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Abstract—In this work, we study a multi-user relaying network
operating with finite blocklength (FBL) codes, where a single
relay node is responsible for relaying the data from a source
node to multiple users. We consider two relaying principles,
i.e., decode-and-forward (DF) and amplify-and-forward (AF)
relaying, together with two downlink strategies for relaying to
multiple users, i.e., broadcasting and time division multiple access
(TDMA), which result in total in four combinations. Taking
the fairness into account, we formulate optimization problems
to maximize the minimum throughput among all users via
blocklength allocation, while guaranteeing the reliability. We
start with the combination strategy of TDMA-DF, where the
DF relay serves multiple users in a TDMA manner in the second
hop. To solve the nonconvex problem, we have constructed a
convex approximation for the problem and accordingly proposed
iterative algorithm, which is capable of iteratively improving
the minimum throughput until a convergence to a suboptimal
point. Afterwards, the iterative algorithm is then extended to
other combinations, i.e., broadcasting-DF and TDMA-AF, while
for broadcasting-AF, the optimal blocklength allocation can be
directly derived out. Finally, via simulation results, we validate
the convergence of our proposed iterative algorithms, and by
comparison depict the benefits of DF relaying over AF relaying
and the advantages of broadcasting and TDMA strategies in
different scenarios.

Index Terms—Relaying principles, multiple users, finite block
length (FBL), time-division multiple access (TDMA).

I. INTRODUCTION

In 5G and beyond wireless networks, ultra-reliable low-
latency communications (URLLC) have enabled various appli-
cations, like health monitoring, remote operations, autonomous
driving, virtual and augmented reality [1]. While guaranteeing
the low-latency constraints, numerous researches have been
performed to enhance the transmission reliability, for instance,
via resource allocation [2] and retransmission scheme design
[3]. In particular, given a maximum tolerant transmission error
probability, the achievable reliability-constrained performance
in URLLC networks has been investigated in [4]-[6].

To further strengthen the network functionality, researchers
are motivated to implement copious advanced techniques in
URLLC networks. Among them, relaying, under either a
decode-and-forward (DF) principle or an amplify-and-forward
(AF) principle, appears as a particularly promising technology,
which has already shown to be capable of enlarging the
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network coverage [7] and enhancing the throughput [8]-[10].
While integrating relay in URLLC networks, performance im-
provement has also been observed with respect to transmission
reliability [11], data rate [12] and energy efficiency [13].

In addition, URLLC networks are usually expected to con-
nect massive users/devices, where the user scheduling policy
plays an important role in determining the service quality and
fairness. For a frequency-limited scenario, there are mainly
two types of user scheduling strategies: i. time-division multi-
ple access (TDMA) which is per-user scheduling via separated
slots; ii. broadcasting via a shared long slot/blocklength. Note
that due to the low-latency requirement, URLLC transmissions
are required to operate with finite blocklength (FBL) codes,
i.e., transmitting in a so-called FBL regime [14]. In such
case, the transmission error probability cannot be ignored
even setting the coding rate below the Shannon capacity [14],
and is decreasing with respect to the blocklength. Hence, the
tradeoff between the above two strategies are actually in the
blocklength allocation. More specifically, with broadcasting
strategy, data for all users can be encoded in a shared long
blocklength, which can potentially reduce the decoding error
probability. However, in broadcasting strategy, all users will
decode the same packet and extract out their own data, which
implies that the performance of broadcasting strategy will be
limited by the bottleneck user with the worst channel. By
contrast, TDMA strategy is capable of adaptively allocating
blocklength among users but will also shorten the blocklength
for each users. In the literature, with TDMA strategy, [15],
[16] have studied the resource allocation respectively for error
probability minimization and sum throughput maximization in
multi-user URLLC networks, while the encoding process of
broadcasting strategy has been examined in [17]. However, a
comparison of the two strategies, as well as the tradeoff, has
not been investigated yet.

Moreover, in a relaying-assisted mutli-user URLLC net-
work, different relaying principles (DF or AF) will also affect
both TDMA and broadcasting strategies differently. For in-
stance, without decoding capability, an AF relay cannot change
the multi-user serving strategies, so that both the strategy and
blocklength allocation have to be kept the same for different
relaying hops. With an additional decoding process, DF relay
will be more flexible in deciding both the strategies and
blocklength allocation on multiple relaying hops.
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Fig. 1. Multi-user relaying network.

So far, to the best of our knowledge, a fundamental FBL
performance characterization in relaying-assisted multi-user
downlink network including reliability-constrained throughput
analysis, together with a concrete study of different down-
link strategies, is still missing in the literature. Therefore,
in this work, we are motivated to study the multi-user re-
laying network within FBL regime. We take into account
different relaying principles and different serving strategies
for multiple users, i.e., broadcasting and TDMA. Under a
reliability constraint, we build blocklength allocation problems
for maximizing the minimum throughput among users, which
are addressed via proposed iterative algorithms.

The remaining of this paper is organized as follows. We first
introduce the system model in Section II. In Section III, we
formulate the blocklength allocation problem under TDMA-
DF strategy and proposed an iterative algorithm, which is
extended to other strategies in Section IV. Finally, the work is
evaluated in Section V and concluded in Section VI.

II. SYSTEM MODEL

In this paper, we consider a relaying network with multiple
users, as depicted in Fig. 1. An access point (AP), i.e., the
source node, is responsible for generating independent data
to multiple users, while the data transmission is required to
be completed under a latency requirement. For instance, in
an IoT network with multiple devices as the users, the AP
may need to send different control instructions or different
necessary configuration messages to all the devices, which
should be completed before a planned time point. Next, to
compensate the large pathloss between the AP and multiple
users, a relay node is deployed to assist the data transmission,
while serving all the users. In particular, the relay node will
first receive all the data from the AP and then forward them
to the users.

We assume there are in total K users to be served. The
channel gain between the AP and relay is denoted by hy,
while the channel gain between relay and the user k is given
by hi, k € {1,..,K} £ K. We denote by P, and P, the
constant transmit power at AP and relay, respectively. We
assume all the communication channels are noisy channels
with additive white Gaussian noise (AWGN). The noise power
for the channel between AP and relay is denoted by o2, while
the noise power between relay and user k € K is given by
a,%. Thus, the signal-to-noise ratio (SNR) for the transmission
from AP to relay can be represented as

Pih
Yo = —7. ()
90
The corresponding SNR from relay to user k can be obtained
as Pyh
T = st )

Oj

Furthermore, since the data transmission has a latency con-
straint, the transmission has to adopt finite blocklength (FBL)
codes. For the latency-constrained scenario, we assume all the
data packets are transmitted or forwarded without additional
delay or with a constant delay, so that the total blocklength,
which is available for the whole transmission period, can
be determined. We denote by M the total blocklength for
a transmission period, and respectively by mg and mj, the
allocated blocklength to the hops from AP to relay and from
relay to multiple users. Namely, we have mg + mg = M. In
each transmission period, we denote by D, the data amount
initialized by AP for user & € K. This implies that on the first
hop, the total data amount transmitted from AP to relay node
is given by Zszl Dy.

Moreover, within FBL regime, there always exists an unig-
norable decoding error probability, even when the coding rate
is below the Shannon capacity. According to [14], with given
error probability threshold ey,,«, a blocklength m and SNR ~,
the maximum coding rate ry,,x can be characterized as

Tmax = C(’}/) - \/ %Q_l(amax) 10g2 €, (3)

where C(7) = logy(1 + ) is the Shannon capacity, V(y) =

1— W denotes the channel dispersion and Q! (gpax) is

w2
the inverse function of Q-function Q(w) = [° —=e™ "= dw.

In this work, we also consider a reliability-constrained
scenario, where the transmissions on each link have a max-
imum tolerant error probability ey,.x. As a result, for each
transmission in the relaying network, the coding rate will
be upper-bounded by a corresponding maximum coding rate
rmax. Different blocklength allocation will definitely affect
the maximum allowed coding rate and also the maximum
transmitted data amount under the reliability constraint €, ax.-
Therefore, in the considered reliability-constrained scenario,
we aim at maximizing the minimum throughput among all
users in the relaying network via blocklength allocation.

In addition, it should be pointed out that different relaying
principles at the relay node and different serving strategies
for relaying serving multiple users will result in optimization
problems in different formulation. More specifically, there are
in general two typical relaying principles, i.e., decode-and-
forward (DF) relaying and amplify-and-forward (AF) relaying.
In DF relaying, the data packet from AP is first decoded
at relay. After a successful decoding, the relay will then
re-encode and forward the data to the users. In the first
hop, it is clearly more beneficial for AP to jointly encoded
the data for all users with a large blocklength mg, since
a larger blocklength allows a larger coding rate with given
error probability. However, while serving multiple users, as
shown in Fig. 2, the relay can choose to either encode and
transmit the data to the corresponding user in a time-division
multiple access (TDMA) manner (TDMA-DF), or encode and
broadcast an integrated data packet to all users (broadcasting-
DF) so that each user has to decode the whole packet to obtain
their own data. In AF relaying, the relay will directly enlarge



Algorithm 1 : Iterative Algorithm.

TDMA-DF: source | | relay [T T...T ] users
. - T T a) Initialize a feasible point (m(go)7 mgco), D,(CO)) for (P1).
Broadcasting-DF: source | | relay | | users b) Set iteration index r — 0.
" i ¢) Build convex problem (P1’) based on (mém , m(T)7 D](:)).
TDMA-AF: sourcelm Im [..... Im ] relay |m Im [..... Im | users d) Solve (P2) and get optimal solution (mé”*),mk’””,D,i’"*)).
T - T - e) If the improvement of mingcxc Dy < threshold Xy,
Broadcasting-AF: source | | relay | | users Return.
Mo mo' Else
Fig. 2. Examples of four combination strategies. (m(()TJrD,m](CTJrl)7 D](CHLU) = (méT*),m,(:*>, D,(CT*)).
r=r+1.
the received signal from AP and forward to the users. Different Back to c).
End

from DF relaying, the AF relay is lack of the decoding and
encoding capabilities, so that the first hop should have the
same blocklength division strategy as the second hop, i.e, both
hops either apply an integrated large blocklength or perform
in TDMA manner to serve multiple users. Correspondingly,
we have for AF relaying, two different cases, TDMA-AF and
broadcasting-AF.

To well investigate the blocklength allocation under differ-
ent combinations of relaying principles and serving strategies,
in the next section, we start with the combination of TDMA-
DF strategy, formulate and address the blocklength allocation
problem to improve the minimum throughput performance
among all users. After that, the solutions will be extended
into other combinations in Section IV.

III. BLOCKLENGTH ALLOCATION IN TDMA-DF

STRATEGY
A. Problem Formulation

For TDMA-DF strategy, the data for all users are jointly
encoded and integrated into one packet in the first hop from
AP to relay, i.e., the coding rate for the first hop is Z’“;liloD’“.
Under the error probability constraint, we have the coding rate
lower than the maximum allowed coding rate, i.e.,

K

D Vv _
2= Dr <C(v0) — MQ Yemax) logy e,  (4)
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which can be reformulated as

Z Dy <moC(v) — vVmoV (v Q (Emax) logs €

2 fo(mo). (5)
On the other hand, for the second hop, the remaining block-
length my, is divided and respectively allocated to different
users. We denote by my the blocklength allocated to user
k € K in the second hop. Namely, we have Zle my = my.
According to the maximum error probability constraint, similar
to the first hop, we have

V mkV ’Yk Q Emax 10g2 e_fk(mk) (6)

Therefore, the problem for maximizing the minimum through-
put among all users, i.e., mingecx Dy, can be formulated as

Dy < ka *yk

P1 ma; min D
( )mo,{m;:,(Dk} kek k
K
st mo+ Zkzl my, = M, (7)
K
> Dr < fo(mo), ®)
Dy < fr(mg), VEk € K, )]

mg >0, mp >0, Vk € K. (10)

However, the functions fo(mg) and f(my) are not concave
but convex, so that the problem (P1) is not convex and cannot
be directly addressed via convex optimization tool.

B. Iterative Solution

In this subsection, we construct a convex approximation for
problem (P1) and accordingly propose an iterative algorithm
for an efficient blocklength allocation solution.

Note that f;(m;) is convex in m;, i € {0} U K. According
to the property of convex function, we have for any given
positive value mz(-r

filma) 2 a7 + b7 £ £ (my), (1n)
where the constants a;(r) and b;(r) are defined as
r r 1 14 i —
o = 1) =€)~ 1 |20 9 ) oy . (12
m;
o = fim"”) = a'm{". (13)

Clearly, the function fi(r) (m;) is affine and also concave,
while f;(m;) = fi(r)(mi) when m; = mgr). By replacing
fi(m;) with fi(r) (m;) in problem (P1), we can obtain a convex
approximation (P1’)

P1’ max min D
( )mo,{mk,Dk} keKx k
st mo+ Z my = (14)
S i< 1 o). (15)
Di < f7(my), Vk € K, (16)
mo >0, my >0, Vk € K. 17

With the assistance of (P1’), we can then propose an iter-
ative algorithm for the solution. After an initialization step
(r = 0), a feasible local point (771(()0)7m,(C ),D,(CO)) can be
constructed. Then, in the r-th iteration, the convex problem
(P1’) is established based on (m(()r), m,(;), D,(f)). After solving
(P17), the obtained optimal point will be adopted as the local
point for the next iteration, i.e., (m, Or+1), (r+-1) D(7+1)) By
repeating the iterations, the minimum throughput mingex D
will be continuously improved and eventually converge to a
suboptimal point, which will be the proposed solution for (P1).
The algorithm flow is shown below in Algorithm 1.

In the next section, we will respectively build the block-
length allocation problem for the other three strategies, i.e.,
broadcasting-DF, TDMA-AF and broadcasting-AF. And the
iterative algorithm will also be extended.



IV. BLOCKLENGTH ALLOCATION IN OTHER STRATEGIES

A. Broadcasting-DF Strategy

For the broadcasting-DF strategy, both two hops in the
relaying network adopt an integrated block for multi-user data
transmission, with respectively blocklengths of mg and mj,.
Note that different from TDMA-DF strategy, in the second hop
of broadcasting-DF strategy, the data for all users are jointly
encoded in a single block, such that each user can successfully
obtain its own data only when the jointly encoded data packet
is correctly decoded. Therefore, in the second hop, under the
reliability constraint £,,,x, we have

K
< mi !
Zkzl Dy, < min fi(mp),

where the function fi(m) is defined in the same form as
in (6). Since the first hop for broadcasting-DF is the same
as that in TDMA-DF, the constraint for the blocklength my
in the first hop should remain the same. As a result, the
blocklength allocation problem in broadcasting-DF strategy
can be formulated as

(18)

2, ey, R

s.t. mo +my = M, (19)

K
> Di < folmo), (20)

K
Dy, < mi : 21
Zk:l k_glell%fk(mo)’ e2y)
mo > 0, mg > 0. (22)

Clearly, similar to problem (P1), we have the constraints (20)
and (21) not convex, which lead the whole problem (P2) to
be nonconvex.

Following the same ag)proach in Section III, we can build
the concave function f{" (my) and f,gr) (m{)) based on a local
point (m(()r),mg(r),D,(f)), as performed in (11). It is also
guaranteed that fo(mg) > £ (mo) and f(m}) > f,ir) (m})
hold, while the equality holds at point (mg'),mg(r),D,(:)).
By replacing fo(mo) and fi(my) respectively with f(gr) (mp)
and f,ir) (my), problem (P2) can be converted to a convex
one. Then, by adopting the iterative algorithm, the minimum
throughput in problem (P2) can be improved by iteratively
updating the local point (mg, my, D). Finally, the minimum
throughput will continuously increase and efficiently converge
to a suboptimal point.

B. TDMA-AF Strategy

Different from DF relaying principle, for AF relaying, the
second hop should keep the same blocklength allocation and
the same coding rate as the first hop, due to the incapability of
AF relay in decoding and encoding. For TDMA-AF strategy,
we still denote by my, the allocated blocklength for user & in
the second hop, which is also the allocated blocklength for
the data oriented to user k& in the first hop. Thus, we have
25K my = M.

Since in AF relaying the decoding process only appears
at the user side, we should study the SNR for each user to

characterize the effects of reliability constraint. The received
power at AF relay is in total Pihg + o2, which is then
enlarged and send out with power P». This indicates that the
amplification gain at AF relay is %. For the user k,

1ho+og
the received power is given by Pohy + 0,%, which contains
signal power £tho-L2 amplified noise power from the first

Py ho-‘ra’% >
2
. P. .
hop PIUISO +2;2 and noise power on the second hop o7. As a
(0]
result, the SNR at user £ can be represented as
P1hqg-Ps
P1h0+a'g
VAR k= > 5 . 23)
9012 + 0.2
Py h0+o'g k

We denote by €AF max the maximum allowed error probability
for the decoding process at all users. The throughput D, for
user k during the whole blocklength M is limited by

MV (Yar ) Q" (EAF max) logs €
(24)

Dy, < miC(yar k) —
£ fapx(mg).

To sum up, the blocklength allocation problem for maxi-
mizing the minimum throughput under TDMA-AF strategy is
formulated as

(P3) max  min Dy
(mp,Dy} kEK

K
s.t. 22;@ mp = M, (25)
Dy < farx(my), VE € K, (26)
my > 0, Vk € K. 27)

Then, similar to the approach in DF relaying, we can define
a concave approximation fXF)yk(mk) for fap r(mg), as

Fara(ma) > alp omi + 050, 2 fiD(ms),  (28)

where the constants aap ;(r) and bap i (r) are defined as

r 1V _
aE&F)‘,k :C(’VAF,IG) - 5 %Q ! (EAF,max) 10g2 e, (29)
my,

(f’)) (r) (r)

b(Ale“,k:fAFak(nLk BTN N LA (30)

The approximation is clearly tight when m;, = m,(:). Based on
the approximation, we can construct an iterative algorithm. In
each iteration r, we convert the problem (P3) to a convex one

on a local point (mg)7 D,Ef)) via applying the concave approx-

imation f/(;F)7 «(my). By repeating the iterations and constantly
updating the local point, the objective will eventually converge

to a suboptimal point.

C. Broadcasting-AF Strategy

For broadcasting-AF strategy, similar to TDMA-AF strat-
egy, the two hops in the relaying should keep the same
blocklength and the same coding rate, ie., my = mg.
With total blocklength defined as M, the optimal blocklength
allocation will be mg = m{, = % since a larger block-
length will be beneficial in providing a larger coding rate
in FBL regime. Under the reliability constraint esp max for
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AF relaying, the sum throughput over all users is limited
by Zszl Dy < mingex fAF,k(%). Hence, the minimum
throughput among all users can be optimally maximized as
mingex Dy = + mingex far ().

V. SIMULATION RESULTS

In this section, via simulations, we validate the proposed
optimization algorithms for different strategies and compare
the maximized minimum achievable throughput with different
setups. In simulations, we consider a 2D topology with the
source node placed at position (0,0)km and a relay node at
(1,0)km. A group of K = 5 users are deployed in a small
area around position (2,0)km. Note that we assume that the
area is small such that the distance from relay to all users
can be considered as the same, i.e., lkm. By default, we
define the transmit power as P} = P, = 4W, noise power
08 = of = —70dBm and total blocklength M = 2000. The

channel gains h; (Vi € KU{0}) is defined as h; = h%, where
B = —20dB is the reference gain at reference distance 1m, d;

is the distance of corresponding links and o« = 2.67 is the path
loss exponent factor. In addition, we set the error probability
limit in DF relaying as enax = 1077, Since AF relaying
principle contains only one decoding process, for a fairness
in comparison, we set the maximum allowed error probability
in AF relaying as eAr max = 1 — (1 —€max)? = 2€max — E2ax-
Note that although we start with the scenario where all users
have the same channel gains to relay to facilitate the analysis
of different strategies, we will also investigate the behaviours
in fading channels later.

At first, we show in Fig. 3 the convergence behaviour of
the proposed iterative algorithm for the strategies of TDMA-
DF, broadcasting-DF and TDMA-AF. As depicted in Fig. 3,
the minimum throughput in all iteratvie algorithms increases
in the iteration number r, and the throughput performance
converges within 2 iterations, which implies a high efficiency
of our proposed algorithms.

Then, in Fig. 4 we compare the throughput performance
of all the four strategies, i.e., TDMA-DF, broadcasting-DF,
TDMA-AF and broadcasting-AF, by evaluating the minimum
data rate among users, i.e., mm’“eT’CD’“, with varying total
blocklength M. As shown in Fig. 4, a larger total blocklength,
i.e., more block resources, will lead to a higher data rate for all
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total blocklength under different strategies.
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Fig. 5. Minimum achievable throughput among users with respect to
reliability constraint under different strategies.

strategies. Furthermore, for both the broadcasting and TDMA
strategies, DF relaying generally outperforms AF relaying.
Note that by default, we have set up the same channel
quality for all users. In the default homogeneous scenario, the
broadcasting strategy shows a better performance than TDMA
for both DF and AF relaying, which indicates the advantages
of decoding with a larger blocklength. And the benefits of
broadcasting strategy over TDMA are shown to recede when
the total blocklength M increases. In addition, we also show in
Fig.4 the performance of direct transmission. Via comparison,
it is also observed that with the same downlink strategy, either
broadcasting or TDMA, both DF and AF relaying are capable
of enhancing the throughput, which indicates the benefits
of relaying in FBL regime. Furthermore, we also evaluate
the minimum achievable throughput among all users under
reliability constraint with varying maximum allowed error
probability under different strategies. From the results shown
in Fig. 5, we can observe that DF relaying still outperforms AF
relaying and clearly a looser reliability constraint will lead to a
larger throughput in the multi-user relaying network. We also
notice that in the homogeneous scenario, the performance gap
of broadcasting over TDMA for both DF and AF relaying is
reduced when the maximum error probability becomes larger.
This is due to that with larger ., the reliability constraint
on each block in TDMA is relaxed, so that TDMA has more
freedom in improving the throughput.
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Afterwards, we finalize our simulation evaluation by study-
ing the scenario with fading channels. We update all the
channel gains as h; = gfj, where z; is the Rayleigh fading
variable with scale factor of 1. Next we evaluate all four
strategies under 400 fading realizations and display the average
throughput performance in Fig. 6 with different user number
K and M = 400K. Since broadcasting strategies is restricted
by the bottleneck user, more served users will generally
introduce a higher variance in channel gains such that as shown
in Fig. 6 the average throughput performance decreases for
both broadcasting DF and AF. By contrast, TDMA strategy is
observed to be more robust with respect to the channel differ-
ences. It should be pointed out that we have also introduced
fading channel for the link from source to relay. For TDMA-
DF, the deep fading on the first hop can be compensated via
allocating more blocklengths, while the possible advantages
of high channel quality can also be deployed to saving more
blocklengths for the second hop. As a result, it is shown in
Fig. 6 that TDMA-DF can even lead to a better performance
with more served users. However, for TDMA-AF, both hops
should keep the same blocklengths allocations for all users,
which results in a declining performance as the user number
increases.

VI. CONCLUSION

In this paper, we have focused on a multi-user relaying net-
work and studied the four combinations of relaying principles
and downlink strategies, i.e., TDMA-DF, broadcasting-DF,
TDMA-AF and broadcasting-AF strategies.Under a reliability
constraint, we have formulated optimization problems for each
combination strategy, to maximize the minimum throughput
among all users via optimizing the blocklength allocation.
To address the nonconvex problems, we first propose an
iterative algorithm for TDMA-DF strategy, which is then
extended to other combination strategies, i.e., broadcasting-
DF and TDMA-AF, while the optimal blocklength allocation
for broadcasting-AF strategy can be directly found via anal-
ysis. Finally, the simulation results confirm the convergence
behaviours of our proposed iterative algorithms, and show
the performance advantages of DF relaying over AF relaying,
as well as the benefits of deploying relay in the multi-user
network. Via simulations, we also find that the performance

of broadcasting strategy is generally limited by the user with
worst channel. Meanwhile, the TDMA strategy, especially the
TDMA-DF, can compensate the lower channel gains, exploit
the larger channel gains through blocklength allocation and
outperforms when the channel qualities for all users have
relatively larger differences.
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