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Abstract—This contribution evaluates and optimizes the per-
formance of simultaneous wireless information and power trans-
fer (SWIPT) with an integrated energy and information receiver,
which is characterized by low complexity and energy cost.
To this end, a tractable expression for the achievable rate is
derived, which is subsequently used to quantify the achievable
harvested energy—rate region for the considered time-switching
(TS) protocol. Sequential reception of energy and information can
be implemented with the aid of TS, which also reduces complexity
whilst it is useful in applications that the receiver does not have
to be continuously active. In this context, the joint harvested
energy—rate outage probability is also defined and minimized for
a point-to-point and multicasting system, determining the optimal
TS factor. Finally, respective computer simulations corroborate
the effectiveness of the proposed framework, whilst interesting
insights are developed which are expected to be useful in the
design and effective operation of TS wireless power systems.

I. INTRODUCTION

Emerging wireless technologies are largely characterized
by versatile, yet stringent energy efficiency requirements of
numerous involved devices. Therefore, wireless power transfer
constitutes a promising paradigm as it can ultimately increase
the efficiency and lifetime of such devices [1], [2]. This is
particularly important in applications relating to the Internet-
of Things (IoT), such as wearables and sensors networks,
since energy harvesting (EH) can assist in achieving robust
operation under realistic mobility requirements. This is, in fact,
highly desirable since replacing or recharging the batteries
of an increased number of devices is typically inconvenient,
costly and even dangerous, particularly in remote areas, harsh
industrial environments and healthcare applications.

Harvesting energy from sources that intentionally generate
energy, such as radio frequency (RF) signals, turns out to
be a more effective and interesting alternative. To this end,
the potential to apply this concept, termed as wireless power
transfer (WPT), in wireless communication applications has
recently received considerable attention [2]. However, WPT
creates unique challenges in the design of communication
systems since, in some cases, it conflicts with the corre-
sponding information transmission. More specifically, nodes
cannot harvest energy and receive information simultaneously,
which complicates the design of communication systems with
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WPT [1], [3]. This is the main challenge of simultaneous
wireless information and power transfer (SWIPT), which aims
at unifying the information and energy transmission by also
taking into account the inherent dependence on specific system
implementations [4], and the references therein. To achieve
this in single-antenna nodes, two fundamental approaches have
been proposed, namely the power-splitting (PS) strategy and
the time-switching (TS) strategy [5]. In this context, the idea
of SWIPT has been addressed in various investigations, such
as multiple-input multiple-output (MIMO) communications
[6], orthogonal frequency division multiplexing (OFDM) [7],
cooperative networks [8] and physical layer security based
wireless communications [9].

It is recalled that most contributions in the open literature
focus on the investigation of the separated information and
energy receiver [7], [8], [10], [11], which is based on tradi-
tional circuits used for communication and energy harvesting
purposes. However, in the seminal contribution in [12], an
architecture for the integrated information and energy receiver
was proposed. In this architecture, the rectifier that is used for
EH is also used for RF band to direct current (DC) conversion,
substituting the traditional RF band to baseband conversion.
This receiver architecture consumes less power by avoiding
the use of active devices, which is particularly important
for low power consumption. Moreover, the separated receiver
can be combined with the integrated one [13], in order to
improve the corresponding symbol error rate at the expense
of complexity. Also, the same receiver was considered in the
recent contribution in [14], where sequential decoding under
fading conditions was proposed aiming at low-complexity
detection and efficient memory usage. Likewise, the same
receiver architecture was investigated in [15] and a useful
metric, namely the joint harvested energy—rate probability,
was introduced and defined.

However, despite the importance of [15], its contribution
is limited to the analysis of the PS protocol. In other words,
it does not investigate the corresponding TS strategy, which
exhibits the advantage of simpler implementation compared
to the PS counterpart that renders it particularly useful in
applications that do not demand continuously active receivers.
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Motivated by the above, this contribution analyzes a point-
to-point TS system and a multicasting TS system consisting of
multiple users, where each user is equipped with an integrated
receiver. To this end, we first derive a tractable expression for
the corresponding achievable rate, which is rather generic as
it can be used in various communication scenarios, including
the considered point-to-point and multicasting cases. Based
on this, we then determine the joint harvested energy—rate
outage probability (OP), which was introduced in [15], for
both systems and we optimize the TS factor in order to
minimize the above probability. Finally, extensive computer
simulations present the harvested energy—rate region for a
point-to-point TS system and a comparison of the considered
systems in terms of the joint harvested energy—rate OP.

II. SYSTEM MODEL

We consider the downlink of a communication network,
which consists of one base station (BS) that performs SWIPT
to serve the assigned EH users. It is assumed that all nodes
have a single antenna and each user is equipped with an
integrated information and energy receiver [12]. In this con-
text, the analysis focuses on the following two different
communication systems: i.) point-to-point communication; ii.)
downlink multicasting, where the BS transmits the same
information (e.g., a common file) to /N users simultaneously.
When multiple users are assumed, i.e., in the second system,
the notation (-),, is used to denote the value of the variable (-)
for the n-th user. Also, the path loss factor between the BS and
the user is denoted by [, while the small scale fading coefficient
is given by the complex random variable h ~ CAN(0,1).
Finally, we assume that users operate based on the TS protocol.

In the considered integrated receiver, when TS is used
the received RF signal is converted to a DC signal by a
rectifier consisting of a Schottky diode and a passive low
pass filter. This signal is then used for harvesting energy
for the portion of time a, whereas for the portion 1 — a
it is used for decoding information, via energy detection.
Based on this, the corresponding DC signal is represented

as ipc(t) = |[|h|VIPA(t) + na(t)] + nec(t), where A(t)
denotes the amplitude of the complex baseband signal at the
transmitter, P denotes the average transmit power, whereas
na(t) ~ CN(0,0%) and nee ~ N(0,02.) denote the
normally distributed additive noise introduced by the antenna
and the rectifier, respectively.

As shown in [12], the portion of the DC signal for decoding
information is processed by an ADC. To this effect, the output
of the ADC, y[k], is given by

0, k<a,

2
\WWVIPA[K|+nalk]| +nrec[k]+napclk], k> a,
)]
where k denotes discrete time and napc ~ N(0,0%pc)
denotes the additive noise introduced by the ADC.
Based on (1) and considering that the antenna noise is neg-
ligible, i.e. 0% — 0, the equivalent discrete-time memoryless

ylk] =

channel is modeled as Y = [|h|>PX + Z, where X denotes
the signal power, which is the non-negative channel input,
Y denotes the channel output and Z ~ N (0,02, + 03pc)
denotes the equivalent processing noise. It is also noted that
X e Rt and E[X] < 1.

III. HARVESTED ENERGY—RATE TRADE-OFF
In what follows, we derive novel expressions for the har-
vested energy and for the rate of the point-to-point scenario.
A. Harvested Energy

It is assumed that the converted energy in the energy
receiver is linearly proportional to ipc, with a conversion
efficiency 0 < ¢ < 1. It is also assumed that the harvested
energy due to the equivalent processing noise is negligible,
and thus ignored [12]. Hence, the harvested energy, which
coincides with power assuming the symbol period to be one,
is given by Q = a(l|h|?P.

B. Achievable Rate

The corresponding achievable rate is derived below.

Theorem 1. The achievable rate of the considered setup
assuming TS is expressed as

2 2
UL

Zﬁ(gigec + UgDC)

where e represents the Euler’s number.

1
R= 5(1 —a)log, <1—|—

Proof: The channel capacity relates to the mutual in-
formation between input and output of the channel through
C > I(X,Y), where the equality holds for the optimal input
distribution. Thus, a capacity lower bound can be obtained
using a random input distribution for X € R, E[X] < 1.

The mutual information between the input and the output of
the channel Y = [|h|?PX + Z, can be written as I(X,Y) =
H(Y)—-H(Y|X)=H(|h*PX + Z) — H(Z), which yields

1
I(X,Y) = ; log, (22H<”h|2PX+Z>) “H(Z), ()

where H(-) denotes the corresponding information entropy.
For the first term in (3), it holds that

%logz <22H(l\h|2PX+Z)) > % log, (22H(”h|2PX) I 22H(Z))

4)
and as a result (3) can be re-written as
1 92H(I|h|*PX)

Considering that Z follows the normal distribution, the
entropy of the equivalent processing noise is expressed as
H(Z) =log, (2me(o, + 03pc)) /2, which yields

92H(I|h|*PX)
oo 102 (6)
27r6(O—rec + UADC)

where the exponent in the numerator in (6) is expressed
as H(I|h*PX) = H(X) + logy(|l|h|?P]) = H(X) +
log, (1|h|?>P), where [, |h|? and P are positive constants.

1
I(X,)Y) > 510g2 <1+
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The channel Y = [|h|? PX +Z, is known as optical intensity
channel [16]. It has been shown that a tight lower bound for
the capacity of this channel is obtained by mutual information
when the input X follows exponential distribution. The rate
parameter of the exponential distribution is set to one in order
for the restriction E[X] < 1 to be satisfied. To this effect, the
entropy of X under this distribution is H(X) =1/In2.

Based on (6), the mutual information is computed assuming
that the input distribution is exponential. Considering that the
portion 1 — a is used for decoding information and using
the equality, the capacity lower bound is obtained, which is
considered as the achievable rate and is given by

92( 5 +logs (1|1 [* P))
(7
27r6(0r26c + O'/szC)

1
R= 5(1 —a)log,y <1+

To this effect, (2) is deduced, which completes the proof. M

The above theorem is subsequently used in determining
the corresponding harvested energy-rate region, which offers
useful insights on the behavior of TS based systems.

C. Harvested Energy—Rate Region

Based on Theorem 1 and since Q = a(l|h|?P, we deter-
mine the corresponding harvested energy—rate region for the
considered setup. The achievable harvested energy—rate region
for the point-to-point system is illustrated in Fig. 1, where the
transmit power, the variance of ADC noise and the harvested
energy are normalized to the variance of the rectifier noise.
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Fig. 1. Harvested energy—rate region with P = 100, h ~ CN(0,1), ¢ =

0.6, 1=1 02,c=1

IV. JOINT HARVESTED ENERGY—RATE OP
Capitalizing on the results in Section III, the corresponding
joint harvested energy—rate OP is derived.
A. Point-to-Point Communication

The joint harvested energy—rate OP P, is defined as the
probability that the energy harvested by the user is lower than
an energy threshold gy, or that the rate is lower than a rate
threshold ry,. This definition is expressed as

P,=Pr(Q <gnUR<ry), (8

where Pr(-) denotes probability.

Theorem 2. The joint harvested energy—rate OP for a point-
to-point system is given by
) }
9)

DY) 2
_ a1 [27(oRetdnc) =
max§ Geipy 1P e
P,=1-—¢ ,

where max{-} denotes the maximum of the two elements.

Proof: Based on Q = a(l|h|*P and (2), (8) becomes

1— I|n|?P)?
PO:PI' aCl|h|2P§qth U Jlogz 1 + w Srth )
2 2702
(10)

2 _ 52 2
where 0% = o7, + oipc-

It is recalled that the random variable of both events is |h
as a result, it follows that the corresponding OP is given by

1 [2m02 / 2m
P, =pr|n <20 h2<\/ 2% 1) ).
r("‘a(lPUH_lP c ( )
(11)

It can be observed that the random variable |h|? is upper
bounded in both events. The union of these events occurs when
|h|? is lower than the maximum of these upper bounds. Hence,
P, can be expressed as

1 (2702 /_ 2ra
_ 2 Gth L jimo” T .
P, =Pr <|h| _max{aClP’ P . (21 1)

(12)

It is recalled that h ~ CN(0,1); consequently, |h| follows

a Rayleigh distribution with scale parameter v/2/2 and |h|?

follows an exponential distribution with rate parameter 1.

The probability density function (PDF) for this distribution
is f(z) = e~* and the corresponding OP is expressed as

2 2 2
ap_ 1 \/2"(”rec+”ADC>, (2 =
c

ma:{ aClP’ 1P
/
0

Based on the above and after some algebraic manipulations,
equation (9) is deduced, which completes the proof. [ ]

Of note, one of the main aims in SWIPT systems is to
minimize the OP. Hence, the optimal value of a is defined as

(14)

2.
>

) } e *dx. (13)

a* = argmin P,.
a
Proposition 1. The optimal value of a € [0, 1] is given by
)~ s
21¢2 (07 + 0pc)
Proof: As the PS factor p increases, the first term in

max 4 _q0 , 1 [2m(of. + %pc) (23% _ 1)
aClP’ IP e
decreases, whereas the second term increases. Therefore, the
probability is minimized when the above maximal value is

minimized; that is, the two terms are equal and the optimal
TS factor can be extracted from

a9 27 (04 + TApc)

2T 1
fr l—a — .
a2(? e ( )

27y,

a? (21—a 1

=0.

(15)

(16)
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Based on (16) and after some mathematical manipulations,
(15) can be derived. Also, the solution is guaranteed to be in
the interval; this is because for ¢ = 0 the first term is infinite,
whereas for p = 1 the second term is infinite. ]

B. Downlink Multicasting

In a downlink multicasting TS system and recalling that
Q = aCl|h|? P, the harvested energy by the n-th user is given
by Qn = anCnln|hn|*P. Accordingly, with the aid of (2), the
rate of the n-th user is expressed as

1 Lolhn2P)?
Ry = ~(1—ay)log, e(ln|fin"P)
27 (O—rzec,n + O—iDC,n)

1
3 +

a7)

Theorem 3. The joint harvested energy—rate OP for a multi-
casting system, which is defined as the probability that at least
one user is in outage, is given by

2r(o02, 402 27y,
_ i 1 ( iecn T IADCH T—i=
N ma)c{ Py pu =) lnP\/ < 2 n —1

(18)

Proof: The joint harvested energy—rate
OP can be expressed as P, =
Pr(Qi <gniUR <rqU---UQNn < gaxURy <rq).
It is noted here that the threshold of harvested energy can
be practically different in each user; however, the same
does not hold for the rate, due to the multicasting principle.
Hence, exploiting the complementary event and since |h,, |
are statistically independent Vn € {1,..., N}, it follows that
P, = 1-— Hfj:l Pr(Qn < gn U R, <74). Hence, the
joint harvested energy—rate OP for a multicasting system is
obtained by (18), which completes the proof. ]
It is recalled that the optimal TS factor for each user can
be determined with the aid of Proposition 1.

V. RESULTS AND DISCUSSION

In this section, we use the offered analytical and simulation
results to quantify the performance and characteristics of the
considered set up. To this end, it is assumed that the transmit
power, the variance of ADC noise and the harvested energy are
normalized to the variance of the rectifier noise. Without loss
of generality and unless stated otherwise, it is also assumed
that P = 100, o3pc = 1 and ¢ = 0.6 [12], whereas the
distance for all users is considered d = 1m. Also, in all figures,
the values of p and a are optimally selected. Moreover, the
path loss factor is given by the bounded model [8], [10], i.e.,
I =1/(14 d*), where a = 2 denotes the path loss exponent.

In Fig. 2, a point-to-point system, a multicasting system of
2 users and a multicasting system of 3 users are demonstrated
for a harvested energy threshold ¢y, = 5 and a rate threshold
r = 1 bits/channel use. The joint harvested energy—rate
OPs of the three systems are compared, when the distance
of one of the users increases. It is observed that in long
distances, the number of users has limited effect on the overall
system performance. Likewise, Fig. 3 demonstrates the joint
harvested energy—rate OP of the same systems against the
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Fig. 2. OP versus distance dj.

transmit power, with ¢, = 5 and ry, = 1 bits/channel use.
It is evident that the performance of point-to-point systems
outperforms the performance of the multicasting counterparts
for two and three users, particularly at low transmit power
values. On the contrary, as the transmit power increases,
the achieved performance tends to converge. However, it
is evident that the corresponding performance improvement
exhibits saturation in terms of increasing transmit power. This
verifies the criticality of selecting the number of users based
on the system parameters, since it is not practically effective
to assume that performance compensations can be achieved
by simply increasing the transmit power.
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Fig. 3. OP versus transmit power.

Figs. 4 and 5 illustrate the effect of both thresholds for
harvested energy and achievable rate on the joint OP and the
optimal selection of a in the case of a point-to-point system.
It is evident that as the thresholds increase, the joint OP also
increases, whereas the optimal TS factor increases when the
energy threshold increases or the rate threshold decreases.
Furthermore, it is observed that a* € [0, 1] spans a large range
of values for different thresholds. Finally, a similar trend is
observed for the case of a multicasting system consisting of
two users, the performance of which is illustrated in Fig. 6.
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Fig. 4. OP versus energy and rate thresholds in a point-to-point system.
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Fig. 5. Optimal TS factor versus energy and rate thresholds in a point-to-point
system.

VI. CONCLUSIONS

This work investigated the performance of the integrated
energy and information receiver. The trade-off between the
harvested energy and the rate has been quantified when TS
strategy is assumed. In order to balance the trade-off between
the harvested energy and the rate in a point-to-point and
in a multicasting system, the joint harvested energy—rate
OP is introduced and minimized. Also, the ADC noise has
been considered, which has a critical impact on the optimal
selection of the TS factor. The offered results showed that this
receiver can be used in systems consisting of multiple users
where high energy efficiency and low-complexity at the users’
side are of greater importance than high data rates.
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