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Abstract—In this paper, we investigate non-coherent detection
schemes, for the integrated simultaneous wireless information
and power tranfer (SWIPT) receiver. Firstly, we study a symbol
by symbol (SBS) detection, while optimization of the transmitted
energy pulses, enhances the performance of the receiver, in terms
of symbol error rate (SER). In addition, by exploiting the channel
coherence time, over N transmitted energy pulses, we study
sequential detection and introduce an integrated SEQ-MLSD
decoder. With the use of sophisticated techniques such as Viterbi-
type trellis-search algorithm and strategic-store strategy, we
simplify the complexity of the sequential detection and overcome
the error floor problem. Simulation results along with theoretical
bounds are provided, validating the enhanced performance of our
solution. The proposed sequential decoding scheme outperforms
in terms of SER, the integrated SBS decoder and the conventional
power-splitting SWIPT receiver, without degrading the energy
harvested.

Keywords—SWIPT, integrated receiver, sequential decoding,
non-coherent detection.

I. INTRODUCTION

Simultaneous wireless information and power transfer
(SWIPT) is a fundamental architecture in wireless powered
communications, where radio-frequency (RF) signals simul-
taneously convey data and energy to devices. Due to practi-
cal constraints, SWIPT cannot be performed from the same
received signal without losses, so practical implementations
split the received signal in two parts, where one part is used
for information transfer and another part is used for power
transfer [1]. In the new era of internet of things and machine
type communications, there will be a need for massive de-
ployment of smart devices and vast amount of information
exchange, making it impractical, even impossible, to individ-
ually recharge/control all these devices on a regular basis [2].
Towards this technological evolution, SWIPT technology is
of significant importance for energy supply and information
exchange.

Regarding the SWIPT concept, Varshney first proposed
the idea of transmitting information and energy simultane-
ously in [3]. In [4], Grover and Sahai extended the work
to frequency-selective channels with additive white Gaussian
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noise (AWGN). In [5], a novel design of a SWIPT receiver
was proposed, in which the information decoding and the
energy harvesting circuits are integrated. The replacement of
the active RF to baseband conversion with a passive rectifier
operation, has as a direct result the reduction of the energy
cost for information decoding. Given the nature of the inte-
grated architecture, decoding of the transmitted information is
succeeded, by detecting the power variation in the received
signal.

In [6], a SWIPT solution with the use of integrated receiver
and precoding on the energy patterns is presented. However,
such a solution relies on the availability of channel state
information (CSI) at the receiver, resulting to a coherent
decoding scheme. Coherent techniques are a challenging task,
since the source needs to periodically send training symbols,
which incurs an increased signaling overhead and processing
burden [7]. On the other hand, with the use of non-coherent
techniques, the receiver’s complexity is reduced at the expense
of a decreased spectral efficiency. In the literature, but in
different contexts, there are studies for non-coherent detection
techniques, which can result in an enhanced symbol error rate
(SER) [8], [9], without profoundly increasing the complexity
at the receiver side. Such techniques are generalized likelihood
ratio test-maximum likelihood sequence detection (GLRT-
MLSD), Viterbi-type trellis-search algorithm and selective
store strategy (SS-ST).

We herein achieve SWIPT using an integrated receiver with
non-coherent information decoding, succeeding an enhanced
performance in terms of SER and energy harvested. To the best
of our knowledge, there has not been a similar study in SWIPT
literature. First, we analyze the symbol by symbol (SBS)
detection, based on an equi-spaced pulse energy modulation
(PEM) scheme. In addition, we optimize the pattern of the
transmitted energy pulses with and without a level of power
sensitivity at the side of the receiver [10]. Following this, we
enhance the SER performance, by proposing a sophisticated
sequential decoding scheme. More specifically, with the use
of GLRT-MLSD and Viterbi-type trellis-search algorithm, we
manage to diminish the computational complexity originated
from the sequential detection and finally propose a simplified
decision rule. Furthermore, we show that with the use of SS-
ST, our proposed integrated decoder, denoted as integrated
SEQ-MLSD, can overcome the error floor problem. Simulation
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Fig. 1. Architecture of the integrated receiver.

results match the theoretical ones, thus validating our study
on an innovative sequential and non-coherent decoder, which
enables low values of SER and high energy harvested.

The rest of this paper is organized as follows: Section II
presents the system model. In Section III, we present the
SBS decoding, while in Section IV, the sequential decoding
is described. Finally, the numerical results are presented in
Section V, and the paper is concluded in Section VI.

Notation: Lowercase boldface letters denote vectors; P (X)
denotes the probability of the event X and E[X] represents
the expected value of X; erfc (x) = 2√

π

∫∞
x
e−t

2

dt, erf (x) =
1− erfc (x) denote the complementary error function and the
error function, respectively.

II. SYSTEM MODEL

We consider an integrated information and energy receiver,
as shown in Fig. 1, for a single input single output wireless
link. At the transmitter side a baseband signal x(t) is trans-
mitted, with E[x2(t)] = 1. The modulation scheme used by
the transmitter is PEM, with M energy levels. We design our
energy pulse based symbol alphabet, based on equi-spaced
amplitudes as in [6]. Specifically, we assume that a set of M
symbols xi ∈ {1d, 2d, . . . ,Md}, are mapped to each energy
level, where d is the distance between the energy pulse based
symbols. Therefore, we have

E[x2(t)] =
1

M

M∑
i=1

x2i =
d2

6
(M + 1)(2M + 1) = 1, (1)

which results in

d =

√
6

(M + 1)(2M + 1)
. (2)

The baseband signal is then up-converted to generate an RF
signal, which is transmitted over a Rayleigh fading channel.
The received complex signal r(t) is given by [5]

r(t) =
√
Eavehx(t) + n1(t), (3)

where Eave is the average transmitted power,
√
h is the

channel coefficient, modeled as complex Gaussian random
variable with zero mean and unit variance. We assume that
CSI is not available at the receiver and non-coherent detection
is applied. Finally, n1(t) is the noise modeled as an AWGN
with unit variance. At the integrated receiver, the received
RF signal r(t) is converted to a direct current (DC) signal
iDC(t) by a rectification circuit. This signal is dynamically

split, into two streams with power ratio 1 − α(t) for energy
harvesting and α(t) is sampled and digitalized by an analog-
to-digital converter (ADC) for further information decoding,
where 0 < a(t) < 1. Then, the DC output of the low pass
filter1 (LPF) is [6]

iDC(t) =
∣∣∣√Eavehx(t) + n1(t)

∣∣∣2 + n2(t), (4)

where n2(t) is the noise added from the rectifier, modeled as
an AWGN with unit variance. In order to reduce the energy
requirements for information decoding and jointly maximize
the power split for energy harvesting, we consider α(t) → 0
[5]. Furthermore, in practice, the antenna noise power is much
smaller than the rectifier noise power, thus it can be omitted
(n1 → 0). Assuming that the symbol period is one and by
normalizing n2(t), the channel at the information decoder can
be equivalently viewed as a power signal and is given by

y = Eavehx
2 + n2, (5)

where x denotes the signal power, y the channel output, h the
power gain of the channel and n2 the rectifier noise.

The harvested energy denoted by Q in Joule is given by [5]

Q = ζE[iDC(t)] = ζE[Eavehx
2]

= ζ

∫ ∞
Esens

h

Eave
exp

(
− h

Eave

)
dh

= ζ(Eave + Esens) exp

(
−Esens

Eave

)
, (6)

which follows from the fact that h is exponentially distributed
with mean Eave; Esens denotes the level of power sensitivity at
the receiver and 0 < ζ ≤ 1 is the conversion efficiency, which
we assume throughout this work ζ = 1. Here we ignore the
energy from the noise assuming that it is negligible. In the
case, where we do not apply a level of power sensitivity at
the receiver side, i.e. Esens = 0, the harvested energy from
(6) results in Q = Eave.

III. SBS DECODING

In this section, we study SBS detection with the use of
maximum likelihood estimation. Integral forms for the SER
of all the considered schemes are derived.

A. Performance Analysis
The total pairwise error probability regarding adjacent sym-

bols, can be calculated considering two independent events
A and B. The event A is characterized by the fact that the
received signal y is negative. In such a case, the integrated
receiver does not proceed neither with information decoding
nor with energy harvesting. As a consequence, we have an
outage no matter what was the trasmitted symbol. Thus, the
pairwise error probability given that the event A holds, equals
the probability of Eavehx

2
i + n2 ≤ 0 for all xi, given by

Ppair(A) =
1

M

M∑
i=1

P (n2 ≤ −Eavehx
2
i )

1For reasons of simplification, we assume a linear model for the energy
harvested. Non-linear models will be considered for future work.



=
1

M

∫ ∞
0

1

2
exp (−h)

(
M +

M∑
i=1

erf(−Eavehx
2
i )

)
dh, (7)

which follows by substituting the cumulative distribution func-
tion of the AWGN term n2 [14, Eq. (2.3-11)] and integrating
for all the possible values of h.

Respectively, the event B is characterized by the fact that
the received signal y is positive. Given this and in contrast to
the event A, we are not always in outage. More specifically, the
pairwise error probability for adjacent symbols given that the
event B holds and assuming that symbol xi was transmitted,
is defined by

Ppair(B) =
1

MP (B)

M∑
i=1

P (exi
), (8)

where P (exi
) is the probability of error, that the receiver

wrongly decides on xi+1 or xi−1 symbol, while xi was
transmitted. Thus,

M∑
i=1

P (exi) =

M∑
i=1

[
P (ei→i+1) + P (ei→i−1)

]
, (9)

where P (ei→i+1) and P (ei→i−1), denote the pairwise error
probability on deciding symbol xi+1 or xi−1, respectively,
when symbol xi was transmitted and are given in the Ap-
pendix.

Furthermore, P (B) represents the probability that the re-
ceived signal y is positive, i.e. Eavehx

2
i + n2 > 0, for any

trasmitted xi ∈ {1d, 2d, . . . ,Md}. Following the steps for the
calculation of Ppair(A) in (7), we can similarly estimate

P (B) =
1

M

∫ ∞
0

1

2
exp (−h)

(
M −

M∑
xi=1

erf(−Eavehx
2
i )

)
dh.

(10)

By substituting (9) and (10) in (8), we can derive the total
pairwise error for the integrated receiver, referring to a SBS
detection as

PSER sbs = Ppair(A) + Ppair(B). (11)

B. Optimized Performance Analysis

In this subsection, we study the optimization of the in-
tegrated symbol by symbol decoder (OSBS), targeting the
minimization of PSER sbs. In order to achieve this, we consider
that our energy pulse based symbol alphabet is no longer based
on equi-spaced amplitudes. We thus define a new constrained
non linear optimization problem. We set an objective function
that we need to minimize, subject to specific non linear
equalities and linear inequalities expressed as

POSBS = min
xi

PSER sbs

subject to E[x2] = 1,

fY (yxi
) = fY (yxi+1), i ∈ {1, . . . ,M − 1},

xi ≤ xi+1, i ∈ {1, . . . ,M − 1}, (12)

where fY(yxi
) denotes the probability density function (pdf) of

the received signal y when xi is transmitted, fY(yxi+1) denotes
the pdf of the received signal y, when xi+1 is transmitted and
are given in the Appendix. Such an optimization problem, can
be solved reliably and efficiently with existing numerical tools,
such as fmincon in Matlab [11], which employs the interior-
point method.

C. Optimized Performance Analysis with Power Sensitivity

Applying a level of power sensitivity in the integrated
receiver, we target a more sophisticated scenario of the symbol
by symbol detection (OPS). The integrated receiver proceeds
to information decoding and energy harvesting, if and only
if the received power of the DC signal is higher than a given
sensitivity level. Such an assumption, results in two new events
A′ and B′; A′ is characterized by the fact that Eavehx

2
i+n2 ≤

Esens, and B′ from the fact that Eavehx
2
i + n2 > Esens.

Following the steps which are analytically described in Section
III-A, we can calculate the new SER of the system.

IV. SEQUENTIAL DECODING

In this section, we exploit the coherence time of the channel
over N transmitted energy pulses, and study sequential detec-
tion. With the use of such a detection scheme, the performance
of the integrated SWIPT receiver is enhanced, in terms of SER.
However, in order to keep a low computational complexity, our
study focuses in more sophisticated techniques. Specifically:
• Our first step is focused on detecting a subsequence of

the transmitted energy pulses, with the use of GLRT-
MLSD. In this way, we derive a simple decision rule for
information decoding, that is independent of the channel
gain, succeeding non-coherent detection.

• Secondly, with the use of Viterbi-type trellis-search algo-
rithm, we manage to reduce the search complexity of the
proposed decision metric.

• Finally, with the use of SS-ST, we eliminate the error
floor.

At the end of this section, we provide integral forms for the
upper bounds derived, regarding the SER performance of our
proposed integrated SEQ-MLSD decoder and the conventional
power-splitting SWIPT receiver.

A. Sequence Detection

We consider a subsequence of L immediate past sym-
bols, out of the entire transmitted sequence with coherence
length N . At time t, the transmitted data subsequence is
denoted by x(t, L) = [x(t − L + 1), . . . , x(t)], where x(t) ∈
{1d, 2d, . . . ,Md} for any time t. Similarly, y(t, L) = [y(t−
L+1), . . . , y(t)] and n2(t, L) = [n2(t−L+1), . . . , n2(t)] are
used to denote the corresponding received signal subsequence
and noise subsequence, respectively. For the sake of simplicity,
we drop the index terms t and L and denote the vectors x,y
and n2. Thus, the received signal is modeled as

y = Eavehx+ n2. (13)
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Fig. 2. Viterbi-type trellis-search diagram for integrated SEQ-MLSD decoder.

Having defined our subsequence, we target on a detection
scheme that will be independent from the channel gain h. A
GLRT-MLSD decoder is used, in order to jointly decide on
h and x, that maximize p(y|x,h), which is the conditional
pdf of y. With the use of maximum likelihood, h is estimated
conditioned on a hypothesized data subsequence x. Then, with
the proper substitutions and computations, the desicion rule is
further simplified and finally reduced to [8, sec.IV]

x̃ = argmax
x

(y · x)2

‖x‖2
, (14)

where x̃ denotes the detection result on subsequence x. We
notice that the CSI is not required, something that is crucial
to our proposed approach.

B. The Viterbi-Type Trellis-Search Algorithm

In principle, to implement the above metric, one has to
compare ML possible subsequences and choose the one with
the higher metric value. With the use of Viterbi-type trellis-
search algorithm, the search complexity can be reduced to a
very low level that is independent of the observation window
length L [8]. As can be seen from Fig. 2, at each time t, the
algorithm with the use of (14):
• computes the metrics of all the hypothesized sequences

arriving at a node,
• saves the sequence with the higher metric value,
• discards the sequence with the lower metric value.

This is repeated for all paths entering the same node, and
the path with the largest metric is saved as the survivor one.
As shown with the red solid line in Fig. 2, the decision on
a symbol is made only when the tails of all survivors have
merged at a node. Though it has to be noticed, that the search
complexity increases quadrically as M grows, since for each
symbol detection, one has to compute the decision metrics of
all M2 paths.

C. The SS-ST Method

With the use of SS-ST, we enhance our integrated SEQ-
MLSD decoder, by overcoming the error floor problem which
exists in values of M > 2 [9]. In SS-ST the decision metric
selectively uses the L most recent received signals that have
been detected to carry symbol Md, before the last merge
node. Using signals with the highest power to estimate the
channel state [8], defines SS-ST as a high efficient technique.
Alternatively, without the use of SS-ST, the decision rule is
based on the last L immediate received signals. The possibility

that a decision on a symbol has not been made, in other words
the tails of all survivors have not merged at a node, causes an
error floor.

D. Performance Analysis

The pairwise error probability of a GLRT-MLSD decoder
when L → ∞, is given by [8, Eq. (34)]. With the proper
substitutions, taking into account the characteristics of our
proposed integrated SEQ-MLSD decoder and proceeding with
an integration over all the possible values of h, the average
pairwise error for adjacent symbols is given by [13]

PSER pair = E

[
1

2
erfc

(
hEave

√
d

2
√
2σ2

)]

=

∫ ∞
0

1

2
erfc

(
hEave

√
d

2
√
2σ2

)
exp (−h)dh. (15)

As the transmitted symbols and consequently the energy levels
M , increase to more than 2, the probability that y will be
closer to some other xj than to xi, is upper bounded by the
sum of the pairwise error probabilities to all the other signals
xj 6= xi. We herein, define the upper bound of the probability
of a union of events [14]

PSER seq =
1

M

∑
xi∈A

P (exi
) ≤ 2(M − 1)

M
PSER pair, (16)

where P (exi
) is the probability of error given that xi was

transmitted.
Conventional Power-Splitting SWIPT Receiver: For the

sake of comparison, we additionally provide a SWIPT so-
lution with the use of a separated architecture (conventional
decoder) [12]. In this case, the received signal is split in
two portions before being converted to a DC signal, while
still is in the RF band. The transmitted signal uses pulse
amplitude modulation (PAM), with M constellation points
xi ∈ {± 1

2dmin, . . . ,±M−12 dmin}, where dmin is the minimum
distance between two symbols as referred in [14, Ch. 4.3-
1]. The average energy per bit transmitted is Ebavg, while at
the transmitter side a baseband signal x(t) is transmitted as
in the case of the integrated receiver. The RF signal is then
transmitted over a Rayleigh fading channel with gain h. At the
receiver side, a power ratio α of the signal, is used for SBS
decoding with the use of maximum likelihood. The remaining
1−α portion is led to an energy receiver, which proceeds to a
DC conversion as described in [5] and energy harvesting. As
in the case of integrated SEQ-MLSD decoder, the noise power
from the antenna is omitted. Thus, the average SER over all
possible values of h is [14, Eq. (4.3-5)]

PSER PAM =
(M − 1)

M

×
∫ ∞
0

erfc

(√
3 log2M

M2 − 1

αEavehEbavg√
2

)
exp (−h)dh.

(17)
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Fig. 3. Performance of integrated receiver over different number of energy
levels M , for all considered schemes; SBS, OSBS and OPS with an indicative
example of Esens = 0.5Eave.

Taking into account the (1− α) factor and with the use of
(6), the energy harvested can be expressed as

QPAM = (1− α)Eave. (18)

It is clear that the energy harvested from a conventional
decoder (QPAM) is always less than the energy harvested in
a SBS detection scheme with Esens = 0; equality holds for
α→ 0.

In the following sections, analysis and simulation results are
presented as a benchmark to our proposed integrated SEQ-
MLSD decoder.

V. NUMERICAL RESULTS

Computer simulations are carried out in order to evaluate the
performance of an integrated receiver achieving SWIPT, for
the aforementioned non-coherent detection schemes. In Fig.
3, we present the behavior of SER regarding SBS detection,
OSBS, where the pattern of the transmitted energy pulses
is optimized and OPS, where a level of power sensitivity is
applied at the receiver. As expected, with the increase of Eave

and the optimization, the performance of SER is enhanced,
while by applying a level of power sensitivity at the receiver,
the performance of SER deteriorates.

In Fig. 4, we study the performance of SEQ-MLSD decoder,
for a variety of energy levels, with the use of SS-ST and L = 6.
These results, are compared to a similar system model without
the use of SS-ST and to the union bound of the pairwise
error probability, as this is described in (16). In comparison
to the SBS detection in Fig. 3, the SER follows the same
behavior when Eave and M increase, but with remarkably
lower values. One more key observation, is the fact that with
the use of SS-ST, the SER is enhanced for the same M energy
levels, while at the same time the error floor is eliminated.
Furthermore, as the number of energy pulses M increases, due
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Fig. 4. Performance of our proposed integrated SEQ-MLSD decoder over
different number of energy levels M , sequence length L = 6, with and
without the use of SS-ST.

to the existence of more than one pairwise error, the simulation
results are compared to the union bound, resulting thus to a
higher divergence between simulation and numerical results.

In Figs. 5 and 6, we compare the performance of our
proposed integrated SEQ-MLSD decoder with the conven-
tional one. It can be noticed that for higher values of the
average transmitted power e.g. Eave = 50 dBm, our pro-
posed integrated SEQ-MLSD decoder improves remarkably
its SER performance. Also, in both figures, it is clear that the
conventional decoder achieves a better SER performance than
our proposed integrated SEQ-MLSD, for values of α ≥ 0.1,
having as a direct consequence the severe degradation of
the energy harvested. For values of α < 0.1, our proposal
outperforms the conventional one both in terms of SER and
energy harvested.

VI. CONCLUSION

In this paper, we study an integrated SWIPT receiver, with
the use of non-coherent detection schemes. We investigate
the performance in terms of SER, while with the use of
sophisticated techniques we succeed to enhance it without
deteriorating the energy harvested. First, we examine a SBS
detection scheme; optimization on the pattern of the trans-
mitted energy pulses is carried out, with and without a level
of power sensitivity at the receiver. In addition, relying on
the coherence time of the channel over N transmitted energy
pulses, we exploit sequential detection and propose our in-
tegrated SEQ-MLSD decoder. With the use of Viterbi-type
trellis search algorithm, we simplify the complexity of our
proposed sequential decoder, while with SS-ST we overcome
the error floor problem. Simulation and theoretical results are
consistent, corroborating our proposed solution. Our SEQ-
MLSD decoder succeeds enhanced SER without degrading the
energy harvested, compared to a SBS integrated decoder and
a conventional power-splitting SWIPT receiver.
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APPENDIX

The probability of error deciding symbol xi+1 when symbol
xi is transmitted, is directly related with the probability that
the received signal yxi+1 is higher than yxi , which results in

fY(yxi) ≤ fY(yxi+1), (19)

where fY(yxi) denotes the pdf of the received signal y. From
(5), the channel power gain follows an exponential distribution
and the rectifier noise follows a normal distribution. Therefore,
y follows an exponentially modified Gaussian (EMG) distri-
bution, with pdf [15]

fY (yxi
) =

λi
2
exp

(
λi
2

(
2µ+ λiσ

2 − 2yxi

))
× erfc

(
µ+ λiσ

2 − yxi√
2σ

)
, (20)

where µ and σ2 are the mean and the variance of the Gaussian
component, respectively. In our case µ = 0 and σ2 = 1/2,
since we are interested only in the real part of the complex
Gaussian noise n2. Furthermore, we assume that the symbols
xi are equally probable transmitted and λi is the rate of the
exponential component, which in our case is λi = 1

(2Eavex2
i )

. In
order to define P (ei→i+1), when i < M , we need to calculate
the probability of (19). Consequently,

P (ei→i+1) =

∫ ∞
c1

fY (yxi
)dyxi

, (21)

where c1 is derived when equality holds for (19). In other
words, c1 returns the value of y, where the pdfs of the received
signals for the transmitted symbols xi and xi+1 intersect.
Respectively, for i > 1, P (ei→i−1) can be calculated as

P (ei→i−1) =

∫ c2

0

fY (yxi
)dyxi

, (22)

subject to fY(yxi
) ≤ fY(yxi−1

) and given that c2 is derived
when equality holds.
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