I, by

H,;, € CNM and the channel between I, and U by h;,, € C"*!. We model the phase shifts

i1ip
induced by the N, elements at I; by @ = diag(e’”!, e/, . .., /¥ ) and the phase shifts induced at

I, by @ = diag(e’?, e/, ..., /™). Given this model, the signal received at the user is given by

Yu = \/E(hsu + hsi10Hi1i2¢hizu) Su + Wy, 4.1
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N N
VP |ha+ ) Z Y @M HIR QR s, 4w, 4.2)

n=1n=
where p denotes the source transmit power, s, denotes the transmit symbol chosen such that

Is.|*> = 1 and w, denotes complex additive white Gaussian noise.

4.3 Analysis of OP

Based on (4.2)), the power of the signal received at the user is given by
2

P |+ Z Z W @M H! | (4.3)

i1ip iu
n=1ny=

Since, the contribution of noise to the received power is negligibly small, it is ignored [6,13,66].
We configure the phases at both the IRSs by considering a pure LoS channel between the two

IRS. To ensure that the LoS channel between the two IRS is rank one, the distance d between

N2r

two IRS must be such that d > , where A denotes the wavelength [80]. The phases at both
the IRSs are configured to ensure that the signal reaching the user via the direct path adds up
coherently with the signal reaching the user via the reflected paths through 7, and I,. For this,

we express the channel between the two IRSs as [[80]

j2nd;' —j2nd
Hye = pl p(— ~onyexp (L7, @4

1 i1ip

d’'™ denotes the distance between element n; in /; and element n, in I,

where p”‘”2 = |H'””2 oy

hy' = exp( (n r cos (CV]) +nbrcos (a/l))), and 1)’ = exp (_T (n‘;r cos (a/g) + nbrcos (a’;))).

Furthermore, the index n; is given by n; = nf + 1 + nf’le’, where i € {1,2},n! €{0,...,N! -1},

n® € {0,...,N” — 1}, and N* and N are the number of elements along k¢ and k’ directions

of the IRS, respectively. Thus, N; = N*N? denotes the total number of elements at i IRS. To

maximize the received power in (4.3)), the phases at I; can be configured as follows:

ny 1.0 \*
@M :( sl ) , forallm, =1,..., Ny, 4.5)

ni
K
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and the phases at I, can be configured as

AN 2nd
@ :( 2h"22 J |hm| exp(]jlr ), forallmy =1,...,N,. (4.6)
iru su

Substituting @™ from (@.5), ™" from (4.6) and H;'"* from in @.3), the power of the

signal received at the user equals

N N 2

P,=p [pm + Z Z pZQIpZ‘{jszﬁ,] 3 4.7)
n=1ny=1

n

where Psu = |hsu|’p 3

Si

na
u

n  _
bu

h!

Siy

,and p y

Based on the received power in (d.7)) the harvested power considering the practically relevant

non-linear EH model at the user is given by [86,187]]

P, = PO P()Q
" (I rexp(—aPy—bo))(1-Q 1-Q

(4.8)

where ay, by are parameters that are determined by active and passive components of the EH

circuit, Py is the maximum power that can be harvested when the circuit enters into satura-

1

tion and Q = Trexp(aobo)

The constants ay, by and P, are obtained through curve fitting of the
experimental data obtained from the EH circuit in [88]].
We declare an outage in energy transfer when the user harvests energy below a threshold.

Mathematically, the OP in the context of energy transfer is given by
Pou = Pr(Ey < Ew), (4.9)

where E;, = P,7. denotes the harvested energy, 7. denotes the length of the coherence interval

and Ey, denotes the threshold energy. We next analyze this metric for different fading scenarios.

4.3.1 Scenario 1: When the Reflected Links S — I;, I, — I, and I, — U are LoS and Direct
Channel S — U is Rayleigh Faded

We consider that the direct channel between S and U is Rayleigh faded, i.e., iy, ~ CN (0, By.),

where B, denotes the path loss corresponding to this link. The n'" entry of the LoS channel be-

X . —j27rd;ll.]
tween S and /; is given by hf:;l = +/Bsi, EXp (T])’ for all 1 <n; < N;, where S;;, denotes the

path loss and a’fl.‘l denotes the distance between S and the n' element of ;. The LoS channel
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between I} and I is given in (4.4), where p!'"™ = /B, forall 1 <ny < Nyand 1 <ny < N,,

1

and f3;,;, denotes the path loss. The nf' entry of the LoS channel between I, and U is given by

—j2nd:'2u
h?;” = \Biu exp( — ), for all 1 < ny < N,, where ;,, denotes the path loss and d;’;u denotes

the distance between the ntzh element of I, and U.

Using (4.8) and (4.9), the OP equals

Py PyQ
Py -=R - < P, 4.10
r((1 rexp(—ao(Py b)) (1-Q)  1-0 “‘) (4-10)
where Py, = %
Result 4.1. Under non-linear EH at the user, OP in scenario 1 is given by
— 2
= (P — N1 N2 BsisBiyixBiu
Pou =1 —exp (7 P , .11
ﬁsu
= o ( Py—P;,(1-2)-PyQ )
— , P (1-0)+PyQ
where Py, = |2, P, = by = "(ao) .
Proof. The proof is given in Appendix i

We next obtain the optimal values of Ny and N, in terms of the total number of IRS elements
N = N;+N, that minimizes the OP in (4.11). To do this, we need to maximize the exponential to
obtain the optimal N; and N,. In other words, we need to minimize ¢ = Py — NN, \/m )
Let Ny = AoN and N, = (1 — A9)N, where 0 < Ay, < 1 denotes the fraction of the total IRS
elements at /;. Therefore, we re-write ¢ in term of Ay as 1 = Py, — Ado(1 — 20)N? \/Bsi,Bi,1:Boru-
To obtain the optimal 1, which minimizes ¢, we differentiate r with respect to A, to obtain
0‘37’0 = —N? M(l —24p), and equate this to zero. This gives us the optimal value A = %
We note that second derivative of ¢ with respect to Ay is greater than 0. This implies that A;
minimizes ¢. Also, 4; = 1/2 implies that Ny = N, = N/2 ensures that the OP is minimized
even under the practically well-motivated non-linear EH model. This is consistent with the

conclusions obtained in [80].

New Insights: Under non-linear EH at the user, the product of the number of IRS elements

Py

VBsiy BiyinBiyu '

required at /; and I, to drive OP in (4.11)) to zero in scenario 1 is given by N\N, =
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4.3.2 Scenario 2: When the Channel S — /; is Rician Faded, /; — I, and I, — U are LoS
and Direct Channel S — U is Rayleigh Faded

In this scenario, the channel between S and /; is given by

K, - I —
h, = || ——hsi, + | P> (4.12)
Ksil + 1 Ksil +1

where K; denotes the Rician factor, the ntlh element of the LoS component E,»l is given by

n -j2nd’] _
hs;] = /Bsi, exp( ’ y “‘) and the n'" element of the non-LoS component kg, is modelled as
Tn n n n Ky, 771 Bsi
hg ~ CN(0,Bs,). Thus, i; ~CN (,uﬂ?l,{s,»l), where ;= Ks,-l-li-lhﬂ'll and {;, = ﬁ for all
1< n < Nl.
Result 4.2. Under non-linear EH at the user, OP in scenario 2 is given by
1 é’%-'im —
Pyu— i) yae ™ —& Py —
Py =1—w1Q( )— 0 -0 ] (4.13)
t o N o\

\/7710'%

_ —2 >
-1(- 2 1 2P, 2P ©
wtee vy = 0 () m = (5 s - (B e ) - (20 )

7lsiy BiyinBigu
H1 = NN, \/ %L% (_Ksi] ), O'% = NlNgﬁilizﬁizu ({sil (1 + Ksil) - V%),

Vi = 4/ H{TS"]L% (=Kyi,), O(:) denotes the Q-function [67] and L,(-) denotes Laguerre polynomial
of order-n [68]].

Proof. The proof is given in Appendix i

Remark: The mathematical expression above brings out the dependence of the OP on the
Rician factor K;, in addition to the system parameters such as N, N, and Py,, channel param-
eters such as S, By, Bi,i, and B;,,, and the non-linear EH circuit parameters such as a, by and

Py. If the direct channel is blocked, the expression in simplifies to

Pﬂ’_‘“). (4.14)

(O8]

Py =1 _le(

4.3.3 Scenario 3: When Channels S — I}, I} — I, are LoS, I, — U is Rician Faded and the
Direct Channel S — U is Rayleigh Faded

In this wireless scenario, the channel between I, and U is given by

hi,,+ \|———h,,,, 4.15
2 Kizu +1 2 ( )

_ Kizu
hizu -

Kizu + 1
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where K;,, denotes the Rician factor, the ng‘ element of the LoS component Ezu is given by

—n —j27rd;'2u —~ .

h,.;u = \/Biu €Xp (Tz) and the n? element of the non-LoS component h;,, is modelled as
Tn n n n Kiyu 7712 Bipu

h” ~CN(0,B,.). Thus, > ~ CN (:“i;u’ §i2u)’ where 4> = Ki23+1 h,, and &, = Ki22+1 for all

1< ny < NQ.
Result 4.3. Under non-linear EH at the user, OP in scenario 3 is given by

= s Pth_,ul _ Yoe 2’]3{2 _52 _ ﬁth_,uZ
L

where Y, my, & and y, are obtained from Wy, n,, & and y,, respectively, in (A.13)), just by
replacing py with p, and oy with o, o = N1N, w/ﬂﬁ‘ﬂ%bz (=Ki,u),

7ipu
0'% = leNz,Bsi],Bi]iz ({iw (1 +Kiu) - V%), Va = TZL% (—Kiu)-

Proof. This can be proved using similar ideas as in Appendix O

New Insights: Note that o7 scales as N;N, unlike theorem 4.2l where o scales as N|Nj.
Based on (4.7), we observe that the OP as given in (4.13) and (.16) for wireless scenar-

ios 2 and 3, respectively would be identical provided N; and N, are sufficiently large and

the Rician factors K;, = Kj,,. This is because for sufficiently large N, and N,, the term

1 MM ny_niny n 7lsiy BiyinBinu . . . . .

Nl 21 21 ps;] pil‘izzpizzu approaches /——"—=L 1 (—Ky;,) in scenario 2 and in scenario 3, it
ni=1ny=

approaches \/W%L 1 (—Ki,,). And these terms for scenarios 2 and 3 turn out to be the
same if the Rician factors K;, and K, are equal. If the direct channel is blocked, the expres-

sion in simplifies to

P”‘_“Z). 4.17)

(o)

Py =1 _w2Q(

4.3.4 Scenario 4-Generic Channel Fading: When Channels S - U, S -1,,1,-, and I, - U
are Rician Faded

We generalize our mathematical analysis to also consider a generic wireless scenario where
the channel from § — U via the direct path and the channels from S — 1, I, — I, and I, — U via

the cascaded path undergo Rician fading. The channel between S — I; and I, — U are given in
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sections and respectively. The channel between I; and I, is given by

(4.18)

where K ;, denotes the Rician factor for this link. The (n;, n,)™ element of the LoS component

—jond "
Bi,i, €Xp (T‘z), where S;,;, denotes the path loss and d;';"* denotes

H, . is given by H'

iip i1ir

the distance between the n " element of ; and n h element of I,. The (ny,n,)" element of the

non-LoS component H; ;, is modelled as ﬁ’.“i:” CN (0,Bii,)- Thus, H;'"> ~ CN (,u"‘”2 {iliz),

1

= Kin "™ 4 and §;,;, = ﬁ”’z -forall 1 <n; < Njand1 < ny < N,. Furthermore,

i1ip K,], +1 A0

where

the direct channel between S and U also undergoes Rician fading and is given by

hy, = K 74 ' 7 (4.19)
su Ksu + 1 Su Ksu + 1 Su - .

where K, denotes the Rician factor corresponding to this link. Note that Em = VB exp ( Zj2nd ),
where 3, represents the path loss over this link and d;, denotes the distance between the source

and the user via the direct path. And Eu ~ CN(0,By,). Thus, hy, ~ CN (g, {s), Where

KM T — ﬁSll
zhg, and £y, =

Hsu = Kutl®

Given this model and based on @™ in (4.3) and @™ in (.6), the power of the signal
received at the user can be approximated a

Ny N

P, = p|psu+ Z Z J T (4.20)

n=1n=

Based on (4.8)), (4.9) and (4.20)), we obtain

Ny N
Pou ~ Pr|| i+ Y Z o il | < Py |, (4.21)

ni=1npy=

"We note that the phase change induced due to the scattered component of the channel between I; and I, remains
uncompensated based on the phase configuration stated above in (£.3) and (4.6). We neglect this uncompensated
phase. This approximation ensures mathematical tractability while providing useful design insights. Furthermore,
based on Figure .3] in Section [4.6] we also observe that this approximation is reasonably accurate, since the
OP obtained through Monte Carlo simulations based on exact P, in (d3) and where phases at the two IRSs are
programmed based on (4.3) and (@.6) matches well with the approximate OP expression derived in (£.26).
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2
r, = N1N2§si1§i1i2§i2u(1 +Ksi1)(1 + 1112)(1 +Klzu)+ N1N2(N2 1)§s11§1112§12u(1 +K311)L2 ( K1112)

2

XL2 ( Klzu)+ NINZ(NI 1)45114!]12{1214(1+K12L1)L2 ( Kst1)L2 ( 1112) NINZ(NI 1)(N2_1)

+
64
X iy §i1iz§izuL2% (—Ksil)Lz% (=Kii) Lz% (=Kiu). (4.25)

N, N
Welet X = pg, and Y = ZL, i Py p; ;.. Then, OP in can be expressed as

m=1ny=1

Pow ~ Pr(X +Y < py). (4.22)

To simplify this further, we require the PDFs of X and Y. We know that X = py, is a Rician

2
distributed RV. And we note that the term Y = 21 > p's'l‘l pir 2, in @22) is the sum of product
ni=1 ny=1

of three Rician RV's which are correlated across n; and n,. Since the terms are correlated, central
limit theorem (CLT) cannot be used to approximate the PDF of Y to a Gaussian distribution [70].
Therefore, to simplify the analysis and make it tractable while deriving useful insights, we
develop a novel statistical model for ¥ based on Gamma distribution, where we rigorously

derive the corresponding shape and scale parameters based on moment matching method.

Theorem 4.1. When the channels S —1,, I,—1I, and I,—U are Rician faded, Y = 2 i i oi

n=1ny=1
can be modeled as a Gamma RV with shape (k) and scale (t) parameters, respectively given by

2 I"z—l”l2

r
k = ~and 1 = , (4.23)

ry =17 7

where r| denotes the first moment of Y and it equals

37 . 7.
rI:NlNgyl%Ll( ~Ku) Ly (~Kiyi) Ly (~Kip) (4.24)

and r, denotes the second moment of Y which is given in (&.23) at the top of the next page.

Proof. The proof is given in Appendix [C.3 i

This result captures the correlation across n; and n, in the RV Y. Figure plots the CDF
of Y obtained empirically from 10° samples through Monte Carlo simulations and the CDF of
a Gamma RV with shape and scale parameter as outlined in Theorem [4.1] for three different set

of values of the Rician factor corresponding to each link. We observe that the empirical and the
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0.8

—

Q;: 04+ [m] Gamma (Ksil = 107 K,j”'Z = K,jzu = 5)
---------- Simulation (Ky;, = 10, K, ;, = K;,, = 5)

x  Gamma (K, =10, K;;, =5, Kj,, = 10)
Simulation (Kgil = 10, Khiz = 57 Kizu = 10)
027 o Gamma (K, = K;,;, = K;,, = 10)

— — —Simulation (K, = K;,;, = K,, = 10)
ol et ]
1.4 L5 1.6 1.7 1.8 1.9 2
y x107
Fig. 4.2: CDF of Y compared with the Gamma model with similar parameters (5,;;, = —30.81 dB,

Bi,i, = —64.87 dB and S;,, = —48.06 dB)

Gamma CDF are in close agreement with each other, thus validating the accuracy of statistically
modeling Y as a Gamma RV. Given this statistical modeling of Y, we derive OP for this generic
scenario next as a theorem.

Theorem 4.2. Under non-linear EH at the user and when each link follows Rician fading, OP
is given by
Pth

7(k’ t k=1,7 e~ Pin~
Poutage i~ I—.(k) t"F(k)f [ 2Ksu, \/7 (426)

where I'(-) denotes the complete gamma functwn, v(:,-) denotes the lower incomplete gamma
function [68, Egn. (8.350.1)] and Q(-, ) denotes the first order Marcum Q-function [67, Egn.
(4.34)].

Proof. The proof is given in Appendix i

We note that the second term in (4.26)) is in the form of a single integral in y and probably
cannot be simplified, since the integrand involves the product of an algebraic function, an ex-
ponential function and the first order Marcum-Q function. It is, however, easy to compute this
numerically.

Special cases: Scenario 4, in which all links follow Rician fading reduces to scenario 1, if

2
K, — o, K;;, — o0, K;,, = coand Ky, = 0. And in that case, ¥ = Z > pzl‘lp:']‘l'fpw in (4.22))

iz

n=1ny=1

simplifies to Y = NN, /By, Bii,Biu» as outlined in Section[4.3.1l Scenario 4 reduces to scenario
Ny

2 as K;,;, = o, K;,, — o0 and K, = 0. And in that case, ¥ = 21 Z p's'l‘lpﬁ‘gzplzu in (4.22)
ni=1ny=1
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simplifies to Y = N, v/Bi,,Biu Z Psip- Similarly, for the case when K;, — oo, K;;, — oo and

n1—

K, = 0, scenario 4 reduces to scenario 3 and Y simplifies to Ny /By, Bii, Z Piu- Furthermore,
no=1

when /; is turned off and K, = 0, scenario 4 reduces to the single IRS configuration described

next.

4.3.5 Benchmark-Scenario 5: With Single IRS-Assisted WET When the Reflected Links
S — I and I — U are Rician Faded and the Direct Channel S — U is Rayleigh Faded

For benchmarking, we now consider the scenario where a single antenna source assisted by
a single IRS consisting of N passive reflecting elements transfers energy to a single antenna
userd Given this scenario, we consider that the channels S — I and I — U are Rician faded, and

the direct channel from S to U is Rayleigh faded. And the channel vector k; € C™*V between

’ Ksi T , 1 T
hsi - Ksi + lhsi + Ks[ + lhsi, (427)

where K; denotes the Rician factor between S to IRS, k,; denotes the LoS component and its n'

S and [ is given by

element is given by E?i = VB exp ( ) Bsi denotes the path loss and d”; denotes the distance
between the source and the n™ element of IRS. Furthermore, k,; denotes the corresponding

non-LoS component and its n'" element is given by Z’;‘i ~ CN (0,8,). Thus, b, ~ CN (,u’;‘i, {Si),
ﬁYl

~-. The channel vector h;, € CM*! between I and U can be

n 51
where i, = /-y " and i =

expressed in a similar manner as in (m, just by replacing subscript ‘si’ with ‘iu’.

The power of received signal at the user in this case equals

2

| + Z WA H, (4.28)

where A € CV*V is the diagonal matrix that models the phase shift configuration at 1. To
maximize the power of the received signal in (£.28)), the n diagonal entry of A should be

programmed as follows:

n
iu

A" Wil foralln=1,...,N (4.29)
=| — orall n = .., N. .
n gl

2For benchmarking against single IRS enabled WET, we consider that ; is turned off and only I, assists WET
from the single antenna source to the user.
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Upon substitution of A™ from (@.29)), we obtain the power of the received signal as

N 2
P, = p(psu * Zp’;,-pﬁ,) , (4.30)
n=1

h?

w

where p%, = |h.| and p?, =

Theorem 4.3. Under non-linear EH at the user, the OP for single IRS-assisted WET is given by

2
§3-m3x3

—_ 3X3
Py —#3) _ Yse

—f3)_ (ﬁm—mn 431
r3(r§(Q(% s )) (4.31)

Py =1 _w3Q(

03

where Y3, 13, & and s are obtained respectively, from yy, 1y, & and y, in @.I13), just by
replacing u, with us and oy with o3, uz = % \/g“sig“,-uL% (-K;) L% (=K,
0’% = N(gsigiu (I'+ Ky) (1 + Kiu) r V%), V3 = % VgsigiuL% (—Ki) Lli (_Kiu)‘

Proof. The proof follows similar steps as given in Appendix [C.2] for Theorem i

Remark: When the direct path between source and user is absent, (4.37)) simplifies to

P _”3). (4.32)

Py = 1_¢3Q(

4.3.6 Benchmark-Scenario 6: When the Source is Equipped with Massive Number of
Antennas

For benchmarking, we now consider a scenario where the source equipped with M co-
located antennas transfers energy wirelessly to the user, and there is no IRS that assists WET
from the sourceH We consider that the channel kg, € C¥*! between source and user is Rayleigh

faded. Thus, hy, ~ CN (0, Bs.Iy). And, the received power in this scenario is given by

Py = plihgP. (4.33)

Theorem 4.4. Under non-linear EH at the user, the OP from a source with massive number of
antennas is given by

Pouw = — w, S (4.34)
out — (M_1)|)’ ’ﬁmp ) .
where P, is given in Theorem
Proof. The proof is given in Appendix i

3For benchmarking against massive MIMO enabled WET, we essentially consider a source with massive num-
ber of antennas in place of a single-antenna source in Figure[4.1]and the two IRSs are treated as absent.
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P : . .
— > 1 in (4.34), then lower incomplete gamma function in-

Remark: If the parameter Bap

creases as M increases. However, as M increases, the rate of decrease due to the factor 57 1),

dominates over the rate at which (-, -) increases with M. Therefore, OP decreases as M in-

creases at the source.

4.3.7 Asymptotic Analysis

To obtain the same OP for a given transmit power and given locations of S and U, the
harvested power at the user should be the same for all the configurations. Upon observing (4.8)),
we infer that to obtain the same harvested power, the received power at the user should be the
same for all the configurations. Since the received power is a RV, therefore, we do asymptotic
analysis to obtain the relation. In the asymptotic regime, as M — oo, ||h|>/M — By,. And,
therefore, the receive power P! in this scenario where the source is equipped with M antennas
scales as M pf,,.

We consider scenario 1 of the double IRS-assisted configuration to gain insights about the
number of IRS elements required to obtain the same OP as massive MIMO. The received power

corresponding to this scenario is given by

2 2

N
< \/ﬁx,-lﬁ,-lizﬁ,-ﬂ) : (4.35)

Pu:p( su Tt

where we have set N| = N2 = 7" since this choice minimizes the OPH In the asymptotic regime,

as N, — oo, N%‘} (pm = \Bsi, ,8,1,2,8,2“) [M And, therefore, the received power in this
. N PBsi\Biy iy Binu

scenario scales as "p‘m]—ﬁ”ﬁz.

Similarly, we consider scenario 4 related to single IRS-assisted WET to gain insights about

the number of IRS elements required to obtain the same OP as massive MIMO. The received

power corresponding to this scenario is given by

Ny 2
=p (psu + Zp’;,-p;’u) . (4.36)
n=1

4To maintain clarity, we let N; denote the number of elements in double IRS configuration and N; to denote
the number of elements in single IRS configuration in the discussion in this section.
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In the asymptotic regime as Ny — oo,

¥ (meps,pm) = (3VaduL, KoLy (—K,»u>)2. 437)

And, therefore, the received power in this scenario scales as

N2p (2Tl (K Ly (- Km>) (4.38)

Therefore, as M and N, approach infinity,

40 N NA.
Pu | NePsibuiPou (4.39)
2 16Mﬁsu

N Bsiy BiyinBinu

Based on this, we infer that as long as ——/ B

< 1, the performance of double IRS enabled

WET will be inferior compared to massive MIMO enabled WET. In other words, in order to

obtain receive power identical to scenario 6, where the source is equipped with massive number

of antennas, the total number of elements that are required in double IRS configuration equals
i

Ny = ( [%) so that it overcomes the effective path loss of the cascaded channel and begins

to outperform massive MIMO. This is yet another novel and interesting design insight that we

derive based on the asymptotic analysis

Similarly, as N; and N, approach infinity,

N4 si1Pi1iPiu
ﬂ N dﬁ 1ﬁ12:82 . (440)

PZ{ 16]\72 (% V{SigiLlL% (_Ksi) L% (_Kiu))2

NiBsiy Biy ixBiu
16V2(5 VEaTiaL g (~KL (K
IRS enabled WET will be inferior compared to single IRS enabled WET.

Based on this, we infer that as long as s < 1, the performance of double

4.4 Extension to Four Communication Links

We also extend our study to a scenario where we consider that the signal reaches the user

via four communication links, namely, S —U,S -, - L, -U,S -, -Uand S — I, — U and is

>Note that we expect this trend to hold for any general channel fading scenario as well.
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given by
Yu= \/ﬁ(hsu + hsiIQHil i2¢hi2u + hsilghil ut hsi2¢hi2u)su + Wy, (441 )

where h;,, € CV'*! denotes the channel between I; and U and hg;, € C'*"* denotes the channel

between S and /,. Using , the received power at the user is given by

®h,, + hy;, Oh;, + hy, ®h,,| . (4.42)

Pu =p l’lm o= h_m@H

)

The received power in (4.42)), can be re-written as

)
PL! =D hsu a hSh@DfZ + gsilufl + gsizuf2| 2 (443)

N 2

= plha+ D B, diag@f £, + g1 + 8| (4.44)
ny=1
N 2

=plha+ D @B+ Gk + | (4.45)
ny=1

where D = H, ;, diag(h;,,) = [d',...,d"], f, € C¥*! comprises of the N, diagonal elements

iix
of @, g, = hy diag(h;.), g,, = hs, diag(h;,.), f, € CN™! comprises of the N; diagonal
elements of @, g™ = h,;, diag(d™) and f,” denotes the ni element of f,. Now, the objective is to
design the two phase shift vectors: f, at I; and f, at I; such that the power of the signal received

at the user via the four communication links is maximized. Mathematically, the optimization

problem can be stated as follows

2
(P1): max
Si:f2

N
hsu + [Z qnz 2n2 L gsilu)fl + gsigufZ

n=1

subject to |f"| =1, Vn; = 1,..., Ny,

15571 =1, Vnp, = 1,...,Ns, (4.46)

where f" denotes the n'* element of f,. Obtaining optimal solution of the problem (P1) is
difficult due to non-convex unit-modulus constraints on f;" and f,”, and also due to coupling
between f, and f,. It is for this reason that standard convex optimization algorithms cannot

be employed to solve (P1). Therefore, to obtain f, and f, and solve (P1), we first develop

®Since the transmit signal power p does not affect the maximization, it is dropped.
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an algorithm based on MO technique, where the phase shift vectors f, and f, are optimized
simultaneously and that relies on computing the Euclidean gradient of the objective function in
(P1) at f, and f, in order to determine the updated phase shift vectors every iteration. We then
also develop another algorithm where we apply AO to solve (P1) and in which the objective
function is optimized alternately over one variable keeping the other fixed until convergence.
1) MO Based Phase Shift Design: We note that the unit modulus constraints in (P1) above
form complex circle manifolds M; = {f, € CV : |[f"| =--- = |fM| = 1} and M, = {f, € CV* :
15 == sz2| = 1} of dimensions N; and N,, respectively. We now define the set M referred
to as the product of the manifolds as M = M, X M,. This set denotes the set of pairs (f,, f5),
where f| € M, and f, € M,. This algorithm based on MO techniqueH can therefore be used to
iteratively optimize (f,, f,) over the product manifold search space M such that the objective
function is non-increasing with iteration. And the algorithm converges when the Riemannian
gradient of the objective function is zero [89,90]. Since, the unit modulus constraints form
search space over the set M of the product of the manifolds, we can re-write the optimization

problem (P1) as

2

(P2) : ( f%ré Mg(f S =-— (4.47)

N
hsu+[z qn2 2’12 + gsilu]fl + gsizufZ

n=1
To develop an algorithm based on MO technique in order to solve (P2) and reach to a locally
optimal solution for f| and f,, we describe the concept of the tangent space corresponding to
the product of the manifolds M at point (f,, f,). For the point f; € M;, for i € {1,2}, the
tangent space consists of all vectors w; that pass tangentially through the point f; [82]. The
tangent space T( 1o, fz)M corresponding to the set of product of manifolds M can be written as
T(fl’h)M = Ty M X T, M,, where Ty M, denotes the tangent space at f| and is given by
T M ={w; € CY : Riw, © f1} = 0}, Ty, M, denotes the tangent space at f, and is given by
T, Mo = {wy € CY - Riw, 0 f5} = 0} [90].

We next describe the Riemannian gradient, which is one of the key components of the

algorithm. Similar to Euclidean space, it refers to that tangent vector or direction in which the

"This optimization over a manifold is similar to optimization over the Euclidean space [89].
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objective function in (P2) suffers the steepest descent [89]. And for i € {1,2}, the Riemannian
gradient grad g at f is the orthogonal projection of the Euclidean gradient Grady,g onto tangent

space 7 s M;. Therefore, for the I™ iteration, the Riemannian gradient of the objective function

8(f1, f2,) at f;; is given by [90]
grad; g = Grady, g — R{Grady, g © f;,} © f;,, foralli e {1,2}, (4.48)

where for the objective function in (P2), we derive and simplify the Euclidean gradient at f,

and f,, respectively, to obtain
Gradf, g = =2 (hub" + b" g, f>, + b"Bf,). (4.49)

N
where b = ( i q”fy; + gsilu) and
1 ,

np=

Grady, g = =2 (huc + " gy f 1, + "cfr)). (4.50)

where ¢ = ¢ + g;,,-
Based on the Riemannian gradient, the search directions, e;; and e, at f,, and f, ,, respec-

tively can be obtained as

e, =—grad, g+ eiJTf,-,szf., (e;-1), forallie {1,2}, 4.51)

(grad f8 grad £ 8 grad it )
(grady, ,g.grady,, &

, and

where ¢€;; denotes the Polak-Ribiere parameter given by €;; =

Ty (ei-1) denotes the vector transport for manifold M; and is given by 77, " (e;-1) =

i-1-f
ei;-1 — Riej.1 © f;)} © fiy. Since, in MO, e;; and e;;_; lie in two different tangent spaces,
therefore, vector transport is required to map a vector from one tangent space to the other. Once
the search directions e;, for i € {1, 2} are obtained, the phase shift vectors f; ., for i € {1,2} are

updated as
Sfir1 = fi +aoeyy, forallie {1,2}, (4.52)

where a( denotes the step size which can be obtained using backtracking line search algo-
rithm [90]. We note that the updated phase shift vectors may not satisfy the unit modulus

constraint. Therefore, a retraction operation may be required every iteration of backtracking
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Algorithm 1 MO based algorithm to solve (P2)
Input: € > 0, hyy, g5;,y» &5ipu and ¢, Y12 = 1,..., N>, and initialize f o,/ -
1.Set/ =0, €9 =0ande;p = —grad f108 where gradfivog for i € {1,2} is computed based on (4.48).
repeat
2. Choose aq based on backtracking line search [90].
3.Set 41 = R(fi’l + ozoe,-,[) for i € {1, 2}, where R(-) denotes retraction.
4. For i € {1,2}, compute gradfl_’mg based on (4.49), and @.50) for given f; ..
5. For i € {1, 2}, obtain vector transport Tf,-,za fi and then obtain € ;.
6. Update search direction e; ;1 for i € {1, 2} based on (4.51).
7.Setl=1+1.
until ||[gradf g’ grad, gT]T” <E
1./ 2,1
Output: f, and f,.

line search algorithm to ensure that the absolute value of each entry of f;, , for i € {1,2}is
unity. We observe that the computation of the Euclidean gradient of the objective function at
f1,and f,, that we derive in closed-form in (4.49) and (4.30) is the most expensive step in this
algorithm and its complexity scales as O (le A Ng) We summarize the key steps in Algorithm/[I]
at the top of this page.

2) AO Based Phase Shift Design: Based on triangle inequality, the objective function in (P1)

can be upper bounded as

< I

o+ &sinufa| . (4.53)

Ny
(Z qnz 2”2 + gxilu]fl

npy=1

Ny
E ny LN

hsu"‘( q2 2 +gsi1u]fl+gsi2uf2
ny=1

We note that if equality holds in (£.33)), then it maximizes the objective function in (P1). And
equality in (4.53)) is achieved if and only if 2(bf,) = A(hsu + 8iru fz), where

N
b = ( i q° >+ gmu). Therefore, for a given f,, the optimization problem (P1) can be re-
1

np=

formulated as
2

P2): max
(P2) 12

Ny
[Z qnz 2112 + gsilu]fl
ny=1

subject to |f"| =1, foralln; = 1,..., Ny,

L(bf) = L(ha+ k) (4.54)

Based on the constraint (b f,) = A(hw + & f2) in (P2), we obtain f in closed-form as

f1=exp(j(L(hou + 8yuf2) = £(B")))- (4.55)
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Algorithm 2 AO based algorithm to solve (P1)

Input: p, hy,, &siyu> &siny and ¢, Yy = 1,..., N>, and initialize fr.
1. Update f,, using (4.53)), for given f,.
2. Update f, using @.57), for given f,.
3. Stop if increment in received power in (4.43)) is below a threshold ¢, where ¢ is very small

positive value. Else go to step 1.

4. Store f and f.

Output: f, and f,.

Again, to optimize f, for a given f,, we re-write the objective function in (P1) as

2

N, 2
hsu + (Z qn2 an e gshu]fl + gsizufZ = hsu 1 (q + gsizu)fZ + gshufl ’ (456)
ny=1
where g = [qlf,, . qNZfl]. Using steps similar to (£.33), (4.534) and (4.33)), we obtain
: _ T
f2 = eXp (.] (Z(hsu + gsilufl) - Z(q + gSinl) )) . (457)

The AO based algorithm to solve (P1) to maximize the received power in the presence of direct
path between the source and the user is summarized in Algorithm 2l shown at the top of the next
page. We find that it is possible to express the phase shift vectors f, at I; and f, at I, in closed-
form as stated above in (4.33) and (4.57), respectively. Therefore, AO based technique whose
complexity scales as O (L (N, + N,)) with L representing number of iterations is an appealing
technique to obtain f, and f, [60,91].

Using MO based algorithm as stated in Algorithm [I] and AO based algorithm as stated in
Algorithm 2] we obtain the two phase shift matrices @ = diag(f,) at I, and @ = diag(f,) at
I, and substitute these in (£.42)) in order to obtain the received power. Usin@ this P, and the

non-linear EH model at the user described in (4.8)), we numerically obtain OP.

4.5 Analysis of PTE

As discussed in Chapter [3] the PTE is defined as the ratio of average power harvested at

the user to the total power consumed. We analyze the PTE for double IRS-assisted WET,

8Since the problem in (P1) is non-convex, it is not possible to obtain optimal solution for the phase shift
matrices. Thus, the locally optimal solution obtained may not really guarantee exact coherent addition of signal
received at the user via the four communication links. This makes the outage analysis with four communication
links mathematically intractable.
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single IRS-assisted WET and massive MIMO enabled WET configurations to identify the most
power transfer efficient configuration among the three. To ensure analytical tractability and gain
insights into PTE, we consider pure LoS channels between any pair of nodes (source/IRS/user).
As before, we model the total power consumed at the source as P, = pi + pax + M ( ps + plp) +
Np. [71,73], where py = UL};, p denotes the power with which source transmits, 7,, denotes the
power amplifier efficiency, pg, represents the fixed power that is required to run the source, p
denotes the power consumption in the circuit of each RF chain at the source, py, = % denotes
the total power spent in linear processing at the source, B denotes the bandwidth of the system,
S. = B.7. denotes the number of samples in every coherence block, B, denotes the coherence
bandwidth, M denotes number of antennas at the source, K denotes the number of users, k
denotes computational efficiency of the source (in flops/W) and p. denotes the power required

to program the phase shift of every IRS element.

4.5.1 For Double IRS-Assisted WET

In this scenario, the direct channel between S and U is given by hy, = VB, exp (_ﬂ"d‘“ ),

A
where d,, denotes the distance between S and U. The channel model of the reflected link in this

scenario is described in Section 4.3.11

Based on (4.7)), the average received power at the user equals

N? 2
Py = p( Bsu + T «/ﬁsilﬁi,izﬁizu) } (4.58)

The harvested power corresponding to received power in (£.38) is given by

Py _ PQ
(1+exp(-ap(py - b)) (1 - Q) 1=

(4.59)

Using (4.39)) and the power consumption model discussed above, we define PTE mathematically

as
h
Dy

PTE" 2 .
' P+ Pix + s + pip + Np.

(4.60)

The expression in (4.60) provide an interesting insight that for a fixed source transmit power,

PTE decreases with an increase in number of IRS elements when the EH circuit enters into
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saturation region of operation. This is because when the EH circuit operates in saturation, the
harvested power does not increase with an increase in the number of IRS elements, however,
power consumption increases linearly with N.

Theorem 4.5. The optimal number of IRS elements N,, which minimizes the average power
consumption for a given received power for double IRS assisted WET can be obtained numeri-
cally by solving the following sixth degree polynomial equation in N

nz;pe (N6 Wgzillgzhﬁi“ 58 3”+12N4 VﬁWIBSilﬁilizﬁizu ¥ 48N2 su VIBsiuBiliszizu)
= 64N BsiBiiBiu = 0, (4.61)

Proof. The proof is given in Appendix [C.6 i

Since the polynomial equation in (.61 is of sixth degree, therefore, we evaluate its roots
numerically. And from these roots, we can choose the valid root, i.e., the optimal number of

IRS elements which minimizes the average power consumption. For a given received power,

N, opt

3 maximizes PTE in double IRS enabled WET.

N1:N2:

4.5.2 For Single IRS-Assisted WET

The channel model for this scenario is similar to LoS component defined in Section 4.3.5]

Based on (4.30), the average received power at the user for this scenario is given by

P = p(VBu + N VBuBi)- (4.62)

Based on and using steps similar to (4.39) and (@.60), we obtain PTE for this scenario.

Theorem 4.6. The optimal number of IRS elements N,, which minimizes the total average
power consumption for the given received power for single IRS-assisted WET is given by

2p;
Nopi = N| 5~ ﬁ - (4.63)
npaPEﬁSlﬁlu ﬁszﬁm

Proof. The proof is given in[C.7l i

The N,y in (.63) is usually not an integer, hence we consider the closest integer value as

the optimal N. For a given received power, N, maximizes PTE in this case.
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4.5.3 For Massive MIMO Enabled WET

. . . . — 2. d:);
In this scenario, the m™ element of the LoS channel h, is given by % = VB €Xp (%),
where d” denotes the distance between the m™ antenna at S and U. Based on (&.33)), the average

su

received power at the user for this scenario equals

pl; o p”hsu”2 = pMpBi.. (4.64)

Using steps similar to the previous section, we can obtain the harvested power and the PTE for
this scenario based on (4.64).

Theorem 4.7. The optimal number of antennas M, at the source which minimizes the average
power consumption for a given received power with massive MIMO configuration is given by

Ps
M,, = . (4.65)
o \/sz,ﬁsu(l?s + plp)
Proof. The proof is given in Appendix i

For a given received power, M, denotes the number of antennas at the source that maxi-

mizes the PTE.

4.6 Numerical Results

We now present results to understand the performance of double IRS-assisted WET in terms
of OP and PTE and to elucidate the interplay among several system parameters such as number
of IRS elements, source transmit power, 4y and the target received power at the user. We
also benchmark these results against single IRS and massive MIMO enabled WET. For fair
comparison with the single IRS, I is turned off, and I, is denoted by /. The default values of
system parameters that we choose for illustration is given in Table [4.1]

Figure [4.3] plots 1 — P, as a function of 1,. We observe that initially, 1 — P, increases
as Ay increases and reaches its maximum at A, = 0.5 and later it decreases as A, increases for
scenarios 1, 2 and 3, and for scenarios 2 and 3 with direct channel absent. This is consistent
with the remark below Theorem that at 4o = 0.5,1.e., Ny = N, = %, the OP is minimized.

We also observe that 1 — P, for scenario 1 is the highest, followed by scenario 2 and scenario
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Table 4.1: System Parameters.

Parameter value
p 1w
Euw 10787
Py, ay, by 299.5 uW, 1.953 x 1073, -3.571 x 10°
Bsu G; + G, —35.1 -36.7log,,(ds,) dB, dy, in meters
Bap G, + Gy —37.5-221og,,(dw) dB, a,b € {s,1i}, 12, u},
d,, in meters [92, Table B.1.2.1-1]
G, =G; =G, 5dB
G, 0dB
B 1 MHz
T 10 ms
kg 20 x 10° flops/W
K 1
f,c 2.4 GHz, 3 x 10® m/s

Coordinates (in meters) of

S, L, LU

(1,1,0), (0,0,0), (0,50,0), (1,45, 0)

ki, ki, k5, k3

[0,0, 11, [22, 5L, 01, [ 2, 1,01, [0,0, 1] [80]

Ksil s Kizua Ksia Kiu

10,5,5,10

Fig. 4.3: Impact of Ap: (p = 1 W, N =300 Ey, = 1.245 x 1078 J, a9 = 1.953 x 1073, by = —3.571 x 10,

.......... Scenario 1

Scenario 2 \

— — —Scenario 3 é 1

Scenario 2, direct absent ||

Scenario 3, direct absent | |
‘\

1 L&

0.3

0.4 0.5 0.6 0.7
Ao

and Py = 299.5 uW). Corresponding Monte Carlo simulations are shown through the marker o.
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3 at Ay = 0.5. This is because user harvests the highest energy in scenario 1 due to dominance
of LoS components. The corresponding Monte Carlo simulation results shown through the
marker ‘o’ are in close agreement with the analysis, thus validating our analysis. Since, Ay = %
minimizes outage, for the next set of plots we set Ny = N, = %

Figure [4.4] plots the OP as a function of N. We observe that OP decreases as N increases.
We also observe that OP is the lowest in scenario 1, followed by scenarios 2, 3 and 4 for
double IRS enabled WET. This is because the energy harvested by the user under scenario 1
is the highest due to the presence of pure LoS channels along the reflected paths, followed
by scenarios 2, 3 and 4. Also, the outage performance under scenario 2 having Rician factor
K, = 10 is better than that of scenario 3 with Rician factor K;,, = 5, since scenario 2 has a
relatively stronger LoS component. And outage performance with scenario 4 for double IRS
enabled WET is the lowest since each link follows Rician fading. Furthermore, we observe that
the OP obtained through Monte Carlo simulations based on exact P, in (4.3)) and where phases
at the two IRSs are programmed based on (4.5 and (4.6) matches reasonably well with the
approximate OP expression derived in Theorem 4.2l when each link follows Rician fading, thus
validating the tightness of our approximation and the novel statistical modeling of Y based on
Gamma distribution. We also compare the performance of the double IRS-assisted WET with
scenario 5 related to single IRS-assisted WET. The system with single IRS performs poorer than
all four scenarios of the double IRS system since received energy with the double IRS system
scales roughly as (N“) and for single IRS, it scales roughly as (N 2) as discussed in Section[4.3.71
Furthermore, we observe that to maintain the same OP, the double IRS system requires fewer
IRS elements compared to the single IRS system.

Figure plots the OP as a function of p for scenarios 1-4 related to double IRS enabled
WET. We also benchmark these results against single IRS enabled WET (scenario 5) and mas-
sive MIMO enabled WET (scenario 6). We observe that double IRS-assisted WET saves sig-
nificant transmit power at the source compared to single IRS-assisted WET and massive MIMO
enabled WET. For example, to maintain the OP at 107, scenario 4 requires 4 dB and 6 dB lower

transmit powers compared to scenarios 5 and 6, respectively. As before, we note that the corre-
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100 F D ¥
107!
oC 102 P Single IRS § -
|
| I R Scenario 1
: f [ - — =Scenario 2
107 ¢ : iD Scenar?o 3 1
10 ST Scenario 4
B N Scenario 5
o
10_4 : X ! 1 1 1 £
200 300 400 500 600

Number of IRS elements ()

Fig. 4.4: Impact of N: (p = 1 W, Ey = 108 I, Ny = N, = &, a9 = 1.953 x 1073, by = —3.571 x 103 and
Py =299.5 uW). Corresponding Monte Carlo simulations are shown through the marker o.

sponding Monte Carlo simulation results shown through the marker ‘o’ are in close agreement
with the analysis, thus validating our analysis.

Figure plots the OP as a function of N. In order to generate this plot, we consider that
each of the links from S - U, S - I,, I, - L,, I, - U, S — I, and I, — U follows Rician fading. We
show results for three different cases: (i) when the phases at the two IRSs are designed based
on MO (4 links), (ii) when the phases at the two IRSs are designed based on AO (4 links), and
(iii) when the phases at the two IRSs are designed based on (.3]) and (4.6)) (two links-scenario
4). We observe that the outage performance improves by considering four communication links
between S and U. Furthermore, we observe that the low complexity AO based phase shift
design gives identical outage performance when compared to the relatively higher complexity
MO based phase shift design, while reducing the complexity and providing a locally optimal
solution.

Figure plots received power at the user as a function of N; = Ny = M based on the

asymptotic analysis in Section 4.3.71 We observe that the double IRS-assisted WET requires
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10°8
107" ¢
k=
S 107
[ I R Scenario 1
eP o |- = =Scenario 2
3 |-l Scenario 3
107 F dl) 0|--—-- Scenario 4 3
o l‘.o Scenario 5
1 Scenario 6
1
10_4 ! G {(9))
0 2 4 6 8 10

Source transmit power (p in dBW)
Fig. 4.5: Impact of p: (N = 250, M = N, E, = 108 J, Ny = N, = §, ap = 1.953 x 1073, by =

-3.571 x 10° and Py = 299.5 uW). Corresponding Monte Carlo simulations are shown through the
marker o and analytical results are shown using different line types and colors.

significantly fewer IRS elements than single IRS-assisted WET and number of antennas re-
quired in massive MIMO enabled WET in order to obtain the target received power at the user.
For example to receive about 1 uW power at the user, double IRS-assisted WET requires a to-
tal of 248 elements, single IRS-assisted WET requires 462 IRS elements and massive MIMO
enabled WET requires 1100 antenna elementSH Furthermore, we observe that for lower val-
ues of N;, = Ny = M, massive MIMO and single IRS enabled WET outperform double IRS
enabled WET. This is because double IRS enabled WET requires certain minimum number
of IRS elements to overcome the effective path loss of the cascaded channel, as discussed in
Section 4.3.71

Figure |4.8| plots the PTE as a function of the given received power at the user. With double
IRS-assisted WET, received power scales almost as N*, therefore the given received power is
achieved at lowest power consumption. With single IRS-assisted WET, received power scales

as N2, therefore, the given received power is achieved at relatively higher power consumption.

9We choose 5 dB element gain just for illustration. Our analysis is in general valid for any value of the element
gain. With lower values of element gain, few extra IRS elements would be required to attain identical performance
as a set-up where higher values of element gain is considered.
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Fig. 4.6: Impact of four communication links on OP (p = 1 W, Ey, = 1081, Ny =N, = % ap =
1.953 x 1073, by = —3.571 x 103 and Py = 299.5 uW).

With massive MIMO enabled configuration, received power scales as M, and every antenna is
connected to an RF chain, which significantly increases power consumption. Therefore, the
given received power is achieved at the highest power consumption for the massive MIMO
configuration. Hence, we observe that the highest PTE is obtained using double IRS-assisted
WET, followed by single IRS-assisted WET and massive MIMO enabled WET. We observe
that the double IRS configuration achieves 10x and 1000x improved PTE compared to single

IRS and massive MIMO configurations, respectivel.

4.7 Summary

We investigated viability of double IRS enabled WET. Specifically, we derived new closed
form expressions for OP under non-linear EH and different fading scenarios at the user for dou-
ble IRS configuration. We also generalized the outage analysis for the scenario when the direct
path and the cascaded paths via two IRSs undergo Rician fading. This analysis involved devel-

oping a new statistical model for the sum of product of Rician fading envelopes corresponding

1For implementing this communication network, challenges related to (i) optimal deployment of these IRSs
taking into account hardware and operational cost, (ii) discrete phase shift design taking into account the number
of PIN diodes that can be fabricated on each IRS element and (iii) reducing the overhead in computing the phase
shifts at IRS will have to be tackled [[L6]. And these challenges open up interesting avenues for future research.
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Fig. 4.8: Impact of receive power on the PTE in WET: (p, = 5 mW, ps = psx = 100 mW, B = 1 MHz,
B. = 10 KHz, 7. = 10 ms, k, = 20 x 10° flops/W, K = 1, Ny = N, = §, ap = 1.953 x 1073,
by = —3.571 x 10° and Py = 299.5 uW).

to cascaded paths based on Gamma distribution. As benchmarks, we derived the corresponding
new closed form expressions for single IRS and massive MIMO enabled WET configurations.

We also extended our study to elucidate the impact of four communication links between source
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and user on OP. We determined the optimal number of IRS elements that maximizes the PTE
under both double IRS and single IRS configurations. We also derived new closed form expres-
sions for the optimal number of antenna elements that must be used in massive MIMO enabled
WET to maximize PTE. We prove that fewer IRS elements are required and substantial power
savings can be obtained at the source through the use of double IRS configuration. Furthermore,
we observe that double IRS enabled WET achieves 10x and 1000x improved PTE over single
IRS and massive MIMO enabled WET configurations.

In the next Chapter, we take a step further, since we realize that to make WET an economically-
viable alternative, it must be integrated with the existing wireless information transfer system
such that the same source and waveform can be harnessed to enable WET and make it a real-
ity [7]. Therefore, in the next chapter, we generalize the model to study simultaneous wireless
information and energy transfer (SWIET) to multiple IoT users under optimal phase configura-

tion at the IRS and correlated channels.
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5.1 Related Literature on IRS-Aided SWIET Under Spatial Correlation

The goal in Chapter 4] was to ascertain the viability of double IRS enabled WET and charac-
terize the regimes in which it outperforms single IRS enabled WET and massive MIMO enabled
WET in terms of OP and PTE. However, as mentioned, WET must be integrated with wireless
information transfer to make it an economically appealing alternative [/]. Furthermore, the
design of such unified SWIET networks must ensure that IoT users harvest more energy than
what they consume in sensing, computation and communication and can decode information
considering factors such as path loss and limitations of the EH circuitry.

In this Chapter, we focus on modeling and performance analysis of IRS-aided SWIET to
multiple IoT users under spatial correlation and optimal phase configuration at IRS. Our mod-
eling is comprehensive in the sense that that we consider the practically relevant non-linear EH
and power splitting architecture at the user end. We also consider that the source adopts the
channel unaware but fair RR scheduling strategy to perform SWIET to multiple users. This
strategy is practically appealing since it mandates uniform quality of service to all the users and
enables real-time phase configuration at the IRS based on the direct and the cascaded channels
to the user being served in the specific time slot.

We first analyze OP for this model where the source to IRS link is common to all users. We
then derive the diversity order and analyze SE for this system. Our analysis captures the spatial
correlation among the channels via the IRS elements and also the correlation that arises in the
energy harvested by different users due to common source to IRS links. The analysis entails
developing a statistical model based on gamma distribution for the sum of product of Rayleigh
fading envelopes corresponding to reflected channels via the IRS. Thereafter, we extend our
study to include multiple antennas at the source and design transmit beamformer at the source
and phase shifts at the IRS based on AO.

We first review related literature on IRS-aided SWIET under spatial correlation.

5.1 Related Literature on IRS-Aided SWIET Under Spatial Correlation

While the authors in [93]] analyzed OP in the context of information transfer, in [94], the

average harvested energy and OP were analyzed under random and equal phase shift configu-
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5. IRS Assisted SWIET

rations. The authors in [95] optimized the short term transmit beamforming at BS and the long
term beamforming at IRS to maximize the sum data rate of the network. An expression for sym-
bol error probability and an upper bound on channel capacity were derived under deterministic
phase shifts at IRS in [96].

Based on the discussion above, we wish to emphasize that there are limited works available
in the existing literature that study IRS-aided wireless information and/or energy transfer under
spatial correlation [93-96]. Moreover, most of these works consider single antenna source and
single user in the network [93,94,96] and focus on random, equal or deterministic programming
of phases at the IRS that do not take into account the instantaneous channel gains to configure
the phases [93H96]].

Organization: The Chapter is organized as follows. We present the system model in Sec-
tion We then present the statistical modeling, analyze OP and SE, and extend our study
to multiple antennas in Section[3.3l The numerical results and summary are presented in Sec-

tions 5.4l and [5.3] respectively.

5.2 System Model

We consider a wireless scenario where a single antenneﬂ source S assisted by an IRS 7
with N passive reflecting elements performs SWIET to U single antenna IoT users according
to RR scheduling strategy. Based on this strategy, the source performs SWIET to every IoT
user over a slot of length ; seconds in a pre-determined manner, where 7 denotes the length
of the coherence interval. We consider the channel-unaware but fair RR scheduling strategy to
serve the [oT users since this is a practically appealing scheduling strategy that ensures uniform
quality of service to all the users while enabling real-time phase programming at the IRSH We
consider that the spatially correlated channel between source and IRS hy; ~ CN (0,8Gy:),
where S,; denotes the path loss and G;; € C"V denotes the normalized correlation matrix

corresponding to this link. Similarly, the spatially correlated channel between IRS and the

"'We first focus on single antenna at the source to ensure analytical tractability under spatially correlated chan-
nels while gaining useful design insights. Extension to multiple antennas is presented in Section[5.3.3]

2This practically realizable strategy avoids the necessity of running computationally intensive algorithms at the
source to configure phases at the IRS when users are served simultaneously.
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u™ 10T user h;, ~ CN (0,5;,G:), for all u € {1,..., U}, where B8;, denotes the path loss and
G,, € C"M¥ denotes the normalized correlation matrix corresponding to this link. The direct
channel between source and the ™ IoT user A, ~ CN (0, B,.), where By, denotes the path loss.
We model the phase configuration at the IRS corresponding to the u™ IoT user by @, € CM¥V
and it is given by @, = diag(e’®1, e/, . . ., e/%V). For this model, the signal received at the " IoT

user is given by

N \/ﬁ(hsu + hyT,@uhm) Sy + Wy, 5.1

N
= \/ﬁ(hxu + Z h’;iejegh?u] Sy, +wy, 5.2)
n=1

where p denotes the source transmit power, s, denotes the transmit symbol chosen such that
s> = 1 and w, ~ CN(0, o). If we configure the phase shift of the n" IRS element, when the

u™ ToT user is served, as

0, = Lhg, — LW — LR, (5.3)

1274

then it would maximize the received power or the receive SNR at the u™ IoT user.

5.3 Statistical Modeling and Performance Analysis

To perform SWIET, we consider power splitting receiver architecture at every IoT user, in

which 7 fraction of the received power |y,|* at the u™ IoT user is used for EH and the remaining

(1 — n) fraction of |y,[* is used to decode information, where 0 < n < 1. Using (3.2) and

programming phases at the IRS based on (5.3)), the power p¢ receivecg by the u™ IoT user is

given by
2

N
P =1p (pm + Zp'}ip?u) : (5.4)
n=1

h?

w

where pg, = |hyl, p%, = |A7%| and p = . Considering non-linear EH, the power harvested by

the u™ IoT user equals [86]]

Do _ P2
(1 +exp(-a(p; -0)))(1-9Q) 1-

ph= (5.5)

3Since the contribution from noise power is negligibly small, it is ignored [13}[71,97].

TH-3218_156102011

95
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where a and b are parameters that are determined by active and passive components of the EH
circuit, po is the maximum power that can be harvested when the circuit is driven into saturation

and Q = The constants a, b and p, are obtained by curve fitting of the experimental

1
1+exp(ab)*
data obtained from the EH circuit in [88]].

We declare outage in energy transfer when the energy harvested by any one among the

several 10T users falls below a threshold. In other words, OP (Pgyue.) €quals one minus the

probability that every IoT user harvests energy above a certain threshold Ey,. Mathematically,

U
Poutage =1- Pr(m{EZ > Eth}) s (56)

u=1
where E" = p—;T denotes energy harvested by the u™ IoT user over an interval of length iR

We note that for 1 < u < U, the events {Ei’ > Ey} are not mutually independent, since the

channel between source and IRS is common to all IoT users. Therefore, we apply Boole-Fréchet

inequalityH to simplify (3.6) further and obtain an upper bound on OP as

U

Pouage < 1 — max [0, > Pr(El> En)- U+ 1), (5.7)
u=1

= min[1, U - ZU: Pr(E! > Eth)J, (5.8)
u=1

= min[l, ZU: Pr(E! < Eth)). (5.9)

u=1

From (3.9), we observe that we need to evaluate , £ Pr E" < Eth) to obtain an upper bound

on OP. Thus, based on (5.4), (33) and the fact that E# = 2,

N 2
Y = Pr (np (psu + Zp?ipﬁ,) < pih], (5.10)
n=1

1 Po ’Pth( 1-Q)-pQ2
Pih(1—D+po2

a

and py, = Enl o simplify this further, we let X, = py, and

T

where py, = b -

max (0, Pr(A;) + ...+ Pr(A,) — (r— 1)) < Pr((r] Ai).
i=1

TH-3218_156102011

96



5.3 Statistical Modeling and Performance Analysis

N
Y, = Zl pLpt . Then, (5.10) can be re-written as
ne

Y, =Pr(X, +Y, <py), (5.11)

— P’
where py, = ’,n_m

5.3.1 Statistical Modeling

N
Since the term Y, = ] p"p? is the sum of product of Rayleigh RVs which are corre-
n=1
lated across n, therefore, CLT cannot be applied to model Y, as Gaussian distributed. To sim-

plify (3.11)) further, we therefore present the following statistical model for Y,.

N

Lemma 5.1. Under spatial correlation and optimal phase configuration at IRS, Y, = }, p'.p",
n=1

can be approximated as a Gamma RV with shape and scale parameters given by

r? ry — 12

k, = —“ andt, = —* (5.12)

l"zu—rlu ry

u

respectively, where r, = Nugu;, denotes the first moment of Y,, r», denotes the second moment
of Y, which is given by

N
(4 - mBRT" (4 - mBuR"
ry, = Z (f + g +u3, ], (5.13)
m,n=1
Usi = ”ﬁ“' , Hiy = %, R"" denotes normalized Rayleigh envelope correlation corresponding

to G"". Furthermore,

mn
Gsi

nE (—0.5, gl 2) {n

4-n ’
where F(x,y;z; w) denotes the hypergeometric function [68, Egn. (9.100)]. Similarly R can
be obtained just by changing the subscript ‘si’ to ‘iu’.

R™ = (5.14)
Proof. The proof is given in Appendix i

Remarks: This result brings out the dependence of the shape and scale parameters of Y, on
system and channel parameters such as N, By;, Bi., G5 and G;,. We note that this result is valid

for any arbitrary correlation model.
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5.3.2 OP Analysis

We now use Lemma [5.1] to derive an upper bound on P, and state that in a simplified
form next as a theorem.

Theorem 5.1. When IoT users employ non-linear EH, share a common source to IRS link and
are scheduled based on RR strategy under spatial correlation and optimal phase configuration
at IRS, an upper bound on OP is given by

U
Poutage Smin[19zwu]a (515)
u=1
where ~
D Pin
V(ku’ %) 1 f P ) e
il - — e Bu e dy, (5.16)
L 7 Sy 0 Y Y
y:

I'(-) denotes complete gamma function and y(-,-) denotes the lower incomplete gamma func-
tion [68, Egn. (8.350.1)].

Proof. The proof is given in Appendix [D.2l i

Remarks: This analysis captures the mutual dependence among different events {E" > E}
in (3.0) that arises due to common source to IRS links corresponding to different IoT users.
It also captures the spatial correlation among the IRS elements. Furthermore, this expression

helps us infer how OP scales as a function of the system and channel parameters such as N, 7,
Eth7 ﬁsua ﬁsia ﬁiua Gsi and Giu‘

5.3.3 Diversity Order

We refer to the rate of decay of OP as a function of transmit power in the asymptotic regime
in a log-log scale as the diversity order [97].

Theorem 5.2. The diversity order for this model under spatial correlation and optimal phase
configuration at IRS equals 1 + %, where k, is given in (3.12).

Proof. The proof is given in Appendix [D.3l ]

New Design Insights: When the correlation coefficient equals 1, i.e., for the fully correlated

scenario, based on Lemma[5.1]

2,.2,,2 2 2
N /Jsiluiu T ﬁsiﬁiu T

ku = = = .
NZIBSiIBiu - Nz:ugl':uizu 16ﬁsiﬁiu - ﬂzﬁsiﬁiu 16 — n2

(5.17)
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5.3 Statistical Modeling and Performance Analysis

Therefore, diversity order for the fully correlated channel equals 1 + where the first

7'{2
2(16-72)°
term corresponds to the contribution to the diversity order due to the direct path and the second
term corresponds to the contribution to the diversity order due to the N elements at the IRS. On

the other hand, when the correlation coefficient equals 0, i.e., for the completely uncorrelated

scenario, based on Lemma[3.1]

N2 2 siFiu N. 2
k, = 7B L (5.18)
16Nﬁsi:8iu + (N2 - N)ﬂzﬁsiﬁiu - Nzﬂzﬁsilgiu 16 - 7T2
Therefore, diversity order for the uncorrelated scenario equals 1+ 5" 70 6 2) Through this analysis,

we obtain an interesting design insight that as the correlation coefficient decreases from 1 to 0,
the shape parameter k, increases. And we observe an N-fold jump in the contribution to the

diversity order due to the N elements at the IRS.

5.3.4 SE Analysis

Based on (3.2), the fraction of the received power that is used for information decoding for
the u™ 10T user equals (1 — n)ly,|* + o3, where o5 denotes the variance of noise added by the
information decoding circuit [94]. Based on this and programming phases according to (3.3)),
the SE at the u™ IoT user which is served in u™ slot of duration £ is given by

N )
(A =mplosu + 2 5Py,
n=1
C,=Ellog,|1+

5.19
(1 -mo?+o? 19

We simplify this and next obtain an upper bound on SE.

Lemma 5.2. An upper bound on SE under spatial correlation and optimal phase configuration
at IRS for the u™ IoT user scheduled based on RR strategy is given by

(1-nmp (ﬁm # 2, Bty )

(1-no?+073

C,<log,|1+ (5.20)

Proof. The proof is given in Appendix [D.4l ]

Remarks: The proof exploits the concavity of the log(-) function, uses Jensen’s inequal-

ity [98] and the statistics of X, and Y, derived in Lemma[5.1l Furthermore, if we re-write the
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. . p(lB5"+2r1u \Y% ”:u +r2u) o, .
second term of the logarithmic argument as ¢;, = — then, it is clear that, as the
2+ —d
(1-n)

fraction 7 of the received power used for EH increases, c;, decreases, which in turn reduces SE.

In addition, SE also depends on system parameters p and N, and channel parameters Sy, Bsi,

ﬁim Gsi and Giu-

5.3.5 Extension to Multi-Antenna Source

The signal received at the " IoT user when it is served based on RR scheduling strategy

and when the source is equipped with M antennas is given by
Yu = (hsu + Hsi@uhiu)T busu + Wy, (521)

where hy, € CY**!, H; € CYN and b, € C"*! denotes the transmit beamformer employed
at the source. Furthermore, the m™ row of Hj; is given by h”; ~ CN (0,5,G"), where G”; €
CN*N denotes the normalized correlation matrix corresponding to A”;. Using (5.21)), the power

received at the u™ IoT user equals

p. =np|(hy, + H,0,h;,)" b, ? (5.22)

where p = |s,|>. As before, we neglect the contribution from noise since it is negligibly
small [13,/71,97]. We obtain the transmit beamforming and the phase shifts at IRS to maxi-
mize the received power at the #™ ToT user based on AO [91]. Based on this, we compute p°

and then use the EH model in (5.3) to numerically obtain OP for the multi-antenna system.

5.4 Numerical Results

We now present results to understand the performance of IRS-assisted multi-user system
in terms of OP and SE under spatial correlation and optimal phase shift configuration at IRS.
We also benchmark these results against random and equal phase shift configurations at the
IRS [93] and [94]. Unless mentioned otherwise, for illustration, we take p = 1 W, Ey, =
1087, 0% = o'fl = —85dBW, 7 = 10ms, U = 2, py = 299.5 uW, a = 1.953 x 1073,

b = —-3.571 x 10° and n = 0.5. We consider planar structure of the IRS with N = S x §
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Fig. 5.1: CDF of Y, compared with Gamma distribution.

elements. The path loss model for the direct path and the reflected paths via the IRS is given
by B = G; + G, — 30 — 301log,,(d;,) dB, where I, m € {s,i,u}, G, = G, = 0dB, G; = 5 dB
and the distance dj,, is in meters. For illustration, we take the (m,n)® entry of the correlation
matrices Gy, Gj, as G7" = GI" = ¥ where 0 < y < 1 denotes the correlation coefficient,
and 1 <m < Nand 1 < n < N. And also for the scenario when source is equipped with
multiple antennas, we take the (j, k) entry of the correlation matrix G’s’ﬁl corresponding to h’s’ﬁ
as V74, for all 1 < m’ < M. The coordinates (in meters) of S and I are set as (0,0) and (5, 0),
respectively, and IoT users are distributed uniformly in a rectangular region with coordinates
(0,0.5), (0,1.5), (6,0.5) and (6, 1.5).

In order to validate the modeling of Y, as a Gamma distributed RV, we first plot the CDF
of Y, = ]Zv‘,l p"pt obtained empirically from 10°> samples through Monte Carlo simulations in
Figure We also generate Gamma distributed RVs with the shape and scale parameters as
specified in Lemma 3.1l and then plot its CDF for two different values of N and two different
values of correlation coefficient y, and illustrate that using the legend ‘Gamma’. We observe
that the empirical CDF of Y, tracks the CDF of Gamma RV reasonably well across a range of
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1 1 1 \ 1

2 4 6 8 10 12
Number of IRS elements on either side of planar IRS (5)

Fig. 5.2: Impact of U on OP: (p = 1 W, xy = 0.7, 7 = 0.5, Ey, = 10°% J, 0% = 0 = -85 dBW,
a=1953x1073,b=-3.571x103 and py = 299.5 uW). Corresponding simulations are shown through
marker o.

parameter values for N and y. This verifies the accuracy of modeling Y, as a Gamma RV.

Figure 5.2l plots OP as a function of S under optimal phase shift configuration. We observe
that by increasing number of IRS elements, one can transfer energy wirelessly to more IoT
users while maintaining OP at a fixed level. For example, just by adding about 45 and 85 more
IRS elements, energy can be transferred wirelessly to 1 and 3 more IoT users while maintaining
OP at 1073, The corresponding analytical results shown through different line types based on
the upper bound on OP are reasonably tight and in agreement with the Monte Carlo simulation
results shown through markers.

Figure [5.3] plots OP as a function of S for different values of y and different phase shift
configurations. We observe that OP with optimal phase configuration at IRS is lower than OP
with equal and random phase configurations under spatial correlation and in the presence of
direct path. This is because, by programming the IRS with optimal phase shifts, the reflected
signals add up exactly in phase with the signal coming from the direct path at every IoT user.

We observe that OP increases marginally as y increases under optimal phase configuration at
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Fig. 5.3: Impact of y on OP: (p = 1 W, Ej, = 10731, 7 =0.5,U = 2,a = 1.953x1073, b = —=3.571x 10°,
and pg = 299.5 uW). The corresponding analytical upper bound are shown through different line types.

IRS due to reduced diversity order. Furthermore, OP decreases as y increases under equal phase
shift configuration, since correlation helps in aligning the reflected signals better at every [oT
user. We note that the analysis in [93] and [94] for random and equal phase configurations is
done for single 10T user scenario, and we extend this analysis for multi-user scenario in order
to benchmark performance. As before, the analytical results based on (3.13) shown through
different line types are in agreement with the Monte Carlo simulations shown through markers,
thus validating the tightness and accuracy of our modeling and analysis.

Figure plots the CDF of SE under spatial correlation with optimal phase configuration.
We also benchmark this result against random and equal phase settings at IRS [93,94]. Among
the three phase configurations at IRS, we observe that the likelihood that SE exceeds a certain
threshold is the highest with optimal phase configuration. This is because the system under
optimal phase configuration obtains an SNR boost due to constructive interference. We also
observe that the CDF of SE obtained using the upper bound in (3.20) is reasonably tight and

close to the Monte Carlo simulation result under optimal phase configuration

>This is true even for random and equal phase configurations.
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Fig. 5.4: CDFof SE: (p = 1 W,y =0.7,7 =05, U =2, N = 100, E, = 107® J, 0% = o2 = -85 dBW,
a=1953x1073,b=-3.571 x 103 and py = 299.5 uW).

Figure plots OP and SE as a function of S for optimal phase configuration at IRS. We
observe that as 77 increases, outage performance improves, while SE reduces. This is because an
increment in 7 increases the fraction of received power used for EH and decreases the fraction
used for information decoding. However, this reduction in SE can be compensated just by
adding a few more IRS elements. For example, to maintain the SE at 4 bits/sec/Hz, system with
n = 0.8 requires 20 more IRS elements compared to the system with = 0.5. We also observe
that the results based on the upper bound in (5.13) and (3.20) for OP and SE are fairly tight and
close to the Monte Carlo simulation results based on (5.6) and (5.19), respectively.

Figure plots OP as a function of source transmit power (p) for different number of
antennas at the source. We note that this plot is based on the discussion in Section which
studies the impact of multiple antennas on OP. We observe that OP decreases as the number of
antennas at the source increases. In other words, by using multiple antennas at the source, one
can obtain savings of radiated power. For example, just by increasing the number of antennas at
the source from 2 to 4, one can save about 5 dBm of radiated power while keeping OP fixed at

1073. This is because energy beamforming with larger number of antennas improves the signal
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5. IRS Assisted SWIET

strength at the [oT user.

5.5 Summary

We analyzed the performance of IRS assisted SWIET to multiple IoT users under spatial
correlation and optimal phase configuration at IRS. We derived a new upper bound on OP based
on Boole-Fréchet inequality when the IoT users are scheduled based on the practically well-
motivated channel unaware but fair RR scheduling strategy and adopt non-linear EH at their
end. We also derived the diversity order for this system as a function of the shape parameter.
Furthermore, we developed a new closed-form upper bound on SE. We then extended our study
to the scenario where the source is equipped with multiple antennas. Our numerical results
validated the statistical modeling and rigorous mathematical analysis, and quantified the gain in
performance with optimal phase shift configuration in terms of OP and SE compared to equal
and random phase configurations. We also elucidated that a higher number of IoT users can
be supported by increasing number of IRS elements while maintaining OP at a specific level.
Furthermore, savings of transmit power can be obtained by equipping source with multiple

antennas while keeping OP fixed.
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6. Conclusions

It is expected that a large number of [oT devices will form a core component of next gen-
eration wireless systems. And providing high aggregate data rates, reliable connectivity and
efficient wireless charging to these devices will be extremely vital. In this thesis, we investi-
gated the fundamentals of wireless information and energy transfer to these devices and focused
on aspects related to modeling, optimization and performance analysis.

We first investigated the viability of DL transmission from a BS with massive number of
antennas jointly to support machine-centric communication among the IoT devices and human-
centric communication among the mobile terminals. We derived an expression for the DL SE
of the IoT devices with the proposed grouping based hybrid pilot assignment strategy. We
also derived a DL SE expression for IoT devices based on non-orthogonal pilot assignment.
We showed that under channel inversion based power control at the BS, the proposed strategy
yields the highest sum SE and can serve the largest number of IoT devices when compared
against orthogonal, non-orthogonal and distance-independent grouping based hybrid strategies.
We then derived a new expression for the DL sum SE of mobile terminals in the presence of
IoT devices. We evaluated the max-min SE of the IoT devices and saw that it is independent
of the pilot assignment strategy used by the devices due to power control during the channel
estimation phase.

We then elucidated feasibility of WET where a source equipped with multiple antennas and
a single RF chain transfers energy to IoT devices. We proposed a low complexity rule that
does joint AS at source and passive beamforming at IRS. We derived new expressions for OP
in WET under perfect and estimated CSI and for both single and multiple users. We showed
that the diversity order of a system with M antennas and N IRS elements equals M + N. We
also generalized our model to study subset AS, discrete phase-shift design, and to evaluate
performance under limited scattering. Our numerical results showed that the proposed AS rule
yields near-optimal performance while requiring fewer pilot transmissions. We elucidated that
we can trade-off active RF chains at source with passive elements at IRS to obtain improved
performance both in terms of OP and PTE.

We saw that the outage performance with 3 bit IRS is close to that with a continuous phase
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shift IRS. We also saw that as the inter-element spacing increases, the spatial correlation among
the elements at IRS increases. And this can be exploited to program a larger number of adjacent
elements with identical phase shifts. We also saw that significant savings of radiated power can
be obtained at the source either by increasing number of IRS elements or by increasing number
of antennas. And with estimated CSI, OP is high at low pilot powers due to poor channel
estimates and at high pilot powers since the devices consume more than what they harvest.

Thereafter, we studied feasibility of WET from a source that is assisted by double IRS. We
derived closed-form expressions for OP in WET under non-linear EH at the user for different
channel fading scenarios. We also generalized our outage analysis to a scenario where all links
via the direct path and via the cascaded paths along the two IRSs undergo Rician fading. This
analysis involves developing a novel statistical model based on Gamma distribution for the
sum of product of Rician fading envelopes corresponding to cascaded path. As benchmarks,
we derived closed-form expressions for OP for single IRS-assisted configuration and massive
MIMO configuration. We also studied the impact of four communication links between source
and user on OP.

Furthermore, we determined the optimal number of IRS elements that minimizes the total
power consumption for a given received power, thereby maximizing the PTE under double
IRS-assisted configuration. As benchmarks, we also derived the corresponding new closed-
form expressions with single IRS-assisted WET and massive MIMO enabled WET. Through
our extensive analysis and simulations, we identified the operational regimes where double IRS
aided WET outperforms single IRS configuration and massive MIMO enabled system in terms
of both OP and PTE.

Finally, we investigated the fundamentals of SWIET to multiple IoT users using IRS under
spatial correlation and optimal phase configuration. We derived a fairly tight upper bound on
OP in the context of WET when the IoT users are served based on RR scheduling strategy. We
then derived the diversity order for this system as a function of the shape parameter. We also
derived an upper bound on SE for this system. The analysis takes into account developing a
statistical model based on the Gamma distribution for the sum of product of Rayleigh fading
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6. Conclusions

envelopes that are correlated across reflected paths via the IRS. We also extended our model to
study the impact of multiple antennas at the source on OP. Through our numerical results, we
validated the accuracy of our statistical modeling and novel analytical bounds and quantified
the gain in performance relative to random and equal phase shift configurations in terms of OP

and SE.

6.1 Directions for Future Research

The fundamental ideas and the mathematical analysis presented in this thesis can be ex-
tended in several ways. Some probable directions for future research are as follows:

(i) Massive MIMO Enabled Joint Transmission to loT Devices Under Spatial Correlation: In
Chapter[2] we analyzed joint machine centric communication among IoT devices and hu-
man centric communication among mobile terminals under spatially uncorrelated channel
and where IoT users are grouped based on their relative distances from the BS. However,
in practice, the channels from different antennas may be spatially correlated and more
than two [oT devices may have to be grouped together to obtain substantial reduction in
the estimation overhead. One possible direction for future work is to analyze this joint
communication under spatially correlated channels, develop suitable power adaptation
algorithms and design grouping strategies such that the multiple IoT devices that form a
part of the group pose as little interference as possible to each other. Incorporating ac-
tivity detection in the model and carrying out the corresponding performance analysis is
also an interesting avenue for future research.

(i1) Massive MIMO Enabled Joint Transmission to IoT Devices in the Presence of IRS: In
Chapter 2] we investigated simultaneous machine type communication among IoT de-
vices and human type communication among mobile terminals in the absence of an IRS.
One interesting avenue for future research can be to investigate this joint communica-
tion in the presence of IRS. Analyzing such configuration would involve design of active
beamformer at the BS and phase shifts at IRS to maximize the sum SE of the IoT devices

under power constraint at the BS, unit modulus constraint at IRS and SINR constraint at
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6.1 Directions for Future Research

every mobile terminal.

(iii) IRS-Aided SWIET to Heterogeneous Sets of Users Under AS at Source: An important
generalization of the work presented in Chapter[3]is to develop the optimal AS rule, active
beamformer at the source and phase shifts at the IRS to maximize the sum of the energy
harvested by the energy users subject to constraints on the minimum SINR that must be
maintained at every information user. Note that a user with EH capability is referred to as
an energy user and a user with data decoding capability is referred to as the information
user. The design of channel estimation strategies and trade-off between EE and PTE can
as well be explored.

(iv) Double IRS Aided WET Under Imperfect CSI: In Chapterd] we analyze the OP for double
IRS-assisted WET for different channel fading scenarios under perfect CSI. However, in
practice, CSI will have to be acquired. One possible generalization to this work could
be to develop low overhead channel estimation algorithms and analyze the corresponding
OP with imperfect CSI. Another extension could be to investigate the use of multiple
IRSs in the network and resolve challenges associated with serving multiple users at the
same time.

(v) IRS-Aided SWIET Under Spatial Correlation and Imperfect CSI to Multiple Users: In
Chapter[3] we analyzed IRS-aided SWIET to multiple users under spatial correlation and
optimal phase configuration at IRS. It will be of interest to understand the robustness of
such systems to imperfections in CSI and develop a comprehensive performance analysis.
Another generalization could be to include multiple antennas at the source and look at
jointly designing active beamforming at source and phase shifts at IRS to maximize the

sum of power received by the users.
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Appendix

A.1 Proof of Lemma 2.1

Based on yG(’;l, the MMSE estimate of the channel from the d" IoT device in the Gth group

to the /™ BS antenna is [38]]

Gy Gk Gk
NT9a Pa Y par

ol + 3 qud :8
d’'eGy

gdle = [gdl |ypdl] =

(A.1)

Upon substituting yg(’;l from (2.4)) in (A.I)), we obtain

G pGr G Gy Gy
\Tr4a Pa (dEG T gd’l+npdl)
k

AGk
8a = GG . (A.2)
or+ Y 14,8y
d’'eGy

The variance y * of the estimated channel for the d™ IoT device belonging to the Gk group

|

2
( +Z7'pqd:3 )

dEk

equals

05 - o (65) b (A3)

ng = E[gdl

TH-3218_156102011

112



A.2 Proof of Theorem 2.1

This upon simplification yields yg" as stated in Lemma To compute E [|§3f|2], we write

o 7= gdG;f g .- By substituting g d" from (A.2)) and re-arranging terms we get,

Gk G
Gi _ qud ,3 T PN Tl’qd qd’ + qud d npdl (Ad)
8a = 81 .
+ X qud:B vlona ot X Tl’qd”le” + % qud:B
d'€Gy d"eGy, d’€Gy,

Computing variance of each term in (A.4)), yields E [|g3;' 2] = ? — 'yg".
A.2 Proof of Theorem 2.1

To derive the SINR and the achievable rate for IoT devices based on hybrid pilot assignment
strategy, we compute below the variance of each term in (2.18). The variance of the first term
is given by

var(l) = —( [ ]) B[ | = 295 p (A.5)

This is because E [|s3k| ] =1and E [ll glel ] Lyg". Since, symbols intended for different 10T

devices have zero mean and are independent of each other, variance of the second term is given

by
Al pg'k Gy T, G
var(II) Z var —Gr (gd) (gd,) s |- (A.6)
d'€GR\(d) Ly,

This can be further simplified to obtain

P oo
var(l) = > & ]E“(gd) (85) ] (A7)
d'€GR\(d) Vd'
G
Py ¢
= ), ke (A8)
&'€G\d)
where
2
Xc(z’;’k - ga’ nd’ (Z qugk gu + ] ’ (A9)
ueGy,
2 2
= (ng) (qu?L(LH)( G+ Y LGB + 15 2) (A-10)
ueG\{d)

where ndG/‘ is as stated in the theorem. To derive )(dG]‘, we have used the facts that the true channels

of IoT devices are uncorrelated, E (Hg || ) L(L + 1)( Gk) and E ((gg")T ngg) =0.
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A. Appendix

The variance of third term can be computed as follows:

DIN Gy
var(Ill) = Z Z var pdé, (gg")T (gj,k’)* sf;,’f' . (A.11)
ﬁ: ;]1{ d’'eGy Lyd/k

This can be further simplified to obtain

DIN Pa‘E ['(gde)T (g'g'k')* 2]
(IT) =
var % d;Gk/ Ly
DIN Gk/

= Z Z - Tl (A.12)

k’ ld'eGk, Y
kK +k

b

where
2
T [
gk/ _ k (Z ququ Gk’ Gk’) ) , (A.13)
MEGk/
= (n5¥) (Z Lr,q5" B85 + LB 2], (A.14)
MGGk/
The variance of the fourth term is given by
M > ,
_ m’ G Ak
var(IV) = n; var( - (€5) i, sm,). (A.15)
This upon further simplification yields
M Vi -
var(IV) = Z B syl (85 (8 s
= Z p;l ﬁgl‘L’ym’E |Sm = Z P - (A.16)

We have used the facts that the true channel of IoT devices, channel estimates of mobile termi-
nals and the transmit symbols are mutually independent of each other.

The fifth term captures receiver noise and channel estimation error and its variance calcula-
tion can be done in a similar fashion as is done in [37] by exploiting the fact that grde and gde

are independent of each other. The sixth term represents beamforming gain uncertainty and its
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A.3 Proof of Theorem

variance calculation involves the following steps:

Gy

p A Gy AGy AGy AGr Gi
var(VI) = — Lyd [((llg I = B025PY) G (18517 — E(IZGIRY) s )],
pd AGy AGy G, Gk
- [ (1851) - (B25171) | = P (A17)

A.3 Proof of Theorem

To derive the SINR and the achievable rate for IoT devices based on non-orthogonal pilot
assignment strategy, we find below the variance of each term in (2.23)). The variance of the first
term is given by

var(l) = yd( (12,P)) Bdlsd® = Lyapa. (A.18)

This is because B (|s,I*) = 1 and E (Ig,I?) = Lya.
Using the fact that the symbols intended for different IoT devices have zero mean and are

independent of each other, the variance of the second term simplifies to

D
Var(II):Zvar( / il gﬁg;,sd,) (A.19)
d'=1 7/

d'+d

This can be further simplified to obtain

D D
var@D) = | PLE(ghgnP) =) P, (A.20)
7= Ly 7 Lva
d' +d d' +d
where
D 2
Xxo =B ggnd’ (Z unTng(‘pf‘pd')* + ("Pd) ) ]’
u=1
5 D
= 0 | qumy AL+ DB 8585 ] + D autpLBaBu |8, 2|, (A21)
u=1

u#d

and 7, is as given in Theorem To derive y., we have used the facts that the true channels
of IoT devices are uncorrelated and E (H gd||4) = L(L + 1B

Since symbols for different mobile terminals have zero mean and are independent of each
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other, the variance of the third term is

M

var(Ill) = Z Var( i ggiz;,sm,). (A.22)

m' =1 m’

This can be simplified to obtain
M p T
var(IlI) = n; ;”;/E (s h,ggh, sm,) ,

ul 1

= p—mE(s;,hm,ﬁdthm,sm,), (A.23)
m'=1 L')/m’

where the last equality follows from the fact that g, is independent of both s,, and g,,. Upon
further simplification, we obtain var(Ill) = g, Znﬂf,zl Pn- The fourth term captures receiver
noise and channel estimation error and its variance calculation can be done in a similar fashion
as is done in [37]. The fifth term represents beamforming gain uncertainty and its variance

calculation involves the following steps:

wmw:fng@W—E@mﬂmfm®W—M@mnwy

= 7 |B(zal) - (2012471 | = pove (A24)

A.4 Proof of Lemma 2.3

To derive the SINR and the achievable rate for mobile terminals based on orthogonal pilot
assignment strategy, we find below the variance of each term in (2.27).The variance of the first
term is

var(l) = L”T’" (E(||izm||2))215 (sl = LY. (A.25)

m

This is because E (lsm|2) =land E (llilm||2) = Ly,,. Since symbols intended for different mobile

terminals have zero mean and are uncorrelated to each other, the variance of the second term

M

w®=2mﬂﬁwd%w) (A.26)
’ ’)/m,
m'=1

simplifies to
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A.4 Proof of Lemma 2.3

This can be further simplified as is done in Appendix [A.3]as follows

M

var(i) = pr E (| oy sl) (A.27)
T
M
=B ) Por- (A28)
m'=1
m'#m

The variance of the third term is given by

var| [ 2L hT g s, |, (A.29)
1 Lya

7B 2isal’). (A30)

var(Ill) =

Ms

d/

Ms

’

QU
l

m-m

Since h,,, g, and s, are mutually independent of each other and using the facts that E (h* hT) =
B,I; and E ((@5, g;;,) = Ly, we obtain var(Ill) = 8,, X5 _, pa.
The fourth term captures receiver noise and error incurred during channel estimation and its

variance can be computed as in [37]. And variance of the fifth term is

var(V) = 57’"15 (((||12m||2 — E(lialP)) ) (1l ~ E(V 1) sm)) :

= 22 [ (W) = (B )) | = o A31)
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Appendix

B.1 Proof of Theorem 3.1]

We are interested in evaluating

N 2
Powage = Pr [7 (p‘s‘u * Zp??u] < Eth]- (B.1)
n=1

N N
LetX =p¢, = max{piu, e pMYand Y = Zl oY = Zl P& . Thus, Poyuee can be re-written as
n= n=

siu

[

Poutage = fPr (X < Eth -Y|Y= y) fY(y)dy (B.2)
y=0
Eth Em—y
=f f fx(x0) fr(y)dxdy, (B.3)
y=0 x=0

where Ey, = %, fx(x) is the PDF of X, fy(y) is the PDF of Y. The equality in (B.3) holds
since X and Y are mutually independent non-negative real RVs. To derive Py, We need to

compute fy(x) and fy(y). Since X is the maximum of M i.i.d. Rayleigh RVs. Based on order
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B.1 Proof of Theorem [3.1]

statistics, the PDF of X is given by [99]

2\\M-1 2
éix( —exp(;cu)) exp(,;ju), x>0 (B.4)

To compute fy(y), we invoke central limit theorem (CLT) [70]. Based on CLT, with large N,

Sx(x) =

distribution of the sum of product of i.i.d. Rician RVs approaches Gaussian distribution and its

PDF is given by

[ -0 - )’

fry) = exp( S| v=0, (B.5)
\J2n02 Ty

where the scaling constant yy = Q! (;—”V) ensures that fooo fr(y)dy = 1. Based on the " moment

of Rician RVs and exploiting the fact that p¢" is independent of p? , u, and o, can be obtained

as stated in Theorem [3.11

Substituting the PDF of X in (B.3) and using binomial expansion to simplify,

En( En V-1
- 1\2 —x? 1
Poutage:f fZ( l)mM( - )ﬁ—ieXp(”#f))dx frdy. (B.6)
y=0 \ x=0

Solving the inner integral above with respect to x, we get

M-1 M Ey —(y—Ep)? 1
Poutage = Z(—l)’"m - 1( - ) f Jr(dy - f eXp( o [;,’) st )) frdy|. (B.7)
m=0 su

4l J4)

We next simplify I; and I, separately. Substituting the PDF of Y from (B.3]), we can write

Eq,
O- / ) —p
I = f frdy = f ( L P (B.8)
,/27r0'2 Ty
y=0
To compute I, we again substitute the PDF of Y from (B.3]) to obtain
By _ )
—-(y—FE + 1 =y —
L= f exp| YT EW D) ¥ (O (B.9)
Bu 202

/ 2
20 27r0'y

We replace (2(2’“) + ) with 7, (% +5 ) with & and (2(’";& + ) with y and further

TH-3218_156102011

119



B. Appendix

simplify to write as
5 Eq . )
=Y exp(f ;nx)fexp(_?(\/ﬁ —i))dy, (B.10)
v 27(0-3 7 y=0 \/ﬁ

Upon expressing the integral in terms of Q-function, we get

W 62—77)()( (—f) [Eh—ﬂyn
I = ) . B.11
? MeXP( n NC\vE)© o2\ B-10

Substituting 7; from (B.8)) and 7, from (B.I1) in (B.7), we obtain Pyype in (3.12).

B.2 Proof of Theorem 3.2

For 1 < k < K, the events {E; > Ey} are not mutually independent. This is because the
channel between source and IRS for different users may be exactly the same if source ends up
selecting the same antenna for different users. Therefore, using Boole-Fréchet inequalityH an

upper bound on probability of outage is given by

K
Pouage < 1 —max (0, D Pr(E > En)- K + 1), (B.12)
k=1
K
- min(l,K - > Pr(E> Eth)). (B.13)
k=1

Also, Pr(Ey > Ey) = 1 — Pr(E; < Ey). And remaining proof steps to evaluate Pr (E;, < Ey,) is

given in detail in Appendix [B.1l

B.3 Proof of Lemma 3.1

Based on ;tm, the linear MMSE estimate of g is given by [38]

:&I’l

& = E(h) + R = o [y ~E (?)] . (B.14)

siu

ity [25], max (0,Pr(Q;) +...+Pr(Q,) - (r—-1)) < Pr((r] Q[).
i=1
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B.3 Proof of Lemma [3.1]

:?m

It can be shown that E (g&” ) =y and E (y ) = Vg (y‘;l”; - [1‘;’“), where p™ and i, are as stated

siu siu

in Lemma[3.1l Furthermore, the cross-correlation R ,, - between the cascaded channel g% and
siu

the observable ;tm is given by

R, =E (gf;;?“” ) 4 (?) . (B.15)

siu

Substituting ;tm from (3.31) and E (?an) mentioned above, in (B.13), and simplifying, we get

Youeiat)-

Similarly, the auto-correlation R;&n;&n of the observable is given by

Substituting the cross-correlation from (B.16) and the auto-correlation from (B.I7)) in ,

- p 12
i i) = ). (B.16)

Rg&fqiim = \/a(( si +

St

2) +0° + q(é";’u)z -q

R;&n;&n = q (Bsz + ﬂ?ln ﬂ?u ﬂ?lnu (B17)

and simplifying further, we obtain g as stated in Lemma[3.1]

. 22 . . .
We next show steps involved in computing /i, and (5“;”) , which in turn are required to

:fm

compute E (y ) above and the auto-correlation in (B.17). We first compute i, as follows. We

note that

(o9

R (,) = E(R (7%,)) = f (i) (0) . (B.18)

—00

Since A%, corresponds to the error induced in estimating the channel from U to the antenna & at
S, its PDF corresponds to the PDF of the maximum of M i.i.d. Gaussian RVs each having mean
zero and variance &2,. Using this fact and results from order statistics, the PDF of R (71‘;,) is

given by [99]]

M 2 t M-1
f‘}’\(ilfu)(t) = — e W (] - Q(@' )) . (B.19)
O-SM su
Note that 672, = 2222 Using this, we can write
) M ~ 2 AN
R (i) = — fte ) (1 - Q( _ )) d. (B.20)
ﬂ-&su T su

This integral can be written down as the sum of two components and simplified further by
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exploiting the symmetry property of Q-function [67] as

M roe N ~ 2 NS
-l [l e [ ) ) o
( ) 27TO'§M g Q O su J Q O sy

Approximating Q-function based on the identity in [100, Eqn. (14)], we obtain

N M ~ -2 1 —r2 1 —2t2 M-1 00 -2 1 -2 1 2 \M-1
% - o~ — t 25'§u —_ 20—vu + 3”’?14 dt —+ t 25'§u 1 _ — 25'§u —_ - 35’%14 dt .
( Su) \ 2152, [ bf ‘ (126 a¢ ) J ‘ ( ¢ 4¢ )

(B.22)
Using binomial expansion, and simplifying the integral further in (B.22), we obtain R (ﬂ‘zu) in
simplified form as stated in (3.34). We know that R (71? ) and J (hﬁu) are identically distributed.
Therefore J (~§’u) =R (”;’u). And i, =R (ﬂ?u) +j3 (”;‘u).
In order to compute (& ( m)z, we first compute

(o)

E(R (7)) = f £ fin iy (1) d. (B.23)

—00

Substituting the PDF of R (fz‘ju) from (B.19), we get

~a ¢ M-1
E(R (h m e ( (J)) dt. (B.24)

This integral can be written down as the sum of two components and simplified further using

the symmetry property of Q-function as follows

2 M r , 2 AV r X2 r M
E(R (1)) = N fte (Q(O_)) d:+fte2<m (1 —Q(&m)) dt|. (B.25)
Su 0 0

We next approximate Q-function based on the identity in [100, Eqn. (14)] to yield

1 = M-l 1 -2 1 = M-1
62"w ((—ewvu+4e3"m) +(1—Eez’??u—ze3%«) )dt. (B.26)

E(R (h ~

2
N 2ﬂ0’su

Using binomial expansion to simplify further and using the fact that R (fz? ) and J (h“ )

are i.i.d. RVs, we get E( 2) — 2, as in (3.33).

ha
hsu

) Furthermore, ( m) :E(

Ta
hsu

~a
M su
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B.4 Proof of Theorem

B.4 Proof of Theorem

With estimated CSI, the probability of outage in WET is given by

Poutage = PI‘[ (}Om + Z ) <E ) (B.27)

Thus, f’outage with estimated CSI is

gSlLl

=

adan

gSlu

Let X = p% =max{p!,....,p"}and ¥ =

8

outage Pr X Eth f/ ? )fy()’)dy, (BZS)
$=0
th Eth—)’
f f [z(X) fy(9) dx dy, (B.29)
y=0 %=0

where Ey, = \/% , fx(%) is the PDF of X, f3($) is the PDF of Y. The equality in follows
from the fact that X and ¥ are mutually independent non-negative real RVs under the assumption
that the channel estimation error, /%, is negligibly small. Note that this is valid at typical energy
levels [6,[71]. To derive Poyyuge, We first compute f3(%) and f3(9). The RV X is the maximum of
M i.i.d. Rayleigh distributed RVs. Using order statistics [99], it can be shown that

_ a2\ M- )
fgm_zMx(—m¢(x)) em(x),xza (B.30)

su su ySLl

To compute the PDF of ¥, we invoke CLT [70]]. Based on CLT, with N large, the distribution of

the sum of i.i.d. RVs approaches Gaussian distribution and its PDF is given by

—@—yﬁj A

A

b
1161 = — e[
y

y

$=>0, (B.31)

where the scaling constant iy = Q™! (;—”’) ensures that fooo 1 dy = 1.

In order to compute the mean y; and variance o’é above, first we model the magnitude

aan

8% | of the estimate of the cascaded channel coefficient via the n™ IRS element as a Rician
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RV (101} IOZJH Thereafter, we use to compute E (g?;;) =y and

var (gr‘;;;) = (2—;)2 (E( 2) — ‘E (?an) 2) = (ﬁ)z c = C—%, (B.32)

Cy (6)
where ¢; and ¢, are given in Theorem 3.3l Based on the ™ moment of the Rician RV, and

—an

Y

exploiting the fact that the terms in IZV]I 8% | are mutually independent of each other, it can be
shown that _
1 ([ cin [l ‘o
o= 37wy [ 2L ®33)
and the variance,
, o R N 1T 26y
ol = Z:; var [g%]) = N[C—2 il - 704 [T]] (B.34)

Substituting the PDF of X from (B.30) and the PDF of ¥ from (B.31)) in (B.29)), and simplifying

using similar steps as in Appendix [B.1 we obtain Poutage in (3.43).
B.5 Proof of Theorem 3.4

To obtain diversity order of probability of outage in the high transmit power regime, it
suffices to analyze behavior of PDF of power gain of each of the paths from § to U near
origin [103]. We first analyze PDF of the power gain of the cascaded path from S to U via the

n™ IRS element near origin. To this end, based on Figure 3.2, we model gﬁ;; ~ CN (,uf‘” yan ),

siu’ " siu

N ~ ~ A A cz . .
where u® = E (g’?ﬁl) = piu? , and vi' = var (gg;;) = é Thus, the PDF of 2 is given by

siu siu

adan
gsiu

Fignp®) = (1 + Kyir) e Ko™K [ (\JAK (1 + Koia)y) - (B.35)

gstu

an |2
where K, = |“VT| is the corresponding Rician factor and /,(-) is modified Bessel function of the

siu

first kind [68]]. Upon using the series expansion for exp (— (1 + Kg;,) y), (B.33) can be expressed

as

fianp®) = L+ K e | 14 37 (= (1 + Ka)) 5 | I (VAKa T+ Kay).  (B36)
i=1 ’

gstu

?Based on Figure 3.2] we see that modeling the magnitude of cascaded channel coefficient as a Rician RV is
fairly accurate.
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The PDF in (B.36) can be approximated as a single polynomial near the origin and

siu

llrlg ‘fig,fm |20}) = bSillytSiu + 0 (ytxiu+5) 9 (B.37)
yo i

where by;, 1s a constant, the parameter ¢, captures the diversity order associated with probability
of outage, O(-) denotes the big O notation and € > 0. Comparing (B.36) with (B.37) at y — 0,
we obtain by, = (1 + K;,) exp (—Ky;,) and t,;, = 0. Using (B.37), the probability of outage in

WET due the cascaded path via n' IRS element is given by

Pth

Phnage = f (bsiy™™ + O (y"*€)) dy, (B.38)
0

b . t:iu"'l tsiu"'l*'f
= o (@) + 0((@) ) (B.39)
tsiu +1 p p

20 denotes the threshold power required at the user. Neglecting the higher

where py, = N (te—(M+N)T,)

order terms in (B.39)), we can see that the probability of outage due to the reflected path via the
n™ IRS element decays as p~®«*D = p=1. Since there are N independent cascaded paths from
S to U via the IRS, the total contribution to the diversity order in probability of outage due to
the N-element IRS equals N [103]].

Furthermore, the PDF of channel power gain from the strongest antenna at S to U is given

by

2M o \M-1  _p
Fap = (1=ew)" e, (B.40)

su

) i \M-1 . P
2M 2\ K o\
" Y [_Z(y_) l_vJ (2(7_) l—,) (B.41)

i=1 i=0

where (B.41)) is obtained by writing the series expansion for exp(‘y—zx). By writing the PDF

in (B.41) as a single polynomial near the origin, we get
lim fizs 2(0) = box™ + 0 (¥), (B.42)

where by, is a constant and the parameter t,, captures the diversity order of the probability

of outage. Comparing and at x — 0, we obtain b,, = ‘;TM and 1, = M — 1.

su
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Algorithm 3 AO based algorithm to solve (P2) under subset AS

Select: subset of antennas Nrr C {1, ..., M}, obtain hg,, H, h;,, initialize b =
1. Update 6,, ¥n = 1,...,N, using (B.49), for given b.
2. Update b using (B.30), for given 6.
3. Stop if increment in received power in (B.43)) is below a threshold &, where ¢ is very small
positive value. Else go to step 1.
4. Store final value of @ and b.
Output: Optimal, @ and b.

by
A sull*

Using , the probability of outage in WET due to the direct path is given by

Pth
p

! b tou+1 to+l+e
p?)utage = f(bsuxt‘m + 0(x[5u+5)) dx = su (@) + 0((@) ] (B43)
0

tw+ 1\ p p

Neglecting the higher order terms in (B.43)), we can see that the probability of outage due to the
direct path decays as p "D = p~™_ Since this path from the strongest antenna at S to U is
independent of every cascaded path from S to U via the IRS elements, the total diversity order

of probability of outage is equal to M + N [103]].

B.6 Subset AS: Transmit Beamformer and Passive Beamformer Design
Based on AO

The signal received at the user for a scenario where the source is equipped with Ngg chains

and M antennas is given b
Yu = (hsu + Hsi@hiu)T xsb + Wy, (B44)

where hy, € CVv*!1 H ; € CM*N and b € CV**! denotes the transmit beamformer employed
at the source. For subset AS, the channel gains of the direct links from the source to the user
are arranged in descending order and Ngr antennas with the highest channel gains are selected
and connected to the available for RF chains for energy beamforming. Using (B.44)), the power

received at the user is given by

Pu=1D |(hsu + Hsighiu)T b ? >

(B.45)

3Note that for a full complexity system Ngg = M.
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B.6 Subset AS: Transmit Beamformer and Passive Beamformer Design Based on AO

where p = |x,|*>. We neglect the contribution from noise since it is negligibly small [13,/71]]. We
design the transmit beamforming and the phase shifts at the IRS such that the received power is

maximized. Mathematically, the optimization problem can be stated as follows:

(P1): max [(hy, + HiOhi)" b|’ (B.46)

subject to ||B]* < 1,

0<6,<2r,¥n=1,...,N.
Please note that for a given b, the objective function in (P1) satisfies the following inequality

(hy, + H,Oh;,)" b| =
|

h.b + h,OH"b| <

Si

hlb|+ |hl,OH.b|. (B.47)

In the equation above, equality holds when A(hSTub) = A(h,i@H ST,b) = ¢y. Let G, = H diag (hT)

w

and f € C"! be a column vector comprising of the N diagonal elements of @. Then, the opti-

mization problem (P1) can be re-formulated as

(B.48)

siu

(P2) : max |F"GLb

subjectto |f,| =1, Vn=1,...,N,
Af"GL,b) = go,

where f, denotes the n'" entry of f. Based on the constraint A( f'G" b) = ¢y in (P2), we obtain

S =exp (j (¢o - Z(GST,»MIJ))). Thus,

On = g0 — £(GL,b) = g — £(, (W3)' b) = o — £(Hy) = £(W)"B), ¥n=1,...,N, (B.49)

siu

where h”; is the n™ column of H;. We consider MR transmission for transmit beamforming
since it is optimal [14,/60]. Hence, the transmit beamforming for a given phase shift matrix @

is given by
b _ (hsu + Hsi@hiu)*
”(hsu + Hsi@hiu)*H

exp (jao) , (B.50)

4Since the transmit signal power p does not affect the maximization, it is dropped.
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where o) = —A(hfub), b = % Note that a is introduced to avoid computation of
¢o every time hg, changes while solving the optimization problem and is adjusted such that

¢o = £(h},b) = 0. The AO based algorithm to solve (P2) is given in Algorithm[3]
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Appendix

C.1 Proof of Result

4.1 We are interested in evaluating

_ Py _ P@

Pou = Pr((l +exp(—ap(P, — b)) (1-Q) 1-Q = Pth)’ €D
=Pr (exp( ao(P, — by)) > Pl -2 P 1), (C.2)
=Pr(P,<P}), (C.3)

Py-Py(1-2)-PyQ
n(P(l—Q)PQ) v, .. . .
where P}, = by — —*——"—_ Substituting P, from @) in (C3), we obtain

ap

NN 2
Poy = Pr [p [psu + Z Z s p?lli'z’zp;’;u] < P{h], (C.4)

ni=1np=1
=Pr (psu < Py — NN, Vﬁsilﬁiligﬁizu) , (C.5)
where Py, = ,/%{h, and we have used the fact that pf; = By, p;)> = +Bii»> and p; =

vBiu- Since py, is Rayleigh distributed RV, hence its CDF, i.e., P, can be obtained as given in
Theorem 4.1
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C.2  Proof of Result
4.2l Upon performing similar initial steps as in Appendix[C.I] we obtain
Pow =Pr(P, < Py), (C.6)

Substituting P, from in (C.6), we obtain

2
Pout = PI'[ [psu ats N2 Vﬁlllzﬁlzu Zpsz]] = P;h) > (C7)

where (C.7) follows from the fact that the link S — I; is Rician distributed and the other two

links of the cascaded channel are pure LoS, hence p!'"? = /B;,;, and p?;u = Biu- To analyze

i1ip

further, let Xy = py, and Yo = Na +/Bi,i,Biu Z "l Thus, P, can be re-written as

KT
np=1

Pou= | Pr(Xo < Pu—Yo| Yo =y0) fr,(vo)dyo, (C.8)

%8

y0=0

P Pin—yo

. f f Fral(¥0) Fiu(30) dxo dyo, ()

=0 x

where Py, = ,/%{h, fx,(x0) is the PDF of Xy, fy,(yo) is the PDF of ¥,. The equality in (C.9)
follows from the fact that X, and Y|, are mutually independent non-negative real RVs. To derive
P, we need to compute fx,(xo) and fy,(yo). Note that X, is Rayleigh distributed and its PDF is

given by

Jxo(x0) = Be

To compute fy,(yo), we invoke CLT [70]. Based on CLT, with large N,, the distribution of the

su

&
exp( ﬁxo ) X > 0. (C.10)

sum of independent Rician RVs approaches Gaussian distribution and its PDF is given by

_ _ 2
i exp( Go 2“1) ) Yo = 0, (C.11)
2 20’1

2710'1

Sro(o) =

where the scaling constant ¢, = Q! (;—“l‘) ensures that fow fro(vo) dyo = 1. Using the I moment

of Rician RVs u; and oy can be obtained as stated in Theorem
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Substituting the PDF fx, (x) from (C.10) in (C.9) and solving the integral with respect to xo,

Fth Fth
P
Pow = f Frn(0)dyo — f exp( (y‘)ﬁ ) )fYo(YO)d)’o- C.12)
Y020 Y020 *
S1 S>

We next simplify §; and S, separately. Substituting the PDF of ¥, from , We can write

Py _
—(vo — 1) P —
Sl:f Y exp( (Yozo-z,ul) )dy():l—lplQ( tho- ,Ul). (C.13)
o Af270T ! !

To compute S, we again substitute the PDF of ¥, from (C.11)) to obtain

Py kA 5w b )
S, = fexp( (vo — Pw) ) 2 ex ( (Vo 2ﬂl) )dyo, (C.14)
y0=0 P 271'0—% 20

We replace (ﬁ + %) with 1, (ZP"“ + & ) with &, and (ZP"“ +4 ) with y; and further simplify
to write as

Py,
Nz & —mx f
S, = - exp( G )f ( (\/_y \/_) )dyo, (C.15)

27r0'1 Y0=0

Upon expressing the integral in terms of Q-function, we get

3} ff"ll)(l)( (—fl) (ﬁth_ﬂl))
S, = - . C.16
2 rlo_% exp( o o 0 o 2 (C.16)

Substituting S ; from (C.I3) and S, from (C.16) in (C.12)), it can be simplified further to obtain

Py in )

C.3 Proof of Theorem

}’2
We model Y as Gamma RV and find its shape parameter k = r2—1r2 and scale parameter
1

r2—r2

t = —L using moment matching method. We note that r; = E(Y) = ( > Z pzl‘] p:’l]l'zlzp:’;u)

ni=1np=1

be re-written as
o= Z Z W )E () E (02,).- (C.17)
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2= 2 B ((en) )R (h) )R (b)) + X 2 () )2l 2B ()
g e
NI N M ' ) 5 Ni N N M
XE () + >, > 2 B (ol ) B (el VB (o B (o) B (0h) )+ D0 D0 D D E (e ) B k)

Note that (C.17) follows from the fact that for a given n; and n,, the RVs p?’l!l, p:’]‘i’z’z and p’?

iu
are mutually uncorrelated to each other. Since, these are Rician distributed RVs, (C.17) can be

simplified further to obtain r; as stated in Theorem 4.1l

2
Ny N
Andr, =E (Y 2) =E (( 21 21 Py p:ll]ir;ngzu) ) can be re-written as
ni=1npy=
N1 N2 N] N2
j ik m _m
=2 kot (2 St i
=1 k=1 =1 m=1

The second moment r, in (C.I8) can be expanded as in (C.19) shown at the top of this page,
since the entries of the channel vector from S to /; are uncorrelated, similarly, the entries of the
channel matrix from /; to I, are uncorrelated and the entries of the channel vector from /> to U
are also uncorrelated. Therefore, based on this, and using first and second moments of Rician

RV, (C.19) can be simplified further to obtain r, as given in (4.23).

C.4 Proof of Theorem 4.2

Based on (4.22), we are interested in evaluating

Po =Pr(X+Y <py), (C.20)
N N, 7
where X = py,, Y = > > p’S'l!l p;'lli’zngzu and py, = n—;‘ Thus, P, can be re-written as
ni=1mpy=1
P Py
Poy = f f Jx(x) fr(y) dxdy, (C.21)
y=0 x=0
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where fx(x) is the PDF of X and fy(y) is the PDF of Y. The equality in holds since X and
Y are mutually independent non-negative real RVs. To derive P, we need to compute fx(x)

and fy(y). Note that X is Rician distributed and its PDF is given by

(2,2
fx(x) = ?_x exp( (Xé:u ,Usu)

su

2
10( ;f“) x>0, (C.22)

where [, denotes the zeroth order modified Bessel function of the first kind [68, Eqn. (8.447.1)].
And, to obtain the PDF of Y, we cannot apply CLT since the terms inside the summation in Y
are correlated across n; and n,. Therefore, we model Y statistically as a Gamma R\’H and derive

its shape and scale parameters as given in Appendix Thus, the PDF of Y is given by

I y
70~ texp(2), v20, (C.23)

where k and ¢ denote the shape and scale parameters, respectively, as given in Theorem
Substituting the PDF fx(x) from (C.22) in (C.21)) and simplifying the integral with respect to x,

we obtain

Su

Pt Pin _
Poy = ff()’)dy—fQ ( 2K, pt,—h_y]f()’)dy, (C.24)
J Y J 1 e Y

where Q (-, -) denotes the first order Marcum Q-function [67, Eqn. (4.34)]. Substituting fy(y)
from (C.23)) in (C.24) and simplifying further, we obtain P, in (4.26).

C.5 Proof of Theorem
Upon performing similar initial steps as in Appendix we obtain
Pou =Pr(P" < P}), (C.25)

Substituting P” from (@.33)) in (C.23)), we obtain

2
hsu 2P,h
Pou = Pr (plih| < P;,) = Pr[ <=n (C.26)
VIBSM/Z pﬁs“

'Based on Figure[d.2] we observe that modeling ¥ as a Gamma RV is fairly accurate.
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h Su

2
Since, is the sum of the squares of 2M N(0, 1) i.i.d. RVs, it is Chi-square distributed

su

RV with 2M degrees of freedom, hence its P, can be obtained as given in Theorem 4.4l

C.6 Proof of Theorem

Based on (.7) and using the fact that Ny = N, = % minimizes the OP, the average received

power at the user is given by

N? 2
plll — p( ﬁsu -3 T Vﬁsilﬁilizﬁizu) . (C27)

Using (C.27), transmit power p can be expressed in terms of number of IRS elements as

u

Py
( ﬁsu + NTZ Vﬁsi“Bi]izﬁigu)z

Based on the power consumption model discussed in (4.60) and using (C.28]), we write the total

p(N) = (C.28)

power consumption as a function of total number of IRS elements N as
P
bs N2 ]
npa( ﬁsu + T ﬁsi]ﬁi]izﬁizu)

We obtain the critical points by differentiating P.(N) with respect to N and equating it to zero

P(N) =

> + Piix + Ps + pp + Np.. (C.29)

OP.(N 1N \BsiBiyi-Biru
) AN, e
7732( Bou+ \/ﬁsi“gilizﬁizu)
Equating this to zero, we obtain
o N? :
anpe( Bisu + a \/,Bsillgilizﬁizu) = PN \BsiBiriBiu = 0. (C.31)

Since the polynomial equation in (C31) is a sixth degree polynomial equation, therefore, we
evaluate its roots numerically. And from these roots, we can choose the valid root, i.e., the

optimal number of IRS elements that minimizes the total power consumption in (C.29).
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C.7 Proof of Theorem

C.7 Proof of Theorem 4.6

Based on (4.30), average received power at U is given by

P4 = p(VBou + N VBB - (C32)

Therefore, the transmit power p can be expressed in terms of the number of IRS elements as

P
7732 ( \/E +N Vﬁszﬁiu)z

Based on (4.60) and using (C.33)), we can write the total power consumption as a function of

(C.33)

p(N) =

number of IRS elements N as

u

Py

15y (VB + N VBBa)

To obtain critical points, we differentiate P.(N) with respect to N and equate this to zero, i.e.,

P.(N) =

+ pix + ps + pp + Npe. (C.34)

% = 0, to obtain
2ps siPiu
a (C.35)
03 (VB + N VBB
We observe that % > 0, therefore P.(N) is a convex function with respect to N and min-

imizes power consumption. Upon simplification of (C.33), we obtain optimal N as given

in (@.63).
C.8 Proof of Theorem 4.7

From (4.64), we can write average received power at the user as P§ = pMf,,. Therefore,

transmit power p as a function of M can be expressed as

_ 1
p(M) = MB., (C.36)

Based on the power consumption model discussed in and using (C.36), we write the total

power consumption as a function of number of antennas M at the source to obtain

Po(M) = = S & i + M (ps + pyp).- (C.37)
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Differentiating P.(M) with respect to M, we obtain

OP(M) _ D5
oM s MPB,

a

+ Ps + Pip- (C.38)

82P.(M)
oM?

. OP.(M) _ . _ P e
consumption. Then, from (C.38]), ﬁ = 0, gives Moy = /m that minimizes the

power consumption.

> 0, therefore P.(M) is a convex function with respect to M and minimizes power

Since,
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Appendix

D.1 Proof of Lemma5.1

)

We model Y, as Gamma RV and find its shape parameter &, = ri“r >- and scale parameter
w1,

rzu—r%u

=" using moment matching method. We note that

N N
r, = E(Y,) =E (Z p';,-p?u) = D BEE o)) = Nuitta (D.1)
n=1 n=1

where u; = ”ﬁ”', Ui = +f % and (D.I) follows from the fact that p”. and p are independent

N 2
Rayleigh RVs. And r,, = E (Y,f) =E (( > p?ip;‘u) ) can be re-written as
n=1

N N
r,= ) Bl Blonph) = > (R + ) (R + 12, ) (D.2)
m,n=1 mpn=1

where IAQ’;}" and IAQ?;" denote the (m,n)™ element of the correlation matrices of the Rayleigh en-

velopes corresponding to B,,G,; and §;,Gi,, respectively. The (m,n)" element R?" of the nor-

R _ART

A/ var(p™)var(p”,) T @-mBa”

malized correlation matrix can be expressed in terms of R as R =
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Thus, can be re-written in terms of R”" and R]" as

) = Z ((4 ﬂ),leRmn +Iust)((4 ﬂiﬁmRﬁn +/Ji2u) | (D3)

m,n=1

To obtain r,,, we need to determine R7" and R!". We note that

o B () ~ B (o) B eh) _ 4E(ohef) - B D)

’ \/ var (p’s’;) var (pg’l.) (& =m)Bsi

To further simplify (D.4)), we need to obtain

szpsz) = ffqmqnfb;'l’p’v’l(qm, Qn)dqmdqn (DS)

We substitute the joint PDF fn (@, g,) from [104, Eqn. (1.5-22)] in (D.5) to obtain

’(‘1%1“1% ) Gm

rr (1-|Gmn? 2Qan si
;,:p?l ff e 51(1 |G5i | )IO —2
0 0 ﬁst ﬁSi (1 - Si )

where /() denotes the zeroth order modified Bessel function of the first kind [68, Eqn. (8.447.1)].

Adqmdqn, (D.6)

We simplify the integral with respect to g, further in (D.6) using [68 Eqn. (6.643.2)] to obtain

- 2 —q,z,,(z- G?:""|2)
-, \/7_1- (1 - Gsi )qm zﬁsi_(“lcmlz) qi G'g” 2
E (pSl sz) - " M—l,O 7 o dqm, (D7)
) Ba(1-16wT)

where, M, ,(-) denotes the Whittaker function [68, Eqn. (9.221)]. We then use [68, Eqn.
(7.621.1)] to obtain

s T Uy 1y

m_n ﬂ-ﬁSi
E(pﬂ sz): 4 F(_

2). D.3)

Substituting E(p’gp’;i) in , we obtain R”" as given in (5.14). We can obtain R!" using

similar ideas.

D.2 Proof of Theorem

We are interested in evaluating

Ve =Pr(X, +Y, <pu), (D.9)
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N 7
where X, = pg, Y, = X plp} and py = %. We can re-write ¥, in integral form as
n=1
Pih P~y
v= [ [ e podra (D.10)
y=0 x=0

where fx, (x) is the PDF of X, and fy (y) is the PDF of Y,. The equality in (D.10) holds since
X, and Y, are mutually independent non-negative real RVs. To derive ¢,, we need to compute

fx,(x) and fy, (). Note that X, is Rayleigh distributed and its PDF is given by

)
Jx,(x) = %exp(ﬁx ) x> 0. (D.11)

su su

And, we approximate Y, as Gamma RV and show that this modeling is reasonably tight in

Figure 5.1l Thus, the PDF of Y, is given by

fr.(y) = X

tuur(ku) Ty

Yol exp (—_y) , y=0. (D.12)
where k, and 7, denote the shape and scale parameters, respectively, as given in Lemma
Substituting the PDF of X from (D.11)) in (D.10) and solving the integral with respect to x, we

obtain
Pin

2
f Fro)dy - f exp( S > Pu) )fy(y)dy- (D.13)

Substituting fy(y) from (IIEZI) in (D.13) and simplifying further, we obtain ¢, in (3.16).

D.3 Proof of Theorem 5.2

To obtain diversity order, we analyze i, for small values of channel gain in the high transmit
power regime [97,/103]]. We first derive the diversity order due to the cascaded path followed by
the diversity order due to the direct path [103]. Based on Lemmal5.1l, we model Y, as a Gamma

RV. Thus, the contribution to i, due to the cascaded path equals
v = f L ketay, (D.14)
C k)
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By substituting z = < can be further simplified to obtain

[

Pth

~

Y, = f & )z"“‘1 exp (-2) dz. (D.15)
0 /2

For small values of z, ¢, above can be approximated as

Pth

;] INE VR
7u 1 ph 2 1 2
£ o dz = (—‘) (—) . (D.16)
v ) I'(k,) k) \ n p

From (D.16]), we see that the exponent of p equals _Tk“, therefore, diversity order due to the
cascaded channels equals %“
We next derive the diversity order due to the direct path. The contribution to ¢, due to the

direct channel is given by
vl = | —ebidx. (D.17)

For small values of x, ¢ in (D.I7) can be approximated as

Pl
np
2 2p;
th
vix [Zax=To

, D.18
) Bl nPBsu ( )

Based on this, the diversity order due to direct channel equals 1. Since the direct channel is

independent of the cascaded channels, therefore, the overall diversity order equals 1 + %

D.4 Proof of Lemma

Exploiting concave nature of the logarithmic function and using Jensen’s inequality [98]],

we obtain
N 2
(1 - Ti)p (psu + Zl pr;ip?u)
C,<log,|1+E i D.19
£ (d-no2+o? (D-19)
Note that
N 2
E ((1 -mp (psu + Zp?ipﬁ,) ) = (1 - npE (X, + Y.)°). (D.20)
n=1
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D.4 Proof of Lemma[3.2]

This can be simplified further using Lemma[5.1]and the facts that E (X,) = 4/ %, E (Xi) = Baus

EY,)=r,E (Yf) = r,,, and X,, and Y,, are independent.
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