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Abstract. Non-orthogonal multiple Access (NOMA) technology may
find its way into sixth-generation (6G) mobile networks thanks to its
ability to support heterogeneous services and improve spectral efficiency.
In this context, shorter packet usage is imperative for reducing latency
and strengthening reliability. However, this approach results in the liabil-
ity of necessitating metrics adaptation to accommodate the finite block-
length (FBL) regime. This paper explores power allocation optimization
for low-latency applications in multi-user downlink NOMA systems with
imperfect successive interference cancellation (SIC) and FBL coding. The
optimization aims to maximize the effective sum rate while complying
with balanced QoS constraints. Two optimization approaches are pre-
sented: one optimizing power allocation based on a modified rate equa-
tion, and the other based on achievable signal-to-noise ratio (SNR). We
obtained substantial performance improvements in achieving a balanced
QoS among users while maintaining system efficiency.

Keywords: 6G networks · QoS · Power allocation schemes · Low-latency
communication · multi-user NOMA.

1 Introduction

The constant evolution of wireless applications requires maintaining and up-
grading the Quality-of-Service (QoS) standards for the three key services of the
fifth generation of mobile communications (5G): ultra-reliable and low-latency
communications (uRLLC), massive Machine-Type Communication (mMTC),
and enhanced Mobile Broadband (eMBB). Stringent requirements regarding de-
lay and reliability [1], an increased number of infrequent communicating devices
sharing the same bandwidth [2], and substantial enhancements in bandwidth and
capacity [3] are some challenges presented by the new advancements. Therefore,
the main goal of 6G wireless networks is to improve technical factors such as the
number of connections, latency, reliability, and throughput [4].
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URLLC is an essential component of 5G and 6G networks, enabling mission-
critical applications like enhanced vehicle-to-everything (eV2X), e-health, tactile
internet, and haptic communications. The nature of this service demands the
use of short packets with finite blocklength (FBL) codes to reduce physical layer
transmission delays. As a result, the traditional Shannon capacity, which assumes
infinite blocklength for perfect reliability, is no longer suitable for characterizing
the maximum achievable data transmission rate while considering the constraints
of transmission latency and finite data-packet length [5].

The concept of achievable effective rate (or Effective Capacity -EC- for sim-
plification) is commonly used to evaluate user performance in various settings.
EC denotes the highest possible arrival rate that a network can sustain while
a specific latency condition is met [6]. The effective capacity model describes
wireless channels in terms of functions easily translated into link-level QoS mea-
surements [7]. This channel paradigm has several advantages, including ease of
implementation and conversion into a QoS requirement, as the channel may
be described in terms of QoS metrics. Addressing the finite blocklength (FBL)
coding, [8] derived the achievable effective rate.

Traditional multiple-access technology is not easily scalable, and therefore
unsuitable for some of the use cases envisioned for 6G. Non-orthogonal multi-
ple access (NOMA) enables simultaneous communication over non-orthogonal
resources by multiplexing users in the power domain and de-multiplexing them
on the receiver side [9] [10]. Because this access technique incorporates the pos-
sibility of stronger and weaker users for multiplexing, the percentage of power
allocated to each user is a variable that may be optimized. In [11], we demon-
strated that NOMA outperforms OMA in a two-user system with heterogeneous
constraints.

NOMA implementation requires superposition coding (SC) at the transmit-
ter and successive interference cancellation (SIC) at the receiver. According to
[12] and [13], users with better channel conditions are SIC-performing, whereas
only users with the poorest channel conditions do not employ SIC. When eval-
uating real-world environments, to assume perfect interference cancellation at
the receiver may not be accurate, as interference significantly reduces detection
performance when it cannot be eliminated [14] [15]. The imperfect SIC will cause
a residual error for every SIC-performing user [16].

In [17] we extended our previous work by including two practical impairments
associated with these scenarios: the error caused by the incomplete interference
cancellation and the possibility of considering several users. Nevertheless of these
changes, NOMA still outperforms OMA under reasonable estimation errors re-
garding homogeneous and heterogeneous latency requirements for a fixed power
allocation set-up.

This paper aims to improve the power allocation scheme for low-latency
applications in the multi-user downlink of NOMA systems with imperfect SIC
in the finite blocklength scenario, aiming to provide a balanced QoS among
users. Differently from [17], the power allocation coefficients are now optimized
using two different approaches: (i) from a modified rate equation; and (ii) from
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achievable SNR. As we will later see, substantial performance improvement can
be attained thanks to power allocation optimization.

The rest of this paper is organized as follows. Section II introduces the sys-
tem model and the achievable rates for a N -user system. Section III presents
the formulation for the optimization problem with the approaches mentioned
before. We present the optimization results and compare the performance of the
optimized coefficients with the outcomes of earlier works in Section IV. Finally,
conclusions and future research directions are discussed in Section V.

2 System Model

Let us present an N -user network, on which a base station (BS) communi-
cates with downlink single-antenna users over a fading channel. In our system
model, the strongest user is referred to as user 1, and the weakest is there-
fore denoted as user N . The channel gains for each user are hi, which verify
|h1| > |hk| > |hN |. The investigated setup is intended for low-latency appli-
cations. Hence, the packets transmitted by the BS must be short, so a finite
blocklength (FBL) formulation will be applied.

The NOMA principle states that the transmitted signal strength of weak
users must be larger than that of strong users. By sequentially subtracting the
decoded messages of weaker users from the received signal, SIC User k decodes
and cancels interference caused by users k + 1 to N and treats users 1 to k − 1
as extra noise.

yk = hk

k−1∑
i=1

(√
αiPxi

)
︸ ︷︷ ︸

interference

+hk

N∑
i=k+1

(√
αiPxi

)
︸ ︷︷ ︸
to be removed by SIC

+hk
√
αkPxk︸ ︷︷ ︸

desired signal

+ wk︸︷︷︸
noise

, (1)

where αi is the fraction of power allocated to user i, P is the total transmitted
power, and wk corresponds to additive white Gaussian noise. The power allocated
for each user verifies

∑N
i=1 αi = 1. Moreover, the condition that the users and

consequently channel gains are ordered from the strongest to the weakest is also
represented by the following ordering of the αi coefficient: α1 < αi < αN .

Let us consider the error produced by imperfect interference cancellation to
represent a more realistic scenario. Usually, SIC can have a faulty performance
due to the significant fading of the channels or channel estimation errors. For
simplicity, yet without loss of generality, we will assume that there is no error
in decoding, and error propagation in the SIC canceller is not considered in our
analysis. Then, after removing users k + 1 to N , we obtain:

ỹk = hk
√
αkPxk︸ ︷︷ ︸

desired signal

+(hk − ĥk)

N∑
i=k+1

(√
αiPxi

)
︸ ︷︷ ︸

residual after imperfect SIC

+hk

k−1∑
i=1

(√
αiPxi

)
+ wk︸ ︷︷ ︸

noise

, (2)

where ĥk represents the imperfect estimation of the channel.
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As for the effect of imperfect CSI, the strongest and weakest users are the
extreme cases of this scenario. On the one hand, user N perceives multi-user
interference (MUI) as additional noise, therefore SIC is not being used. On the
other, user 1 is the one who is most affected by incorrect SIC, because its weaker
signal is retrieved from the remainder after decoding and subtracting the stronger
signals from other users.

Considering the channel estimation error E, which verifies hk = ĥk + E,
where E ∼ CN(0, σ2

E). Then, the received SNR at the user k is given by:

SNRk =
αkρ|hk|2∑k−1

i=1 αiρ|hk|2 +
∑N
i=k+1 αiρσ

2
E + 1

, (3)

where ρ = P
N0B

is the transmit SNR.
The achievable rates for user k in the FBL regime are a function of SNRk

(the SNR of user k), the block length n and the error probability ϵ, and can be
written as follows:

rk = log2(1 + SNRk)−
√
Vk
n
Q−1(ϵ), (4)

where Q−1(·) is the inverse of the Gaussian Q-function. Additionally, the channel
dispersion for user k is:

Vk = 1− (1 + SNRk)−2. (5)

The maximum arrival rate for a particular delay requirement is represented
by the effective capacity Ck, determined by the user’s delay exponent λk. A
higher λk value indicates a more restrictive delay requirement.

Ck = − 1

λkn
ln
(
E
[
ϵ+ (1− ϵ)(1 + SNRk)

2Υkeψk

√
Vk

])
, (6)

where ln denotes the natural logarithm, E[·] is the expectation operator, ψk =
λk

√
nQ−1(ϵ), and Υk = − λkn

2ln2 .
Analytical formulations for the effective rate metrics are not included for sim-

plicity, however, some approximate results can be calculated using the approach
in [12]. For the case of Rayleigh fading, EC metrics are evaluated using numer-
ical integration and ordered statistics, and these results are validated through
Monte Carlo simulations.

3 Problem Formulation

The primary goal of this study is to achieve a balanced power allocation. This
pursuit is to increment the sum rate while maintaining the QoS constraints. For
this analysis, a three-user scenario with imperfect (SIC) and finite blocklength
was considered. For this purpose, two different approaches are considered, which
are detailed in the sequel.
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3.1 Approach A: Modified rate equation.

The objective is to optimize the power allocation coefficients to maximize the
sum rate, while keeping the individual user rates balanced, i.e., maintaining an
achievable rate for each user above a target (equal) minimum rate rt. Because it
is not possible to formulate the optimization problem to include this restriction
using the rate equation (4), the first approach to solve this problem is to relax
the FBL assumption only for such restriction. It is worth remembering that the
optimization variables are the power allocation coefficients of users 1 and 2. This
is because there are two degrees of freedom, given that the sum of all coefficients
must equal 1.

For simplicity in notation, ρ|hk|2 = γk and ρσ2
E = βE . The optimization

problem can be formulated as follows, where SR is the sum rate:

max
α1,α2

SR = log2

(
1 +

α1γ1
(1− α1)βE + 1

)
+ log2

(
1 +

(1− α1)γ2

α1γ2 + (1− α1 − α2)βE + 1

)
+ log2

(
1 +

(1− α1 − α2)γ3

(α1 + α2)γ3 + 1

)

−

√√√√1−
(
1 + α1γ1

(1−α1)βE+1

)−2

n
Q−1(ϵ)

−

√√√√1−
(
1 + (1−α1)γ2

α1γ2+(1−α1−α2)βE+1

)−2

n
Q−1(ϵ)

−

√√√√1−
(
1 + (1−α1−α2)γ3

(α1+α2)γ3+1

)−2

n
Q−1(ϵ)

s.t. α1 ≤ 1

α1 ≥ 0

α2 ≤ 1

α2 ≥ 0

α1 + α2 ≤ 1

α1(−γ1 − βE2
rt + βE) ≤ (−2r

t

+ 1)(βE + 1)

α1(γ2 − βE)(2
rt − 1) + α2(−γ2 − βE(2

rt − 1)) ≤ (−2r
t

+ 1)(βE + 1)

α12
rtγ3 + α22

rtγ3 ≤ −2r
t

+ 1 + γ3

(7)
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3.2 Approach B. Achievable SNR.

While the earlier approach allows to formulate the optimization problem with
a number of feasible restrictions, it fails to consider the limitations inherent to
a system operating with a finite blocklength. This may result in an artificially
inflated rate, achieved by opting for a lower power allocation coefficient. While
this fictitious rate may satisfy the conditions set for the target rate, it does not
accurately reflect a short-packet scenario.

To accurately depict this scenario, it was necessary to revise the constraints.
Instead of balancing the per-user achievable rates, we decided to maintain the
per-user SNR above a minimum (equal) target (St). With this approach, it was
not necessary to modify the rate equation (eq. 4) to formulate the optimization
problem. Hence, this can be formulated as follows:

max
α1,α2

SR = log2

(
1 +

α1γ1
(1− α1)βE + 1

)
+ log2

(
1 +

(1− α1)γ2

α1γ2 + (1− α1 − α2)βE + 1

)
+ log2

(
1 +

(1− α1 − α2)γ3

(α1 + α2)γ3 + 1

)

−

√√√√1−
(
1 + α1γ1

(1−α1)βE+1

)−2

n
Q−1(ϵ)

−

√√√√1−
(
1 + (1−α1)γ2

α1γ2+(1−α1−α2)βE+1

)−2

n
Q−1(ϵ)

−

√√√√1−
(
1 + (1−α1−α2)γ3

(α1+α2)γ3+1

)−2

n
Q−1(ϵ)

s.t. α1 ≤ 1

α1 ≥ 0

α2 ≤ 1

α2 ≥ 0

α1 + α2 ≤ 1

α1(−γ1 − βES
t + βE) ≤ (−St + 1)βE

α1(γ2 − βE)S
t + α2(−γ2 − βES

t) ≤ −St(βE + 1)

α1γ3(1 + St) + α2γ3(1 + St) ≤ −St + γ3

(8)
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4 Results

In this section, we compare the effectiveness of techniques A and B for sat-
isfying quality of service (QoS) restrictions. Following that, we compare the
achievable rates with fixed and optimized power allocation coefficients.

MATLAB was employed to execute the optimization procedure, through
the fmincon function. Parameter values are: blocklength n = 400 bits, error
probability ϵ = 10−6, transmit SNR ρ = 30 dB, channel estimation error is
σ2
E = −15 dB, except otherwise stated.

To facilitate a comparison of the results obtained by approaches A and B,
a conversion between target SNR and Rate was necessary. To accomplish this
task, we employed equations 4 and 5.

Fig. 1 illustrates the optimal power allocation coefficients required to achieve
the maximum sum rate, as determined by approaches A and B. In this scenario,
we varied the target rate (or SNR), which represents the minimum necessary
for maintaining a certain QoS. It is worth recalling that the target minimum
rate is equal for all users. Each user is represented by a different color, the solid
line represents the results obtained from approach A and the dashed line from
B. The results reveal that as the target rate becomes more stringent, a greater
allocation of power is directed towards the weakest user. Approach B notably
assigns more power to user 3 and less to 1. The explanation for this discrepancy
can be analyzed in the subsequent figure.

Fig. 2 displays the users’ rate and sum rate obtained with the optimal power
allocation from Fig. 1. Once more, the solid line corresponds to the results de-
rived from approach A, while the dashed line represents those from approach B.
Additionally, the rate of each user and the sum rate are portrayed using differ-
ent colors. As the target rate condition becomes more stringent, the sum rate

Fig. 1. Optimum power allocation coefficients obtained through approaches A and B
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Fig. 2. Sum rate and users’ rate calculated with the optimum power allocation coeffi-
cients through approaches A and B.

experiences a decrease of approximately 12%. It is observed that the sum rate
achieved through the algorithm in approach A appears to exhibit slightly supe-
rior performance. This outcome aligns with our prior analysis, indicating that
this improvement comes at the expense of allocating less power to the weakest
user.

As previously mentioned, approach A produces an inflated rate by overlook-
ing the constraints imposed by the finite blocklength regime in the optimization
process. This raises the question of whether the obtained rate for the weaker
users meets the true target rate. Fig. 3 provides an alternative visualization of
the per-user rates for the sake of a more suitable visualization. The dash-dotted
line is the minimum target rate that satisfies QoS and the solid lines are the
rates for users 2 and 3 achieved through the algorithm in approach A. The re-
sults show clearly that the weaker users do not fulfill the true minimum rate
requirements.

To estimate the impact of optimization with respect to a baseline fixed power
allocation scheme, we computed the individual users’ rates and the overall sum
rate with both fixed and optimized power allocation coefficients across various
transmit signal-to-noise ratios (ρ). We employed the algorithm outlined in ap-
proach B as it was proven to be more reliable. The obtained power allocation
coefficients change dynamically, as they represents the optimal values for each
transmit SNR. To ensure that we do not set a more restrictive condition for
optimization, the target SNR was specified as the minimum SNR obtained from
fixed α.

These results are displayed in Figure 4, where the fixed power allocation
coefficients for users 1 through 3 are 0.2, 0.3, and 0.5, respectively. The solid line
corresponds to the results derived from fixed α, while the dashed line represents
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Fig. 3. Minimum target rate and weaker users rate calculated with the optimum power
allocation coefficients through approach A.

those from the optimized power allocation coefficient. Additionally, the rate of
each user and the sum rate are depicted using different colors.

The optimized α results in a higher total rate than the fixed allocation,
although at the expense of providing less power to the weakest user. However, it
is worth noting that in this case, rates of users 2 and 3 still satisfy the minimum
target rate requirement.

Lastly, in Fig 5, the extension of the results to Effective Capacity are pre-
sented. In this instance the delay exponent was set to λ = 0.001. The opti-
mization goal was to maximize the sum rate, however, this is not necessarily
equivalent to maximizing the Effective Capacity (EC), as implied in equation 6.
Considering this, it is remarkable that employing the optimized power allocation
coefficient results in a higher total effective capacity than the fixed allocation
given a relaxed delay requirement.
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Fig. 4. Sum rate and users’ rate calculated with fixed and optimum power allocation
coefficients.

Fig. 5. Sum EC calculated with fixed and optimum power allocation coefficients.
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5 Conclusions

This study explored power allocation optimization for low-latency applica-
tions in multi-user downlink NOMA systems with imperfect SIC and FBL cod-
ing. Two optimization strategies were presented: one based on a modified rate
equation and the other one on an achievable signal-to-noise ratio (SNR). The
goal was to optimize the effective sum rate while maintaining balanced Quality
of Service (QoS) requirements across users.

A comparison between the two optimization approaches encountered discrep-
ancies in power distribution, specifically regarding the weakest user. Approach
A tended to allocate less power to the weakest user, sometimes failing to achieve
the minimum target rate requirement for QoS. Approach B, which considered
the limitations of the finite blocklength regime, demonstrated more reliable per-
formance in fulfilling QoS conditions.

Additional analysis proved that optimized power allocation coefficients re-
sulted in higher total rates than fixed allocation, although possibly delivering
less power to the weakest user. Nonetheless, the rates achieved by all users met
the minimal goal rate requirement, granting a balanced QoS.

In future work, it is planned to extend the solution to accommodate a greater
number of users and to optimize the total Effective Capacity.
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