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Abstract: Assuming imperfect channel state information (CSI), we propose a resource allocation policy that max-
imizes the achievable sum rate in uplink and accounts for the power consumption due to non-ideal circuitry. The
proposed policy assumes that the energy harvesting units (EHUs) in a single transmission spend only a part of the
available harvested energy in their batteries, and save the rest of it for future use. By simulation, we evaluate the in-
fluence of the number and the power of the pilot symbols, and the number of EHUs to the achievable sum rate.
Additionally, we estimate the loss in the achievable sum rate compared to the system with perfect CSL
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BE3’ KMYHO HAITOJYBAHU KOMYHUKAIIMCKHU MPEKU CO HECOBPILIEHA
NHP®POPMAIIMJA 3A COCTOJBATA HA KAHAJIOT U IOTPOLTYBAYKATA
HA MOKHOCT MOPAJIM HEUJEAJTHU EJJEKTPUYHHU KOJIA

AncrTpack T Bo Tpynor mpemiarame MexaHu3aM 3a JOJEIYBamE PECYPCH CO KOj c€ MAaKCHMHpa 30UpHaTa
nHpopmanucka Op3rHa BO eHa OE3KUYHO HAIOjyBaHA TEICKOMYHHKAIMCKA MPEXa CO HeUICAIHH EIEKTPUYHH KOJia
U HewjeanHa HHpopManuja 3a kaHanoT. [IpennoxeHara meMa IPeTNOCTaBYBa JEKa jas3lUTe KOHM BPIIAT , KEeTBa Ha
eHepruja“ mpy cexoe Ipakame HHPOpMaLIja TPOIIAT CaMo eI O PACIIONOXIINBATa CHEPrHja BO HUBHUTE OaTepuy, a
OCTAaTOKOT IO 4YyBaaT 3a CICIHM npakama. IleppopmaHcuTe Ha €leH BaKOB CHCTEM C€ AHAIM3UPAHU MPEKY
KOMIIjyTepCKU CHMYJIAIUH, IIPH IITO € OIPELEICHO BIMjaHHETO Ha OPOjOT M MOKHOCTA Ha IIJIOTCKUTE CUMOOIM U Ha
Opojor Ha jasnmu Bp3 30upHaTa uH(opMamucka Op3uHa. J[ONMOJHMTENIHO € W3BpIICHa cropeada CO CHCTEM CO
coBpIeHa HH(opManuja 3a coctojbaTa Ha KaHAJOT.

Kiryuynu 300poBu: >xeTBa Ha €HEpruja; NpeHoc Ha MHQopMalrja KOH 6a3Ha CTaHULA BO 0€3)KUYHO HAIlOjyBaHa
TEJEKOMYHHUKAILMCKa MpPeXKa; MPOoIleHa Ha KaHaJIOT; HecoBpIlieHa HH(pOpMaIHja 3a cocTojbara
Ha KaHaJIOT; IIOTPOLIyBauKa Ha MOKHOCT 3apajii HEUJICAIHH eIeKTPUYHH KOoJIa

1. INTRODUCTION

The wireless powered communication net-
works (WPCNs) have recently emerged as a highly
promising solution for self-sufficient communicati-
on in energy-constrained environments (c.f. [1] and
references therein). Most of the studies on WPCNss

typically optimize the uplink of a centralized net-
work, which consists of a base station (BS) and
multiple energy harvesting (EH) units (EHUs),
with resource sharing using time division multiple
access (TDMA), assuming perfect channel state
information (CSI) at both the transmitter and the
receiver, [1-5]. In practice, each node in the net-
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work carries out channel estimation, which makes
the available CSI imperfect. The impact of imper-
fect CSI over the conventional communication
systems has been well understood [6—10]. In the
WPCN context, however, this issue has not been
tackled, except in [11]. The paper [11] proposes
power allocation policy when the BS transmits en-
ergy and information to the EHUs over the
downlink. The study of the influence of imperfect
CSI is more challenging when the EHUs transmit
information over the uplink due to the uncertainty
in the available energy at the EHUs (consequence
of the energy harvesting process). Additionally,
due to mathematical intractability, only a few stud-
ies take into account the non-ideal circuit power
consumption of the EH nodes, which is very im-
portant to asses the performance of practical
WPCNs [3, 4]. Here we assume that the EHUs are
equipped with battery that can store the harvested
energy and using the results from [12] for the bat-
tery model and the results from [10] for imperfect
CSI at the transmitter we estimate the achievable
sum rate over the uplink of WPCNs taking into
account for the power consumption due to the non-
ideal circuitry, and determine the optimal power
allocation policy that maximize the achievable sum
rate. Using simulations we investigate the influ-
ence of the key parameters (the number and the
power of the pilot symbols and the number of
EHUS) on the achievable sum rate.

The first contribution of our work comes from
formulating the problem of uplink sum rate maxi-
mization in a TDMA based WPCN that takes into
account the imperfect CSI, due to channel esti-
mation, the uncertainty of the available energy at
the EHUs and the power consumption due to non-
ideal circuitry. The second contribution comes
from finding the resulting solution which leads to
asymptotically optimal policies for allocation of
BS transmit power, EHUs' transmit power, and
time sharing among the BS and the EHUs. The last
contribution comes from estimating the influence
of the key system parameters on the achievable
sum rate.

2. SYSTEM MODEL

We consider a TDMA-based WPCN, which
consists of a half-duplex BS and K half-duplex
EHUs, each equipped with a single antenna. The
fading in the channel between the BS and each
EHU is a stationary and ergodic random process,
and follows the block fading model, i.e. the chan-

nel is constant during each block (epoch) but
changes randomly from one block to the next. The
duration of each epoch, coinciding with a single
TDMA frame, is assumed equal to 7, containing
N symbols. The number of epochs M is assumed
to satisfy M — . Each TDMA frame consists of
the following consecutive phases (Figure 1): a
training phase (uplink), an EH phase (downlink),
and K non-overlapping information transmission
(IT) phases (uplink). The training phase helps the
BS to acquire an (imperfect) estimate of the chan-
nels between the BS and all the EHUs. It has a
fixed duration and consists of K subintervals, with
each subinterval carrying the training sequence
from an EHU, which consists of N, symbols of

duration 7,7 . Bach EHU transmits its training
sequence at power P . Similar to [12, Example 2],

this power is available at the EHUs in almost each
epoch (c.f. Section 2.3). In epoch i, the BS broad-

casts energy at power B, (i) during the EH phase of
duration 7,(i)T, and the k-th EHU transmits in-
formation at power B, (i) during its respective IT
phase of duration 7, (7)T . Time sharing parameters
7,, 7,(i), and 7, (i) satisfy

K
Kz, +7,()+ ). 7,() =1, Vi.
k=1
The BS transmit power is limited by a maxi-
mum power, P (ie. 0<E()<P, ), and an

max

average power, P, (i.e. E[R(i)7,())]<P,,).

1 K
ﬁ_T’(KfZ)‘r,TJL]; 7,(OT ,(OT - 7 (OT

Fig. 1. Time organization of a single epoch

2.1. Channel estimation

During the training phase of each TDMA
frame, the BS estimates its channel to each of the
EHUs. Let us denote the estimated complex chan-
nel coefficient of the BS-EHU k channel by £, (i),
whereas its actual value by F, (i). The channel
estimation is realized using minimum mean square
error (MMSE) estimator [6] (the MMSE estimator
guarantees that the channel estimation error is un-

correlated to the estimated channel gain which is
needed to obtain the achievable rate), and the
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channel  estimation error is given by
F,(i)=F,(i)-F,(i). For convenience, the corre-
sponding channel power gains are normalized as
£,G)=|F,() /N, and x,(i)=| F, (i) /N,, respec-
tively, where N, is the additive white Gaussian

noise (AWGN) power, and x (i) has average

value Elx, (i)]=€,. The normalized variance of
the channel estimation error is denoted by
o =E[|F,() F1/ N,

Assuming F, (i) are iid. complex Gaussian
random variables, o} is given by normalizing the
expression in [11], above Eq. (1):

B 9
Y 1+PE[x,()IN, 1+PON,

k*'p

(1)

Thus, P, and N, are parameters that control

the error variance. Increase in their values leads to
better channel estimation, but reduces the re-
sources available for the EH and IT phases.

2.2. EHUSs' battery model and non-ideal
power consumption

The EHUs are equipped with rechargeable
EH batteries with unlimited storage capacity, in
which they store the harvested RF energy from the
BS. Let B, (i—1) denote the available energy in the

battery of EHU & (1<k <K) at the beginning of
epoch i. The amount of harvested energy by k-th
EHU during the EH phase of epoch i is:

E, () = nx, N F (D)7,(DT )
where 77, is the EH conversion efficiency of this
EHU, 0<#, <1. It should be noticed that (2) con-
tains the true power channel gain x, (i), not the
channel estimate X, (i), because (2) determines the
actual harvested power.

In practical EH transmitters, besides the trans-
mit power, an additional power, p_, is also
consumed due to non-ideal circuit power consump-
tion [3]. We assume that the k-th EHU consumes
energy only when transmitting (in both: the train-
ing phase and the IT phase), and that the power p,
is constant independent of the EHU's transmit
power. Thus, the total amount of stored energy at
the end of the EH phase of epoch i is
B.(i-1)+E, (i)~ (P, + p,)r,T where we have as-

sumed that B, (i-1) is almost always greater than
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(P, + p.)r,T (this assumption will be justified later

in this section).

During its IT phase, the £-th EHU can spend a
part of the total amount of the energy stored in its
battery. Let P, (i) denote the desired transmit
power of the k-th EHU in epoch i. However, this
amount of power may not necessarily be available

in the battery. Therefore, the actual transmit power
of the k-th EHU can be written as

B()= [min{ e i A2 pﬁ,am)}j
()T |
)

where (x)" = max{0,x}. Thus, the energy of the
battery of & th EHU at the end of the i -th epoch is:

By ()= B (i=1)+ E} 1 ()= (B(D) + pe )T (DT = (Bp + pe)e T

“

According to [12, Theorem 4], in the asymp-

totic case of M — o, (3) reduces to P, (i) = P,, (i)

when the average consumed power by the EHU is

less than or equal to the average harvested power,
ie.

(P, +pJr, +E[(F,(D)+ p)r, J<SE[E, () /T],

6))

Based upon the set of (imperfectly) estimated

channels, in each epoch we define the vector

X =[X,(i),..., X (i)]. Due to the assumed channel

ergodicity, it is possible to drop the index i and
present the proposed resource allocation policy in
terms of the channel fading state X .

2.3. Achievable rate

In this paper we aim at obtaining optimal
power allocations £ (X) and P, (X), and time-

sharing allocations 7,(X) and 7,(X), which maxi-

mize the sum rate over the uplink (to simplify the
notation, we leave outX).
Assuming power allocation policy P, and

time sharing policy 7, , the achievable rate of EHU

k is:
%P
E| z, log, 1+xk—j‘k . (6)
I+o, P,
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The rate given by (6) refers to the capacity
lower bound of a point to point link with imperfect
CSI at both transmitter and receiver [6—10], which
also applies to our system model since each EHU
essentiality transmits over an orthogonal channel.
When perfect CSI is not available, and the channel
is in a single realization of the state X, the rate

2
o B,

7, log, [1+MJ cannot be achieved, but the

average rate (6) can be achieved by transmitting at
fixed rate but with variable (state-specific) transmit
power. This is referred to as the single codebook
with dynamic power allocation scheme [13].

2.4. Resource allocation policy

Based upon (6), we now determine the user
scheduling, power allocation at the BS and EHUs,
and the EH/IT time sharing that maximize the sum
rate over the uplink according to the following op-
timization problem:

£ P,
Maximize Z E l:z'k log [l + MH
k=1

S £ roih,
s.t.

Cl:(P,+pr, +E[(E, + p)r, J<E[N,z,B7,] VK
C2:E[R7]<P,,

C3:0< Pz, <P, 7, VX

max

K ~
C4:Zrk =7, —7), VX
k=1

C5:0<7, <7,,Vx,Vk
C6:0<7,<7,,Vx
C7:0< P,,7,,Vx,Vk
(7
where r,=1-Kr,. The constraint C1 is obtained

using (5) and calculating the expectation over x,

given X in the right side of (5) which leads to the
substitute z, = E[x, | X]. For the special case when

Fk(i) are i.i.d. complex Gaussian random vari-
ables we have z, =%, +o,. In the general case,
when E[x, |X] is hard to calculate and o} = E[%, ]
,we canuse z, =X, <E[x, |X].

The solution of Problem (7) is given by the
following theorem:

Theorem 1: Optimally, a given TDMA frame
should contain either an EH phase or an IT phase

of duration <¢: an EH phase when

K
ZNonzkﬂk > 1, and an IT phase of a single se-

k=1

K

lected EHU when z Nz, < A - Thus, the BS
k=1

transmit power is selected as

K
. | P N, > A
})0 — max ; 0’7/(Zk/uk (8)
0, otherwise

with duration z,=7,, where z is equal to

E[x, |X] In the IT phase, the optimal power of the
k-th EHU is:

2 208 2 a +
[120] 140<0>[1j .
Xk (% +20,)" 4

20':(1 + O',f /X,)

*

Pd,k =

)
and, the scheduled EHU is determined by

X 1y

_____ m} =Bty — Pty
k*dk

(10)
The constants 1 and g, are determined from
C2 and C1, respectively, when equality is applied.

Proof: Please refer to Appendix A. Note that
(9) corresponds to [8, Eq. (3)]. ]

2.5. Power and time-sharing allocation:
Perfect CSI case

Following the same approach from Appendix
A, it is easy to obtain the optimal solutions when
o, =0, Vk . Namely, when perfect CSI is available

at both transmitter and receiver, optimally, a given
TDMA frame should contain either an EH phase or
an IT phase of duration 7, : an EH phase when

K
ZNonkxk 4, > A, and an IT phase of a single se-

k=1

K

lected EHU when z Ny x,p, <A. In the EH
k=1

phase, the transmit power is chosen as:

K
o | P N > A
P = max ; On/cxkluk ( 1 1 )

0
0, otherwise

J. Electr. Eng. Inf. Technol., 3 (1-2) 53—60 (2018)



Wireless powered communication networks with imperfect channel state information and non-ideal circiut power consumption 57

for 7, = 7, , and for the IT phase the transmit power
of the EHU is chosen as:

. 1 1)
Pd’k ) (_ __J
He X

with optimal selection policy, where the index of
the selected EHU is determined by

(12)

(13)

Egs. (12) and (13) correspond to the well
known optimal power allocation and user schedul-
ing policy that maximize the sum rate over the
uplink of a conventional single-cell wireless net-
work [15]. However, the EH system dedicates
some of the channel states (i.e. when

s=argmax,_, . X,/ f .

K
ZNOnkxk 4, > A) for broadcasting energy to the
k=1
EHUs over the downlink.

It should be noticed that in this case, the
achievable rate of EHU f is determined by

E[z, log,(1+x,P,,)], which can be achieved by

using multiplexed multiple codebook scheme [14].
Specifically, an EHU in the fading state X can
achieve the rate 7,log,(1+x,/P,,) by using a

codeword from a state-specific codebook and a
state-specific transmit power. Although single
codebook with dynamic power allocation is still
applicable to the perfect CSI case, the multiplexed
multiple codebook scheme introduces much lower
decoding delay (equal to the epoch duration T).

3. NUMERICAL RESULTS

In this section we assume a WPCN operating
in a block channel model with Rayleigh fading.
The deterministic path loss is modeled using a ref-
erence path loss of 30 dB at reference distance of
Im, and path-loss exponent of o =3, i.e.

E[x,({)N,]=10"D,”,
where we used distance D, =12.6 m. We assumed
AWGN with power equal to N, =107 W [4] and
use P, =S5P, where P _=5W and 7, =1.

Also, we assumed N =3000
TDMA frame.
We obtain 1 and g, (needed in (8) — (10))

using an offline algorithm based on the ellipsoid
method [16]. Practical online algorithms for calcu-

symbols in each
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lating 2 and 4, can be easily obtained following

the discussion from [4].

Figure 2 depicts the dependence of the
achievable sum rate on the power allocated to the
training phase P, and the number of training sym-
bols N,. As a benchmark we used the solutions
(11) — (13) (marked as "Perfect CSI"). In Figure
2(a) the circuitry is assumed ideal, and thus p. = 0.
Figure 2(a) shows that with proper choice of P,
similar sum rate is achieved for a broad range of N,
values. As in the conventional (non-EH) systems
[6], the highest lower bound on the achievable sum
rate is obtained for N, = 1 with small improvement
compared to the case when to other N, are used.
Lower value of N, requires higher value of P, to
achieve high sum rates, but the increase in P, be-
yond the optimal value leads to substantial
decrease in the sum rate. The combinations of P,
and N, that achieve high sum rates, lead to small
values of o7 such that Q, /o7 ~ 200.
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Fig. 2. Achievable sum rate vs. N » for K =2
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The effect of non-ideal circuit power con-
sumtion can be observed by comparing Figure 2(a)
and Figure 2(b). A comparison of the achievable
rates shows that the non-ideal circuit power con-
sumption significantly reduces the maximum
achievable rate. Namelly a part of the harvested
energy istead for communication purposes, must
be used for non-ideal circuit power consumption.
Thus, the energy budget for communication is re-
duced. Additional observation is that for any value
of P, in Figure 2(b) the value of N, which achieves
the maximum achievable rate moves towards the
lower number of pilot symbols compared to Figure
2(a). Furthermore, the achievable rates for values
of N, higher than the N, which achieve the maxi-
mum achievable rate, have steeper decrease as p,
increases. This is due to the fact that even in the
training phase some energy is consumed in the
non-ideal circuit power consumtion, and reducing
the number of pilot symbols can reduce this non-
productive energy consumption.

Figure 3 shows the dependence of the achiev-
able sum rate on the number of users K when p. =
0. It can be seen that as K rises, the sum rate deg-
radation due to the imperfect CSI increases, and
the relative difference between the sum rates in-
creases from 3.2% for K =2 to 4.3% for K =5.
Part of this increase is a consequence of the de-
crease in the collected energy in each EHU
(namely, by increasing K the average power
channel gain where an EHU receives energy is de-
creased towards ), while keeping constant the
energy required in the training phase (for Figure 3
the percentage of the energy used in the training
phase of the total harvested energy ranges from
2.6% for K=2 to 3.18% for K =5). Additional
sum rate difference is created by a decrease in 7,
(for Figure 3, 7, decreases 0.8% for K =5 com-
pared to K =2) and a reduced number of transmit
opportunities (for Figure 3), BS occupies addi-
tional 0.2% of the epochs to transmit the same
energy level for K = 5 compared to K = 2). The
difference due to the reduction of 7, and the reduc-
tion of the number of transmit opportunities can be
alleviated to some extend by decreasing N,,.

~

—— Imperfect CSlI Pp=1 0°
--¢-- Perfect CSI

w
&)

w

N
&)

Achievable sum rate (bits/symbol)

2’) B A
Fig. 3. Achievable sum rate vs. K for p, =0

4. CONCLUSION

In this paper, we proposed a mechanism to
maximize the achievable sum rate of WPCNs with
imperfect CSI and non-ideal circiut power con-
sumption. Numerical results indicate that the
increased number of EHUs in the system leads to
increase in the difference between the sum rates
when perfect CSI is available and when imperfect
CSI is available at both BS and the EHUs. To de-
crease this difference, small number of pilot
symbols should be used and their power must be
optimized according to this number. The non-ideal
circiut power consumption significantly reduces
the obtained sum rates and has the efect of addi-
tionally favoring the setings with lower number of
pilot symbols for any pilot symbol power.
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APPENDIX A

PROOF OF THEOREM 1

To avoid nonconvexity from multiplication of
variables, we modify (7) by introducing the auxi-
liary variables a, =P, 7., and e= Fz,. In this
case, the summ and of the objective function at-
tains the form  f(x,y)=xlog 1+Z;

xl+ay/x
which is easily shown to be concave on the range
of interest (q4,x,y>0), by considering its Hessian.
The constraints of (7) are all linear in e, a,, 7,
and 7, . Thus, (7) is a convex optimization prob-

lem, and we can apply the Lagrange duality
method to solve (7).

Using the calculus of variations [17, ch. 12],
the functional for the modified version of problem
(7) is given by (14), where p(X) is the probability
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density function of X, a(x), B(X), 6,(X), 7,5 (X),
710(X), v, (X), v,,(X) and g(X) are non-negative
Lagrange multipliers associated to the constraints

C3 to C7. They satisfy the following slackness
conditions:

a(X)e= )P, 7,—€)=0VX,
5,(R)a, =0 VK R,

720 (X)75 = 110(X)(7, —7,) =0.

VX, vy (X)7, = v, (X)(z, —7,) =0,
vk, X,

and,

K
eX)(z, —7,— D .7,) =0VX.
k=1
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Aak

I Zrk log(1+—+— A

l+o; % 4=
Ty

+2(e=P,,) p(H) - B(R)(e—
K

> v, Rz, - Tg)}df( = .[;Ldf(.
k=1
To maximize the functional in (14) we have

to set the first derivatives of L (the function under
the integral in (14)) with respect to e, 7,, a,, and

7, to zero. By doing so, and substituting
et
Tk

jp(fi) - B +a(X)=0

b(X) = 1+fcka—"/(1
Ty
we obtain:

K

dL Z .
de Nz, —

(15)
dL R -
d—:—g(x)+ﬂ(x) B T 720(X) = 7,,(X) =0
To
(16)
dL X 1 . R
_— = —— X)+0,(x)=0
da, (1_'_0_13 ai)z b(x) 4y | p(X) )
Tk
(17)
" £/ (1402 %y
A a, k _ Y) —
o log(b(x))—z—b ® Pty |P(X)
—e(X)+ v, (X) v, (X)=0
(18)

K
From (15), when ZﬂkNonZk > we have

k=1

P =P and when

max

B(R)>0, ie.

)+Z:uk(NO77kzke a, — (P +p(,)T

K

To _ka)

k=1

~7,p.) | PR+ eR)(z, -

K n K
P ) +a®e+ Y 5,(R)a, +7,(X)7,— 10Xz, —7,) + D vy, (X7,
k=1 k=1

(14)

iﬂkNonZk <A we have g(x)>0 ie. P =0,
lléalding to (8).

When P,, >0, ie. 6,(X)=0, from (17) we
calculate a, /7, as a function of 4, , o] and X,
ie. ak/fk:f,,k,gg(’ek)' When a single epoch is
shared by an EH and an IT phase, (16) must be
satisfied with y,,(X)=y,,(X)=0, so we obtain
&(X)=pB(X)P,, . At the same time, at least for a
single & eq. (18) must be satisfied with
V,, (X)=v,,(X) =0. The probability of occurrence
of this case is zero, because x, follow continuous

distributions. Thus, the whole epoch is allocated
either to an EH or to an IT phase.

When the epoch is used for IT phase, and
more than a single EHU is transmitting, then eq.
(18), with v,, (X)=v,,(X)=0, must be satisfied
for more than one &, which happens with probabil-
ity zero due to the continuous nature of X, . Thus a

single EHU uses the epoch. The power of the ac-

tive EHU is obtained as P, = fmm2 (%,), where
f,, (X)) is obtained by solving (17), and has the

form of (9), and, using the derivation from [4] and
eq. (18), the EHU with maximum:

£ /(0+02 dey

= log(h(R)) - & - po,, 19)

k
7 b(x)
is active. Substituting g, calculated from (17) for
6,(x)=0 (i.e,, P, >0), and using the definition

of a, in eq. (19), we obtain (10) which concludes
the proof.
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