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Abstract—Terahertz (THz) communication has received much
attention recently for its large bandwidth availability, high
data-rate transmission and alleviating the spectrum shortage,
and it can meet the requirements of Internet of Things with
large system capacity and networking capability. In this paper,
the performance of multi-antenna THz communication systems
with rate-splitting multiple access (RSMA) under the hardware
impairments and imperfect successive interference cancelation
(SIC) are investigated, where the THz channel is modeled as
a composite fading channel including the molecular absorption
effects, misalignment fading and small-scale α−µ fading. Taking
the hardware impairments and imperfect SIC into account, the
probability density function and cumulative distribution function
of the effective channel gain are derived. A joint zero-forcing and
maximum ratio transmission beamforming design is employed
to eliminate the interference among devices. Then, with the
performance analysis, the closed-form outage probability (OP)
and diversity gain of the system are respectively deduced. By
minimizing the OP, a closed-form power allocation (PA) scheme
is proposed to adjust the PA coefficients between the common
stream and private streams, and resultant lower OP is attained.
Moreover, the closed-form expression of the ergodic sum rate
(ESR) is derived by means of Fox-H function and the Meijer-
G function. With this ESR expression, the asymptotic ESR
at high signal to noise ratio (SNR) is also provided to gain
further insights. Furthermore, a simple upper bound of the ESR
is derived for performance evaluation based on the Jensen’s
inequality. Simulation results show that the theoretical analysis
is effective, and the proposed PA scheme can obtain lower OP.
Besides, the impact of different system and fading parameters
on the performance are also analyzed.

Index Terms—THz communication, rate-splitting multiple ac-
cess, outage probability, ergodic rate, power allocation, hardware
impairment.

I. INTRODUCTION

As one of the key technologies meeting the requirements for
6G, Terahertz (THz) communication is gradually becoming the
focus of both scientific research and industry due to its unique
technical principles and broad application prospects, and it can
provide large bandwidth and high-speed transmission rate to
support prospective 6G scenarios from space to ground and
from macro-scale to nano-scale [1]. Specifically, this tech-
nology transmits information by modulating electromagnetic
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waves in the THz band, utilizing its abundant bandwidth
resources. Theoretically, it can achieve data transmission rates
of up to several Gbps or even tens of Gbps, providing strong
support for high-speed data transmission. Thus, it can meet
the requirements of large system capacity and networking
capabilities for Internet of Things (IoT) [2] [3]. Meanwhile,
due to the significant propagation attenuation of THz waves
in the air, it limits their transmission distance, but also brings
high communication security as the signals are not easily
intercepted over long distances. The application fields of THz
communication technology will be extensive and profound [4].

On the other hand, as a promising multiple access technique
in future 6G communication, rate-splitting multiple access
(RSMA) has high spectrum efficiency, enables dynamic re-
source allocation at the physical layer, and allows multiple
users to share the same communication channel while main-
taining their respective data transmission rates. The core idea
of RSMA is to split the transmission rate of the channel into
multiple sub-rates, each corresponding to a user’s data stream,
thereby enabling multiple users to access the same channel
simultaneously without interference. The advantages of RSMA
lie in its flexibility and high efficiency. Compared to traditional
multiple access technologies, RSMA can dynamically adjust
each user’s transmission rate based on the users’ demands and
channel conditions, optimizing spectrum utilization. Further-
more, RSMA can reduce the channel interference and improve
the system stability and reliability [5]. According to the above
analysis, considering the high bandwidth and low latency char-
acteristics of THz communication, as well as high resources
utilization and multiuser support capabilities of RSMA, the
THz communication and RSMA can be effectively combined
to improve the overall system performance by utilizing their
complementary advantages. Moreover, their combination can
meet the requirements of high bandwidth, low latency, multi-
user access and scalability of the communication systems,
and thus provide effective support for the development and
application of IoT networks.

A. Related Work

1) Performance of RSMA communication systems: There
have been some studies on the performance analysis of RSMA
and/or THz communication systems. For RSMA communi-
cation systems, the outage performance of a RSMA-assisted
semi-grant-free transmission system was studied in [6]. In con-
junction with cognitive radio techniques, the transmit power
allocation, target rate allocation and successive interference
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cancelation decoding order of admitted grant free users (G-
FUs) were jointly optimized to maximize the reachable rate
of GFUs. Meanwhile, theoretical and asymptotic expressions
for the outage probability (OP) of the GFUs were derived. The
authors in [7] investigated the performance of RSMA in finite
block length uplink communication system, and the results
showed that RSMA can outperform non-orthogonal multiple
access scheme in terms of throughput and error probability
performance. The outage performance of the millimeter-Wave
(mmWave) RSMA multiple-input-single-output system with
a fixed-located user and a randomly-located user was inves-
tigated in [8], where two beamforming (BF) schemes were
proposed to improve the reliability of the mmWave RSMA
system.

2) Performance of THz communication systems: For the
THz communication systems, the performance analysis has
also been addressed. In [9], the THz channels model in
the presence of pointing errors and small-scale fading was
presented, where the theoretical expressions for OP, average
channel capacity and symbol error rate (SER) were derived
along with the impact on system performance. The authors in
[10] studied the performance of THz communication systems
with hardware impairments and derived theoretical average
signal-to-noise ratio (SNR), ergodic capacity and average bit
error rate (BER) for the performance evaluation. In [11], the
outage performance of the THz communication system with
antenna misalignment and phase noise (PHN) was addressed,
where the adverse effects of antenna misalignment and PHN
on the system performance were revealed. In [12], the THz
communication in the presence of pointing error and random
foggy conditions was considered. By the performance analysis,
the theoretical and approximate expressions for the SER and
ergodic channel capacity were derived, respectively. In [13],
the channel characterization and capacity analysis for THz
communication-enabled smart rail mobility was addressed.
In terms of the realistic channel information, the channel
capacity of THz communication was derived, and the re-
sults provided valuable insights for the system evaluation in
THz communication-enabled smart rail mobility. In [14], a
Terahertz/free space optical (THz/FSO) wireless transmission
system was presented, and the theoretical expressions for
OP, BER and average channel capacity were deduced for
the performance evaluation. Due to the high propagation
attenuation of THz waves in air, it is important to combine
with other techniques to enhance the THz communication
performance. In [15], the performance of a dual-hop relay
THz communication system considering fading and pointing
error is investigated, where the OP, BER and average channel
capacity of the system were analyzed. The results indicated
that the dual-hop relay scheme has better performance than
the single THz link. The performance of data collection from
an IoT network located in hard-to-reach areas was analyzed
considering the hybrid mmWave/FSO/THz backhaul link in
[16], and the OP and BER performances of the integrated link
that comprises the IoT and backhaul link were evaluated. In
[17], the performance of an active reconfigurable intelligent
surface-assisted mixed radio frequency-terahertz relaying sys-
tem was investigated considering the amplify-and-forward and

decode-and-forward protocols for the relay, and the theoretical
OP, average BER, and average channel capacity were deduced
for the evaluation.

3) Performance of RSMA-aided THz communication sys-
tems: The above works did not consider the superiority of
RSMA. For this reason, the authors in [18] provided a unified
framework analysis of the RSMA-aided THz (RSMA-THz)
system based on a spherical stochastic model and proposed
a precoding weighted design method with zero-forcing and
maximum ratio transmission for suppressing the interference.
Also, the user’s OP and the throughput of the system were
deduced, where the complex Gaussian fading was used to
model the small-scale fading of the THz composite channels,
and the practical misalignment fading was neglected for conve-
nient analysis. Besides, by using the salp swarm algorithm, the
authors in [19] optimized the energy efficiency of an intelligent
reflective surface-assisted multiuser RSMA-THz system, and
the resultant system performance was effectively increased.

B. Motivation, Contribution, and Organization
According to the analysis above, the performance analysis

for RSMA/THz communication systems is well addressed,
but the related work on the RSMA-THz is less studied,
especially in the presence of the hardware impairment (HWI)
or imperfect successive interference cancelation (SIC). To
the best of our knowledge, the performance of RSMA-THz
systems with the HWI and imperfect SIC is not studied. In
practice, the hardware impairments will be unavoidable due
to the IQ imbalance, nonlinear amplification, phase noise, etc
[20] [21] [10]. Besides, the SIC may be incomplete because
of the channel fading or the improper resource allocation [22]
[23]. Hence, it is of practical significance to take HWIs and
imperfect SIC into account when analyzing the performance of
RSMA-THz communication systems. Furthermore, the more
general composite THz channel including small-scale α − µ
fading, misalignment fading and molecular absorption effects
is not considered.

Based on the above literature survey, we will investigate
the performance of multi-antenna RSMA-THz communication
system with the HWIs and imperfect SIC, and model the THz
fading channel by using the composite channel with α − µ
fading and misalignment fading as well as molecular absorp-
tion effects in practice. Considering the actual HWIs at the
transmitter and the receiver as well as imperfect SIC, we derive
the closed-form expression of the OP and the corresponding
power allocation (PA), and further derive the ergodic sum rate
(ESR) of the system and its asymptotic expression as well as
upper bound for the performance analysis and evaluation. The
main contributions of this paper are summarized as follows:

1) By considering the molecular absorption effects, mis-
alignment fading and small-scale α− µ fading in practice for
THz channel model, we investigate the OP and ergodic rate
performance of multi-antenna THz communication systems
with RSMA in the presence of transceiver hardware impair-
ment and imperfect SIC. The probability density function
(PDF) and the cumulative distribution function (CDF) of
effective channel gains are firstly derived for the performance
analysis. As a result, closed-form expressions can be attained.
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2) With the results above, we analyze the OP of the system
for the performance evaluation and optimization. Correspond-
ingly, the closed-form OP expression is deduced. Based on
this, the asymptotic OP at high SNR is also derived, and
resultant diversity gain of the system is attained. Besides, the
PA coefficients of common stream and private streams are
designed by minimizing the system OP. As a result, the closed-
form PA scheme is attained. With this PA scheme, the system
can achieve lower OP than the conventional fixed PA scheme.

3) By means of Fox-H and the Meijer-G functions, we
derive the closed-form expressions of the ESR for the per-
formance evaluation. With these expressions, the asymptotic
ESR at high SNR is provided to gain the insights. By using the
Jensen’s inequality, the upper bound of ESR is also derived for
simplifying the calculation of ESR. Besides, when the small-
scale fading follows Nakagami-m fading (which corresponds
to α = 2), the closed-form ESR and its upper bound are
also derived for performance analysis. The derived theoretical
OP and ESR expressions can include the ones under perfect
transceiver hardware and perfect SIC as special cases.

4) Simulation results show that the theoretical analysis
ia valid, and can agree the corresponding simulation well.
Moreover, with the proposed PA scheme, a lower OP can
be attained, as expected. Furthermore, the impact of antenna
number, small-scale fading parameters, misalignment fading
parameter, hardware impairment level, and interference trans-
fer factor on the system performance are also analyzed for the
system optimization and design.

The remainder of the paper is organized as follows. Section
II presents the system model for the RSMA-THz communi-
cation system. In Section III, the system OP is analyzed and
derived, and an adaptive PA scheme is developed to minimize
the OP. Section IV analyzes the ESR of the system, where the
ESR and its upper bound are deduced. Simulation results are
offered in Section V, and the main conclusions are drawn in
Section VI.

Notations: matrix and vector are represented by using the
boldface upper and lower case symbols, respectively. (·)H
denotes conjugate transpose. ∥·∥ and |·| stand for the 2-norm
and absolute value, respectively. CN (a, b) denotes complex
Gaussian distribution, whose expectation is a and variance is b.
E [·] and diag(·) represent the expectation and diagonalization
operator, respectively

II. SYSTEM MODEL

As illustrated in Fig. 1, we consider a multi-antenna RSMA-
THz communication system, including a base station (BS) with
N antennas and K user devices (UDs) with single antenna.
The BS transmits the information to all UDs via the RSMA
scheme. The channel matrix is denoted as H = [h1, ...,hK ] ∈
CN×K , where hk ∈ CN×1 is the channel vector from BS
to device k (i.e. Uk). For multi-device RSMA-THz systems,
there are K messages {Wk, 1 ≤ k ≤ K} sent to K devices
{Uk, 1 ≤ k ≤ K}. The message Wk of device k is divided
into two parts, namely the common part Wc,k and the private
part Wp,k, where Wc,k is encoded into the common stream
sc and Wp,k is encoded into the private stream sk separately,

which satisfy E
[
|sc|2

]
= E

[
|sk|2

]
= 1. The common stream

sc can be decoded by all UDs, while the private stream sk can
only be decoded by the corresponding device Uk.
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Fig. 1. RSMA-THz system model.

According to the RSMA scheme, the transmit signal after
beamforming at BS can be given by

s =
√
acPswcsc +

∑K
k=1

√
akPswksk, (1)

where Ps is is the transmit power of BS, ac is the PA coeffi-
cients of the common stream and ak is the PA coefficients of
the private stream sent to the Uk, satisfying ac+

∑K
k=1 ak = 1.

wc ∈ CN×1 and wk ∈ CN×1 are the BF vectors for common
and private stream, respectively. The BS sends the composite
signal to each device, which is multiplied by the corresponding
transmit BF vector before being sent to the device, and then
the device employs the SIC scheme for decoding. Based on
this, the received signal at Uk can be written as

yk = hH
k

(√
acPswcsc +

∑K
k=1

√
akPswksk + κs

)
+κk + nk,

(2)

where κs is the HWI vector at the transmitter and its i-th
element κs,i ∼ CN(0, Psτ

2
s ), and κk ∼ CN(0, Ps||hk||2τ2k )

is the HWI at the receiver, where τs and τk are the level
parameters of HWIs at the transmitter and receiver respectively
[20] [21] [10]. nk ∼ CN(0, σ2

k) is the complex gaussian noise
at Uk and σ2

k is the variance of the noise. For the sake of
generality, it is assumed that the noise variances are the same
at all UDs, i.e. σ2

k = σ2.
The THz channel experiences path loss, molecular ab-

sorption effects, misalignment fading and small-scale fading.
Correspondingly, the channel vector hk ∈ CN×1 can be
expressed as [10], [18]

hk = hL,kgk =
c
√
GsGk

4πfdk
exp (−κabs(f)dk/2)gk, (3)

where hL,k is path gain, including free-space path loss and
molecular absorption loss. gk ∈ CN×1 includes misalignment
fading and small-scale fading. dk is the distance between the
BS and Uk. Gt and Gr represent the transmit and receive
antenna gain, respectively. c is the speed of light, and f is
the frequency. κabs (f) is the molecular absorption coefficient,
indicating the energy of electromagnetic waves absorbed by
the molecules of the medium, which is related to relative
humidity, atmospheric pressure and temperature.
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γk
c =

acγ0h
2
L,k

∣∣gH
k wc

∣∣2
akγ0h2

L,k

∣∣gH
k wk

∣∣2 +∑j=K
j=1,j ̸=k ajγ0h

2
L,k

∣∣gH
k wj

∣∣2 + γ0h2
L,k∥gk∥2(τ2s + τ2k ) + 1

, (4)

With (2), the effective signal to interference plus noise ratio
(SINR) for Uk decoding sc can be deduced as (4), which is
shown at the top of this page, where the SNR γ0 = Ps/σ

2.
After decoding the common stream sc, each device uses
the SIC scheme to decode the corresponding private stream.
Considering the effect of imperfect SIC, the SINR for Uk

decoding sk can be given by

γk
p =

akγ0h
2
L,k|gH

k wk|2
K∑

j ̸=k

ajγ0h2
L,k|gH

k wj|2+γ0h2
L,k∥gk∥2(τ2

s+τ2
k)+γ0h2

L,k|gH
k wc|2δac+1

.

(5)
where δ ∈ [0, 1] is the interference transfer factor [22] [23].
When δ = 0, which corresponds to ideal SIC case, the
information will be decoded correctly.

According to [18], we present a BF matrix W =

G
(
GHG

)−1
U = [w1,w2, ...,wK ] ∈ CN×K , where G =

[g1,g2, ...,gK ] and U = diag (∥g1∥ , ∥g2∥ , ..., ∥gK∥). Each
column in the BF matrix W represents the BF vector wk for
each device’s private stream sk, and the common stream BF
vector wc is designed as wc =

∑K
k=1 wk . According to the

above design, we can obtain |gkwc|2 = ∥gk∥2,
∣∣gH

k wk

∣∣2 =

∥gk∥2,
∣∣gH

k wj

∣∣2 = 0, 1 ≤ j ≤ K and j ̸= k.
Therefore, with the results above, the devices’ interference

can be removed, and the corresponding equations (4) and (5)
can be respectively reduced as

γk
c =

acγ0h
2
L,k∥gk∥2

γ0h2
L,k∥gk∥2 (ak +∆k) + 1

, (6)

and γk
p =

akγ0h
2
L,k∥gk∥2

γ0h2
L,k∥gk∥2(∆k + δac) + 1

, (7)

where ∆k = τ2s + τ2k . When τ2s = τ2k = 0, which corresponds
to the perfect transceiver hardware, the above two equations
are reduced to the (6) in [18]. Besides, when δ = 0, they are
reduced to the ones under the perfect SIC. Thus, the above
equations include some existing expressions as special cases.

III. OUTAGE PROBABILITY AND PA SCHEME

In this section, we will analyze the outage performance
of the multi-antenna RSMA-THz system in the presence of
hardware impairments and imperfect SIC, and derive the PA
scheme to minimize the OP. Firstly, we derive the PDF and
CDF of the effective channel gains, and then, we derive the
OP for the performance analysis and optimization.

For sake of performance analysis, according to [24], the
pointing error of each antenna link can be considered to be the
same, i.e., the misalignment fading for each antenna link is the
same. The gain of the small-scale fading of the channel of the
THz link has the statistical characteristics of generalized and
easily handled α−µ fading, which is experimentally validated
with excellent fitting accuracy in [25]. On a THz receiver, the

sum of N random variables with α − µ distribution can also
be well approximated with a single α − µ random variable
[26]. Thus, we have:

∥gk∥2 = h2
p,k

∑N
n=1 |hf,k,n|2 = h2

p,kTk, (8)

where hp,k is the misalignment coefficient between the BS
and Uk, Tk =

∑N
n=1 |hf,k,n|2, hf,k,n is the small-scale fading

coefficient between the n-th antenna of BS and Uk, and it is
modeled as generalized α−µ distribution [27]. Thus, the PDF
of |hf,k,n| can be written as

f|hf,k,n|(x) =
αµµk

k xαµk−1

ĥαµk

f Γ(µk)
exp

(
−µk

xα

ĥα
f

)
, (9)

where α is the fading parameter, µk is the normalized variance
of fading channel envelope, and ĥf is α-root mean value
of channel envelope. Γ(·) is the gamma function. According
to [26] [27], Tk can be well approximated with a single
α−µ random variable by using the moment-based estimators.
Namely, the new α̂ and µ̂ can be attained by solving the
following two equations.

Γ2(µ̂+ 2
α̂ )

Γ(µ̂)Γ(µ̂+ 4
α̂ )−Γ2(µ̂+ 2

α̂ )
= E2(Tk)

E(T 2
k )−E2(Tk)

,

Γ2(µ̂+ 4
α̂ )

Γ(µ̂)Γ(µ̂+ 8
α̂ )−Γ2(µ̂+ 4

α̂ )
=

E2(T 2
k )

E(T 4
k )−E2(T 2

k )
,

(10)

where E[T i
k] can be calculated as [26]

E[T i
k] =

i∑
i1=0

i1∑
i2=0

· · ·
iN−2∑

iN−1=0

(
i
i1

)(
i1
i2

)
· · ·
(

iN−2

iN−1

)
×E

[
ρ
2(i−i1)
k,1

]
E
[
ρ
2(i1−i2)
k,2

]
· · ·E

[
ρ
2iN−1

k,N

]
,

(11)
where ρk,i = |hf,k,i|, i = 1, ..., N . The equations (10) above
can be solved by means of the Matlab toolbox. With the
obtained α̂ and µ̂, the parameter ĥf is updated as [26] [27]

h̃f =
√
µ̂2/α̂Γ(µ̂)E[Tk]/Γ(µ̂+ 1/α̂). (12)

Hence, based on the obtained α̂, µ̂ and h̃f , the PDF of Tk

can be derived as

fTk
(x) =

α̂µ̂µ̂k

k xα̂µ̂k/2−1

2h̃α̂µ̂k

f Γ(µ̂k)
exp

(
−µ̂k

xα̂/2

h̃α̂
f

)
, (13)

Besides, the PDF of h2
p,k is given by [28]

fh2
p,k

(x) =
1

2
ξ2kA

−ξ2k
0 x

ξ2k
2 −1, 0 ≤ x ≤ A2

0, (14)

where A0 and ξk are the parameters of misalignment fading,
respectively [28] [15].

Copyright © 2025 Institute of Electrical and Electronics Engineers (IEEE). Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future 
media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted 
component of this work in other works (see: https://journals.ieeeauthorcenter.ieee.org/become-an-ieee-journal-author/publishing-ethics/guidelines-and-policies/post-publication-policies/).

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. 
Citation information: DOI 10.1109/JIOT.2025.3565925, IEEE Internet of Things Journal



Using (13) and (14), the PDF of ∥gk∥2 = h2
p,kTk can be

derived as

f∥gk∥2(x) = ∫A
2
0

0
1
yfTk

(
x
y

)
fh2

p,k
(y)dy

= 1
2

ξ2k

A
ξ2
k

0

α̂
2Γ(µ̂k)

(
µ̂k

h̃α̂
f

)µ̂k

x
α̂µ̂k
2 −1

×∫A
2
0

0 exp

(
− µ̂k

h̃α̂
f

(
x
y

) α̂
2

)
y

ξ2k
2 − α̂µ̂k

2 −1dy.

(15)

Let z = µ̂k

h̃α̂
f

(
x
y

) α̂
2

, then the PDF of ∥gk∥2 is given by

f∥gk∥2 (x) = 1
2

ξ2k

A
ξ2
k

0

1
Γ(µk)

(
µ̂k

h̃α̂
f

)ξ2k/α̂

x
ξ2k
2 −1

×∫∞µ̂k
h̃α̂
f

( x

A2
0
)
α̂
2
exp (−z) z−

ξ2k
α̂ +µ̂k−1dz

= 1
2

ξ2k

Aξ2

0

1

Γ(µ̂k)

µ̂
ξ2k
α̂

k

h̃
ξ2k
f︸ ︷︷ ︸

Ak

x
ξ2k
2 −1Γ(−ξ2k

α̂
+ µ̂k︸ ︷︷ ︸

Bk

,
µ̂k

h̃α̂
f

A−α̂
0︸ ︷︷ ︸

Ck

x
α̂
2 )

= 1
2Akx

ξ2k
2 −1Γ

(
Bk, Ckx

α
2

)
,

(16)

where Ak =
ξ2k

(A0h̃f )
ξ2
k

1
Γ(µ̂k)

µ̂
ξ2k
α̂

k , Bk = µ̂k− ξ2k
α̂ , Ck = µ̂k

h̃α̂
f

A−α̂
0 .

Γ(s, x) =
∫∞
x

e−tts−1dt is the upper incomplete gamma
function [29]. With (16), the CDF of ∥gk∥2 can be written
as

F∥gk∥2(x) =
∫ x

0
f∥gk∥2(y)dy

=
∫ x

0
1
2Aky

ξ2k
2 −1Γ(Bk, Cky

α̂
2 )dy.

(17)

Let ν = Cky
α̂
2 , and according to ∫ xa−1Γ(s, x)dx =

(xaΓ(s, x)− Γ(s+ a, x)) /a [30], then the CDF of ∥gk∥2 is
derived as

F∥gk∥2(x) = 1
α̂AkC

− ξ2k
α̂

k

∫ Ckx
α̂
2

0
ν

ξ2k
α̂ −1Γ(Bk, ν)dν

= Ak

ξ2k
x

ξ2k
2 Γ(Bk, Ckx

α̂
2 ) + Υ(µ̂k,Ckx

α̂
2 )

Γ(µ̂k)
,

(18)

where Υ(s, x) =
∫ x

0
e−tts−1dt is the lower incomplete gamma

function [29].
Besides, when α = 2, the small-scale α − µ fading is

transformed into the Nakagami-m fading [27]. Thus, when the
small-scale channel hf,k,n follows Nakagami-m fading, the
corresponding CDF and PDF of ∥gk∥2 can be respectively
reduced as

F∥gk∥2(x) =
Ãk

ξ2k
x

ξ2k
2 Γ(B̃k, C̃kx) +

Υ(Nmk, C̃kx)

Γ(Nmk)
, (19)

and f∥gk∥2(x) =
1

2
Ãkx

ξ2k
2 −1Γ

(
B̃k, C̃kx

)
, (20)

where mk is the fading parameter of Nakagami-m fading,

Ãk =
ξ2k

A
ξ2
k

0

1
Γ(Nmk)

m
ξ2k/2

k

ĥ
ξ2
k

f

, B̃k = Nmk − ξ2k
2 , C̃k = mk

ĥ2
f

A−2
0 .

A. Outage Probability

Since the BS uses the RSMA scheme to transmit the
composite signal of all device’s common part and private part,
each device decodes the common stream sc firstly, and then
use the SIC scheme to decode the private stream sk. When
the device’s target rate is determined by the device’s quality
of service, the OP is an important criterion for the system
evaluation. The device’s outage event can be described as: 1)
Uk cannot decode sc correctly; 2) Uk can decode sc correctly,
but cannot decode sk correctly. For simplifying the calculation
of OP, the outage event can be represented by its complement
events. Namely, if and only if both the common stream and the
corresponding private stream are successfully decoded by Uk,
the communication event between BS and Uk can happen. In
other words, if only one of γk

c and γk
p is below their respective

thresholds, the link between BS and Uk will interrupt, and
correspondingly, the outage event happens. Thus, the OP of
Uk is defined as

OPUk
= 1− Pr

(
γk
c ≥ γth

c , γk
p ≥ γth

k

)
(21)

where γth
c = 2R

th
c − 1, γth

k = 2R
th
k − 1, Rth

c and Rth
k are

the target rate of the common stream and the private stream
separately.

According to (21), using (6) and (7), the OP of Uk can be
derived as

OPUk
=

{
F∥gk∥2 (ϑk) , γth

c < ac

ak+∆k
and γth

k < ak

∆k+δac

1, else
(22)

where ϑk = max
(
γ̂th
c,k, γ̂

th
k

)
, γ̂th

c,k =
γth
c

(ac−γth
c (ak+∆k))γ0h2

L,k
,

γ̂th
k =

γth
k

(ak−γth
k (∆k+δac))γ0h2

L,k

.

Substituting equation (19) into (22), the closed-form expres-
sion of OPUk

in RSMA-THz communication system can be
given by (23), which is shown at the top of next page,

If any one device’s communication happens to interrupt,
the system will interrupt. Thus, the OP of the system can be
expressed as (24), which is shown at the top of next page.

Similarly, the OP of the system over Nakagami fading chan-
nels can be deduced as for γth

c < ac

ak+∆k
and γth

k < ak

∆k+δac
,

OPsys = 1−
∏K

k=1

(
Γ(Nmk,C̃kϑk)

Γ(Nmk)
− Ãk

ξ2k
ϑ

ξ2k
2

k Γ(B̃k, C̃kϑk)

)
,

and else, OPsys = 1.

B. Diversity gain

In this subsection, we give an asymptotic analysis of OP at
high SNR, and then derive the diversity gain. With (23), we
can obtain

OPUk
= Ak

ξ2k
ϑ

ξ2k
2

k Γ(Bk, Ckϑ
α̂
2

k ) +
Υ(µ̂k,Ckϑ

α̂
2
k )

Γ(µ̂k)

= Ak

ξ2k
(φkγ

−1
0 )

ξ2k
2 Γ(Bk, Ck(φkγ

−1
0 )

α̂
2 )

+
Υ(µ̂k,Ck(φkγ

−1
0 )

α̂
2 )

Γ(µ̂k)
,

(25)

where φk = max(
γth
c h−2

L,k

ac−γth
c (ak+∆k)

,
γth
k h−2

L,k

ak−γth
k (∆k+δac)

).
Using Eq.(8.354.1) in [29] for Υ(s, x), we have: Υ(s, x) ≈

xs/s for very small x. Correspondingly, Γ(s, x) = Γ(s) −
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OPUk
=

 Ak

ξ2k
ϑ

ξ2k
2

k Γ(Bk, Ckϑ
α̂
2

k ) +
Υ(µ̂k,Ckϑ

α̂
2
k )

Γ(µ̂k)
, γth

c < ac

ak+∆k
and γth

k < ak

∆k+δac

1, else
(23)

OPsys = 1− (1−OPU1) (1−OPU2) ... (1−OPUK
)

=

 1−
K∏

k=1

Γ

(
µ̂k,Ckϑ

α̂
2
k

)
Γ(µ̂k)

− Ak

ξ2k
ϑ

ξ2k
2

k Γ
(
Bk, Ckϑ

α̂
2

k

), γth
c < ac

ak+∆k
and γth

k < ak

∆k+δac

1, else

(24)

Υ(s, x) ≈ Γ(s)−xs/s. Substituting the above approximations
for Υ(s, x) and Γ(s, x) into (25) yields the asymptotic OP of
device k as

OP asy,∞
Uk

= AkΓ(Bk)
ξ2k

φ
ξ2k
2

k γ
− ξ2k

2
0 − ξ2kC

µ̂k
k φ

α̂µ̂k
2

k

α̂Γ(µ̂k+1)Bk
γ

−α̂µ̂k
2

0 .

(26)
With (26), we can derive the diversity gain for device k as

Gc,k = − lim
γ0→∞

log(OPasy,∞
Uk

)

log(γ0)
= min{ ξ2k

2 , α̂µ̂k

2 }. (27)

Substituting (26) into (24) gives

OP asy,∞
sys

= 1−
K∏

k=1

(1 +
ξ2kC

µ̂k
k (φkγ

−1
0 )

α̂µ̂k
2

α̂Γ(µ̂k+1)Bk
− AkΓ(Bk)(φkγ

−1
0 )

ξ2k
2

ξ2k
).

(28)
This is an asymptotic OP of the system at high SNR region.

With (28) and (27), by means of the theoretical derivation, the
diversity gain of the system can be given by min

1≤k≤K
{Gc,k}.

Similarly, we can derive the asymptotic OP of the system at
high SNR region for Namkagmi fading channels (i.e, α = 2)
as follows:

OP asy,∞
sys

= 1−
K∏

k=1

(1 +
ξ2kC̃

Nµk
k (φkγ

−1
0 )Nmk

2Γ(Nmk+1)B̃k
− ÃkΓ(B̃k)(φkγ

−1
0 )

ξ2k
2

ξ2k
).

(29)

C. PA scheme

In this subsection, by minimizing the obtained OP above, we
propose an adaptive PA scheme to adjust the PA coefficients
between the common stream and private streams for the outage
performance improvement.

With (24), subject to the sum power constraint, the OP
minimization problem can be formulated as

min
{ac,ak}

J = OPsys = 1−
∏K

k=1(1−OPUk
)

s.t. ac +
∑K

k=1 ak = 1.
(30)

From (30), it is found that minimizing the OPsys can be
realized by minimizing the OP of each private stream. Namely,
by minimizing OPUk

for k = 1, ...,K, the optimal PA can
be attained. With (16), the PDF f∥gk∥2 (x) > 0. Thus, the
CDF F∥gk∥2 (x) is a increasing function on x > 0. Based on
this fact, in terms of (22), minimizing OPUk

is equivalent to
minimizing ϑk. Hence, in what follows, we will calculate the
minimum value of ϑk by solving the PA coefficients {ac, ak}.

Considering that ϑk = max
(
γ̂th
c,k, γ̂

th
k

)
, we need to discuss

two cases for finding the minmum ϑk.
1) When γ̂th

c,k ≥ γ̂th
k , the ϑk = γ̂th

c,k. Correspondingly,
minimizing ϑk is equivalent to minimizing γ̂th

c,k. From γ̂th
c,k =

γth
c

(ac−γth
c (ak+∆k))γ0h2

L,k
, it is found that the smaller ak is,

the smaller γ̂th
c,k is. Since γ̂th

c,k ≥ γ̂th
k , we can obtain that

ak ≥ acγ
th
k

γth
c +γth

k γth
c

. Hence, we can obtain the optimal ak

as acγ
th
k

γth
c +γth

k γth
c

under this case since this value of ak is the
smallest.

2) When γ̂th
c,k ≤ γ̂th

k , the ϑk = γ̂th
k . Correspondingly,

minimizing ϑk is equivalent to minimizing γ̂th
k . From γ̂th

k =
γth
k

(ak−γth
k (∆k+δac))γ0h2

L,k

, it is found that the larger ak is, the

smaller γ̂th
k is. Since γ̂th

c,k ≤ γ̂th
k , we can obtain that ak ≤

acγ
th
k

γth
c +γth

k γth
c

. Hence, the optimal ak is attained as acγ
th
k

γth
c +γth

k γth
c

under this case since this value of ak is the largest.
According to the analysis above, the optimal ak can be

attained as
a∗k =

acγ
th
k (1+δγth

c )

γth
c +γth

k γth
c

. (31)

Substituting (31) into the sum power constraint (30), the
optimal ac is given by

a∗c =
γth
c

γth
c +(1+δγth

c )
∑K

k=1 γth
k /(1+γth

k )
. (32)

Substituting (32) into (31) yields

a∗k =
γth
k (1+δγth

c )

(1+γth
k )[γth

c +(1+δγth
c )

∑K
k=1 γth

k /(1+γth
k )]

. (33)

With (32) and (33), the adaptive PA scheme can
be obtained. Using this PA scheme, the system can
achieve lower OP than that with conventional fixed
PA scheme. Besides, considering the constrain condition-
s γth

c < ac

ak+∆k
and γth

k < ak

∆k+δac
in (23), we can de-

rive the following condition for the PA scheme, that
is, (1 + γth

k )[γth
c + (1 + δγth

c )
∑K

k=1 γ
th
k /(1 + γth

k )](∆k +
δac) < 1 + δγth

c . In other words, when this condition is
met, the PA scheme is valid for decreasing the OP. However,
when this condition is not satisfied, the outage probability will
become one.

IV. ERGODIC RATE ANALYSIS

In this section, we will give the ergodic rate analysis of the
RSMA-THz system with hardware impairment and imperfect
SIC, and derive the ESR of the system for the performance
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analysis. To gain further insights, we derive asymptotic values
of ESR under high SNR region and the upper bound of ESR.
The ergodic rate can provide an effective evaluation of the
transmission data rate over a fading channel.

A. Ergodic sum rate

The achievable rate for Uk decoding the common stream sc
can be expressed as

Rk
c = log2

(
1 + γk

c

)
, (34)

where γk
c is given as (6). Correspondingly, the ergodic rate for

Uk decoding the common stream sc is written as

R̄k
c = E

[
Rk

c

]
. (35)

According to the principle of RSMA scheme, in order to
ensure that all devices can successfully decode the common
stream, the ergodic rate of the common stream needs to satisfy
that R̄c = min

1≤k≤K
R̄k

c in terms of [31]–[34].

The achievable rate for Uk decoding the private stream sk
can be expressed as

Rk
p = log2

(
1 + γk

p

)
, (36)

where γk
p is given as (7). Correspondingly, the ergodic rate for

Uk decoding the private stream sk is written as

R̄k
p = E

[
Rk

p

]
. (37)

Therefore, the ESR of RSMA-THz system is given by [31]

R̄all = min
k∈K

R̄k
c +

∑K

i=1
R̄k

p , (38)

With (16), (34) and (35), the theoretical expression of R̄k
c

in (35) can be derived as

R̄k
c =

∫∞
0

log2

(
1 +

ach
2
L,kγ0x

h2
L,kγ0x(ak+∆k)+1

)
f∥gk∥2(x)dx

= 1
2Ak

∫∞
0

log2

(
1 +

ach
2
L,kγ0x

h2
L,kγ0x(ak+∆k)+1

)
×x

ξ2k
2 −1Γ

(
Bk, Ckx

α̂
2

)
dx.

(39)
Because log2

(
1 + A

B

)
= log2(B + A) − log2(B) and

log2(x) =
ln x
ln 2 , R̄k

c can be further expressed as

R̄k
c = 1

2 ln 2Ak

∫∞
0

ln
(
1 + h2

L,kγ0x (ac + ak +∆k)
)

×x
ξ2k
2 −1Γ

(
Bk, Ckx

α̂
2

)
dx

− 1
2 ln 2Ak

∫∞
0

ln
(
1 + h2

L,kγ0x (ak +∆k)
)

×x
ξ2k
2 −1Γ

(
Bk, Ckx

α̂
2

)
dx.

(40)

Utilizing the equalities ln(1 + x) = G1,2
2,2

[
x

∣∣∣∣ 1, 1
1, 0

]
and Γ(b, cx) = G2,0

1,2

[
cx

∣∣∣∣ 1
0, b

]
[34] [35], the above

equation can be deduced as (41), which is shown at

the top of next page, where Gm,n
p,q

(
{aj}j=1:p

{bj}j=1:q

∣∣∣∣ z) =

1
2πi

∮
L

{∏m
j=1 Γ(bj+s)}{∏n

j=1 Γ(1−aj−s)}
{∏q

j=m+1 Γ(1−bj−s)}{∏p
j=n+1 Γ(bj+s)}z

−sds is the
Meijer-G function [29].

According to the results in [36], we have the following
equation (42), which is shown at the top of next page, where
Ha,b

c,d [· |· ] is the Fox-H function, and defined as [37]

Hm,n
p,q

(
{(aj , αj)}j=1:p

{(bj , βj)}j=1:q

∣∣∣∣ z)
= 1

2πi

∮
L

{∏m
j=1 Γ(bj+βjs)}{∏n

j=1 Γ(1−aj−α̂js)}
{∏q

j=m+1 Γ(1−bj−βjs)}{∏p
j=n+1 Γ(aj+αjs)}z

−sds.

(43)
Hence, the ergodic rate R̄k

c for Uk decoding sc in RSMA-
THz system can be given by

R̄k
c =

1

2 ln 2
Ak[Φ1,k(h

2
L,kγ0(ac + ak +∆k))

−Φ1,k(h
2
L,kγ0(ak +∆k))],

(44)

where Φ1,k(x) is expressed as

Φ1,k(x)

= x− ξ2k
2 H4,1

3,4

(
Ck

x
α̂
2

∣∣∣∣∣ (− ξ2k
2 , α̂

2 ), (1−
ξ2k
2 , α̂

2 ), (1, 1)

(0, 1), (Bk, 1), (− ξ2k
2 , α̂

2 ), (−
ξ2k
2 , α̂

2 )

)
.

(45)
Similarly, the closed-form expression of the ergodic rate R̄k

p

in (37) for Uk decoding the private stream sk can be derived
as

R̄k
p =

1

2 ln 2
Ak[Φ1,k

(
h2
L,kγ0(ak +∆k + δac)

)
−Φ1,k

(
h2
L,kγ0(∆k + δac)

)
].

(46)

Substituting (44) and (46) into (38), the closed-form expres-
sion of the ESR R̄all is given by

R̄all = min
1≤k≤K

[
1

2 ln 2
Ak(Φ1,k(h

2
L,kγ0(ac + ak + τ2s ))

−Φ1,k(h
2
L,kγ0(ak +∆k)))]

+

K∑
k=1

1

2 ln 2
Ak[Φ1,k(h

2
L,kγ0(ak +∆k + δac))

−Φ1,k(h
2
L,kγ0(∆k + δac))].

(47)

It is found that when the SNR γ0 = Ps

/
σ2 approaches

infinity, the ESR R̄all will tend to a fixed value. This is because
when γ0 → ∞, Eq. (6) and (7) will be simplified as

lim
γ0→∞

γk
c =

ac
(ak +∆k)

and lim
γ0→∞

γk
p =

ak
∆k + δac

. (48)

Thus, the asymptotic expression of the ESR at high SNR
region R̄asy,∞

all is attained as

R̄asy,∞
all = lim

γ0→∞
R̄all

= min
1≤k≤K

(
log2(1 +

ac

ak+∆k
)
)
+

K∑
k=1

log2

(
1 + ak

∆k+δac

)
.

(49)
Remark: As shown in (49), when the SNR is very large,

the system ESR tends to be fixed, and is no longer related to
the SNR. This asymptotic ESR only depends on the hardware
impairments parameter as well as interference transfer factor
and the power allocation coefficient of RSMA.
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R̄k
c = 1

2 ln 2Ak

∫∞
0

x
ξ2k
2 −1G1,2

2,2

[
h2
L,kγ0 (ac + ak +∆k)x

∣∣∣∣ 1, 1
1, 0

]
G2,0

1,2

[
Ckx

α̂
2 ,

∣∣∣∣ 1
0, Bk

]
dx

− 1
2 ln 2Ak

∫∞
0

x
ξ2k
2 −1G1,2

2,2

[
h2
L,kγ0 (ak +∆k)x

∣∣∣∣ 1, 1
1, 0

]
G2,0

1,2

[
Ckx

α̂
2 ,

∣∣∣∣ 1
0, Bk

]
dx,

(41)

∫∞
0

τα−1Gs,t
u,v

(
στ

∣∣∣∣ c1, c2, · · · , cu
d1, d2, · · · , dv

)
Gm,n

p,q

(
ωτ r

∣∣∣∣ a1, a2, · · · , ap
b1, b2, · · · , bq

)
dτ

= σ−αHm+t,n+s
p+v,q+u

(
ω
σr

∣∣∣∣ (a1, 1), · · · , (an, 1), (1− α− d1, r), · · · , (1− α− dv, r), (an+1, 1), · · · , (ap, 1)
(b1, 1), · · · , (bm, 1), (1− α− c1, r), · · · , (1− α− cu, r), (bm+1, 1), · · · , (bq, 1)

)
,

(42)

B. Upper bound of ergodic sum rate

In order to simplify the calculation of ESR, we will give the
derivation of a simple upper bound of ESR in this subsection,
where the following Lemma 1 is utilized.

Lemma 1. For the positive numbers A and B, it can be
shown that the function f(x) = log2 (1 +Ax/(1 +Bx)), x ≥
0, is a concave function.

Proof: Please refer to Appendix A.
According to the Jensen’s inequality [38], for a concave

function f(x), we have: E (f (x)) ≤ f (E(x)). Based on this,
we can get

E
(
log2

(
1 +

Ax

Bx+ 1

))
≤ log2

(
1 +

AE (x)

BE (x) + 1

)
.

(50)
Therefore, with (35) and (37), we have:

R̄k
c ≤ log2

1 +
ach

2
L,kγ0E

(
∥gk∥2

)
1 + h2

L,kγ0E
(
∥gk∥2

)
(ak +∆k)

 , (51)

R̄k
p ≤ log2

1 +
akγ0h

2
L,kE

(
∥gk∥2

)
1 + γ0h2

L,kE
(
∥gk∥2

)
(∆k + δac)

 .

(52)
To facilitate derivation, the Lemma 2 is also introduced.

Lemma 2. For the positive numbers {bk} and {ck}, k =
1, ...K, if bk ≤ ck for k = 1, ...K, then we have: min

1≤k≤K
bk ≤

min
1≤k≤K

ck.

Proof: Please refer to Appendix B.
Considering that R̄c = min

1≤k≤K
R̄k

c , using the Lemma 2 and

(51), we can obtain the upper bound of R̄k
c as

R̄c = min
1≤k≤K

R̄k
c

≤ min
1≤k≤K

log2

1 +
ach

2
L,kγ0E

(
∥gk∥2

)
1 + h2

L,kγ0E
(
∥gk∥2

)
(ak +∆k)

 .

(53)
According to (38), the upper bound of the ESR of the

RSMA-THz system can be given by

R̄all ≤ R̄upper
all = min

1≤k≤K
log2

(
1 +

ach
2
L,kγ0E(∥gk∥2)

1+h2
L,kγ0E(∥gk∥2)(ak+∆k)

)
+

K∑
i=1

log2

(
1 +

akγ0h
2
L,kE(∥gk∥2)

1+γ0h2
L,kE(∥gk∥2)(∆k+δac)

)
,

(54)
where E

(
∥gk∥2

)
can be calculated by using (16), i.e.,

E
(
∥gk∥2

)
=
∫∞
0

xf∥gk∥2 (x) dx

= 1
2Ak

∫∞
0

x
ξ2k
2 Γ(Bk, Ckx

α̂
2 )dx.

(55)

Let Ckx
α̂
2 = y, using

∫∞
0

xa−1Γ (b, x) dx = (Γ (a+ b))/a,
then the above equation can be further expressed as

E
(
∥gk∥2

)
= 1

α̂

(
1
Ck

) 2+ξ2k
α̂

Ak

∫∞
0

y
2+ξ2k−α̂

α̂ Γ(Bk, y)dy

=
(

1
Ck

) 2+ξ2k
α̂

Ak
Γ( 2

α̂+µ̂k)
2+ξ2k

=
(ξkA0h̃f )

2

2+ξ2k

Γ(2/α̂+µ̂k)
(µ̂k)2/α̂Γ(µ̂k)

,

(56)
Substituting (56) into (54), the upper bound of the ESR of

the system can be attained as (57), which is shown at the top
of next page.

C. Special case

In this subsection, we give the ESR analysis under a special
case of α = 2. When α = 2, the small-scale fading obeys the
Nakagami-m fading, and corresponding µk = mk. Using (20)
and (41), the closed-form expression of R̄k

c for Uk decoding
the common stream sc can be derived as (58), which is shown
at the top of next page.

Using the equation in [36], i.e., Eq.(59), which is shown
at the middle of next page, we can derive the closed-form
expression of R̄k

c in (58) as

R̄k
c =

1

2 ln 2
Ãk

[
Φ2,k

(
h2
L,kγ0(ac + ak +∆k)

)
− Φ2,k

(
h2
L,kγ0(ak +∆k)

)]
,

(60)

where Φ2,k(x) is expressed as

Φ2,k(x) = C̃
− ξ2k

2

k G1,4
4,3

(
x

C̃k

∣∣∣∣∣ 1, 1, 1− ξ2k
2 , 1− ξ2k

2 − B̃k

1,− ξ2k
2 , 0

)
.

(61)
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R̄upper
all = min

1≤k≤K
log2

1 +

ach
2
L,kγ0

C
(2+ξ2

k
)/α̂

k

AkΓ( 2
α̂

+µ̂k)
2+ξ2

k

1+
h2
L,k

γ0

C
(2+ξ2

k
)/α̂

k

AkΓ( 2
α̂

+µ̂k)
2+ξ2

k

(ak+∆k)

+
K∑
i=1

log2

1 +
akγ0h

2
L,kC

−
2+ξ2k

α̂
k

AkΓ( 2
α̂

+µ̂k)
2+ξ2

k

1+γ0h2
L,kC

−
2+ξ2

k
α̂

k

AkΓ( 2
α̂

+µ̂k)
2+ξ2

k

(∆k+δac)

.

(57)

R̄k
c = 1

2 ln 2 Ãk

∫∞
0

x
ξ2k
2 −1G2,0

1,2

[
C̃kx,

∣∣∣∣ 1

0, B̃k

]
G1,2

2,2

[
h2
L,kγ0 (ac + ak +∆k)x

∣∣∣∣ 1, 1
1, 0

]
dx

− 1
2 ln 2 Ãk

∫∞
0

x
ξ2k
2 −1G2,0

1,2

[
C̃kx,

∣∣∣∣ 1

0, B̃k

]
G1,2

2,2

[
h2
L,kγ0 (ak +∆k)x

∣∣∣∣ 1, 1
1, 0

]
dx.

(58)

∫∞
0

τα−1Gs,t
u,v

(
τw

∣∣∣∣ c1, ..., ct, ct+1, ..., cu
d1, ..., ds, ds+1, ..., dv

)
Gm,n

p,q

(
τz

∣∣∣∣ a1, ..., an, an+1, ..., ap

b1, ..., bm, bm+1, ..., bq

)
dτ

= w−αGm+t,n+s
v+p,u+q

(
z
w

∣∣∣∣ a1, ..., an, 1− α− d1, ..., 1− α− ds, 1− α− ds+1, ..., 1− α− dv, an+1, ..., ap

b1, ..., bm, 1− α− c1, ..., 1− α− ct, 1− α− ct+1, ..., 1− α− cu, bm+1, ..., bq

)
.

(59)

Similarly, we can derive the closed-form expression of
R̄k

p for Uk decoding the private stream sk under small-scale
Nakagami-m fading, i.e.,

R̄k
p =

1

2 ln 2
Ãk

[
Φ2,k

(
h2
L,kγ0 (ak +∆k + δac)

)
− Φ2,k

(
h2
L,kγ0(∆k + δac)

)]
.

(62)

Substituting (60) and (62) into (38), we can obtain the
closed-form expression of the ESR R̄all under small-scale
Nakagami-m fading (α = 2) as follows.

R̄all = min
1≤k≤K

[
1

2 ln 2 Ãk(Φ2,k(h
2
L,kγ0(ac + ak +∆k))

− Φ2,k(h
2
L,kγ0(ak +∆k))

]
+
∑K

k=1
1

2 ln 2 Ãk

[
Φ2,k(h

2
L,kγ0(ak +∆k + δac))

− Φ2,k(h
2
L,kγ0(∆k + δac))

]
(63)

When α = 2, with (20), we can obtain the upper bound
of the system ESR under small-scale Nakagami-m fading, i.e.,
Eq.(64), which is shown at the middle of next page.

V. SIMULATION RESULTS

In this section, we present the simulation results to validate
the theoretical analysis of outage probability and ergodic sum
rate, and evaluate the impacts of different parameters on the
system performance. Unless otherwise specified, the main
parameters in simulation are listed in Table I. Other parameters
are set as: κabs(f) = 0.0033, ξ = ξk = 3.813 and A0 = 0.39
[14] [15] [18]. Simulation results are illustrated in Figs. 2-11.

Fig. 2 illustrates the OP of RSMA-THz system with dif-
ferent hardware impairment levels, where τ = 0, 0.1, 0.15.
As shown in Fig. 2, the theoretical and simulation values
are close to each other, which shows the accuracy of the
derived theoretical OP. Also their values have very small
deviation, which is due to the fact that we use single α − µ
fading to approximate the multi-antenna α−µ fading. Besides,
the asymptotic OP agrees the simulation well at high SNR,

TABLE I
SIMULATION PARAMETERS

Parameters Default Values
Number of antennas N = 64

Number of users K = 10
Antenna gain Gt = Gr = 55dBi

Frequency f = 300GHz
Rate thresholds Rth

c = 1.5bit/s/Hz, Rth
k = 0.5bit/s/Hz

PA coefficients ac = 0.4, ak =(1− ac) /K
Distances dk = 20m

HWI levels τ = τs = τk = 0.15
Fading parameters α = 4, µ = µk = 4

Interference transfer factor δ = 0.2

which indicates the accuracy of asymptotic analysis. With the
hardware impairment level τ increasing, the outage perfor-
mance becomes worse due to the larger hardware impairment.
Namely, the system with τ = 0.15 has higher OP than that
with τ = 0.1. Moreover, the system with hardware impairment
has worse outage performance than that without hardware
impairment (τ = 0), as expected.

0 5 10 15

SNR 
0
 (dB)

10-4

10-3

10-2

10-1

100

=0 (sim.)
=0.1 (sim.)
=0.15 (sim.)

Analysis
Asymptotic

Fig. 2. The OP of the system with different hardware impairment levels.

In Fig, 3, the impact of imperfect SIC on the outage per-
formance of RSMA-THz system is assessed, where different
interference transfer factors δ = 0, 0.1, 0.2 are considered.
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R̄upper
all = min

1≤k≤K
log2

1 +
ach

2
L,kγ0C̃

−
2+ξ2k

2
k

ÃkΓ(1+Nmk)

2+ξ2
k

1+h2
L,kγ0C̃

−
2+ξ2

k
2

k

ÃkΓ(1+Nmk)(ak+∆k)

2+ξ2
k

+
K∑
i=1

log2

1 +
akγ0h

2
L,kC̃

−
2+ξ2k

2
k

ÃkΓ(1+Nmk)

2+ξ2
k

1+γ0h2
L,kC̃

−
2+ξ2

k
2

k

ÃkΓ(1+Nmk)(∆k+δac)

2+ξ2
k

.

(64)

From Fig. 3, we can observe that the outage performance
is greatly affected by the decoding error from the SIC.
This is because imperfect SIC decoding brings the device’s
interference increase, and resultant outage performance will
become worse. Namely, the system with perfect SIC δ = 0
has better outage performance than that with imperfect SIC
δ > 0, and the system with δ = 0.1 has lower OP than
that with δ = 0.2. Besides, the theoretical OP is close to
the corresponding simulation, and the asymptotic OP can also
match the simulation well at high SNR, which further shows
the validity of the presented theoretical analysis of OP.
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Fig. 3. The OP of the system with different interference transfer factors.

In Fig. 4, we plot the OP of RSMA-THz system with
different misalignment fading parameters ξ, where ξ=1.906,
2.859, 3.813. As shown in Fig. 4, the OP of the system
becomes smaller with the increase of ξ due to better alignment.
Moreover, the system can obtain higher diversity gain as the ξ
increases. This is because under this case, the diversity gain is
determined by ξ2/2. Thus, the system with ξ=3.813 has higher
diversity gain than that with ξ=2.859, and corresponding lower
OP is attained. Similarly, the system with ξ=2.859 has lower
OP and higher diversity gain than that with ξ=1.906. Besides,
the theoretical OP and asymptotic OP can also match the
corresponding simulation results well.

Fig. 5 illustrates the OP of RSMA-THz system with differ-
ent antenna numbers, where N = 16, 32, 64, and the proposed
adaptive PA (APA) scheme is used for comparison. As shown
in Fig. 5, with the increase of antenna number N , the outage
performance is effectively increased since more antenna is
used. Specifically, the system with N = 64 has lower OP than
that with N = 32, and the system with N = 32 has lower OP
than that with N = 16. Besides, the system with APA scheme
has better performance than that with the given fixed PA (FPA)
scheme. This is because the former employs the optimized PA
and can adapt to the change of the system parameters, while
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Fig. 4. The OP of the system with different misalignment fading parameters.

the latter uses the fixed PA. The results above indicate that
the proposed PA scheme is effective for improving the outage
performance.
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Fig. 5. The OP of the system with different antenna numbers.

Fig. 6 shows the ESR of RSMA-THz system with different
hardware impairment levels, where τ = 0, 0.1, 0.15. As
observed in Fig. 6, the ESR is effectively increased with
the decrease of hardware impairment level due to weaker
impairment, i.e., the system with τ = 0.1 can obtain higher
ESR than that with τ = 0.15. Moreover, the system with
perfect hardware (τ = 0) has higher ESR than that with
hardware impairment, as expected. Besides, the simulation
results agree well with the corresponding theoretical values,
validating the accuracy of the derived theoretical ESR. Ad-
ditionally, the asymptotic ESR values under high SNR region
reveal that the ESR does tend to a constant value at high SNR.
Also, this value is dependent on the hardware impairments
level, confirming the accuracy of the derived asymptotic ESR.
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Furthermore, the derived upper bound of the ESR has slightly
higher value than the corresponding theoretical ESR, which
illustrates that the derived upper bound is also valid, and can
provide simpler approximate calculation for the ESR due to
its simpler expression.
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Fig. 6. The ESR of the system with different hardware impairment levels.

In Fig. 7, we plot the ESR of RSMA-THz system with
different interference transfer factors, where δ = 0, 0.1, 0.2.
From Fig. 7, we can see that the system with perfect SIC (δ =
0) has higher ESR than that with imperfect SIC (δ = 0.1, 0.2),
as expected. Moreover, due to larger imperfection of SIC, the
system with δ = 0.2 has lower ESR than that with δ = 0.1.
Besides, the theoretical ESR has the values very close to the
corresponding simulations, and asymptotic ESR at high SNR
also tends to the constant value. Furthermore, the upper bound
of the ESR is slightly higher than the corresponding theoretical
one. These results above further show the effectiveness of the
presented theoretical rate analysis.
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Fig. 7. The ESR of the system with different interference transfer factors.

Fig. 8 illustrates the ESR of RSMA-THz system with dif-
ferent antenna numbers and misalignment fading parameters,
where N = 16, 32, 64, and ξ = 1.906, 3.813. As shown in
Fig. 8, the ESR is effectively increased as the antenna number
N increases since more antennas are used. Specifically, the
system with N = 64 has higher ESR than that with N = 32,
and the system with N = 32 has higher ESR than that with

N = 16. Moreover, with the increases of misalignment fading
parameter ξ, the system can also obtain higher ESR due to
better alignment. Namely, the system with ξ = 3.813 has
larger ESR than that with ξ = 1.906, as expected. Besides, the
theoretical ESR can match the corresponding simulations well,
and asymptotic ESR at high SNR also tends to the constant
value, which is not related to the N , ξ and SNR.
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Fig. 8. The ESR of the system with different antenna numbers and
misalignment fading parameters.

Fig. 9 gives the ESR of RSMA-THz system with different
user numbers, where K = 5, 10, 15. From Fig. 9, we can
observe that the theoretical values of ESR can match the corre-
sponding simulations well, and they are slightly lower than the
corresponding upper bounds. Moreover, the asymptotic ESR
values at high SNR also tend to the constant values. The above
results indicate that the presented theoretical analysis is also
effective for different user numbers. Besides, with the increase
of user number K, the ESR is effectively increased. This is
because more users are supported.
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Fig. 9. The ESR of the system with different user numbers.

In Fig. 10 and Fig. 11, we plot the OP and ESR of RSMA-
THz system with different antenna numbers over Nakagami
fading channels (α=2), respectively, where N=16, 32, µ=2.
From Fig. 10, it is found that the theoretical OP is consistent
with the corresponding simulation, and the asymptotic OP can
also match the simulation well at high SNR, which illustrates
the accuracy of the presented theoretical OP analysis for
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the Nakagami channel. Moreover, the outage performance
is effectively increased as the antenna number N increases.
Besides, the system with APA scheme can obtain lower OP
than that with the given FPA scheme, which further shows the
effectiveness of the proposed PA scheme. As illustrated in Fig.
11, the theoretical ESR can agree well with the corresponding
simulations, and the asymptotic ESR under high SNR region
tends to a constant value at high SNR. Moreover, the upper
bound of the ESR is slightly higher than the corresponding
theoretical one. The above results shows that the presented
theoretical rate analysis is accurate for Nakagami channel.
Besides, the ESR is effectively increased with the increase
of antenna number N , as expected.
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Fig. 10. The OP of the system with different antenna numbers.
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Fig. 11. The ESR of the system with different antenna numbers.

VI. CONCLUSION

The OP and the ESR of the multi-antenna RSMA-THz com-
munication system with hardware impairment and imperfect
SIC are investigated over composite fading channels, which
considers the molecular absorption effect, misalignment fading
and small-scale α− µ fading in practice for the THz channel
model. The closed-form PDF and CDF of effective channel
gains are deduced for the performance analysis. Based on this,
the closed-form expressions of OP are derived for performance
evaluation and optimization. Also, the asymptotical OP of the

system at high SNR is derived, and with this result, the system
diversity gain is attained. By minimizing the OP subject to the
constraint of sum power, the PA coefficients of common stream
and private streams are designed, and the resultant closed-form
PA scheme is obtained. With this PA scheme, the lower OP is
attained. Thus, it provides an effective method to improve the
outage performance of the RSMA-THz system.

Besides, to evaluate the rate performance of the system, the
closed-form ESR expressions are deduced by means of the
Fox-H and the Meijer-G functions. Considering the complexity
of the theoretical ESR, the upper bound of ESR and its
asymptotic expression are also derived to simplify the cal-
culation of ESR. Furthermore, when α=2, which corresponds
to small-scale Nakagami-m fading, the system ESR and its
upper bound are also provided. Computer simulation shows
that the theoretical analysis is consistent with the simulation
result, which shows the accuracy of the theoretical derivation.
The proposed PA scheme can obtain lower OP than the
conventional fixed PA scheme. All the derived theoretical
expressions can provide good performance evaluation for the
RSMA-THz system, and avoid the conventional need for
Monte Carlo simulation. Besides, the simulation results also
assess the effects of the antenna number, misalignment fading
parameter, small-scale fading, interference transfer factor and
hardware impairments on the system performance. All these
results will provide helpful guidelines for the system design.

APPENDIX A
PROOF OF LEMMA 1

In this appendix, we give the proof of Lemma 1.
Proof: Let g(x) = 1+ Ax

Bx+1 , x ≥ 0, then f(x) = ln(g(x))
ln 2 .

Hence, we have:

f ′ (x) =
1

ln 2

1

g (x)
g′ (x) . (65)

Since A > 0, B > 0, and x ≥ 0, we can obtain that
g (x) ≥ 1 and g′ (x) = A

(Bx+1)2
> 0. Based on this, with

(65), we have: f ′ (x) > 0. Besides, f ′′ (x) can be expressed
as

f ′′ (x) =
1

ln 2

g′′ (x) g (x)− g′ (x) g′ (x)

g2 (x)
. (66)

As x ≥ 0, g′′ (x) = −2AB
(Bx+1)3

< 0 . Thus we have:

f ′′ (x) =
−2AB ((A+B)x+ 1)−A2

(Bx+ 1)
4
g2 (x) ln 2

< 0. (67)

Hence, f (x) = log2

(
1 + Ax

Bx+1

)
is a concave function.

Hence, Lemma 1 is proved.

APPENDIX B
PROOF OF LEMMA 2

In this appendix, we give the proof of Lemma 2.
Proof: This can be proved by using the proof by con-

tradiction. Let k̄ = argmin
1≤k≤K

bk and k̂ = argmin
1≤k≤K

ck, then we

have:
bk̄ = min bk, ck̂ = min ck. (68)
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With (68), we can obtain that bk̂ ≥ bk̄ = min bk. Based
on this, if we assume that min bk > min ck, then we have:
ck̂ < bk̄ ≤ bk̂. However, this inequality contradicts the fact
that ck̂ ≥ bk̂. Thus, the assumption does not hold. Hence,
with the proof above, the Lemma 2 is proved.
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