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Abstract—Partial non-orthogonal multiple access (PNOMA) has
emerged as a new multiple access scheme that combines the benefits
of orthogonal and non-orthogonal transmissions to improve spectral
efficiency while mitigating inter-user interference. However, the
reliability—latency trade-off in PNOMA for delay-sensitive appli-
cations remains largely unexplored. In this letter, a data-oriented
transmission-based performance analysis is developed for such sys-
tems. The impact of bandwidth splitting and power allocation on the
delay outage rate is then investigated. In addition, the robustness of
PNOMA under hardware imperfections is investigated. The results
show that PNOMA achieves an effective balance between spectral
efficiency and delay reliability under stringent latency constraints,
while notably reducing sensitivity to the imperfections compared
to conventional NOMA. The results underline its suitability for
ultra-reliable and delay-sensitive communication scenarios.

Index Terms—Delay outage rate, data-oriented transmission,
partial NOMA.

I. INTRODUCTION

HE growing demands for higher data rates, massive connec-
tivity, and efficient spectrum usage are motivating advanced
multiple access techniques for next-generation wireless networks
[1]. Among these, non-orthogonal multiple access (NOMA)
has gained attention for its ability to improve system capacity
and spectral efficiency [2]. Unlike conventional orthogonal
multiple access (OMA) schemes such as TDMA, FDMA, and
CDMA, NOMA allows multiple users to share the same time
and frequency resources via power-domain signal superposition.
In power-domain NOMA, users are assigned different trans-
mission power levels based on their channel conditions [3]. At
the receiver, successive interference cancellation (SIC) technique
is used to decode and remove higher-power signals before
detecting the desired one. However, NOMA performance is
highly dependent on accurate power allocation and effective
SIC, as imperfect SIC and adverse channel conditions can cause
inter-user interference and degrade performance.

To alleviate these limitations while maintaining high spectral
efficiency, partial NOMA (PNOMA) has attracted considerable
research interest [4]]. In contrast to typical hybrid OMA/NOMA
schemes [5]] that mainly switch between pure OMA and pure
NOMA modes in time or frequency, PNOMA partitions the
available bandwidth into an overlapped region, where both
users are served via NOMA, and a non-overlapped region,
where only a single user is served via OMA, thus enabling a
controllable partial coexistence of OMA and NOMA within
the same resource block and reducing inter-user interference
while preserving the spectral-efficiency gain of non-orthogonal
transmission [[6]. Recently, PNOMA has been investigated
in integrated satellite—terrestrial networks [7[], demonstrating

Mehmet Can and Ibrahim Altunbas are with the Faculty of Electrical and
Electronics, Istanbul Technical University, 34469 Istanbul, Turkiye.

Mehmet C. Ilter and Mikko Valkama are with the Department of Electrical
Engineering, Tampere University, Finland.

notable gains in outage probability and achievable rate under
co-channel interference and imperfect SIC, while [§] also
showing advantages in covert communications through improved
effective covertness rates. Moreover, its integration with novel
architectures such as pinching-antenna systems further highlights
its potential to enhance spectral efficiency and user fairness in
next-generation short-packet communication frameworks [9].

Despite these advances, the existing literature on PNOMA
follows a design paradigm, where system performance is
evaluated using conventional metrics such as achievable rate,
outage probability, or sum-rate. Such metrics, however, do
not explicitly capture the joint impact of latency and relia-
bility, which are critical in short-packet and mission-critical
communication scenarios [[10], [[11].

Specifically, a data-oriented approach has recently been
introduced for the design and analysis of such systems
[10]. This approach evaluates system performance from a
transmission delay—outage viewpoint, offering a more session-
aware assessment [[10]], [[12]]. Defined as the probability that
the delivery time of a given data volume exceeds a predefined
latency threshold, the delay outage rate (DOR) jointly captures
reliability and latency performance [[13]]. Under the assumption
of capacity-achieving coded transmission, the DOR explicitly
reveals the trade-off between data volume and latency con-
straints. The data-oriented framework has also been extended
to session-specific design for energy-efficient relaying [14], as
well as to broader scenarios incorporating energy harvesting
and wireless charging time [15].

Building on these advances and motivated by PNOMA'’s
potential to support heterogeneous service requirements, this
letter investigates, for the first time, a data-oriented PNOMA
framework that enables the coexistence of delay-sensitive and
delay-tolerant users. The corresponding technical contributions
are as follows: (i) a dynamic bandwidth and power allocation
strategy for PNOMA is devised that adapts to the instantaneous
channel conditions and the latency-reliability requirement of
the high-priority user; (ii) derivation of an exact closed-form
expression for the DOR of the high-priority delay-sensitive
user and an analytical lower bound on the ergodic rate of the
delay-tolerant user under finite blocklength; (7ii) demonstration
of the proposed scheme’s superiority over conventional static
benchmarks (FDMA, NOMA, and dedicated OMA), effectively
prioritizing the delay-sensitive user while maximizing the
achievable rate performance of the delay-tolerant user.

II. PNOMA-BASED DOWNLINK TRANSMISSION

We consider a fundamental downlink two-user communi-
cation scenario based on the PNOMA scheme. The system
model consists of a single base station (BS) operating with
a single transmit antenna realized via fixed beamforming or
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Fig. 1. The considered PNOMA scheme, where the total bandwidth B
is partitioned into two regions based on the splitting factor p. Region I is
reserved for the superimposed transmission of both users with power allocation
coefficient o, whereas Region II is exclusively dedicated to Us.

sectorized antenna systems to serve two users denoted as U}, for
k € {1,2}, each equipped with M,. receive antennas to exploit
diversity gains for ensuring strict reliability and enhancing
spectral efficiency. Specifically, U; is a high-priority user
with stringent low-latency requirements, operating in the finite
blocklength (FBL) regime. Due to short packet transmissions,
the achievable rate of U; is penalized by channel dispersion,
which depends on the blocklength and the target block error
rate (BLER). Conversely, Us is a delay-tolerant user operating
in the infinite blocklength (IBL) regime, where the achievable
rate is characterized by the Shannon capacity.

A. Received Signal Model and Instantaneous Rates

The considered PNOMA structure partitions the total system
bandwidth B into two distinct regions according to a bandwidth
splitting factor p € (0,1), as illustrated in Fig. [1| The first
region, spanning a bandwidth of pB, is utilized for the trans-
mission of the superimposed signal v/as; + /1 — ase, where
a denotes the power allocation coefficient and s represents
the symbol of Uy, with normalized power E [|sk|2} =1, where
[E [] denotes the statistical expectation operator. The remaining
region, with bandwidth (1 — p)B, is exclusively dedicated to
the transmission of Us’s symbol [6].

The received signals at user Uy, in the two regions can be
expressed as [6]

_ JVPahys; + /P(1 — a)hgsy + ng, Region 1 )
Y= V/Physs + 1y, Region 11’
where P = P,/B denotes the transmit power per unit

bandwidth and P represents the total transmit power budget.
Furthermore, h;, € CMrx1 represents the channel vector
between the BS and U, and n; € CM-*1 is the additive
Gaussian noise vector, whose elements are independent and
identically distributed (i.i.d.) as CA(0, Ny), where Ny is the
one-sided noise power spectral density. Assuming maximal
ratio combining (MRC) at the receivers, U; solely focuses
on decoding its own signal so the instantaneous signal-to-
interference-plus-noise ratio (SINR) at U; is given as
o Yag1

(1 —a)gr + 1’
where gi 2 [|[hi||2 = M7 |hyn|? denotes the channel gain
and 7 £ Nﬂo represents the transmit signal-to-noise ratio (SNR),
with |h,,|’s assumed to be Rayleigh distributed.

In the FBL regime, the instantaneous rate for U;’s message
with a blocklength of ¢ and a target BLER of € can be approx-

imated as R; ~ pB [1og2(1 +71) —log,(e) V(Z“)Q_l(e)],

" ()

where @Q~!(-) is the inverse Gaussian Q-function and
V(y1) = 1 — (1+47;)~? is the channel dispersion resulting
from finite blocklength consideration [16].

On the other hand, U, performs SIC to remove U;’s signal
from the received signal in Region I before decoding its own
message. In practice, the SIC process may be imperfect due to
practical hardware impairments and processing limitations. This
imperfection is quantified or modelled by a factor 8 € [0, 1],
where 3 = 0 corresponds to perfect SIC and 8 = 1 represents
a complete SIC failure [[17]. Accordingly, the instantaneous
SNR for Uy in Region I is 75" = Z4—2%2  while the SNR in
Region II is vgl) = %go. Thus, the total instantaneous rate for
U, can be expressed as

_ (1—a)7g2) B _
Ry=pBlog, (1+ Borigs 1 1) + (1—p)Blogy(14+7g2) . (3)

Region I

Region II

B. Interplay Between Bandwidth and Power Allocation

This section describes the details regarding the devised
dynamic resource allocation strategy, where the power allo-
cation coefficient o and the bandwidth splitting factor p are
jointly determined to satisfy the strict latency requirements
of the high-priority user, U;. The latency constraint, which is
transmitting a packet of size H; bits within a duration of T{"
implies a constraint on the ratel|such that Ry >R = H; /T
This condition necessitates that the received SINR meets the
condition v; > ~"(p), where 7t%(p) is the minimum SINR
threshold required for a given bandwidth splitting factor p.
Unlike the IBL regime, 7" (p) in the FBL regime does not have
a closed-form expression and must be computed numerically.
Specifically, v{%(p) is obtained by finding the root of the non-
linear equation R;(vy;) — Ri" = 0. We employ the Newton-
Raphson method with the iterative update rule given by [11]

—2 th
log, (1+'y§t))—u 1—(1—&-7?)) —%

log, (e) v

L (1+’Y§t>)3\/17<1+7§t))72

where v = log,(e)Q'(¢e)/v/!. The iterations proceed until
the convergence tolerance is met, yielding the required thresh-
old v{"(p). Subsequently, the power allocation coefficient «
required to achieve this threshold is derived from @, and can
be expressed as

A =qt? , @)

_ )1+ 9) )
~ 911+ (p))
Given the physical constraint 0 < o < 1, a feasible solution
exists if and only if i (p) < #g;. If the channel conditions are
poor such that yg; < vi"(p), @) yields o > 1, indicating that
the target SINR cannot be achieved with the current bandwidth
allocation. In such cases, p must be increased to reduce the
required SINR threshold.
Reflecting practical resource block allocations, we next adopt
a discrete or quantized bandwidth model. Accordingly, the
total bandwidth B is divided into K chunks. Consequently,

'Note that processing delays such as decoding are omitted here, as they are
highly hardware-dependent 18] and, for the short-packet transmission regime
considered in this work, they have been shown to have a negligible impact on
the total latency [11].
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the minimum number of sub-bands, «, required to satisfy the
latency constraint under the assumption of maximum power
allocation, i.e., &« = 1, is determined as

0K
f= ||, (6)
BTltxrrlnax

where [-] denotes the ceiling function and 7"®* is the
maximum achievable spectral efficiency of U; given the
instantaneous channel gain g;. By substituting « = 1 into

(@), which implies v = Fg1, r"** can be expressed as

% = log,(14+7g1) — logy(e)y/ @Q’l(e). Accordingly,
the bandwidth splitting factor is set to p = k/K ﬂ Finally, the
corresponding power allocation coefficient « is computed via
(B) using the updated SINR threshold i (p). If the required
bandwidth exceeds the total available bandwidth, i.e., x > K,
a delay outage occurs for U . In this scenario, all resources are
allocated to Us, i.e., p = 0 and o = 0, to maximize the overall
spectral efficiency. This corresponds to the case where U;’s
current packet has already missed its latency deadline and is
discarded in our model, so serving Us under these conditions
does not affect the delay guarantee of the priority user.

ITI. USER-SPECIFIC PERFORMANCE ANALYSIS

In this section, the performance of the proposed PNOMA
framework is analyzed and derived. Reflecting the distinct
service requirements of the users, the DOR is derived for the
high-priority user U;, while the ergodic rate is analyzed for
the delay-tolerant user Us.

A. Data-Oriented Analysis for U;: Delay Outage Rate

For the delay-sensitive user U;, a packet is considered
successfully delivered only if it is decoded with the target
block error rate under finite blocklength and within a time
delay threshold. Accordingly, the DOR is used to jointly
characterize the reliability and latency performance of U; and
can be expressed as DOR; = Pr(R1 < Hl/Tfh) .

Since the dynamic bandwidth and power allocation strate-
gies are designed to prioritize U;’s latency requirements,
a delay outage for U; occurs strictly when the mini-
mum number of sub-bands required to satisfy the de-
lay constraint, calculated in @), exceeds the total num-
ber of available sub-bands K (i.e., > K). Conse-
quently, the DOR for U; can be equiva£ently expressed as
DOR; = Pr(yg1 <"(1)) = F, (w) where F, (x)
denotes the cumulative distribution function (CDF) of the
channel gain g1, given by Fy, (z) = 1 —e™® Z%;El %m, [19].
Furthermore, 7" (1) represents the target SINR threshold when
the full bandwidth B is utilized, i.e., p = 1. By substituting
F,, (z) into DOR,, the exact closed-form expression for DOR;

g1
can be obtained and expressed as

Ay Mt g AR )\™
DOR, =1—¢ 7 iy (A TRSVAN I
- S L ()

(7N
m=0
B. Rate-Based Analysis for Us: Ergodic Rate

Deriving the exact closed-form expression for the ergodic
rate, Ro = E[Rs), based on the instantaneous rate expression

2In practice, allocating a larger number of sub-bands can provide a useful
delay safety margin against hardware imperfections, e.g., transceiver non-
idealities and nonlinear distortions, and channel estimation errors.

given in (3), is mathematically intractable due to the complex
coupling of the logarithmic terms with channel-dependent
variables a and p. To facilitate the analysis, we thus derive a
tractable lower bound. Since the total achievable rate R is
lower-bounded by the rate achieved in the interference-free
region, Region II, R, satisfies

Ry 2 E[(1-p)Blogy(1+792)] - ®)
Consistent with the discrete bandwidth allocation model defined

in Section [II-B} where p = x/K and  takes values from 0 to
K, the lower bound for R5 can be then rewritten as

K k
oz Yoms (1 ) Eona(1+702)
where 7y, represents the probability that the number of allocated
sub-bands x = k. The probabilities 7 are derived based on
the channel regions defined by the threshold requirements.
Specifically, for k € {1,...,K}, p = k/K is selected when
the channel gain g; is sufficient to support the rate with &
sub-bands but insufficient for £ — 1 sub-bands. Thus, 7 is
given by
me = Pr (41" (k/K) < 3g1 <" ((k — 1)/K))
. (v?h((k /) (7%}‘(16/1()) (10)
g1 = g1 = .
v v
For the special case of k = 0, which corresponds to the delay
outage ttlavent for Uy, the probability is simply 7o = DOR; =
F,, (”17(1)), as derived in (7).
The expectation term in (@) can be evaluated by expressing
the logarithmic function in terms of Meijer’s G function [20] as

) 1,1
B oy (1-+702)] ~loea(e) (633 (1§
0

©))

7$> foo(x)dz, (11)

where the probability density function (PDF) of g» is given by
fo: (@) = e ~'e~" [19). Solving the integral using
21} Eq. 7.813.1], (TI) yields
1-M,,1,1_
5 ( Lo v) .12

Ellog, (1+702)] = 20
Finally, substituting (I0) and (I2) into (9) provides the lower
bound for the ergodic rate of Us.

IV. NUMERICAL RESULTS

In this section, the performance of the proposed PNOMA
scheme with dynamic bandwidth and power allocation is evalu-
ated numerically via Monte Carlo simulations. Specifically, we
analyze the DOR for the high-priority user U; and the ergodic
rate for the delay-tolerant user Us, while also comparing against
the derived analytical results. Unless otherwise specified, the
simulation parameters are set to K = 20, H; = 10kbits,
B = 5MHz, ¥ = 10dB, M, = 4, ¢ = 1075, and ¢ = 1000.
Furthermore, the channel coefficients are modeled as indepen-
dent Rayleigh fading r.v.’s with unit power, and the simulations
are averaged over 10° independent channel realizations.

To this end, Fig. 2] shows the performance of the proposed
PNOMA scheme versus the delay threshold Ti" for varying
numbers of receive antennas M, € {2,4} and bandwidths
B € {5,10} MHz. Assuming a fixed total transmit power
budget, the SNR is v = 10 dB for B = 5 MHz and scales to
7 ~ 7.dB for B = 10 MHz. As observed in Fig.2[a), increasing
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Fig. 2. DOR and ergodic rate performance versus delay threshold Tfh for
varying numbers of receive antennas M, and bandwidths B: (a) DOR for Uy,
and (b) ergodic rate for Usz. In (b), imperfect SIC cases are also covered.

the number of receive antennas M, or relaxing the delay
threshold T monotonically improves the DOR performance
of Uy, and the simulation results demonstrate a perfect match
with the exact analytical DOR expression derived in (7). In
terms of bandwidth, for very low 71" values, B = 10 MHz is
more effective in reducing the delay outage of U;. However,
as T becomes more relaxed, U; can satisfy its requirement
with a smaller bandwidth portion, as will be further illustrated
in Fig. 3] In this regime, operating with a narrower band and
thus higher SNR with B = 5 MHz may yield improved DOR
performance. Furthermore, a shorter blocklength, i.e., £ = 250,
incurs a higher dispersion penalty and therefore leads to a
higher DOR, whereas a longer blocklength, i.e., / = 1000,

relaxes this penalty and reduces the DOR.
Conversely, Fig. P(b) reveals a non-monotonic behavior in

the ergodic rate of Us. In the region of very low 711 values,
U, achieves high rates since U; frequently experiences a delay
outage, resulting in the exclusive allocation of all resources
to Us. As T{h increases, U; satisfies the latency constraints
with less bandwidth, thereby increasing the bandwidth portion
allocated to U, and leading to an improvement in Ry, which is
mainly governed by the bandwidth available in the interference-
free Region II. In terms of parameter impact, while increasing
both M, and B improves the performance of both users, the
diversity gain from M, is particularly critical for minimizing
DOR;, whereas the bandwidth expansion from B is crucial for
enhancing R,. Furthermore, Fig. b) demonstrates the system’s
behavior under a rather conservative imperfect SIC scenario,
ie., f§ = 0.2, and even with such a severe assumption for
residual interference, the degradation in R5 remains moderate.
In fact, because the derived theoretical ergodic-rate lower bound
strictly relies on the interference-free Region II and neglects
the relatively small rate contribution from Region I, it provides
a performance baseline that R will never fall below, even
under extreme SIC failures, while still exhibiting only a very
small gap to the simulated curves in Fig. 2[b). It is also worth
noting that U; is naturally immune to SIC errors, since it
always treats Us’s signal as noise without requiring SIC.
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Fig. 3. CDFs of the dynamic allocation parameters under various 4 and Tlth
values: (a) Bandwidth splitting factor p, and (b) power allocation coefficient cv.

To reveal and understand the resource allocation dynamics
behind the results in Fig. 2] Fig. B illustrates the CDFs of the
dynamic bandwidth splitting factor, p, and the power allocation
coefficient, «, highlighting the effective range under varying
transmit power levels and delay constraints. The observed
step-like behavior of F,(p) reflects the discrete nature of the
optimization process, where the bandwidth is quantized into
K = 20 sub-bands. It is evident from both Fig. [3(a) and
Fig. Bb) that increasing the transmit SNR 7 or relaxing the
delay threshold T{" results in a significant leftward shift of
the CDF curves, indicating that less bandwidth and power are
required to support reliable transmission for U;. This shift
implies a higher probability that smaller fractions of bandwidth
(p) and power (o) are sufficient to satisfy U;’s strict reliability
constraints. Specifically, in the more relaxed scenario, i.e.,
Tfh = 8 ms and 4 = 10 dB, since p remains at low discrete
levels, « is distributed across a broader range rather than
being concentrated at high values. Consequently, the proposed
PNOMA scheme adaptively minimizes the bandwidth and
power usage of Uy, thereby maximizing the remaining resources
available for Us.

Figs. f{a)-(b) compare the performance of the proposed
PNOMA scheme with FDMA and NOMA, as well as the
baseline reference scenarios of U;j-dedicated OMA and Us-
dedicated OMA. It is worth noting that the proposed PNOMA
framework reduces to these benchmark schemes as special
cases, depending on the dynamic parameters « derived from
@) and p from (@). In the FDMA, U; uses a fixed bandwidth
of 0.8 B with full power (o = 1), while Us uses the remaining
0.2B orthogonally. In the U;-dedicated OMA scheme, all band-
width and power are allocated to U; (p = 1, a = 1), whereas
in the Us-dedicated OMA scheme, all resources are allocated
to Us (p =0, a = 0). In NOMA, a dynamic configuration
is considered, where the power allocation coefficient « is
computed from @) with p = 1.

In Fig. Eka), the U;-dedicated OMA scheme represents
the theoretical lower bound for the DOR as it allocates all
resources exclusively to Uy, whereas the Us-dedicated OMA
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Fig. 4. Performance comparison of the proposed PNOMA scheme with FDMA,
NOMA, and baseline scenarios (U;-dedicated OMA, Us-dedicated OMA)
versus 7’ {h: (a) DOR for Uj, and (b) ergodic rate for Usz. In (b), imperfect
SIC cases are also covered.

strictly guarantees an outage for U;, yielding delay outage
for all transmissions. With dynamic configuration, both the
proposed PNOMA scheme and NOMA closely approach this
minimum DOR, performing identically to the lower bound. This
confirms that the proposed algorithm effectively prioritizes the
requirements of U; by adaptively approaching the behavior of the
U;-dedicated OMA mode when necessary. In addition, PNOMA
preserves more flexibility for U, by adapting the bandwidth split
through p, whereas NOMA is sharing the full band between both
users. In contrast, the static schemes suffer from a higher DOR
due to their rigid resource reservation for Us.

In Fig. f|b), the Us-dedicated OMA scheme represents the
upper bound for the ergodic rate. It is observed that FDMA
yields a constant rate regardless of the delay constraints, as its
resource allocation is fixed. Conversely, the proposed PNOMA
and NOMA schemes exhibit a dynamic behavior. Although
a performance dip is observed at T = 0.5ms due to the
substantial bandwidth allocation required for Uy, the proposed
scheme significantly outperforms FDMA and performs slightly
better than NOMA under perfect SIC (8 = 0), as the delay
threshold is relaxed. For imperfect SIC (6 > 0), however,
the proposed scheme yields a noticeably higher ergodic rate
than NOMA, especially as 3 increases, and remains closer
to the Uy-dedicated OMA upper bound as 71" increases. In
addition, the proposed scheme under imperfect SIC (8 = 0.1)
still outperforms NOMA under perfect SIC (8 = 0), which
highlights the robustness of the proposed scheme. This is
because, as T{h increases, a larger portion of the bandwidth
is assigned to the interference-free Region II (see Fig. [3)), so
the impact of SIC imperfections on PNOMA becomes much
weaker than in the NOMA scheme. Finally, as the requirements
of U; become less stringent, the proposed scheme approaches
the upper bound of the Us-dedicated OMA.

V. CONCLUSION

This letter proposed and studied a data-oriented PNOMA
framework with dynamic bandwidth and power allocation to
support a delay-sensitive user, Uj, in the FBL regime and

a delay-tolerant user, Uy, in the IBL regime. The results
demonstrate that the proposed scheme satisfies stringent relia-
bility—latency requirements of the delay-sensitive user while
efficiently enhancing the delay-tolerant user’s rate. Compared to
conventional NOMA, FDMA, and static allocation, the adaptive
strategy achieves clear performance gains. Importantly, the
results show that the impacts of SIC imperfections on PNOMA
are significantly mitigated, making it much less sensitive than
conventional NOMA under imperfect SIC. Furthermore, the
findings highlight the complementary roles of spatial diversity
and bandwidth in improving reliability and throughput. Overall,
the proposed PNOMA approach provides an effective balance
between latency guarantees, robustness, and spectral efficiency.
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