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1. Introduction esee Overview - 5G Communication Systems

Scalable-across an extreme variation of requirements

Deep coverage
To reach challenging locations
Ultra-low energy Strong security N
10+ years of battery life K eg. Health /government / financial trusted

o

Ultra-high reliability
/. <71 out of 100 million packets lost

Ultra-low complexity Massive Internet

10s of bits per second  jgu__ Of Thmgs M‘SS_‘OD_CrmcaI
CONEFO @  Ultra-low latency

Ultra-high density e As low as 1 millisecond
1 million nodes per Km?

Enhanced
Extreme capacity ./ mobile broadband
10 Tbps per Km? \. -
J \ Extreme user mobility.~

Or no mobility at aft
Extreme data rates Deep awareness
Multi-Gigabits per second Discovery and optimization

Qualcomm’s 5G Vision [




1. Introduction esee Overview - 5G Communication Systems E

 5G Emerging Technologies UNSW

Core technologies/methods for fulfilling the strengthen
quality of service (QoS) requirements:
@ Multiple input multiple output (MIMO)
o Extra degrees of freedom in resource allocation
(diversity and multiplexing = high data rate)
o Artificial noise generation for degrading the channel of
eavesdroppers (communication security) [3]
e Information signal beamforming, zero forcing etc.
(communication security)
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1. Introduction esee Overview - 5G Communication Systems E

5G Emerging Technologies UNSW

However, multiple antenna technology requires a high
computational complexity at the receivers which may be
not suitable for portable devices.

@ Massive MIMO: Transmitter equipped with hundreds
antennas serve multiple (e.g. single antenna)
receivers [4, 5]

e Shift the signal processing burden from the receivers
to transmitter

e Allow simple design and cheap receiver

o Achieve asymptotically optimal performance by using
simple precoding design

4/53 Derrick Wing Kwan Ng -
The Road to Ubiauitous Communication Networks: Wireless Information and Power Transfer



1. Introduction esee Overview - Energy Harvesting: Wireless Powered Communications

5G Emerging Technologies

@ Ubiquitous and Self-sustainable Networks

e Technologies

(*]

Conventional energy harvesting (scavenging): Collect
energy from natural renewable energy sources such as
solar, wind, and geothermal heat

Advantages: Self- substantiable network

Technical challenges (engineering problems): Time
varying availability of the energy generated from
renewable energy sources = Perpetual but intermittent
energy supply = Unstable communication service.
E.g., solar energy and wind energy are varying
significantly over time due to weather and climate
conditions [6, 7]

Disadvantages: 1) Location and/or climate dependent
= Not suitable for mobile devices in indoor, enclosed
areas; 2) Perpetual but intermittent energy supply =
Unstable communication service.
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1. Introduction esee Overview - Energy Harvesting: Wireless Powered Communications

Overview - Energy Harvesting

@ “New" energy harvesting technology: RF-based
Energy Harvesting [8]-[13]
o Collect energy from background radio frequency (RF)
electromagnetic (EM) waves from ambient transmitters

@ Major Applications: RFID, body area networks, wireless
sensor networks, Machine-to-Machine (M2M)
communications, Internet of things (loT), etc [14, 15].
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1. Introduction eee Overview - Energy Harvesting: Wireless Powered Communications

Overview - RF-based Energy Harvesting

RF-based Energy Harvesting: Signal from ambient transmitters

On going research over the world: Intel (far filed energy harvesting)
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TV antenna, LoS to the KING-TV tower 4.1 km away. Carrier frequency:

680 MHz with an effective radiation power (ERP) of 960 KW. Harvested
power: 60 microwatts, enough for powering up the
thermometer/hygrometer and its LCD display.
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1. Introduction esee Overview - Energy Harvesting: Wireless Powered Communications

Overview - RF-based Energy Harvesting

RF-based Energy Harvesting: Dedicated Energy Transmitter

Commercial Development Kits

1))

Transmitter Features: Receiver Features:

+ 916MHz, 3-watt transmitter « P2110 Powerharvester®

«» Transmits power and data » Receives power and data

+ 8dBi integrated antenna « Converts RF to DC

+ Dual DC power jacks » Charge / Power management
« Powers multiple receivers « |/O for interface to MCU

915 MHz, 6 dBi receiver antenna, distance 4 meters, 3 watt equivalent
isotropically radiated power = 26u Watt harvested power.
Enough to power on small wireless sensors!

www.powercastco.com
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1. Introduction esee Overview - Energy Harvesting: Wireless Powered Communications

s

Overview - RF-based Energy Harvesting

RF Energy Harvesting
@ Advantages:

e Enable Wireless Information and Power Transfer.
e Power source is controlled/deterministic

o Reduces/eliminates battery replacement

e One-to-many charging

o Eliminates wires, simplifies installation

@ Suitable for enclosed environment

@ Technical challenges (engineering problems):
e Fundamental tradeoff between energy and information
delivery (non-trivial in most cases) [8]
o Optimal receiver structure? [16]
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1. Introduction esee Overview - Energy Harvesting: Wireless Powered Communications
<

~ Overview - RF-based Energy Harvesting W

Fundamental problem 1 [17]:

@ High carrier frequency = severe path loss. e.g. For 10
meters in free space, the attenuation of a wireless signal
can be up to 50 dB for a carrier frequency of 915 MHz

To facilitate energy harvesting at the receivers, the
transmitter can increase the transmit power of information
signal

@ Disadvantage:

@ Increases the susceptibility to eavesdropping due to a
higher potential for information leakage [18]-[21]
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1. Introduction esee Overview - Energy Harvesting: Wireless Powered Communications =

Overview - RF-based Energy Harvesting UNSW

On the other hand, artificial noise is generated for
combating the eavesdroppers

@ A controllable energy source in RF to the energy
harvesting receivers
Dual use of artificial noise
e Ensure communication security

o Facilitate wireless energy transfer

11/53 Derrick Wing Kwan Ng -
The Road to Ubiauitous Communication Networks: Wireless Information and Power Transfer
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Outline

e Problem 1 - Efficient and Secure Wireless Powered
Communications
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2. Problem 1 - Efficient and Secure Wireless Powered Communications

System Model

Information receiver 1 . Energy harvesting receiver 2
Base station . o .
(potential eavesdropper)

Energy harvesting receiver 1
(potential eavesdropper)

Figure: Downlink SWIPT communication system model with K = 2
single-antenna information receivers and | = 2 multiple-antenna
energy harvesting receivers.

@ The transmitter is equipped with Ny > 1 antennas.

@ Each information receiver is equipped with a single antenna.

@ Each energy receiver is equipped with Ny multiple receive
antennas.

@ Channel state information of desire all the receivers is known at
the transmitter
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2. Problem 1 - Efficient and Secure Wireless Powered Communications

~ Channel Model oy

The received signals at the information receiver k and the
energy harvesting receiver j are given by

vi = hilx+n, Yeke{1,...,K}, and (1)
Gf'x +ngp,, Vi€ {1,....]}, (2)

I

VER,

respectively. The transmitter constructs a transmit symbol

vector x as
K
X = Zw s + v , (3)
k1 o o o
. : artifical noise
desired signals
14/53 Derrick Wing Kwan Ng -

The Road to Ubiauitous Communication Networks: Wireless Information and Power Transfer



2. Problem 1 - Efficient and Secure Wireless Powered Communications

Performance measure UNSW

Achievable Rate of desired information receiver k:

Ck = 1092(1+Fk), where (4)
hilwy |2
e = = b we| (5)
Y [h w2 + Tr(HeV) + 02
m+k
T/_r,?, Derrick Wing Kwan Ng -

The Road to Ubiauitous Communication Networks: Wireless Information and Power Transfer



2. Problem 1 - Efficient and Secure Wireless Powered Communications
S CRD

Performance measure UNSW

We focus on an unfavourable scenario for the decoding
capability of the energy harvesting receivers for providing
communication security to the information receivers.

Cfp, = log, det(ly, + Q; ' G/'w,w} G;), (6)
Q;j = G/'VG; + o1y, >0,

Assumption: The energy harvesting receivers are able to
perform successive interference cancellation before
decoding the desired information
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2. Problem 1 - Efficient and Secure Wireless Powered Communications
S CRD

Performance measure UNSW

+
Cseer = [Ck—rr{;jiX{CERj}] : (7)

K
Egr, = 7niTr <G]H(Zwkwf + V)G,-), (8)
k-1

where 0 < n; < 1 is a constant which denotes the energy
conversion efficiency of energy harvesting receiver j.
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2. Problem 1 - Efficient and Secure Wireless Powered Communications

Resource Allocation: Problem Formulation

Resource Allocation Optimization

maximize mln {n] Tr <Gfl( g:wkwi’ + V)Gj> }

VeHNT w;,  JE{L.

[y w|?

s.t. Gl =" > Treq,, Yk,
Y |hifw,, |2 + Tr(HLV) + o2
m#k

C2: log,, det(Iy, +Q;1GHwkwk Gj) < Rer

ik’

VE, V),
K

C3: Tr(V) + ) [|we]® < Prax, C4: V> 0.
k=1

(9)

Blue color = non-convex elements
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2. Problem 1 - Efficient and Secure Wireless Powered Communications

~ Optimization Solution: Equivalent constraint vsw

To handle the non-convex constraint C2, we introduce the following
proposition:

Proposition
For Rgg;, > 0,Vj, k, the following implication on constraint C2 holds:

C2 = C2: GI'W;G; < app,, Q). ¥, b, (10)

where W, = wkwkH and QER;), = 27Fk — 1 is an auxiliary constant. C2 is a

linear matrix inequality (LMI) constraint. We note that constraints C2
and C2 are equivalent if Rank(W,) < 1, Vk.
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2. Problem 1 - Efficient and Secure Wireless Powered Communications

Semi-definite Programming Relaxation

For facilitating the SDP relaxation, we define W, = w,wl and rewrite
the original problem in terms of W,, as

maximize T (11)
Wy, VeHNT 7
K
Tr(HWe) 9
ol — = > oz, ,
e (He( Y Wi +V)) 2 02, vk

m+k
C2: GI'W,G; < agp,, Q). Vi k,

K
C3: Tr (V+ 3" W) < Ponax,
k=1
C4: V = 0, C5: Wj, > 0,Vk, C6: Rank(Wy) < 1, VE,

For facilitating the SDP relaxation, we define W, = w,wl and rewrite

the original problem in terms of W, as
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2. Problem 1 - Efficient and Secure Wireless Powered Communications =

Optimality Conditions UNSW

There exist an optimal solution with Rank(Wj) < 1.
Besides, by exploiting the solution of the dual problem, the
rank-one solution can be obtained via construction.
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2. Problem 1 - Efficient and Secure Wireless Powered Communications

Simulation Results - Simulation Parameters

22153

Table: System parameters

¥
UNSW

User distances (uniformly
distributed)

2 m to 50 meters

Number of information receivers 3
Number of energy harvesting o
receivers
Carrier center frequency 915 MHz
Small-scale fading distribution Rician fading with Rician factor 3 dB
Total noise variance, o7 —2% dBm
Transmit power budget, Pnax 46 dBm
Number of receive antennas at each 9
ER, Np
Receive antenna gain 6 dB
Max. tolerabIIE;channel capacity at 1 bit/s/Hz
s, Rer
RF energy to electrical energy 05

conversion efficiency for ER j, 1
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2. Problem 1 - Efficient and Secure Wireless Powered Communications

Average Total Transmit Power versus 'y

23 T T T T
—O— Proposed algorithm, N.=8
—F3— Baseline 1, N, =8

KProposed algorithm, N_ =8 #— Baseline 2, N, =8
—f>— Proposed algorithm, NT =6
—%— Baseline 1, N =6 7
Baseline 2, N = 6

o —Proposed algorithm, N, =6

Average minimum harvested power (dBm)
per enregy harvesting receiver
I
©
T

18[7 A/Baseline 1
17F 8
X
16 q
«—Baseline 2
e S e
Al Al A = = 7
15 ) - - ; : - : y y
4 6 8 10 12 14 16 18 20 22 24

Minimum required SINR (Freq)

Figure: Average total harvested power (dBm) per energy harvesting receivers
versus the minimum required SINR of the information receivers, I'yeq.
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2. Problem 1 - Efficient and Secure Wireless Powered Communications ?
o}

Summary of Problem 1 UNSW

@ The power allocation algorithm design for secure
SWIPT transmission was formulated as a non-convex
optimization problem

@ SDP relaxation was adopted to solve the optimization
problem optimally

@ Simulation results unveiled the high wireless energy
transfer efficiency enabled by the optimization of
beamforming and artificial noise generation
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-nblem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]

Outline u%w

e Problem 2 - Practical Non-linear Energy Harvesting
Model and Resource Allocation [1]
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]

RF-based Energy Harvesting

Fundamental problem 2:

Efficient resource allocation algorithm design relies on
accurate system model
@ RF energy harvesting circuits are complicated and
implementation dependent

@ It is expected that energy harvesting circuits introduce
non-linearity in the EH process
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]

~ Practical Non-linear EH Model

Information receiver 2

&

Energy harvesting
Transmitter receiver 1

Energy harvesting receiver 2

Figure: A downlink SWIPT system with K = 2 information receivers
(IRs) and | = 2 energy harvesting receivers (ERs).

@ The transmitter is equipped with N; > 1 antennas.
@ Each information receiver is equipped with a single antenna.

@ Each energy receiver is equipped with Ny multiple receive
antennas.

@ Channel state information of desire all the receivers is known at
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]

Signal Model

28/53

In each time slot, the transmitter sends a vector of data
symbols to the K IRs. The received sighals at IR k and ER j
are given by

K

ve = hi') wesp+np, Vee {1,...,K}, and (13)
k=1
K

yER]. = G]'HZWIQSIQ"‘HER]-, VjE{i,...,]}. (14)
k=1
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]

RF-based Energy Harvesting insw

In the literature, the total harvested energy at ER j, @Iégf’a‘“,
is typically modelled by the following linear model

[10]-[13]:
. K
O = P, Pon = 3 Te (wiwf GG, (15)
k=1

V.

However, in practice, EH circuits result in a non-linear
end-to-end wireless power transfer. Besides, the RF-to-DC
power conversion efficiency changes with the input power.
Is the linear EH model valid?

Derrick Wing Kwan Ng -
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]
B o)

Practical Non-linear EH Model UNSW

@ Propose a mathematically tractable non-linear EH
model that matches experimental results [33, 34] for
the wireless power harvested by practical EH circuits

@ Non-linear EH model captures joint effect of the
non-linear phenomena caused by the EH circuit
hardware limitations such as circuit sensitivity and
current leakage
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]
Practical Non-linear EH Model

Proposition for EH model with respect to practical EH circuits:

L Logistic (sigmoidal) function
T T T

96 -4 -2 0
Input x

Figure: A standard logistic function.
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]

Practical Non-linear EH Model Proposition UNSW

Total harvested power at energy harvester k is given by

Vp(n) — MQ
1
Beln) = = —o— = e =
M

Veln) = 1 + o—Per, Whe(m)—b]"

@ V,(n) - traditional logistic function with respect to the
received RF power Pgg,(n) at EH receiver (ER) k, in time slot
n, vn, k

@ Q - constant term to guarantee zero-input/zero-output
response for the EH circuit

@ M - constant that stands for the maximum harvested power
at the ER, when the EH circuit is saturated; a and b are
related to the detailed specifications of the EH circuit such as
resistance, capacitance, and turn-on voltage
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]

Practical Non-linear EH Model

Proposition

= Proposed non-linear model

© Measurement data

Harvested power (uW)
T

, |
0 200 400 600 800
Input RF power (W)

25 o

L
1000

= Proposed non-linear model

© Measurement data

Harvested power (mW)

30 20
Input RF power (mW)

60 70

Figure: Curve fitting of measurement data from [33] and [34]
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]

Optimization Problem Formulation

Optimization Problem

J

maximize Z \ngf]‘_c“ca‘ [sum of ratios function] (17)
Wi
=1

K
subject to C1l: Z“WkHQ < Prax,
k=1

W?kak

C2:
Zj{:kW]HHkW]' + 02

> T2 g,

Blue color = non-convex elements
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1] =

Optimization Problem Formulation UNSW

Non-convex optimization problem:

@ Sume-of-ratios objective function

@ Non-convex constraint for beamforming vector
Solution:

@ Transform sum-of-ratios objective function using
algorithm from [35]

@ Solve resource allocation optimization problem
through an iterative algorithm
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]

Optimization Solution

Suppose wj, is the optimal solution to (17), then there exist two
vectors p* = [uf, ..., gyl and B* = [B], ..., B;] such that wj, is an
optimal solution to the following optimization problem

J
maximize Z}l]* [M, ~B <1 + exp ( —a;(Pgg, — bj)>>], (18)
chgz ]:1

where % is the feasible solution set of (17). Besides, wj also
satisfies the following system of equations:

0, (19)

B (1 + exp (_aj(PER,- —bi)>> =i

p}*(i +exp ( —aj(Prp, “bf))> =1

0, (20)

and D = Y25, Tr (w};(w};)HGjG]H )
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] 3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1] E
Optimization Solution UNSW

In each iteration, we solve the following optimization
problem for given parameters (u, B):

Transformed Optimization Problem

J

maximize i |[M;—B; (1 + exp (—a;(ti—b;) (21)
Wy cHM 7 ; ][ j ]( (~ai(y 7))]

K
subject to C1: ZTr(Wk)gpmax,

k=1

Tr(Hp W

c2: %zZTp(kaj)mf,w@
k

j#k
C3: Rank(Wy) <1,Vk,

K
C4: 5 <Y Tr(WiGGl').vj, C5: Wi 0,Vk,
k=1

J
maximize Zu,‘[Mjf[%j(l +exp(fa,-('r,'7b,'))>J (22)
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1] —

Optimization Solution UNSW

Assuming that the channels, i.e., h, and G;, are
statistically independent and (22) is feasible, the optimal
beamforming matrix of the SDP relaxed problem of (22) is
a rank-one matrix with probability one, i.e.,

Rank(Wj) = 1,Vk, for I;* > 0.
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1] E

Iterative Update Equation UNSW

BO/S5)

In the n-th iteration, we use the well-known damped
Newton method to update (u, B) iteratively. In particular,
p™+t and B**! can be updated as, respectively,

Iln+1 _ ﬂn _I_qun and ﬁn+1 =Bn _*_qunl (23)
where  q" = [¢'(n.B)) " o(n. B) (24)

and ¢'(u, B) is the Jacobian matrix of @(u, B). " is the
largest €! satisfying

lo(n" + elqt, g + elq">H < (1 —¢se)|olp B, (25)

wherel ¢ {1,2,...}, € €(0,1), 6 € (0,1).
(pj(ﬁ]’) = B]<1 + exp ( —a]'(PER]. —b])>> — Mj and
@r+ilpi) = m(l + eXp<_ai(PERi_bi)>> -1,ie{t,.... ]}
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1] ?

Iterative Algorithm UNSW

Table: Iterative Resource Allocation Algorithm.

Algorithm Iterative Resource Allocation Algorithm

1: Initialize the maximum number of iterations L., itera-
tionindex n =0, g, and 8
2: repeat {Outer Loop}
3: Solvetheinnerloop problemin (22) via SDP relaxation
for given (u", ") and obtain the intermediate beam-
former w),

4: if (25) is satisfied then
5: return Optimal beamformer wj = w),
6: else
7: Update p and B according to (23) and n=n +1
8: endif
9: until (25) is satisfied or n = Lyax
20/53 Derrick Wing Kwan Ng -
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]

Results - Simulation Parameters

41/53

Table: System parameters

Location of information

. 50 meters
recelvers
Location of ERs 10 meters
Number of information receivers 2
Carrier center frequency 915 MHz
Small-scale fading distribution Rician fading with Rician factor 3 dB
Total noise variance, o2 —2% dBm
Transmit power budget, Ppax 30 dBm
Number of receive antennas at each o
ER, Np
Antenna gain 10 dBi
aj, bj, M; 6400, 0.003, 20 mW
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]

Average total harvested power (dBm)

-3 T T

B NT =6, proposed scheme
-4r -7~ N, = 6, baseline scheme
—t— N =5, proposed scheme
-p- N, =5, baseline scheme

Performance gain

-
_V_--V‘

AT

—9‘? Proposed scheme

Average total harvested power (dBm)

_10  baseline

.
scheme Performance gain, ~

PO e

I S R
LR g ‘ ‘ ‘ ‘ ‘
2 3 4 5 6 7 8 9 10
Number of ERs

Figure: Average total harvested power (dBm) versus the number of ERs.
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3. Problem 2 - Practical Non-linear Energy Harvesting Model and Resource Allocation [1]

Summary of Problem 2

@ We proposed a practical non-linear EH model and
study the corresponding resource allocation problem

@ An iterative algorithm and SDP relaxation were
adopted to solve the optimization problem optimally

@ Simulation results unveiled that resources allocation
algorithms designed for linear model will lead to
resource allocation mismatches for practical
non-linear EH circuits.
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4. Future Works E

Future Works UNSW

44/53

@ Partial/imperfect CSIT
@ Pure energy harvesting devices do not equip with
communication circuit = No CSI
@ Waveform design for efficient energy transfer
o |s Gaussian signal optimal for energy transfer?
@ Wideband or narrow band?
o Wideband is good for information transmission. Yet,
narrow band is good for energy transfer
@ Cross-layer scheduling
e Heterogenous requirements: Energy and information
@ Interference Management
e Strong interference is a vital energy source
e Information Transmission: Suppress interference vs.
Energy Harvesting: Embrace interference = There are
multiple conflicting system design objectives in a
system.
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