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Abstract—We consider a dual-hop wireless network where an
energy constrained relay node first harvests energy through the
received radio-frequency signal from the source, and then uses
the harvested energy to forward the source’s information to
the destination node. The throughput and delay metrics are
investigated for a decode-and-forward relaying mechanism at
finite blocklength regime and delay-limited transmission mode.
We consider ultra-reliable communication scenarios under dis-
cussion for the next fifth-generation of wireless systems, with
error and latency constraints. The impact on these metrics of the
blocklength, information bits, and relay position is investigated.

I. INTRODUCTION

Energy Harvesting (EH) techniques have recently drawn
significant attention as a potential solution to prolonging the
lifetime of energy constrained wireless devices [1]. Amongst
those, the Wireless Power Transfer (WPT) has recently
emerged as an attractive solution to power nodes in future
wireless networks [2], [3]. This comes with the implicit
advantage that radio-frequency (RF) signals can carry both
energy and information, which enables energy constrained
nodes to scavenge energy and receive information [4], [5].
Nevertheless, the current state-of-the-art in electronic cir-
cuits makes impossible to harvest the received energy after
passing through an information decoder [6]. This motivated
the design of practically realizable receivers which separate
information decoding and EH processes. The most common
used techniques to do so are based on time-switching or
power splitting [7]. Based on these, authors in [8] propose
two WPT protocols called Time Switching-based Relaying
(TSR) and Power Splitting-based Relaying (PSR) to be im-
plemented by an energy constrained relay node in order to
assist a single source-destination communication link. These
protocols are then evaluated in terms of throughput under
the delay-limited and delay-tolerant transmission modes, and
for Amplify-and-Forward (AF) relaying. The implementation
of the TSR protocol is analyzed later in [9] for Decode-
and-Forward (DF) relaying and a fixed preset relay transmit
power. All the above studies are under the ideal assumption
of communicating with blocks of infinite length, using the
performance metrics based on Shannon’s channel capacity and
its extension to nonergodic channels—the outage capacity. In
spite of their asymptotic nature, they have proven to be useful
to design current wireless systems in which delay constraints
are typically above 10 ms, which allows the use of sufficiently

long packets [10]. However, when the transmitted packets are
short, these assumptions do not fit properly. Indeed, short
packets are essential to support Ultra-Reliable Communication
(URC) [11], which is a novel operation mode under discussion
for the next fifth-generation (5G) of wireless systems. URC
with short packets (URC-S: URC over a Short Term) focus
on how to deliver a certain portion of data under a very
stringent latency requirement, e.g. 2ms, and a given target
error probability, e.g. 1075, [12]. This will be the typical
form of traffic generated by sensors, critical connections
for industrial automation and reliable wireless coordination
among vehicles [11], [13], [14]. Under these scenarios, the
fundamental performance limit is the maximum achievable
rate R*(n,€) at a given block length n and error probability
€. This metric has been recently characterized in [15], [16]
for both Additive White Gaussian Noise (AWGN) and fading
channels. On the other hand, scenarios with rate adaptation are
analyzed in [17] for imperfect Channel State Information (CSI)
at the transmitter. Work in [18] focuses on the performance of
multi-terminal wireless industrial networks with stringent low-
latency requirements, investigating relay selection among the
participating terminals and best antenna selection at the access
point of the network. In both schemes, they incorporate the
cost of acquiring instantaneous CSI at the access point within
the transmission deadline, and analyze the impact of a target
error probability.

Only recently, scenarios with EH have been analyzed at
finite blocklength regime [19]-[23]. In [20] the authors con-
sider an AWGN channel where the transmitter is powered by
EH only. Then, a lower bound on the maximal codebook at
finite code lengths is provided and shown that it improves
upon previously known bounds. In [21], the achievable channel
coding rate and mean delay of a point-to-point EH wireless
communication system with finite blocklength is investigated
for the AWGN channel. All these works are abstracted from
the EH process, which could be practical for systems where
the EH techniques are not based on the RF signals. Mean-
while, further analyzes are required when the energy harvested
comes from a WPT process. Accordingly, the authors of [22]
consider a receiver that uses the same received signal both for
decoding information and for harvesting energy through the
power splitting technique. Then, they study subblock energy-
constrained codes (SECCs) and provide a sufficient condition



on the subblock length to avoid power outage at the receiver.
The work in [23] analyzes a system where a node, charged
by a power beacon through a Rayleigh channel, attempts to
communicate with a receiver over a noisy channel. The system
performance is investigated when varying key parameters
such as the number of channel uses for PT and those for
information transfer. Conversely, the present paper aims at
assessing URC scenarios with a target error probability and
latency constraints. We analyze, at finite blocklength regime
and delay-limited transmission mode, the TSR protocol studied
in [8], [9]. The system is a dual-hop communication network
with Nakagami-m fading, where the DF relay first harvests
energy from the source transmission and then uses that en-
ergy to forward the received signal to the destination node.
We derive an analytical approximation for the throughput at
these scenarios and validate its accuracy through simulations.
Results show the trade-off between reliable communications
and latency constraints. While the first requires increasing the
number of channel uses for reliable PT and/or information
transfer, the second imposes a restriction on this number. The
impact of the required channel uses and message length on
the system performance is investigated in terms of throughput
and delay. The optimum attainable throughput is shown to
be independent of the message length. However, the smaller
this number, less channel uses are required, improving the
delay. Moreover, in a fixed delay scenario, when the message
length decreases the optimum number of channel uses for PT
increases. Finally, the optimal relay position is shown to be
closest to the source, which differs from traditional relaying
without WPT.

The paper is organized as follows. Section II presents
the system model and assumptions. Section III discusses
the throughput and delay metrics for DF relaying at finite
blocklength. Section IV presents the numerical results. Finally,
Section V concludes the paper.

II. SYSTEM MODEL AND ASSUMPTIONS

We consider a dual-hop cooperative network where an
energy constrained relay node (R) assists the transmissions
from the source (S) to the destination (ID). We assume that
there is no direct link between S and D, which is meaningful in
many real-world scenarios [24]-[27], and thus the system per-
formance relies fundamentally on R. Nakagami-m quasi-static
block-fading channels are assumed, where fading process is
considered to be constant over the transmission of a block and
independent and identically distributed from block to block.
Normalized channel gains from S to R and from R to D are
denoted by h and §, respectively. Let h = |h|? and g = |g|?,
then h,g ~ I'(m,1/m) with shape factor m and Probability
Density Function (PDF) f,(z|m) = F"(‘TZ) zm~le=™m2 where
z € {h, g}. Additionally, the distances from S to R and from
R to D are denoted by d; and ds, respectively.

The energy required by R is obtained from a WPT process
according to the TSR protocol [8] as shown in Fig. 1. Node
S uses first v channel uses to power R. Then, during n
consecutive channel uses, R receives k information bits from

S—R S—R R—D
WPT Information Transmission | Information Transmission
oT =T, (I1—w)T/2=nT, (1—-a)T/2=nT,

Fig. 1. TSR protocol for EH and information processing at R with finite
blocklength. This figure is adapted from [8, Fig. 2a].

S and forwards them using another n channel uses to the
destination. Thus, here we consider that each block spans over
2n+v channel uses. WPT and information transfer are carried
out for every block, without any constraint on the minimum
power level of the received signal, and all harvested energy'
at R is used when transmitting. The duration of each channel
use is denoted by T, while 7" = (2n+v)T, is the duration of
the entire block. Also, perfect CSI at the receivers is assumed,
as in [8], [9], [25]-[27]>.

As in [8], we define the ratio between the portion of the
block time used for WPT and the time used for information
transfer as

vl v
2n+v)T. 2n+4v’

ey

III. DF RELAYING AT FINITE BLOCKLENGTH

The information transfer in DF relaying is affected by
whether an error in decoding the signal occurs in the S — R
channel or in the R — ID channel. If an error occurs when R is
decoding the message from the source, then R keeps inactive
during the time reserved for its transmission, i.e. the last
n channel uses. This behavior reduces hardware complexity
compared to other works, e.g. [9] for infinite blocklength and
preset power relay.

A. Signal Model

The received signal at R is given by
1 -
Yri = W\/ P.hisi +n,, )
1

where i is the block index, P; is the S transmission power,
w is the path loss exponent, n,; is the AWGN noise at
R and s; is the normalized information signal from S, i.e.
E[|s;]?] = 1, where E[ -] is the expectation operator. Thus,
the instantaneous Signal-to-Noise Ratio (SNR) at R is

_ Ps‘ﬁi|2 o Pshz

T dor o

3)

where o2 is the variance of the AWGN at R. Then, the
harvested energy during the time o1 = v1 is [8]

_ nPsh;v
S dy(2n+v)

E _ 77P s|hi‘2 4
hi = e 4
1
Herein, other consumption sources are neglected. In practice the energy
used for transmission is usually much higher than the processing power
required by the transceiver circuitry [8], [9], [26].
>The channel uses dedicated to obtaining CSI are not considered in our
analysis. Then, the results obtained for a system where this quantity is not
negligible are upper-bounded by our findings.



where 0 < 1 < 1 is the energy conversion efficiency which
depends on the rectification process and the EH circuitry [7].

Let L € {0,1,2,...} be a random variable which accounts
for the number of consecutive blocks being incorrectly de-
coded at R starting from the i-th block. Then, ¥, ; ; is
correctly decoded and the received signal at D is

dw =V r l+ng+L31+L + Nd,i+L, (5)

Yd,i+L =
where 14 is the AWGN noise at D. Notice that P, ;,, is the

relay transmit power for the (¢ + L)-th block, which depends
on the amount of harvested energy, and based on (4) it is

Enivr + Enivr—1+ ...+ En;
nT,

Py
= Z hisi. (6)

Also, the Probability Mass Function (PMF) of L is given by

Pitr

nT,
¢ 1=0

1—€p4, for z=0

N z—1
PL(Z*Z)i (1—€r,i+2’) H €r,itss for z = 1a2a o (7)
J=0

where ¢, ; is the error probability in decoding the i-th block
at R. Here we omit the proof since it is easy to check that
Yoo Pr(l = z) = 1. Since €,; is also a random variable
depending on the S — R channel realization h;, it seems
intractable to deal directly with (6). Taking into account that

it is expected that €., < 1 in URC scenarios, we can
approximate (6) by setting L = 0 as follows
En:  nPsvh;
Pri N — == ) 8
' nTy dyn ®

which is equivalent to not consider the energy harvested for
those blocks that were incorrectly decoded at R. From now on
we work analytically using this approximation. Nevertheless,
in Section IV simulations are used in order to evaluate the
performance when all the EH resources are taken into account,
showing the accurateness of the proposed approximation.
Using (8) and (5) we can express the instantaneous SNR at
D as follows
P.ilgil>  Prigi  nPshigv
Tai = dyo?  dyol  dvdyoin
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where 03 is the variance of the AWGN at D.

B. Performance at Finite Blocklength

In the delay-limited transmission mode the throughput is
determined by evaluating the error probability e at a fixed
transmission rate, r = k/n, in bits per channel use. For a
single hop transmission, the error probability in a block of
length n and coding rate r is given by [28],

C(v)%)y

10
Vo 1o

€ =P(vy,7,n) %Q<

where C(7) = log,(1 + ) is the Shannon capacity, V() =
(1- W)(log2 e)? is the channel dispersion, which mea-
sures the stochastic variability of the channel relative to a
determlmstlc channel with the same capacity [15], and Q(z) =
[ \/Te_t */24dt. Note that (10) is a valid approx1mat10n for
sufficiently large values of n [15], [19], e.g. n > 100. For
quasi-static fading channels the error probablhty is [19]

Cy)—r

Q (W)) ] (11)
V(v)/n

Given that the transmitter is communicating with coding rate

r during a portion n/(2n + v) of the block time, as shown in
Fig. 1, the throughput or effective rate 7 is then

E[le] = E[P(V,r,n)] ~E

k

T = (1 - E[GDF])mv

12)

where €. is the block error probability which depends on the
S — R error probability (e,), and R — D error probability
(eq). This dependency is given by

= 67‘

+(1_€7‘)6d :Er+6d —€,.€4, (13)

DF

E[eDF] = E[Er] + E[ed] - E[ETEd]7 (14
where e = P(y,,7,n) and €, = P(v,, r,n) are given by (10)
for each channel realization. Note that E[e €,] # E[e |E[e,]
since €, and €, depend on v, and +,, respectively, which are
correlated 3, i.e. both depend on S — R channel realization

h. Each term in (14) can be expressed using (11) as follows

C _
z/fh(h|7”l”b)6,ﬂdhz Fﬂ(lr::) /hm_le_mh67,dh
0 0
~ Lm - - m—1 —%—m,h
- J%r(m)/o /th € dtdh,  (15)
C _
Ele,] ZE[IP’(fyd,r,n)] ~E Q(W)}

~ / / fu(hlm) f, (glm)e, dhdg

mpm—1_—mh mml—mg
//mh e g e ¢ dhdg

I'(m) ['(m)
\/%F E / / / (hg)™ e %(hﬂ’)dtdhd% (16)
0 07('yd

3Notice that without EH, E[e ¢,] = E[e¢,|E[e,] as in [28].



Ele,.¢,] = E[P(v,,7,n)P(y,,7,n)]
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E

Q
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27T (m)?

0
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Cy)—r Th
the corresponding average delay (measured in number of

channel uses) is

where z(7,) and z(v,) are given by z(y) =

5_@_ 2n+ v
B B _E[EDF}.

Notice that finding closed-form solutions for (15), (16)
and (17) also seems to be intractable. Therefore, next we
resort to numerical integration in order to evaluate the system
performance.

(18)

IV. NUMERICAL RESULTS

Next we present numerical results regarding the perfor-
mance of the TSR protocol with DF relaying at finite block-
length. We use numerical evaluation in order to characterize
the throughput and delay in constrained error scenarios with
latency requirements, which will be typical when considering
URC services in 5G systems. Thus, let €, be the target error
probability where €, < €, must be satisfied. Simulations are
also used in order to check the real performance of the DF
relaying scheme taking into account the energy stored when
R fails in decoding the signal from S, thus using (6) instead
of (8).

The distances d; and d» are normalized to unit value and
the shape factor m is chosen to be 2, which means that the
links experience multi-path as well as some line-of-sight. All
results are obtained by setting the S transmission power to
Ps; = 1 Joule/sec and the path loss exponent w = 2.7 as in
[8]. As the state-of-the-art in circuit design establishes that
RF signals over a wide range of frequencies can be rectified
at an efficiency higher than 50% [29], we consider 1 = 0.5.
For simplicity, equal noise variances at R and I are assumed,
02 =02=0.01

Fig. 2 shows the performance when messages of £ = 160
and k = 320 bits are transmitted over 100 < n < 2000
channel uses per hop. Particularly, Fig. 2a (top) shows the
maximum throughput (7*) in bits per channel use for the
optimal value of «, (a*), which is plotted in Fig. 2b (bottom).
First, we can note that numerical evaluation considering (8)
agrees very well with simulations using (6) for ¢y < 1, which
validates the approximation made in (8). Second, there is an
optimum blocklength, n*, which increases as ¢y decreases
and, at the same time, the optimum required proportion of

time reserved for PT («a*) increases as well. Note that for
e = 1072 — n* < 100. Third, increasing k has a
similar effect, and the same optimum throughput is attainable
independently from & but requiring different values of n and

e

The minimum required number of channel uses for suc-
cessful information transfer (n,;,) is plotted in Fig. 3 as a
function of the number of channel uses for PT (v), for different
reliability requirements and messages of k = 160 bits. When
the time for PT increases, more energy is harvested and the
R transmit power increases as well, so a smaller number of
channel uses (n) for transmission is required. As expected, the
required values for v and n are greater when the required reli-
ability increases, which impacts on the achievable throughput
and delay since they depend strongly on 2n+-v. The points for
maximum throughput (7*) and minimum delay (§*) are also
marked in Fig. 3. Notice that for ¢g = 1075 — v* ~ 6000
channel uses and n* = 1000, then 0* =~ ?T;gf; ~ 8001
channel uses, which could be very severe depending on the
value of T,, e.g. for T, = 2us — 6* ~ 16ms.

The size of the message (k) is a parameter that strongly
impacts on the required number of channel uses, i.e. n and
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0.4 0 ]
‘ —— k=320, ¢=1e-2
0.35 — — k=160, ¢;=1e-3| |
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Fig. 2. (a) 7* (top) and (b) a™* (bottom), for k = 160 and k = 320 bits, as
a function of blocklength.
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v, to achieve certain throughput, as we previously showed in
Fig. 2a. This fact is further discussed through Fig. 4a, where
we plot the minimum delay as a function of k, for scenarios
with different reliability requirements. Notice that §* = k/7*,
according to (18). When stringent reliability is mandatory, e.g.
€g = 1075, the delay could reach very large values, e.g. 6* >

10t

— k=64 bits
— — k=160 bits

k=320 bits
\ "O ® Minimum [
102 F\

O Ssimulations

200 400 600 800 1000 1200 1400 1600 1800
v (chn.uses)

Fig. 5. Error probability (e ) as a function of v for 2n+v = 2000 channel
uses.

3000 channel uses when k > 64 bits. For illustrative purposes,
we delimit with a red line in Fig. 4 a given maximum allowed
delay (69 = 2000 channel uses). Under d; and €, requirements
the possible values of k are limited. In that sense, when ¢y =
1073 — k < 350 bits, and when ¢y = 10~% — k& < 130 bits,
while messages which need to be transmitted with ¢y = 1075
must carry a very low number of information bits.

All previous results considered R just mid-way between S
and D. In Fig. 4b, 6* is plotted as a function of the relay
position (d;, while setting do = 2 — d;) for messages of
k = 160 bits. The minimum delay (corresponding to the
maximum throughput) is achieved when R is closer to S.
This is in agreement with previous results for this scenario
at infinite blocklength and AF relaying [8], and in contrast to
the scenario where WPT is not considered [30, Chapter 16].
Now, even very stringent reliability requirements, such as
g = 107% and ¢ = 107°, can be met when d; < 0.65
and d; < 0.35, respectively. From both Fig. 4a and Fig. 4b
we note that simulation results agree very well again with
analytical approximations.

In Fig. 5, we set 2n + v = 2000 channel uses and plot the
error probability as a function of the number of channel uses
for PT (v) for messages with 64, 160 and 320 information
bits. Then, from (18) we have that § =~ 2000 channel uses as
long as €, < 1, which holds for practical URC scenarios.
As shown in this figure, there is a trade-off between n and
v, and the existence of an optimal point can be explained as
follows. Note that increasing v at the expense of n improves
~,» which favors C'() in (10). On the other hand, decreasing
n can affect negatively the error probability in (10) because
both the rate » = k/n and the term \/n increase. Also, now
a = v/2000, and differently from Fig. 2b for an unlimited
delay, here a* increases slowly when k decreases*. This is
because when k decreases, the fixed rate reduces its impact
on the error probability. Finally, we can see that very short
packets, e.g. with k& = 64 bits, can be transmitted ultra-reliably,

4Notice that here a* is the value of a for which €pp 1S minimum, which
matches with 7* since 2n + v is fixed.



e.g. with ¢y ~ 3x 1075, with acceptable latency, e.g. § ~ 2000
channel uses, using v ~ 1500 and n ~ 500 channel uses.

V. CONCLUSION

In this paper we evaluated a dual-hop DF relaying scheme
for the delay-limited transmission mode at finite blocklength,
where the relay is energy constrained and operates according
to the TSR protocol [8] over Nakagami-m channels. We
derived an analytical approximation for the throughput of URC
with DF relaying in such scenario and validated its accuracy
through simulations. The numerical results show that, for URC
scenarios with reliability requirements and latency constraints,
a trade-off is posed. While reliability requires increasing the
number of channel uses for PT and/or information transfer,
such increase affects negatively the latency. Moreover, we
show that in general the possibility of meeting the reliability
and latency constraints increases by decreasing the message
length and/or for relay positions closer to the source. Finally,
performance analysis under different target error probabilities
and latency constraints are discussed, where we show that
operation under typical URC scenarios is feasible.
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