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ABSTRACT 

This paper examines the theoretical performance of rate-splitting multiple access (RSMA) in keyhole fading 

channels. This rank-deficient environment is notorious for degrading the performance of traditional single-input 

single-output (SISO) systems. For a two-user downlink channel, exact and asymptotic outage probability results 

of RSMA with perfect and imperfect successive interference cancellation (pSIC and ipSIC) are derived. Closed-

form solutions are derived by comparing the product of two independent Nakagami-m fading channels that model 

the keyhole effect. To further demonstrate RSMA's robustness in such an environment, we also examine the 

diversity order and unveil the effect of keyhole-induced rank deficiency on system reliability. Our results 

demonstrate that RSMA retains a performance edge over non-orthogonal multiple access (NOMA), especially with 

imperfect SIC or low SNR. Numerical results and Monte-Carlo simulations confirm the theoretical formulae and 

show that RSMA can combat the harmful effects of the keyhole channel better than other conventional schemes. 

The results confirm the promise of RSMA for future wireless systems operating in severe-fading environments. 

KEYWORDS 

Keyhole channel, Rate-splitting multiple access (RSMA), Outage probability, Nakagami-m, Imperfect SIC, 

Diversity order, Non-orthogonal multiple access (NOMA). 

1. INTRODUCTION 

Rate-Splitting Multiple Access (RSMA) has been an effective non-orthogonal transmission technique 

that is capable of bridging and surpassing traditional methods like Space-Division Multiple Access 

(SDMA) and Non-Orthogonal Multiple Access (NOMA) in a wide range of network scenarios. Through 

the splitting of user messages into common and private components, RSMA has more flexible 

interference management with partial decoding and interference treating, while enjoying better 

resilience to channel uncertainties and user deployments [1]-[3]. 

Although there have been comprehensive investigations considering RSMA under perfect propagation 

conditions, its performance in rank-deficient fading channels-more specifically, keyhole channels-has 

not received significant consideration. Such channels represent a particular form of spatial correlation 

in which the MIMO channel collapses to a rank-one variant of itself, significantly diminishing spatial 

multiplexing gains [4]-[6]. In realistic settings, like urban environments or tunnel passages, keyhole 

effects occur naturally as a result of physical limitations along signal-propagation paths. 

In this paper, we investigate RSMA outage performance under keyhole fading. We consider a two-user 

downlink system and obtain exact and asymptotic results on the outage probability for pSIC and ipSIC. 

We also address the achievable diversity order and illustrate the effect of the keyhole on the reliability 

of the system. Our findings demonstrate that RSMA achieves a significant performance improvement 

over NOMA, especially when the SIC is imperfect or in the medium SNR range.  

1.1 Related Work 

RSMA has gained increasing attention for its potential to integrate and outperform classical multiple-

access schemes in various performance aspects. Earlier works have investigated RSMA in the scenario 

of perfect MIMO channels, where ergodic capacity, energy efficiency and user fairness have been 

tackled [7]-[9]. More recently, analytic works have started investigating the outage behavior of RSMA, 

particularly when the blocklength is finite and there are short-packet constraints [10]-[13]. 

Keyhole fading, on the other hand, has been a well-known severe limitation to MIMO systems, which 
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has the tendency to make the spatial-diversity gain inoperative. Theoretical keyhole channel models are 

usually in the form of a product of two independent fading distributions and have been investigated 

under Nakagami- 𝑚, Rayleigh and Ricean conditions [14]-[17]. Recent advances have also significantly 

highlighted the necessity of analyzing multiple access and secure transmissions specifically over 

generalized Nakagami- 𝑚 fading environments [18]-[19]. A number of works have obtained closed-

form outage or bit error rate results in such channels, but primarily for single-user or conventional SISO 

setups. 

To date, there have been limited attempts at marrying RSMA with keyhole channel modeling. Some 

initial attempts have looked at RSMA over correlated or rank-deficient channels, but typically resort to 

simulation-based analysis or approximations [20]-[21]. In this paper, we bridge the gap by presenting a 

systematic analytical treatment of RSMA over keyhole channels with exact expressions, asymptotic 

outage behavior and diversity order under both pSIC and ipSIC assumptions. 

1.2 Motivation and Contributions 

While RSMA continues to evolve as a powerful transmission technique, its performance under non-

ideal propagation conditions is still a largely uncharted territory. Specifically, keyhole fading-where rich 

scattering does not provide spatial rank gain is a particular challenge for sophisticated multi-user 

communication strategies. Unlike conventional SISO fading, the keyhole channel model handles the 

extreme spatial correlation, which reduces the rank of the channel matrix to one, regardless of the 

number of antennas or spatial paths. Such a phenomenon can significantly reduce the spatial 

multiplexing gain that RSMA normally leverages to combat interference. Motivated by this limitation, 

we aim to theoretically characterize the behavior of RSMA under keyhole channels. Although a number 

of papers have dealt with outage performance of RSMA or keyhole channels separately, their 
intersection has never been exactly investigated. Also missing is the role of imperfect successive 

interference cancellation (ipSIC) under rank-deficient conditions. Not only of theoretical interest, but 

also of practical importance for system implementation in tunnels, indoor corridors or device-to-device 

environments with unfavorable scattering, it is to investigate the performance of RSMA under this 

adverse fading condition. The main contributions of this paper are as follows: 

 Keyhole-aware outage analysis for RSMA: We present a new analytical method to analyze the 

outage probability of a two-user RSMA system in keyhole fading channels represented by the 

product of independent Nakagami-m distributions. 

 Closed-form and asymptotic solutions: We obtain exact closed-form solutions for outage 

probability, followed by convenient asymptotic approximations at high SNR from which we 

can compute the diversity order analytically. 

 Imperfect SIC included: Both perfect and imperfect SIC situations are taken into account within 

the analysis, so that realistic evaluation of the system performance under residual interference 

can be done. 

 Comparison with NOMA: In order to provide a performance benchmark for RSMA, we also 

derive and simulate the outage performance of traditional NOMA in the same environment, 

showing the resilience of RSMA to keyhole-affected channels. All analytical results are 

confirmed by extensive Monte-Carlo simulations, proving the accuracy of the derived 

expressions and further illustrating the performance gain of RSMA over NOMA. 

1.3 Organization 

The rest of this paper is structured as follows: Section 2 presents the system model, such as the keyhole 

channel and RSMA scheme; Section 3 calculates the outage probability for pSIC and ipSIC cases; 

Section 4 investigates the diversity order; Section 5 provides numerical and simulation results 
comparing RSMA and NOMA; and Section 6 concludes the paper. 

2. SYSTEM MODEL 

2.1 System Architecture 

We consider a downlink multi-user single-antenna RSMA system in which a base station (BS) 

communicates with 𝑁 legitimate single-antenna users through a keyhole of scattering cross-section 𝛿 
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that separates the BS and the users as shown in Fig. 1, where the BS-to-keyhole link 𝑔0  and the keyhole-

to-user 𝑛 link 𝑔𝑛 are each modeled as independent Nakagami- 𝑚 fading processes, so that the overall 

channel gain to user 𝑛 is the product 𝑔0𝑔𝑛. 

 
Figure 1. The system model of keyhole-based RSMA network. 

2.2 Received Signals 

To efficiently serve multiple users, the BS implements RSMA, which enables the simultaneous 

transmission of common and private messages. This strategy improves spectral efficiency and reduces 

inter-user interference. The transmitted signal is given by: 

𝑥‾ = √𝑃𝑆 (√𝑎𝑐𝑥𝑐+∑  

𝑁

𝑛=1

 √𝑎𝑛𝑥𝑛) , (1) 

where 𝑃𝑆 denotes the total transmitted power of the BS, 𝑥𝑐 is the common message intended for all users 

with a power allocation coefficient 𝑎𝑐  and 𝑥𝑛 is the private message for the 𝑛th user, assigned with power 

coefficient 𝑎𝑛, ensuring 𝑎𝑐 + ∑  𝑁
𝑛=1 𝑎𝑛 = 1. 

The received signal at the 𝑛th user, under the keyhole channel condition is given by: 

𝑦‾𝑛 = 𝑔0𝛿𝑔𝑛𝑥‾ + 𝜔𝑛 = 𝑔0𝛿𝑔𝑛√𝑎𝑐𝑃𝑆𝑥𝑐⏟          
Common message 

+ 𝑔0𝛿𝑔𝑛√𝑎𝑛𝑃𝑆𝑥𝑛⏟          
Desired private message 

+ ∑  

𝑁

𝑗=1,𝑗≠𝑛

 𝑔0𝛿𝑔𝑛√𝑎𝑗𝑃𝑆𝑥𝑗
⏟              

Interference 

+ 𝜔𝑛⏟
AWGN 

, (2)
 

where 𝜔𝑛 is the additive white Gaussian noise (AWGN) with variance 𝑁0. To decode the intended 

message, each user employs SIC in a two-step decoding process: 

2.2.1 Decoding the Common Message 

User 𝑛 first decodes the common message 𝑥𝑐, considering all private messages as interference. The 

corresponding Signal-to-Interference-plus-Noise Ratio (SINR) for decoding 𝑥𝑐 at user 𝑛 is given by: 

𝛾‾𝑐,𝑛 =
𝑎𝑐𝑃𝑆𝛿

2|𝑔0|
2|𝑔𝑛|

2

(1 − 𝑎𝑐)𝑃𝑆𝛿2|𝑔0|2|𝑔𝑛|2 +𝑁0
=

𝑎𝑐𝜌𝑆𝛿
2|𝑔0|

2|𝑔𝑛|
2

(1 − 𝑎𝑐)𝜌𝑆𝛿2|𝑔0|2|𝑔𝑛|2 + 1
. (3) 

where 𝜌𝑆 = 𝑃𝑆/𝑁0 is the transmit signal-to-noise ratio (SNR). Note that 𝑥𝑐 and 𝑥𝑛 are supposed to be 

normalized unity power signals, i.e., 𝔼{|𝑥𝑐|
2} = 𝔼{|𝑥𝑛|

2} = 1 in which 𝔼{.} denotes expectation 

operation. 

2.2.2 Decoding the Private Message 

Once the common message 𝑥𝑐 is successfully decoded and cancelled, each user proceeds to decode its 

respective private message 𝑥𝑛. The SINR expressions for the perfect and imperfect SIC (pSIC and 

ipSIC) cases are given by: 

𝛾‾𝑝,𝑛
pSIC  =

𝑎𝑛𝜌𝑆𝛿
2|𝑔0|

2|𝑔𝑛 |
2

𝜌𝑆𝛿
2|𝑔0|

2|𝑔𝑛|
2 ∑  𝑁

𝑗=1,𝑗≠𝑛  𝑎𝑗 + 1
(4𝑎)

𝛾‾𝑝,𝑛
ipSIC  =

𝑎𝑛𝜌𝑆𝛿
2|𝑔0|

2|𝑔𝑛|
2

𝜌𝑆𝛿2|𝑔0|2|𝑔𝑛 |2∑  𝑁
𝑗=1,𝑗≠𝑛  𝑎𝑗 + 𝜛𝜌𝑆|𝑔𝐼 |

2 + 1
(4𝑏)

 

Here, 𝜛 = 0 and 𝜛 = 1 correspond to the cases of pSIC and ipSIC, respectively. The residual 

interference caused by ipSIC is modeled using Rayleigh fading, where the corresponding complex 
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channel gain is represented as 𝑔𝐼 ∼ 𝒞𝒩(0,Ω𝐼), with 0 ≤ Ω𝐼 < 1 as suggested in [22]. In this context, 

𝒞𝒩(.,.)denotes the complex Gaussian distribution. 

2.3 Channel Distributions 

When the wireless channel 𝑔𝑏 , 𝑏 ∈ {0, 𝑛} follows a Nakagami- 𝑚 distribution, the corresponding 

channel power gain |𝑔𝑏|
2  follows a Gamma distribution. The probability density function (PDF) and 

cumulative distribution function (CDF) of this Gamma-distributed gain are provided below, under the 

assumption that the fading parameter 𝑚𝑏 is an integer greater than or equal to one [23]-[24]. 

𝑓|𝑔𝑏|2(𝑥)  =
𝑥𝑚𝑏−1

Γ(𝑚𝑏)Ω𝑏
𝑚𝑏
𝑒
−
𝑥
Ω𝑏 (5)

𝐹|𝑔𝑏|2(𝑥)  = 1 −
1

Γ(𝑚𝑏)
Γ(𝑚𝑏 , Ω𝑏

−1𝑥) = 1 − 𝑒
−
𝑥
Ω𝑏 ∑  

𝑚𝑏−1

𝑝=0

 
𝑥𝑝

𝑝! Ω𝑏
𝑝 , (6)

 

where Ω𝑏 ≜ 𝜆𝑏/𝑚𝑏 in which 𝜆𝑏 and 𝑚𝑏 representing the mean and integer fading factor, respectively.  

Γ(.,.)𝑎𝑛𝑑Γ(.) stands for the upper incomplete Gamma function and the Gamma function, respectively. 

It is worth noting that the second line of Eq. (6) holds only when 𝑚𝑏 is an integer. 

Remark 1: It is worth mentioning that although the Nakagami fading parameter 𝑚 can generally assume 

any real value 𝑚 ≥ 0.5, we constrain 𝑚𝑏 to be an integer in our derivations. This mathematical 

assumption is widely adopted in the literature to express the incomplete Gamma function as a finite 

series, which is a pivotal step to obtain closed-form mathematical expressions. The general performance 

trends and insights drawn from this integer assumption remain fully applicable to scenarios with non-

integer fading parameters. 

On the other hand, the PDF and CDF of the product of two squared Nakagami-m random variables, 

𝒢𝑏 ≜ |𝑔0|
2|𝑔𝑛|

2, is given as follows [25]: 

𝑓𝒢𝑏(𝑥)  =
2𝑥

𝑚0+𝑚𝑛
2 − 1

Γ(𝑚0)Γ(𝑚𝑛)(Ω0Ω𝑛)
𝑚0+𝑚𝑛

2

𝐾𝑚0−𝑚𝑛
(√

4𝑥

Ω0Ω𝑛
) , (7)

𝐹𝒢𝑏(𝑥)  = 1 − ∑  

𝑚0−1

𝑝=0

 
2

𝑝! Γ(𝑚𝑛)
(
𝑥

Ω0Ω𝑛
)

𝑝+𝑚𝑛
2
𝐾𝑚𝑛−𝑝

(√
4𝑥

Ω0Ω𝑛
) , (8)

 

Here, 𝐾𝑞(.) is the modified Bessel function of the second kind [[26], Eq. (8.407)] and 𝑚0 ∈ ℕ denotes 

a positive integer fading parameter. 

Additionally, Rayleigh-distributed RVs of |𝑔𝐼|
2 have exponential distributions with 𝑓|𝑔𝐼|2(𝑥) =

1

Ω𝐼
𝑒
−
𝑥

Ω𝐼 

and 𝐹|𝑔𝐼|2(𝑥) = 1 − 𝑒
−
𝑥

Ω𝐼 in [27]. 

3. OUTAGE PROBABILITY 

In RSMA-based transmission, each user receives a superposition of the common message, its own 

private message and the private messages intended for other users. The decoding process follows a two-

step approach as described in (3), (4a) and (4b). If the SINRs for decoding the common and private 

messages fall below the respective thresholds 𝛾𝑡ℎ
𝑐,𝑛

 and 𝛾𝑡ℎ
𝑝,𝑛

, the link between the BS and the 𝑛th user, 

affected by the keyhole channel condition, is considered to be in outage. In this context, 𝛾𝑡ℎ
𝑐,𝑛 = 2𝑅𝑐,𝑛 −

1 and 𝛾𝑡ℎ
𝑝,𝑛 = 2𝑅𝑝,𝑛− 1 denote the corresponding SINR thresholds, while 𝑅𝑐,𝑛 and 𝑅𝑝,𝑛 represent the 

target rates for decoding the common and private messages, respectively. 

3.1 Outage Probability with pSIC 

Theorem 1. The outage probability of the BS-to- 𝑛th user link under keyhole fading with pSIC is given 

by: 
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𝒫𝑈𝑛
pSIC =

{
  
 

  
 
1 − ∑  

𝑚0−1

𝑝=0

 
2

𝑝! Γ(𝑚𝑛)
(
𝛾̃𝑡ℎ
𝑝,𝑛

Ω0Ω𝑛
)

𝑝+𝑚𝑛
2

𝐾𝑚𝑛−𝑝
(√

4𝛾̃𝑡ℎ
𝑝,𝑛

Ω0Ω𝑛
) ,  if 𝛾̃𝑡ℎ

𝑐,𝑛 ≤ 𝛾̃𝑡ℎ
𝑝,𝑛
,

1 − ∑  

𝑚0−1

𝑝=0

 
2

𝑝! Γ(𝑚𝑛)
(
𝛾̃𝑡ℎ
𝑐,𝑛

Ω0Ω𝑛
)

𝑝+𝑚𝑛
2

𝐾𝑚𝑛−𝑝
(√

4𝛾̃𝑡ℎ
𝑐,𝑛

Ω0Ω𝑛
) ,  if 𝛾̃𝑡ℎ

𝑐,𝑛 > 𝛾̃𝑡ℎ
𝑝,𝑛
,

(9) 

where 𝛾̃𝑡ℎ
𝑐,𝑛 = 𝛾𝑡ℎ

𝑐,𝑛/𝛿2𝜌𝑆[𝑎𝑐 − (1 − 𝑎𝑐)𝛾𝑡ℎ
𝑐,𝑛] and 𝛾̃𝑡ℎ

𝑝,𝑛 = 𝛾𝑡ℎ
𝑝,𝑛/𝛿2𝜌𝑆[𝑎𝑛 − (1 − 𝑎𝑐 − 𝑎𝑛)𝛾𝑡ℎ

𝑝,𝑛]. 

Moreover, the result in (9) is derived under the conditions 𝑎𝑐 > 𝛾𝑡ℎ
𝑐,𝑛/(1 + 𝛾𝑡ℎ

𝑐,𝑛) and 𝑎𝑛 >

(1 − 𝑎𝑐)𝛾𝑡ℎ
𝑝,𝑛/(1 + 𝛾𝑡ℎ

𝑝,𝑛). 

Proof. The outage probability at the 𝑛th user with pSIC is given by: 

𝒫𝑈𝑛
pSIC = Pr(𝛾‾𝑐,𝑛 < 𝛾𝑡ℎ

𝑐,𝑛 ∪ 𝛾‾𝑝,𝑛
pSIC < 𝛾𝑡ℎ

𝑝,𝑛) = 1 − Pr(𝛾‾𝑐,𝑛 > 𝛾𝑡ℎ
𝑐,𝑛, 𝛾‾𝑝,𝑛

pSIC > 𝛾𝑡ℎ
𝑝,𝑛). (10) 

Plugging 𝛾‾𝑐,𝑛 and 𝛾‾𝑝,𝑛
pSIC

 from (3) and (4a) in (6), we have: 

𝒫𝑈𝑛
pSIC

= 1 − Pr(
𝑎𝑐𝜌𝑆𝛿

2𝒢𝑏
(1 − 𝑎𝑐)𝜌𝑆𝛿

2𝒢𝑏 + 1
> 𝛾𝑡ℎ

𝑐,𝑛 ,
𝑎𝑛𝜌𝑆𝛿

2𝒢𝑏

𝜌𝑆𝛿
2𝒢𝑏∑  𝑁

𝑗=1,𝑗≠𝑛  𝑎𝑗 + 1
> 𝛾𝑡ℎ

𝑝,𝑛) . (11) 

After performing algebraic manipulations, Equation (11) can be rewritten as: 

𝒫𝑈𝑛
pSIC

= 1 − Pr(𝒢𝑏 > 𝛾̃𝑡ℎ
𝑐,𝑛 , 𝒢𝑏 > 𝛾̃𝑡ℎ

𝑝,𝑛
) = 1 − Pr(𝒢𝑏 > 𝛾̂𝑡ℎ) = 𝐹𝒢𝑏(𝛾̂𝑡ℎ), (12) 

where 𝛾̂𝑡ℎ = max(𝛾̃𝑡ℎ
𝑐,𝑛 , 𝛾̃𝑡ℎ

𝑝,𝑛). Combining (8) into (12), (9) can be obtained and the proof is completed. 

3.2 Outage Probability with ipSIC 

From (3) and (4b), the outage probability with ipSIC can be calculated by: 

𝒫𝑈𝑛
ipSIC

= Pr(𝛾‾𝑐,𝑛 < 𝛾𝑡ℎ
𝑐,𝑛 ∪ 𝛾‾𝑝,𝑛

pSIC
< 𝛾𝑡ℎ

𝑝,𝑛
)=1 − Pr(𝛾‾𝑐,𝑛 > 𝛾𝑡ℎ

𝑐,𝑛 , 𝛾‾𝑝,𝑛
pSIC

> 𝛾𝑡ℎ
𝑝,𝑛
) 

= 1 − Pr(

𝑎𝑐𝜌𝑆𝛿
2𝒢𝑏

(1 − 𝑎𝑐)𝜌𝑆𝛿2𝒢𝑏 + 1
> 𝛾𝑡ℎ

𝑐,𝑛

𝜌𝑆𝛿2𝒢𝑏∑  𝑁
𝑗=1,𝑗≠𝑛  𝑎𝑗 + 𝜛𝜌𝑆|𝑔𝐼 |

2 + 1
> 𝛾𝑡ℎ

𝑝,𝑛)                                   (13) 

Theorem 2. The outage probability of the BS-to- 𝑛th user link under keyhole fading with ipSIC is 

expressed as: 

𝒫𝑈𝑛
ipSIC

≈ [1 − ∑  
𝑚0−1
𝑝=0  

2

𝑝!Γ(𝑚𝑛)
(

𝑇𝑐

Ω0Ω𝑛
)

𝑝+𝑚𝑛
2 𝐾𝑚𝑛−𝑝 (√

4𝑇𝑐

Ω0Ω𝑛
)](1 − 𝑒

−
𝑥0
Ω𝐼)+ 𝑒

1

𝜛𝜌Ω𝐼 [𝑒−𝜑𝐼𝑇𝑐 −

∑  
𝑚0−1
𝑝=0  ∑  

𝑄
𝑞=1  

2𝜋2𝜑𝐼√1−𝜉𝑞
2

𝑝!4𝑄Γ(𝑚𝑛)
(

1

Ω0Ω𝑛
)

𝑝+𝑚𝑛
2 sec2 (

𝜋(𝜉𝑞+1)

4
)× Δ(𝜉𝑞)

𝑝+𝑚𝑛
2 𝑒−𝜑𝐼Δ(𝜉𝑞)𝐾𝑚𝑛−𝑝 (√

4Δ(𝜉𝑞)

Ω0Ω𝑛
)]            (14) 

where 𝑇𝑐 =
𝛾𝑐,𝑡ℎ

𝜌𝑆𝛿
2[𝑎𝑐−(1−𝑎𝑐)𝛾𝑐,𝑡ℎ]

, 𝜑𝐼 =
1

𝜛𝜌𝑆𝛾̃𝑡ℎ
𝑝,𝑛
Ω𝐼
, Δ(𝑥) = tan (

𝜋(𝑥+1)

4
) + 𝑇𝑐 , 𝜉𝑞 = cos (

2𝑞−1

2𝑄
𝜋) and 𝑄 is 

a complexity-accuracy tradeoff parameter. In this paper, we verified through MATLAB simulations that 

setting 𝑄 = 200 is sufficient to achieve excellent convergence, providing a tight match between the 

exact integration and the analytical approximation. 

Proof. The proof is provided in Appendix A. 

3.3 Outage Probability for Baseline NOMA 

For comparison, a conventional two-user NOMA scheme is considered where the base station 

superimposes the private messages directly without a common message ( 𝑎𝑐 = 0 ). Assuming User 1 

and User 2 are the near and far users, respectively, the power allocation coefficients satisfy 𝑎1 < 𝑎2  

with 𝑎1 + 𝑎2 = 1. The received SINR for User 2 to decode its own message is given by: 
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𝛾2
NOMA =

𝑎2𝜌𝑆𝛿
2𝒢2

𝑎1𝜌𝑆𝛿
2𝒢2 + 1

. (15) 

User 1 performs SIC to decode User 2's message before decoding its own. The SINR for User 1 to 

decode User 2's message and its own message are, respectively, formulated as: 

𝛾1→2
NOMA =

𝑎2𝜌𝑆𝛿
2𝒢1

𝑎1𝜌𝑆𝛿2𝒢1 + 1
, 𝛾1

NOMA = 𝑎1𝜌𝑆𝛿
2𝒢1. (16) 

Consequently, the exact outage probabilities for User 1 and User 2 under the keyhole environment can 

be explicitly derived as: 

𝒫𝑈1
NOMA = 1 − Pr(𝛾1→2

NOMA ≥ 𝛾𝑡ℎ
2 , 𝛾1

NOMA ≥ 𝛾𝑡ℎ
1 ) = 𝐹𝒢1(max(𝜏1, 𝜏2)), (17)

𝒫𝑈2
NOMA = Pr(𝛾2

NOMA < 𝛾𝑡ℎ
2 ) = 𝐹𝒢2(𝜏2), (18)

 

where 𝜏2 =
𝛾𝑡ℎ
2

𝜌𝑆𝛿
2(𝑎2−𝑎1𝛾𝑡ℎ

2 )
 under the condition 𝑎2 > 𝑎1𝛾𝑡ℎ

2  (otherwise 𝒫𝑈2
NOMA = 1), 𝜏1 =

𝛾𝑡ℎ
1

𝜌𝑆𝛿
2𝑎1
, 𝛾𝑡ℎ
𝑛 =

2𝑅𝑝,𝑛 − 1 is the target threshold for User 𝑛 and 𝐹𝒢𝑏  (.) is the CDF of the product of two Nakagami-m 

random variables given in (8).  

4. DIVERSITY ANALYSIS 

To gain further insights, the diversity order reached by users in two situations can be determined in this 

section using the analytical data presented above. The diversity order is defined as [28], Eq. (18). 

𝑑U𝑛
⋆ = − lim

𝜌𝑆→∞
 
log (𝒫𝑈𝑛

∞,⋆(𝜌𝑆))

log 𝜌𝑆
 ,⋆∈ {pSIC, ipSIC}. (19) 

With the help of [29], the asymptotic expression for the outage probability at U𝑛 under pSIC in the high-

SNR regime ( 𝜌𝑆 → ∞ ) can be formulated as: 

𝒫U𝑛
∞,pSIC ≈

𝜌𝑆→∞

𝜓𝑛(4𝛾̂𝑡ℎ)
𝑚0

2𝑚0(Ω0Ω𝑛)
𝑚0
, (20) 

where the condition |𝑚0 −𝑚𝑛| = 0.5 is mathematically adopted from [29] to facilitate the exact 

simplification of the associated mathematical functions (e.g., modified Bessel function) into an 

incomplete Gamma function. This specific half-integer difference is required to explicitly extract a tight 

asymptotic bound and determine the diversity order in the high-SNR regime and 𝜓𝑛 =
21−2𝑚0√𝜋

Γ(𝑚0)Γ(𝑚𝑛)
. By 

substituting (20) into (19) and performing algebraic simplifications, the diversity order of U𝑛  with pSIC 

is found to be equal to 𝑚0 . For ipSIC, when 𝜌𝑆  goes to infinity, then we have 𝛾‾𝑐,𝑛 ≈
𝑎𝑐
1−𝑎𝑐

 and 𝛾‾𝑝,𝑛
ipSIC ≈

𝑎𝑛𝛿
2|𝑔0|

2|𝑔𝑛|
2

𝛿2|𝑔0|
2|𝑔𝑛|

2∑  𝑁
𝑗=1,𝑗≠𝑛  𝑎𝑗+𝜛|𝑔𝐼|

2, the asymptotic expression for 𝒫U𝑛
∞,ipSIC

 is calculated as: 

𝒫U𝑛
∞,ipSIC =

{
 
 

 
 1, 𝑖𝑓

𝑎𝑐

1 − 𝑎𝑐
< 𝛾𝑡ℎ

𝑐,𝑛

Pr(
𝑎𝑛𝛿

2|𝑔0|
2|𝑔𝑛|

2

𝛿2|𝑔0|
2|𝑔𝑛|

2 ∑  𝑁
𝑗=1,𝑗≠𝑛  𝑎𝑗 + 𝜛|𝑔𝐼|

2 < 𝛾𝑡ℎ
𝑝,𝑛) ,  otherwise 

(21) 

It is noted that we can rewrite (21) as: 

𝒫U𝑛
∞,ipSIC = Pr(𝒢𝑏 < 𝜙𝑛|𝑔𝐼|

2) =
1

Ω𝐼
∫  
∞

0
 𝐹𝒢𝑏(𝜙𝑛𝑥)𝑒

−
𝑥
Ω𝐼𝑑𝑥 (22) 

where 𝜙𝑛 =
𝛾𝑡ℎ
𝑝,𝑛
𝜛

𝛿2(𝑎𝑛−𝛾𝑡ℎ
𝑝,𝑛∑  𝑁

𝑗=1,𝑗≠𝑛  𝑎𝑗)
. Now, invoking (8) into (22), we have 𝒫U𝑛

∞,ipSIC
 is given by: 

𝒫U𝑛
∞,ipSIC

 =
1

Ω𝐼
∫  
∞

0

 [1 − ∑  

𝑚0−1

𝑝=0

 
2

𝑝! Γ(𝑚𝑛)
(
𝜙𝑛𝑥

Ω0Ω𝑛
)

𝑝+𝑚𝑛
2

𝐾𝑚𝑛−𝑝 (√
4𝜙𝑛𝑥

Ω0Ω𝑛
)] 𝑒

−
𝑥
Ω𝐼𝑑𝑥

 = 1 − ∑  

𝑚0−1

𝑝=0

 
2𝜙𝑛

𝑝+𝑚𝑛
2

𝑝!Γ(𝑚𝑛)Ω𝐼(Ω0Ω𝑛)
𝑝+𝑚𝑛
2

∫  
∞

0

 𝑥
𝑝+𝑚𝑛
2 𝑒

−
𝑥
Ω𝐼𝐾𝑚𝑛−𝑝(√

4𝜙𝑛𝑥

Ω0Ω𝑛
)𝑑𝑥 (23)
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Exchanging the variable 𝑡 =
4

𝜋
arctan (𝑥) − 1 ⇒ tan (

𝜋(𝑡+1)

4
) = 𝑥 ⇒

𝜋

4
sec2 (

𝜋

4
(𝑡 + 1))𝑑𝑡 = 𝑑𝑥, we 

have 𝒞1
𝑖𝑝𝑆𝐼𝐶

 is given by: 

𝒫U𝑛
∞,ipSIC =1 − ∑  

𝑚0−1

𝑝=0

 
𝜋𝜙𝑛

𝑝+𝑚𝑛
2

𝑝! 2Γ(𝑚𝑛)Ω𝐼(Ω0Ω𝑛)
𝑝+𝑚𝑛
2

∫  
∞

0

 sec (
𝜋(𝑡 + 1)

4
)Θ(𝑡)

𝑝+𝑚𝑛
2 𝑒

−
Θ(𝑡)
Ω𝐼

 × 𝐾𝑚𝑛−𝑝
(√
4𝜙𝑛Θ(𝑡)

Ω0Ω𝑛
)𝑑𝑡

 

where Θ(𝑡) = tan (
𝜋(𝑡+1)

4
). 

By applying the Gaussian-Chebyshev quadrature, (24) can be approximated as: 

𝒫U𝑛
∞,ipSIC ≈ 1 − ∑  𝑚0−1

𝑝=0  
𝜋2𝜙𝑛

𝑝+𝑚𝑛
2

𝑝!2𝑄Γ(𝑚𝑛)Ω𝐼(Ω0Ω𝑛)
𝑝+𝑚𝑛
2

∑  𝑄
𝑞=1  √1 − 𝜉𝑞

2 sec (
𝜋(𝜉𝑞+1)

4
) ×

                                       Θ(𝜉𝑞)
𝑝+𝑚𝑛
2 𝑒

−
Θ(𝜉𝑞)

Ω𝐼 𝐾𝑚𝑛−𝑝
(√

4𝜙𝑛Θ(𝜉𝑞)

Ω0Ω𝑛
)                                                     (24) 

By incorporating (24) into (19) and following a series of simplifications, it is possible to derive the 

diversity order of U𝑛 in the context of ipSIC, which is determined to be 0, a finding that is further 

corroborated by the graphical representations presented in Section 6. 

5. NUMERICAL RESULTS 

In this Section, we present the simulated outcomes pertaining to the analyzed system and juxtapose them 

with analytical formulations to validate their accuracy. Absent any specific indications, we adopt the 

system parameters delineated below: 𝑎𝑐 = 0.4, 𝑅𝑐,𝑛 = 0.2, 𝑅𝑝,1 = 0.2, 𝑅𝑝,2 = 0.1 and 𝛿 = 0.5. 

Additionally, we examine a straightforward scenario with 𝑁 = 2 with power distribution coefficients 

explicitly set as 𝑎1 = 0.24 and 𝑎2 = 0.36, ensuring the total power constraint 𝑎𝑐 + 𝑎1 + 𝑎2 = 1 is 

strictly satisfied. For the channel gains, the mean values are set to 𝜆0 = 𝜆1 = 𝜆2 = 1. The selection of 

unity mean values corresponds to a normalized fading channel standard, which is widely adopted in the 

existing literature (e.g., [25],[28]) to evaluate baseline theoretical limits. This symmetric channel setup 

ensures that the performance comparison between RSMA and NOMA is evaluated under a generalized 

fading environment. The residual interference variance is set to Ω𝐼 = 0.01. Furthermore, the Gauss-

Chebyshev parameter is chosen as 𝑄 = 200 to achieve a precise approximation [30]. 

 
Figure 2. Outage performance versus 𝜌𝑆  for Un. 

Figure 2 shows the outage probability for two users under two sets of Nakagami-m parameters ( 𝑚0 =
1,𝑚1 = 𝑚2 = 1.5 vs. 𝑚0 = 2,𝑚1 = 𝑚2 = 2.5) shows that increasing the fading severity parameters 
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consistently lowers the outage across all SNR values. At low SNR (10-20 dB), both curves drop sharply, 

indicating that even moderate increases in transmit power yield significant reliability gains despite the 

keyhole effect. In the high-SNR region (above 30 dB ), both curves begin to flatten, reflecting the limited 

diversity imposed by the rank-one keyhole channel higher m values delay, but do not eliminate this 

outage floor. 

Figure 3 depicts the comparison of RSMA and NOMA, RSMA maintains a clear outage advantage for 

both User 1 and User 2 across the entire SNR range, under both perfect and imperfect SIC assumptions. 

The performance gap widens in the mid-to-high SNR regime ( 25 − 40 dB ), illustrating RSMA's 

superior interference mitigation under keyhole fading even a small amount of residual ipSIC interference 

hurts NOMA more severely. 

 
Figure 3. Comparison between RSMA and NOMA for the outage probability versus 𝜌𝑆 . 

Figure 4 shows outage probability against the common-message power coefficient 𝑎𝑐  at two SNR values 

(20 dB dashed, 30 dB solid). It reveals an optimal allocation window around 𝑎𝑐 ≈ 0.4 − 0.6. Outside 

this window, the outage rises markedly: too little 𝑎𝑐  starves the common stream and too much 𝑎𝑐  reduces 

private-stream SINR. Increasing SNR shifts both curves downward, but preserves the same optimal 

region, confirming that power-split tuning remains critical under keyhole conditions. 

 
Figure 4. The outage probability versus power coefficient 𝑎𝑐  with 𝑚0 = 2 and 𝑚1 = 𝑚2 = 2.5. 

Figure 5 depicts the outage probability versus the keyhole parameter 𝛿 at 30 dB. It displays a steep 

decline as 𝛿 increases (i.e., the keyhole attenuates less), demonstrating how stronger keyhole severity 

(𝛿 < 0.2) forces outage rates above 10−2. For 𝛿 > 0.6, the outage for higher Nakagami- 𝑚 values ( 

𝑚0 = 3, 𝑚1 = 𝑚2 = 3.5 ) plunges below 10−4, indicating that RSMA benefits substantially from 

weaker keyhole effects and higher fading parameters. The gap between the two Nakagami- 𝑚 curves 

also underscores how fading severity and keyhole strength jointly govern reliability. 
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Figure 5. The outage probability versus the impact of the keyhole parameter 𝛿 with 𝜌𝑆 = 30 dB. 

6. CONCLUSIONS 

This paper provides a unified analytical framework to assess the performance of RSMA in keyhole 

fading channels. Exact and asymptotic outage probabilities are established under perfect and imperfect 

SIC assumptions. The findings show that RSMA is more robust against the keyhole effect than 

traditional NOMA, especially in the presence of residual interference. Our analysis of diversity also 

shows that the keyhole channel degradation restricts the diversity attainable, but RSMA is resilient 

because of its adaptable message splitting framework. The expressions thus obtained agree well with 
simulation results and the theoretical analysis is therefore validated. The results offer a better 

understanding of RSMA performance under rank-deficient channels caused by spatial correlation or 

keyhole effects and support its applicability to practical wireless systems subject to spatial correlation.  

Appendix A: Proof of Theorem 2 

From (13), the outage probability occurs if either decoding step fails, i.e. 

𝒫𝑈𝑛
ipSIC

= 1 − Pr (𝒢𝑏 > 𝛾̃𝑡ℎ
𝑐,𝑛 , 𝒢𝑏 > 𝛾̃𝑡ℎ

𝑝,𝑛(𝜛𝜌𝑆|𝑔𝐼|
2 +1)) = 1 − Pr (𝒢𝑏 > max (𝑇𝑐, 𝑇𝑝(|𝑔𝐼|

2))) , (𝐴. 1) 

Define thresholds 

𝑇𝑐  ≜ 𝛾̃𝑡ℎ
𝑐,𝑛 =

𝛾𝑐 ,𝑡ℎ

𝜌𝑆𝛿
2[𝑎𝑐 − (1 − 𝑎𝑐)𝛾𝑐,𝑡ℎ]

(𝐴. 2)

𝑇𝑝(𝑥)  ≜ 𝛾̃𝑡ℎ
𝑝,𝑛(1+ 𝜛𝜌𝑆𝑥)=

𝛾𝑝,𝑡ℎ

𝜌𝑆𝛿
2[𝑎𝑛− 𝛾𝑝,𝑡ℎ ∑  𝑗≠𝑛  𝑎𝑗]

(1 + 𝜛𝜌𝑆𝑥) (𝐴. 3)
 

We have: 

max(𝑇𝑐, 𝑇𝑝(𝑥)) = {
𝑇𝑐, 𝑇𝑝(𝑥) ≤ 𝑇𝑐,

𝑇𝑝(𝑥), 𝑇𝑝(𝑥) > 𝑇𝑐.
(𝐴. 4) 

Let 𝑥 = |𝑔𝐼|
2. By solving 𝑇𝑝(𝑥) = 𝑇𝑐, we obtain: 

𝑇𝑝(𝑥) ≤ 𝑇𝑐 ⇒ 𝑥 ≤ 𝑇0 =
𝑇𝑐/𝑇𝑝(0)− 1

𝜛𝜌𝑆
=
𝛾̃𝑡ℎ
𝑐,𝑛 − 𝛾̃𝑡ℎ

𝑝,𝑛

𝜛𝜌𝑆 𝛾̃𝑡ℎ
𝑝,𝑛 . (𝐴. 5) 

Then, outage probability becomes: 

𝒫𝑈𝑛
ipSIC

= ∫  
∞

0

 𝐹𝒢𝑏 (max(𝑇𝑐, 𝑇𝑝(𝑥)))𝑓|𝑔𝐼|2(𝑥)𝑑𝑥 =
1

Ω𝐼
∫  
𝑇0

0

 𝐹𝒢𝑏 (𝑇𝑐)𝑒
−
𝑥
Ω𝐼𝑑𝑥

⏟              
𝐼1

+
1

Ω𝐼
∫  
∞

𝑇0

 𝐹𝒢𝑏(𝑇𝑝(𝑥))𝑒
−
𝑥
Ω𝐼𝑑𝑥

⏟                
𝐼2

(𝐴. 6)
 

where 𝑓𝑥(𝑥) = 𝑒
−𝑥/Ω𝐼/Ω𝐼  and 𝐹𝒢𝑏(⋅) is the CDF of two squared Nakagami- 𝑚 RVs. From (8), we have 𝐼1 is calculated as: 

𝐼1 = 𝐹𝒢𝑏(𝑇𝑐) (1 − 𝑒
−
𝑥0
Ω𝐼) = [1 − ∑  

𝑚0−1

𝑝=0

 
2

𝑝! Γ(𝑚𝑛)
(
𝑇𝑐
Ω0Ω𝑛

)

𝑝+𝑚𝑛
2
𝐾𝑚𝑛−𝑝(√

4𝑇𝑐
Ω0Ω𝑛

)](1 − 𝑒
−
𝑥0
Ω𝐼) . (𝐴. 7) 

For 𝐼2, use the change of variables 𝑦 = 𝑇𝑝(𝑥) to obtain: 

𝐼2 = 𝜑𝐼𝑒
1

𝜛𝜌𝑆Ω𝐼 [
𝑒−𝜑𝐼𝑇𝑐

𝜑𝐼
− ∑  

𝑚0−1

𝑝=0

 
2

𝑝! Γ(𝑚𝑛)
(
1

Ω0Ω𝑛
)

𝑝+𝑚𝑛
2
𝐼3] , (𝐴. 8) 

where 𝜑𝐼 =
1

𝜛𝜌𝑆𝛾̃𝑡ℎ
𝑝,𝑛Ω𝐼

 and 𝐼3 = ∫  
∞

𝑇𝑐
𝑦
𝑝+𝑚𝑛
2 𝐾𝑚𝑛−𝑝(√

4𝑦

Ω0Ω𝑛
) 𝑒−𝜑𝐼𝑦𝑑𝑦. 

Let 𝑡 =
4

𝜋
arctan (𝑦 − 𝑇𝑐)− 1 ⇒ 𝑦 = tan ((𝑡 + 1)

𝜋

4
) + 𝑇𝑐 ⇒ 𝑑𝑦 =

𝜋

4
sec2 ((𝑡 + 1)

𝜋

4
) , 𝐼3 is given as: 

𝐼3 =
𝜋

4
∫  
1

−1

 sec2 (
𝜋(𝑡 + 1)

4
)Δ(𝑡)

𝑝+𝑚𝑛
2 𝐾𝑚𝑛−𝑝(√

4Δ(𝑡)

Ω0Ω𝑛
)𝑒−𝜑𝐼Δ(𝑡)𝑑𝑡, (𝐴. 9) 
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where Δ(𝑡) = tan (

𝜋(𝑡+1)

4
) + 𝑇𝑐. 

Unfortunately, finding a closed-form expression for (A.9) is a tough task, but an accurate approximation can be obtained for it. By 

using Gaussian-Chebyshev quadrature [[31], Eq. (25.4.38)], (A.9) can be achieved. 

𝐼3 ≈
𝜋2

4𝑄
∑  

𝑄

𝑞=1

 √1 − 𝜉𝑞
2sec2 (

𝜋(𝜉𝑞 + 1)

4
) Δ(𝜉𝑞)

𝑝+𝑚𝑛
2 𝑒−𝜑𝐼Δ(𝜉𝑞)𝐾𝑚𝑛−𝑝(

√
4Δ(𝜉𝑞)

Ω0Ω𝑛
), (𝐴. 10) 

where 𝜉𝑞 = cos (
2𝑞−1

2𝑄
𝜋) and 𝑄 is a complexity-accuracy tradeoff parameter. Substituting (A.10) into (A.8), 𝐼2 can be obtained as: 

𝐼2 ≈ 𝜑𝐼𝑒
1

𝜛𝜌𝑆Ω𝐼 [
𝑒−𝜑𝐼𝑇𝑐

𝜑𝐼
−∑  

𝑚0−1
𝑝=0  ∑  𝑄

𝑞=1  
2𝜋2√1−𝜉𝑞

2

𝑝!4𝑄Γ(𝑚𝑛)
(

1

Ω0Ω𝑛
)

𝑝+𝑚𝑛
2
sec2 (

𝜋(𝜉𝑞+1)

4
)×Δ(𝜉𝑞)

𝑝+𝑚𝑛
2 𝑒−𝜑𝐼Δ(𝜉𝑞)𝐾𝑚𝑛−𝑝 (√

4Δ(𝜉𝑞)

Ω0Ω𝑛
)]      (A.11) 

Substituting (A.11) and (A.7) into (A.6) and applying the integration by parts, 𝒫𝑈𝑛
ipSIC 

 can be re-expressed as: 

𝒫𝑈𝑛
ipSIC

≈ [1 − ∑  

𝑚0−1

𝑝=0

 
2

𝑝! Γ(𝑚𝑛)
(
𝑇𝑐
Ω0Ω𝑛

)

𝑝+𝑚𝑛
2
𝐾𝑚𝑛−𝑝(√

4𝑇𝑐
Ω0Ω𝑛

)](1 − 𝑒
−
𝑥0
Ω𝐼) 

+𝑒
1

𝜛𝜌𝑆Ω𝐼 [𝑒−𝜑𝐼𝑇𝑐 −∑  
𝑚0−1
𝑝=0  ∑  𝑄

𝑞=1  
2𝜋2𝜑𝐼√1−𝜉𝑞

2

𝑝!4𝑄Γ(𝑚𝑛)
(

1

Ω0Ω𝑛
)

𝑝+𝑚𝑛
2
sec2 (

𝜋(𝜉𝑞+1)

4
)× Δ(𝜉𝑞)

𝑝+𝑚𝑛
2 𝑒−𝜑𝐼Δ(𝜉𝑞)𝐾𝑚𝑛−𝑝 (√

4Δ(𝜉𝑞)

Ω0Ω𝑛
)].               (A.12) 

This completes the proof. 
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 ملخص البحث:

نتاااااانلية ماااااا اليةمتااااااا   ل ت  اااااات ليةمااااااا  التتنااااااه الواااااابحلية الأاااااانليةي لتاااااانلي  ي ليةن  اااااا  لةت 

(RSMAلفااااااتللأناااااا يتليةت ق ااااااتل يتليةل   اااااا)تياااااانل ذااااااا  لواااااابحليةيت اااااانل يتلية   بليةمفتااااااهُترل ت

يةمنخفضااااااانل تالت واااااااهلية اااااااديتل داااااااالح ي لحل مااااااانلي   اااااااهال ي  ااااااا ي لي ُاااااااه  ليةت  دت  ااااااانل

(SISOلي ااااااات هةللتاااااااهنقل لأت ااااااانل ت   يتااااااانل ُتمهةتااااااانليل  اااااااه ليةخ  ااااااانلةت نتااااااانل (رل لأااااااا لتااااااا  

(RSMAل هةن  اااااينلة ناااااهطل مااااادنلوه  ااااانللنهنتااااانليةم اااااتخ  ت  ل ااااا ل ة اااااه ليةت ااااا ي ذل)لليةمتتاااااهةتل

لب  لضااااللمااااهُلنلاااااه  لاق اااال  اااالن ااااد مةيلا داااا ةيلصقختساااايل  لت اااا لريةكه اااالل اتاااا ليةكه اااال

لقتاااااالتت لهناااااالأ ذلل تتد ل ت اااااا لش  لا ماااااا ةيلنتاااااان تلنلااااااهت لتهياااااال  لرحهتاااااافمةيلب  ااااااتل تلاتاااااالنهتااااااكه ت

ل تلاتااااالفشاااااكل ل   لنااااات لةيلنياااااتاله لضااااا حلسا  للااااال ن اااااتيةيلحبوااااالللااااا لتفااااالا  لاااااامةيل ت ااااا ت ل   لاااااتمةي

ذل لرمه ااااان لةيلنتااااالأ ل  لادااااا لحهتااااافمةيلب  ااااالل  ااااالقتهن اااااةيلنيااااات  لةيلص  ااااال لنتااااان ت لةيلنحلهناااااجنهتلل هااااا ت

اااااه ل   ااااااهاتمةيل تاااااال   لاااااااتمةيلا مااااا ةيلاداااااا ل ي حلطزتااااام لظفت ااااااتلطا كبماااااةي لم  اااااال  اااااالن لم 

اااااةيلاةااااا لطاه ااااا يلني اااااللضهفاااااخليل حلتنهنااااالةيلل ي ت اااااةيل ه اااااة لنتاااااةهل  اااااؤت لرقتجض  لقنهتااااان لةيل ك 

ااااةيل ةاهكاااالتلاااا  لطهكااااه   لن اااا   لاةي ذل ل ن ااااا  نةيلغتص   ل ت ااااا ت ل   لاااااتمةيلا ماااا ةيلنتاااان تلن لحل تياااات

ااااةيلاهلااااالآيلن اااافهك لههااااانكم لا  لااااامةي لته ااااا  لخمةيل  ااااللضااااافحلل لكشاااا لحهتااااافمةيلب  ااااللطهنااااا ةلطا لهض 

ااااؤتلكةبكااااالرى  اااا يلن اااا تد ت لةي لنتكدساااااقةيلت هصاااات ل يلنمااااا ل لنتاااان ت لةيلكدااااتلتهلاااااهك يلقنهتاااان لةيل ك 

لقتلته ت لتفللماتلتتة ليلنتدي ت مةي لر    لش 
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