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Abstract: Due to its ability to significantly enhance communication reliability, the fluid antenna system (FAS) has emerged as a promising 
technology for ultra-reliable communications (URC). However, existing expressions to evaluate the outage probability of FAS are either com‑
putationally complex or simplified at the cost of accuracy. To address this issue, we propose an accuracy-controllable approximation method 
under Rayleigh fading channels. Specifically, we first approximate the fully correlated Rayleigh fading model as a block-correlation Rayleigh 
model, where the channel gains of ports in different blocks are assumed to be mutually independent, while the channel gains of ports in the 
same block are considered equally correlated, to simplify the analysis while maintaining accuracy. Then, we propose a novel method to ap‑
proximate the Bessel function I0, introduced by the correlated Rayleigh fading, using an M-term series expansion, where the parameter M pro‑
vides a tunable trade-off between approximation accuracy and computational complexity. Based on this approximation, a closed-form expres‑
sion for the outage probability of FAS is derived. Simulation results demonstrate that our derived expression offers low computational complex‑
ity for evaluating the FAS outage probability while maintaining excellent approximation accuracy in the medium-to-high signal-to-noise ratio 
(SNR) range.
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1 Introduction

Ultra-reliable communications (URC) is a key Beyond 
5G (B5G) innovation that supports mission-critical ap‑
plications, e. g. , autonomous vehicles and remote sur‑
gery, by ensuring over 99. 999% transmission reliabil‑

ity[1–2].  Such ultra-reliability is often achieved through diver‑
sity techniques, particularly by realizing spatial diversity with 
multiple antennas in Multiple-Input Multiple-Output (MIMO) 
technology to combat signal fading[3].  However, MIMO re‑
quires the minimum antenna spacing of half the wavelength to 
prevent electromagnetic coupling[4].  This physical constraint 
makes it difficult to implement in highly miniaturized de‑
vices.  To address this challenge, the fluid antenna system 
(FAS) has emerged.  The core of FAS lies in its capability for 
dynamic reconfiguration.  Specifically, this refers to a system 

that can automatically switch the antenna position among N 
predefined locations, known as ports, within a given space[5].  
By selecting the port with the best channel condition, the sys‑
tem effectively leverages spatial diversity to maximize the re‑
ceived signal strength.

Accurate yet tractable performance analysis for FAS over 
Rayleigh fading is an important research direction, but it re‑
mains challenging due to the inherent spatial correlation among 
the fading channels. According to the classical Jakes’ model, 
the spatial correlation between any two ports depends on the 
distance between the two ports Δd and the wavelength λ, and is 
characterized by the zero-order Bessel function of the first kind, 
i.e., J0(2πΔd λ ). Until now, considerable research efforts have 
been devoted to addressing this issue.

The authors in Ref. [6] proposed a reference point model 
where the first port is selected as the reference port and the 
spatial correlation between the k-th port and the reference port 
is characterized by Jakes’ model. Based on this model, the au‑
thors derived the ergodic capacity and a corresponding lower 
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bound. Subsequently, building directly upon the same refer‑
ence point framework, the work in Ref. [7] derived the exact 
joint distribution of the signal envelopes for all ports, which 
enabled the derivation of the outage probability. Considering 
the outdated channel state information (CSI), the authors in 
Ref. [8] also employed the reference point model to develop an 
analytical framework for the outage probability of FAS. Al‑
though the reference point model has been widely used to de‑
rive expressions of the performance metric, it only captures 
the correlation of each port with a single reference and ignores 
correlations among other ports, leading to an overestimation of 
the achievable transmission performance. To address this limi‑
tation, Khammassi et al. introduced a fully correlated model[9]. 
By performing an eigenvalue decomposition on the channel co‑
variance matrix prescribed by Jakes’ model, the fully corre‑
lated model in Ref. [9] expresses each channel coefficient as a 
weighted sum of the eigenvectors, where the weights are inde‑
pendent Gaussian random variables scaled by the square roots 
of the corresponding eigenvalues. This construction rigorously 
ensures that the correlation between any two ports is consis‑
tent with Jakes’ model, thereby establishing a more accurate 
theoretical foundation for FAS performance analysis. Based on 
this model, the authors derived an approximate expression for 
the outage probability in single-integral form by retaining only 
the dominant eigenvalues of the channel covariance matrix to 
simplify the analysis[9]. Although the fully correlated model ad‑
dresses the limitations of the reference point model, it imposes 
high computational complexity. To address this issue, the au‑
thors in Ref. [10] proposed a spatial block-correlation model. 
The key idea of this model is the “structured approximation” 
using a block-diagonal matrix to capture the dominant spatial 
correlations. This construction is guided by the finding that 
the number of significant eigenvalues of the true covariance 
matrix is approximately 2W for a 1D fluid antenna of normal‑
ized length W. By grouping the ports into independent blocks, 
each designed to approximate one dominant eigenvalue, the 
model effectively decouples the system. This results in mutual 
independence between blocks and equal correlation within a 
block, thereby significantly simplifying subsequent mathemati‑
cal analysis and computation. A persistent bottleneck across 
these models, however, is the lack of a closed-form expression 
for the outage probability. This is because the Rayleigh fading 
model leads to a probability density function (PDF) that in‑
volves an exponential term. When evaluating the outage prob‑
ability for selection combining, this exponential term becomes 
coupled with the modified Bessel function I0, forming the inte‑
gral kernel of the Marcum Q-function. It is the presence of 
this particular function within the integrals that prevents a 
closed-form evaluation. The lack of a closed-form solution not 
only hinders rapid performance evaluation but also becomes a 
bottleneck when extending FAS to more complex and promis‑
ing frontiers. For instance, in multi-user systems, efficient 
power allocation and interference management rely on trac‑

table performance metrics[11]. Furthermore, the integration of 
FAS with advanced architectures, such as reconfigurable holo‑
graphic surfaces, demands efficient analytical tools for joint 
optimization[12]. Thus, the pursuit of a closed-form outage prob‑
ability expression is motivated not only by theoretical el‑
egance but also by practical necessity in advancing these 
cutting-edge applications.

To obtain a closed-form outage probability expression, we 
employ the same system model as in Ref. [10]. Within this 
framework, our main contributions are as follows:

• A novel approximation is introduced by applying an M-
term Taylor series expansion to the zero-order modified Bes‑
sel function of the first kind, I0, which constitutes the core of 
the Marcum Q-function 􀆳 s integral kernel. The proposed 
closed-form approximation achieves high computational effi‑
ciency by eliminating numerical integration, enabling rapid 
parameter sweeps and real-time analysis. Furthermore, it pro‑
vides tunable accuracy through adjustment of the M-term Tay‑
lor series, allowing for a flexible balance between precision 
and complexity.

• By integrating this approximation with the multinomial 
theorem, we derive an approximate closed-form expression for 
the outage probability, establishing an efficient and accurate 
tool for FAS performance evaluation.

• The theoretical findings are rigorously validated through 
Monte Carlo simulations, confirming the validity and precision 
of our analytical approach.
2 System Model

We consider the same point-to-point system model as in 
Ref. [10], with a single-user FAS receiver, as illustrated in 
Fig. 1.

The array consists of N uniformly spaced ports arranged lin‑
early on a dielectric holder of length Wλ, where λ denotes the 
wavelength of the transmitted signals.

We assume that all communication links experience Ray‑
leigh fading. Consequently, the signal received at the k-th port 
of the fluid antenna can be expressed as

yk = gk x + ηk (1),
where x is the transmitted data symbol with energy P, gk is the 

Figure 1. Geometry of the linear FAS with N candidate ports

Port 1 Port 2 Port n Port N
Wλ

… …

dm, n = || n - m
N - 1 Wλ
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channel coefficient at the k-th port with E é
ë| gk |

2ù
û = σ2, and 

ηk~CN (0, σ2
η ) is the additive white Gaussian noise (AWGN). 

Next, we define the average signal-to-noise ratio (SNR) as 
Γ   =Δ

σ2 E [ ]|| x 2

σ2
η

. For simplicity, and without loss of general‑
ity, we set σ2 = 1 in the following derivations.

The spatial correlation among the FAS ports is character‑
ized using the block-diagonal model of Ref. [10]1, whose spe‑
cific construction is detailed below.

1) Spatial coherence region partitioning
The total N FAS ports are partitioned into B independent 

spatial blocks, with each block containing L ( i) ports (satisfy‑
ing∑

i = 1

B

L ( )i = N). The inter-port spacing within each block is 
smaller than the spatial coherence distance, while the spacing 
between blocks exceeds the coherence distance.

2) Intra-block correlation matrix
The covariance matrix of the i-th block follows a constant 

correlation structure:

Ab =
æ

è

ç

ç

ç

ç
ç
çç
ç
ç

ç

ç

ç
ö

ø

÷

÷

÷

÷

÷
÷÷
÷
÷

÷

÷

÷
1 μ2

i ⋯ μ2
i

μ2
i 1 ⋯ μ2

i

⋮ ⋮ ⋮ ⋮
μ2

i μ2
i μ2

i 1
(2),

where μ2
i → 1-.

3) Inter-block independence
The global covariance matrix exhibits a block-diagonal 

structure, and this configuration models the FAS channel as B 
independent spatial degrees of freedom, where B is deter‑
mined by the antenna aperture size W (B ≈ 2W for linear 
FAS)[10].
3 Outage Performance Analysis

In this section, we derive a closed-form expression for the 
outage probability of FAS with optimal port selection. The sys‑
tem adopts selection combining (SC) that dynamically selects 
the antenna port exhibiting maximum instantaneous received 
signal power:

hFAS = max{h1, ⋯, hN} (3),
where hn = | gn |

2. Thus, we can write { hn } as

hn = ( 1 - μ2
n xn + μn x0 ) 2 + ( 1 - μ2

n yn + μn y0 ) 2 (4).

For the single-user scenario, the resulting outage probabil‑
ity is given by Eq. (43) in Ref. [10] as:

Pout(γ) = P ( max
n

{(1 - μ2 )Xn} < γ) (5),

where Xn is defined as

Xn = hn

1 - μ2
n

= ( xn + μn

1 - μ2
n

x0 ) 2

+ ( yn + μn

1 - μ2
n

y0 ) 2

(6).
Based on the block-correlation framework established in 

Ref. [10], the outage probability of the considered FAS is 
given by Lemma 2 in Ref. [10] as:

Pout (γ ) =

∏
b = 1

B ∫0
∞ 1

2 e- r02  ×∏
k = 1

L (b) é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
ú
ú
ú1 - Q1( )μ2r0

1 - μ2 , γ
1 - μ2 dr0 (7).

However, the expression in Eq. (7) remains intractable for 
deriving a closed-form solution. The key obstacle is the pres‑
ence of the Marcum Q-function Q1( μ2r0

1 - μ2 , γ
1 - μ2 ) 

within the integral, which itself is defined by an integral con‑
taining a Bessel function. To overcome this fundamental limi‑
tation, we propose a novel approximation method that yields a 
closed-form expression for the outage probability.

The primary challenge in obtaining a closed-form solution 
stems from the lack of standard integration techniques for the 
composite structure of the Marcum Q-function. Therefore, we 
expand it as follows:

Pout (γ ) =

∏
b = 1

B ∫0
∞ 1

2 e- r02 ∏
k = 1

L (b) ∫0

γ
1 - μ2 1

2 e-
tk + μ2

1 - μ2 r0
2  ×I0( μ2r0 tk

1 - μ2 )dtk dr0(8).

The challenge of obtaining a closed-form expression per‑
sists with Eq. (8), again due to the non-elementary Bessel 
function I0 and the nested integral. To overcome this, we apply 
a Taylor series expansion to I0 ( z ). The general M-term Taylor 
series is given by:

I0 ( z ) = ∑
m = 0

M - 1 z2m

22m( )m! 2 (9).

1 The block‑diagonal model is chosen as it strikes a balance between accuracy and analytical tractability. While this model offers a representative structure for derivation, the proposed 
analytical framework, which employs Taylor series expansion and multinomial theorem to handle the outage probability integral, constitutes the primary contribution and is readily gener‑
alizable to other spatial correlation models.
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By substituting this expansion into Eq. (8), we obtain a new 
expression that is amenable to analytical integration:

Pout (γ ) ≈ ∏
b = 1

B ∫0
∞ 1

2 e- r02 ∏
k = 1

L (b) ∫0

γ
1 - μ2 1

2 e-
tk + μ2

1 - μ2 r0
2 ×

é

ë

ê
êê
ê
ê
ê∑

m = 0

M - 1 1
4m (m!) 2 ( μ2r0 tk

1 - μ2 )mù

û

ú
úú
ú
ú
ú dtkdr0 (10).

To illustrate the core idea with clarity and to derive a com‑
pact, computationally efficient approximation, we first pres‑
ent the specific case of retaining only the first two terms (i.e., 
M = 2) of the series:

Pout (γ ) ≈ ∏
b = 1

B ∫0
∞ 1

2 e- r02 ∏
k = 1

L (b) ∫0

γ
1 - μ2 1

2 e-
tk + μ2

1 - μ2 r0
2 ×

(1 + μ2r0 tk

4(1 - μ2 ) )dtkdr0 =

∏
b = 1

B ∫0
∞ 1

21 + L (b) e
-( )r02 + ( )μ2r0

2 ( )1 - μ2

L ( )b

∏
k = 1

L (b) é

ë

ê
êê
ê
ê
ê∫0

γ
1 - μ2 e- tk2 dtk +

∫0
xk e- tk2 μ2r0 tk

4 ( )1 - μ2 dtk

ù

û

ú
úú
ú
ú
ú dr0 (11).

Then we evaluate the inner integral:

∫0
xk e- tk2 dtk = 2 (1 - e- xk2 )

∫0
xk e- tk2 μ2rb tk

4 ( )1 - μ2 dtk = μ2rb

( )1 - μ2 (1 - (1 + xk2 ) e- xk2 ) (12).

Substituting Eq. (12) into the outer integral:

Pout (γ ) ≈ ∏
b = 1

B 1
21 + L (b) ∫0

∞ e-r0( )1
2 + μ2 L (b)

2 (1 - μ2 ) ×

∏
k = 1

L (b) é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
ú
ú
ú2 ( )1 - e- γ

2(1 - μ2 ) + μ2 r0(1 - μ2 ) ( )1 - ( )1 + γ
2(1 - μ2 ) e- γ

2(1 - μ2 ) dr0

(13).
For computational simplicity, we define α = 1

2 +
μ2 L ( )i

2 ( )1 - μ2 , D = γ
2 ( )1 - μ2 , E = 2(1 - e-D ) , F = μ2

( )1 - μ2 (1 -
(1 + D) e-D ) , so that

Pout(γ) = ∏
b = 1

B 1
21 + L (b) ∫0

∞ e-αrb[ ]E + Frb

L (b) drb (14).

Next, the complex integral is transformed into a manageable 
series through binomial expansion. After interchanging the 
summation and integration, the integral values are computed 
using the Gamma function. Based on the independence as‑
sumption, the final expression is obtained in a product form:

Pout(γ) ≈ ∏
b = 1

B 1
21 + L (b) ∑

k = 0

L (b) ( )L (b)
k

EL (b) - kFk Γ ( )k + 1
αk + 1 (15).

Having established the closed-form approximation for 
M = 1, we now extend the analysis to an arbitrary number of 
terms M. The derivation for the general case, starting from 
Eq. (10), is considerably more involved, as it requires addi‑
tional analytical techniques, such as the application of the 
multinomial theorem, to handle the generalized series expan‑
sion. The resulting general closed-form expression for the out‑
age probability is given by:

Pout (γ ) = ∏
b = 1

B 1
2L (b) + 1 ∑

k0 + k1 + ⋯ + kM = L (b)( )L (b)
k0, k1,…, kM

×

∏
m = 0

M - 1
dkm

m
Γ ( s + 1)

αs + 1 (16),

where dm represents the contribution weight corresponding to 
different expansion terms in the outage probability expression; 
s is a summation exponent, which computes the weighted sum 
of the orders of all Taylor expansion terms under a specific ex‑
ponent combination {k0, k1, ..., kM}. The parameters in Eq. 
(16) are defined as follows:

dm = 2-m + 1

( )m! 2 ( μ2

1 - μ2 )m

γ ( j + 1, D) ,

s = ∑
j = 0

M - 1
jkj (17).

The detailed proof of the above result is provided in Ap‑
pendix A.

To quantitatively validate the low complexity of the pro‑
posed closed-form expression, we compare its computational 
efficiency with Eq. (7) via both theoretical analysis and 
MATLAB simulations. First, the computational complexity of 
Eq. (7) scales as O (X1 ⋅ X2 ⋅ ∑

b = 1

B

L ( )b ), where X1 and X2 de‑
note the numbers of discretization points for the outer and in‑
ner integrals (typically X1, X2 ≥ 103 to ensure accuracy). In 
contrast, the complexity of Eq. (16) is given by 
O (( )L ( )i + M

M
⋅ M ). The binomial coefficient grows only poly‑

nomially with L ( i), leading to a substantially lower complexity 
compared with the numerical benchmark. Fig. 2 presents a 
runtime comparison between the proposed method (for N in 
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{ }5, 10  and M in { }2, 4, 6 ) and the numerical benchmark in 
Eq. (7), conducted in MATLAB.

A direct comparison reveals that, for the same port count N, 
the runtime of the proposed closed-form method (Figs. 2a–2c 
and 2e–2g) is consistently and significantly lower than that of 
the numerical integration method (Figs. 2d and 2h), irrespec‑
tive of the Taylor expansion term count M, strongly corroborat‑
ing the theoretical complexity analysis.

To provide rigorous theoretical guarantees for the proposed 
approximation method, we present here the error bound analy‑
sis and convergence proof.

1) Error bound analysis
First, we define TM ( x ) as the Taylor expansion truncated af‑

ter the M-th term:
TM ( x ) = ∑

m = 0

M - 1 x2m

22m (m!) 2 (18).

The truncation error is defined as
εI0 ( x, M ) = I0 ( x ) - TM ( x ) (19).
Theorem 1 (Truncation Error Bound): For any x ≥ 0 and 

positive integer M,
εI0 ( x, M ) ≤ x2M

22M ( M!) 2 I0 ( x ) (20).

2) Propagation to outage probability error
Let Pexactout denote the true outage probability under the block-

correlation model, and P( )Mout  denote the approximation using M 
Taylor terms.

Theorem 2 (Outage Probability Error Bound): Let εpout de‑
note the outage probability error, which is defined as

Figure 2. Runtime comparison for different numbers of ports and Taylor expansion terms versus SNR

SNR: signal-to-noise ratio

(a) Runtime vs. SNR for N= 5, M=2 (b) Runtime vs. SNR for N= 5, M= 4 (c) Runtime vs. SNR for N= 5, M= 6 (d) Runtime vs. SNR for N= 5, Eq. (7)

(e) Runtime vs. SNR for N= 10, M=2 (f) Runtime vs. SNR for N= 10, M=4 (g) Runtime vs. SNR for N= 10, M=6 (h) Runtime vs. SNR for N= 10, Eq.(7)
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εpout = | Pexactout - P ( M )out | ≤ ΓM

( M!) 2 ⋅ C ( M, Γ ) (21),

where
C ( M, Γ ) = ∫0

∞
e-2t tM I0 (2 Γt )dt (22),

is a finite constant for given system parameters.
3) Convergence proof
Theorem 3 (Convergence): As M → ∞, the approximate out‑

age probability converges to the true value:
lim

M → ∞ P( )Mout = Pexactout (23).
The detailed proof of the above theorem is provided in Ap‑

pendix B.
4 Simulations

We now validate our theoretical analysis with computer 
simulations. For the sake of presentation, we consider the fol‑
lowing parameters: μ2 = 0.95, W = 1, γ = 2, N ∈ {5, 10}.

Fig. 3 depicts the relative approximation error, which is de‑
fined as ϵrel=（simulation result − analytical result）/simulation 
result[13], between the logarithmic forms of the series expan‑
sion of I0 and its original expression given in Eq. (7). This er‑
ror is plotted against the number of terms M included in the 
expansion, for different SNR values.

The simulation results validate both the convergence and 
efficiency of the proposed method across different operating 
conditions. First, for all tested SNR conditions, the approxi‑
mation error for both port configurations exhibits a consis‑
tent monotonic decrease as the number of Taylor series ex‑
pansion terms increases, confirming the convergence of our 
approach. Moreover, a systematic downward shift in the error 
curves is observed as the SNR increases from 10 dB to 20 
dB, indicating that better channel conditions allow the de‑
sired accuracy to be achieved with fewer expansion terms, 
thereby improving computational efficiency. In this study, 
we adopt a threshold of ϵrel = 10-3 for evaluating the accu‑
racy of the proposed closed-form expression. This choice is 
grounded in rigorous engineering judgment: when the refer‑
ence outage probability approaches the ultra-reliable com‑
munication target of 99.999%, this threshold ensures that 
the absolute approximation error does not exceed about 10-3. 
Such an error margin is considerably smaller than typical en‑
gineering safety allowances and therefore does not compro‑
mise the core conclusion regarding whether the system 
meets the 99.999% reliability target. At the same time, this 
threshold strikes a balance between numerical rigor and 
practical utility. Fig. 4 illustrates how the relative error var‑
ies with SNR.

The simulation results confirm the effectiveness and conver‑

gence of the proposed Taylor-series-based approximation. The 
approximation error decreases monotonically as the number of 
retained terms increases, and becomes negligible in the 
medium-to-high SNR regime.

Based on the above analysis, the system outage probability 
for different numbers of expansion terms (M = 2, 4, 6) is evalu‑
ated against the increasing SNR, as shown in Fig. 5.

The proposed approximations achieve remarkable accuracy 
with substantially reduced computational cost compared to the 
full model. The 4-term and 6-term expansions show excellent 
agreement with the reference model across the entire SNR 
range, outperforming the 2-term approximation, especially in 
the low-SNR regime. In medium to high SNR regions (approxi‑
mately above 10 dB), both approximations consistently satisfy 
the ultra-reliable communication criterion of Pout < 10-5 
across the entire SNR range. Moreover, the consistent align‑

Figure 3. ϵrel versus the number of series expansion terms for I0

SNR: signal-to-noise ratio

Figure 4. ϵrel versus SNR

SNR: signal-to-noise ratio

Number of terms to estimate
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ment across different port configurations (N = 5 and N = 10) 
further validates the adaptability and scalability of the pro‑
posed method.
5 Conclusions

In this paper, we tackle the challenging problem of deriv‑
ing a closed-form expression for the outage probability of an 
FAS under the practical block-correlation model. The pri‑
mary obstacle in this endeavor lies in the analytical intracta‑
bility of the Marcum Q-function embedded within the outage 
probability integral. To overcome this challenge, our first 
key contribution is the introduction of a novel approximation 
for the Bessel function I0. By applying a precise M-term Tay‑
lor series expansion directly to its integral kernel, we suc‑
cessfully reformulated this function into a manageable M-
term series representation. Building upon this mathematical 
foundation, our second major contribution was the success‑
ful derivation of an approximate closed-form expression for 
the FAS outage probability. By leveraging multinomial theo‑
rem and other analytical techniques, we consolidated the de‑
rived series into a comprehensive and computationally effi‑
cient formula.

Furthermore, the proposed approximation method for the 
Marcum Q-function is not limited to the block-correlation 
model and the Rayleigh channel. The core mathematical 
framework is generally applicable to both alternative spatial 
correlation models and broader classes of spatial fading mod‑
els for FAS2. Future work will focus on extending this analysis 
to multi-user FAS scenarios and incorporating more sophisti‑
cated fading channel models.

Appendix A
From (10), we can obtain the expression of Pout(γ) like

Pout (γ ) = ∏
b = 1

B ∫0
∞ 1

2L (b) + 1 exp ( - r0( 1
2 + μ2 L (b)

2 (1 - μ2 ) ) ) ×

∏
k = 1

L (b) é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
ú
ú
ú∑

m = 0

M - 1 1
4m (m!) 2 ( )μ2r0

1 - μ2

m∫0

γ
1 - μ2 e- tk2 tm

k dtk dr0 (24).

Then, using the lower incomplete Gamma function γ ( s, x) =
∫

x

∞
ts - 1e-tdt, Eq.  (24) becomes

Pout(γ) = ∏
b = 1

B ∫0
∞ 1

2L ( )b + 1 e-αr0é

ë
ê
êê
ê∑

m = 0

M - 1
dmrm0

ù

û
ú
úú
ú

L ( )b

dr0 (25),

where dm is given by Eq.  (17).
To expand é

ë
ê
êê
ê∑

m = 0

M - 1
dmrm0

ù

û
ú
úú
ú

L ( )b

, we employ the multinomial ex‑
pansion of a polynomial power, i. e. ,

é

ë
ê
êê
ê∑

m = 0

M - 1
dmrm0

ù

û
ú
úú
ú

L ( )b

= ∑
k0 + k1 + ...+kM = L (b)( )L (b)

k0, k1, …, kM

 × ∏
j = 0

M - 1
dkj

j r
∑
j = 0

M - 1
jkj

0

(26).
Then we can get

Pout (γ ) = ∏
b = 1

B 1
2L (b) + 1 ∑

k0 + k1 + ⋯ + kM = L (b)( )L (b)
k0, k1, …, kM

×

∏
j = 0

M - 1
dkj

j ∫0
∞ e-αr0 rs0dr0 (27),

where s is given by Eq.  (17).  Using the Gamma function, we 
can get the final result like Eq.  (16).

Appendix B
B.1 Proof of Theorem 1 
Since the Taylor series of I0(x) is a positive series and its 

coefficient ak = 1/ ( )k! 2 decays rapidly as k increases, it fol‑

2 This generality exists because the performance analysis of FAS under both alternative spatial correlation models (e.g., Jakes’ model) and various fading models (e.g., Rician, Nakagami-
m) consistently leads to probability expressions whose integral kernels involve special functions such as Bessel functions, Marcum Q-functions, or their variants[14‒15]. Precisely because 
the performance analysis under these different models ultimately yields integral expressions with similar kernels, the method proposed in our study can provide a unified processing strat‑
egy to transform such integrals into analytically tractable polynomial forms.

SNR: signal-to-noise ratio
Figure 5. Outage probability versus SNR
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lows that:
εI0 ( x, M ) = ∑

k = M

∞ x2k

22k (k!) 2 ≤ x2M

22M ( M!) 2 ∑
k = 0

∞ x2k

22k (k!) 2 =
x2M

22M ( M!) 2 I0 ( x ) (28).

B.2 Proof of Theorem 2 
We substitute the error bound from Theorem 1 into the out‑

age integral, interchange integral and summation, and bound 
the resulting expression using the exponential decay.  Specific 
steps are as follows:

εpout = |

|
|
||
||

|
|
||
| ∫0

∞ e-2t εI0 (2 Γt , M )dt ≤

∫0
∞ e-2t ⋅ εI0 (2 Γt , M )dt ≤

∫0
∞ e-2t ⋅ ( Γt ) 2M

( M!) 2 I0 (2 Γt )dt =
ΓM

( M!) 2 ∫0
∞ e-2t tMI0 (2 Γt )dt

(29).

We define C ( M, Γ ) = ∫0
∞ e-2t tMI0 (2 Γt )dt and then prove 

that it is bounded.  The integrand is continuous for t ≥ 0.  As 
t → ∞, we use the asymptotic expansion for I0:

I0 (2 ρt )~ e2 ρt

4π ρt
(30).

So we obtain
e-2t ⋅ I0 (2 Γt )~ e-2t + 2 Γt

4π Γt
(31).

The exponential term -2t + 2Γt  is dominated by -2t.  
For large t, the integrand decays exponentially, which results 
in overall exponential decay and ensures the convergence of 
the integral.  Hence, C (M, Γ ) is bounded, completing the 
proof of Theorem 2.

B.3 Proof of Theorem 3 
We define the following sequence of functions:
gM ( t ) = e-2tTM (2 Γt ) (32).
Since I0 is an entire function, its Taylor series converges 

uniformly on the entire complex plane, and therefore it also 
converges pointwise on the real axis.  Hence, for any fixed t ≥
0 and Γ ≥ 0, we have lim

M → ∞ TM (2 Γt ) = I0 (2 Γt ).
To apply the Lebesgue dominated convergence theorem, we 

construct a dominating function G ( t).  Note that:

|| gM ( t ) ≤ e-2t |
|

|
| TM (2 Γt ) ≤ e-2tI0 (2 Γt ) = G ( t) (33).

We now prove that G ( t) is integrable on )[0, ∞ .  As t → ∞,

G ( t ) = e-2t ⋅ I0 (2 Γt )~ e-2t + 2 Γt

4π Γt
(34).

The exponential term -2t + 2Γt  is dominated by -2t for 
large t, hence G ( t) decays exponentially, which guarantees 
the convergence of the integral.  According to the Lebesgue 
dominated convergence theorem:

lim
M → ∞ ∫0

∞
gM ( t )dt = ∫0

∞ lim
M → ∞ gM ( t )dt = ∫0

∞
g ( t )dt (35).

So we obtain
lim

M → ∞ P ( M )out = 1 - lim
M → ∞ ∫0

∞
gM ( t )dt = 1 - ∫0

∞
g ( t )dt = Pexactout

(36).

References
[1] Popovski P, Nielsen J J, Stefanovic C, et al. Wireless access for ultra-

reliable low-latency communication: principles and building blocks [J]. 
IEEE network, 2018, 32(2): 16–23. DOI: 10.1109/mnet.2018.1700258

[2] Wang C X, You X H, Gao X Q, et al. On the road to 6G: visions, require‑
ments, key technologies, and testbeds [J]. IEEE communications surveys 
& tutorials, 2023, 25(2): 905–974. DOI: 10.1109/comst.2023.3249835

[3] He B, Xu H J, Ji W, et al. Reliable communication based on energy 
spreading transform and iterative detection in MIMO-OFDM systems [J]. 
IET communications, 2024, 18(14): 817–826. DOI: 10.1049/cmu2.12792

[4] Heath R W, Lozano A. Foundations of MIMO communication [M]. Cam‑
bridge, UK: Cambridge University Press, 2018. DOI: 10.1017/
9781139049276

[5] Wong K K, Tong K F. Fluid antenna multiple access [J]. IEEE transactions 
on wireless communications, 2022, 21(7): 4801 – 4815. DOI: 10.1109/
twc.2021.3133410

[6] Wong K K, Shojaeifard A, Tong K F, et al. Performance limits of fluid an‑
tenna systems [J]. IEEE communications letters, 2020, 24(11): 2469 –
2472. DOI: 10.1109/lcomm.2020.3006554

[7] Wong K K, Shojaeifard A, Tong K F, et al. Fluid antenna systems [J]. 
IEEE transactions on wireless communications, 2021, 20(3): 1950–1962. 
DOI: 10.1109/twc.2020.3037595

[8] Psomas C, Kraidy G M, Wong K K, et al. Fluid antenna systems with out‑
dated channel estimates [C]//Proceedings of ICC 2023 – IEEE Interna‑
tional Conference on Communications. IEEE, 2023: 2970 – 2975. DOI: 
10.1109/ICC45041.2023.10278619

[9] Khammassi M, Kammoun A, Alouini M S. A new analytical approximation 
of the fluid antenna system channel [J]. IEEE transactions on wireless com‑
munications, 2023, 22(12): 8843 – 8858. DOI: 10.1109/
TWC.2023.3266411

[10] Ramírez-Espinosa P, Morales-Jimenez D, Wong K K. A new spatial 
block-correlation model for fluid antenna systems [J]. IEEE transactions 
on wireless communications, 2024, 23(11): 15829 – 15843. DOI: 
10.1109/TWC.2024.3434509

10



ZTE COMMUNICATIONS
September 2026 Vol. 24 No. 3

Wu Ruojia, Xu Rui, Ye Yinghui, Song Xi, Lu Guangyue 

Closed-Form Outage Expression of Fluid Antenna Systems for Ultra-Reliable Communications   Special Topic

[11] Hu L Y, Li L C, Pan C H, et al. Two-timescale design for fluid antenna 
enhanced multiuser MIMO system with imperfect CSI [C]//Proceedings of 
IEEE 101st Vehicular Technology Conference (VTC2025-Spring). IEEE, 
2025: 1–5. DOI: 10.1109/VTC2025-Spring65109.2025.11174765

[12] Zhang S P, Zhang Y Z, Hashida H, et al. Fluid antenna systems enabled 
by reconfigurable holographic surfaces: beamforming design and experi‑
mental validation [J]. IEEE journal on selected areas in communications, 
2026, 44: 1417–1431. DOI: 10.1109/JSAC.2025.3618797

[13] Shi L Q, Ye Y H, Hu R Q, et al. System outage performance for three-
step two-way energy harvesting DF relaying [J]. IEEE transactions on ve‑
hicular technology, 2019, 68(4): 3600 – 3612. DOI: 10.1109/
TVT.2019.2897505

[14] Huangfu J S, Song Z Y, Hou T W, et al. Performance analysis of fluid an‑
tenna system under spatially-correlated Rician fading channels [J]. IEEE 
transactions on wireless communications, 2026, 25: 1394– 1407. DOI: 
10.1109/twc.2025.3590722

[15] Wang G Y, Zhang J, Xu K Z, et al. Performance analysis of multi-RIS-
aided fluid antenna systems under Nakagami-m fading channels [C]//Pro‑
ceedings of 16th International Conference on Wireless Communications 
and Signal Processing (WCSP). IEEE, 2024: 360– 365. DOI: 10.1109/
WCSP62071.2024.10826703

Biographies
Wu Ruojia is currently a master’s candidate in the School of Communication 

and Information Engineering, Xi’an University of Posts and Telecommunica‑
tions, China. Her main research interests include wireless communications and 
fluid antenna systems.

Xu Rui received her BE and MS degrees from Xi’an Technological University, 
China and Xi’an University of Posts & Telecommunications, China in 2021 and 
2024, respectively. She is currently pursuing a PhD degree at Xi’an University 
of Posts & Telecommunications. Her current research interests include back‑
scatter communications and fluid antenna systems.

Ye Yinghui (connectyyh@126. com) holds a PhD and serves as an associate 
professor at the School of Communication and Information Engineering, Xi’an 
University of Posts & Telecommunications, China. His main research interests 
include simultaneous wireless information and power transfer (SWIPT), back‑
scatter communication, and mobile edge computing.

Song Xi is currently a PhD candidate in the School of Electrical and Electronic 
Engineering, North China Electric Power University, China. His main research 
interests include backscatter communication, mobile edge computing, and si‑
multaneous wireless information and power transfer (SWIPT).

Lu Guangyue holds a PhD and serves as a professor at the School of Communi‑
cation and Information Engineering, Xi’an University of Posts & Telecommuni‑
cations. His main research interests include communication signal processing, 
multi-antenna technology, and efficient spectrum utilization.

Zhang Wenjun is an Academician of the Chinese Academy of Engineering, an IEEE Fellow, a 
Chair Professor at Shanghai Jiao Tong University, China, and Director of the Cooperative Medianet 
Innovation Center (CMIC).  He received the BS, MS, and PhD degrees in electronic engineering 
from Shanghai Jiao Tong University in 1984, 1987, and 1989, respectively.  His research interests 
include image coding and communications, media-network convergence, broadband wireless trans‑
mission, and core technologies for digital television systems and chips.  For more than three de‑
cades, he has led major national research and engineering programs and made systematic contribu‑
tions to the development of indigenous technologies for television broadcasting and media networks 

in China.  He has received four Second Prizes of the National Science and Technology Progress Award as the first-ranked 
contributor, the China Patent Gold Award, the Ho Leung Ho Lee Prize for Scientific and Technological Progress, and the 
Shanghai Science and Technology Meritorious Award.

New Member of ZTE Communications Editorial Board

七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七
七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七七

Zhang Wenjun

11


