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Foreword

Lorem ipsum dolor sit amet, consectetuer adipiscing elit. Ut purus elit, vestibu-
lum ut, placerat ac, adipiscing vitae, felis. Curabitur dictum gravida mauris.
Nam arcu libero, nonummy eget, consectetuer id, vulputate a, magna. Donec
vehicula augue eu neque. Pellentesque habitant morbi tristique senectus et ne-
tus et malesuada fames ac turpis egestas. Mauris ut leo. Cras viverra metus
rhoncus sem. Nulla et lectus vestibulum urna fringilla ultrices. Phasellus eu
tellus sit amet tortor gravida placerat. Integer sapien est, iaculis in, pretium
quis, viverra ac, nunc. Praesent eget sem vel leo ultrices bibendum. Aenean
faucibus. Morbi dolor nulla, malesuada eu, pulvinar at, mollis ac, nulla. Cur-
abitur auctor semper nulla. Donec varius orci eget risus. Duis nibh mi, congue
eu, accumsan eleifend, sagittis quis, diam. Duis eget orci sit amet orci dignissim
rutrum.

Nam dui ligula, fringilla a, euismod sodales, sollicitudin vel, wisi. Morbi
auctor lorem non justo. Nam lacus libero, pretium at, lobortis vitae, ultricies
et, tellus. Donec aliquet, tortor sed accumsan bibendum, erat ligula aliquet
magna, vitae ornare odio metus a mi. Morbi ac orci et nisl hendrerit mollis.
Suspendisse ut massa. Cras nec ante. Pellentesque a nulla. Cum sociis natoque
penatibus et magnis dis parturient montes, nascetur ridiculus mus. Aliquam
tincidunt urna. Nulla ullamcorper vestibulum turpis. Pellentesque cursus luctus

mauris.
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Preface

Lorem ipsum dolor sit amet, consectetuer adipiscing elit. Ut purus elit, vestibu-
lum ut, placerat ac, adipiscing vitae, felis. Curabitur dictum gravida mauris.
Nam arcu libero, nonummy eget, consectetuer id, vulputate a, magna. Donec
vehicula augue eu neque. Pellentesque habitant morbi tristique senectus et ne-
tus et malesuada fames ac turpis egestas. Mauris ut leo. Cras viverra metus
rhoncus sem. Nulla et lectus vestibulum urna fringilla ultrices. Phasellus eu
tellus sit amet tortor gravida placerat. Integer sapien est, iaculis in, pretium
quis, viverra ac, nunc. Praesent eget sem vel leo ultrices bibendum. Aenean
faucibus. Morbi dolor nulla, malesuada eu, pulvinar at, mollis ac, nulla. Cur-
abitur auctor semper nulla. Donec varius orci eget risus. Duis nibh mi, congue
eu, accumsan eleifend, sagittis quis, diam. Duis eget orci sit amet orci dignissim

rutrum.

KwAN

Somewhere in time.
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Introduction

The word traffic becomes teletraffic in telecommunications, as communications
becomes telecommunications to indicate technology use, e.g., conversation from
some distance through phones or Internet. The term teletraffic covers all kinds

of computer communication traffic and telecom traffic. This book includes

teletraffic loss models.
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Chapter 1

Spectral and Energy Efficient
Wireless Powered IoT

Networks

Qingqing Wu,'™ and Wen Chen?
! Department of Electrical and Computer Engineering, National University of Singapore,

Singapore
2 Department of Electronic Engineering, Shanghai Jiao Tong University, China

*Corresponding Author: Qingqing Wu; wuqql010@gmail.com

1.1. Introduction

The number of connected devices will skyrocket to 30 billion by 2025, giv-
ing rise to the well known “Internet-of-Things (IoT)” [1]. With such a huge
number of IoT devices, the lifetime of networks becomes a critical issue and
the conventional battery based solutions may no longer be sustainable due to
the high cost of battery replacement as well as environmental concerns. As a
result, wireless power transfer, which enables energy harvesting from ambient

radio frequency (RF) signals, is envisioned as a promising solution for pow-



ering massive IoT devices [2, 3, 4, 5]. However, due to the significant signal
attenuation in wireless communication channels, the harvested RF energy at
the devices is generally limited [6, 7]. Therefore, how to efficiently utilize the
scarce harvested energy becomes particularly crucial for realizing sustainable
and scalable IoT networks. To this end, a “harvest and then transmit” protocol
is proposed in [8, 9] for wireless powered communication networks (WPCNs),
where devices first harvest energy in the downlink (DL) for wireless energy
transfer (WET) and then transmit information signals in the uplink (UL) for
wireless information transmission (WIT). To improve the spectral efficiency
(SE), this work is further extended to a full-duplex communication network in
[10] where devices can harvest energy and transmit information at the same
time. However, it may not be feasible to implement the full-duplex functional-
ity in IoT devices due to the resulting high complexity, energy consumption,
and cost. As a result, the most recent narrowband IoT (NB-IoT) standard re-

quires NB-IoT devices to support only the half-duplex protocol for simplicity

[1].

Meanwhile, non-orthogonal multiple access (NOMA) has been proposed to
improve the SE as well as user fairness by allowing multiple users simultane-
ously to access the same spectrum. With successive interference cancellation
(SIC) performed at the receiver, NOMA has been demonstrated superior to or-
thogonal multiple access (OMA) in terms of the ergodic sum rate [11]. As such,
NOMA is recently pursued for UL WIT in WPCNs [12, 13], where the decoding
order of the users is exploited to enhance the throughput fairness among users.
However, the conclusions drawn in [11] are only applicable for the DL scenario
and may not hold for UL IoT networks with energy constrained devices. Fur-

thermore, [12] and [13] focus only on improving the system/individual user
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throughput without considering the total system energy consumption. In fact,
due to the rapidly rising energy costs and the tremendous carbon footprints of
existing systems, energy consumption is gradually accepted as an important
design criterion for future communication systems. As such, the energy con-
sumption of different wireless networks has been extensively studied in prior
works [9, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31,
32, 33, 34, 35, 367 ] for example for heterogeneous networks, relay networks,
device-to-device (D2D) communications, orthogonal frequency division mul-
tiplexing access (OFDMA), multiple-input multiple-output (MIMO), massive
MIMO. However, a theoretical total energy consumption comparison between
NOMA and TDMA is missing and important since the efficiency of WET is
generally low in practice, which is unlike the conventional wireless network-
s. Also, the circuit energy consumption of the users is completely ignored in
[8, 12, 13]. However, the circuit power consumption is often comparable to the
transmit power and thus important for short-range IoT applications, such as
wearables devices. As multiple users access the same spectrum simultaneously
in NOMA, the circuit energy consumption of each user increases inevitably,
which may contradict a fundamental design requirement of future IoT net-
works, i.e., ultra low power consumption [4]. For example, in NOMA-based
WPCN (N-WPCN) with a fixed total available harvested energy, if devices
consume more energy for operating their circuits than in time-division multi-
ple access (TDMA)-based WPCN (T-WPCN), then less energy will be left for
signal transmission [37]. As a result, a natural question arises: Does NOMA
improve the SE and/or reduce the total energy consumption of such wireless

powered IoT networks in practice compared to TDMA?

Driven by the above question, we make the following contributions in this

3
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Figure 1.1: System model of a wireless powered IoT network.

paper. 1) By taking into account the circuit energy consumption, we first derive
the optimal time allocation for the SE maximization problem for T-WPCN,
based on which, the corresponding problem for N-WPCN can be cast as the
single user case for T-WPCN; 2) we prove that N-WPCN in general requires a
longer DL WET time duration than T-WPCN, which implies that N-WPCN
is more energy demanding; 3) we prove that N-WPCN in general achieves a
lower SE than T-WPCN. Given 2) and 3), NOMA may not be a good candidate
for realizing spectral and energy efficient wireless powered IoT networks if the

circuit energy consumption is not negligible.

Driven by the above question, we make the following contributions in this
chapter: 1) By taking into account the circuit energy consumption, we first
derive the optimal time allocation for the SE maximization problem for T-
WPCN, based on which, the corresponding problem for N-WPCN can be cast
as the single user case for T-WPCN; 2) we prove that N-WPCN in general
requires a longer DL WET time duration than T-WPCN, which implies that
N-WPCN is more energy demanding; 3) we prove that N-WPCN in general
achieves a lower SE than T-WPCN. Given 2) and 3), NOMA may not be a
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good candidate for realizing spectral and energy efficient wireless powered IoT

networks if the circuit energy consumption is not negligible.

The remainder of this chapter is organized as follows. In Section 1.2, we
describe the adopted system model and problem formulation. In Section 1.3,
we analyze the performance of T-WPCN and N-WPCN. Section 1.4 presents

the numerical results. Finally, we conclude the chapter in Section 1.5.

1.2. System Model and Problem For-

mulation

1.2.1. System Model

We consider a WPCN, which consists of one power beacon (PB), K > 1
wireless-powered IoT devices, and one information access point (AP), as shown
in Fig. 1. The total available transmission time is denoted by Tiax. The “har-
vest and then transmit” protocol [8] is adopted where the devices first harvest
energy from the signal sent by the PB and then transmit information to the
AP. We note that the “doubly near-far phenomenon” [8] can be avoided by
using separated PB and AP as in our model [9, 38]. For the ease of practical
implementation, the power station and all users are assumed to operate in the
time division manner over the same frequency band. To compare the upper
bound performance of T-WPCN and N-WPCN, we assume that perfect chan-
nel state information (CSI) is available for resource allocation. The DL channel
gain between the PB and device k € {1,2,..., K}, and the UL channel gain

between device k£ and the AP are denoted by hi and g, respectively.
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During DL WET, the PB broadcasts the energy signal with a constant
transmit power Pg for time 7y. The energy harvested from the noise and the
received UL WIT signals from other devices are assumed to be negligible, since
both the noise power and device transmit power are much smaller than the
transmit power of the PB in practice [8]. Thus, the amount of harvested energy

at device k can be expressed as

By = ni Pehyo, (1.1)

where 7, € (0, 1] is the constant energy conversion efficiency of device k. Dur-
ing UL WIT, device k transmits its information signal to the AP with transmit
power pg. In addition to the transmit power, each device also consumes a con-
stant circuit power accounting for the power needed to operate its transmit
filter, mixer, frequency synthesizers, etc., denoted by p., > 0 [3, 9]. For the
multiple access scheme in UL WIT, we consider two schemes, i.e., TDMA
and NOMA. For T-WPCN, device k exclusively accesses the spectrum for a
duration of 7, while for N-WPCN, all the devices access the spectrum simul-
taneously for a duration of 7. Then, the energy consumed by device k during
UL WIT for T-WPCN and N-WPCN can be expressed as (pi + pei)7r and
(P + Pe,k)T1, Tespectively. Denote v, = 2 as the normalized UL channel gain
of device k, where o2 is the additive white Gaussian noise power at the AP.

For convenience, we assume that the normalized UL channel power gains are

sorted in ascending order, i.e., 0 < v < 7o - - < k.



1.2.2. T-WPCN and Problem Formulation

For T-WPCN, the achievable throughput of device k in bits/Hz can be ex-

pressed as
T = T logy (1 4 pryk) - (1.2)
Then, the system throughput of T-WPCN is given by
K K
RrpMma = Zrk = ZTk logy (1 + pryk)- (1.3)
k=1 k=1

Accordingly, the SE maximization problem is formulated as

K

maximze T logs (1 +p 1.4a
SREN RN ; Hloga (14 i) (1-42)
s.t. (pk + Pe) T < Mk PrhyT0, VE, (1.4b)

K
T0 + Z T < Tmaxa (140)

k=1
T0 > O, Tk > 0, Pk > 0, VEk. (1.4d)

In problem (1.4), (1.4b) is the energy causality constraint which ensures that
the energy consumed for WIT does not exceed the total energy harvested
during WET. (1.4c) and (1.4d) are the total time constraint and the non-

negativity constraints on the optimization variables, respectively.

1.2.3. N-WPCN and Problem Formulation

For N-WPCN, since all the K devices share the same spectrum, SIC is em-

ployed at the AP to eliminate multiuser interference [11]. Specifically, for de-
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tecting the message of the k-th device, the AP first decodes the message of the

i-th device, Vi < k, and then removes this message from the received signal, in

the order of ¢ = 1,2, ..., k — 1. The message of the i-th user, Vi > k, is treated

as noise. Hence, the achievable throughput of device & in bits/Hz in N-WPCN

can be expressed as

rr = T1 log, (1 + =% PE Tk ) .
Z¢:k+1 pivi +1

Then, the system throughput of T-WPCN is given by

K K
Rnoma = Y7 = 71log, <1 + ZPk'}%) :

k=1 k=1

Accordingly, the SE maximization problem is formulated as
K
maximize T7jlogy |1+ Z DkVk
70,71, {pk } —1
s.t. (P + Pek) Tt < mpPehyto, VE,
70 + 71 < Thax,

70>0, 71 >0, pp >0, Vk.

(1.7a)

(1.7b)
(1.7¢c)

(1.7d)

Similar to problem (1.4), (1.7b), (1.7c), and (1.7d) represent the energy causali-

ty constraint, total time constraint, and non-negativity constraints, respective-

ly.



1.3. T-WPCN or N-WPCN?

In this section, we first derive the optimal solutions to problems (1.4) and
(1.7), respectively. Then, we theoretically analyze and compare the system

energy consumed and the SE achieved by both T-WPCN and N-WPCN.

1.3.1. Optimal Solution for T-WPCN

It can be shown that each device will deplete all of its energy at the optimal
solution, i.e., constraint (1.4b) holds with equality, since otherwise p; can be
always increased to improve the objective value such that (1.4b) is active. Thus,

problem (1.4) is simplified to the following

K
Pgh
maximize Z 71, log, (1 — De Vi + MT@) (1.8a)
70,{7Tk } 1 Tk
K
s.t. 1o+ ZTk < Thax, (1.8b)
k=1
T0>0, 7, >0, Vk. (1.8¢c)

It is easy to verify that problem (1.8) is a convex optimization problem and
also satisfies the Slater’s condition. Thus, the optimal solution can be obtained
efficiently by applying the Lagrange dual method. To this end, we need the

Lagrangian function of problem (1.8) which can be written as

K

Lm0, {m}) =D _ 7 logy <1 = Pe,k Yk +
k=1

K
+ A (Tmax —T0 — Zﬂc) ) (19)
k=1

Pl >
M ERTE
Tk

9



where A > 0 is the Lagrange multiplier associated with (1.8b). (8c) is naturally
satisfied since the PB is activated in the DL and each user is scheduled in the

UL. Taking the partial derivative of £ with respect to 7y and 7y, respectively,

yields
K
oL e Pehiyi ]
- Z kPl i 1ogs (€) Y (1.10)
0 o LT Pervk Tk

oL xy logs(€)

= =logy (1 — pe —ohmea ), 1.11
or, 082 (L =Py +ar) = 17— - (1.11)

where x, = %T@,Vk‘. Since 79 > 0 and 7, > 0, V&, always hold at the
optimal solution, we have % =0 and % =0, Vk. As a result, the optimal
values of xy, V k, can be obtained by solving the following set of equations

7} logs(e)
1 = pe vk + 27,

K
Prhiy 1
1 —perve +

Gr(xy) £logy(1 — pesyk + 27) —

Note that the first two terms of Gy (x}) monotonically increase with z} while
the last term is the same for all users. Thus, x} can be efficiently obtained
by the bisection method. It can be shown that (1.8b) is active at the optimal
solution, i.e., 1o —i—Ek LTk =T0 —|—EK %7‘0 = Tax. With 2}, Vk, from

(1.12), the optimal time allocation for T-WPCN is given by

* Tmax

To = 1+Z lePEhk’wc (1’13)
Peh

T;;zin’“ Bk s VE. (1.14)

Ty,

10



1.3.2. Optimal Solution for N-WPCN

Similarly, problem (1.7) can be simplified to the following problem:
K K
Pgh
maximize 7 log, <1 — ch,k'Yk + w7’0>
70,71 P 7
st. 70471 < Tmaxs

T0>0, 71 >0.

(1.15a)

(1.15b)

(1.15¢)

It is interesting to observe that problem (1.15) has the same structure as

problem (1.8) when K = 1 with only minor changes in constant terms. As such,

the proposed solution for T-WPCN can be immediately extended to N-WPCN.

Specifically, the optimal time allocation for N-WPCN is given by

Tnax . S e Pehi

*
Tn = 1 = I
O L S m P T 0
+ i

where x* is the unique root of

K

G(a*) Slogy (1~ ZP K+t — 7 Log,(e)

= e,

k=1 1— Zi{:l pc,k’)/k + a*

_ ZkK:1 Nk Peli i logy (e)
1= S0 posye + 2

=0.

(1.16)

(1.17)

The solutions proposed in Sections ITI-A and B serve as the theoretical

foundation for the comparison between T-WPCN and N-WPCN.
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1.3.3. TDMA versus NOMA

For notational simplicity, we first denote by Elpya and EXgya the total
energy consumption of T-WPCN and N-WPCN at the optimal solutions to
problems (1.8) and (1.15), respectively. The corresponding SEs are denoted by

Ripma and Riopna s respectively.

Theorem 1.1: At the optimal solution, 1) the DL WET time of N-WPCN
in (1.16) is greater than or equal to that of T-WPCN in (1.13), i.e., 7§ > 7;
2) the energy consumption of N-WPCN is larger than or equal to that of T-
WPCN, i.e.,

E{oma = ETpumas (1.18)

where “=" holds when p.j =0, Vk.

Proof. Since Zszl PekVk = PekVks it is easy to show that z* > 27, V&,
from (1.17) and (1.12), where “=" holds when p.; = 0, V k. Then, it follows
from (1.16) and (1.13) that 7§ > 7. Furthermore, since each device depletes
all of its harvested energy, then the total energy consumption of N-WPCN and
T-WPCN satisfies EXoya = Pe7g = Erpya = PET)-

Theorem 1.1 implies that N-WPCN is more energy demanding than T-
WPCN in terms of the total energy consumption. This is fundamentally due to
simultaneous transmissions of multiple devices during UL WIT, which thereby
leads to a higher circuit energy consumption. Furthermore, since 7 > 7, more
energy is also wasted during DL WET for N-WPCN than for T-WPCN. Next,

we compare the SE of the two networks.

Theorem 1.2: The mazimum SE of T-WPCN is greater than or equal to

12



that of N-WPCN, i.e.,

Ripyma = Rowmas (1.19)

where “=" holds when p.j =0, Vk.

Proof.  Assume that {7, 7;} achieves the maximum SE of problem (1.15),
RXoma- Then, we can construct a new solution {7y, {7;}} satisfying 70 = 7§
and Zszl T = 77 such that all devices achieve the same signal-to-noise ratio

(SNR) in T-WPCN, i.e.,

(nkPEhk?O - pc,k?k)’)/k (nmPEhm%:O - pc,m?m)')/m

SNR = — = =
Tk Tm
K =~ =
P h - Mc
_ Dt O0PluTo — Peai e vy (1.20)
D k=1 Tk

It can be verified that the constructed solution always exists and is also feasible
for problem (1.8). Denote the SEs achieved by the optimal solution {77, {7;}}
and the constructed solution {79, {7x}} as Ripya and RTDMA7 respectively.

Then, it follows that

Ripma = Rroma

K - _
Pghi1o —
=3 Flog, (1+ (i Pr KT0 pc,ka)%)
k=1

Tk

K

K ~ ~
~ _ Prh —
_ ZTk 10g2 (1 + Zm_l(nm E KmTO~ pc,me)’Ym>
k=1 Zm:l Tm

25:1 (nmPEhmTS - pC,mTf)7m>

—%*
T

(@
> 77 logy (1 +

= RRoma, (1.21)
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where inequality “(a)” holds due to Zszl T, =77 and 0 < 7, < 7, Vk, and
the equality holds when p.j, = 0, Vk. Thus, if 3k,p. > 0, it follows that
Ripya > RBioma- Next, we prove that when p.j = 0, V&, the constructed
solution is the optimal solution to problem (1.8), i.e., 75 = 7o and 7 = 7.

The SE of T-WPCN is given by

= Peh
Rrpya = Y 7k log, <1 + Wm)
k=1

—

b & K mPgh
S ZT/C 10g2 (1 + Zm:l 7]7{771 E m’Ym 7_0
k=1 Zm:l Tm

S i Pl ym )
70

= (1 —79)log, (1 +
1—7p

—
~

c L mPsh
< (1—15)logy (1 + Zmllnf TE i n;)
0

= RXowma, (1.22)

where “(b)” holds due to the concavity of the logarithm function and “=" holds

NePehEYE - NmPEhmYm
when =2k gy — P

70, ¥ k, which is exactly the same as (1.20) for
Pek = 0, V k. Thus, we have 777 = 7. Equality in “(c)” is due to the optimality

of 73 for N-WPCN. Thus, it follows that 75 = 73 = 7o.

Theorem 1.2 answers the question raised in the introduction regarding to
the SE comparison of T-WPCN and N-WPCN. Specifically, TDMA in gener-
al achieves a higher SE than NOMA for wireless powered IoT devices. This
seems contradictory to the conclusions of previous works, e.g. [11], which have
shown that NOMA always outperforms OMA schemes such as TDMA. Such
a conclusion, however, was based on the conventional transmit power limited
scenario where more transmit power is always beneficial for improving the SE

by leveraging SIC. To show this, suppose that the transmit power of device k
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is limited by pr and the energy causality constraints in (1.4) are removed. By

setting 79 = 0 in (1.4c), we have

K

Rrpma = Y 7k logy(1 + pii)
k=1
K

K
Z Tk 10g2 <1 + Z pm7m>
m=1

k=1

IN&

K

= Tinax l0gs (1 +) pm) = RyoMa, (1.23)
k=1

where strict inequality “(d)” holds if pp > 0,Vk. Accordingly, ETpma =
Zszl TePE < fo:l TmaxPk = Tmax Zlepk = Enoma. This suggests that
the potential SE gain achieved by NOMA depends on the considered scenario.
When each user has a maximum transmit power limitation pg, which we refer
to as transmit power limited scenario, all users would transmit at pg for the
entire duration Ty .. The resulting SE gain of NOMA is at the expense of a
higher energy consumption as shown above. On the other hand, if the total
available energy of each device is constrained, which we refer to as energy lim-
ited scenario, NOMA provides no SE gain over TDMA as shown in Theorem
1.2, which is consistent with the observations in [12, 13]. More importantly,
when the circuit power consumption is taken into account for practical IoT
devices, NOMA achieves a strictly lower SE than TDMA. Recall that the key
principle of NOMA for enhancing the SE is to allow devices to access the same
spectrum simultaneously. This, however, inevitably leads to a higher circuit
energy consumption for NOMA because of the longer transmission time com-
pared to TDMA, which is particularly detrimental to IoT devices that are

energy limited in general.
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1.4. Numerical Results

This section provides simulation results to demonstrate the effectiveness of
the proposed solutions and validate our theoretical findings. There are 10 IoT
devices randomly and uniformly distributed inside a disc with the PB in the
center. The carrier frequency is 750 MHz and the bandwidth is 180 kHz as in
typical NB-IoT systems [4]. The reference distance is 1 meter and the maximum
service distance is 5 meters [38]. The AP is located 50 meters away from the
PB. Both the DL and UL channel power gains are modeled as 10~3p2d~ [§],
where p? is an exponentially distributed random variable (i.e., Rayleigh fading
is assumed) with unit mean and d is the link distance. The path loss exponent
is set as a = 2.2. Without loss of generality, it is assumed that all IoT devices
have identical parameters which are set as n; = 0.9 and p.r = 0.1mW, Vk
[39]. Other important parameters are set as 02 = —117dBm, Pg = 40dBm,
and Tiax = 0.1s.

1.4.1. SE versus PB Transmit Power

Fig. 1.2 shows the achievable throughput and energy consumption versus the
PB transmit power, respectively. For comparison, two baseline schemes adopt-
ing TDMA and NOMA respectively are considered, where 19 = % is set
for both of them. This corresponds to the case that only E,’; = %
Joule of energy is available for device k, i.e., energy constrained IoT networks.
Yet, the UL WIT is still optimized for maximizing the SE. In Fig. 1.2 (a),
the throughputs of both T-WPCN and N-WPCN improve with Pg. This is

intuitive since with larger Pg, the wireless powered IoT devices are able to

harvest more energy during DL, WET and hence achieve a higher throughput
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in UL WIT. In addition, the baseline schemes suffer from a throughput loss
for both TDMA and NOMA compared to the corresponding optimal scheme
due to the fixed time allocation for DL WET, which implies that optimizing
the DL WET duration is also important for maximizing the SE of wireless
powered IoT networks. Furthermore, as suggested by Theorem 2, T-WPCN
outperforms N-WPCN significantly and the performance gap between them
becomes larger as Pg increase. This is because larger Pg will reduce the DL
WET time and thereby leave more time for UL WIT. Since all the devices in
N-WPCN are scheduled simultaneously for UL WIT, the circuit energy con-
sumption will be significantly increased compared to that of T-WPCN, which
thus leads to a larger performance gap. Fig. 1.2 (b) shows that N-WPCN is in

general more energy demanding compared to T-WPCN for the optimal scheme,

T“Q“*X is set for

which verifies our theoretical finding in Theorem 1. Since 19 =
both baseline schemes, they have the same total energy consumption. In addi-
tion, when Pg = 28 dBm, the energy consumption of optimal N-WPCN is close
to that of optimal T-WPCN, which implies that each device k, V k, basically
harvests a similar amount of energy in the DL of T-WPCN and N-WPCN. As
such, the substantial SE loss in Fig. 1.2 (a) indicates that a significant por-

tion of the harvested energy is consumed by the circuit rather than for signal

transmission, due to the simultaneous transmission feature of NOMA.

1.4.2. SE versus Device Circuit Power

Fig. 1.3 depicts the throughput and energy consumption versus the device cir-
cuit power consumption, respectively. Several observations are made as follows.

First, for p = 0 in Fig. 1.3 (a) and (b), T-WPCN and N-WPCN achieve the
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Figure 1.2: Throughput and energy consumption versus PB transmit power.

same throughput and energy consumption for K = 10 and K = 50, which coin-
cides with our findings in Theorems 1 and 2. Second, for K = 10 and K = 50,
the throughput and energy consumption for T-WPCN moderately decreases
and increases with p. i, respectively, while that for N-WPCN decreases and
increases sharply with p. x, respectively. This suggests that the performance
of N-WPCN is sensitive to pc . In fact, for T-WPCN, when a device suffers
from a worse DL channel condition, the corresponding harvested energy is also
less. Then, the device will be allocated a short UL WIT duration such that
the energy causality constraint is satisfied. However, for N-WPCN, since all
devices transmit in the UL simultaneously, to meet the energy causality of all
the devices, i.e., (pr + pes) 71 < MPeheto = mPehe(1 — 71), VE, it follows

_ Pgh Pgh
< Nk Peh < Nk Prh ]
that 74 < P Pt P S por Pl Vk. As can be seen, the UL WIT

duration 77 is always limited by the worst DL channel gain of all devices for
Pe,k > 0, a phenomenon which we refer to as “worst user bottleneck problem”.
In addition, concurrent transmissions also lead to higher circuit energy con-
sumption. As a result, the throughput and energy consumption of N-WPCN

are significantly reduced and increased, respectively, as p.j increases. Third,
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Figure 1.3: Throughput and energy consumption versus device circuit power.

given the “worst user bottleneck problem”, it is expected that when K increas-
es from 10 to 50, the performance of N-WPCN decreases in both Fig. 1.3 (a)
and (b). In contrast, for T-WPCN, since the UL WIT duration of each user
can be individually allocated based on the DL and UL channel gains of each
device, multiuser diversity can be exploited to improve the performances as K

increases from 10 to 50.

1.5. Conclusions

In this chapter, we have answered a fundamental question: Does NOMA im-
prove SE and/or reduce the total energy consumption of the wireless powered
IoT networks? By taking into account the circuit energy consumption of the
IoT devices, we have found that N-WPCN is neither spectral efficient nor en-
ergy efficient, compared to T-WPCN. This suggests that NOMA may not be a
practical solution for spectral and energy efficient wireless IoT networks with
energy constrained devices. The case with user fairness consideration is an

interesting topic for future work.
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In order to provide ubiquitous wireless energy supply to massive low-power
energy-constrained devices, fixed power stations need to be deployed in an
ultra-dense manner. This, however, would tremendously increase the cost, and
hinder the large-scale implementation of wireless energy transfer systems. Re-
cently, unmanned aerial vehicles (UAVs) have drawn significant research in-
terests due to their appealing advantages such as swift and cost-effective de-
ployment, line-of-sight (LoS) aerial-to-ground link, and controllable mobility
in three-dimensional (3D) space, thus highly promising for numerous use cases
in wireless communications [40, 41, 42, 43, 44, 45, 46] including ground B-
S traffic offloading, mobile relaying and edge computing, information/energy
broadcasting and data collection for Internet-of-Things (IoT) devices, fast net-
work recovery after natural disasters, etc. It has been shown in [47, 48] that
by exploiting the fully controllable mobility introduced by UAVs via proper
trajectory design, the WPT efficiency can be significantly improved while re-
ducing the number of required ETs as compared to the conventional WPT

system with power stations deployed at fixed locations on the ground.
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