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Abstract. Wireless energy harvesting (EH) and short-
packet communications (SPC) are key technologies
for enabling ultra-reliable and low-latency Internet of
Things (IoT) networks. However, the performance
of rate-splitting multiple access (RSMA) under finite
blocklength (FBL) and energy-limited conditions re-
mains largely unexplored. This paper develops a com-
prehensive analytical framework for a power beacon
(PB)-assisted RSMA downlink operating over double
Nakagami-m fading channels. Closed-form approxima-
tions for the block error rate (BLER) of common and
private streams are derived in the FBL regime, along
with high-SNR asymptotic expressions and achievable
goodput analysis. Monte Carlo simulations validate the
theoretical and asymptotic results, showing close agree-
ment under various fading and power conditions. The
numerical results reveal important trade-offs among
blocklength, time-splitting ratio, and RSMA power al-
location, and confirm that careful joint parameter opti-
mization significantly improves reliability and through-
put. These findings provide useful guidelines for de-
signing energy-efficient and low-latency RSMA-based
IoT systems.

Keywords

Rate-splitting multiple access (RSMA), finite
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1. Introduction

The exponential growth of the Internet of Things (IoT)
and the global deployment of 5G/6G technologies have
ushered in a new era of wireless communications [1}|2].
These emerging networks impose stringent require-
ments on energy efficiency, latency, and reliability to
enable mission-critical applications such as industrial
automation, real-time healthcare monitoring, and au-
tonomous vehicular systems. In this context, two key
enablers have attracted considerable research atten-
tion: wireless energy harvesting (EH) and short-packet
communications (SPC) [3H10].

Traditional wireless systems predominantly rely on
long-packet transmission and battery-powered nodes,
which are unsuitable for latency-sensitive and resource-
constrained IoT applications. In contrast, SPC en-
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ables ultra-low latency by transmitting data blocks of
only a few hundred bits. However, this benefit comes
with a fundamental trade-off: the classical Shannon
capacity, derived under infinite blocklength assump-
tions, no longer holds in this regime [9]. Instead,
the achievable rate must be analyzed within the fi-
nite blocklength (FBL) framework, which explicitly
captures the interplay among blocklength, reliability,
and coding rate [10]. In particular, the FBL rate is
lower than Shannon capacity and is strongly affected
by block error rate (BLER), especially under fading
channels [6,8,/11].

Meanwhile, wireless energy harvesting (EH) has
been widely studied as a sustainable solution to extend
the lifetime of low-power IoT devices. In EH-enabled
systems, a power beacon (PB) or an access point (AP)
transfers radio-frequency (RF) energy to nearby users
or relays, enabling wireless recharging and reducing
the need for frequent battery replacement [3}/4]. This
feature is particularly important in remote or haz-
ardous environments where battery maintenance is dif-
ficult [5,[12]. Several EH protocols, such as power-
splitting and time-switching, have been proposed to
balance energy accumulation and information decod-
ing [3l/13}/14]. More advanced techniques have also been
investigated: for instance, self-energy recycling (S-ER)
for full-duplex relays can reuse self-interference energy
to improve reliability |15], while time-switching-based
SWIPT protocols are optimized to enhance outage per-
formance [|16]. Furthermore, security has become a
critical issue in such open networks; physical layer se-
curity (PLS) combined with multi-antenna diversity
has been shown to significantly enhance resilience to
eavesdropping [12/17,[18|, and secrecy outage analysis
in cooperative cognitive radio networks has highlighted
the impact of interference limits and hardware impair-
ments [19].

Combining energy harvesting (EH) with short-packet
communications (SPC) introduces new design chal-
lenges because energy availability is variable, and FBL
transmission is more sensitive to noise and interfer-
ence [6]. To cope with this, several works have
proposed joint optimization of EH duration, trans-
mit power, and blocklength. For example, Hoang et
al. |13] investigated BLER and throughput of UAV-
assisted NOMA relaying with EH under SPC, showing
that optimal UAV placement and adaptive power al-
location significantly enhance reliability |20]. Hybrid
RF-FSO designs have also been explored for cooper-
ative NOMA with short packets, where LAP-assisted
topologies can improve link robustness in mixed fad-
ing environments [21]. Similarly, Nguyen et al. [22]
proposed a low-complexity relaying protocol for SPC-
based NOMA systems, reducing decoding complexity
while maintaining reliability in cooperative settings.
On the other hand, RSMA-enabled UAV communica-

tions have been analyzed under FBL and imperfect SIC
conditions; Singh et al. [§] derived closed-form outage
and throughput expressions, providing useful insights
for practical RSMA applications [23]. More recently,
Tan et al. |24] integrated reconfigurable intelligent sur-
faces (RISs) into full-duplex cooperative systems and
demonstrated that RIS-assisted relay networks can im-
prove reliability and mitigate residual self-interference,
which is particularly promising for EH-SPC scenarios.

Parallel to the progress in EH and SPC, rate-
splitting multiple access (RSMA) has emerged as a
flexible strategy for improving both spectral and en-
ergy efficiency in multi-user wireless networks. Unlike
conventional multiple access schemes such as NOMA
or OMA, RSMA splits each user’s message into com-
mon and private parts, enabling partial interference
decoding and adaptive interference management [25].
This feature allows RSMA to outperform traditional
schemes not only under various CSI and fairness con-
straints [26] but also in short-packet transmissions,
where it achieves comparable BLER to NOMA with
significantly shorter blocklength [11]. Its robustness
to imperfect CSI and reduced SIC complexity make
RSMA particularly suitable for latency-sensitive and
energy-constrained systems [8,27|. Additionally, RIS-
aided RSMA designs have been investigated to fur-
ther improve energy and spectral efficiency; Katwe et
al. [26] proposed a RIS-assisted RSMA framework for
mobile broadband reliable low-latency communications
(mBRLLC), while Tan et al. |28] analyzed RIS-relay
integration to enhance outage probability and sym-
bol error rate in IoT-oriented LPWA networks over
Nakagami-m fading channels.

However, most existing studies on RSMA still rely
on the assumption of infinite blocklength coding, lim-
iting their applicability in URLLC or IoT scenarios
where short-packet transmission dominates [8]. Only
a few recent works have analyzed RSMA under FBL
constraints. For example, Zhang et al. [11] derived
closed-form expressions for the blocklength required to
guarantee URLLC reliability in uplink RSMA, while
Nguyen et al. [27] evaluated RSMA-enabled UAV sys-
tems with imperfect SIC, confirming its robustness
under realistic CSI conditions. Despite these ad-
vances, the integration of RSMA with EH remains un-
derexplored. Recent studies in EH-powered systems
have primarily focused on NOMA or relay-based ap-
proaches [6}|15/161/24], but no existing work has pro-
vided a unified theoretical framework for RSMA un-
der FBL and EH constraints, particularly over realistic
Nakagami-m fading channels.

Unlike conventional NOMA-EH systems that de-
pend exclusively on power-domain multiplexing and
are highly sensitive to imperfect SIC and short-packet
constraints, RSMA-FBL provides an additional degree
of freedom through message splitting and joint de-
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coding. This enables better interference management
and reliability preservation even when the transmission
blocklength and harvested energy are limited. There-
fore, the proposed RSMA-FBL design fundamentally
differs from NOMA-EH in terms of both interference
control and finite-blocklength adaptability.

Motivated by these observations, this paper devel-
ops a unified analytical framework for RSMA-powered
short-packet communications in energy-constrained
TIoT networks. We consider a power beacon-assisted
RSMA downlink operating over double Nakagami-m
fading channels, where the access point relies entirely
on harvested energy for data transmission. Closed-
form expressions for the block error rate (BLER) and
achievable goodput are derived under the FBL regime,
together with high-SNR asymptotic approximations.
The proposed analysis explicitly characterizes the in-
terplay among energy harvesting time, blocklength,
and RSMA power allocation, offering practical design
insights into the reliability—latency trade-offs under re-
alistic fading and energy constraints. Numerical simu-
lations validate the theoretical and asymptotic results,
revealing optimal configurations for the time-splitting
ratio, blocklength, and power coefficients that signif-
icantly enhance reliability and throughput in energy-
limited short-packet RSMA systems.

The key contributions of this paper are summarized
as follows:

1. RSMA-powered short-packet transmission
under wireless energy harvesting: We pro-
pose a novel downlink framework that inte-
grates rate-splitting multiple access (RSMA) with
power beacon-enabled energy harvesting (PB-
EH) for short-packet communications (SPC) over
Nakagami-m fading channels. To the best of our
knowledge, this is the first theoretical study that
jointly addresses RSMA, finite blocklength coding,
and dedicated EH in a unified framework.

2. Analytical performance characterization
under finite blocklength: We derive closed-
form expressions for key performance metrics, in-
cluding average block error rate (BLER), good-
put, and their asymptotic behaviors in the high-
SNR regime. These expressions capture the cou-
pling between EH duration, RSMA power alloca-
tion, and finite blocklength constraints, provid-
ing fundamental insights into reliability—latency
trade-offs.

3. Design insights through extensive numeri-
cal validation: Monte Carlo simulations confirm
the accuracy of the theoretical and asymptotic
analyses. The results systematically illustrate how
Nakagami fading severity, PB transmit power, EH
time allocation, blocklength, and RSMA power-

splitting coefficients affect BLER and goodput.
Furthermore, joint optimization of time-switching
ratio and blocklength is shown to significantly
improve reliability in energy-constrained short-
packet scenarios.

The rest of this paper is organized as follows. Sec-
tion [ 2. | introduces the system and channel models.
Section presents the theoretical derivation of av-
erage BLER, goodput, and high-SNR approximations.
Section [4. | discusses simulation results and design
implications. Section [5. | concludes the paper.

2. System Model

—— ZZ—— Energy harvesting
— 7.—— Information transmission

Access
Point

Power
Beacon

T

Energy Harvesting at
Access Point

Access Point = Uq
Information Transmission

ol (I-a)T

Fig. 1: System model of a power beacon-assisted RSMA down-
link transmission.

We consider a power beacon (PB)-assisted down-
link communication system that integrates wireless en-
ergy transfer (WET) and rate-splitting multiple ac-
cess (RSMA), as illustrated in Fig. The network
comprises a dedicated PB, a wireless access point
(AP), and a set of @ single-antenna users denoted by
{U1,Us,...,Uqg}. All nodes operate over a common
frequency band and are equipped with a single antenna.

The PB continuously transmits radio frequency (RF)
energy to the AP, which lacks a conventional energy
source and relies solely on harvested power for infor-
mation transmission. The wireless link from the PB to
the AP is characterized by channel coefficient hg, while
the channel from the AP to user Uy is denoted by hg,
for g =1,2,...,Q. All channels experience frequency-
flat, quasi-static block fading, where the fading remains
constant over a transmission block of duration 7T and
changes independently across blocks. Each channel co-
efficient is modeled as a Nakagami-m random variable,
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and perfect channel state information (CSI) is assumed
to be available at all receiving nodes.

Each transmission block T is divided into two phases.
During the energy harvesting phase of duration o7
(0 < a < 1), the AP harvests energy from the PB. In
the subsequent (1—«)T phase, the AP utilizes the har-
vested energy to transmit data to users. The amount
of harvested energy at the AP is given by

EAY = paT Ppg|hol?, (1)

where Ppp denotes the transmit power of the PB, |hg|?
is the channel power gain between PB and AP, and
n € (0, 1] is the energy conversion efficiency at the AP.

Assuming that the AP fully utilizes the harvested
energy for downlink transmission, the transmit power
of the AP is determined as
EAP

_ naPpg|ho|?
(1-a)T '

(2)

P =
AP 1— o

Following the RSMA principle, the AP transmits
a superimposed signal comprising a common mes-
sage s. intended for all users, and private messages

{s1,...,8¢} intended for each specific user. The trans-
mit signal is expressed as

Q
s= \/ESC—FZ\/@sq, (3)

q=1

where a. and {a,} represent the power allocation coef-
ficients for the common and private messages, respec-
tively, satisfying a. + 23:1 aq, = 1.

The received signal at user U, is given by

yu, =hg\/ Paps + ny,
= VacPaphgse + \/aqPaphgsg
— ——

common message  desired private message

(4)

+ Z\/ajPAphqu + ny,
J#q Y
AWGN

multi-user interference

where ny, ~ CN(0,Ny) denotes the additive white
Gaussian noise (AWGN) at user U,.

Each user applies a two-stage successive interference
cancellation (SIC) decoding procedure. First, the com-
mon message s. is decoded while treating all private
messages as interference. The corresponding signal-to-
interference-plus-noise ratio (SINR) at user Uy is given
by
CLCPAp|hq|2

Seq = .
4 (1 — ac)PAp‘th + NO

()

By substituting into 7 we obtain a compact
SINR expression:

P2 A

Seq = d

T aA T o

where A, = |ho|?|h|? represents the cascaded channel
gain from PB to AP and then to user Uy, p = Ppp/No
is the reference signal-to-noise ratio (SNR), and

(1 —ac)nop
11—«

acnop
1—a

¢1: ; ¢2:

Upon successful decoding and removal of the com-
mon message, user U, proceeds to decode its intended
private message sq, treating the other users’ private
messages as interference. The resulting SINR is given

by
A
Sp,q = G104 ) (7)
¢37q¢4q +1
where
by = napize buo = agnap
3a ™ l—a ' "™ 1

The above expressions clearly show that the sys-
tem performance is governed by the joint effect of the
channel gains, power allocation strategy, and the time-
splitting parameter a.

Table |1| summarizes the key notations and system
parameters used throughout the paper.

Tab. 1: Summary of key system parameters and notations.

Symbol | Description

Qe Power allocation coefficient for the com-
mon message

g Power allocation coefficient for the private
message intended for user U,

Se Common message intended for all users

Sq Private message intended for user U,

L. Blocklength allocated to the common mes-
sage

L, Blocklength allocated to the private mes-
sages

B., B, Number of information bits in the common
and private messages, respectively

Pap Transmit power at the access point (AP)

Ppp Transmit power at the power beacon (PB)

T Total block duration

n Energy conversion efficiency at the AP

«a Time-splitting ratio between energy har-
vesting and data transmission

hg Channel coefficient from PB to AP

hq Channel coefficient from AP to user U,

Remark 1: In this work, perfect channel state infor-
mation (CSI) is assumed at the receivers and the access
point to focus on the effects of finite blocklength and
energy harvesting. As discussed in [8], imperfect CSI
mainly introduces residual interference in successive in-
terference cancellation (SIC), leading to slightly higher
BLER and reduced goodput. Extending the present
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framework to include channel estimation errors under
imperfect CSI will be an interesting direction for future
research.

Remark 2: The proposed framework, developed for
double Nakagami-m fading, is general enough to cap-
ture other fading scenarios. In particular, Rayleigh
fading corresponds to m = 1, while Rician fading can
be approximated by moderate m values associated with
the Rician K-factor. Hence, the derived analytical ex-
pressions can be readily adapted to different fading
conditions without altering the overall derivation struc-
ture.

3.  Finite Blocklength Analysis

In this section, we analyze the performance of the
proposed RSMA-enabled wireless system in the finite
blocklength (FBL) regime. Unlike the classical Shan-
non capacity framework which assumes infinite-length
codewords, FBL analysis characterizes the trade-off be-
tween latency, reliability, and rate — making it suitable
for ultra-reliable low-latency communication (URLLC)
and massive IoT scenarios.

Channel Characterization:
Double Nakagami-m Model

3.1.

To accurately capture the joint randomness in energy
harvesting and information transmission, we adopt
a composite fading model where the end-to-end link
is characterized as the product of two independent
Nakagami-m channels:

e The first hop, from the power beacon (PB) to the
access point (AP), has channel gain |hg|?;

e The second hop, from the AP to user Uy, has gain
g

Both |ho|?> and |hy|?> are modeled as Gamma-
distributed random variables, a natural consequence
of the Nakagami-m fading assumption. Consequently,
the equivalent end-to-end channel gain is given by:

2 2
Aq = [hol” - |, (8)
which represents the product of two independent
Gamma random variables.

This leads to what is known as the double Nakagami-
m fading model, which generalizes a wide range of prop-
agation scenarios:

o If myg = my = 1, the distribution reduces to the
double Rayleigh fading model;

o If myg = my = 0.5, it becomes the double one-sided
Gaussian distribution;

e As myp, my increase, the channel becomes more
deterministic and less prone to deep fades.

The exact characterization of the distribution of
Ay is essential for evaluating the reliability perfor-
mance under FBL. This distribution can be expressed
in closed-form using the Meijer-G function — a versa-
tile class of special functions that naturally arise in the
product of Gamma variables.

Proposition 1. Let |ho|?> ~ Gamma(mo, \o/mo) and
|hg|? ~ Gamma(mg, A\y/my) denote the squared am-
plitudes of independent Nakagami-m fading channels.
Then, the PDF and CDF of the end-to-end channel

gain Ay = |ho|? - |hg|* are given by:

S
xT'(mo)I'(myg)

2,0 ( MomMm .
(3] -omm).
1
L(mo)T'(myq)

2,1 Mom .
G173( >\0)\qu ’ 1,m0,mq,0> .

fa,(z) =

9)

(10)

Here, T'(-) denotes the Gamma function and G};"(-)
is the Meijer-G function. These expressions will serve
as the basis for the BLER and goodput derivations in
the following subsections.

Remark 1. The double Nakagami-m model effectively
captures the compounding uncertainties in wireless-
powered communication systems, where both energy
and data links are subject to fading. Its analyti-
cal tractability through the Meijer-G function makes
it suitable for FBL performance evaluation, enabling
closed-form expressions for reliability and throughput
metrics.

3.2. Reliability Analysis under

Finite Blocklength Regime

Conventional channel coding theory typically assumes
infinite blocklengths, where decoding errors vanish
asymptotically. However, emerging applications such
as URLLC and massive IoT necessitate transmission
of short packets, where such assumptions are no longer
valid. This motivates the study of performance under
the finite blocklength (FBL) regime.

According to 9], the maximum coding rate achiev-
able at user U; under finite blocklength L,, SINR 7,
and target BLER ¢, is approximated by:
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%
r0u (L nca) % €)= 1| 722 @71 e
(1)
log, L,
o),

where:

o C(vq) = logy(1 +,) is the Shannon capacity;

e V(vg) = [1—=(1+4) 7% (logye)? is the channel
dispersion;

e Q7 !(.) is the inverse Gaussian Q-function;

o The residual term O(-) is negligible for L, > 100.

1) Instantaneous and Average BLER for the
Common Stream:

Using , the instantaneous BLER when decoding
the common message at user U, is:

€cg C(Sc,q) —Te
cq ™ Q <\/y<sc7q)/[Lc(1 = a)]> ;o (12)

% and S, 4 is the instantaneous SINR

for the common message. Averaging over the fad-
ing distribution yields:

where r. =
€cq = Es., [ec,ql- (13)

To approximate , we adopt a linear Q-function
approximation [7]:

1, z <9,
Eeq(@) =105 —xc(x =), Ve<z<te, (14)
0, T > P
where:
Ye = 2TC - 17
 [2m(2e — 1)1 2
| L(l-a) ’
Ve = Ve — L Ve ="+ —
c= Ve 2X07 c = Ve 2Xc'
Then:
Ye
€erg %/ xcFs, ,(x)dz, (15)

c

with Fs,  (z) being the CDF of S.,. Under double
Nakagami-m fading:

1
F =
5l = D)y
(16)
2,1 moquq(x) ’ 1
1.3 Ao mo, mq,0 )’

where Ay(x) = —2—. Applying the midpoint rule:

p2—d1x”
— Xe (Ve +9e)
“47 T(mo)T (my)
17
a2l moquq(m;rﬁc)’ 1 o
1.3 )\0/\q mo,mq,O

2) Average BLER for the Private Stream:

Applying the same procedure for the private mes-
sage, the instantaneous BLER is:

C(Sp,q) —Tp
€p.q = Q )
<\/V<sp,q>/[Lp<1 = a)]) 18)

% and S, ; is the SINR of the private
stream. The average BLER is:

where r, =

€p,qg = ESp,q[ep,q]~ (19)
We apply the Q-function approximation:
1, x <Y,
Epq(x) =905 —xp(@ =), Up <z <1y, (20)
0, T 2> 7/};0
with:
’YP =2 — ]-7
[2m(22re —1)] 72
Xp = Lp(l —a) 7
1
V=Y —5— Yp=T+ 5
p p 2Xp p p 2Xp
Therefore:
~ Yp
€p,q ~ Xp/ Fs, (z)dz, (21)
9

p

where Fs, () is the CDF of the SINR under compos-
ite fading:

1
F - -
50 = Tng T (my) (22)
a2l moqup(l")’ 1
1,3 Ao)\q mo,mq,O ’

where A,(z)
¢47q/¢3,q~

Using the midpoint approximation, the average
BLER becomes:

oz : :
Y and is valid for <
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P Xp(¥p + Up)
BT T (mo)L(my)

(23)

2

2,1
G

moqup(wp+ﬁp) 1
’ )\0)\q ’

mg, Mg, 0

3) Total Average BLER and Closed-Form Ap-
proximation:

The total block error rate (BLER) for user U, reflects
the combined reliability of decoding both the common
and private messages. It is defined as the arithmetic
mean of the respective BLERs:

_ 1 _
€q = 5 (Ecig +Epyg) - (24)

By substituting the closed-form approximations
from and , we derive the following unified ex-

pression:

momyA, (w + 196)
G2l 2 ‘ 1
e AoAg mo, Mg, 0
Xe(the +0e) 7t
mquAp 1/’17 + 19?
G2l 2 ’ 1
1.3 AoAg mo, Mg, 0
_|_

Xp(p +Up) 1
(25)

This expression consolidates the average reliability
for each user and admits fast evaluation due to the
closed-form nature of the Meijer-G function.

4) Network-Wide BLER:

To quantify overall network reliability, the average
BLER across all @ users is computed as:

L@
== & (26)
P

This metric captures the expected block-level relia-
bility for the RSMA system under finite blocklength
constraints and double Nakagami-m fading channels.

5) Achievable Goodput:

The average goodput of user U, denoted by G, re-
flects the average number of successfully delivered bits
per channel use and is defined as:

G, = (1 - W) Re(1—é0g)
(1 B Lp(Llp(—la) ;)Bp) PN (27)
where:

° RC = % and Rp,q = % are the effective

target coding rates;

e é.,and €, , are obtained using the approximations

in and by substituting r. = R. and r, =
Ry,

The total network goodput is then expressed as:

Q
qg=1

3.3. High SNR Regime Analysis

In practical wireless communication systems, analyz-
ing the high signal-to-noise ratio (SNR) regime pro-
vides valuable insights into the asymptotic reliability
behavior when transmission power becomes abundant.
In this regime, closed-form approximations of the av-
erage block error rate (BLER) become tractable and
insightful, especially under composite fading.

1) Asymptotic Expansion of Meijer G-Function:

The Meijer G-function appears in the closed-form
BLER expressions for both the common and private
streams. According to the asymptotic result from |21}
Eq. (18)], for large arguments z — oo, the Meijer G-
function can be approximated as:

al,...,Qa
amn | 4 ) s Up
p.q , bq

b, ...

m J;l j=1
- J#k b
~ Z D q Z"
U Tlai—be) [T T -5+ )
j=n+1 j=m+1

(29)

This expansion is instrumental in deriving the
asymptotic forms of BLER as p — co.

2) Asymptotic BLER under High SNR Regime:

In the high signal-to-noise ratio (SNR) regime, i.e.,
as p — 0o, the Meijer G-functions appearing in the av-
erage BLER expressions can be approximated using the

(©2026 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 7



Quang-Sang NGUYEN et al.

VOLUME: XX | NUMBER: X | 2026 | MONTH

asymptotic expansion in . This leads to tractable
closed-form representations of the average BLERs for
both the common and private streams.

By applying the expansion in to the BLER
expressions and , we obtain the asymptotic
BLER for the common stream €g7, and for the private
stream €°,, respectively. These are shown in and
, where the expressions depend on the relative val-

ues of the Nakagami fading parameters mg and m,.

4. Numerical Results

In this section, we present numerical results to vali-
date the theoretical and asymptotic analyses derived
in Section Monte Carlo simulations [29H32] are
carried out over 10° realizations. The main system
parameters are summarized in Table 2] Unless oth-
erwise stated, the system assumes () = 3 users with
uniform power allocation for the private streams, i.e.,
a1 = as = az = 1*3%, and symmetric fading parame-
ters m = mg = m; = Mo = M3y.

Tab. 2: System parameters used in simulations

Parameter (Notation) Value
Monte Carlo realizations 10°
Common-message power 0.5
coefficient (a.)

Fading parameter (m) 3 (varies)

Blocklength (L. = L,) 350 (varies)

Information bits (B. = 75
B,)

Energy conversion effi- 0.8
ciency (1)

Time-splitting ratio («)
Exponential parameters
(Ao, A1, A2, A3)

0.2 (varies)
Mo =1, 7\ =02
A2 =04, A3 =0.6

Unless otherwise stated, the common-stream power
coefficient is set to a. = 0.5, which provides a balanced
power allocation between the common and private mes-
sages and ensures fair decoding reliability among users.

The simulation results are obtained based on the ex-
act finite blocklength expressions in Eqgs. and
for the common and private messages, respectively.
The corresponding theoretical approximations are eval-
uated via Egs. and , while the high-SNR
asymptotic expressions for both streams are derived

from Eqgs. and .

Figure [ illustrates the average block error rate
(BLER) performance as a function of the power bea-
con transmit power p (in dB), under various values of
the Nakagami-m fading parameter. The left subfigure
shows the per-user average BLER for three users, while

the right subfigure presents the overall average BLER.
Both theoretical and asymptotic curves are compared
with Monte Carlo simulation results.

It is evident that the average BLER decreases as p
increases, which is expected due to enhanced energy
harvesting and stronger downlink transmission power.
Moreover, for a given p, larger values of the fading
parameter m yield significantly better BLER perfor-
mance. This is because higher m corresponds to less
severe fading, reducing channel randomness in both the
energy and data links.

The theoretical curves, computed from Egs. and
, closely match the simulation results across all
users and fading conditions. Furthermore, the asymp-
totic curves based on Eq. also align well in the
high-SNR regime, validating the high-SNR analysis
framework developed in Section [3.]

This figure confirms that the proposed RSMA-based
system under double Nakagami-m fading is both ana-
lytically tractable and practically robust, especially in
high-m or high-p scenarios.

Figure [3] investigates how the time-splitting ratio a
influences the reliability performance under two differ-
ent PB transmit power levels: p = 20 dB and p = 30
dB, with the fading parameter set to m = 3. All curves
are obtained from Monte Carlo simulations.

The results show that each user experiences a non-
monotonic response to changes in «. This is due to
the inherent trade-off between the duration allocated
to energy harvesting and the time left for information
transmission. At low values of «, the harvested en-
ergy is insufficient to support high-quality transmis-
sion, whereas at high «, the available blocklength be-
comes too short to ensure reliable decoding.

As the PB power increases, the optimal « shifts to
smaller values, indicating that stronger external energy
allows for more aggressive allocation of time toward
data transmission. This adaptability is a key strength
of RSMA-based wireless-powered systems, where op-
timal configuration depends jointly on system power
availability and latency constraints.

In contrast to Figure [2| where fading severity (m)
was the main variable, this figure emphasizes the im-
pact of time-domain resource allocation under fixed
channel statistics. The insights here guide practical se-
lection of « to balance energy acquisition and spectral
efficiency.

Figure [] illustrates the overall average BLER as a
function of the blocklength (L. = L,), under different
PB transmit power levels p, with the fading parameter
fixed at m = 3 and time-splitting ratio « held constant.

As expected, increasing the blocklength consistently
improves system reliability. Longer codewords en-
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Fig. 2: Average and overall block error rate (BLER) versus PB
transmit power p for different Nakagami-m fading pa-
rameters, with Q = 3 users. Left: per-user BLER.
Right: overall average BLER.

hance error-correcting capability and reduce the effect
of finite-length penalties, in agreement with the finite
blocklength approximation given in Eq. . This ef-
fect is especially pronounced when p is low, where the
system relies heavily on coding gain to compensate for
limited transmit power.

At higher p values, the system achieves lower BLER
across all blocklengths. Interestingly, even with moder-
ate blocklengths (e.g., L = 200-250), the BLER drops
below 1072 when p > 30 dB, highlighting that suffi-
cient energy provisioning can partly offset the limita-
tions imposed by short packets.

Unlike Figure [3] which emphasized the impact of «,
this figure focuses solely on the coding dimension and
shows that proper selection of blocklength—tailored to

Fig. 3: Average BLER and overall average BLER versus time
switching ratio a for different transmit power levels of
PB, with m = 3.

system power and reliability requirements—is crucial
in URLLC and energy-constrained applications.

Figure [p] presents a three-dimensional surface plot of
the overall average BLER as a function of both block-
length (L. = L,) and the time-splitting ratio «, with
fixed system parameters m = 2 and p = 20 dB.

The surface clearly exhibits a convex structure with
respect to both variables. As the blocklength increases,
the BLER decreases due to improved channel coding
efficiency, consistent with the finite blocklength anal-
ysis from Eq. . Simultaneously, varying o reveals
a classic trade-off: a low « results in insufficient har-
vested energy (hence low transmit power), while a high
a leaves little time for data transmission, especially
problematic under short-packet constraints.

(©2026 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 9
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Fig. 5: Overall average BLER versus blocklength L. = £, and
time switching ratio «, with m = 2 and p = 20 dB.

The presence of a well-defined minimum on the sur-
face confirms that a jointly optimal pair (L*,a*) ex-
ists to minimize BLER. Notably, this joint optimal-
ity is not achievable by tuning L or « independently.
Hence, the result emphasizes the need for joint opti-
mization of physical-layer and protocol-level parame-
ters in RSMA systems operating under energy and la-
tency constraints.

Compared to Figures [3] and [ which varied «
or L individually, this figure visualizes the full two-
dimensional interaction and reveals a deeper design
space for low-BLER operation.

Figure [6] illustrates the relationship between the
power allocation coefficient of the common message,
ac, and the average block error rate (BLER) for each
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Fig. 6: Average BLER versus power coefficient (ac), with m = 4

and p = 25 dB.

user in both the common and private streams. The
channel fading parameter is set to m = 4, and the
power beacon transmit power is fixed at p = 25 dB.

Each solid curve represents the average BLER €.,
for the common message decoded by user g, while each
dashed curve corresponds to the private stream BLER
€p,q- As a. increases, more transmit power is allocated
to the common stream, and correspondingly less is re-
served for the private streams.

The results show that €., decreases monotonically
with a. due to improved signal quality for the common
stream. However, this comes at the cost of degrading
€p,q> Which increases sharply as the private streams re-
ceive less power. This reveals a fundamental trade-off
in power domain RSMA: improving common stream
reliability inherently limits the performance of the pri-
vate streams, and vice versa.

Notably, the crossing points between common and
private stream BLER curves suggest that neither ex-
treme (a. = 0 or a. =~ 1) is optimal from a total system
reliability perspective. This observation motivates the
design of optimal power splitting strategies for RSMA
under finite blocklength constraints and highlights the
importance of adaptive allocation policies.

Figure [7]illustrates the impact of blocklength on the
overall system goodput under different configurations
of power allocation coefficient a. and time-splitting ra-
tio «, with fixed channel conditions m = 3 and a rela-
tively low PB transmit power p = 7 dB.

In all scenarios, the goodput increases monotonically
with blocklength, reflecting improved reliability and re-
duced block error rate, as indicated in Eq. (27]). How-
ever, the rate of growth varies significantly depending
on the values of a. and . When both a. and « are
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small (e.g., a. = 0.2, a = 0.2), the goodput remains
low due to insufficient power for both common stream
and energy harvesting.

Conversely, the configuration a. = 0.5, « = 04
yields the highest goodput across the entire blocklength
range. This combination provides a balanced alloca-
tion between the common and private messages, while
ensuring sufficient harvested energy. This result aligns
with earlier observations in Figures[5] and [6] where the
trade-offs between power and time resources were evi-
dent.

Notably, the curve saturates beyond L ~ 700, in-
dicating diminishing returns in goodput improvement.
This behavior highlights the need to carefully select
blocklength values to balance reliability and latency,
especially in low-power RSMA-enabled systems oper-
ating under tight resource constraints.

It is also worth noting that if the PB transmit power
increases beyond the baseline of p = 7 dB, the access
point harvests more energy and transmits with higher
power, thereby improving decoding reliability and over-
all goodput. Nevertheless, the improvement tends to
saturate once the BLER becomes very low, since the
finite blocklength constraint and protocol overhead im-
pose inherent limits on throughput. This trend is con-
sistent with the typical behavior of wireless-powered
short-packet systems operating under stronger energy
supply conditions.

The numerical findings reveal that the power alloca-
tion coefficient a. plays a pivotal role in balancing re-
liability between the common and private streams. A
moderate allocation (e.g., a. =~ 0.5) ensures fair decod-
ing performance across users while maximizing overall
throughput. Furthermore, the packet-related param-
eters (L, Lp) jointly determine the reliability—latency
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trade-off, where increasing blocklength enhances relia-
bility but prolongs transmission delay. Hence, the op-
timal configuration of (a., a, L) offers the best compro-
mise between energy efficiency, latency, and goodput,
confirming the flexibility of the proposed RSMA-FBL
framework.

To further validate the superiority of RSMA, a di-
rect comparison with the baseline NOMA (a. = 0) and
OMA schemes was conducted under identical EH and
blocklength conditions. The results reveal that RSMA
consistently achieves lower BLER and higher goodput
across all considered configurations. Specifically, the
average BLER of RSMA at a. ~ 0.5 is nearly one or-
der of magnitude lower than that of NOMA, corre-
sponding to roughly 25-30% reduction in error proba-
bility, as observed in Figure 6. Moreover, the goodput
in Figure 7 exhibits about 20-25% improvement com-
pared with NOMA and substantially exceeds OMA due
to RSMA’s higher spectral efficiency. These findings
confirm that the proposed PB-EH-FBL RSMA frame-
work ensures superior reliability—latency trade-offs and
stronger robustness for short-packet IoT systems.

5. Conclusion

This paper investigated the finite blocklength per-
formance of a downlink rate-splitting multiple access
(RSMA) system powered by wireless energy harvesting
from a dedicated power beacon. A double Nakagami-
m fading model was adopted to jointly capture the
randomness in the energy harvesting and information
transmission links. Closed-form expressions for the
block error rate (BLER) and goodput were derived us-
ing Meijer-G functions, and asymptotic analysis was
carried out in the high-SNR regime to gain additional
insight.

The numerical results validated the analytical frame-
work and demonstrated the trade-offs among key sys-
tem parameters such as power allocation, blocklength,
and time-splitting ratio. In particular, the existence
of optimal configurations in «, a., and L was shown to
be critical for minimizing BLER and maximizing good-
put. Moreover, the study confirmed the effectiveness
of RSMA in improving link reliability and flexibility
under short-packet and energy-constrained scenarios.

Future work may extend this framework to multi-
antenna (MIMO) transceivers, where RSMA'’s spatial-
domain flexibility can further enhance reliability and
throughput under finite blocklength transmission.
However, such an extension introduces additional chal-
lenges such as matrix-based SIC design, channel esti-
mation errors, and power-coupled EH non-linearities
across antennas. Adapting the present analysis to
MIMO settings is therefore an important yet non-
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trivial step toward realizing practical RSMA-enabled
short-packet IoT systems.
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