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Abstract—A finite blocklength (FBL) twin-user non-orthogonal
cooperative downlink system is considered, wherein a base
station simultaneously communicates with the users whilst re-
lying on simultaneous wireless information and power transfer
(SWIPT) enabled energy harvesting relay. Closed-form analytical
expressions are obtained for the end-to-end average block error
rate (BLER) assuming potentially dissimilar Nakagami-m fading
links. Furthermore, asymptotic expressions are derived for the
individual user’s end-to-end average BLER performance and
diversity order at high signal to noise ratios (SNRs). Additionally,
since, the stronger user’s signal is detected, while assuming the
weaker user’s signal to be interference, an analytical bound has
been obtained for characterizing the effect of this interference on
the BLER performance of both users. Furthermore, a framework
is developed for joint relay splitting factor and user power
allocation towards end-to-end blocklength minimization under
strict reliability constraints by converting the original non-convex
optimization problem to a convex geometric program (GP) that
can be solved efficiently. Simulation results are presented to
validate the analytical expressions derived and illustrate the
efficacy of the proposed scheme.

Index Terms—Non-orthogonal multiple access (NOMA), finite
blocklength (FBL) communication, dissimilar Nakagami-m fad-
ing links, energy harvesting, simultaneous wireless information
and power transfer (SWIPT), product of Gamma random vari-
ables, geometric program (GP).

I. INTRODUCTION

Next-generation wireless communication networks are pre-
dicted to witness a significant increase in traffic all over the
world [1]. Proliferation of internet of things (IoT) devices
such as traffic sensors, autonomous machines, navigation and
control systems are expected to contribute significantly to this
increase. To support real-time mission critical applications in
such environments, massive device connectivity [2] combined
with low communication latency [3] and ultra-reliability [1]
are expected to be the key design and performance features.

In this context, non-orthogonal techniques have gained
significant interest as concept of supporting massive device
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connectivity [4], [5] at a low latency. Several users are
multiplexed in the power domain over the same frequency and
time resources improving the spectral efficiency. Subsequently,
successive interference cancellation (SIC) is employed at the
receiver to decode the individual signals of the multiplexed
users [6], [7]. Hence, a large number of users/devices can be
supported at any particular instant of time. A brief review
of the recent research in non-orthogonal schemes and the
motivation of the proposed work is presented next.

A. Review of the Existing Literature

Non-orthogonal downlink (DL) transmission increases the
spectral efficiency [8], [9] not only as a standalone com-
munication technique, but also in conjunction with several
other existing communication techniques [7], [10], [11]. In
particular, the outage probability of NOMA within a multiple-
input multiple-output (MIMO) DL communication system has
been explored by the authors of [12], [13]. User-power and
subcarrier allocation has been studied for DL orthogonal
frequency division multiplexing (OFDM) in [14]. The analysis
of NOMA systems with cooperative one-way decode-and-
forward (DF) relaying has been reported in [9], [15], [16],
whereas amplify-and-forward (AF) relaying for NOMA has
been analyzed by Xue et. al. in [17]. Finally, the works in
[18], [19], have extended the analysis of NOMA systems
with two-way relays in the network. The above contributions
have comprehensively demonstrated the improved spectral
efficiency of NOMA in comparison to conventional orthogonal
multiple access (OMA)-based techniques.

A limitation of the majority of NOMA studies is that
they rely on classical Shannon capacity [20] analysis, which
assumes having an arbitrarily low probability of error for very
long transmit blocklengths. However, such large blocklengths
are often not suitable for the IoT-NOMA networks of the
future, since a large number of connected sensor devices often
have to communicate using short bursts of data and the error
probability is non-negligible due to the impact of the finite
blocklength (FBL). Moreover, in FBL communication, the
average BLER is strictly higher than the outage probability
obtained using Shannon’s approach [21]. Thus, the outage
probability over-estimates the communication reliability at
FBLs. This necessitates a fundamental shift from the con-
ventional rate analysis to one that is more suited for the
investigation of FBL communication systems.

Polyanskiy et al. [22] have derived the achievable rate
and block error rate (BLER) expressions for FBL transmis-



sions, which represents a paradigm shift from the Shannon
capacity framework [20]. Facilitated by these results, the
recent contributions [23]-[28] have explored the performance
of NOMA employing a FBL communication framework, for
various DL scenarios. In particular, the BLER analysis of a
non-cooperative two-user DL communication scenario associ-
ated with Rayleigh fading channel links has been described
in [24], [27]. Similar analysis for a multiple-user scenario
associated with Nakagami-m distributed fading channel links
has been reported in [28]. Transmission rate optimization and
energy minimization associated with reliability constraints at
the receivers for two user DL communication systems has
been reported in [25] and [23], respectively. The packet loss
probability analysis of a similar non-cooperative DL system
has been reported in [26].

Cooperative relaying has been shown to significantly im-
prove both the system’s reliability as well as the coverage area
of wireless networks, especially for scenarios in which a direct
path between the source and destination is not available. In this
context, the performance analysis of OMA-based single-relay
aided FBL communication scenarios has been presented in
[29]-[32]. More recently, the performance analysis of OMA-
based multiple-relay aided FBL communication systems has
been reported in [33]. Finally, the contribution by Lai et. al. in
[34] presents results for the BLER performance of a NOMA
two-user DL system with user cooperation.

An additional challenge that can potentially limit the
widespread deployment of IoT and other communication de-
vices in next-generation networks is the supply of power
[35], [36] to the connected devices, since the availability
of conventional external power sources is limited. Hence, to
address this problem, cooperative relaying employing energy
harvesting [37] as well as simultaneous wireless information
and power transfer (SWIPT) [38] can effectively address
these challenges and ensure prolonged energy-sustainability
in relay-aided communication networks [39], [40]. Since radio
frequency (RF) signals can simultaneously carry both energy
and information [41], SWIPT enabled relay/receivers can
glean energy from the received signal for their future signal
transmissions, while simultaneously decoding the received
information symbols [42]. In addition, they have been shown
to significantly improve the overall transmission performance
[39], [43]-[45]. for large blocklength scenarios.

The average BLER analyses for point-to-point and DF
relay-aided FBL communication systems have been reported
in [46], [47] and [48], respectively, wherein energy transfer
and information transmission take place in the downlink and
uplink, respectively. In particular, the work in [48] considers
also the circuit and signal processing power consumption at
the relay. The work by Makki et. al. [49] has considered a
SWIPT-based point-to-point system and analyzed the outage
probability for FBL transmissions to an energy harvesting
receiver. The energy supply probability and the achievable
rate of point-to-point FBL transmissions relying on an energy
harvesting transmitter has been studied by Khan et. al. in [50].
In the context of SWIPT-enabled energy harvesting OMA-
based single-user relay-aided FBL communication, Lépez et
al. [51] analyze the error probability considering time splitting

SWIPT-based decode-and-forward (DF) relaying. By contrast,
both time and power splitting-based SWIPT protocols have
been studied by Haghifam et al. [52] for a similar system
using amplify-and-forward (AF) relaying. In the recent work
in [53], Hu et al. have presented an optimization framework
for SWIPT parameter allocation with the goal of reliability
maximization in a SWIPT-enabled DF relay-aided OMA-based
single-user dual-hop FBL communication system.

The performance analysis reported in all of the above-
mentioned treatises on FBL communications have either con-
sidered a conventionally powered relay-aided OMA-based
single user DL communication system [29]-[33] or an energy
harvesting-enabled relay-aided single user OMA-based dual-
hop DL communication scenario [51]-[53]. Alternatively, sim-
ple point-to-point communication scenarios were considered,
where either an energy harvesting-enabled source commu-
nicates with a single destination over FBL [46], [47], [50]
or a conventionally powered source employs wireless energy
transfer (WET) to enable information decoding at the receiver
before information transmission [49]. Moreover, the contribu-
tion [48] described above and [51], [52] on SWIPT-enabled
relay-aided single user DL OMA-based dual-hop communica-
tion have restricted their analyses to fixed blocklengths and/or
power allocations, thus leaving the joint power allocation and
blocklength optimization aspects unexplored. On the other
hand, the authors of [53] solely focused their attention on
the simplistic OMA-based single user communication sce-
nario for instantaneous error minimization and resource al-
location. Furthermore, the treatises relying on NOMA with
FBL [23]-[28] have either considered conventionally powered
non-cooperative two-user DL communication scenarios or a
similarly powered two-user DL system with user cooperation
[34]. Thus, to the best of our knowledge, none of the existing
contributions analyze the performance of a non-orthogonal
system relying on power splitting aided SWIPT-based energy
harvesting relays using FBL. Moreover, since non-orthogonal
communication techniques are spectrally efficient [7]-[11]
while SWIPT is an energy-efficient solution [54], the anal-
ysis of non-orthogonal SWIPT-enabled FBL communication
systems is of paramount importance in the context of next-
generation systems. The salient contributions of this paper are
described next.

B. Our Contributions

We consider a cooperative non-orthogonal DL. communica-
tion system, where a base station (BS) transmits FBL data
bursts to two users. Furthermore, similar to [51], [53], we
assume the absence of a direct path due to intense shadowing
or blockage between the BS and the users. Therefore, a power-
splitting energy-harvesting DF relay is employed to support the
process of transmission to the users. The system is spectrally
efficient in comparison to conventional orthogonal transmis-
sion, since only a single phase is required for transmission
of both the user’s data to the relay. The choice of the DF
protocol for relaying in this system can be justified as follows.
DF relaying is capable of completely cleaning up the received
signal before it’s retransmission from a reduced distance with



TABLE I: Comparative Literature Survey on NOMA, Relaying, SWIPT with FBL and the present work

I [ 2411271 T 1281 [ 2311251126 [ [291-(33] [ 134 [ 1501 [ [46J. 1471 | 48] [ 491 [ 151 [ [52] [ (53] [ Our Work ]
NOMA-based system v v v v v
Cooperative icati v v v v v v v
DF Relaying v v v v v v
'AF Relaying v
Energy Harvesting at information Source/Destination v v v v
Energy Harvesting at Relay v v v v v
Power Splitting SWIPT at Relay 7 7 7
Average BLER analysis v v v v v v v v
User Optimum/Near-optimum power allocation v v v v v
Blocklength Minimization v v
Achievable Rate/Packet loss/Instant. Error/Reliability/

Outage/Throughput/Energy Use analysis and/or op izt v v v v v v v
Diversity Order Analysis v
Tmpact of Superposition on BLER v

respect to the destination, provided that the SNR is sufficiently
high. By contrast, AF relaying is unable to improve the SNR
owing to noise amplification [55]-[57]. Moreover, AF relaying
will necessitate CSI acquisition of the source-relay link at
Dy, Do, thus leading to higher communication overheads in
comparison to the DF technique that does not require this.
The pivotal contributions of this paper are itemized below:

o A power splitting SWIPT-based energy harvesting DF
relay-aided non-orthogonal cooperative communication
scheme has been considered wherein a source transmits
data to the two-users with transmissions over FBL and
possibly dissimilar Nakagami-m fading links.

« Expressions have been obtained for the average BLER
using a novel approximation for the CDF of the product
of two independent Gamma random variables. Further-
more, results have also been presented for the diversity
orders of the users.

o An asymptotic bound has been derived to characterize
the effect of the interference due to superposition of user
symbols on the end-to-end average BLER at both the
users for FBLs.

e A novel geometric programming based convex optimiza-
tion framework is developed for joint total BS and relay
blocklength minimization together with evaluation of
the source and relay power allocation and the SWIPT-
splitting factor at the relay, subject to user reliability
constraints.

« Finally, simulation results are presented to illustrate the
benefits of the proposed scheme over conventional OMA
with SWIPT and also non-orthogonal WET-based scheme
wherein energy transfer and information transmission
take place in different phases. The results also lend
credence to the various analytical expressions derived in
the paper.

The rest of the paper is organized as follows. The system
model is described in Section II, while the instantaneous and
average end-to-end BLER expressions of the two users have
been obtained in Section III-A and III-B, respectively. This
is followed by the expressions of the asymptotic average
BLERs and the diversity orders at high SNRs as well as
by the characterization of the BLER contribution arising due
to the interference imposed by the weaker signal in Section
IV. Our GP based optimization framework developed for the
total joint end-to-end blocklength, for the source/relay power
and splitting factors under strict user-reliability constraints in

Section V. Our simulation results are presented in Section VI,
followed by our conclusions in Section VII.

The notation used in this paper is summarized next. The
quantity G(a,b) represents a Gamma distributed random vari-
able with ¢ and b as shape and rate parameters, respectively.
CN(0,0?) represents a zero-mean symmetric complex Gaus-
sian with variance 0. fx(-) and Fx(-) denote the probability
distribution function (PDF) and the cumulative distribution
function (CDF) of random variable X, respectively. Pr(-)
denotes the probability of an event. I (x 4+ 1) = ! denotes the
Gamma function and I'(s,z) = [~ a* le ™ dx, T(s,2) =
fow %~ te~?dx denote the standard upper, lower incomplete
Gamma function, respectively. R denotes the set of positive
real numbers, E (-) denotes the expectation operator, min (-, -)
denotes the minimum operator and underlined boldface sym-
bols such as & denote vectors.

II. SYSTEM MODEL

Consider the non-orthogonal DL of Fig. 1 where the BS S
transmits to the destinations D; and Dy assisted by a single
conventional DF relay R, which decodes the received symbol,
re-encodes and forwards to the destination. Similar to [51]—
[53], the direct path between the base station and the users is
assumed to be absent due to intense shadowing or blockage.
Furthermore, similar to [24], [28], [51], [52], all the terminals
are considered to be half-duplex with a single antenna each.
Such a system is well suited for IoT scenarios, where the
required data rates are low and single antenna systems are
preferred due to their low complexity. The source S is assumed
to be powered by an external source, whereas the relay R
employs power splitting SWIPT-based energy harvesting prior
to transmission to the two users. Only the statistical CSI of
all the links is assumed to be available at the BS, whereas
the relay has access to only the CSI statistics of the relay
destination links, but not to the actual fading gains of D;. The
users are ordered as Arp, < Arp,, where Agrp, and Agrp,
are the average channel gains of the relay-destination links
ie. A\gp, = E (|hRD7,|22, i € {1,2}. Hence, statistically,
D> is the user having a better channel, while user D has a
weaker channel. Accordingly, D; will be allocated a higher
power and it’s signal will always be decoded first [58], [59].
Communication between S and D1, D5 takes places over two
phases as described below.
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Fig. 1: System Model.

A. Phase 1

In Phase 1, the BS S employs SWIPT for the transfer of
both energy and information symbols to R over n; channel
uses. In particular, .S linearly combines the symbols x1, x
destined for D1, D, respectively, followed by transmission of
the resultant superposed signal to 2. The RF signal received
at R can be mathematically represented as

Yr = hsr (\/ a1 Psxy + +/ azpsxz) + Wk, (D

where, as described in [58], [59] for a non-orthogonal down-
link scenario, we have a; > as > 0, so that a; + as = 1, are
the power factors that denote the fractions of the total power
allocated to Dj, Do, respectively. Thus, the user having a
weaker channel is allocated a higher fraction of the total power.
The quantity hggr is the Nakagami-m distributed channel
coefficient between S and R, which represents the combined
effects of small scale fading as well as path loss, with the
fading parameter mgpr assumed to be a positive integer [59],
[60] and E|hg R|2 = Agpg being the average channel gain of
the S — R link. Consequently, the channel gain is Gamma
distributed as |hSR|2 ~ G (asr, Bsr), where asgp = mgg
and fBsp = $2& > 0 denote the shape and rate parameters',
respectively. This model is general, hence it can also be used
for the analysis of Rayleigh fading channels as a special
case by setting mgrg = 1. The quantity wpr denotes the
additive white Gaussian noise at R that is distributed as
WR ~ CN (0,0’2).

The relay employs power splitting similar to [61] for
partitioning the received signal yr into two components, one
for information transmission and one for energy transfer and
denoted by yl{% = VUYR, yg = /[iyr, where the quantities
wy it > 0, p+ & < 1, denote the information decoding and
power splitting coefficients, respectively. Thus, similar to other
existing contributions [51]-[53], the energy harvested at R can
be expressed as

Eg = njiPs|hsg|*n1, )

IShape parameter is a measure of the statistical dispersion of the distri-
bution curve. Rate parameter is the reciprocal of the scale parameter which
characterizes the spread of the distribution.

where 0 < 1 < 1 denotes the energy conversion efficiency
[40]. As seen from (2), in addition to the channel gain,
the amount of harvested energy depends also on the tunable
parameters i and nq, which can be appropriately chosen to
maximize the energy harvested. This is further explored in
the optimization problem of Section V. Furthermore, a better
approximation for the energy harvesting model is given by a
piece-wise linear function [62] expressed as

~ 2 —_—
0; ,LLPS|hSR| < Zmin
~ 2 — - 2 -
Er = { niPs|hsr| n1, Emin < iPslhsr|” < Emax,  3)
NZmaxM1, otherwise,

where =in, Zmax are the activation or sensitivity and saturation
thresholds, respectively. The BLER analysis corresponding to
this alternative model, including also the power consumed
during the SIC process is presented in Section X of our
technical report in [63]. Subsequently, in order to decode the
information bits from the received RF signal, the relay R
initially downconverts y%, to obtain the baseband information
signal

i = hsr (\/ aypuPsxy + / a2uPs$2) +pwg + g, (4)

where wr ~ CN (0,67), denotes the additive noise at the
output of the downconverter [39]. Thereafter, SIC is employed
to decode the symbols x; and x5 corresponding to users
D; and Ds, respectively. In particular, R first decodes the
statistically stronger signal of user D; considering the other
signal components as noise. Let v’ denote the signal to
interference plus noise ratio (SINR) for decoding z; at terminal
U,i € {1,2},U € {R, Dy, Dy}. Thus, the SINR of decoding
x1 at R can be written as

R _ a1 puPs|hs,|? ~ a1 ppg|hsr|? )
aspPs|hsr|® + po? + 62 asppslhsg|® + 1
where pg = % and o2 has been neglected since in practice

0% < 52 [39]. After decoding the stronger signal component,
the relay remodulates it and subtracts it from the composite
signal, leaving behind the statistically weaker signal of Dy
[7]. Assuming that R decodes x; correctly, the signal to noise
ratio (SNR) of decoding x2 at R can be written as

Vi = aspps|hsrl’. (6)

B. Phase 2

In this phase, the relay R superposes the decoded symbols
21,2, which can potentially be in error, and broadcasts the
signal obtained to both D; and D-. In the event that the relay
has decoded the received symbols z1, x5 correctly in the first
phase, the signal received by the two users can be written as

yp, = hRrp, (\/blpgiﬁ + bQPR.’IIQ)‘f"LUD“ xS {172}7 (7)

where, by > by > 0, with by + by = 1, are the relay power
factors corresponding to D1, D, respectively. Thus, similar to
source-relay transmission, the user having a weaker channel
is once again allotted a larger fraction of the total power. The
term hrp, denotes the Nakagami-m fading channel coefficient



between the relay and each user D;, representing the combined
effects of small scale fading, as well as path loss [59], with
the fading parameters denoted by mprp, being positive integers
and E (|hRDi |2) = Agp, > 0 being the average channel gains
for the relay-destination links. Thus, the channel gains are
Gamma distributed |hRD¢ 2~ g (QRD” 5RD¢) with arp, =
mpp, and Brp, = (;\25 > 0 denoting the corresponding
shape and rate parameters, respectively. Furthermore, based
on the assumption that D- has the stronger channel, we have
ARD, 2> ARD, - Finally, Pr denotes the relay’s transmit power
obtained from (2) as

P = Er _ Uﬂn1PS\hSR|27 )
n2 na

where, in order to simplify the analysis to the most salient
aspects of energy harvesting systems, the power consumed
during information and signal processing has been neglected,
which is an idealized simplifying assumption that has been
adopted in the authoritative treatises such as [39], [51], [53].
Moreover, the BLER analysis including also the power con-
sumed during SIC is presented in Section X of our technical
report in [63] due to lack of space. Accordingly, after receiving
the signal, D; decodes x; directly, treating the rest of the sig-
nal components as noise, and after subtracting the remodulated
signal, Dy automatically acquires it’s own symbol x5. Thus,
the SINRs of decoding x; at the two users can be expressed
as

- b1PR|hR§i|2
boPrlhrp,|” + 02
_ binjinips|hsrl’|hrp,
banfinps|hsr)|hrp,|” + n2’

where 7 € {1,2}. Subsequently, after correctly decoding x; at
D5, x5 can be decoded at an SNR

2

€)

D2 by Prlhrp,|* _ banjinips|hsg|’|hrp,|”

2 3 o (10)

g
IIT. INSTANTANEOUS AND AVERAGE BLOCK ERROR
ANALYSIS

A. Instantaneous BLERs at Dy and D,

Let N; be the number of bits to be transmitted to users
D;. Let ¢¥ denote the event that the block corresponding to
user i, ¢ € {1,2}, is decoded in error at terminal U, U €
{R, Dy, Dy}. Furthermore, let ¢V denote the complement of
the event qﬁ-]. From the results of [22], the instantaneous BLER
€ for a given SNR ~ and FBL of size n,n > 100, is given by

c~ nlog, (1+v)— N
Q( nV(7) )

where log, (1 + ) is the Shannon capacity, N denotes the
number of bits to be transmitted to the user, V (y) =

Y

(1 - ﬁ) (log, 6)2 represents the channel’s dispersion

coefficient and () is the Gaussian Q-function defined as

42
Q(z) = \/% f;o e 2 dt. The above result is now exploited

for evaluating the BLER for decoding x; at the various nodes
in the system under consideration.

The instantaneous BLER for decoding x; at R, can be
formulated as

R _
P (off) — et m @ (1108 LE0T) Z N )
mV (v{)

(12)

where the SINR ~{* is given in (5). Subsequently, assuming
that R decodes and then cancels the signal component cor-
responding to x; in (4) correctly, the BLER of decoding z2
subsequently at R is determined as

_ 1 1+ ~8%) - N.
Pr (08 | 17) = e m @ [ Mo (LE08) Z N0 )

13)

where £ has been defined in (6). Note that SIC can only
be performed successfully at R when x; is decoded correctly.
Hence, due to the high level of interference, it follows that
xo will be decoded in error when x; is decoded incorrectly.
Therefore, Pr(¢Z | 1) is assumed to be equal to unity. Upon
exploiting this fact, the net BLER of decoding = at R can be
approximated as

Pr(65°) = Pr (5" |¢1) Pr (1) + Pr (65" | 1) Pr (1)
= ' mlx+eix (1-&f) =& +eff —efelt, (19

where Pr (¢4 | #f7) denotes the conditional probability of ¢Ff
given ¢! and the event ¢f represents erroneous SIC at the
relay. Furthermore, since in ultra-reliable communications the
individual error terms €, € are typically small and generally
in the range of 1073 to 107> [3], [24], the product term éX&R
above can be ignored without any significant impact on the
analytical results. Thus, the error expression in (14) can be
further approximated as

n1 logy (1 + 75) -N

n1 logy (1 + fyf‘) — Ny
nV (v4)

R . R | =R
€ R T 6 R

+Q . (15)

In the next phase, the relay R superposes the decoded symbols
x1,x2 and broadcasts the signal obtained to both the users
Dy, Dy, as described in Section II-B. After receiving this
superposed signal, D1 decodes the symbol z; directly, whereas
Dy employs SIC to obtain the desired symbol x». Proceeding
in a manner similar to the one adopted for obtaining the BLER
for decoding x5 at R in (15), one can obtain the net end-to-
end BLERSs for decoding x; at D; and x5 at Dy, denoted by
eDl,eDQ, in (16),(17), respectively, where we have assumed
that the symbol x; cannot be decoded correctly at D;, unless
it has been decoded correctly at R that is Pr gbzp i Cf%R) = 1.
Thus, the BLER analysis accounts for the event of decoding
error at the relay. Furthermore, it has also been assumed that
a9 cannot be decoded correctly at D, unless x; has been

decoded correctly, which implies Pr (qbg 2 |¢f) 2) =1.



Pr = Pr (o] [6f) x Pr (o) + Pr (6" [9f7) x Pr(6f) = 1 x Pr (of) + Pr (o] [9f) x (1~ Pr (of!))

ng log, (1 +71Dl) - N

1] 7 ~ ~Dy nllog 1+’yR A\
~Pr(of) +Pr (00 [6F) =&l + & ~ Q 2 ( 1R) e
niV (vf) n,V (’)’{Dl>
e () ) e (5) = 5 (0 60 = B
Do
nq log 1—|—fyR — N. n210g2(1+7j )*Nj
~ Z Q 2( J ) J 10 7 -

mV (7))

j=1

()

B. Average BLERs at D1 and D,

Using (16),(17), the average BLER of decoding x; at Dj,
9 at Do can be approximated as

E (7)) ~E () +E ().
E (%) ~E () + E (&) +E (%) +E (7). (9)

To determine E (eDl) and E (eDQ), we first
E (ef) ,E (gf‘ , followed by E (¢§') ,E (€§)2), and subse-
quently substitute them in (18),(19) to obtain the average end-
to-end BLER at D; and D5. However, the direct evaluation
of the expected value of e¢”¢ is mathematically intractable.
Therefore, for mathematical tractability, the expression of the
instantaneous BLER is approximated as [64]

(18)

obtain

1, W<
& s —rlym (W —ol). <Al <Al Qo)
0, fyU > AU
where we have
2N, = N;
= (27r (2 i 1)> LY =27 -1,
X . 2y
U U U u
=) — ———, A} =Y + ———,
ST T T

where 7 = 1 when U = R and j = 2, otherwise. Evaluating
the expectation of (20) to obtain the average BLER yields
7
E (&) =17\ /m; . B () da. (22)
¢

The analytical results for the average BLER performance of
both the users are presented next.

In order to determine E (%{%) using (22), the CDF of ~{
can be evaluated as shown next. Starting from the expression
in (5) for &, it follows that

B |”
Fq{% () = Pr (nyé < :c) P < a1pps|hsr| < x)

aspps|hsr” +1
T B
B I (OZSRv HPS(;lRI1a2)> I < E

I (aSR) ’ a9

(23)

Substituting F r (x) in (22), we can simplify the expression
for E (¢ff) as shown in Section I of our technical report in
[63] to obtain the final expression of E (éf') as given in (24).
Furthermore, once again invoking (22), the average BLER of
decoding x; at D; in the second phase, denoted by E (E{D 'i>
can be written as

Di

E (~D ) ~ 7P \ﬁ | Fop. (@) d, (25)

D. bininips|hsrl?|hrp,
where 77" = | "|

- 5 3 as defined in (9). The
banjinips|hsr|?|hrp; | +n2
next result yields a tractable approximation for the CDF of the

product of two Gamma distributed random variables, which is
employed in the subsequent analysis.

Theorem 1. Let X; ~ G(w;,5:), i € {1,2}, be two
independent Gamma distributed random variables such that
ar,00,B1,80 € RY and oy — ay # £33
Then, the CDF Fy (z) of the random variable Z, where
Z = Xi1Xy can be approximated as Fz(z) =~
oo 2oneo Wo kL (ks V/AB1B22), where U is a constant and
can be chosen depending on the desired accuracy of the
approximation, sy, = 25 + k,

5= {min (a1, a0),

a—1,

Q) # g

a1 = 0 = @,

(26)

— _ Aloa—as|,v,k)
Wy k = T M (ag)2itoz =2 The constant A

is defined in (27) where the quantities L (v, k) denote the Lah
numbers [65] that are defined as L(0,0) = 1,L(v,0) =

0,L(v,1) =v! and (v 1) Z: otherwise, for v,k > 0.

lay — as|, v, k)

N

Proof. A detailed proof is given in Section II of our technical
report in [63]. O]

Using the result in Theorem 1 to obtain F’le,i (z) followed
by it’s substitution into (25) and further simplification as
shown in Section III of our technical report in [63] the average
BLER for decodmg x1 at D; can be expressed as given in (28),
where the term I 7 is defined in Section III of our technical
report in [63]. Note that the expression in (28) is tight even
for small and moderate values of ¥ and [“, respectively.

Substituting the expressions obtained in (24) and (28) for

E (éf') and E (é{j ) respectively, in (18), yields the final



Bsr(E

— A{zag)

_Ti/niaifsr (a1 — sz%)f as
kps

E (ef) ~
(&) I' (agr) as a18sr

BsrAF

(o

BsRr
e mrrsaz

_ (@
— (ftay) a1Bsr

(Mﬂsaz)u

X f SR,
pps (a1 —

asr—1
QSR — 1 . asp—u—1
A?@)) - (npsaz)®=* X{ uZZ:O ( u >( Bse)

= Bsrai = Bsrai
x {T'|u, —I' | u, . (24)
{ < Hpsaz (al - A{2652) HUpsaz (al - CFGQ)
(—1)* /AT (2|1 —aa )T (v+ 4 —[ a1 —as|) L(v.k) B 1.3 .
A(|Oll —O[2|7’U7k/’) — 2(\@17a2|fk>1"(%7\a17a2\)1—‘(v+%+|a170¢2\)y!7 Qaq (&%) 7507:&27:‘:27 (27)
A2,v,k) —2A (1,0, k), Q1 = (g,
P (gDi [ 4 n2BsnBrp, NP 481" nafBs rBrp,
borD \ﬁ B\ i (bi—¢D702) ps o\ mamia(bi—a7 0 ) ps
E () ~ = §:§: —— - —
v=0k=0 (b1—cb2) (b1-a7",)
K et !
4 2 (=1 .
Z( n2BsrBRD, ) (-1) ol (28)
— ninibaps n n

closed form expression of the average end-to-end BLER at
user D;. The average BLER for user Dy is determined next.
Since, the expression of £ (el ) has been obtained in (24),

while that of E (&2

E ( ) from (19) we proceed to obtain E (65‘). Accordingly,

we begin with the definition of V& = asupg |hSR\2 in (6),
the CDF F, r(z), can be readily determined as Fr(z) =

mf ( asg, fj”) Substituting this in (22) leads to the

expression of E (62 )

has been given in (28), to obtain

E () ~ 5 \/7/ x)dx
Bsr

= 72 Al / f (aSR, $ )dl‘
I'(asr) Jer pazps

Using the substitution EBQSPR = ¢, the expression in (29) can
be simplified using integration by parts and upon invoking the

(29)

identity dF(S dl(s2) _ ps—1e=2 1o obtain the expression of E (5
as given below
R AR _ AR
E (&) ~ Ty /M pazps { 2Psr (aSR, 2 553)
r (GSR) Bsr pnazps Hazps
Rz, R - R
_ @ Psky (aSB’ G BSR> LT (aSR b, G 553)
pazps pazps pazps
_ AR
—F(aSR+17f“%R)}. (30
azps

To obtain the only remaining BLER term E (~D "’) in (19), one

_ b2 Pr|hrp, |

can start with the SNR expression of VD 2 =

b2nﬂn1ps|hsn\2|hRD2|

as given in (10). Employing the result
in Theorem 1, the corresponding CDF for the same can be
formulated as

DHWER

v=0 k=0

T
“) dr,  3l)
baps

where the above expression is tight even for small values
of ¥ and the quantity Yo = % Substituting the
above result for Fyf2 (z) in (22) followed by the further
simplifications in Section IV of our technical report in [63]
leads to the expression of E (€2D 2) as given in (32).

Substituting the expressions obtained in (24), (28), (30) and
(32), in (19), yields the final closed-form expression for the
average end-to-end BLER E (eP2) at user D;.

IV. HIGH SNR BLER, DIVERSITY ORDER AND
INTERFERENCE ANALYSIS

A. Average BLER and diversity order at users D1, Dy

The asymptotic BLER expressions at high SNRs that is
when pg — oo, will be determined for the different users
below, which yield further insights into the performance of
the SWIPT-based FBL non-orthogonal systems. The results
below pertaining to the BLER of decoding z; at terminal
U, U € {R,D1,D5} and to the BLER of decoding x5 at
U,U € {R, Dy} are used in the subsequent analysis.



E (€D2) ~ bzPSTz bapsTy /12 Z Z YA P P ToA72 | Toly”
? == o baps PV baps baps
_ RYes ToALD? Y3
xT | 572, 4%27 +T [ sp +2\/>b22 —T [ s +2, ;@ (32)
2PS 208 208

Lemma 1. At high SNR, the average BLER of decoding x
at terminal U, can be obtained as

& ymg ( Be )ae
e (e +1) \ pe X a,e X ps
X {fo (al,e7a2,e;A1Uaae)
— fo(ate,aze, ¢ ae)}, (33)
where  we  have  fo(w,x,y,z) = Yl x

o Fy (z,z +1;2 + 2; %) and the term oF) (x1,29;%3;24)
represents the Gaussian geometric function defined as [66]:

S, o
B ; (z3), v!’

where (q), = qgX (q+1) -+ - X (q+v—1) denotes the Pochham-
mer symbol [66] and the other terms €V, o, Pe, fhe, Q1,02

are defined in (35) and (36).

o Fy (21, w25 w35 4) 34)

Proof. A detailed proof is given in Section V of our technical
report in [63]. O

Lemma 2. At high SNR, the average BLER of decoding x>
at terminal U € {R, Dy}, given that x1 has already been
correctly decoded at the terminal, can be written as

5 5 Qe (ae+1)
_U ~U t+1

E (62 ) =c Z >

t=0,2,4,--- (’7’2U>

0 _ 1 0 _ @ Bewd )
where T3 = o ¢ = 3a D (uexaz SXPS> and
, e, Be, e, G2.¢, N are defined in (35), (36).

(37

the terms ¢

Proof. A detailed proof is given in Section VI of our technical
report in [63]. O

The asymptotic BLERs at high SNRs for decoding x; at D;
are now derived below.

Proposition 1. At high SNR, the analytical expressions for the
end-to-end BLER at users Dy, Dy can be formulated as

E (") ~E () +E (),

B (%) ~ B () + B () + B () + 5 ()
Proof. This result follows using the expressions for
IE(EDl),E(eDZ) from (18),(19) respectively, followed

by substituting the results in Lemma 1 and Lemma 2 for the
various quantities. O

(38)

The following results now characterize the diversity order
of the BLER at users 1,2.

Remark 1. Az high SNR, the average end-to-end BLER at user

D;, where i € {1,2}, varies as E (EDY‘) o ps PO, where the
diversity order is given by
DO — min (asr, @rD, ), QSR # .OéRDi (39)
agsp — 1, otherwise.

B. Impact of interference on BLER

Let E (% s ) denote the average BLER of decoding z;

without any interference from x5 at terminal U. Similarly, let
E (EZUI ox 2) denote the average BLER contribution arising due
to the interference imposed by the superposition of z, while
decoding x; at terminal U. The next result presents additional
insights regarding the interference imposed by x5 on the BLER
while decoding symbol z; at the terminal U, U € {R, Dy, D2}

in our FBL non-orthogonal system.

Theorem 2. At high SNR, the average BLER contribution
during the decoding of x1 arising due to the interference
caused by the superposition of symbol x5 at node U is upper
bounded as

E (& ,,) <

T1—T2

ag.e

ai.e

)

il g Be "
(e +2) (Me X a1,e X PS)

x {fo (a1,e,a2,e, AT, e + 1)

— fo(are,a2.6,¢7 e + 1)}, (40)

where the terms EU,ae,ﬂe,,ue,al’e,agye,nj, fo(yeyeye) are
defined in (33), (35), (36).

Proof. A detailed proof is given in Section VII of our technical
report in [63]. O

Remark 2. At high SNR, the BLER contribution due to the
interference arising from the superposition of symbols 1 and
To imposed on the end-to-end BLER at user D;, which is

denoted by E (emf) .1 € {1,2}, is upper bounded as follows:

E( znf) < E( I1—>912) +E( 381—)902) :

Hence, the net average BLER at D;, D5 can be re-written
in a more insightful manner as:

E () SE(ef ) +E (D) +E (D).
E(e7) S B (e ,) +E ()

+E(e2,,,) +E () +E (D),

where E( 21bTs ) denotes the average BLER of decoding

(41)

(42)

21 without any interference from x, at relay R, E ( €0, 7%2)



(O‘e; Be; te; a1.e; a2,e) = {

» U € {R)

(esr; Bsrs ;a1 a2) 5

D; . n
(So “sasrBrD,; Y

- \/EF(2|QSR7QRDi|)
1
2

52%SRT20RD,; 1

C(esr)T(arp, )T (3—|asr+arp,|)’

U={R} 35)
bl,bg) Ue (D},
)1, U € {R},
U e {Dl}, B {Q,U S {Dz} (36)

represents the average BLER of decoding 1 without any
interference from x5 at users D;, ¢ = 1,2 and E mf

denotes the end-to-end average BLER contribution arising due
to the interference from z2, while decoding x; at user D;.

V. JOINT POWER, SPLITTING FACTOR AND BLOCKLENGTH
OPTIMIZATION

In 5G wireless networks of the future, many of the com-
munication devices will find applications in IoT and real-
time machine-to-machine communications [7], [25]. This will
require systems with low communication latency, high decod-
ing reliability and energy efficiency [1], [3]. Therefore, the
focus of this section is to develop a framework of determining
the optimal source, relay power allocation and relay splitting
factor for the minimization of total blocklength in our energy
harvesting FBL non-orthogonal system under strict reliability
constraints. Accordingly, the optimization problem of block-
length minimization can be framed as

minimize ni + no (43a)
a1,a2,b1,b2,p,f1,n1,n2
subject to
IE(EDl)zE( B+ E () <o, (43b)
D2~ ZE (ef) +E (eP2) < e, 430)
j=1
ny > 100,19 > 100, > 0,4 > 0, p+ 4 < 1, (43d)

a1 >as >0, by > by >0,a1+a2=1,b1 +bs =1, (43e)

where the objective function (OF) n; + ng denotes the total
blocklength and the reliability or QoS constraints are given
by restricting the net end-to-end BLERs E (eP1),E (eP2), for
users 1,2 to be lower than €, €4* respectively. The constraints
a1 > as and by > by ensure that a higher power is allocated
to the user with a lower average channel gain [59] and
guarantees that the SIC decoding order is not changed [67].
Furthermore, n1,n2 > 100 denotes the minimum blocklength
constraints to be satisfied for the results in (11) to be tight
[22], and consequently are required for the BLER expressions
of user D1, Dy in Section III and IV to be accurate. It can
be seen that the optimization problem in (43) is non-convex
and mathematically intractable. However, using the procedure
described below, it can be transformed into a geometric
program (GP) and solved efficiently. Accordingly, at high
SNR, our optimization problem of blocklength minimization
as given in (43) above be written as given in (44), where
the inequality constraints in (44b),(44c) follow by using the

result in [68], which states that the average BLER can be
approximated by the outage probability as

E(¢) ~ F, (277 —1),

followed by using the high SNR approximation of T (s, ) ~
m—s,x < 1,s > 0, in the expressions for the CDFs

Fo (60, Fop (65)  F o, (677)  F pa (£47). To further
simplify (44), we proceed by re-writing the inequality con-
straint in (44b) as

2
= Zfi (&) <€
i=1
2
= {fi(s) <t,1<i<2, Y <l

i=1

(45)

(44b)

} ;o (40)

_ _ - T
_ ~ U u U U U U
where § - |:a2ab27n17n27/’651u7w1 ?1/)2 yT1 5 T2 ?Al 5A2:| >

U € {R, D1, D-}, Ue {R, D3} and the individual functions
fi (€)1 < i <2, are given as

wR QSR
fl 5 = L )
&= i a @)
s ! (47a)
TL2Z/J{D1 i
f2 (é) = dl D )
A D)
(m)"SR
where the constants ¢; = F((Ziﬂm and d; =
bl Dl) gO’i
(=i 0 2e0) (48 S:;,i RDl) * . Thus, the inequality constraints

in (46)) can equivalently be written as

1 —1

fi (§) <t = 1/)1R <a2 +p e tf“‘) +as <1, (48a)

() < ta = 0P (bt ity e @) () T )

+by <1, (48b)
-1
(") (1 +t2) < 1. (48¢c)
Using the  Taylor series eannsmns 27 R
Vmax (IN2Xx@)" 2 vmdx (In4dxz)
Yo T 4 Yoot ==, where the constant

Umaz deENOtES the upper 11m1t of the summation which
can be set suitably, the quantities wl , D ' in (48) can be

approximated as

Umax N Ul Ul
R 1) = il
ot S () o =5 (a2

v=1 i

Umax

~ 2

. (49a)



minimize n1 + N9 (44a)
ai,az2,b1,b2,p,ii,n1,n2
<D1
0]
1 Bsr®  \"" 1 [ dnaBswBrpwRt |\
sieet t LN Y LN Sofs) <
' (asr)asr \ pps (a1 — ¢iaz) S0\ minips ( — 152)
QSR «
1 Bsripft n 1 <5SR¢§) o
I'(asr) asr \ pps (a1 — ¢ftas) I'(asr) asr \ pazps
sD2 Dy
b Do D - D o]
n (ZU=0 wv’o) 4n2BsrBRD, YT ° n 4n28srBRD, V3 ° < (th 4
Do ~ D bon1 Nl =€ <)
S0 nin1ps (b1 — Y 2) 2N1NIPS
a12a2>0, b12b2>0, a1+a2:1, b1+b2:1, (44d)
ny > 100, ny > 100, > 0,4 >0, p+ i <1, (44e)

By employing the above approximations, the inequality con-
straints in (48) can be approximated as shown below:

N VUmazx N
n=n=($((5)0))
x <a2 +M—1c;‘5Rtf;R) Yas <1, (50a)
VUmazx N
f2(8) <t = (2_:1 <<1 27121) m))

2 —2

x (b2 + AT g (dh) 0 (t2) "

(etlh) (t; + 1) < 1.

Thus, the inequality constraint in (44b) can be approximately
represented by a set of multiple posynomial [69] inequality
constraints that is (44b) = [(50a), (50b), (50c)].

Similarly, the other inequality constraint in (44c) can be
decomposed in terms of multiple posynomial inequality con-
straints such that (44c) = [(51a),(51b),(51c),(51d), (51e)]

) + by < 1, (50b)

(50c)

where
(E((=2)3))
= ni v!

1

X (ag +u” 1clSRt“SR> +as <1,

2 —2
X | by + [Flnflng (d2) 50

Dy (S[?z
(ta)
((n 2‘:?) ))

('UnLaL
v=1

(51a)

v=1

) +b2 <1, (51b)

1

X (u Yagtey SRt“SR) <1, (5lo)

(55 ((m2) 1)

2 ;2
X ( oy ing n2d2 S ><1, (51d)

(gh) (t3 +ty+t5+t6) < 1, (51e)
(E’lo er%) 4Bsrp ?
where dy = e ( Sf;psRDQ) . This yields the

approximate equlvaloent form of the optimization problem in
(44) or (43) for the end-to-end blocklength minimization as
shown below in (52).

minimize ny + ng (52a)
az,ba,n1,n2,4,0,t~0
subject to: (50a) — (500) (51a) — (51e), (44e), (52b)
1
0<a2<f 0<by < ok (52¢)
where t = [tl,tg,tg,t4,t5,t6] . The optimization problem

in (52) is a GP, since the objective function is linear and
the constraints are given by the sum of posynomial terms in
as,ba,m1,ma, 1, 1, t [69]. Hence, it is a convex optimization
problem. Our simulation results are presented next.

VI. SIMULATION RESULTS

TABLE 1II: Simulation Parameters

Description: Parameter Value
Shape parameters: asr, ®RD; > ¥XRDo 3,2,2
Average channel gains: Asr, ArD;, /\RD2 5,1,3
Max. acceptable BLERs at D1, Da: €i?, el [ 107°,10~2
Energy conversion efficiency [40]: n 0.5
Splitting factor at relay: p 0.5
Summation upper limits: 0, Vmaz, (% 4,20,50
Power factors at S: a1, a2 0.8,0.2
Power factors at R: by, b2) 0.8,0.2
No. of bits for D1, D2: N1, N2 50, 50
No. of channel uses in Phase 1,2: ni,na 100, 100
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Fig. 2: (a) Average BLER versus SNR performance at D1, D> (Eq. (18),(19)). (b) Average BLER versus shape factors asr, ®rD;, ®RD,

performance at D1, D> (Eq. (18),(19))

The simulation parameters have been set as in Table II,
with some variations for the individual results that are ex-
plicitly stated later. The channel coefficients hgr, hrp, are
Nakagami-m distributed associated with the fading parameters

msR, MRD,, respectively and average gains of E (\hSR|2) =

Asns E (Ihro,
lhy|?, Y € {SR, RD;} are Gamma distributed with the shape
and scale parameters axy = myx and Sx = i—i Furthermore,
since no mobility is considered, the path loss is fixed to the
average gains of E(\hSR|2) = A\sgr,E |hRDi|2> = AgD,
representing the effect of path loss. As described in Section
II, the power factors a;,b; represent the fraction of transmit
power assigned to destination D; by S and R, respectively.

Fig. 2(a) shows the average BLER versus SNR of Dy, Dy
for source and relay power factors a; = b; = 0.8 and
n1 = ny = 200. A close overlap can be observed between
the simulated BLER values and the corresponding analytical
values of (18),(19) obtained from the average BLER expres-
sions derived for the two users in Section III, which highlight
the validity of the analytical expressions and also justify the
approximations employed in our BLER analysis. Moreover, for
comparison, the average BLER performance of an AF relay-
aided similar non-orthogonal system has also been included in
this figure. It can be observed that the proposed DF relay-aided
system outperforms the one with an AF relay since, the later
leads to significant noise amplification at the destination users
D1, Dy. Furthermore, BLER performance comparisons with
the AF protocol, taking into account also the power associated
with SIC at the relay, are presented in Figs. 3, 4(a) and 4(b)
in Section X of our technical report in [63].

Fig. 2(b) demonstrates the impact of shape factors aggr
and arp, on the average BLER performance of Dy, Ds.
The parameters have been set as n; = ny = 100, Aggp =
5,Arp, = 1, Arp, = 3. Case 1 presents the variation of the
average BLERs versus agpr along with agrp, = arp, = 2,

2

= Agrp,. Therefore, the channel gains

whereas Case 2 plots the variation of average BLERs versus
aRrp, = QRrp, With asg = 2. It can be inferred from
Fig. 2 (b) that the average BLER initially decreases and then
saturates to a nearly fixed value with an increase in the value
of shape factors. This is due to the fact that an increase
in the value of the shape factor ay,Y € {SR,RD;}, for
fixed values of average channel gains Ay = g—)‘:, reduces
the skew of the positively skewed distribution curve of the
channel gain coefficient and results in an initial average BLER
reduction at the users. However, a further increase in the value
of ay leads to a significant decrease in the variance %% of
the corresponding fading coefficient. Consequently, the fading
coefficient approaches the mean channel gain that is constant.

A. Effect of Phase 1 and Phase 2 Blocklength on Average
BLER

Fig. 3(a) and Fig. 3(b) show the BLER at users D; and
D, respectively, versus the number of channel uses in the
two communication phases. It can be inferred from the figure
that the average BLERs at both the users D, Dy decrease
upon increasing the number of channel uses in the two phases
of the communication process. However, the behavior with
respect to the blocklength in each of the individual phases
is quite different. In particular, the average BLERs at both
the users decrease monotonically with respect to the number
of channel uses in the first phase, denoted by n;, while
the number of channel uses in the second phase no is held
constant. This arises due to the fact that increasing n; results
in a reduction of the average BLER together with an increase
in the harvested energy at relay R, while the constant ng leads
to higher transmission power for each transmission from the
relay. As a result, the average BLER decreases monotonically
at both the users. On the other hand, in the reverse scenario
with n; being fixed and ns increasing, the rate of decrease
is quite small in comparison to the previous case and appears
to saturate at a particular BLER value. This is because for a
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Fig. 3: (a) Average BLER versus blocklength (channel uses) performance at user Dy (Eq. (18)). (b) Average BLER versus blocklength

(channel uses) performance at user D2 (Eq. (19)).

fixed n,, the average BLER and the energy harvested at R are
constant. Thus, the reduction in average BLER in the second
phase owing to increasing no is offset by the increase in the
average BLER due to the reduction in power available for each
transmission from the relay to the two users.

B. Effect of Splitting Factor | on Average BLER

Fig. 4(a) shows the average BLER performance at users
D;, Dy versus the splitting factor p at pg = 20 dB for
N1 = Ny = 50 bits, n; = ny = 225, >\RD1 = 17>\RD2 =3
and three different values of average source-relay channel
gains Agr = 1,10,100. It can be observed from the figures
that the optimum value of the splitting factor for information
decoding at the relay is inversely proportional to the quality
of the source-relay channel. Since the relay is more likely to
decode the information symbol correctly for a stronger source-
relay channel, a higher energy assignment to the second phase
of communication will lead to an improvement in the end-to-
end average BLER performance at the two users. However, in
the scenario when the relay-destination channels are strong and
the expected source-relay channel gain is constant at Asg = 5
as shown in Fig. 4(b), a lower amount of energy would be
required for transmission from the relay to destination. This
necessitates an increase in the value of the splitting factor p
in order to reduce the end-to-end average BLER.

C. Average BLER Performance and End-to-End Blocklength
Minimization at High SNRs

Fig. 5(a) presents the asymptotic average BLER perfor-
mance for decoding z; at terminals R, Dy, Ds. The various pa-
rameters have been set as a; = b; = 0.8 and ny = ny = 225.
Moreover, the splitting factor for information decoding has
been set as p = 0.15, since, it can be inferred from Fig. 4 (a),
that the optimum value of p for the parameters chosen is in
the range p» < 0.15. A near-perfect overlap can be observed

between the average BLER expressions for decoding z; at U,
denoted by E (€[1J) derived in Section III and the asymptotic
ones denoted by E (511]), in Lemma 1, in Section IV, even at
moderate SNR values. A similar overlap can be observed in
Fig. 5(b) between the plots of the average BLER expressions
for decoding xo at R and at D, in the second phase of
communication, at high SNR. In fact, while the analytical
curve tightly approximates the average BLER for decoding x
at various terminals at all SNRs, there is only a slight deviation
in Fig. 5(b) for decoding x2 at very low SNRs. Recall that the
corresponding analytical plots obtained using the asymptotic
expressions of E (55) JE €2D ? ) have been derived in Lemma
2, in Section IV. This confirms the accuracy of the results
derived in Lemmas 1 and 2. Fig. 6(a) depicts the degradation
in the average BLER performance for decoding symbol x; at
terminal U, due to the interference from symbol x5, at high
SNR. A close match can be observed between the exact values
and the closed-form asymptotic bound obtained in Theorem 2.

Fig. 6(b) and 7(a) consider two different scenarios to
plot the minimum blocklength obtained from the optimization
framework in Section V of the paper for the SWIPT-based
energy harvesting system and in Section IX of our technical
report in [63] for the WET enabled energy harvesting system
wherein wireless energy transfer and information transmission
to the relay take place separately in the first and second
phase, respectively, followed by the relay’s broadcasting of
the decoded superposed signal to the two users in the third
phase. In particular, Scenario 1 considers reliability constraint
at Dy only that is € = 1075, ¢l = 1 whereas in Scenario
2, reliability constraints at both Dy, Dy have been considered
that is €f" = 107° et = 107%. The parameters have been
set as Ny = N, = 256. Moreover, for comparison, the
performance of two OMA-based schemes are also shown
in Fig. 6(b) and 7(a), where the optimization problem for
the end-to-end blocklength minimization for the OMA-based
SWIPT system is presented in Section VIII of our technical
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for decoding z2 at R, D2 (Eq. (37)).

report in [63]. Scheme 1 considers two-user total power budget
constraint stated as aM4 + aQMA < 1, whereas Scheme
2 considers the per transmission power constraints given by
aPMA < 1,a9MA < 1, where aMA and a$M4 are the
source power factors for symbol z; and xs, respectively. It
can be readily ascertained from the figures that the SWIPT
based non-orthogonal scheme outperforms the three other
techniques, requiring a substantially lower minimum block-
length for achieving the target integrity. Intuitively, this arises
due to the fact that unlike the other competing schemes relying
on three or four phases in total to transmit the message to both
the users, the SWIPT based non-orthogonal scheme requires
only two phases for completing the end-to-end communication
from source to destination. Furthermore, a nearly overlapping

performance can be observed of the two OMA-based schemes
from Fig. 6(b). This is because approximately no power will be
allocated to D- in both OMA-based Scheme 1 and Scheme
2 when €& = 1. Finally, Fig. 7(b). presents the minimum
sum blocklength required versus the number of transmitted
bits for the proposed as well as competing schemes, for two
different values of SNR set as pg = 20 dB and ps = 25
dB. The figure once again bears testimony to the improved
performance of the proposed scheme in comparison to other
alternative communication protocols.

VII. CONCLUSIONS

We have analyzed the performance of a non-orthogonal
SWIPT enabled energy harvesting cooperative communication
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system considering FBLs. Novel analytical expressions have
been derived for the end-to-end average BLER considering a
two-user relay-aided downlink communication scenario with
no direct path between the source and the users. Novel
expressions have also been obtained both for the asymptotic
average end-to-end BLER and for the diversity order at the two
users for potentially dissimilar fading links, followed by the
explicit characterization of the effect of the interference due
to the superposition of user signals on the average BLER per-
formance of both the users. Finally, a novel joint optimization
framework has also been developed for optimizing the user’s
power allocation and energy-splitting coefficient for end-to-
end blocklength minimization by transforming the original

non-convex optimization problem into a GP. The proposed
scheme has yielded a significantly improved performance in
comparison to the non-orthogonal-WET and OMA power-
splitting aided SWIPT-based schemes.
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