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Abstract—The key concern in battery-powered communication
is the limited power availability and the need for battery
replacement. Energy harvesting (EH) wireless communication has
promised to tackle these issues successfully by devising optimal
policies that take into account the harvested energy causality.
This task is particularly challenging if the processing energy
cost, caused by the non-ideal circuit consumption of the EH
devices, is incorporated into these policies, together with the RF
transmit power at the output of these devices. In this paper, we
consider a point-to-point communications system with RF energy
harvesting, which consists of a base station (BS) that broadcasts
RF energy, and an EH user (EHU) that harvests this energy and
transmits information to the BS. The information transmitter
employs ’harvest-then-transmit” protocol, such that the EHU
in each information transmission spends the total amount of the
energy harvested from the BS during the preceding RF broadcast.
For such system, we propose a novel transmission scheme that
optimizes the BS transmit power and the time sharing between
the BS and EHU transmissions. The numerical results depict the
achievable average rates of the proposed scheme. Increasing the
EHU’s processing cost significantly deteriorates the achievable
rate, and, therefore, should certainly be considered in the protocol
design.

Index Terms—Energy harvesting, Wireless power transfer,
Processing cost, Point-to-point links, Power and time allocation.

I. INTRODUCTION

Recent advances in ultra-low power wireless communi-
cations and energy-harvesting technologies have made self-
sustainable devices feasible. Typically, the major concern for
these devices is battery life and replacement. Applying energy
harvesting techniques to these devices can significantly extend
battery life and sometimes even entirely eliminate the need
for a battery [1]-[2]. To maximize the system performance,
the EH transmitters should adapt their output powers based on
the energy harvested up to the time of transmission (causality
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constraint) [3]-[4]. Ambient energy in the form of man-
made electromagnetic radiation is abundant regardless of the
system’s location (i.e. indoor or outdoor systems) or time
of day. The radio frequency energy can be easily found in
surroundings as it is used widely by many applications like
television broadcasting, telecommunication, microwave etc. It
is ubiquitous and free and highly efficient. Harvesting the RF
radiation is an approach known as wireless power transfer
(WPT) [5]-[6]. The WPT can be realized in the form of a si-
multaneous wireless information and power transfer (SWIPT)
from the same transmitter [7], or, alternatively, the energy
and information can be transmitted over orthogonal (either
in time or frequency) channels. The latter option gives rise
to the so called wireless powered communications networks
(WPCNs) [8], which typically rely on time-division multiple
access (TDMA).

In order to develop WPCNss, the network nodes must rely on
new ultra-low power communication schemes that allow them
to make the best use of the small amounts of ambient energy
they have at their disposal. In [8], the authors determine the
optimal TDMA scheme among the half-duplex nodes (either
BS or EHUs), depending on the channel fading states. The
optimal time-sharing in WPCNs where one BS operating in
full-duplex broadcasts wireless energy to a set of distributed
users in downlink and at the same time receives independent
information from the users via time-division-multiple-access
(TDMA) in uplink, was studied in [9]. The paper [10] studies
the WPCN with full-duplex nodes, where the BS is equipped
with two antennas. The authors in [11], consider WPCNs,
where the nodes choose between two power levels, a constant
desired power, or lower power when its EH battery has stored
insufficient energy. The paper [12], studies relaying systems
with RF energy harvesting.

In this paper, we propose a novel transmission scheme,
which optimally adapt the BS transmit power and the duration
of the EH and IT phases in each TDMA epoch. The scheme
incorporates the constant processing energy cost, denoted by
Pe, such that the total power consumption by the EHU includes
both the processing and RF transmit powers. The proposed
scheme drastically outperforms schemes which only employ
optimal time allocation among the network nodes.

II. SYSTEM MODEL

As depicted in Fig. la, we consider a point-to-point link
consisting of a half-duplex BS and a half-duplex EHU, which
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Fig. 1: (a) Point-to-point EHU-BS, link (b) TDMA epoch/frame structure

operate in a fading environment. The BS broadcasts RF energy
to the EHU, whereas the EHU transmits information back to
the BS. The EHU is equipped with rechargeable EH batteries
that harvest the RF energy broadcasted from the BS. The IT
from the EHU to the BS (IT phase), and the WPT from the
BS to the EHU (EH phase) are realized as successive signal
transmissions using TDMA over a common channel, where
each TDMA frame/epoch is of duration 7. Each (TDMA)
epoch consists of an EH phase and an IT phase (Fig. 1b).

The channel between the BS and the EHU is a quasi-static
block fading channel, which is constant during a single block
but changes independently from one block to the next. The
duration of one fading block is assumed equal to 7', and
one block coincides with a single epoch. In epoch i, the
fading power gains of the BS-EHU channel is denoted by .
For convenience, these gains are normalized by the additive
white gaussian noise (AWGN) power, yielding z; = /Ny
with an average value of Q) = E[z}]/Ny, where E[] denotes
expectation. The channels are assume to be reciprocal, i.e., in
epoch ¢, the gains of BS-EHU and EHU-BS channels are the
same.

In epoch ¢, the BS transmit power is denoted by p;, the
duration of the EH phase is 7p;7" and the duration of the IT
phase is (1 — 79;)7. We assume that p; satisfies an average
power constraint Py, (i.e., E[p;70;] = Pavg ), and a maximum
power constraint Py, (i.e., 0 < p; < Pogg )-

A. Processing Cost

In practical EH transmitters, besides their transmit power, an
additional power is also consumed by its non-ideal electric cir-
cuitry (e.g., AC/DC converter, analog RF amplifier, processor
etc.), denoted as the processing energy cost [13]. In short range
communications, as in most wireless sensor networks, where
inter-node distances are less than 10m, processing energy
consumption can be comparable to the transmission energy
[14]. We consider the following practical model for the total
power consumption of the EHU:

Ps+pc, Ps>0
pr = (D
07 Ps < 07

where Pg is the EHU’s transmit power.
The amount of harvested power by the EHU is

E; = Nopyx; 10 T 2)

which is completely spent in the successive IT of duration
(1 —79:)T as

E; = (Ps(i) + pe)(1 — 10)T 3)
Thus, the EHU’s transmit power in epoch 7 is given by
~ _ NopiziTo;
Ps(i) = ==~ pe, )
— Tos

and the achievable information rate in this epoch is given by

Rs(i) = (1 — 70;) log (1 + Ps(i)x;). We aim at maximizing
the EHU’s average throughput, given by
| M
R= lim — /).
r Mo M ; fts (i) )

III. JOINT POWER AND TIME ALLOCATION

We aim at maximizing the achievable rate by optimizing
Ps (1) and 7;. Therefore, we define the following optimization
problem:

Ps(i),7:,Vi M Z

max — 70i) log (1 4+ Ps(i)x;)

s.t. C1: M Z TOZ ) +pc) < NoPavg
C2: (]- - 7—07,) (PS( ) +pc) < NOPmamTOz:L'z
C3: Ps(i)>0
Ci: O0<m7y; <1 (6)

Due to the products and ratios of the optimization variables,
(6) is not a convex optimization problem. After introducing
the change of variables,

0; =1—7o; (N
and

= (1 — 70i) Ps(i)/; (®)

problem (6) is transformed into a convex optimization prob-
lem,

Zﬁlog( 0 )
st. C1: Z( ch><AN()Pavg

c2 a; +6; (C + NOPma:E) < NoPrax
Z;
C3: a; >0
C4': 0<0;,<1. )
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The solution of the optimization problem (6) is given by the
following Theorem:

Theorem 1. The optimal BS transmit power is given by

* Pm(l.’t7
p; =
0,

The optimal duration of the EH phase, 1(;, is given by,

70i No Prmax __ Pc 1_ 1
0< 1—70; z; <X x2

(10)
otherwise.

-1

No#? Prag
Noz2Praz+aipe—1

Ty )
1D
where W (-) denotes the Lambert W function. The constant

A is found from (1/M) Eij\ilpfr& = Pug-

*
Tos = 1 —

Proof: Please refer to Appendix A. ]
Note, when setting p. = 0, the optimal solution for this
optimization problem becomes:
The optimal BS transmit power is given by
y Praz, x? > A
P = . 12)
0, otherwise.
The optimal duration of the EH phase, 7(;, is given by,
-1
N OZL'?P max 1
— 5 1 + 5 ,
No,]',‘i Pmaw — 1 W (NOCU,; Pmaa;fl)

el—APmax
13)

* J—
To; = 1

The constant A is found from (1/M) Zf\il P78 = Pavg-
Interestingly, the condition in (10), collapses down to a much
simpler form, given in (12), as shown in Appendix B.

IV. PRACTICAL IMPLEMENTATION ALGORITHM

The policy proposed in Theorem 1, is difficult to implement
in practice, since the values of the Lagrangian multipliers are
not known in advance when the PDFs of the fading channels
are unknown. In this section, we propose an online policy in
which the actual value of A is replaced by its estimate in epoch
i, A(2). Therefore Egs. (10)-(11) become:

T0iNoPrmax _ Pe 11
= Py 0 < 220 = S0 T (g
1 .
0, otherwise.

-1

Noz? Pmas
Nox2Prmaz+Tipe—1

1
)

5)
Now, the optimal values of the BS output power p; and the
duration of the EH phase 7g;; are estimates of p; and 7g;, since
they are based on the estimate of the value of the Lagrangian
multiplier. The estimate of A is calculated by applying the
stochastic gradient descent method according to [15, Section
III.C], as

e
7o, =1—

. 1 i—1
)\0(2) = )\0(1 - 1) + ﬂo <Z—1 Zﬁn%On - P(wg) ) (16)
n=1

25
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Fig. 2: Maximum achievable throughput for different values of the
processing energy cost

where 3y is an arbitrary small step size, and the average is
estimated from the previous i — 1 epochs, as —- :;11(~).
What makes this algorithm attractive is its capability to adapt
to sudden changes in channel statistic. The algorithm rapidly
“learns” this changes and is able to converge to a new
optimum.

V. NUMERICAL RESULTS

We illustlllustrates the achievable rate in a point to point
link for different values of the processing cost. As expected the
rate decreases with the increase of the processing energy cost.
Even more, for smaller values of the average BS output power,
increasing the p. decreases the rate up to one quarter of its
value at 100nW . This illustrates the crippling effect processing
energy cost has on this kind on communication. However, the
performance of of the proposed practical algorithm, can not
be surpassed in such scenarios, when p,. is taken into account.

Fig 3. presents the achievable rate for different values of the
BS output power. The increase in rate is again noticeable for
as p. becomes smaller. As previously stated, when p. = 0, the
optimal solution collapses down to Egs. (12)-(13) and this is
the maximum achievable rate in an energy harvesting point-
to-point system.

As a benchmark we apply the optimal time allocation
scheme, according to [8], which maximizes the uplink sum-
rate of the WPCN by optimizing the durations of the EH
and IT phases, for fixed BS output power in all epochs (i.e.,
pi = Payg). Egs. (12)-(13) can be seen as an extension
of this benchmark. Note, that, the optimal time allocation
scheme does not take into account the processing energy cost.
Still, when we set p. = 0, we can illustrate the superior
performances of joint power and time allocation (Fig. 4)
compared to the optimal time allocation given in [8].

VI. CONCLUSION

In this paper, we optimize a point-to-point wireless powered
communication system with non-ideal circuit power consump-
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tion. We proposed a transmission scheme that jointly optimizes
the BS transmit power allocation and the time-sharing in the
dynamic TDMA frame. This scheme can be also efficiently
used for practical scenarios, when the processing cost is con-
sidered. The proposed algorithm for practical implementation
is capable of iteratively finding the optimal resource allocation
even when the fading channel distribution is unknown a priori.
Numerical results show that the proposed scheme outperforms
the existing schemes in the literature. In the future, we aim to
generalize this scheme for wireless powered communication
networks with an arbitrary number of users.

APPENDIX A
PROOF OF THEOREM 1

The Lagrangian of problem (9) can be written as

2
L' (o, 0;, ) = 0;log (1 + a‘;xl)

K3

b
—q; <ai +0; (C + Pma;cNO> - PmaacNO)

K2

-A (ai +o,0 PNO) + pic
T

+U1‘9,’ — %(01 — 1) (17)

where ) is associated with C'1’, u; with C2’, ¢; with C3’, and
v; and 7; with C4’ in problem (9). By differentiating Eq.(17)

with respect to «; and 6;, we get

oL"” x?
P = ——= — At pi—q=0, (18)
a4l
oL" loe (14 AN
891 = 8 91 01' + Oéil'zg
A g, (pc - PWNO) tui—%=0  (19)
xZ; xX;

According to KKT conditions, the complementary slackness
should be satisfied, Vi:

Dec
HiQ = Qi(ai +0; (xc + Pma;zNO) - PmamNO) =

vt = vi(0; —1) =0 (20)
where p; > 0,¢q; > 0,v; > 0 and ; > 0. If we consider
the previous expressions together with the complementary
slackness conditions we can conclude that:

Case 1: When «o; = 0, from the definition of «;, 6; is also
0. Naturally, no power is allocated in epoch 4, i.e. p; = 0.

Case 2: When 0 < a; < NoPpaz(1 —6;) —pc%, then the
slackness conditions require p; = 0 and ¢; = 0. From Eq.(18)
follows that

1 1
a; =0; ()\_:r?>’ 2D
and from Eq.(19) follows that
5522 A Py
IOg()\)lJr:v?)\m? =0 (22)

which can not hold for arbitrary :. Therefore we can conclude
that the optimal p;, can not be in the interval (0, Pqz)-

Case 3: When o = NoPrax (1 —0;) = pe2, then 0 < 6; <
1, ¢; > 0 and p; = 0. Therefore, from Eq.(18) we get

72
1— 2pe + ma,m(lei i) Nox?

(23)

By using the expression for g, we can compute the condition
under which p; = Paz.

Then, by using Eq.(19) and replacing «; with NPy, (1 —
0;) — pc%, we can finally obtain the following transcendental
equation, '

2
NOPmax T35 Toq

log <1 — xipe + > + NoAPoaz
1 —70i

o NOPmar .’E? (24)
© (1= 700)(1 — @ipe) + NoPraw 22 70

whose closed form solution can be found by applying the
definition of the Lambert W function and is given by (11).
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A. Lambert W function

The Lambert W function, also called the omega function or
product logarithm, is a set of functions, namely the branches of
the inverse relation of f(z) = ze* where e” is the exponential
function and z is any complex number [16], i.e.

z = f1(ze*) = W(ze?). (25)

By substituting the above equation in 2’ = ze?, we get the
defining equation for the W function (and for the W relation
in general) as

2 =W()eVE) (26)
for any complex number z’. Setting
N Pma:r 2 7
y=1-ap, + — e T 10 @7)

1— 7 04

(24) can be rewritten in the form of (26), finally yielding (11).
The Lambert W function is integrated as a special function
in numerous software packages, like Matlab or Maple. It has
many applications, ranging from biochemistry, to modeling
of fading channels [17] and cooperative methods of power
allocation [18].

APPENDIX B
SUFFICIENT CONDITION FOR (12)

The condition in (12) is obtained from the following in-
equality condition:

TOiNOPmaI 1 1
< ——m—mm< v — =, 28
1-— TOqi A $3 ( )
or, equivalently
1—79; (1 1
— < - 2> > NoPnaz > 0, (29)
TO: A €3
or, equivalently
1 1
X 2
0< 719 < < (30)

1 1
NOPmaw_FX_F

In order to satisfy the constraint 0 < 79; < 1, (30) suggest the
following additional condition:

A<zl (€20

If (31) is satisfied, 7§;, always satisfies the conditions (28)-
(30). In order to prove this, we define the an auxiliary function,
as

NoPazx?
; L — NoAP,
f(TOz) 1— Toi - NOPmaxx?TOi 0 max
N Pma:r ? i

Note that (32), originates from the transcendental equation,
whose closed form is given by (13). Let us assume that (31)
is satisfied. If we now set set 7y; to the lower bound of (30),
we have

£(0) = NoPraa(z — A) > 0. (33)

Then, if we set 7y; to the upper bound of (30), we obtain
% 2
—log <‘EA> <0. (34

x2 A
f NOPmax"'%_;lz B _;12
Since f(7o;) is decreasing in 79; and changes the sign at the
lower and upper bounds of (30), we conclude that f(7p;) = 0,
is always between these bounds. Therefore, assuming (31),
the conditions (28)-(30) are always satisfied by the solution of
(13).
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