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ABSTRACT

terminals is considered. It is assumed that the user telsnirans-
mit their independent information to the H-AP by time-divis-

Optimizing the system performance of a wireless powered-commyltiple-access (TDMA), and both the sum-rate maximizaicob-

munication network (WPCN) has been extensively studiedrrbg,
by incorporating space, frequency and/or time diversitthefchan-
nel, etc. However, the time diversity, inherently impodescausal-
ity constraint on the channel state information (CSl) in $lgstem
design. Hence development of effective and efficient ondilym-
rithms for optimizing the system performance is essentialchal-

lem and min-rate maximization problem are considered. Woik
is further extended to the MISO system, where the H-AP ispgapd
with multiple antennas [9]. In the presence of Gaussian C®Fe
that is inevitable in practical systems, the authors of [d@jsider
joint time allocation and energy beamforming design for 58I
WPCN system to maximize the sum-rate subject to signabtsen

lenging. In this paper, a WPCN with two single-antenna acesyatio (SNR) outage probability constraints.
arash

points (APs) and a single-antenna user, wherein the “hal
then transmit” over multiple time blocks is considered foe tre-
source allocation (time and power in each time block) by mméei
ing the system throughput rate. To this end, a low-compfexitine
algorithm is proposed. Some simulation results are pralvidesup-
port its efficacy.

Index Terms— Wireless energy transfer, time diversity, online
algorithm, throughput maximization.

1. INTRODUCTION

Energy harvesting has drawn extensive attention in recnsy due
to perpetual energy supply for a conventional energy-caimsd
network to prolong its life time. Among a variety of energy re
sources, radio frequency (RF) enabled wireless energysfean
(WET) technology can particularly provide more stable, amate
controllable energy than others, such as solar and win®][1As

The related works in the literature mostly focus on exphgjtihe
spatial diversity provided by multiple antennas. Howetee, time
diversity has not yet been well studied for WPCN. Since trergn
harvested in current time block can be stored in the enemage
device (ESD) for future use, properly designed time allocaand
power control over several time blocks experiencing défferchan-
nel fading can well be expected to further improve the pemnforce
of WPCN. To the best of our knowledge, there is only one wot} [1
in the literature that considers a throughput maximizaposblem
for the time allocation and power control over a finite honizaf
time for a WPCN consisting of one single-antenna H-AP and mul
tiple single-antenna users. However, the work [11] onlylsieath
the ideal case that the CSI for all time blocks are known arprio
which is not very realistic due to the causality of CSI notetaknto
account. So far, the development of online algorithms iksstiopen
problem. In view of this, we consider this problem for a WPGM-c

a result, the wireless powered communication network (WPCNSsisting two single-antenna APs and one single-antennasubgect
has become an appealing research topic. In a general WPCH [3] to the causal CSI. Because it turns out to be an intractaliieam

hybrid access point (H-AP) provides the information traission
and energy transmission simultaneously to a set of dis&ibuser
terminals in the downlink (DL) phase, and the wireless pederser
terminals transmit information in the uplink (UL) phasengsithe
energy harvested in the DL phase.

The research of WPCN can be roughly divided into two cate-

gories. The first considers the rate-energy trade-off fersiimulta-
neous wireless information and power transfer (SWIPT) & B
phase of WPCNSs, and has been extensively studied undereditfe
system models and channel settings [3, 4, 5, 6, 7]. The oshibei
transmission design for the “harvest-then-transmit”. (Leer termi-
nals harvest energy in the DL phase, and then transmit irzftbom
using the harvested energy in the UP phase), which is thesfotu
this paper. The time allocation, the power control, and Heam

vex problem, we propose an online algorithm to obtain a stilmah
solution. The proposed algorithm can be efficiently implated by
simple bisection search and golden section search [12] eSamu-
lation results are provided to demonstrate its efficacy.

2. SIGNAL MODEL AND PROBLEM STATEMENT

We consider a WPCN consisting of two single-antenna APs and a
single-antenna user. One of the APs is for DL wireless eneems-

fer, referred to as energy-AP (E-AP); the other is for UL \éss
information transmission, referred to as information-ARP)™. To
exploit the time diversity of fading channel, we considee #n-
ergy transfer and information transmission oyéiconsecutive time
blocks of independent channel fading states. The DL chanowl

ing design for the DL-UL phases have fundamental impact @n th E-AP to user and the UL channel to I-AP in théh time block are

throughput performance of the user terminals. In [8], a WRON-
sisting of one single-antenna H-AP and multiple singleeana user

This work is supported by the National Science Council, R.Qunder
grants 102-2221-E-007-019-MY3.
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assumed to be qusi-static flat fading channels and are dthyptg,
andh.,, respectively. Except for an energy storage device (ESD) in
form of rechargeable battery, the user is assumed to haveéheo o

1The WPCN with one H-AP and one user is a special case of thiemod
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power resource. Thus, the user needs to harvest energy fem tr,, and the power allocatiop“! over theV blocks. In the following
E-AP in the DL phase for its information transmission in the U sections, we propose an optimal offline optimization metand a

phase. Since the user cannot receive energy and transoritiaf
tion simultaneously, we adopt the “harvest-then-trarispridtocol
[8], in which a transmission time block is divided into DL pesand
UL phase in order. Specifically, in theth time block, (1 — 7,,)T

(0 < 7, < 1) amount of time is assigned to E-AP for energy trans-

fer, and the remaining,, 7" amount of time is for the user terminal to
transmit information to I-AP.

practical online optimization method. This offline optimion is

obviously not very practical since non-causal CSl is resfjitout

it can serve as a performance upper bound to the proposeateonli
method, where the CSl-causality constraint is imposed.

3. OFFLINE OPTIMIZATION

Inthe DL phase of theth time block, the E-AP transfers energy Assuming all the CSls known a priori, the offline throughpuaxm

to user with DL transmit power budgét. With the transmit signal
denoted by:%, the DL transmit power from the E-AP is

AP =pt < P. 1)

Ef|zn

In the nth time block, the received signal at the user can be written

as (for energy receivers, the receiver noise is negligibfgactice)
(2

As a result, the energy harvested by the user in the DL phaeof
nth time block is

dl
Yn

- dl
= gnTn

En:ﬂEHy ]77717 ‘gn| (1_7—")T’ nzl:an (3)

imization problem for the considered WPCN can be formulasd

ul 2
P Ih | )
- 1 1 9a
5.4.0< pdl <p p“>o0, vn, (9b)
Zﬂ(pl” +P) < Zp lgi|*(1 = 72), ¥n, (9¢)
0< 7 <1, Vn, (9d)

where (9c) is the UL power constraint deduced from (5), (3) the
constraintp¥! + P. < P*'. Obviously, problem (9) is a non-convex

where0 <7 < 11is the factor of energy conversion efficiency at the gptimization problem, due to its non-concave objectivecfion and

receiver.
For the UL phase of theth time block, the signal transmitted
from the user terminal to I-AP is denoted by

= /pulsy,

ul
Tn

4

wherep?!
distributed information-carrying signal! ~ CA/(0,1) (complex

Gaussian with zero mean and unity variance) is assumed. -Mor

over, for the information transmission, there is additioeaergy
consumption by the user terminal circuit, denotedy{13], which
is relatively independent of transmit power and assumecktodn-
stant over all the time blocks. Assuming infinite capacity ttoe
ESD at the user terminal, the available UL transmit powehélL
phase of thexth time block is given by

put = Bt B il P =) T+ B g
" T T o
where By = S0 B — P (0 4 Po)n T is the energy left

from the previous time blocks. Hence the transmit poweh@lL
phase is constrained by! + P. < P The received signal at the
I-AP in thenth time block of the UL phase is given by

ul

Yn = hﬂx (6)

where z, ~ CN(0,07) is the additive white Gaussian noise
(AWGN) at the I-AP. Then, the SNR for decoding the sigral
can be expressed as

+ zn,

ul 2
g
We assumd’ = 1 andn = 1 without loss of generality. As a
result, the achievable rate (in bps/Hz) for informatiomgmission
in thenth time block can be expressed as

ul 2
hn
Rn =Tn 10g2 (1 -+ pn‘—2|) .
a

Notice that the optimal throughput performance, i.e., mmzing
Zi\;l R,, relies on joint optimization of the DL-UL time allocation

®)
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is the transmit power and the independent and identically

non-convex constraint (9c). Nevertheless, it can be refitatad as
a convex problem by the change of variabiés= (1 — 7,,)p% and

el = 7,p¥, so can be efficiently solved using the standard convex

solverCvX [14].

4. ONLINE OPTIMIZATION

or online optimization, we assume that only the CSI of theent
ime block, sayy,, andh,,, are known, and the CSI of the future time
blocks{g:, h:}iL, 1, are unknown and random with known proba-
bility distribution. Therefore, at each time bloek we consider the
problem of maximizing the throughput of the current timediiplus
the expected throughput of the future time blocks, i.e.,

ul 2
hn
max Ty log, (1 + M)
Tn o

dl

pdl,pul T,
N ul|/H |2
+E| > #log, (1 B ) (10a)
i=n+1
st.0<py <P, py >0, (10b)
Tn(ph' + Pe) < pitlgn* (1 — 70) + B, (10c)
0< 7 <1, (10d)

Where{n,pl S Hi }L na1 are the time allocation, power allocation,
and CSl in the UL phase of the future time blocks, and are neael
as random variables in the current time block.

4.1. Problem Reformulation

By introducing the slack variable, > 0 (the total energy left at the
nth time block), one can rewrite constraint (10c) as

Eleft

Tn(pi' + Pe) + sn = P |gn|* (1 — ) + By, s > 0.

Then, constraints (10c) and (10d) translate to

p;illlg”|2 + Eif{tl — Sn
P+ pilgnl® + Pe

0 = <1, sn 20.



Moreover, it can be observed from (10b) and (10c) that themapt
DL power must bep? = P. Hence, problem (10) can be reformu-
P‘gn|2 + Elneftl — Sn

lated a8
max log, (1 + il |2)
pnlqn pn +P‘g |2+P O'
_ sl 2
+ |:P‘gn+1| + Sn Sn+1 lo 0g, (1+ pn+l‘7'én+l‘ >i|
Pty + PG 2 + P. o

PG+ 81— 5 UM
5| 3 B (1 )
(11a)
$4.0< Plgn* + B2 — s, < p + Plga|* + P,  (11b)
sn >0, pi >0 (11c)

4.2. Conservative Approximation

It is obvious that the optimal transmission strategy for fineire
blocks, i.e.,{p}",
for the current time block, i.es,, which makes problem (11) in-
tractable. To find a tractable suboptimal solution to probld 1),
we assume that in the next future time block, the user telndives
not perform energy harvesting from E-AP, and use up all theare-
ing energy to transmit information, i.e.,

wul

Pnt+1 = max{sn - PC7 0}7

Sn+1 = 0.

Note thatp,; = 0 is for the case that the energy laft at the cur-
rent time block is below the circuit power consumptith. Under
this assumption, the third term in the objective functior{f) be-
comes independent of the unknown variabi#sands,,, and hence
problem (11) can be simplified as
P|g7l‘2+EiLeft1 — Sn pnllh ‘2
o T Plg B B2 (1 M= )

+E P‘gn+1|2+5n
max{sn, — P:,0} + P|Gn+1]?> + Pe
) _p 2
log, (1 4 s ]:2’ O] )} 12)

s.t. (11b), (11c)

To solve problem (12), one needs to consider two cases; Pe
ands,, < P, that are presented respectively below.
Case (s, > P. = Py = s, — Pr)
Plgnl® + Ex™ — sn P [ |2
1 1y Enllnl
pim PUA PP+ P 2 \N T o2

_ 2
+E [1og2 (1 + %)} (13a)
o
5.6.0 < Plgn|*> + EX" — s, < p + Plga|* + P., (13b)
sn > P., pil>o0. (13c)

2Noticing that, by definitions,, = E!°, we have replaced} by s;
for all i > n, and have used; for all > n + 1 to emphasize that they
are random variables. Analogous to UL channels, the futlrelannels are
denoted byg; fori > n + 1.
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Case ll (s, < P. = pul, =0)

Plgn|* + Ex™ — sn picllnl”
1 1 14a
N i Plga P+ B e\ T (142)
5.6.0 < Plgn|* + E¥™ — s, < p + Plga|* + P., (14b)
0<s, < Pm pn, > 0. (14C)

It is obvious that the optimal value of problem (12) is the maxm
of the optimal values of (13) and (14), and the correspondptgnal
solution is hence optimal to problem (12).

4.3. Efficient Implementation

In this subsection we present an efficient algorithm for isgj\the
nonconvex problems (13) and (14). First, let us consides ta.,
problem (13). By the change of variables

1

%} .1, depends on how much energy is left Problem (13) can be equivalently written as

bp=———"— 1, = Plg. |+ B — ss 15
P+ Pt Plga2” " fonl BT o (19)
(1 = tn(Pe + Plgn|*)|hn|®
s ool 1+ e
(Plgn|2 left — iy — Pc)‘Hn-}—l‘Q
+E {log2 ( o

(16a)
540 <t, <.’ (16b)

0 <t < (Pe+ Plga”), (16c)
0 <7rn < Plga|* + EX™ — P.. (16d)

For ease of exposition, let

(1 — tn(Pc + P‘gn|2))|hn‘2)

tTH n) = tn nl 1
atn,Tn) r ogz( + P

B(ra) =E {ng (1 . (PlgnP?

Then problem (16) can be expressed as

+ EXf oy — P Mg )?
o2

A

max

max f(rn) {
n 0<t,, <min {

a(tn, "n):| + B(rn)
™ PC+P\yn\2

(17a)

5.t.0 < rp < Plgn|* + EX" — P.. (17b)

It can be shown that, for fixed,, a(t», ) is concave in., (the
proof is omitted due to space limitations), and hence for fargd
value ofr,,, f(r,) can be efficiently evaluated by solving the inner
maximization problem using bisection search. Moreovetait be
proved thatf(r, ) is a unimodal function of.,. Therefore, the op-
timal r,, can be efficiently obtained by the golden section search
method [12]. The proposed efficient algorithm for solvingipr
lem (17) is hence summarized in Algorithm 1. For case Il, prob
lem (14) can be analogously reformulated as problem (17¢mxc
for 3(r») = 0 and constraint (17b) replaced by

Plgnl® + Ex™y — Pe < v < Plgal® + B

The resulting problem can also be solved by Algorithm 1 wiité t
initial conditions changed te, := P|g,|> + EX" — P. andrs :=
Plgn|? + EX™,. After obtaining the optimat,, andt,,, the optimal
solution of (12) can be obtained by (15).



Algorithm 1 Efficient Algorithm for Solving Problem (17)

1: Setry := 0,72 := P|gn|* + sn—1, Rg := @ and tolerance
€ > 0.
repeat
SetL :=ry —rq.
Setrs :=ro — Rg x Landry :=r1 + Rg x L.
Computef(r3) and f(r4) by bisection search.
if f(rs) > f(rs), updaters := ry.
elseupdater; := rs.
8: until |T‘2 — 7'1|< E(‘7'3|+|7‘4|)
9: Output r* := 112 as the optimal solution of problem (17).

NoakhwN

5. SIMULATION RESULTS AND CONCLUSIONS

In the simulations, the number of time blocks is sefNo= 200,
and the user is randomly allocated in a 4-meted-meter room.
With the center of the square room being the origin, E-AP aA®&|
are allocated orf0.1, 0) and (—0.1, 0) respectively. Note that the
expectation term in (13a) is approximated by sample averate
200 channel realizations. The distance-dependent pasmiodel is
given by Pr, = Ao(d;/do)™3, where A, = 1073, d; denotes the
distance between the user and AP alad= 1 meter. Considering
the Rician fading channel model, the DL changeind UL channel
h can be expressed respectively as

o Kr Los \/ 1 NLOS
I=\V1rr? TViTEY (18)

Kr LOS 1 NLOS
=4/——h —h . 19
\/1+KR +\/1+KRL (19

whereK r = 3 denotes the Rician factay:°® € C (the set of com-

plex numbers) anfl">° € C are the line of sight (LOS) deterministic
componentsg"®® € C andh°° € C denote the Rayleigh fading
components with zero mean and unity variance.
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Fig. 1. Average throughput performance versus transmit pawef
E-AP foro? = 10~¢ (Watt) andP. = 10~° (Watt).
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Figures 1, 2 and 3 show the average throughput performan
(versus different transmit powg? of E-AP, noise powes> at I-AP
and circuit powerP,) of the offline optimization (solving problem
(9) usingCVX[14]), the proposed online optimization algorithm (Al-
gorithm 1 for solving problem (12)) and a heuristic greedythod,
which solves (14) in every time block (without any prediction
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Fig. 2. Average throughput performance versus noise pavieat
I-AP for P = 1 (Watt), P, = 10~° (Watt).
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Fig. 3. Average throughput performance versus circuit poRefor
P =1 (Watt) ando? = 10~° (Watt).

the throughput rate for any future time block). Some obg@mwa
from these three figures are as follows. The average thraugigs-
formances of the three methods are better for lafgesmallerc?,
and smallerP., and the offline optimization performs best and the
greedy method performs worst. The performance gap between t
offline optimization and the online optimization is smalland that
between the latter and the greedy method is larger for lafyesee
Fig. 1) and smalles? (see Fig. 2). However, Fig. 3 shows that
the performance gap between the offline optimization andtiiee
optimization is roughly constant, while that between thénenop-
timization and the greedy method decreases with the cipmwiter
P., and reduces to zero (duedp < P. for all n) asP. is large.

In conclusion, we have presented a low-complexity online op
timization method for the throughput maximization of WPC¥D
multiple independent channel fading states provided byithe di-
versity. The proposed online optimization method (Alduarit 1),
the first algorithm for online processing to the best of ouowh
edge, significantly outperforms a heuristic greedy methidibugh

Ctgle offline optimization solved b§VX[14], provides a performance
upper bound to the proposed online algorithm, the lattefopais
well with the computation time about ten times less than teér
in the presented simulation results. However, the devedoprof
more advanced online algorithms to reduce the gap belowdhe p
formance upper bound is left as a future study.
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