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ABSTRACT

Cognitive radio improves radio spectrum utilization either by spectrum sharing
or by opportunistically utilizing the spectrum of the licensed users. Cognitive beam-
forming is a prominent technique that can further enhance the overall performance
of the wireless communication systems through beamforming vector design and/or
power allocation. Harvesting radio frequency (RF) energy from existing wireless
communication systems is a promising potential solution for providing convenient,
perpetual and green energy supply to wireless sensor networks (WSN). The amount
of energy that can be harvested from existing RF energy sources over a short pe-
riod of time can only support low data rate applications with simply transmission
strategies. The main challenge for satisfying the energy requirement of WSN is the
time-varying wireless fading channels. Low complexity cooperation between WSN
and RF energy source can effectively enhance the stability of energy supply for the
sensor node. While multiple transmission antennas are deployed at the existing RF
energy source, judicious transmit beam selection can further improve the harvested
energy at the sensor node, while simultaneously serving multiple users.

In this doctoral research, we present random unitary beamforming (RUB) coop-

erative beam selection schemes to ensure the QoS of primary system and reduce the
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hardware and software complexities of secondary system. We analyze the exact out-
age performance of the primary system, and investigate the tradeoff between primary
system outage probability versus secondary system sum-rate performance. We also
study the performance of overlaid wireless sensor transmission powered by RF energy
harvested from existing wireless system. We derive the exact distribution function of
harvested energy over a certain number channel coherence time over Rayleigh fading
channels with the consideration of hardware limitation, such as energy harvesting
sensitivity and harvesting efficiency. We also analyze the average packet delay and
packet loss probability of sensor transmission subject to interference from existing
system, for both delay insensitive traffics and delay sensitive traffics. The optimal
design of energy storage capacity of the sensor nodes is proposed to minimize the
average packet transmission delay for delay insensitive traffics with two candidate
transmission strategies. We further investigate the energy harvesting performance of
a wireless sensor node powered by RF energy from an existing multiuser MIMO sys-
tem. Specifically, we propose based cooperative beam selection schemes to enhance
the energy harvesting performance at the sensor. We derive the exact distribution
function of harvested energy in a coherence time and further investigate the perfor-
mance tradeoff of the average harvested energy at the sensor versus the sum-rate of
the multiuser MIMO system.
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Chapter 1
Introduction

Wireless sensors are used in a wide range of applications, such as environment moni-
toring, surveillance, health care, intelligent buildings and battle field control [1]. The
sensor nodes are usually powered by batteries with finite capacity, which manifests as
an important limiting factor to the functionality of wireless sensor network (WSN).
Replacing or charging the batteries may either incur high costs for human labor or
be impractical for certain application scenarios (e.g. applications that require sensors
to be embedded into structures). Powering sensor nodes through ambient energy
harvesting has therefore received a lot of attentions in both academia and industrial
communities [2, 3]. On the other hand, cognitive radio was proposed to solve the
spectrum scarcity problem through spectrum sharing [38]. New wireless system can
utilize the spectrum as long as its transmission will not create serious interference.
Cognitive beamforming is a promising technique that enables a multi-antenna sec-
ondary transmitter to regulate its interference to primary system. Radio frequency
(RF) energy harvesting and cognitive beamforming have emerged as two prominent
techniques to obtain energy from and limit interference to currently deployed wireless
communication systems, respectively. Below is a brief description of these two key

enabling technologies of the next generation communication systems.

1.1 Cognitive Beamforming

Cognitive radio was first proposed in [38] to solve the spectrum scarcity problem
through spectrum sharing. By allowing the secondary users (SUs) to access the

spectrum allocated to a primary network, the spectrum utilization can be effectively



improved and more wireless services can be supported [39].

Cognitive radio implementation can be classified broadly into two paradigms: in-
terweave and underlay implementations [38]. In the interweave implementation (also
referred to as opportunistic spectrum access), the cognitive user first tries to detect
the availability of spectrum holes (unoccupied band) in the licensed band through
spectrum sensing. The main challenging aspect of this mode of communication is
the spectrum sensing by the cognitive users, which is not only very challenging but
also consumes a lot of power. With underlay implementation strategy, the primary
network and cognitive network can transmit simultaneously while ensuring the in-
terference from the secondary transmitter to the primary user is at a tolerable level
40].

In an underlay cognitive setting, a fundamental challenge is to ensure the Quality-
of-Service (QoS) of the primary system while improving the performance of the sec-
ondary system [41]. Cognitive beamforming is a promising technique that enables a
multi-antenna secondary transmitter to regulate its interference to primary receivers
(PR) through beamforming vector design and/or power allocation [42]. The optimal
cognitive beamforming design is considered in [42, 43, 44, 45, 46] with full or partial
channel state information feedback from the primary system to the secondary system.
The beamforming vector design is considered in [42] and [43] using partial channel
state information. [42] attempts to minimize the outage probability of the secondary
user while meeting the rate requirement of the primary user. In [43], the secondary
link gain is maximized under the constraint of the interference at the primary user. In
[44], joint zero-forcing beamforming and power allocation is studied to maximize the
throughput on the secondary network, while keeping the interferece to the primary
users at a tolerable level. However, [44] assumes perfect channel state information at
the secondary base station (SBS), which is impractical due to the tremendous amount
of feedback required from PRs. [45] and [46] extend the design to partial channel state
information scenario. Note that these work can not guarantee the quality of PR re-
ceived signal as PR link quality was not taken into consideration. In [47], the authors
propose joint optimization algorithms of the beamforming vector and power alloca-
tion for the SBS in order to maximize the rate for the SU while meeting the rate
requirement for the PR. Most of these designs assume that the beamforming vectors
and power can be optimally determined based on instantaneous channel information
of SU channels, which typically require heavy feedback load from SU and/or high

calculation complexity at SBS.



Random unitary beamforming (RUB) is a low-complexity multi-antenna transmis-
sion scheme that requires very low feedback load, and thus has attracted continuing
research interest [33, 34]. The base station with RUB only needs partial channel state
information, usually in terms of the signal-to-interference-plus-noise ratio (SINR) on
several randomly generated beam directions. It has been shown in [33] that if each
user just feeds back its best beam index and the corresponding SINR, RUB can achieve
the same sum-rate scaling law as the optimal dirty paper coding (DPC) transmission
scheme [34]. However, most of previous works on RUB assume conventional multiuser
multiple-input multiple-output (MIMO) systems, and very limited work considered
RUB transmission in a cognitive radio network environment. Chapter 2 contains a de-
tailed discussion on the cooperative beam selection strategies in an underlay cognitive

radio.

1.2 RF Energy Harvesting

Recently, there has been a growing interest in RF energy harvesting due to the inten-
sive deployment of cellular/WiFi wireless systems in addition to traditional radio/TV
broadcasting systems [8]. It has been experimentally proved that RF energy har-
vesting is feasible from the hardware implementation viewpoint. In [9], the authors
developed prototypes for devices that communicate with each other using ambient
RF signals from TV /cellular systems as the only power source. In [10], the authors
present the experimental performance (e.g., charging time of the sensor and received
signal power at the sink) of RF energy harvesting using PowerCast energy harvesters
[11]. Although these previous works have proved a visible future for the wireless
applications based on RF energy harvesting, most performance results are obtained
through laboratory experiments. There is still a lack of effective theoretical mod-
els that can analytically predict the performance of WSNs powered by RF energy
harvesting.

Researchers have proposed different solutions to harvest RF energy from existing
wireless communication systems. The fundamental performance limits of simultane-
ous wireless information and energy transfer systems over point-to-point link were
studied in [23, 24]. In [25], the authors consider a three-node MIMO wireless sys-
tem, where one receiver harvests energy and another receiver decodes information
from the signal transmitted by a common transmitter. A cognitive network that

can harvest RF energy from the primary system is considered in [26]. The authors



propose an optimal mode selection policy for sensor nodes to decide whether to trans-
mit information or to harvest RF energy based on Markov modelling. In [27], the
authors investigate mode switching between information decoding and energy har-
vesting, based on the instantaneous signal channel and interference condition over a
point-to-point link. In most of these works, it is generally assumed that the channel
gain remains constant during the whole energy harvesting circle, including obtaining
channel state information, making decision accordingly, and then harvesting energy
and /or decoding information. It worths to point out that wireless fading channels are
in general time varying with channel coherence time in the order of milliseconds. The
harvested energy over one channel coherence time may not be sufficient for channel
estimation alone, not to mention information transmission/decoding.

On another front, considerable research effort has been carried out on the packet
transmission performance analysis and optimization for WSN powered by harvesting
energy from conventional energy sources [12, 13, 14, 15, 16, 17, 18, 19, 20, 21]. The
optimal packet scheduling policies in an energy harvesting communication systems
were investigated over AWGN channels under the assumption of predictable energy
arrival in [12] and [13]. Specifically, [12] targets at minimizing the packet delivery
delay under data and energy arrival causality constraints and [13] also takes into
account the finite energy storage capacity. In [14, 15, 16, 17, 18, 19], throughput
maximization and packet delay minimization problems with energy harvesting con-
straints are studied for different channel environments. In [20], energy management
policies that stabilize the data buffer have been proposed for single-user communica-
tion scenario by applying linear energy-rate approximations. In [21], medium access
control (MAC) protocols for single-hop wireless sensor networks are designed and
analyzed. A save-then-transmit protocol is proposed in [22] to minimize the outage
probability of energy harvesting transmitters by finding the optimal time fraction for
energy harvesting in a time slot, during which the wireless channel is assumed to be
constant. It is worth noting that these works can not directly apply to RF energy
harvesting. First of all, most of these work focus on the design of off-line packet
scheduling strategies with predictable channel or energy state information, which is
not available for RF energy harvesting over time-varying wireless channels. Further-
more, the amount of energy that can be harvested from RF energy sources over a
short period of time (e.g. a channel coherence time) is typically much less than that
from conventional energy sources. As such, WSN powered with RF energy harvesting

can only support low data rate applications with simply transmission strategies.



In this dissertation, we propose several practical low-complexity RF energy har-
vesting schemes, where the wireless sensor harvests RF energy from multiple antennas
and multiple channel coherence time over time-varying wireless channels. These so-

lutions will be discussed in a greater detail in Chapter 3 and 4.

1.3 Dissertation Outline

The main focus of the dissertation is on the cognitive beamforming transmission with
RF energy harvesting for the next generation cooperative wireless communication
systems. Whenever feasible, we derive the exact analytical expression for the per-
formance metrics of interest in simple closed form, which facilitates fast evaluation
and convenient applications to parameter optimization. These analytical results will
help determine what type of applications that the proposed overlaid implementation
strategy can effectively support. The rest of the thesis is organized as follows.

Chapter 2 investigates the performance of RUB based cooperative beam selection
schemes, where the secondary multiuser MIMO system can determine the usability of
each beamforming vector to guarantee the SINR requirement at the primary system.
We propose cooperative beam selection strategies for both single SU and multiple
SUs transmission cases, and obtain the outage performance of the primary system
and sum-rate of the secondary system for both cases.

We consider an overlaid sensor transmission scenario where a sensor-to-sink com-
munication link operates in the coverage of an existing wireless system over the same
frequency in Chapter 3, where the sensor needs to harvest RF energy from the trans-
mission of existing wireless system. Due to practical hardware constraints, the sensor
node can only harvest RF energy when its received signal power is larger than a certain
sensitivity level [25]. As such, the existing system, being either cellular, WiFi or TV
broadcasting systems, serves as the ambient source for sensor energy harvesting and
as interference source during sensor transmission. We investigate the packet trans-
mission performance of the sensor-to-sink link over Rayleigh fading wireless channels.
Specifically, we first consider delay sensitive scenario, where the sensor needs to pe-
riodically transmit a new packet to the sink with hard delay constraint. We evaluate
the packet loss probability assuming no retransmission is allowed. For delay insensi-
tive traffic, where the sensing data must be delivered to the sink without error at the
expense of a certain delay, we calculate the average delay of packet transmission over

the link with harvested energy.



Chapter 4 investigates the performance of RUB based cooperative RF energy har-
vesting schemes, where an existing multiuser MIMO system helps the energy harvest-
ing of a RF-energy-powered sensor node, while simultaneously serving its own users.
The existing multiuser MIMO system needs to select the best beams for transmis-
sion, while trying to satisfy energy harvesting requirement of the sensor. To evaluate
the performance tradeoff between the average harvested energy at the sensor and the
sum-rate of the existing multiuser MIMO system, we derive the closed-form statistical
distribution of the amount of energy that can be harvested with the proposed coop-
erative RF energy harvesting scheme. These analytical results will help determine
the optimal energy threshold value that can satisfy requirements of certain sensing
applications, while considering the negative effect on the multiuser MIMO system.

Lastly, Chapter 5 provides the concluding remarks and points out some future
research directions. All of the technical content presented in this dissertation is either
already published in journal and conference papers. These papers are listed at the

end of the dissertation before the references.



Chapter 2

Cooperative Secondary Beam

Selection for Cognitive Multiuser
MIMO Transmission with Random

Beamforming

2.1 Introduction

In an underlay cognitive setting, a fundamental challenge is to ensure the QoS of the
primary system while improving the performance of the secondary system [41]. Cog-
nitive beamforming is a promising technique that enables a multi-antenna secondary
transmitter to regulate its interference to primary receivers (PR) through beamform-
ing vector design and/or power allocation [42]. The optimal cognitive beamforming
design is considered in[42, 43, 44, 45, 46] with full or partial channel state information
feedback from the primary system to the secondary system. Most of these designs
assume that the beamforming vectors and power can be optimally determined based
on instantaneous channel information of SU channels, which typically require heavy
feedback load from SU and/or high calculation complexity at secondary base station
(SBS).

Random unitary beamforming (RUB) is a low-complexity multi-antenna transmis-
sion scheme that requires very low feedback load, and thus has attracted continuing
research interest [33, 34]. In this Chapter, we adopt RUB as the transmission scheme

for the secondary multiuser MIMO system. To ensure the performance requirement



of the primary system, i.e. the received SINR at PR is larger than a predefined SINR
threshold, the PR will feed back to the SBS its received signal power from primary
transmitter (PT), such that the SBS can calculate the received SINR at PR and
determine the usability of each beamforming vector. Such cooperation is required
to guarantee the SINR requirement at PR. Note that PR may need to inform its
received signal power to PT for rate adaptation purpose anyway. We propose coop-
erative beam selection strategies for both single SU and multiple SUs transmission
cases. Specifically, for the single SU case, we propose a cooperative usable beam
selection (CUBS) strategy, where the SBS calculates the received SINR at PR for
each beam using the feedback from PR and channel estimation, and then determines
those usable beams. The cooperation of PR in sending its received signal power is
required to guarantee the received SINR at PR is acceptable.! The SBS then selects
the best beam from all usable beams to serve it users. The SBS then selects the best
beam from all usable beams to serve its user. Note that the SU only needs to feed
back the index of the best usable beam to SBS. We derive the close form expression
of the distribution of the number of the usable beams, based on which we obtain the
exact throughput performance of the secondary system. We also derive the close-form
upper bound for the outage probability of the primary system. Numerical examples
show that the outage performance of the primary system will suffer burst degradation
when the beam selection threshold is smaller than the outage threshold. This is be-
cause the secondary system may transmit with beams that lead to the received SINR
at PR below the outage threshold. To avoid the burst increase of the outage prob-
ability of the primary system as well as achieve high secondary system throughput,
the beam selection threshold should be equal to the outage threshold of the primary
system.

For the multiple SUs case, the SBS needs to select a beam subset, such that
the total interference with all beams in the subset active still lead to the received
SINR at PR larger than the SINR threshold. We propose two cooperative beam
selection strategies, termed as constant beam power cooperative active beam selection
(CBP-CABS) strategy and constant total power cooperative active beam selection

(CTP-CABS) strategy, depending on whether the transmission power on each beam

'With conventional underlay cognitive implementation, the SBS will design its transmission such
that the received interference power at primary receiver is below a certain threshold. The received
SINR at the primary receiver may be unsatisfactory if the received signal power from primary
transmitter is low. Our proposed underlay approach guarantee the primary system quality while
maximizing the transmission opportunities for the secondary systems.
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Figure 2.1: System and channel model.

changes with the number of active beams or not. For both strategies, SUs only
need to feed back their received SINR on usable beam. To examine the performance
tradeoff between the outage probability of the primary system and the sum-rate of
the multiuser MIMO system for each strategy, we derive the closed-form expression of
the outage probability of the primary system and sum-rate of the secondary system.
Numerical examples show that CTP-CABS strategy can achieve larger sum-rate for
the secondary system without significantly affecting the outage performance of the
primary system.

The rest of this Chapter is organized as follows. In Section 2.2, the system and
channel model for the primary system and secondary system is introduced. In Section
2.3, the cooperative beam selection strategy for single SU case is proposed, and we
analyze the outage performance of the primary system and the throughput of the
secondary system. Two cooperative beam strategies for multi-user case are presented
in Section 2.4, together with performance trade-off analysis between primary and

secondary system. Finally, we present some concluding remarks in Section 2.5.

2.2 System and Channel Model

We consider a RUB-based secondary multiuser MIMO system deployed in the cov-
erage area of a primary system with single-antenna primary transmitter (PT) and

primary receiver, as shown in Fig. 2.1. We assume the primary system operates
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in a time-division duplexing (TDD) mode, over the channel frequency SUs want to
access. The secondary system consists of single base station with M antennas and
K single-antenna secondary users. The SBS can serve up to M SUs simultane-
ously using random orthonormal beams generated from an isotropic distribution. Let
W = [wy, Wa,...,wy]T denote the set of beam vectors, assumed to be known to both
the SBS and its SUs. The transmitted signal vector from M antennas over one sym-
bol period can be written as x = Zj\il \/?jszj, where s; denotes the information
symbol for the jth beam vector, and P; denotes the transmission power allocated to
the jth beam vector, which satisfies Z]Ail P; < Pg, where Pg denotes the maximum
transmission power of the SBS.

We adopt a log-distance path loss plus slow Rayleigh fading channel models for
the operating environment while ignoring the shadowing effect [30]. Let g denote the
fading channel gain from PT to PR, where g € CN(0,1). The received signal power
at PR can be given by

Pp

Pr=—2
"7 ra)

l91%, (2.1)

where Pp denotes the transmission power of PT, dp denotes the distance from PT to

PR, A is the path loss exponent, ranging from 2 to 5, and I' is a constant parameter
PL(do)
dy

the antenna far field, and PL(dp) is linear path loss at distance dy, depending on the

of the log-distance model. Specifically, I' = , Where d; is a reference distance in
propagation environment.

Let h = [hy, ho, ..., hy|T denote the fading channel gain vector from the SBS to
PR, where h,, € CN(0,1). The interference power at PR generated by the jth beam

of the SBS transmission can be given by

P

jo .

1! >:F—C;A|hij|2, i=1,2...,M, (2.2)
T

where d; denotes the distance from SBS to PR. For notational conciseness, we use «;

to denote the amplitude square of the projection of h on to wj, i.e. a; = ]hTWjIQ,

whose probability density function (PDF) for Rayleigh fading channel under consid-

eration is given by

faj(x) =e " (23)
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In the followings, we propose simple and low-complexity cooperative beam selec-
tion (CBS) strategies for both single SU and multiple SUs cases.

2.3 Cooperative Usable Beam Selection for Single
SU

For single SU case, the SBS uses a single active beam to serve its SU. We assume
that the transmission power allocated to the active beam is Pg. To satisfy the QoS
requirement of the primary system, i.e., the received SINR at PR is larger than
a predefined SINR threshold vp, we propose a cooperative usable beam selection

(CUBS) strategy to determine the usability of each beam.

2.3.1 Mode of Cooperation

At the beginning of each channel coherence time, PT sends a pilot signal to PR. PR
estimates the received signal power Pg, and then sends it to the SBS. Based on the
received signal from PR, SBS can obtain the channel gain vector h through channel
estimation.? The SBS then calculates the received SINR at PR corresponding to each

beam, given by

P __ FPr

WP = TR 19 M, (2.4)
I + 02

where I is the interference at PR if mth beam is used, given by (2.2), 0% is the
noise variance. The SBS compares 'y,(f ) with ~vp for each beam. If 'y,(f ) > vp, the
SBS adds the index m into a usable beam index set 5. Then SU will feed back the
index of the best usable beam by comparing the received power for each beam in set
B£. SBS will use the best beam that leads to the largest received signal power at SU
for transmission.

With a certain synchronization mechanism, SBS can receive feedback information
from PR and SUs correctly. Note that it may happen that %(nP) is smaller than vp for
every beam. In this case, set 3 is empty. SBS will hold its transmission for a channel

coherence time.

2 Alternatively, the channel gain vector h can be estimated by the PR and fed back to the SBS,
whereas the feedback load from PR to SBS increases with the size of h.



12

2.3.2 Distribution of the Number of Usable Beams

In the following, we derive the probability mass function (PMF) of the number of
beams M, that the BS can use, which will be applied to the throughput analysis for
the secondary system.

With the proposed cooperative beam selection scheme, the SBS will select the
best beam to serve the user, while ensuring that the received SINR at PR is above
a predefined SINR threshold vp. We denote the ordered version of the interference
power caused by each beam to PR as I{S&, [2(5\)4, o ,I](\i)M, where [1(5\)4 > Ié:}j& > e 2>
I 1(\5)1\4 Then the ith largest received SINR at PR, denoted by 71-(:1;}, can be written as

P) _ Pr

’77, M T (P) )
Iylipin + 0

1<i<M. (2.5)

If the ith (0 < i < M) largest SINR ’Y@'(fv)f is larger than ~yp, whereas the (i 4+ 1)th
smallest beam ’yi(fi: o 1s smaller than 7p, then the number of usable beams is M, = 1.
If the received SINR at PR is larger than the threshold for all beams, i.e. 7](\1;)M > Yp,
then the number of usable beams is M, = M. If the received SINR at PR is smaller
than yp even when the SBS uses the beam corresponding to 7%5\)4, ie. ”yg& < 7p, the
SBS will stop transmission to avoid interference to PR.

Therefore, the probability that M, beams are usable can be given by

Pr[yiy; < 7o), i=0,
PriM, =] = S Prly{h) > 0,700 < pl, 0<i< M, (2.6)
Pr(yias > 10l, i =M.

After substituting (2.1) and (2.5) into (2.6) and some manipulations, (2.6) can be

rewritten as

Pr[Ma =i =
Bt |
fO fO f\g|2( )dxf[](;)M (y)dy7 1= Oa
(z+02) '
fo fO wa (y+02) f|9|2<x>dxf1§flm,1<kfli+m<Z’y)dydz’ 0<i1< M, (2.7)
fo fw (+o3) Top (@) f e (y)dy, i=M,
where Py = - d/\ denotes the average received power at PR for notational conciseness,
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and the PDF of |g|2, I and I'}) . and the joint PDF of I7) and ]+1 > can be
given by [29]

f‘g|2($) = 6_9&, (28)
M =
i (@) = Fe L= Ty (29)
M Mz
fip =767 (2.10)

and

izt+y

Mle™ Tr (1 —¢ Tr)M-i-1
frp o (@,y) = ( )
I z+1]\4 (M—’L—l) (Z—l)'Ip

0<i< M, (2.11)

respectively, where Ip = denotes the average received interference at PR. By

de
substituting (2.8), (2.9), (2. 10) and (2.11) into (2.7) and carrying out integration,

the close form expression of Pr[M, = i] is calculated as

-7p2 '
- 1 =0,

LE ‘ (2.12)

Mle Pr i—1 1 .
(M=) (M z)(M D) > (%, )A7D+n+1+M—i 0<i<M,

Me™ P SN 1y (M) L i=M,

n ) Ayp+n+l

\

where A is a constant parameter equal to for notational conciseness.
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2.3.3 Throughput of the Secondary System

We are interested in the average throughput of the secondary system, which can be

calculated as®

R=> Pr[M, =R, (2.13)

where Pr[M, = i] denotes the probability that ¢ beams are usable for transmission,
given in (2.12), and R; denotes the average throughput when ¢ beams are usable,

which can be calculated as
R — / loga(1+2) .o (e)da, i =1,2,..., M, (2.14)
0 1:4

where f’y(S) (x) denotes the PDF of the largest received SINR at SU among all i usable
1:2
beams. It is not difficult to see that

S
(s) _ Py

=L (2.15)
o

where Pl(f ) denotes the largest received power at SU among all 7 usable beam vectors,
and [1(%5) denotes the interference from PT to SU, whose PDFs can be given by [29]

fll(f>( x) = Ige TL (2.16)

and

x T

Foio () = %Seps(l — e sy (2.17)

where Ig denotes the average interference from PT to SU, and Pg denotes the average
received power from SBS to SU, respectively. Therefore, the CDF of ’yg) can be

calculated as

F«éi’ (IL‘) = Pr

Pl(S) (Isz+o%)x
i <al = [T fe @ e, 219
Iy + 0%

3We assume that operation time required for proposed CUBS strategy is much less than channel
coherence time, such that the effect on secondary throughput can be ignored.
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By substituting (2.16) and (2.17) into (2.18), carrying out integrations and taking
derivative, the PDF of 7}5) can be obtained as

, . _ _

a A
fo(@) = —F<s)<x>=§j<—1>ﬂ+l(2.)e Py S5 T8 (219)
Y14 dx M =0 J (1+f—ssl’)2

After substituting (2.19) into (2.13) and manipulations, the exact average throughput

of the secondary system for single SU case can be obtained as

R = Zﬁ;Pr[Z\/fa = i ﬁé(—l)wr1 (Ma) /000 log, (1 + )

=0 J

'jj'—‘Qs z—s jo%z‘
= s e Ps dr. (2.20)
L+ 3 (1+ ﬁ—ia:)Q

2.3.4 Outage Probability of the Primary System

The outage probability of the primary system is defined as the probability that the
received SINR at PR, 7, is less than the predefined outage threshold ~;,, which can

be calculated as

M

F(’Yth) = Z PI‘[”}/ < Yths Ma = 2]7 (221)
=0

where Prly < v, M, = 1] denotes the outage probability of the primary system when
1 beams are usable for transmission. For the case of v, < vp, the primary system is
outage if and only if the SNR at PR is less than ~;,. Then (2.21) can be simplified as

P _UIQi'Yth
F(ym) = Pr {—Uf < %h] =1-¢ 7r . (2.22)
P

For the case of v, > vp, the outage probability is upper bounded by the worst
case that the beam with the largest interference power at PR is always selected for
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transmission, which can be given by

F(vn) < ZPr

> R
9 < Vths (P) 9 _’yD’I(P)
=1

(P) (P) (P)
[ Py Py P
P

Iy Zit1:m T OP IyiZivam t0p

M_ia TP
() pP) ()

PP
+Pr|—5— <’ytha# <7p] JFPT[L < ’Yth7L >
@7 (@)

op Iy + 0% L+ o3

E_UP
= Z Fpor () fym ey (ys z)dsdydz
,ytho.P 2 —i+1:M>"M—i:M

=1

'Ytho'p 7_0']:
+/ / / Fp (8)fym ey (Y, 2)dsdydz
,YDO.P —i+1:M>" M—i:M

Vthop  [OO Yeh(T+0P)
—i—/ / , fP<P)( s)f, 3y dsdx—l—/ / P(P)( )fff?f(x)de% (2.23)
0 op o :

= D :r+a

where f(r) (x) and [ (x) are marginal PDFs of I, M), fl(p) 1) (z,y) is the
1:M M:M M

i+1:M>

joint PDF of I](\QHLM and I](W_Z-:M, which have been given in (2.9), (2.10) and (2.11)
, and fp,(z) is the PDF of Pg, given by

fra(z) = =-e Tn, (2.24)

where Pp = - d)‘ for notational conciseness. Finally, by substituting (2.9), (2.10),
P

(2.11) and (2.24) into (2.23) and some manipulations, the close form expression of

the upper bound of the outage probability can be calculated as

F(yn) <

ZM—I M! ZM—i—l (—1)™ Avp -
i=1 i 2m=0  nl(M—i-n—11Y | Ayp+)(AvpFitnt1)

2 2
i YD 2 YD B
—ap(i %)(%—1) _9p7D _Zp'D _2p7th

io2
_p (M,l)

Tt 14+Avp

€ - }6 PR +[ — Yih c "R a2 ]
(14 $9D) (n+ 14+ Ay + TH ) Aptntltizil  Ayitntl+idfh

2 (th _ U2W ‘72W
G e o R (225)
I S (i o e = R B erer= il c7ret
n=0 nl(M—=1-n)! | Ayp+n+1  Ayy+n+l
fo2 (Tt _ ?
oo _MepGIE D _2BR (AL 4201k 1)
+1—e Fr Ip - B {l—e Tp PrR™7D P}, Vth = YD}
1+477p
7‘725'Yth

I—e *r ) Yth < YD-
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Figure 2.2: Throughput of the secondary system.

2.3.5 Numerical Examples

In Fig. 2.2, we plot the throughput of the secondary system as a function of the
beam selection threshold vp for different beam number M. We can see that larger M
leads to larger throughput, as the secondary system enjoys more diversity gain. We
also observe with the increase of the beam selection threshold vp, the throughput of
the secondary system gradually reduces to 0. This is because with larger vp, fewer
usable beams will be fed back to the SBS, resulting in smaller diversity gain for the
secondary system. We also compare analytical results with Monte Carlo simulation
results for M =5 case. We can see our analytical results perfectly match simulation
results.

In Fig. 2.3, we plot the upper bound and simulated exact outage probability
of the primary system as a function of outage threshold ~;, with M = 5 beams.
We can see that when v, < vp, the curve follows exponential distribution; when
vp < Vi, the outage performance will suffer burst degradation. This is because the
SBS may select the beam that leads to the received SINR at PR smaller than ~,, for

transmission. We also observe that with known outage threshold vy, the increase of
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Figure 2.3: Outage probability of the primary system (M = 5).
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~vp can not affect the value of the outage probability, while reducing the throughput of
the secondary system. Therefore, to avoid the burst increase of the outage probability
of the primary system, as well as achieve the maximal throughput of the secondary
system, the beam selection threshold should be equal to the outage threshold of the

primary system.

2.4 Cooperative Active Beam Selection for Multi-
ple SUs

For multiple SUs case (K > M), the SBS serves multiple selected SUs with multiple
beam-forming vectors. Then PR will suffer interference from all active beams. To
maximize its sum-rate, the SBS needs to select a maximal number of active beams
to serve its SUs, while trying to ensure the received SINR at PR is above the SINR
threshold ~p. In this case, we consider two power allocation strategies for proposed
beam selection scheme. In the first strategy, termed as constant beam power co-
operative active beam selection (CBP-CABS) strategy, the transmission power on
each beam remains constant regardless the number of active beams. With constant
total power cooperative active beam selection (CTP-CABS) strategy, however, the
total transmit power is equally allocated only to the active beams and, as such, the

transmission power on each beam changes with the number of active beams.

2.4.1 CBP-CABS Strategy

At the beginning of each channel coherence time, PR estimates the received signal
power Pg, and then sends it to the SBS. The SBS estimates the channel vector from
the SBS to PR, and then calculates and ranks the projection amplitude square a,
for each beam, the order version of which is denoted by a,,.ar, where aq.ps > ao.pr >
<o« > apr.u- After that, the SBS calculates the received SINR at PR when the SBS
uses the m best beams, i.e. the m beams that generate the least interference to PR,
corresponding to aps_ma1. to aprar. The total interference power at PR can be
given by Zf\i Mema1 Ii(,f@)7 where Ii(fn) denotes the interference power from the ith best

beam with beam power %, given by

1 P
I
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Note that the transmit power on each beam is constant, independent of the number

of active beams. Then the received SINR at PR, when m best beams are used for

(B)

transmission, denoted by v, ’, can be given by

(B) _ Pr
Tm = M ](B) 9’
2 +a3

i=M—-—m+1 "i,m

1<m< M, (2.27)

where o2 denotes the noise variance at PR. By substituting (2.1) and (4.24) into
(2.27), we have

ol
7{B) = 1<m< M. (2.28)
MdA Zz M—m+1 Qi M + FU2

If the received SINR with m best beams is larger than the beam selection threshold

vp, whereas the received SINR with m + 1 best beams is less than vp, i.e. 'y,(f) > YD

and 77(521 < 7p, the BS then uses the m best beams for transmission. It is worth
noting that the received SINR at PR can be smaller than vp even when the BS uses

(B)

the best beam only for transmission, i.e. the received SINR ~;77 < vp. In this case,

the SBS will hold transmission for a channel coherence time.

2.4.2 CTP-CABS Strategy

With CTP-CABS strategy, the total transmission power of SBS, Pg, is uniformly
allocated only to those active beams. The total interference power at PR when
the m best beams are used, can be written as ZZ Me—mt1 ]gn, where I ) denotes
the interference power from the ith best beam when m best beams are used for

transmission, given by

1 P
IZ(’Q:(Fd)\)( S)asz Z:M_m+17’M (229)

Note that in this case the allocated power on each active beam is %. Then the

received SINR at PR, when m best beams are used for transmission, can be given by

#lgl?
D) — 1<m< M. (2.30)
md>‘ Zz M—m+1 Qi + FU2
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Similar as CBP-CABS scheme, the SBS will use m selected beams for transmission if
and only if 7,(,:{ ) > ~p and 77(721 < 7vp, and hold transmission if %T) < vp.

For both strategies, the SBS will perform random beamforming transmission [33,
34] with the selected beams.

2.4.3 Performance Analysis

Different values of vp will lead to different performance tradeoff between primary

and secondary systems. In the following, we derive the closed-form expression of the

outage probability for the primary system with both beam selection strategies.
Conditioning on the number of active beams used for transmission, denoted by

N,, the outage probability for CBP-CABS strategy can be represented as

M
Fod (vn) = D Pr(f? <y, Nu = m]. (2:31)

m=0
According to the CBP-CABS strategy, the number of active beams N, is equal to m
(1 <m < M) if and only if 7,(1?) > ~p, and ’yﬁﬁzl < 7vp. Furthermore, the number of
active beams N, is equal to 0 if the SINR threshold requirement can not be satisfied

with the best beam used for transmission i.e., %B) < 7vp, and equal to M if the
received SINR is larger than vp with all M beams active, i.e., %(\f) > vp. Therefore,

we can rewrite (2.31) as

M-1
P () = D Pr Lff) <Y 7P 2 10,10 < VD}

m=1

+ Pr

P
= < < vp] +Pr [w) <A < %h] o (2.32)
p

For the case of v, < 7vp, (2.32) can be simply calculated as

02D
Psﬁ)(%h) =Pr [PR < aﬁm} = / frp(x)dz, (2.33)
0

where fp,(z) denote the PDF of Pg, given by (2.24). By substituting (2.24) into
(2.33), P () can be calculated as

out

2
_9pTth

P(B)(%h) =l—e "r, <D (2.34)

out




22

For the case of vy, > vp, (2.32) can be mathematically calculated as

min(yp y+z+<7p) ’Yth(y+02))
out fyth Z / / / fPR(«T)

(y+o3)
szm 1B (B ( Yy, )dxdydz

i,m+1"m+1,m

mln(%hap,’yD (y+<7§))
T / / Frp () frgp (z)dady

Yen (y+o3)
/ / M I(B)( )pr(ZE)diL‘dy, (235)
y+02) z 174,

;5 (z,y) denote the PDF of M [ﬁw and

i=1"i,m+1

where fZ II(B)( x), and f(B) T

m+1
the joint PDF of > 1", L +1 and I,,4+1m+1, respectively, the closed form expression
of which can be obtained as [29]

M-1

oo (o) = e T (2.36)
M (B) —F .
sl Pg/[(M—l)!
and
e _z+(M-—m)y
le Ps
f (B) (B) (LU, y) = m
S L gt I g1 m ml(m — 1)/(M —m — 1)'PS+1
m—1
X ( ) (x = jy)" Uz = jy), = <my, (2.37)

Jj=0

respectively, where U(+) denotes step function, and Pg = for notational concise-

MrdA
ness. By substituting (2.24), (2.36) and (2.37) into (2.35) and carrying out integra-

tions, we can obtain the closed form expression of Po(ut) (ven) for CBP-CABS stratagy



as
Po(ut)(Pyth> =
M-1 " Mem M [ _mp
_ o ; D
Lim=1 (M—m)!{(m—1){(M—m—1)1Py "1 Yico (M) (=) e Fm
_m _ 1 _ ap | _ _m _ o _ 1 _ b
[Rl( Ps' s PR) R2< Ps P Ps PR)]
2
2 YD%% Ythp
Yth%p = _th
—e P _m 1 h e Pr . e PR
e RS( Ps’ Ps PR>}+ _ M — v
o] ()
2
Yihop  Mpo] _2D% —(M+'”3)p(72
tloe Fn o Ps el \TP T b > VD
+J\/IPR
Upf'yth,
l—e Pr | Yth < YD,
where
—m— A
_ 1)LFAGM =12 (M —m—1)! (M — m—l—t)
Ri(e,y) — Z Aot ,tz g
(Mfm))‘it ,L')\ft
[z +y(M —m)|M-—m=t  (z+yi)M—m=t [’
Ry(z,y) =

Rl(m,y)L{(i - 2) + {Rl(x,y) ) (xy f_”%_p) }{u(i - z) —u(; — (M - m))}
*{SQ (e Ty e = [ (o025

S i) U - e -m)

and

Bswy) = 5 (x’y’ 1%3/)) {u(; _Z) _UC) - _m)>} {Sl (x . 1%2/))

(e i) - 2 (i) }“(i “eem)
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(2.38)

(2.39)

(2.40)

(2.41)
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where
M—m—1 A
_ A Mom—1-x_ (M —m—1)! (-1*
Si(z,y,2) = Z (—1) (M—m—l—A)!Z()\—t)! t+1
A=0 t=0 Y
M—-—m—1—t
Z (—1)7 (M—m—1-1)!
= (M—m—1—t—j)!
SM—m—1—t—j;\—t (s-+iy)z 2, =t (=o)X I —t
(@ + gy L
Mﬁmii)\ﬂﬂ(_l)j (M =m—1-X+s) M-m-1-drs—jelzty)z (2.42)
=0 (M—m—1—-X+s—j) (@ + )+ C
and
M—m—1 N Me—me1_x A
Sa(,y, 2) y Womeo D= m A (-1)*
PACZR) ~ (M—m—l—/\)' — (A_t)lyt-Fl

M—fl‘t (M —m—1—t)(=1)izM-m-1-t=j

(M—-—m—1—t—j)

i=0
(M _ m))\—te(x+y(M—m))z ,L')\—te(x+yi)z
o+ y(M —m)P+t (2 gyt [

(2.43)

where p = ff—; — 1. Note that the outage probability for CTP-CABS strategy can also
be obtained by following similar procedure as CBP-CABS strategy, which is omitted
here due to space limitation.

In Fig. 2.4, we plot the outage probability of the primary system as a function
of the outage threshold 4, for M = 2 antennas. We can observe that for the case
of v < vp, the primary system has the same outage probability as no interference
case. For the case of v, > vp, the outage probability of the primary system will
suffer burst degradation. This is because the secondary system may transmit with
beams that lead to the received SINR at PR below +;,. We can also observe that
the outage performance for CBP-CABS strategy is slightly better than CTP-CABS
strategy when =, is small, and worse when ~,, is larger. When 4, is very large, the
difference between the outage probability of these two strategies disappears.

In Fig. 2.5, we plot the average sum-rate of the secondary multiuser MIMO system
as a function of the beam selection threshold ~yp for different user number K for M = 2
antennas, assuming the user selection scheme proposed in [35] is used. According to
[35], each secondary user feeds back its best beam index and the corresponding SINR

value to the secondary base station. For example, if the mth beam leads to the largest
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SINR for the kth user, then the kth user will feedback the beam index m and the
corresponding SINR value ~;,,. Based on the feedback information, the secondary
base station assigns a beam to the user with the largest SINR value among all users
who feed back the index of that beam. Specifically, the base station ranks all K
feedback best beam SINRs. If 74, is the largest one among all K SINRs, then the
base station selects the kth user for the mth beam. After that, the base station will
rank the feedback SINRs for the remaining beams. If now -, ; is the largest one,
where | # m and n # k, then the base station assigns the /th beam to the nth user.
This process is continued until either all beams have been assigned to selected users
or there are some unrequested beams remaining. In the later case, the secondary base
station will randomly select users for the remaining beams. The ergodic sum rate of

the resulting system, when N, beams are available, is given by

m=1

Nq
Ry, - E{m}xa_l{ Zlogxlﬂzam)} (2.4

where g is the received SINR of the selected user on the mth beam.

We can observe that with the increase of vp, the sum-rate of the secondary system
gradually reduces to 0, as expected by intuition. The CTP-CABS strategy always
leads to larger sum-rate than CBP-CABS strategy. Therefore, to avoid the burst in-
crease of the outage probability of the primary system, as well as achieve the maximal
sum-rate of the secondary system, the beam selection threshold vp should be equal
to the outage threshold 7. The CTP-CABS strategy should be used to improve
secondary system sum-rate performance. We also compare analytical results with
Monte Carlo simulation results for K = 20 case. We can see our analytical results

perfectly match simulation results.

2.5 Concluding Remarks

We proposed cooperative beam selection strategies to regulate the received SINR for
the primary system while achieving the maximal sum-rate for the secondary system.
For single SU case, we proposed a cooperative usable beam selection (CUBS) strategy,
where PR only needs to feed back to the secondary system the received signal power
from the PT to PR, based on which the SBS calculates the received SINR at PR for
each beam, and decides usable beams that lead to the received SINR at PR larger
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than a predefined threshold. We derive the upper bound expression of the outage
probability for the primary system and throughput for the secondary system. For
multiple SUs case, we proposed two cooperative beam selection strategies, termed as
CBP-CABS and CTP-CABS, to select a maximal number of beams that the secondary
multiuser MIMO system can use while satisfying the received SINR requirement at
PR. We also analyzed the exact outage performance of the primary system for each
strategy, and investigated the tradeoff between primary system outage probability
versus secondary system sum-rate performance. The result shows that CTP-CABS
strategy can achieve larger sum-rate for the secondary system without significantly

affecting the outage performance of the primary system.
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Chapter 3

Performance of Overlaid Wireless
Sensor Transmission with RF

Energy Harvesting

3.1 Introduction

Wireless sensors are used in a wide range of applications, such as environment moni-
toring, surveillance, health care, intelligent buildings and battle field control [1]. The
sensor nodes are usually powered by batteries with finite life time, which manifests as
an important limiting factor to the functionality of wireless sensor network (WSN).
Replacing or charging the batteries may either incur high costs for human labor or
be impractical for certain application scenarios (e.g. applications that require sensors
to be embedded into structures). Powering sensor nodes through ambient energy
harvesting has therefore received a lot of attentions in both academia and industrial
communities [2, 3]. Various techniques have been developed to harvest energy from
conventional ambient energy sources, including solar power, wind power, thermoelec-
tricity, and vibrational excitations [4, 5, 6, 7].

RF energy is another candidate ambient energy source for powering sensor nodes.
Recently, there has been a growing interest in RF energy harvesting due to the inten-
sive deployment of cellular/WiFi wireless systems in addition to traditional radio/TV
broadcasting systems [8]. It has been experimentally proved that RF energy har-
vesting is feasible from the hardware implementation viewpoint. In [9], the authors

developed prototypes for devices that communicate with each other using ambient
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RF signals from TV /cellular systems as the only power source. In [10], the authors
present the experimental performance (e.g., charging time of the sensor and received
signal power at the sink) of RF energy harvesting using PowerCast energy harvesters
[11].  Although these previous works have proved a visible future for the wireless
applications based on RF energy harvesting, most performance results are obtained
through laboratory experiments. There is still a lack of effective theoretical mod-
els that can analytically predict the performance of WSNs powered by RF energy
harvesting.

In this Chapter, we consider an overlaid sensor transmission scenario where a
sensor-to-sink communication link operates in the coverage of an existing wireless
system over the same frequency. Unlike conventional WSN implementation, where
both the sensor and the sink are equipped with reliable power supplies, we assume
that only the sink has a constant power source and that the sensor needs to harvest
RF energy from the transmission of existing wireless system. Specifically, the sensor
node can only harvest RF energy when its received signal power is larger than a cer-
tain sensitivity level [25]. As such, the existing system, being either cellular, WiFi or
TV broadcasting systems, serves as the ambient source for sensor energy harvesting
and as interference source during sensor transmission. Such an overlaid implemen-
tation strategy of RF-energy powered WSN has the potential to offer attractive and
green solutions to a wide range of sensing applications, particularly in view of the
increasingly severe spectrum scarcity. While scavenging the radiated RF energy from
existing system, the RF energy powered sensor transmission will introduce very lim-
ited interference to existing systems, due to its low transmission power and short
transmission duration.

In this work, we investigate the packet transmission performance of the sensor-to-
sink link over Rayleigh fading wireless channels. Considering sensor’s limited energy
harvesting capability, we assume that the link is used to support low-rate sensing
applications with low traffic intensity. Specifically, we first consider delay sensitive
scenario, where the sensor needs to periodically transmit a new packet to the sink
with hard delay constraint. We evaluate the packet loss probability assuming no
retransmission is allowed. For delay insensitive traffic, where the sensing data must
be delivered to the sink without error at the expense of a certain delay, we calculate the
average delay of packet transmission over the link with harvested energy. Whenever
feasible, we derive the exact analytical expression for performance metrics of interest

in simple closed form, which facilitates fast evaluation and convenient applications
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to parameter optimization. These analytical results will help determine what type of
sensing applications that the proposed overlaid sensor implementation strategy with
RF energy harvesting can effectively support.

The main contributions of this chapter can be summarized as follows.

e We characterize the RF energy harvesting capability of wireless sensor node
over Rayleigh fading channels over multiple channel coherence time. Especially,
the statistical distribution of the amount of energy that can be harvested over
a fixed number of channel coherence time is derived with the consideration of

energy harvesting sensitivity and efficiency.

e We study the packet loss probability of delay sensitive traffic, which is depen-
dent on the amount of harvested energy as well as the interference amount
experienced during packet transmission. We examine the effect of traffic inten-
sity and the energy storage capacity at the sensor on the packet loss probability

based on the exact analytical results.

e For the case of delay insensitive traffic, we propose two low-complexity trans-
mission strategies, depending upon whether the channel quality information of
the sensor-to-sink link, in terms of the received signal-to-interference-plus-noise
ratio (SINR), is available or not. When the received SINR information is not
available at the sensor, we present a stop-and-wait type retransmission strat-
egy to guarantee successful packet delivery for low-intensity delay-insensitive
traffic. We also explore the available SINR information to adaptively transmit
the packet only when the channel quality is acceptable, which leads to more

effective utilization of the harvested RF energy.

e We carry out accurate average delay analysis with both transmission strategies
for delay insensitive traffic. We derive the statistical distribution of the number
of coherence time needed for fully charging the sensor. For the channel aware
transmission strategy, we also derived the exact distribution of total transmis-
sion delay. Finally, we apply the analytical results to investigate the optimal

sensor node design to minimize the average packet transmission delay.

The remainder of the Chapter is organized as follows. In Section 3.2, we intro-
duce the system and channel model under consideration. The performance of the

proposed sensing implementation for delay sensitive traffic is evaluated in Section
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3.3. In Sections 3.4 and 3.5, we present and study two transmission strategies for

delay insensitive traffic. Concluding remarks are given in Section 3.6.

3.2 System and Channel Model

3.2.1 System Model

We consider the point-to-point packet transmission from a single-antenna wireless
sensor to its sink over a flat Rayleigh fading channel. The sink and the sensor are
deployed in the coverage area of an existing wireless system, which could be cellular,
WiFi or TV broadcasting systems. We assume that the sensor can harvest RF energy
from the transmitted signal of the existing system, and use it as its sole energy source
for transmission, as illustrated in Fig. 3.1.

We assume that the sensor works in two stages within one duty cycle, i.e., energy
harvesting stage and packet transmission stage. ! In the energy harvesting stage, the
sensor harvests RF energy from the radio transmission of existing wireless systems
over multiple channel coherence time. Typically, the sensor can harvest RF energy
only when the received signal power is larger than a power threshold, denoted by P,
[25]. In general, P, should be greater than the receiver sensitivity for information
reception.

During the packet transmission stage, the sensor will transmit its collected infor-
mation to the sink using harvested energy. We assume that the energy consumed for
information collection is negligible compared with the energy used for transmission
[28]. Then the energy that can be used for transmission is approximately equal to
the harvested energy. Also note that the sensor transmission will suffer interference
from the existing system in this stage, the effect of which will be further discussed
in the following sections. Due to the low transmission power and short transmission
duration, we ignore the interference that the sensor transmission may generate to the
existing system.

We assume that basic sensor network setup in [9] (e.g., access control method,
channel occupancy) is adopted in our paper, where the delay for access control and/or

carrier sensing is ignorable compared with energy harvesting duration.

IEnergy harvesting stage and packet transmission stage may correspond to sleep stage and wake
up stage, respectively, for traditional wireless sensors.
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3.2.2 Channel Model

We adopt a log-distance path loss plus Rayleigh block fading channel models for
the operating environment [30] while ignoring the shadowing effect for the sake of
presentation clarity. In particular, the channel gain between the BS and the sensor
remains constant over one channel coherence time, denoted by 7., and changes to an
independent value afterwards. Let h, denote the fading channel gain over the nth
coherence time, where h,, € CN(0,1). For notational conciseness, we use a,, to denote
its amplitude square, i.e. a, = ||h,||?, whose PDF for Rayleigh fading channel under

consideration is given by

fon(T) = €77 (3.1)

Then the instantaneous received signal power at the sensor over the nth coherence
time is given by P, = Pa,, where P is the average received power at the sensor due

to path loss, given by

Pr

P
T,

(3.2)

where Pr is the constant transmission power of BS, dy is the distance from BS to the

sensor, A is the path loss exponent of the environment, ranging from 2 to 5, and T’
PL(d())
PN

where dj is a reference distance of the antenna far field, and PL(dy) is linear path

is a constant parameter of the log-distance path loss model. Specifically, I' =

loss at distance dy, depending on the propagation environment.

We assume, as is the case in real world systems [10][11], the sensor can only harvest
energy when the instantaneous received signal power P, is greater than the sensitivity
level Py, and the harvested energy is proportional to P, — P,,. Consequently, the
amount of energy that the sensor can harvest during the nth coherence time can be

represented as [25]

B, - nTe( ih) th (3.3)
07 Pn<-Pth7

where 0 < 7 < 1 is RF energy harvesting efficiency. It follows that the amount of
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energy harvested by the sensor over N consecutive coherence time can be given by

N
EN) = min (Z E,, E> , (3.4)
n=1

where F, is the energy storage capacity of the sensor. 2

The transmission power of the sensor when it uses the harvested energy over N
coherence time is equal to %]j), where T denotes the transmission time duration. We
assume, with the notion of loW—rate sensing applications, that T is much smaller than
the channel coherence time T.. Let hs and g¢s; denote the fading channel gains from
BS to the sink and from the sensor to the sink, respectively, where h, € CN(0,1) and
gs € CN(0,1). The received SINR at the sink can be calculated as

N
B f’gd; |1gs
" TR P+ To?

I

Vs (3.5)

where dr is the distance from the sensor to the sink, d; is the distance from BS to the

sink, and o?

is the variance of the additive noise at the sink. In general, the sensor
and the sink are very close to each other, i.e. dy < dy =~ dj.

In the following, we study the performance of such overlaid sensor transmission
when it is used to support low-rate data traffics. These analytical results can help
design and optimize various system parameters, such as the number of channel co-
herence time for energy harvesting, IV, sensor transmission power, etc. In this paper,
we focus on properly designing energy storage capacity F,., while assuming system
parameters, such as BS transmit power Pr, sensor sensitivity Py, sensor energy har-

vesting efficiency 7, transmission time duration 7}, and channel model parameters to

be fixed.

2E,. can also be viewed as the energy threshold, above which the sensor can carry out packet
transmission. We will examine the optimization of this important design parameter in the following
sections.
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3.3 Performance Analysis for Delay Sensitive Traf-
fic

We first consider delay sensitive traffic in this section. For certain sensing applica-
tions, such as smart metering and environment monitoring, the sensor node needs to
periodically send their collected information (e.g. energy usage, temperature, humid
information) to the sink. Any delay in the delivery of these information may render
them useless. Therefore, the goal is to successfully transmit these information packet
within a fixed time duration. As such, an important performance metric for such
application is the packet loss probability, i.e. the percent of packets that could not
be delivered to the sink in time. We now analyze the packet loss probability of the
proposed overlaid sensing implementation with RF energy harvesting. An accurate
quantification of this metric will help determine the sensing applications that could

be supported with the proposed implementation.

3.3.1 Packet Loss Probability Analysis

We assume that the sensor must collect and transmit one packet to the sink over
a fixed time duration 7. The number of coherence time in T, denoted by N, is
approximately equal to EF—FJ The sensor will first harvest RF energy for N channel
coherence time and then transmit the packet to the sink using the harvested energy.
We focus on low rate sensing application and ignore the potential packet collision with
other sensors. We also assume that, with adoption of certain error correction coding
scheme, the packet can be successfully received by the sink if the received SINR at
the sink during packet transmission is above 7. As such, packet loss will occurs if
and only if the received SINR at the sink during packet transmission is below the
threshold ~v7. This may be due to insufficient harvested energy, poor sensor to sink
channel quality, as well as strong interference from BS. Mathematically, the packet
loss probability of the sensor transmission is given by

EM™
Tshd% ||gs

I

kg2 + To
I

Ppp, = Prlys < 1| = Pr] <r). (3.6)

Conditioning on E,SN), the packet loss probability can rewritten in terms of the PDF's
of E,(ZN), l|gs||?, and ||h||?, denoted by fE}(lN)('), fiigo12(+)s and fin,2(+), respectively,



36

as

Be oo Tord} (75 +To?)
e = / / Fita1e Finap W) f o0 (2)dydz. (3.7)
0 0 S

z

The PDF of ||h,||> and ||gs||* for the Rayleigh fading channel model under consider-

ation are commonly given by

fina (@) = flg 2(z) =€ (3.8)

After proper substitution and some manipulations, we can rewrite Pp;, as

E Tsypldyo?

¢ ze~ E
P = 1-— 2)dz. 3.9
o= | ( z+PTT7Td%>fE}<LN>() (39)

To proceed further, we need the PDF of the harvested energy over N coherence time,

[z (2). In the Appendix A, we derive the close form expression of f_)(7) as
h h

fon ()
( ( *@)N i Tzﬁfi%h
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where §(-) denotes the impulse function. The PDF of harvested energy over N =
1,2, 3 coherence time is plotted in Fig. 3.2. We can see that E,SN) follows a mixed
distribution with impulse at * = 0 and z = E., which represents the probability that
the sensor can not harvest any energy over N coherence time and the probability
that the sensor will be fully charged after N coherence time. With the increase of

the number of coherence time N, the continuous portion of probability mass moves
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Probability Density Function (PDF) of harvested energy

Figure 3.2: Distribution of harvested energy over N channel coherence time (E, =

0.006.7).

towards right, with the distribution of harvested energy spreads more widely along
the energy axis. This is because when N increases, the sensor has larger probability
to harvest more energy.

Finally, the packet loss probability for delay sensitive traffic can be calculated by
substituting (3.10) into (3.9) and carrying out numerical integration. Note that only

finite integration of some basic functions are involved in the calculation.

3.3.2 Numerical Results

We assume the same parameters for RF energy harvesting system as in [9]. In par-
ticular, the transmission power of BS is Pr = 10kW. The distance from BS to the
sensor, BS to the sink and the sensor to the sink are set as dy = 100 meters, d; = 100
meters and dr = 1 meter, respectively. The pass loss exponent A is assumed to be
3, the channel coherence time 7, be 100ms, and the transmission time of the sensor
T, be 1ms. The sensitivity of the sensor is assumed to be Py, = —10dBm = 0.1mW
[10]. For simplicity, we assume harvesting efficiency n = 1 and path loss constant
r=1.
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In Fig. 3.3, we plot the packet loss probability at the sink as a function of the
SINR threshold for different energy capacity E. with N = 3. We can see when ~r
is small, the packet loss probability shows approximately linear degradation. We
also observe that larger energy capacity E. leads to smaller packet loss probability.
However, the benefit of packet loss probability shrinks with the increase of the energy
capacity E.. This is because when FE. gets larger, the sensor has smaller probability
to be fully charged, such that the effect of the energy capacity on the packet loss
probability gradually reduces.

In Fig. 3.4, we plot the packet loss probability at the sink as a function of the
number of the channel coherence time before each packet transmission. We can see the
packet loss probability at the sink gradually reduces as /N increases, and converge to
a constant value when NN is very large. This is due to the existence of energy storage
capacity E., which limits the total harvested energy and in turn the transmission
power. Moreover, we notice that higher SINR threshold leads to higher packet loss
probability, as expected by intuition. Note that our analysis results accurately reflect
how the packet loss probability decreases with the increase of energy harvesting time
NT,, which can be used to predict whether the packet loss probability requirement

can be satisfied with a given maximum delay requirement NT..

3.4 Channel-Blind Transmission Strategy for De-

lay insensitive Traffic

We now consider the transmission of delay insensitive traffic with the proposed over-
laid sensing implementation with RF energy harvesting. We focus on low-intensity
traffic, whose packets need to be delivered to the sink reliably while suffering certain
delay. The delay insensitive traffic applies to the sensing scenarios that require high-
level data integrity but are less time-critical. The performance metric of primary
interest becomes the average delay for packet delivery, which for the sensor transmis-
sion with energy harvesting include the energy harvesting time as well as transmission
delay.

In this section, we adopt a channel blind transmission strategy where the sensor
will transmit the packet immediately after being fully charged, i.e. harvesting at least
E. amount of energy. If the transmission is not successful, the sensor will restart the

energy harvesting and packet transmission process until the packet is successfully
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received. We analyze the average delay performance for packet delivery with the
channel blind strategy in the following. We first derive the distribution of the time
required to fully charge the sensor, based on which we obtain the exact closed-form
expression on the average packet transmission delay with retransmission. We also
investigate the effect of energy storage capacity F. on the average packet delivery
delay and its optimization. We ignore the queuing delay in the analysis in this work
since our focus is on sensing applications with low traffic intensity. The results here
can however be applied to the queuing delay analysis of high-intensity traffic by

adopting certain queuing models.

3.4.1 Distribution of Charging Time

We first derive the statistics of the charging time, i.e. the number of T, that it takes
to fully charge the sensor. Let Pr[T; = KT.] denote the probability that the sensor
can be fully charged in K channel coherence time, which is equal to the probability
that the harvested energy during the first K — 1 coherence time is less than E.,
and that during first K coherence time larger than E..> Therefore, we can calculate

Pr[T, = KT,] as

K-1 K-1
Pr[T, = KT,] = Z Ej+ Ex > E, Y E; < E(]
j=1
EC C
— / fE(1) )fEékﬂ)(x)d:Edz, (3_11)
Ec.—z

where f_u) (7) denotes the PDF of the harvested energy in one coherence time, and
h
fE(Kq)(x) denoted the PDF of the harvested RF energy distribution over the first
h
K — 1 coherence time, both of which can be obtained from (3.10). After carrying

out integration and some manipulation, the close form expression of Pr[T; = KT.] is

3Random walk theory or Brownian motion can not be used here, as the distribution of harvested
energy over one coherence is mixed with impulse at 0 and FE..
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It is easy to show that the probability that the sensor can be fully charged in one

coherence time (K = 1) can be calculated as

_E¢ _Pth

Pr[T, =T, = Pr[E) > E,| = ¢ e 7 (3.13)

Finally, the average number of T, for fully charging the sensor is calculated as

Pyp,
+

K=Y KPil;=KT]= ]_DE et (3.14)

e
K=1 U

which is a linear function of the capacity of the sensor, as expected by intuition.

3.4.2 Packet Delay with Retransmission

The sensor node will start packet transmission after being fully charged. We again
assume that for the sink to successfully decode a packet, the received SINR should
be above a threshold 7. The packet error probability at the sink is mathematically
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given by
Py = Pr =P Al (3.15)
E=Fr|ys <~yr|=rFr 2 <, .
d_?THthQ + l'o?
where % is the sensor transmission power. The close form expression of Pgr can be

obtained using the PDFs of ||h||? and ||gs||?, given in (3.8), as

P
Tde%(dL;%Fo%

= /0 /0 ) Fitnol2 (@) fitguli2 (y)dwdy = 1 —

Lo Tsypd):

Eee  Ee
Ec + %TSVTd% '

(3.16)

If the received SINR at the sink is below v, the sensor will repeat the energy har-
vesting and packet transmission until the packet is decoded correctly. Consequently,

the average delay for successfully transmitting a packet to the sink can be calculated

as
_ _ . KT, +T.
Tep = (KT, +1T, P11 — Pg) = ———%, 1
cp = (KT. + )ZZIZ r (1= Pg) P, (3.17)

where the term KT, + T, represents the average time duration for one charging and
packet transmission cycle and Pj '(1 — Pg) denotes the probability that the packet
can be successfully delivered after ith transmission. Then by substituting (3.5) and
(3.14) into (3.17), the close form expression of the overall average delay for successfully

packet transmission can be given by

Top =

PrTordy | ot
14+ —F— Ee . 3.18
( + d}\ EC € ( )

3.4.3 Optimal Energy Storage Capacity

Intuitively, larger energy storage capacity of the sensor will lead to longer time re-
quired for fully charging the sensor, but smaller probability for transmission failure,
which will help reduce the average number of retransmission for packet delivery. Thus,

we are interested in finding an optimal energy capacity of the sensor, denoted by Ef. 5,
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to minimize Tcp. By calculating the derivative of T'op with respect to E, and setting

it to zero, we have

_ P ,
B! = To*Tord) BZ — Toyrdy | nP(—x + To)(T, + T, #)
I
PrTo*Tyyrd) _ .
L B, PP o T (T, + Tse—%)d_’f ~0, (3.19)
! I

which is the homogeneous equation of E,. with order 3. The optimal energy capacity
Ef.p is the solution of (3.19), that satisfies %?) < 0, % > 0 and E. > 0.
We found that for most practical values of system parameters, there only exists one
unique solution. One can easily find the ultimate minimum if more than one solution
exists, given the simplicity of the objective function.

Since in general the packet transmission time 7 is much smaller than the channel
coherence time T, for low rate sensing application targeted here, (3.19) can be further

simplified by omitting the terms involving O(T?) as

— P
E? —To*Tyypdy B, — nPT,Tyyrdy (d—f + rﬁ) = 0. (3.20)
I

Then the close-to-optimal energy capacity to minimize the average transmission delay

can be calculated as

To?Tyyrd) + \/ (To*Tyyrd})? + dnPT.Tyrdy (5 + To?)

EiLp ~ 5 . (3.21)

3.4.4 Numerical Examples

In Fig. 3.5, we plot the probability mass function (PMF) of the number of coherence
time needed for the sensor to harvest at least E. = 0.004.J energy. The PMF obtained
through monte carlo simulation are also presented. As we can see, the analytical
results match the simulation result perfectly, which verifies our analytical derivation.

In Fig. 3.6, we plot the average packet transmission delay for the channel blind
strategy as a function of the sensor energy storage E. with vy = 20dB. It is shown
that with the increase of F,., the packet delay first quickly reduces, and then gradually
increases. The reason is that, when E. is small, the sensor can be fully charged quickly,

but the sink can not decode the packet due to low received SINR. The sensor has
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Figure 3.5: Distribution of the number of channel coherence time required for fully
charging the sensor.

to retransmit the packet multiple times, leading to large average delay. When E.
increases, the delay for packet retransmission reduces as the transmission typically
enjoys high SINR, but the sensor now needs more time to harvest enough energy. We
also mark the approximated and exact values of the optimal energy capacity L.
We observe that the near-to-optimal solution achieves almost the same average delay

performance as the exact optimal energy capacity value.

3.5 Channel-Aware Transmission Strategy for De-

lay Insensitive Traffic

In this section, we consider an alternative transmission strategy for delay insensitive
traffic and evaluate its delay performance. Note that with the channel blind strategy,
the sensor will transmit its packet immediately after harvesting enough energy, which
may not be successful due to poor signal channel or strong interference in the coming
channel coherence time, and thus leads to the waste of harvested RF energy. To bet-

ter utilize the harvested energy, we consider a channel-aware transmission strategy
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in this section. Specifically, we again assume that the sensor will harvest RF energy
from the BS until being fully charged. After that, instead of transmitting its packet
immediately, the sensor will decide whether to transmit or not according to the in-
stantaneous received SINR estimation at the sink. A packet will be transmitted only
if the experienced SINR at the sink is larger than 7, which will lead to successful
delivery. If the SINR at the sink is below 7, then the sensor will hold its transmission
for future channel coherence time until the SINR is above vpr. We assume the sink
can precisely estimate the signal and interference channel, and feed back the SINR
to the sensor at the beginning of each channel coherence time.

We again focus on the average packet delay performance for packet delivery and
would like to quantify the benefit, if any, that the channel information can bring in
terms of delay reduction. Note that total packet transmission delay becomes the sum
of the sensor changing time, the waiting time for packet transmission, and the packet

transmission time T5.

3.5.1 Delay Analysis

We first derive the statistics of the waiting time for packet transmission, i.e. the
number of channel coherence time 7, that the sensor needs to wait before the SINR at
the sink is larger than 47 and packet transmission can start. Let Pr[T,, = MT,| denote
the probability that the sensor needs to wait M channel coherence time before packet
transmission, which is equal to the probability that the SINR at the sink during each
of the first M coherence time is less than 7, and that during the M + 1th coherence

time larger than 7. Therefore, we can mathematically calculate Pr[T,, = MT,] as

s T Tavpd) N M 2  To?Tsypd)
Ec Ec
Pr[T, = MT,] = P} (1 — Pg) = (1 s ) ( s ) (3.22)

- Ec + %TSVT(@\“ Ec + %TSVTd%

where Pp denotes the probability that the instantaneous received SINR at the sink
is below 7, which has been calculated in (3.16).

The distribution of the total delay for packet transmission can be given by

~

Pr(Toa = LT, + T, = Y _Pr[T; = KT,|Pr[T, = (L — K)T.], (3.23)

K=1

where Pr[T; = KT.| denotes the probability that K channel coherence time is needed
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to fully charge the sensor, which has been derived in (3.12) and (3.13). After substi-
tuting (3.12), (3.13) and (3.22) into (3.23) and some manipulations, the close-form

expression for the probability mass function (P

delay with channel-aware transmission strategy

PI[TCA = LTC + TS] =

MF) of the total packet transmission

can be calculated as
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e PnTc P (—C Py X )7 L = 1a
Ec“!‘@Ts’YTdT
Do Tgypd)
—Be P _ Py _Pin -—5 L
e Pt P (1—e [y S T)(Ecel_#)
PnTe Eet+ £ Toyrdy
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. Py FUQTS'deT FGQTder}
——c__"th - E B oP—
TR T Y] — - L=2
E.+ d} Ts'YTdT Ec"!‘gTs'YTdT
E n Fip o _ib
L P %ZK—I (K-1)!(1—e P )K-1l-ic %
K=3 =2 (—DE—2)(K—1—1)!
=2 \i—2—m Ym m m! : m—j 1—2—j
> om0l —1) City > im0 (m—j)! {(Z ="

Ec+P7’£Ts'YTd'/]\*
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With the PMF of T 4, we can readily calculate t

i—2—7)! 1 . o
(i—2(2—j—kj)3ik+1 {z’—l—zj—k [(in%ﬁ + %)Z T (%)Z . k}
[ + By - )

+ 2 (CU)TTTC z‘%j[(miﬁ ) - (3 J] (3.24)
P P i1
(Gl + By - By
_(%)i—l—j—ssi_'l[(fﬁ %)s-{—l_(%)s—f—l]
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Eet- L Toyrdy,
I

he average packet transmission delay;,

Tca. Alternatively, we can first calculate the average number of 7, that the sensor
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needs to wait for packet transmission using (3.22) as

— - Pr PrTyyrdy | cfwtord
M = MPrT, =MT,| = =14+ ——— Ec —1.(3.25
A;O o I=1-h ( T TR (3.25)

Finally, the average delay for successfully transmitting a packet to the sink can be
calculated, by combining the results in (3.14) and (3.25), as

Toa = (K+MT,+T,

Pin
v : PrTyyrd) \ rersvra

= | Ll g e (1 N ) S | T4 T (3.26)
P’r}Tc ECdI

3.5.2 Optimal Energy Storage Capacity

Intuitively, larger energy storage capacity at the sensor £, will lead to longer charging
time, but smaller waiting time until the received SINR at the sink becomes larger
than ~7. Thus, we expect there is also an optimal value of sensor energy capacity to
minimize Tc4. By calculating the derivative of T4 with respect to E, and setting

it to zero, we have equation

— T 2P Ts d>\ 2 o2y TsTd)

Pin
5 Fe T = 0. (3.27)
1

P
Toyrdy (—f + Io?
dy
To precede further, we apply Taylor series expansion to the exponential term around

T, which is typically very small, as

1"02 d>‘ 2 A
e BT ] 4 %TE +O(T2). (3.28)

By substituting (3.28) into (3.27) and omitting the terms involving O(77?), we have

— P P,
E? — nPT,T,ypdy (d—f + nﬁ) e =0. (3.29)
1
Then the close-to-optimal energy capacity to minimize the average transmission delay,

denoted by Ef.,, can be calculated as

— P P,
Eoy= \/UPTcTﬂTdf\r (d—f + F02> e F (3.30)

I



49

o
N

I Analysis
0.18F I Simulation(1000000 samples)|

0.16

0.12F b

0.1

0.08 i

0.06 i

0.04 b

0.02 i

Probability Mass Function of the number of coherence time

o

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Number of coherence time, L

Figure 3.7: Distribution of the number of channel coherence time needed for packet
transmission.

3.5.3 Numerical Examples

In Fig. 3.7, we plot the PMF of the number of coherence time needed to transmit a
packet with the channel-aware transmission strategy for £, = 0.004J and yr = 20dB.
The Monte Carlo simulation results are also presented. As we can see, the analytical
result matches the simulation result perfectly, which validates our analytical approach.

In Fig. 3.8, we plot the average packet delay as a function of the energy storage
capacity of the sensor for both channel aware and channel blind transmission strate-
gies. It is observed that with the increase of E., the packet delay for the channel
aware strategy first quickly reduces, and then gradually increases in an close-to-linear
fashion. The reason is that, when FE, is small, the sensor can be fully charged quickly,
but has to wait for a long time until the received SINR at the sink is larger than
~vr, leading to large average total delay. When F, increases, the delay for waiting
for packet transmission reduces, but the sensor needs more time to get fully charged.
We mark the approximated values of the optimal energy capacity Ef.,. The near-
to-optimal solution achieves almost the same average delay performance as the exact

value of optimal energy capacity. Fig. 3.8 also shows that the average packet delay of
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the channel aware strategy is much smaller than that of the channel blind strategy.
The instantaneous SINR obtained at the beginning of each coherence time not only
helps avoid wasted packet transmission and the associated recharging, but also reduce
the average total packet transmission delay. This observation is further confirmed in
Fig. 3.9, where we plot the average packet delay as a function of the SINR threshold
~r for both channel aware and channel blind strategies. It is observed that with the
increase of yr, the packet transmission delay for both strategies increase quickly, and
the packet delay for the channel blind strategy grows faster than that for the channel

aware strategy.

3.6 Concluding Remarks

In this Chapter, we investigated the packet transmission performance of wireless sen-
sor nodes powered by harvesting RF energy from existing wireless systems. Different
from previous works, we considered the packet effect of fading channel variation on
both energy harvesting and information transmission. For energy harvesting stage,
we investigated and obtained the close-form expression of the distribution functions
of harvested energy over multiple channel coherence time. The distribution of har-
vested energy is calculated based on a practical operation model for energy harvesting,
considering harvesting sensitivity, harvesting efficiency and energy capacity. For the
packet transmission stage, we took into account the effects of interference from ex-
isting wireless system. We accurately quantified the transmission performance of
the proposed implementation for sensor applications with low traffic intensity. We
also investigated the optimization of energy capacity of the sensor to minimize the
average delay for delay insensitive traffic. The analytical results will greatly facili-
tate the practical design of sensor network powered by RF energy harvesting for the

appropriate target sensing applications.
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3.7 Appendix: Distribution of Harvested Energy

over N Channel Coherence Time

We first consider the one coherence time case, i.e. N = 1. The CDF of the harvested
energy can be simply represented as

Fy(2) = Pr[EY < 2] = Pr[E, < 2], z < E.. (3.31)

After substituing (3.3) into (3.31) and some manipulation, we have

x Pin

FES)(x) =1—e 1P P x<E. (3.32)

For the multiple channel coherence time case, i.e. N > 1, we denote the number of
channel coherence time, in which the sensor can harvest energy, by N,. According to

the total probability theorem, the CDF of the harvested energy is shown as

E

N N
Fooo(z) =Pr[E)Y) <a] =Y P> E, <a,N,=i]. (3.33)
h
0 n=1

i=

When the ith largest received power is larger than P, and the (i + 1)th largest
one is lower than P, the number of coherence time that the sensor can harvest
energy is N, = i. We denote the ordered version of N i.i.d. random variables «,, as

Q1N > Qo.y > -+ > apn.y, and the sum of the i—1 largest variables as [3; = Z;;ll QjiN-
T'd}, Py,

£—=. Therefore,
T

A
We can show that N, = ¢ if and only if a;.x > ng—fth and o;11.v <
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Fg, (x) can be calculated as

I _ N_IP z 1P, < Din Pin 334
E;LN)(SL’) = Z; r[B; + apn < nT? + ?7051':N Z faaiH:N < f] (3.34)

Py, Py, x Py, Py,
+ Prla <—+P—<Oé < + =,y < —
[E3WY; P] [P ey B R ]
X NPth Pth
+ Pr +ay.y < — 4+ ——,ay.N > —
N znT(- + ﬁ.k“t%h_y %
= E :/ fﬂi:ai:N,aiJrl:N(t?y?z>dtdydz
=2 % (i-1)y

Th Th
P
+ / fOél N dt + / / fa1:N,a2:N (tv y)dtdy
0

Pip

NnTCPJr? nTCP+ P
+ /( 7 o (1 y)dtdy,

Zth —
+ N-1)y

where fal:N (l’, y)7 fa1;N,Oz2;N (l‘, y), fﬁNﬂN:N (ZE, y)? and fﬂivai:NvaiJrl:N (Ia Y, Z) are the marginal
and joint PDFs of a;.y and ;. In particular, their closed-form expression for Rayleigh

fading environment under consideration can be obtained as [29]

fOé1:N (x) - Ne_m(l - e_x)N_17 (335)
fal:N7a2:N (:L', y) =

e "Y1 — e )N 2, (3.36)

Fow o (23) = ﬁ[w (N =Dy e, 2> (N— 1)y, (3.37)

N!e—ﬂf—y—Z(l _ e—z)N—i—l[x _ (Z _ 1)y]i—2
(-DG-2(N—i-DF

fﬂiaai:N7ai+1:N (ZL’, Y, Z) = ﬁ >y >z (338)

By properly substituting (3.35), (3.36), (3.37) and (3.38) into (3.34) and carrying

out integration, the close form expression of the CDF of harvested energy over N
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coherence time is obtained as

FEéN) (l’) =

( Pip iPyp

N N!(1—e P )N-ig" P i—2 N\ i—2—m Ym m m!
s ((i—l)!(z'—Z))!(N—i)! DL = 1) 2O 2 i (m—j)!
. m—i N~i—2—j i—2—7)! i—2—j—k
{(Z— DK Wy JW[(%) !

=z i—2—j—k =z i L
—e nTP(mTLEﬁ_i_%)l J — ¢ P Z;”:OJ(_Um J sCrSn—j

- i-1-7—s i—1—j—s (3_39)
(L —|— ”D_th)s (ln;cﬁ—"_%) _(i}"h) } + (1 _ 6_%)]\[
nTcP P i—1—j—s
x P,
EN(L— e W (e e ), < B,
17 T > Ec-

\

After taking derivative with respect to x, the PDF of E,SN) is derived and given in
(3.10). Note that the PDF involves two impulse function at 0 and E. due to the

capacity constraints.



5}

Chapter 4

RF Energy Harvesting with
Cooperative Beam Selection for

Wireless Sensors

4.1 Introduction

The secondary transmiter can serve as both data source for its own users and RF
energy source for RF-energy-powered sensor nodes. In [32], the authors investigate
simultaneous wireless transmission and energy harvesting by designing optimal beam-
forming vector and power splitting ratio. It is shown in [25] that with channel infor-
mation at the energy source node, multi-antenna transmission can help increase the
amount of harvested energy at the energy receiving node. Inspired by [25], we consider
a practical cooperative charging scenario in this paper, where an existing multiuser
MIMO system helps the energy harvesting of a RF-energy-powered sensor node, while
simultaneously serving its own users. We adopt random unitary beamforming (RUB)
as the transmission scheme for multiuser MIMO systems, which requires very low
feedback load, and has been incorporated in several wireless standards [33, 34]. We
propose a RUB-based cooperative beam selection scheme, where the base station
(BS) of the existing system selects the best beams for transmission, while trying to
satisfy energy harvesting requirement of the sensor, i.e. the harvested energy over
each coherence time is above a predefined energy threshold. Specifically, for the single
sensor case, the BS of the MISO system selects the best beam for transmission. The

number of usable beams that the BS can select from to serve its user is reduced. We
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derive the closed-form statistical distribution of the amount of energy that can be
harvested at the sensor, and throughput of the existing MISO system. For the multi-
ple sensors case, the BS of the multiuser MIMO system selects a maximal number of
active beams for transmission, while trying to satisfy energy harvesting requirement.
With a constant total transmission power, the BS can enhance energy harvesting at
the sensor by concentrating the transmission power on selected beams. Meanwhile,
the number of users that the BS can serve simultaneously is reduced. To evaluate
the performance tradeoff between the average harvested energy at the sensor and the
existing multiuser MIMO system, we derive the closed-form statistical distribution
of the amount of energy that can be harvested , as well as the sum-rate of existing
MIMO system with the proposed cooperative RF energy harvesting scheme. These
analytical results will help determine the optimal energy threshold value that can
satisfy requirements of certain sensing applications, while considering the negative

effect on the multiuser MIMO system.

4.2 System and Channel Model

4.2.1 System Model

We consider a single-antenna wireless sensor node deployed in the coverage area of
an existing RUB-based multiuser MIMO system, which could be cellular or WiFi

! can harvest RF energy from the transmitted signal of the

systems. The sensor
multiuser MIMO system, and use it as its sole energy source, as illustrated in Fig.
4.1. The multiuser MIMO system consists of single BS with M antennas and K
single-antenna users. The BS can serve up to M selected users simultaneously
using random orthonormal beams generated from an isotropic distribution. Let
W = [wy,Wa,...,wy]l denote the set of beam vectors, assumed to be known to
both the BS and its users. The transmitted signal vector from M antennas over one
symbol period can be written, assuming m beams are active, as x = Z;’;l \/%stj,
where s; denotes the information symbol for the jth selected user. Here, we assume
that the transmission power Pr is constant and equally allocated to different active

beams.

!The sensor can also be a special user of multiuser MIMO system.
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Figure 4.1: System model for RUB-based cooperative RF energy harvesting.
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4.2.2 Channel Model

We adopt a log-distance path loss plus Rayleigh block slow fading channel model for
the operating environment while ignoring the shadowing effect [30]. In particular,
the channel gain between the BS and the sensor remains constant over one channel
coherence time, denoted by T., and changes to an independent value afterward. Let
h, = [heys Beys - -+ hey, )t denote the fading channel gain vector from the BS to the

sensor, where h,, € CN(0,1). Then the harvested energy at the sensor from the ith

beam, when m beams are active, can be given by

T, P
b= (gdA > (_T) ’heTWiIQ, 1=12,...,m, (4.1)
H

m

where dp is the distance from BS to the sensor, 7 is the energy harvesting efficiency;,

A is the path loss exponent, ranging from 2 to 5, and I' is a constant parameter
PL(do)
dy

in the antenna far field, and PL(dy) is linear path loss at distance dy, depending

of the log-distance model. Specifically, I' =

, where dj is a reference distance

on the propagation environment. For notational conciseness, we use «,, to denote
the amplitude square of the projection of h, onto w,,, i.e. a, = |hl'w,,|?, whose
probability density function (PDF) for Rayleigh fading channel under consideration
is given by

Jam(x) =" (4.2)

4.3 RUB-based Cooperative Energy Harvesting for

Single Sensor

4.3.1 Mode of Cooperation

With the proposed cooperative energy harvesting scheme, the BS will select the best
beam to serve the user, while ensuring that the harvested energy at the sensor node
during each coherence time is above a predefined energy threshold Ey.

At the beginning of each channel coherence time, the BS first estimates the channel
vector from the BS to the sensor. The BS then calculates and ranks the projection
amplitude square «,, for each beam, the order version of which is denoted by «,,.as,

where aq.ps > Qo > -+ > apng. After that, the BS calculates the amount of RF
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energy that the sensor can harvest when the BS uses each beam, corresponding to
a1 to aprar. Specifically, the harvested energy denoted by Ej.ps, when the ith best

beam are used for transmission, is given by

By = ("PTATC>ai:M, i=1,2,... M. (4.3)
L'dy,
If the harvested energy from the ith best beam is larger than the predefined energy
threshold Ey,, whereas the harvested energy from the (i + 1)th best beam is less than
Eyp, ie. Epy > By, and Eip1.y < Ey, then the BS selects one beam from best ¢
beams, corresponding to aq.5; to .z, to serve its user. It is worth noting that the
amount of harvested energy at the sensor may be smaller than E}, even when the
BS allocates the best beam j* corresponding to ay.a, i.e. j* = argmax;(|hl w;|?).
In this case, the BS will still use beam j* with transmission power Pr to charge the

sensor as well as serve its user.

4.3.2 Distribution of the Number of Usable Beams

In the following, we derive the probability mass function of the number of usable
beams M, (1 < M, < M) that the BS can use, which will be applied to the through-
put analysis for the MISO system.

According to our proposed cooperative beam selection scheme, the number of
usable beams M, is equal to m (1 < m < M) if and only if E,.,; > Ei,, and
E,i1.mq < Ey,. Furthermore, the number of usable beams M, is equal to 1 if the
energy threshold can not be satisfied with all transmission power Pr allocated to the
best beam, i.e., Fy.); < Ejp, or if only the best beam can lead to harvest energy larger
than Eyp,, i.e., E1. > Ey,, and Fo.)y < Ey,. The number of usable beams M, is equal
to M if the harvested energy is larger than FEy, with Pr allocated to the worst beam,
i.e., Eypyr > Ey,. Therefore, the probability that M, beams are usable can be given

Pr[Eyy < Ew) + Pr[Evy > B, Eoy < By, i=1,
Pr[M, =i] = Pr(Ein > Ew, Eivi.m < Eu), 1<i1< M, (4.4)
Pr[EM:M Z Eth]7 1= M.
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After substituting (4.3) into (4.4) and some manipulations, (4.4) can be rewritten as

fO fOCI IM de + fO fEth qu M, (XQM('I y)dxdyv /L = 17
Pr[Ma = Z] = fo fth fCVLM Qi+ 1: M (x y)dxd:% I<i< M’ (4'5)

f%faM:M ) z, i:M,

where A is a constant parameter equal to Z’%, the PDF of ay.)s, and a7, and the
H

joint PDF of «.p and «;41.a7, can be given by [29]

fal;M (l’) - M(l - e—m)M—le—x7 (46)

Mle~ie=y(1 — ¢=v)M=i-1

fai:]\/laai+1:]\4 (xay) = (’L — 1)‘(M i 1)' , T >, (47)

and
fa]W:M (‘r) = Me_an (48)

respectively. By substituting (4.6), (4.7), and (4.8) into (4.5) and carrying out inte-

gration, the close form expression of Pr[M, = ] is calculated as

—1)J (= Ep
MY () S et DT
1\ By,
PR S o OGSy
Pr[M, =i| = (M 2)' Jj=0 ( J )]+1'( ) i (4.9)
z]'\/[]:; i—1)! M l 1( 1)7 (Mijlil)j%(l—g*@ﬂ) f\h)’ 1<i<M,
e_ME}ih Z:M’

4.3.3 Throughput Performance Analysis for the MISO Sys-

tem

We are interested in the average throughput of the MISO system, which can be

calculated as

R=> Pr[M, =R, (4.10)
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where Pr[M, = i] denotes the probability that i beams are usable, given in (4.9), R;
is the average throughput when ¢ beams are usable, which can be calculated using

the distribution of the largest SNR among all usable beams, as
R, = / logy(1 + )y, (¥)dw, i=1,2,..., M, (4.11)
0

where f,, ,, (z) is the PDF of the largest received SNR 7.5, at the user, given by
[29]

=

28

(1—e )Mt (4.12)

f'Yl:Ma (%’) = 7 6_

where 77 denotes the common average received SNR for each beam. By sustituting

(4.12) into (4.10) and some manipulation, the close form expression of the throughput

of the MISO system can be calculated as

M M, Mad e%l n+1
R = ZPr[Ma:ﬂ{ln; Z(—l)”*lc&aanrlEi(— - >} (4.13)
i—1

n=0

where Ei(-) is the exponential integral function.

4.3.4 Energy Harvesting Performance Analysis

To evaluate the energy harvesting performance, we derive the exact statistical dis-
tribution of the harvested energy over one coherence time T, at the sensor, which
can be used for calculating average harvested energy, as well as packet transmission
performance of the sensor [31]. Conditioning on the number of usable beams for
transmission, the cumulative distribution function (CDF) of Ey can be represented

as

M
F,(x) =Y Pr[Ey <z, M, =m]. (4.14)

m=1
According to our proposed cooperative beam selection scheme, the BS selects the
best beam from all M, usable beams to achieve the largest throughput, whereas the

probability that each of M, usable beams is selected to charge the sensor is equal to
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-+ Therefore, we can rewrite (4.14) as

-1

1 m
Fp, (z 2—31 — ;Pr [EZ-;M <2, Byt > Euny Boviions < Eth:| n
| M
PriBuy <, Eva < Eul + Vi EPT |:Ei:M <, By > Eth:|. (4.15)
For the case of x < Fy,, (4.15) can be simply calculated as

%
Fiyy(2) = Pr[Brs < o] = / Foos W)y, @ < B, (4.16)
0

By substituting (4.6) into (4.16), Fg, (z) can be calculated as

M-—1 1)] '
Fg,(z) =M ( )—(1 — e UDR) 2 < Ey,. (4.17)
i g+l

J

For the case of x > Ey,, (4.26) can be rewritten as

Fi (@) = { / / o)

=1

3

m—1

+ Z / / / Joint,mnts@m v, (W5 Y5 Z)dwdydz}
i=1

L
M

Evp

A
+/ fa1:M(y)dy7 x> Eyp, (4.18)
0

Eth faM M dy + Z /\Et Eyp, faii]\l7a]\/[:]\/fy(y’ Z)dydz}

A

where the joint PDF of oy, ayn.ar and ayy,i1.07, and the joint PDF of «;.py and oy
can be given by

faiZ]VI?aszva"L+IZ]\/f (x7 y’ Z)
M!e—im—y—z<e—y _ 6—z>m—i—1(1 _ 6—2)M—m—1
(t—DWm—i—1)(M —m—1)!

LT >y > 2, (4.19)

M!

foinnanead (Y5 2) = G~ D)I(M —i— 1)!6_iy_z(6_z — e_y)M_i_l, y >z, (4.20)
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respectively[29]. By substituting (4.6), (4.7), (4.19) and (4.20) into (4.18) and carry-
ing out integrations, we can obtain the closed form expression of F,, (z) for x > Ey,
as

(M MmN\ (1) E Mi(e=m R — e~mF)
Fg, (z) = m{ Z < : >j+1(1—e(+1)/\)}><{ (M — = 1)1

—(m—k—1) Eth (m—k—1)Z _ o Eth _
><e_(k_i_l)%e(mkl)A_e(mkl)A_emA_6mA _‘_i e—M%_er\
m—£k—1 m M
+M’1 M! Mot <M—z—1>( 1)M—i=j-1
P (i— 1M —1—1)! = i j+1
(s Eth
e (.7+1) A 6_(M_j_1)Eth 6_(M_J_1)%)_L(G_MEHL —Q_MX)]}
M—-j5—-1 M
M-1 ;
M —1\ (=1)) L E
iy (MO, g, (a21)
7=0

After taking derivative of (4.29) and (4.21), the closed-form expression of the PDF
of the harvested energy over one coherence time can be calculated as

fEH (:E) =
( . . -
A ML) (M) G, v < By

—1 ek Cm—1 (M—m—1y (~1)) (D) B
T S S (- oo |

M! M!
XN =DM —m—1)! +25 (m—i—)I(M—m—1)
i1 i1 1 m—i—k—1 _(k+1)(Eth_m) (422)
ZZ’L:OZ (m kZ )()T |:e A - 1:| }
71\[% M—1 M—i—1 (M—i—1 (_1)1&171'71971
MR {M+Zi1 =y ko () T

(k4 D)(Byp =)
|:e A — 1:| }, x Z Eth7
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which can be used to calculate the average harvested energy Ey in closed-form as

= j j+1 (G +1)7?
M—-1 _pBtn ( M—m—1 ;
n e { 3 (M —m— 1> ('—1)1] (1 e(a+l)%§")} X
m=1 m 7=0 J 7+
M(Ew+3) — M!
m!(M —m —1)! P (t—1Dl(m—i—-1)(M—-m—1)!
mzizl m—i—1\ (-1)m=i=k=17 . A Eg A
= k E+1 m—k—1 (m-k—12 m m?
_MmEth M-1 M—i—1 . Me—i—k—1
e VA A M! M—i—-1\(-1)
E — 7
L { th+M+Z(z—1)!(M—z—1)' kzzo ( k ) k+1
Eun A Ep, A
_Ew AL 4.2
[M—k—1+(M—k—1)2 M P (4.23)

In Fig. 4.2, we plot the PDF of the harvested energy with Fy; = 0.0006J and
M = 4 antennas in comparison with the simulation results. As we can see, the
analytical result matches the simulation result perfectly, where the harvested energy

concentrates around the energy threshold Ej,, as expected.

4.3.5 Numerical Examples

In Fig. 4.3, we plot the average harvested energy Ep as a function of the energy
threshold FEy, for different antenna number M. We can observe that more antennas
leads to larger average harvested energy, as expected. We can also see that the aver-
age harvested energy at the sensor quickly increases as FEjj, increased, and gradually
converges to a constant value when FEy, is large. This is because when FEy, is large
enough, the BS will only use the best beam to charge the sensor.

In Fig. 4.4, we plot the average throughput of the MISO system as a function
of the energy threshold Ey, for different antenna number M. We can observe that
larger antenna number leads to larger throughput, due to the beam selection benefit.
We also observe that the throughput reduces gradually to a constant value with the
increase of Ejy,. This is because when FE,;, is large, the BS will only use the best

beam, from the energy harvesting perspective, to serve its selected user. Combined
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with Fig. 4.3, we can see there exists a tradeoff of average harvested energy at the
sensor versus throughput of the MISO system. In particular, larger Ej;, leads to
larger average harvested energy, but smaller throughput. We can achieve desired
energy harvesting performance by properly adjusting F,, at the expense of certain

throughput degradation in the MISO system.

4.4 RUB-based Cooperative Energy Harvesting for
Multiple Sensors

4.4.1 Mode of Cooperation

With the proposed cooperative energy harvesting scheme, the BS will select a maximal
number of active beams to serve its users, while ensuring that the harvested energy
at the sensor node during each coherence time is above Fy,.

At the beginning of each channel coherence time, the BS first estimates the channel
vector from the BS to the sensor. The BS then calculates and ranks the projection
amplitude square «,, for each beam, the order version of which is denoted by a,.r,
where .0y > ao.y > -+ > apgy. After that, the BS calculates the total amount of
RF energy that the sensor can harvest when the BS uses m best beams, corresponding
to 1.y t0 . The total harvested energy, dented by Ey, can be given by Ey =
21‘11 E; ., where E;,, denotes the harvested energy from the ith best beam with
projection amplitude square «;.p;, when m best beams are used for transmission,

given by

77Tc PT .
E;, = Ty, i=12,....m. 4.24
’ (Fd?)(m)aM Z " 2

If the harvested energy with m best beams is larger than the predefined energy thresh-
old Ey,, whereas the harvested energy with m + 1 best beams is less than Ey, i.e.
Yo Eim > Ey, and fo{l E;m+1 < Ey, then the BS uses the m best beams to
serve its users. Note that with constant total transmission power used at the BS and
uniform power allocation, the sensor can harvest more energy from less active beams,
because the transmission power concentrates on the better beams, i.e. with larger

projection power.
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4.4.2 Energy Harvesting Performance Analysis

Conditioning on the number of active beams for transmission, denoted by M,, the

cumulative distribution function (CDF) of Ep can be represented as

M=

Fg,(x) = Pr[Ey < x, M, = m]. (4.25)

m=1

According to our proposed cooperative beam selection scheme, the number of ac-
tive beams M, is equal to m (1 < m < M) if and only if > E;,, > Ey,, and
ZZ’:{I E;m+1 < Ey,. Furthermore, the number of active beams M, is equal to 1 if the
energy threshold Fjy, can not be satisfied with all transmission power Pr allocated
to the best beam, i.e., F/y; < Ey,, and equal to M if the harvested energy is larger
than Ey, with Pr allocated to all M beams, i.e., Zf\il Ei y > Ey,. Therefore, we can

rewrite (4.25) as
m+1

m m
Z Eim <uw, Z Eipm > Eu, Z Eima < By,
i—1 i—1 i1

M M
+Pr[Ey, <z, By < Ey] + Pr [Z By <xy B> Eth} .(4.26)
=1

=1

M-1
Fg,(z) = ZPr
m=1

For notational conciseness, we denote the sum of the m largest projection amplitude

square from oq.a t0 Qunins 88z, 1€ 2p = > 0 . It follows that Y E; o, =

("TC ) (PT)zm. For the case of x < Ey,, (4.26) can be simply calculated as

Idy m

nx

Eip

Fiy(2) =PrlEyy <al= | " £.(y)dy, @ < Eu, (4.27)
0

where f., (z) denotes the PDF of z1, given by [14, eq. (3.1)]

fo () = Me™™(1 — e )M, (4.28)

EyTd)
nTePr

into (4.27), Fg, (x) can be calculated as

1 is a constant value equal to for notational conciseness. By substituting (4.28)

M _ upe _
F,(z) = B B (1 — e Ba)M-1, 1 < By, (4.29)
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For the case of x > Ej,, (4.26) can be mathematically calculated, while noting
Pr[Ey <z, E11 < Ey) is equal to 0, as

m+1
FEH { / / fO‘m+1:]vIaZm (ya Z)dydz (430)

M

(m+1) m,uz m+1) E:l,hz
_/ / faerl:Mvzm (y7 Z)dydz +/ fZ]W (y)dy, x > Eth,
0 mpx My

Eyp,

where f,, () and f,,.., ., (z) denote the PDF of zj;, and the joint PDF of a1
and z,,, respectively, the closed-form expression of which can be obtained as [14, eq.
(3.19) and (3.31)]

sz(l") = m> (431)

and

IS ) My — e
(M —m—1—=d)!m!(m—1)k!"

Sowirarzn (T,4) = y>mz,  (4.32)

1=0

respectively. By substituting (4.31) and (4.32) into (4.30) and carrying out integra-
tions, we can obtain the closed form expression of Fg, (z) for x > Ey, [36]. After
taking derivative of (4.29) and (4.30), the closed-form expression of the PDF of the
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harvested energy over one coherence time can be calculated as

fey(x) =
— —m— _1)i+1 —
{Z'nj\g—ll { Zf\il ! (M— m( 11)1)'mj\'4'm 1)l! ( J )( ) = Zt =0 (5— t)'

Jj—t j—t
(m—=1-)! [ mp t—1 muT mp —(i+1 +1
{(H—l)m‘j <Eh> ¢ Fnal” <J t— Eth> - <Eh> em (Dl

u

erl—oj—l (Tr‘L—l—j‘)! Zm 1—j5— r( 1)u(m—1—j—r) 7Ent,t;) [(m_i_l)u]mflfjfrfu

(m—1—75—r)1(i+1)"+1 u
T (g ) e DO I () (1) G 1

Zm—l—j-i—s (m—1—j+s)! m—l—]—l—s—r(_l)u(m—l—]-l—s—r)
r= (m—1—j+s—r)lirt1 Lou=0
mp
E

0
u
l—jts—r— _q1 _tmp— M!
1) fon + Dy () - M
—1
i ("

;1)( )m 1—j Zt 07 ~t)'{ (m+1)p ZJ 13 ( - )(_1)5% [(m + 1)M]]—t—8(4.33)
m—1—j+s j—t gt
[(erl) - Tg’t‘:] +(m1j)!(£’:> e HEthg;J—t—1(th,Z$>
Jj—t .
_<g£> e—(m+1) Mzm Jj—1 (mmllj]r : Zm 1—j— T( 1)u(m—1u—j—r)
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which can be used to calculate the average harvested energy Ep in closed-form
[36]. In Fig. 4.5, we plot the PDF of the harvested energy with Fy, = 0.006.J and
M = 4 antennas in comparison with the simulation results. As we can see, the
analytical result matches the simulation result perfectly, where the harvested energy
concentrates around the energy threshold Ej,, as expected.

In Fig. 4.6, we plot the average harvested energy Ey as a function of the energy
threshold Ej;, for different antenna number M. We can see the average harvested
energy at the sensor quickly increases as Ejy, increased, and gradually converges to
a constant value when FEy, is large. This is because when Ej;, is large enough, the
BS will only use the best beam to charge the sensor. We also observe that more
antennas leads to smaller average harvested energy when Ejy, is small, and larger

average harvested energy when Fy, is large. This is because when Ejy, is small, more
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antennas leads to more potential active beams, which leads to wider distribution of
BS transmit power. When FEy, is large, the sensor can enjoy more benefits from best
beam selection. When Ej;, is 0, the MIMO system serves its users with all beams,
and the amount of energy that the sensor can harvest is the same as [31] without
considering energy sensitivity and storage capacity.

In Fig. 4.7, we plot the average sum-rate of the multiuser MIMO system as a
function of the energy threshold Ey, for different user number K with M =4 antennas,
assuming the user selection scheme proposed in [35] used to maximize the sum-rate
of the multiuser MIMO system. We can observe that larger user number leads to
larger sum-rate, due to user selection. We also observe that the sum-rate reduces
gradually to a constant value with the increase of Fy,. This is because when FEy, is
large, the BS will only use the best beam, from the energy harvesting perspective,
to serve its selected user. Especially, while the sum-rate for the case with K = 100
users remains larger than the sum-rate for the case with K = 50 users for any value
of Eyy,, the sum-rate difference gradually converges to a constant value when E};, goes
to infinity. Combined with Fig. 4.6, we can see there exists a tradeoff of average
harvested energy at the sensor versus sum-rate of the multiuser MIMO system. In
particular, larger Fy;, leads to larger average harvested energy, but smaller sum-rate.
We can achieve desired energy harvesting performance by properly adjusting Ej;, at

the expense of certain sum-rate degradation in the multiuser MIMO system.

4.5 Concluding Remarks

We proposed a RUB-based cooperative beam selection scheme, using which the ex-
isting multiuser MIMO system can help increase the amount of harvested energy of
wireless sensor nodes. We considered both single user case and multiuser case for the
existing MIMO system. We obtained the closed-form expression of the distribution
of harvested energy and the average harvested energy of the sensor node, based on
which, we investigate the tradeoff of the average harvested energy versus the sum-rate
of the multiuser MIMO system.
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Chapter 5
Conclusion and Future Work

This dissertation focussed mainly on the low complexity cooperation solutions for
RF energy harvesting from existing wireless communication systems. First of all,
we considered an underlay cognitive radio, which is a potential candidate technology
of the next generation wireless communication systems. Particularly, we considered
two low complexity cooperation schemes to ensure the performance requirement of
the primary system, while the multi-user MIMO secondary system also selects the
best beam to serve its users. We then introduced some theoretical results regarding
RF-energy-powered sensor transmission. Specifically, we presented the exact distri-
bution of harvested energy over a certain number channel coherence time with the
consideration of hardware limitation, such as energy harvesting sensitivity and har-
vesting efficiency. We also analyzed the delay and packet loss performance of sensor
transmission and proposed the optimal design of energy storage capacity of the sensor
nodes to minimize the average packet transmission delay with two candidate trans-
mission strategies for delay insensitive traffics. In the last part of this dissertation,
we proposed low complexity cooperative beam selection schemes between RF-energy-
powered wireless sensor node and existing multi-user multi-antenna system. We ana-
lyzed the performance of both RF energy harvesting for the sensor node and sum-rate
for the existing system.

We believe that this work can be extended further in many directions in the
future. For example, we can extend the analysis from Rayleigh fading channel to other
fading channel environment to quantify the performance of RF energy harvesting for
wireless sensor networks. We can also use the asymptotic analysis, which examine the
performance of the overlaid sensor transmission when certain system parameters, e.g.

transmission power, number of antennas, etc, approaches infinity. Furthermore, the



75
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Figure 5.1: Three-system model.

proposed cooperative RF energy harvesting schemes are designed just for single sensor
transmission. These schemes can be extended to a multiple-sensor wireless sensor
networks after proper adjustments. For example, we can investigate the maximal
number of RF-energy-powered-sensors that can be deployed in the coverage of existing
multi-user MIMO system while the requirement of both systems are satisfied. Lastly,
the analysis of these schemes would not only help the researcher to analyze and predict
their performance for a target application but will also pave the way to modify these
schemes to achieve better performance with minimal increase in the computational
complexity.

Specifically, we consider a three-system model shown in Fig. 5.1. A RF-energy-
powered-sensor is deployed in the coverage area of existing cognitive systems, where
the secondary system is a multiuser MIMO system. The sensor can harvest RF energy
from the transmitted signal of the secondary system, and use it as its sole energy
source for transmission. The sensor needs to harvest RF energy above a predefined
energy threshold from the secondary base station over each channel coherence time,
whereas the secondary system should limit its interference to primary receiver below
an interference threshold.

We can explore the optimal beamforming design by maximizing the sum-rate of
the secondary system, subject to both the energy harvesting and interference con-
straints for the other two systems. We can also propose low complexity cooperative
strategies to satisfy the requirement of each system simultatenously. We assume that
the secondary system uses RUB transmission, which requires very low feedback. We
can propose priority-based two-round beam selection schemes, depending on whether

the primary receiver or the sensor has the first priority. For example, when the sensor
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has the first priority, the secondary system will select a beam vector f;4 that can
satisfy the energy requirement for the first beam selection round. Then for the second
round, the secondary system will further select beams from (14 to limit interference to
primary receiver below the interference threshold. After that, the secondary system
allocates all available beams to serve its SUs. Then we can analyze and compare the
performance of the two schemes, together with the beamforming design optimization
results. We may also consider single SU case for the secondary system as a separate

work.
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