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Digital Fairness in Satellite IoT Systems Based on
NOMA with Nonideal SIC

Giorgio Taricco Fellow, IEEE"

Abstract—Achieving digital fairness through NOMA is a crit-
ical challenge in modern 5G/6G wireless systems, particularly
for satellite uplinks supporting IoT devices across wide coverage
areas. The variation in link budgets across space and time
increases the risk of unequal access, allowing only a subset
of users to achieve sufficiently high transmission rates. This
work examines a coordinated uplink NOMA systems to equalize
IoT user rates. It also incorporates the impact of imperfect
SIC to reflect practical scenarios. For single-slot NOMA, the
optimal SIC ordering to maximize the minimum user rate is
determined. For multi-slot NOMA, relevant to satellite scenarios,
a user rate equalization algorithm is proposed and analyzed
numerically, assessing the trade-off between user rates and
receiver complexity. The proposed algorithm addresses multi-slot
scheduling constraints with SIC limitations—a critical aspect of
fairness in practical systems—by leveraging temporal dynamics
to achieve fair resource allocation.

Index Terms—5G, 6G, Uplink NOMA, Successive Interference
Cancellation (SIC), LEO satellite IoT networks, Digital fairness.

I. INTRODUCTION

Non-Orthogonal Multiple Access (NOMA) is a key tech-
nique for 5G and beyond, enabling multiple users to share
time-frequency resources and improving spectral efficiency
over OMA. In uplink systems, varying channel conditions and
power levels raise fairness challenges. MAX-MIN fairness,
which maximizes the minimum achievable rate, has been
widely studied as a fairness criterion in this context. For exam-
ple, Zhang et al. [1] explored MAX-MIN fairness for uplink
NOMA systems under finite blocklength constraints. Xu and
Clerckx [2|] proposed an uplink MIMO RSMA framework
for short-packet communications with perfect channel state
information. Liu er al. [3] address the near-far problem in
wireless-powered communication networks using a fairness-
aware NOMA-based scheduling scheme to enhance max-min
fairness. Focusing on uplink NOMA satellite communication
systems, it has been observed that achieving fairness among
users with diverse channel conditions, transmission powers,
and geometrical positions poses unique challenges. The inher-
ent differences in user distances from the satellite, combined
with non-uniform beamforming gains and frequency reuse
patterns, exacerbate the disparity in signal quality, making
resource allocation and interference management critical to
ensuring equitable access to communication services. Addi-
tionally, the high mobility of satellites in low Earth orbit
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(LEO) introduces dynamic changes in user-satellite geometry,
necessitating adaptive algorithms to maintain fairness and
quality-of-service guarantees in real-time.

The integration of NOMA in uplink satellite and related
IoT communication scenarios has been extensively studied to
address challenges like fairness, spectral efficiency, and dy-
namic user associations. In this area, Wang et al. [4] proposed
a NOMA-enabled framework for multi-beam satellite systems
to overcome the mismatch between offered capacity and
requested traffic. From a different standpoint, Ahsan et al. [5]
explored the use of reinforcement learning in uplink NOMA
for Internet of Things (IoT) networks. In a related context,
Nauman et al. [6] examined a vehicular-aided heterogeneous
network (HetNet) with High Altitude Platforms (HAPs) and
uplink NOMA. In the framework of MAX-MIN fairness for
uplink NOMA, Gao et al. [7] provide evidence that the
optimum SIC order corresponds to decoding the signals from
the stronger to the weaker but with the goal of minimizing
an outage probability, which is not equivalent to the case
considered here. Finally, to enhance the practical relevance
of this study, the analysis incorporates the effects of imperfect
SIC, as discussed in previous works [8], [9]. Its impact on
the rate performance is captured, providing a more realistic
evaluation of how deviations from the perfect SIC assumption
may affect the system.

Moreover, practical wireless systems are affected by hard-
ware impairments such as power amplifier nonlinearities, os-
cillator phase noise, and in-phase/quadrature (I/Q) imbalance,
which can degrade the signal quality and significantly impact
the performance of uplink NOMA systems if not properly
accounted for [10], [11].

Contributions. After presenting a realistic coordinated up-
link satellite IoT scenario, we optimize a NOMA scheme with
imperfect SIC for single- and multi-slot cases. In the single-
slot case, Proposition E] shows that the MAX-MIN achievable
rate is attained with a nonincreasing SNR sequence, even with
imperfect SIC. In the multi-slot case, Algorithm [1] effectively
equalizes user rates by considering each user’s cumulative
reward rather than using a simple round-robin approach.
Numerical results demonstrate the throughput performance
and compare it with standard OMA.

II. SATELLITE BEAMSPOT SCENARIO

The scenario is inspired by the Starlink network [12]—
[14], with simplifying assumptions. Starlink satellites orbit
in multiple shells with nearly circular paths and a 90-minute
period, yielding an angular speed of 0.067°/s. The typical
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Fig. 1. SNR diagrams corresponding to user locations (Ao +@djat, ©0 4 7dion)
for 4,5 € {—1,0,1} in latitude/longitude coordinates. The light green area
corresponds to the SNR range over the coverage area.

3-dB antenna beamwidth is 3.5°, corresponding to a central
Earth angle of 0.3° and a satellite passage time of about
4.5 s. We consider a scenario where the satellite orbits at 550
km from the Earth surface and transmits in the Ku-band at
14 GHz. The satellite antenna is pointed to the nadir with
maximum gain G, = 36 dBi. The IoT terminals transmit at
a power of P, = 10 W, with antenna gain of 3 dBi. Free-space
path loss is used for signal attenuation, based on the distance
between the satellite and the IoT terminals. A line-of-sight
(LOS) model is used, assuming no obstructions or atmospheric
effects (clear-sky conditions). The received signal power from
each IoT terminal is calculated by the Friis equation [[15]]:

2
A) Py (1)

Prx = GtermGsat(w) (47Td

Py is the transmitted power from the IoT terminal, Giern, is the
IoT terminal’s antenna gain (0 dBi for an isotropic antenna),
Gsat(v0) is the satellite antenna gain, modeled according to
[16, recomm. 1.2] with o = 1.5, ¢ is the off-axis angle, \ is
the carrier wavelength, and d is the propagation distance. The
received SNR is:

PTX _ PI’X
A noise kTOB

with £ = 1.38 - 10723 J/K, Boltzmann constant, 7, = 290
K, and B = 10 MHz is the system bandwidth. The coverage
region is defined by the latitude/longitude ranges:

)\ S ()\0 — 5Iat, )\0 + 5Iat)a

with d, = 0.1° and d,o, = 0.1 - tan(53°) = 0.133°. The
satellite nadir passes through the center of the region (Ao, o)
with an inclination of 53° with respect to the equatorial plane,
and the passage time is Wﬁom% = 4.98 s. The received
SNR corresponding to the nine user locations characterized
by their latitude/longitude coordinates (Ao + #0jat, ©0 + JOlon)
for i,j € {—1,0,1} is illustrated in Fig. [} The scenario is
further detailed by including a total of N users within the
coverage area and dividing the time frame into 7' time slots,
during which the received SNRs remain nearly constant (e.g.,

SNR =

2

® € (QDO - 5|on; ¥o + 5|on)

setting 7" = 100 limits the SNR variability within each slot to
approximately 0.1 dB or less).

III. UpPLINK IOT NOMA

Consider a coordinated multiuser communication system
where N IoT user terminals transmit to a LEO satellite
by using a NOMA technique. The terminals, labeled by
n=1,..., N, transmit over a sequence of 7" time slots labeled
byt =1,...,T. The channel gain is (approximately) constant
over the time slots so that the received signal at the satellite
is:

Z H,[t]

Define the satellite receiver SNRs:

o [Ha[t) Pat]
palt] = P, )
where P, [t] is the average transmitted power from the n-th IoT
user terminal during the ¢-th time slot and P, is the average
receiver noise power. Following the Superposition Encoding
and Successive Interference Cancellation (SIC) approach (see,
e.g., [17]), the achievable rates of the multiple-access multiuser
communication system are given by:

_ pnlt] )

R, [t] = log, (1+ T SN | S (5)
forn = 1,...,N and t = 1,...,T. Here, the coefficient
¢ € [0,1] accounts for the presence of residual interference
after SIC (see, e.g., [8]], [9]). The rate R,[t] is achieved by
decoding the codeword corresponding to user n during the
time slot ¢ after decoding the codewords corresponding to the
users 1,...,n — 1 and, after each decoding, re-encoding the
information symbols and removing their contribution from the
received signal. It is plain that, with ideal SIC (¢ = 0),

N
qum §

is achieved. In order to minimize the spreading of the achiev-
able rates when ¢ > 0, interference cancellation proceeds from
the strongest to the weakest user:

Proposition 1: For a given set of SNRs, {p1,...,pn},
the MAX-MIN achievable rate is obtained when the SNR
sequence is nonincreasing.

In the ideal SIC case, this is referred to as natural order for
an uplink multiuser channel in [[17, Sec. 6].
Proof: See App. [ |

L]+ ZuJt], t=1,....,T. ()

“4)

=logy(1+ pi[t] + ...+ pn[t]) (6)

A. Multi-slot optimization

This section considers the achievability of digital fairness
over a longer time span covering multiple time slots. Consid-
ering N IoT user terminals accessing a NOMA uplink with a
maximum power Py, we define a feasible power region

PE2{P,t]<Puyn=1,....,N;t=1,....,T}. (7)

Since the IoT user terminals aim to exploit the achievable
information rate to the satellite during its passage on the



coverage area, the following optimization problem based on a
MAX-MIN fairness criterion can be formulated:

e iy T ®
where R, [t] is the rate given by (3) and R,[t] £ Y2 _, R,[7]
is the cumulative rate. During each time-slot, the cancellation
order at the receiver and the transmission powers are chosen
according to Prop. [ Complexity limitations related to the
implementation of SIC suggest to limit the transmitting users
per time slot to a maximum number, Ngc ﬂ Algorithm
optimizes the multi-slot performance based on these results
with a complexity O((N + Nsc) log Nsic).

Algorithm 1 Uplink NOMA multi-slot optimization

1: Input: pn[t] n=1,...,N,t=1,...,T and Ngc

2: Output: j,[t],n = 1,...,N,t = 1,...,T

3. Initialize the cumulative rates R,[0] =0,n=1,..., N

4: fort=1,...,T do

5: Select the Ns)c users with minimum R, [t]

6: Let Ngic[t] denote this set of users

7: Apply Prop. [I| to calculate the rates R, [t]

8: for all n € ./\/5|c[t]

9: Update the cumulative rates R, [t] = R, [t—1]+ R, [t]
10: for all n € Ns|c[t]

11: end for

12: return Nsic[t], pn[t], Ru[t] YV n=1,...,N,t=1,...,T
B. OMA

The results obtained by using NOMA are compared with
Orthogonal Multiple Access (OMA), where the achievable
rates are:

logs (1 + pnl[t])
VB
where N[t] is the set of active users at time ¢. Multi-slot

optimization can be implemented as in the case of NOMA
considered in Algorithm [1] after replacing Nsic[t] by Nt].

ROMA[H] = 9)

IV. NUMERICAL RESULTS

This section presents numerical results with N = 256 IoT
user terminals uniformly distributed over a 16 x 16 square
lattice over the coverage area. The satellite cycle time of
about 5 seconds is partitioned into 7' = 100 time slots of
50 ms. Algorithm [I] is used to calculate the achievable rates
for the bandwidth B = 10 MHz, using a periodic extension
of the satellite cycle time over a sufficiently large number
of repetitions (N, = 100). Figs. [3] and [2] illustrate the user
achievable rates for v = Ngic = 2P,p € [0,7]NZ and ¢ =0
(ideal SIC) and 0.01, respectivelyﬂ The figure also includes:
1) the corresponding OMA rates obtained by enabling v users
per symbol time (as with NOMA) and i) the average sum-rate
across the Ny.,T" time slots. The caption reports the standard

I'The other users must not be transmitting during the time slot. This requires
network coordination and is incompatible with grant-free transmission [18]].
2¢ = 0.01 corresponds to the worst case considered in [9].
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Fig. 2. User achievable rates obtained by applying Algorithmto the scenario
considered with Perfect SIC. The upper limit labeled "Normalized sum-rate”
corresponds to = »_, loga(1+ >, puft]) - B
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Fig. 3. Same as Fig. |Z| but ¢ = 0 (ideal SIC).

deviations o of the user achievable rates. This measures the
user fairness achieved by Algorithm [I] Fig. @ shows the time
behavior of the minimum sum rate divided by the current time,
i.e., minj<,<xn R,[t]/t. The curves illustrate the convergence
speed of Algorithm Scalability is maintained up to N =~ 10*
users (the other parameters being kept fixed).
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Fig. 4. Plot of the minimum cumulative rate with ¢ = 0.01.



V. CONCLUSIONS

Digital fairness in Non-Orthogonal Multiple Access
(NOMA) systems is a critical challenge, particularly in 5G/6G
satellite uplinks where IoT devices face variable link budgets.
This variability often limits some users from transmitting
effectively, creating inequities in network performance. For
single-slot NOMA, the optimal cancellation order at the
receiver has been derived. In multi-slot NOMA, a novel
algorithm for digital fairness has been proposed and analyzed
with ideal and imperfect SIC represented by the factor ¢,
which provides a practical means of quantifying this degra-
dation. These results offer practical guidance for satellite
IoT operators, showing that the proposed algorithms can be
integrated into existing LEO scheduling protocols to optimize
throughput and resource utilization, reduce latency in time-
sensitive communications, and enable adaptive allocation of
network resources based on dynamic traffic loads and link
availability, thereby enhancing overall network performance
and reliability.

APPENDIX A
PROOF OF PROPOSITIONI]]

Consider switching the values of p, and p, with a < b and
Pa < pp and let R} be the rate after the switch. Assume ¢ < 1.
We need to show that, in all cases, min; R; < min; R}. It is
plain to see that, if a < b <7 ori <a<b, Rg = R;, so that
we need to consider only the case a < ¢ < b. If a < ¢ < b,
R; < R} since

Pi ,
R; = log (1+ ) and R] =
’ L+ 0P+ 255 P
Pi
log <1+ )
2 L+ ¢dicipi+25ipi — (1= 0)(pp — pa)
Ifi=a,
Pa
R, = log <1+ )
2 1+¢Zj<apj+zj>apj
Pb
R! =log <1 + )
? 1+¢Zj<apj+zj>apj*(fobfpa)
If i = b,
Pb
Ry, =log (1 + >7
’ LoD icppit 2500

Pa
L+ ) i Pi+ 20 Pi + 0o — pa)>'

Then, denoting the denominators in the expressions of R,,
R, R}, as D,, D}, D, respectively, we get:

R}, = log, (1 +

b
Do — D}y = pb] = pla] > 0,Dy — Dy = (1—¢) »_ p; >0.
j=a+1
These inequalities and pla] < p[b] imply that R, < R/ and
R, < Ry. Therefore, min{R,, Ry} < min{R,, R;}. This
inequality and the fact that R; < R} complete the proof. W
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