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Side-Link Assisted Hybrid Automatic Repeat
Request for Ultra-Reliable Low Latency

Communications
Bengi Aygun, Silvio Mandelli, Thorsten Wild, Stephan Saur, and Frank Schaich

Abstract— One of the key use cases of fifth generation of mobile
radio (5G) is to deliver ultra-reliable low latency communication
(URLLC). Besides antenna- and frequency diversity techniques,
hybrid automatic repeat request (HARQ) is a powerful tool to
increase reliability. However, due to the low latency requirement,
only a very small number of retransmissions can be carried
out. In this paper, we consider the help of additional supporting
user equipment (sUE) devices. The sUE listens to the transmitter
user equipment (tUE) and relays the retransmitted data in case
the transmission fails between the tUE and the base station.
The proposed approach improves reliability since the sUE offers
an additional source of antenna diversity, and it can provide
benefits because of better path gain conditions compared to
the tUE. Hence, the number of required transmissions will be
significantly reduced thanks to the side-link assistance. In this
way, the complete setup can be considered as a distributed smart
antenna system. The simulation results show that the considered
sidelink-assisted framework achieves a significant reduction of
the latency compared to the scenario relying on direct-link-only.

Index terms—Relaying; URLLC; HARQ; Latency and Di-
versity Analysis

I. INTRODUCTION

The recent evolution of the cellular network technology
involves the real-time and mission critical applications such
as internet of things and vehicular communications [1]. One
of the important use cases of 5G technology is ultra-reliable
low latency communications (URLLC) that requires 10−5 of
residual block error rate (BLER) while keeping the latency
around 1 − 5 ms [2]. These strict requirements motivate to
provide novel solutions for 5G network framework [3].

A straightforward way of increasing the reliability is by
increasing the antenna diversity in the system [4], [5]. How-
ever, the achieved coverage area may not be satisfying, given
cost and size restrictions for antennas. In order to achieve
the target of very high reliability in [6], it was proposed to
use cooperative communication among nodes in the network
with the simultaneous retransmissions by many relays. In [7],
link adaptation design is developed to obtain the maximum
throughput by considering the feedback error. However, a so-
lution for high reliability by considering the latency constraints
is still an open research question [8].

In this paper, we propose side-link assistance to the direct
link and hence generate diversity from distributed antennas.
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The supporting user equipment (sUE) listens to the transmitter
user equipment (tUE) via side-link and relays the information
in case of the failure at the channel of the direct link between
tUE and the base station (BS) as shown in Fig. 1. We evaluate
the probability mass function (pmf) of the number of time
slots for Automatic Repeat Request (ARQ). We investigate
the behavior of error rates for given multiple transmissions.
Furthermore, we study the error rate for Hybrid-ARQ (HARQ)
with chase combining scenario [9]. We expect that the number
of retransmissions is decreased as well as the latency for
successful delivery while the spatial diversity increases the
reliability. We evaluate the latency behavior of the proposed
approach by using the probability statistics. In contrast to the
solution in [6], the introduction of side-link assistant HARQ
does not need a completely new protocol design but can be
easily introduced in existing systems without the need that the
tUE is aware of it and an additional time slot.

The rest of the paper is organized as follows: In Section II,
we describe the system model. In Section III, we explain
the side-link assistance framework for ARQ mechanism. In
Section IV, we extend proposed approach to HARQ. In
Section V, we discuss the experiment results, and several
concluding remarks are made in Section VI.

II. PROPOSED SYSTEM MODEL

The system architecture is shown in Fig. 1. The direct
link between tUE and BS is denoted as h

(1)
sd . The system is

considered as half-duplex relaying network. sUE stays in listen
mode while the data x

(1)
s is transmitted by tUE over source to

relay channel, h(1)
sr , until it detects the delivery failure message

(NACK) from BS (Phase 1). In case NACK message is
detected, the sUE decodes x(1)

s , recodes it as x(2)
r , and relays to

the BS over relay to destination channel, h(2)
rd , the data, which

have been received from the tUE (Phase 2). The retransmitted
signals are superimposed at the BS receive antennas. Transmit
precoding techniques can be used in this process which is
not the scope of this paper. The proposed framework achieves
the successful packet delivery by using fewer number of time
slots since the side-link provides an alternative data delivery
option with mostly better link conditions than the direct link.
Although we define the proposed approach with three node
representation, it can be easily extended to multiple supporting
nodes.

The Physical Resource Blocks (PRBs) as known from LTE
are allocated to the users. PRBs have 12 subcarriers for
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Fig. 1. System model for proposed side-link assisted URLLC mechanism. The sUE keeps listening the tUE. If the direct transmission fails, the BS sends
NACK message to both sUE and tUE. The received NACK at the sUE starts the retransmission of the data to BS.

a predetermined amount of time in orthogonal frequency-
division multiplexing (OFDM). In this work, we assume 4
PRBs are combined in 1 PRB group and the channels of
PRB groups are uncorrelated since they are distant enough
in frequency domain. Nevertheless, the degree of diversity is
defined as D = ceil(PRB/4). We apply chase combining
of the transmissions since chase combining has the benefit of
lower complexity than incremental redundancy. This feature
is significant for minimizing energy consumption especially
for the sUEs, which drain their battery power for the network
reliability [10]. For the considered scenario, we assume block
Rayleigh fading as our scheme is not applicable if the nodes
move very fast [11]. It is also assumed that h(2)

sd and h
(2)
rd are

independent. Lastly, we assume the time slots of Phase 1 and
Phase 2 equally long.

III. SIDE-LINK ASSISTANCE FOR ARQ

URLLC use cases typically exhibit packet sizes of up to
1000 bits where the packet error rate on the transport blocks
and block error rate (BLER) on the coded information blocks
at the physical layer can be considered equal [12]. The BLER
curve for Additive White Gaussian Noise (AWGN) is derived
in the existing literature [13]. Due to the lack of a closed
form model for BLER curved for Rayleigh Fading, we used an
empirical model for evaluation, based on modulation scheme,
code rate, and transport block size as the following [14]

ε =
1

2

(
1− erf

(
γeff − γtrans√

2γslope

))
, (1)

where ε is BLER, γtrans is the SNR value where ε = 0.5
and γslope is the slope of the BLER curve at the γtrans
point. The two parameters γtrans and γslope are obtained from
simulations by measuring the BLER of punctured Turbo codes
in AWGN channel with γeff [15], [16]. While γeff = γ
for AWGN channel conditions where γ is the average SNR
value, the performance of a block-fading Rayleigh Channel is
analyzed by generating the block SNR value as following

γeff = Phγ, (2)

It can be shown that the Maximum Ratio Combining (MRC)
of the SNR given by independent Rayleigh Fading channels

is Gamma Distributed as Γ(α, β) [17]. The positive integer
α measures the number of the independent squared Rayleigh
variables that are summed. Hence, it can be considered as
the measure of the diversity order in the system. The other
parameter β scales the distribution such that E[Γ(α, β)] = αβ.
In addition to the distribution parameters, i.e., α and β, the
antenna diversity at the receiver affects the behavior of channel
gain. By considering an 1xn SIMO system, the channel gain
is combined by n receive antennas in D different bandwidths.
Nevertheless, the channel gain power Ph, which is used as a
multiplicative factor in Equation (2), is defined as

Ph =

D∑
i=1

|hi|2 ∼ Γ(nD,
1

D2
). (3)

Note that multiple receive antennas with MRC increase both
the diversity order as well as the average received power value
by n. On the other side, to allocate the total available power
into D bands causes an increase of the noise band with the
equal received signal power since the total average SNR is
divided to D subbands. Therefore, while increasing n provides
more diversity gain, the choice of D raises a tradeoff between
the increase in the diversity order and the increase of noise
power. This means that with higher D the probability that Ph

is close to zero shrinks, but also its expected value E[Ph] is
reduced accordingly. This means in the statistical perspective
that the expected value of channel gain distribution, Ph, as well
as the probability of Pr(Ph = 0) are converging to zero with
the decreasing D. Once this fading power Ph is computed,
it is multiplied to the average total SNR value to obtain the
SNReff in Equation (1).

In this section, we also derive the probability mass function
(pmf) for the number of transmissions that are needed to
successfully deliver a block. While the complete derivation
is reported in the Appendix, we present the result as follows

Pr(Si) =

i−1∑
k=0

Pr(Si,k),

=(1−εsd)εi−1
sd εi−1

sr +
i−1∑
k=1

(1−εsdεrd)εi−1
sd εi−k−1

sr (1−εsr)εk−1
rd ,

(4)
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Fig. 2. BLER curve vs SNR: For QPSK and code rate 1/3, the effect of degree of diversity, i.e., D, and the number of transmissions due to HARQ.

where Pr(Si) is the probability of success at ith transmission
εsd, εsr, and εsr are BLER of the individual links from tUE
to BS, from tUE to sUE, and from sUE to BS, respectively. i
and k are the number of transmissions from the tUE and sUE,
respectively. The first part of the summation in Equation (4)
presents the k = 0 case while the rest presents sUE assistance.

IV. SIDE-LINK ASSISTANCE FOR HARQ

In the chase combining HARQ mechanism, the packet is
retransmitted in case a NACK message is received on the
control channel. Each new transmission causes the cumulative
increase on collected receive power. Therefore, we redefine
the fading power characteristics with the multiplicative factor
of the number of transmissions due to the power gain that is
caused by transmissions

Ph ∼ Γ(nKD,
1

D2
), (5)

where K is the overall number of transmissions. This fading
effect is added to SNR value to obtain the SNReff in
Equation (1).

We define the pmf of the number of transmissions again for
the HARQ protocol since the BLER values of the links are
different at each transmissions. Therefore, we define the pro-
ducts of BLER values instead of the exponential interpretations

TABLE I
PARAMETER SETUP

Parameter Value

Modulation Scheme QPSK
Code Rate 1/3
Maximum Number of transmissions 4
Channel Rayleigh Fading
Number of Samples 107

HARQ Strategy Chase Combining
Information Bits per Code Block 1000 bits

in Equation (4)

Pr(Si)=
i−1∑
k=0

Pr(Si,k),

=(1−εsd(i))
⎛
⎝i−1∏

j=1

εsd(j)εsr(j)

⎞
⎠+
[
i−1∑
k=1

(1−εsd(i)εrd(k))
⎛
⎝i−k−1∏

j=1

εsr(j)

⎞
⎠(1−εsr(i− k))

⎛
⎝k−1∏

j=1

εrd(j)

⎞
⎠
⎤
⎦ . (6)

The comparison of ARQ and HARQ is provided in the
Numerical Evaluation Section.

V. NUMERICAL EVALUATION

We evaluate the proposed framework with the parameter
setup shown in Table I. The result interpretations are defined
in the subsections below.

A. BLER Curves for HARQ with Various Degree of Diversities
As a first step, we depict the BLER curves for different

degrees of diversity, D, per packet are shown in Fig. 2.
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Fig. 3. Antenna diversity effect with various antenna arrays: The antenna
diversity improves the reliability performance.

As defined in Equation (5), the BLER decreases at each
new transmission due to the increase of the total average
SNR obtained from chase combining of the retransmissions.
Moreover, the increase of D, which used for the data, provides
less error rate for high SNR cases since higher D comes
along with higher diversity gain. However, large number of D
becomes less advantageous in low SNR cases since the total
transmit power is split among all Ds. The crossover points of
this tradeoff between the diversity gain and the power sharing
are circled for each transmission. Another interpretation of the
result is that the second transmission of D = 1 and the first
transmission of D = 2 have the same BLER curve shape with
6 dB difference. These identical curves are the result of the
same expected values of the distributions, E[Γ(α, β)] = αβ
while the diversity difference caused the 6 dB difference at
the curves.

B. BLER Curves for HARQ with Antenna Diversity

We investigate the effect of antenna diversity at the BS
with the fixed D = 2. In Fig. 3, the results show that the
increase of the number of receive antennas at the BS decreases
the BLER. Furthermore, the same performance of the fourth
transmission of the single antenna array can be achieved
with only one transmission with an 1x4 antenna array. The
antenna diversity gain is critical for satisfying the reliability
requirements of URLLC, i.e., 10−5 residual error rate, and
to minimize the number of transmissions with respect to the
latency constraints.

C. PMF of Number of Required Transmissions for ARQ

We explore the latency characteristics of sidelink-assisted
ARQ with D = 2 for the given error rates of individual links
in Fig. 4. The individual error rates are chosen due to interpret
the various behavior of the pmf distribution. The expected
values in Fig. 4(a) and 4(b) are computed as empirical mean
value of the large number of data samples. In Fig. 4(a),
the direct-link-only setup transmits the data successfully with
10 transmissions on average while the sidelink-assistance
setup transmits the data successfully in 3 transmissions on
average in Fig. 4(b). The number of required transmissions
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Number of Transmissions
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(a) No side-assisted: εsd = 0.9. The expected value of the number of
required transmissions is 10.

0 1 2 3 4 5 6 7 8 9 10
Number of Transmissions
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0.2

0.25
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PM
F

(b) εsd = 0.9, εsr = 0.5, εrd = 0.5. The expected value of the
number of required transmissions is 3.

Fig. 4. The pmf of the required number of transmissions that is used for
successful data delivery in linear scale. The expected value decreases due to
the side-link assistance.

decreases when using the side-link assistance since the data is
transmitted over sUE with better link conditions.

In Fig. 5, we analyze the number of required transmissions
to achieve 10−5 residual BLER for the given individual link
error rates. The individual error rates are chosen based on the
LTE stardards [18]. The maximum number of transmissions is
defined as 4 in the 5G PPP standards [3]. Once the maximum
number of transmissions is reached, the packet is discarded,
which causes a transmission failure. We can observe that the
direct-link-only setup needs 7 transmissions to achieve the
required error rate. Since this number is greater than the
allowed number of transmissions, the direct-link-only setup
transmission cannot achieve the service requirements. Hence,
the contribution of side-link assistance to achieve the URLLC
requirements is very significant. Side-link assistance achieves
10−5 for the given individual link error rates, i.e., εsd, εsr,
εrd, provides the required error rate with the less number of
transmissions. The individual error rates for the side-links in
the blue solid line are relatively higher than the dot black line.
The results show that the individual links with the higher error
rates achieve the system requirements with 5 transmissions
while the individual side-links with the smaller error rates can
achieve system requirements with 3 transmissions.

In Table II, the sensitivity analysis with respect to SNRsr,
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TABLE II
NUMBER OF TRANSMISSSIONS FOR ARQ TO ACHIEVE 10−5 RESIDUAL BLER.

D = 1 D = 2 D = 4

Antenna Diversity
SNRsr (dB)

SNRrd (dB) −∞ 6 9 12 −∞ 6 9 12 −∞ 6 9 12

1 12 5 4 4 4 4 4 4 4 4
18 6 5 4 4 5 4 4 4 5 4 4 4

2 12 4 3 3 3 3 3 3 3 3
18 5 3 3 3 3 3 3 3 3 3 3 3

4 12 3 3 3 2 2 2 2 2 2
18 3 3 3 3 2 2 2 2 2 2 2 2

TABLE III
NUMBER OF TRANSMISSSIONS FOR HARQ TO ACHIEVE 10−5 RESIDUAL BLER.

D = 1 D = 2 D = 4

Antenna Diversity
SNRsr (dB)

SNRrd (dB) −∞ 6 9 12 −∞ 6 9 12 −∞ 6 9 12

1 12 4 4 4 4 4 3 4 4 3
18 5 4 4 4 5 4 4 3 5 4 4 3

2 12 3 3 3 3 3 3 3 3 3
18 4 3 3 3 3 3 3 3 3 3 3 3

4 12 3 3 3 2 2 2 2 2 2
18 3 3 3 3 2 2 2 2 2 2 2 2
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rd

 = 0.01

URLLC
Required

Error Rate

Fig. 5. The pmf of the number of transmissions that is used for successful
data delivery in log scale for QPSK and code rate 1/3. The number of
transmissions to achieve the required 10−5 error rate with the side-link
assistance is less than in case of direct-link-only setup.

SNRrd, D and antenna array is presented for ARQ protocol
with side-link assistance. While the SNRsd is fixed to 6
dB, the various values for SNRsr and SNRrd are analyzed.
The performance of the direct-link-only setup is shown at the
columns of −∞. Results show that the number of transmission
can be decreased to 2 with high SNRs while it is around 5
for the low SNR values.

D. PMF of Number of Required Transmissions for HARQ

In Table III, the sensitivity analysis is presented for HARQ
protocol with side-link assistance. While the SNRsd is fixed
to 6 dB, the various values for SNRsr and SNRrd are
analyzed. Results show that the number of transmission can
be decreased to 2 with high SNRs while it is around 4 for
the low SNR values. This results show that HARQ requires

1 1.5 2 2.5 3 3.5 4

Number of Transmissions

10-5

10-4

10-3

10-2

10-1

1
PM

F
DLO, AA = 1x1
DLO, AA = 1x2
SLA, AA= 1x1,SNR

sr
= 12 dB, SNR

rd
= 15 dB

SLA, AA= 1x2, SNR
sr

= 12 dB, SNR
rd

= 21 dB

URLLC
Required

Error Rate

Fig. 6. The pmf of the number of transmissions for direct-link-only
(DLO) and side-link assistance (SLA): Side-link assistance can perform
successful packet delivery with the required error rate with lower number of
transmissions than direct-link-only. The experiment is repeated with various
SNRsr and SNRrd where SNRsd = 6dB and D = 2.

less number of transmissions than ARQ particularly for the
low SNR conditions.

In Fig. 6, the number of transmissions for successful deliv-
ery with the required the error rate is compared for direct-link-
only and the proposed side-link assistance. The various SNR
values are analyzed while SNRsd is 6 dB and the number of
D is 2. The results show that side link assistance performs
the successful delivery with less number of transmissions
than direct-link-only setup. Furthermore, this interpretation is
correct for different SNR conditions. As a result, the side-
link assistance HARQ system has better error and latency
performance than direct-link-only as well as ARQ technique.

E. Comparison of ARQ and HARQ

In Fig. 7, the BLER performance of ARQ and HARQ
protocols are compared where the number of D is 2. For both
techniques, up to four transmissions are analyzed. Although
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Fig. 7. The BLER performance of ARQ and HARQ where the number of
D is fixed to 2: HARQ can provide the required error rate with lower SNR
values than ARQ.

the residual BLER is decreased with increasing number of
transmissions for both techniques, HARQ achieves the re-
quired BLER with significantly lower SNR values than ARQ.
This means HARQ is more robust to bad link conditions. In
Fig 8, the pmf of the number of transmissions to achieve
the required the error rate is shown with different SNR
sets sets for both ARQ and HARQ. The values the number
of transmissions for 10−5 error rate in this figure are also
presented in Table II and Table III.

VI. CONCLUSION AND OUTLOOK

In this paper, we proposed the side-link assistant mechanism
for URLLC applications. In the considered framework, the
side-link is used for additional support in retransmissions when
the direct link fails. The proposed approach improves reliabil-
ity since the side-link offers an additional source of diversity,
as well as expected better path gain conditions. As a result, the
number of required retransmissions is significantly reduced.
We investigated the BLER curves for Rayleigh faded links
and the number of transmissions that is used for successful
packet delivery with the chase combining ARQ and HARQ
protocols. In the future work, we will extend the analysis of
number of transmissions by considering the device density
in the transmission region, which impacts the probability of
availability of the suitable sUEs. Furthermore, a benchmark
with incremental redundancy will be provided.
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APPENDIX

We define i as the total number of transmissions from
the tUE due to successfully deliver a data block. In the
meantime, the sUE sends k < i transmissions to help relaying
the block. The ith transmission from tUE and/or the kth

transmission from sUE achieves the successful delivery. Lastly,
tUE transmits data to sUE i − k times before the sUE can
decode and start to restransmit the packet. This is realistic

1 1.5 2 2.5 3 3.5 4 4.5 5
Number of Transmissions
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10-2

10-1

100

PM
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rd

 = 6 dB
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 = 6 dB, SNR
rd

 = 6 dB
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sr

 = 12 dB, SNR
rd

 = 12 dB

ARQ, SNR
sr

 = 12 dB, SNR
rd

 = 12 dB

URLLC
Required

Error Rate

Fig. 8. The pmf of the number of transmissions for ARQ and HARQ: HARQ
can performs successful packet delivery with the required error rate with lower
number of transmissions than ARQ. The experiment is repeated with various
SNRsr and SNRrd where SNRsd = 6dB and D = 2.

approach since the sUE can be either the transmitter or the
receiver in a phase due to the half duplex relaying architecture.
The probability of failure on data delivery is defined as

Pr(Si) =

i−1∑
k=0

Pr(Si,k). (7)

where Si,k is the event for the joint successful packet delivery
of ith and kth transmissions. k should be smaller than i since
sUE needs to receive the data first to transmit it. There are
two main blocks of for Pr(Si,k): direct-link-only and with
the side-link assistance. In case of k = 0, the sUE does not
take part in data transmission and tUE can successfully deliver
the data only on the direct link. It is trivial to write Pr(Si,k)
as⎧⎪⎪⎨
⎪⎪⎩

Pr(Ssd
i,0|Esd

i−1)Pr(Esd
i−1)Pr(Esr

i−1), k = 0
i−1∑
k=1

Pr(Ssd∪rd
i,k |Esd

i−1, E
rd
k−1, E

sr
i−k−1, S

sr
i−k,k) k > 0

Pr(Esd
i−1)Pr(Erd

k−1)Pr(Ssr
i−k,k|Esr

i−k−1)Pr(Esr
i−k−1),

(8)

where Exy
z is the events of failure x to y in zth transmission

and Sxy
t,z is the event of joint success at the link from node x

to node y in tth transmission from tUE and zth transmission
from sUE. We define the probability of failure from node x
to node y as εxy and its complementary as the probability
of success, i.e., P (Sxy

t,z) = 1− εxy . The SNR as well as εxy
remain the same at each transmission for ARQ. Therefore, the
final derivation by combining the two components is written
with the powers of individual error rates as shown in Equa-
tion (4). On the other hand, HARQ improves SNR after chase
combining at each transmissions. Hence, the final derivation
is analyzed as the products of the individual error rates are
different at each transmissions as shown in Equation (6).
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