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A bstrac t In this paper, we study two schemes for the fair resource allocation in wireless powered
communication networks (WPCNs): a non-orthogonal multiple access (NOMA) scheme, and a proportional fair (PF)
scheduling scheme. The considered WPCN consists of a base station (BS) that broadcast radio frequency (RF) energy
over the downlink, and N energy harvesting users (EHUs). If NOMA is employed, all EHUs concurrently transmit
information over the uplink with successive interference cancellation employed at the BS. If PF scheduling is
employed, a single EHU is selected for uplink transmission in each frame. For both schemes, we arrive at optimal
allocations for the BS transmit power and the time sharing between uplink and downlink transmissions that maximize
the uplink sum-rate, while maintaining high level of system fairness. For the PF scheme, we also derive the optimal
scheduling policy. Compared to the state-of-the art schemes based upon time division multiple access (TDMA), both
schemes significantly improve the system fairness at the expense of minor (or nonexistent) rate degradation.

Key words: energy harvesting; wireless powered communication networks; non-orthogonal multiple access;
successive interference cancelation; proportional fair scheduling

BE3’KMYEH ITIPEHOC HA HHO®OPMAIIJA U EHEPT'HJA
CO ITPABUYHA PACITPEJEJBA HA PECYCPCH

A ncrtpakT: BooBoj Tpya ce mpoydeHu JBe memH 3a ¢ep pacnpenenda Ha pecypcute Bo 0€3:KHYHO HAIOjy-
BaHHU TeneKkoMyHukanucku Mpesxxu (WPCN): mema co He-opToronaneH nosekekparet npucran (NOMA) u mema co
nponopuuoHanto onciayxysame (PF). Bo pasrinenyBanata mpexa 0a3Hata cTaHHMIA eMHUTYBa paano(peKBEHIIUCKO
3paderhe KOH MOBEeKe KpajHH KOPUCHHIM, KO ja npudakaaT eHeprujaTa oj Toa 3pauerme. AKO ce MPUMEHH IieMaTa
NOMA, cute KpajHU KOPUCHHUIIM HCTOBPEMEHO IpakaaT HHpOpMalija KOH Oa3HaTa CTaHMIA, a Taa BPIIHU ITOCIEA0Ba-
TEJIHO IOHUINTYBambe HA MHTEpQEepeHIrjaTa NpeAN3BUKaHa Ol IPUMEHHUTE CUTHAIM. AKO ce npuMenu memara PF,
camo eJHa n30paHa CTaHHIA BO €I€H MOMEHT Mpaka nH(opMalrja KOH 0a3HaTa CTaHHIA. 3a JBETE LIEMH € Onpe/e-
JIeHa ONTHMaJHA pacipeseba Ha W3Je3HAaTa MOKHOCT Ha 0a3Harta CTaHHIA M ONTHMaJHa pacriperneibda momery Bpe-
MUBbATa 32 IpaKkamke HHpOpMalKja U eHeprujaTa, co Lel Ja ce MaKCHMHUpa BKYIIHATa MOAaToYHa Op31uHa KOH 0a3HaTa
CTaHMIIA, a HICTOBPEMEHO JIa Ce 3auyBa NPUHIMIOT 3a (ep HCKOPUCTYBambe Ha CUCTEMCKHTE pecypcu. Bo ciyuajor Ha
memata PF, ucTo Taka e omnpezelieHa Imojucara 3a ONTHMAIIHO OICIyXyBame. Bo criopenba co mo3HaTute meMu co
BPEMEHCKH OpTOroHaieH mnosekekpareH npuctan (TDMA), nBete mpeayoKeHH MIEMH 3HAYUTENHO ja MoJo0pyBaat
PaMHONpPaBHOCTAa Mely KpajHUTEe KOPHCHHIM, HA CMETKAa Ha HE3HAYMTEIHO HAMalyBame Ha BKYIHATa IOJATOYHA
Op3uHa KOH Oa3HaTa CTaHHILA.

Kayuynu 360poBu: npudakame eHepruja; 0e3:xnuuo HarojyBaHu TejaekoMmyHukauucku mpexu (WPCN);
HEOPTOrOHAJICH MOBEKEKPATEeH MPHCTAIT; [OCICIOBATEIHO MOHUIITYBAkE HA HHTEp(epeHLHja;
IIeMa co MPOMOPLHOHAIHO onciyKyBame (PF)

INTRODUCTION sible. Typically, the major concern for these devi-

ces is battery life and replacement. Applying ener-

Recent advances in ultra-low power wireless gy harvesting techniques to these devices can sig-
communications and energy harvesting (EH) tech- nificantly extend battery life and sometimes even

nologies have made self-sustainable devices fea- entirely eliminate the need for a battery [1, 2].
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However, energy harvesting from the environment
(such as, solar or wind) may not provide a stable
and continuous power supply to the communicati-
on system. Instead, energy may be harvested from
a radio frequency (RF) radiation from dedicated
power sources. Therefore, the RF energy harves-
ting has emerged as a revolutionary technology for
the energy-constrained wireless networks, such as
the sensor and ad hoc networks [1-3].

Networks of nodes that utilize both informati-
on transmission and energy transmission are
known as wireless-powered communication net-
works (WPCNs) [4-6]. The design optimization of
WPCNs so far typically focuses on maximization
of the sum-rate over the uplink, which is a spe-
ctrally efficient method, but yet biased and unfair
in terms of resource sharing among the EHUs. In
particular, due to the large-scale fading, the EHUs
at closer distances to the BS can transmit at much
higher rates compared to the more distant EHUs.
Thus, conventional sum-rate maximization allows
only EHUs close to the BS to achieve a much
higher aggregate rate compared to the cell-edge
EHUs.

In order to tackle this issue, this paper propo-
ses two different schemes that facilitate fair resour-
ce allocation in the WPCNs: (a) non-orthogonal
multiple access (NOMA), and (b) proportionally
fair (PF) scheduling. When NOMA is employed,
all network users simultaneously transmit their
codewords towards a common receiver, which dec-
odes them by successive interference cancellation
(SIC) [7-9]. [10] solves an weighted sum-rate
maximization problem in order to derive achi-
evable rate regions and compares the performances
between the approach with joint resource allocati-
on and the one when only optimal time allocation
is considered. On the other hand, PF scheduling is
widely applied to today’s conventional cellular
systems [11]. In the context of EH communicati-
ons, [12] determines the optimum offline resource
allocation on an EH downlink [13] studies uplink
sum-rate maximization with short-term energy har-
vesting and the applicability of a proposed subopti-
mal online algorithm, while [14] studies uplink
sum-rate maximization with long-term energy har-
vesting with a complex battery model and proces-
sing cost.

In this paper, we study WPCN that employs
short-term energy harvesting with a simple battery
model. For both of these schemes, by solving a
sum-rate maximization problem we derive the ex-
pressions for optimal allocations for the BS trans-
mit power and the time sharing between the uplink

and downlink transmissions. For the PF scheme,
we also derive the optimal online scheduling po
licy.

SYSTEM AND CHANNEL MODEL

The WPCN is assumed to operate in a random
fading environment, consisting of a base station
(BS) and N EHUs, all equipped with a single an-
tenna. The EHUs are equipped with rechargeable
EH batteries that store the harvested energy. Let
the time be divided into epochs of equal duration
T . Each epoch is subdivided into two consecutive
phases: an EH phase, during which the BS broad-
casts RF energy to the EHUs, and an IT phase
(Figure 1). In the case of the NOMA scheme, the
IT phase consists of multiple concurrent transmis-
sions from all the EHUs (Figure 2), whereas, in the
case of the PF scheduling, the IT phase consists of
a single transmission of the scheduled EHU (Fig-
ure 3). In epoch i, the duration of the EH phase is
7T, whereas the duration of the IT phase is (1 —
7)T. During the IT phase, the EHUs consume the
total amount of energy harvested during the
preceding EH phase.

_____ > Information transfer

<«— Energy transfer

BS
Fig. 1. System model
EH phase IT phase
BS EHU1-EHUN
< > < >
TT (1-T

Fig. 2. NOMA epoch
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EH phase IT phase
BS Active EHU
TT (1-9T

Fig. 3. Epoch with PF scheduling

The fading between the BS and EHU n
(1£n< N) is assumed to be stationary and ergo-
dic random process, which follows the block fad-
ing model (i.e. the channel is constant during a
single block but changes independently from one
block to the next). We assume that the duration of
each fading block is equal to 7, and coincides
with a single epoch. In epoch i, let the fading
power gain of the BSBS-EHU, channel be denoted
by x,(i). For convenience, the corresponding
downlink (BS-EHU,) and uplink (EHU,-BS)
channels are assumed to be reciprocal, although the
generality of our results is unaffected by this
assumption. These gains are normalized by the
additive white gaussian noise (AWGN) at the rece-
iver N,, yielding x, (i) = x,(i)/N,. The average
value of x,(i) is denoted by Q, = E[x,(i))I/N,,
where E[] denotes expectation. The BS is assum-
ed to control and coordinate the uplink and
downlink transmissions, and therefore is assumed
to to have perfect channel state information (CSI)
of all N fading links, {x, (i)}’ , in each epoch.
The transmit power of the BS in epoch i is
denoted by p,. We assume that the power of the

BS has to satisfy an average power constraint, F,,

(le. E[p;]1< P, ), and a maximum power cons-
traint, P, (i.e. 0<p, <P, ).

FAIR RESOURCE ALLOCATION

In the following subsections we derive ex-
pressions for the optimal BS transmit power and
the duration of the EH and IT phase for two scena-
rios: (a) when NOMA is employed in the WPCN,
and all of the EHUs transmit simultaneously over
the uplink; (b) when PF scheduler selects a single
EHU for uplink transmission.

Non-orthogonal multiple access

In case of NOMA, the harvested energy by
nth EHU is E, (i) =7n,x,({))N,p,7,T , where 7],
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is the energy harvesting efficiency of n-th EHU.
Using the notations, we can obtain the transmit
power of n-th EHU during the successive IT phase
inepoch i as

E, () _n,x,(O)Nyp7;

BO=aT o™ 1o

(D

On the other hand, the rate of n-th EHU, de-
noted by R (i), depends on the decoding order at
the BS. Without loss of generality, we enumerate
the EHUs according to the order od increasing
average fading gains (i.e. Q,<Q, <...<Q, ).

Given 7,, P (i), Vn, the n-th EHU in epoch
i transmits a Gaussian distributed codeword (com-
prised of infinitely many symbols during the time
(1-7,)T . The actual achievable rate of n-th EHU,

Vn,in epoch i is given by

b, (D)x, (i)
n—1 .

14D P (i)x,. (i)
k=1

R,(i)=(1-7,)log 1+ )

The decoding order of the proposed NOMA
scheme is based upon the long-term channel statis-
tics, with fixed decoding order at the BS that is
inverse to the distances of the EHUs from the BS.
Please note that, compared to the duration of a
single epoch, the time to decode information of all
EHUs at the BS (employing SIC) is negligible,
which is a reasonable assumption. The BS decodes
the EHUs’ codewords in the order N,N —1,...,2,1
and uses SIC: The EHU N is decoded first while
experiencing interference from the remaining
N —1 EHUs. The EHU N —1 is decoded second
while experiencing interference from EHUs
N-2, N-3,.21. Finally, the EHU with
smallest average fading power, the EHU 1 is
decoded last in the absence of interference. It is
worth mentioning that the decoding order does not
affect the sum-rate of the EHUs. It only affects the
value of the individual rates of the EHUs, and
consequently the system fairness.

Using (2) the average achievable rate of EHU
n, Vn, over M epochs is given by

B, (0)x, (i)

n-=1

1+ D P (i)x,. (i)
k=1
3)

i}

— 1 &
R, = lim — ) (1-7)log| 1+

Moo My
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Assuming M — o epochs we can formulate
the following sum-rate maximization problem:

N
Maximize ZR”
P Vi n=1

S.t.

1 M
Cl: — T. <P
M;pll avg

C2: 0<p,<P

C3: 0<7,<1, “)

where En is given by (3).

The solution of (4) is given by the following
theorem.

Theorem 1. The optimal BS transmit power,
pj, is given by

. {Pm, A< b(i) )

Pi = 0, otherwise,

The optimal duration of the EH phase 7, T , is

found as the root of the following transcendental
equation,

log(l + —b(ll)Pm“,f ‘i J + AP, =

— 7.
N (6)
b(i)P

max

-7, +b()P,, T,

max "1

where

N
b(i) = Ny D 11,%, (D). )

n=1
The constant A is found from

M

(IUIM)Y " p;T; =P, .

Proof: Please refer to Appendix A. ]

Proportional fair scheduling

We aim at determining an opportunistic sche-
duling policy that achieve proportional fairness in

the considered WPCN. Let the EHU s, be the

scheduled user in epoch i, which is selected
opportunistically from among the EHUs. The
remaining N —1 EHUs are silent (i.e. they neither
harvest energy nor transmit information). The

amount of harvested energy by EHU s, during the
EH period is given by

Esi (l) = ﬂsi'xsl.(i)N()piTiT’ (8)

where 77, is the energy harvesting efficiency of
the scheduled EHU, and x, (i) is the normalized

fading power gain of the channel between the
scheduled EHU and the BS. During the IT phase,

EHU s, spends all of its harvested energy, E, , for

5.0
1

transmitting information to the BS. In particular,

the EHU s, in epoch i can transmit a codeword of

duration (1-7;)T with an output power,

3 Es-i(i) _ﬂsixsi(i)Nopifi
S d-T)T (1-7)

P, (i) ©)

and an information rate 10g(1+PS.(i)x& (i)). The

actual achievable rate of the scheduled EHU s; in
that epoch is given by:

r () =(1-7)logll+ P, ()x, (). (10)

Let us now define the indicator variable

I ()= I, if n=y (11
= 0, if n#s,

denoting whether EHU n is activated or not.
Using (10) and (11) the average achievable rate of
EHU, over M epochs is given by

> 1 &, . .
R, A%OM;I"(;)Q(I). (12)

By definition, PF scheduling is aimed at
maximizing the product of the achievable rates of
all users, or, equivalently the sum of the logarithms
of the individual rates [12, 15]. Following this
approach, we aim at maximizing the objective

function Z;v:llog En and the PF optimization
problem is defined as follows:

N —_—
Maximize Zlog R,

Pyl (D) n=1

S.t.
1 M
Cl': — > pr.<P
M;pt i avg

C2': 0<p <P, .Vi

max

J. Electr. Eng. Inf. Technol., 1 (1), 57-65 (2016)
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C3:0<7,<1,Vi
C4’: I ,(i)e{0,1},Vi,n,

N
C5': D 1,()<1,Vi. (13)

n=l1

Theorem 2. The solution of (13) is given
by

s; = arg maxr”T(l). (14)
n R,
Moreover, the optimal allocations of the BS

transmit power and the duration of the EH phase
are respectively given by

e [Py a, ()>IR,
pr=gime 07N )
0, otherwise,
-1
% as.(i)Pmax 1
Ti =1— l. 1+
aSi (Z)I)IVMIX _1 as. (l.)i)lnllX _1
e
(16)

where a, (i) = Ny, x (i) . Note that W(-) denotes

the Lambert W function. The constant A is found
from (1/M)Y " p/7, =P

avg *

Proof: Please refer to Appendix B. |

NUMERICAL RESULTS

In this section, we provide simulation results
to complement the analysis above. Since Rayleigh

fading is considered, x;, (i) follow an exponential
distribution. The deterministic path loss is calcula-
ted as E[x,(i)]=10"D,*, where D, is the
distance of the n-th EHU to the BS. The pathloss at

a reference distance of 1 m is set to 30 dB, and the
pathloss exponent is set to & =3. We assume an

AWGN power equal to N, = 2-10"*W. Thus,
Q,=10"D*/N,. We consider that one half (i.e.
N/2) of the EHUs are placed at a distance of
D, =10 m, yielding to ©, =10° and the other half
(i.e. N/2) of the EHUs at a distance of D, =12.5 m
from the BS, yielding to Q_ =10°/2. The average

output power of the BS, P, , is set to either one of

vg ?
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the following values: 1 W and 2W. We set
P,..=5P and 77,=05 Vn. We consider

max avg

M =10’ epochs, and we depict the average
achievable rates for the EHUs for this simulation
setup. With these calculated average achievable

rates, En,Vn, we can calculate the desirable met-
rics-sum-rate and fairness index for this system.

Figure 4 depicts the sum-rate over the uplink
when NOMA or PF scheduling is employed in the
WPCN with respect to the number of EHUs and

the average BS power, P, . As a baseline we use

TDMA-based WPCN proposed in [16], where the
sum-rate is maximized by optimizing the durations
of the EH and IT phases and the BS output power.
It can be observed that NOMA achieves the same
sum-rate for the same number of EHUs as TDMA,
and PF scheduling achieves much smaller sum-rate
due to the selection of a single EHU for uplink
transmission in each epoch.

~H=— NOMA
=& PF scheduling
45| —8—ToMA

-
-
-
-
-
-

Achievable sum-rate (bits/symbol)

14 16 18 20

L 4 L
2 4 6 8

10 12
Number of EHUs

Fig. 4. Achievable sum-rate vs. number of EHUs

In Figure 5, we show the system fairness for
the schemes with respect to the number of EHUs
and the average BS power, P, . The system fair-

ness is described by the Jain’s fairness index, defi-
ned by [17]:

N e
QR
J(R,)=—"—, a7
N>R’
n=1

where En is the achievable rate, defined by (3).

Note that a higher value of J (En) indicates a hig-

her degree of system fairness. It can be observed
that both NOMA and PF schemes provide substan-
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tial fairness enhancement compared to the baseline
TDMA scheme.

Jain's faimess index

075

¥ NOMA

==#~ PF scheduling
= TDMA

07 L i L L L i

2 4 6 8 10 12 14 16 18 20

Number of EHUs

Fig. 5. System fairness vs. number of EHUs

The proposed schemes achieve greater fair-
ness for the same number of EHUs when the ave-

rage BS power F,, increases. On the other hand,

TDMA attains smaller improvement of the fairness
for larger P, . Although NOMA achieves great

level of fairness, it can be observed that the level
of fairness decreases with the number of EHUs. On
the other hand, the number of EHUs has positive
impact for the fairness when PF scheduling is
employed, and the results show that PF scheduling
outperforms NOMA in terms of system fairness for
larger number of EHUs.

CONCLUSION

In this paper, we propose two schemes that
tackle the tradeoff between the uplink sum-rate and
system fairness in the WPCNs. Compared to the
WPCNs employing TDMA scheme, both proposed
schemes significantly enhance the system fairness.
The NOMA scheme preserves identical sum-rate
as compared to TDMA scheme, and outperforms
PF scheduling in terms of achievable sum-rate,
thus delivers balanced trade-off between sum-rate
maximization and fair resource allocation among
the EHUs.

APPENDIX A
PROOF OF THEOREM 1

By interchanging the order of summation and
using the properties of the logarithmic function the
objective function of (4) is transformed as

1 M
—E 1-7,)log| 1+
M,»zl( ’)Og(

where b(i) is given by (7). The optimization

pifib(i)j’ (18)
1-7

i

problem (4) with the new objective function (18) is
non-convex due to the products and ratios of the
optimization variables p, and 7;. Therefore, we
reformulate the problem by introducing the change
of variable e, = p,7;, and transform (4) into convex

problem in terms of ¢; and 7;, as

Max1mlze—2(1 7;)1o (1+ 1’b(l)J
T

eTV i=1 i

S.t.

_ 1 X
Cl: —>e <P,
M;x avg

C2:0<e <P, 7,,Vi

C3: 0<7,<1,Vi. (19)

The Lagrangian of (19) is given by

e;b(i)
MZ(I T)log(1+1 Tj

1

A3 3= o S-S ).
(20)

In (20), the non-negative Lagrange multipliers

A, o, and B are associated with the constraints
C 1, the left-hand side of C2 and the right-hand

side of C2, respectively, which satisfy the corres-
ponding complementary slackness conditions
a.e; =0Ni,and B (e, — 0,Vi.

max l)

By differentiating (20) with respect to e, and

7,, we obtain:

L__ WD sia-p=0 @I
% Ly p(i)-Y
-7,
a_L = ﬁil)max +b(l—)6i.
a7, 1—17,+b(i)e;
—log(H—%j =0. 22)

We now consider the following 2 cases.

J. Electr. Eng. Inf. Technol., 1 (1), 57-65 (2016)
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Case 1: If 7, =0, then e, =0 and no power is

allocated to epoch i, i.e. pf =0. Since ¢, =0, the

slackness conditions require ;>0 and S =0.
From (21) we obtain the condition:

a,=A-b(i)>0. (23)

After introducing (7) into (23), we obtain the
following condition for the occurrence of this case:

A> Nozyzlnnxf(i) )
Case 2: Let us assume 0<7,<1 and

e, =P, 7. This case corresponds to p; =P, ..

The slackness conditions require ;=0 and
B.>0.From (21) we obtain the condition:

b(i)

1+b(l) maxTi
-7,

B = —2>0. (24)

Introducing (24) and e, = P, 7; into (22), we

max -1

obtain (6). Based upon (6) and (24), it can be
shown that the sufficient condition for the occur-
rence of this case is given by

A<NYY ,x2G) .

APPENDIX B
PROOF OF THEOREM 2

Although [, (i) is a binary variable, we can
relax the constraint C4 as 0</,(i)<1 in order to
make the PF optimization problem tractable. After

relaxing C4 and introducing the change of variab-
les e, = p,7;, we obtain the following optimization
problem:

Max1mlzeZIOg{ 21 i)(1-7, 10g(1+ lan(l)ﬂ

IO R— 7
S.t.
—_ 1 ¥
Cl: —>e <P,
M ;1 avg
C2:0<e <P, 1,Vi
C3:0<7,<1,Vi
C4': I,(i)>0,Yi,n,
_ N
C5: Y1,()<1,Vi. (25)

n=1
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However, the optimization problem (25) is
still non-convex, because of the product

1,(i)(1-7;) which appears in the objective func-
tion. Nevertheless, similarly to [19, (P4)], we can

still apply the Lagrange duality method to solve
(13) based on [18, Theorem 1]. In particular, (25)

is in the form of [18, Eq. (4)]. For any fixed 7, and
I (i), the objective function is concave in e;.

Therefore, for any fixed set of 7;,Vi and [,(i), Vi,
the objective function of (25) is concave in
(e;,€,,...,e),) and the constraint CI is affine (i.e.
According to [18,

Definition 1], the time-sharing condition is thus
satisfied, implying zero duality gap.

convex) in (e,e,,...,e, ).

The Lagrangian of (25) is as follows:

L= Zlog{ ZI (i) (1- T)log(1+a (i) H

i=1

( Z@ avg J + Zqz ¢ Z‘/u (6 Pmaxz-t )

“n,iln(i)—ﬁ,-(Zln(i)—l), (26)

n=1
where the Lagrange multiplier 4 >0 is associated
with the constraint C 1', whereas the non-negative
Lagrange multipliers g, and g correspond to the

left-hand side and the right-hand side of c2,
respectively, and Lagrange multipliers ¢, ; and B.

correspond to C4 and C5 , respectively.
By differentiating L with respect to 1, (i), 7,

and e,, we obtain the following system of 3
equations:
oL r (i)
=—+a,, - p =0, 27
al, (i) R, ni=h @D
a,(ie;
N . . _ :
E)_L:ZI,,_(l) _log 1+a”(l)ei 1 Tf
ar, o R, -7, ) |, a®e
I-7,
+upP, =0, (28)
1,(Da, (D)
1+a,(
¢y
e. ﬁ qz /Ltl

(29)
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The complementary slackness are given by

ﬂ(i ie» -P, ] =0, (30)
M<T s

g:e; =0,Vi, 31)

e, — P, 7.)=0Vi, (32)

a,.1,(i)=0,i,n, (33)

N
@(Zln (i) —1} =0,Vi, (34)
n=1

where ¢; 20, 1,20, a,; 20, and S 20.

We divide the rest of the proof in two parts:
Scheduling policy (part 1) and optimal power and
time allocation (part 2).

Part 1

First, let us focus only on (27) and its corres-
ponding slackness conditions (33)—(34). Without
loss of generality, let us assume a WPCN consis-
ting of 2 EHUSs (a and b ). From (27), we have:

BL' ~ BL. AU ORI
ol (i) dl,i) R, R,

a

(35)

Case 1: If the IT phase is not allocated to any
user from complementary slackness it follows that
,;>0 and a,; >0. From (35) we obtain:

OL L _rG)_n() _

- = a, —oa,. =0,
ol,(i) dI,(i) R

b,i a,i
Rb

(36)
thus @, ; = @, ; and the probability for it to happen

tends to zero. We conclude that the IT phase must
be allocated in each epoch.

Case 2: If 0</,(i) and O0<I,(i), then
a,;=0 and ,; =0. Now we derive:

oL L _r) nG)_

- = 37
oI, (i) oI, (i) R R, 0. 67

a

r, (D) _ rb—(l)’ which also has probability
R Rb

a

tending to zero.

Case 3: Lastly, if the IT phase is allocated to
user a only, then /,(i)=1 and 1,(i)=0 , which

in turn implies that ¢,; =0 and @,; >0 due to

the complimentary slackness condition. From (35)
it follows:

oL B oL RAVIRAC!
ol (i) dl,(i) R, R,

a

=q,,>0.(38)

From the fact that logx is a strictly concave

function and the previous equation it follows that
the optimal scheduling policy is thus given by (14).

Part 2

Let EHU s, be the scheduled user in epoch i.
Now, (28) and (29) become:

as‘.el
oL 1, () a, (ie -,
—=——|—log| 1+— - L |+
aTi Rg 1_11 as‘ei
‘ 1+
1-7,
+ luiPmax = 0 (39)
I, (Da,
3L 1+asllei
il—1
— =t A+qg —u =0. 40
3, R q; = H; (40)

We consider the following 2 cases:
Case 1: If 7, =0, then ¢,=0 and [, (i)=0

and no power is allocated to epoch i, i.e. p; =0.

Case 2: Let us assume 0<7, <1, also

e, =P, 7, and I (i)=1. This case corresponds

to pi- = Rnax'

g;=0,,;=0, ;>0 and S >0. From (40), we
obtain the inequality condition

The slackness conditions require

,Ul- = W - iRSi > O,

1+ s; " max i
-7,
or, equivalently,

1-z[ 1 1

>P .
max
T, | AR, a,
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In order to satisfy the constraint 0< 7, <1,

AR <a, must be satisfied. Introducing g and
1 1

e; =P, 7, into (39), we obtain (16).

max
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