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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 I, 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
lira-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-

72 Such ultra-reliability is often achieved through diver-

ity
sity techniques, particularly by realizing spatial diversity with
multiple antennas in Multiple-Input Multiple-Output (MIMO)
technology to combat signal fading”. However, MIMO re-
quires the minimum antenna spacing of half the wavelength to

I This physical constraint

prevent electromagnetic coupling'
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

This work was supported in part by the National Natural Science Founda-
tion of China under Grant No. 62571430 and the Shaanxi Concept Demon-
stration Center under Grant No. 2025CG-GNYZ2-03.

that can automatically switch the antenna position among N
predefined locations, known as ports, within a given space®.
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 Ad and the wavelength A, and is
characterized by the zero-order Bessel function of the first kind,
i.e., Jo(2mAd/A ). 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™.
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'”. 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 [, 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-
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U Furthermore, the integration of

table performance metrics
FAS with advanced architectures, such as reconfigurable holo-
graphic surfaces, demands efficient analytical tools for joint
optimization"?. 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, /,, 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 WA, where A 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

Yr = & t 1, (1),

where x is the transmitted data symbol with energy P, g, is the

_ln-m|
mon T N-1 WA
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Port 1 " Port 2 Port n
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Figure 1. Geometry of the linear FAS with N candidate ports



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

Special Topic

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

channel coefficient at the k-th port with E[| gk|2] =07, and
7,~CN (0, O'fl) is the additive white Gaussian noise (AWGN).

Next, we define the average signal-to-noise ratio (SNR) as
2
s E[eF) |
I' =0°———. For simplicity, and without loss of general-

Oy

ity, we set > = 1 in the following derivations.

The spatial correlation among the FAS ports is character-
ized using the block-diagonal model of Ref. [10]', 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-

B
ingzL(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:

L
2 2
20 e ]
A[) = IJ:” . . IU:’
uiowiowl 1
where u? — 17,
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)'.

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:

hyys = max{hl, "'vhzv} (3),

2
. Thus, we can write { h,} as

where h, = |gn

2

2
h, = (,\/ 1 -l x, +Mnxo) + (,\/1 — My, +/wo) (4).

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

Pom(v)=P(m3X{(1 - X, | <7) (5),
where X is defined as

h
S (N

_1—Iui_

n

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:

Pnul(y) =

However, the expression in Eq. (7) remains intractable for
deriving a closed-form solution. The key obstacle is the pres-

2
ence of the Marcum Q-function (), #7’02’ LZ
1-u 1 -u

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:

A RO BT Wt
—e 2 J K —e 2 x1 S0k g, dry(8).
Hfoz 5 o [ [dndr®)

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

M-1 2
zm

IO(Z) ) /"ZOW (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:

t, + B 7o
B ocl ,QL(b) ];y 1 1 -u
P ~ J*e 2 f F—e X
Om(‘}/) 1,1:[1 02 k=10 2
W71 1 2 zA m
AT e, dr (10)
nso 4" (m) 1 - p

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:

de, |dr, (11).

Then we evaluate the inner integral:

f Ae_édlk = 2(1 - e_ZA)
0

X, b 2 2 _x
f e 2 roryt, di, = rery (]_(1_'_%)62) (12).
0 4 2

(1-u) " (1 -)

Substituting Eq. (12) into the outer integral:

1 @PL(b) )

ol ” 7"’(72(1— D)
P...AI(V)QHWLe X
L(b) Y 2
I1 2(1 e 2“-#’)) |
k=1 (1 M )

For  computational define o =

L@ oy
2(1-12)" 2(1-p)
(1+D)e ) so that

simplicity, we

JE=2(1-¢"),F :“72(1 -

B ©
Pulr) =115 }LW JO e [E + Fr,]"dr, (14).
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(Hz(l—,uz)) ”d“

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:

B L(b)
L) i Tk + 1)
oul H 1 +L(b) Z‘( i )EL(I)) thT (15).

b=

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:

L(b)
2Lb z (k k..o k ) X
k(,+k + oo+ ky = L(b) 1 s vy

Hd ) (16)

m =0

@:1%

oul

where d,, 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 {ko, kyyeons kM}. The parameters in Eq.

(16) are defined as follows:

y(j+1,D),

2

i
1 - u?

2—m,+]
(m!)’

M-1
s = ZJIE

i
j=0

m

(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

B
Eq. (7) scales as O(X] - X, - zL(b)), where X, and X, de-

b=1
note the numbers of discretization points for the outer and in-
> 10* to ensure accuracy). In

of Eq. (16) is

ner integrals (typically X, X,

contrast, the complexity given by

L(i)+M
O(( (L;J ) . 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 T, (x) as the Taylor expansion truncated af-
ter the M-th term:

M-1 x2m
T, (x)= (ol (18).
m=0 m!)
®ST@m0 ®oiTE0O
SNR=5 dB: 0.000614 s SNR=5 dB: 0.000700 s
SNR=6 dB: 0.000174 s SNR=6 dB: 0.000387 s
SNR=7 dB: 0.000237 s SNR=7 dB: 0.000441 s
SNR=8 dB: 0.000201 s SNR=8 dB: 0.000410 s
SNR=9 dB: 0.000201 s SNR=9 dB: 0.000476 s
SNR=10 dB: 0.000014 s SNR=10 dB: 0.000355 s
SNR=11 dB: 0.000014 s SNR=11 dB: 0.000262 s
SNR=12 dB: 0.000013 s SNR=12 dB: 0.000268 s
SNR=13 dB: 0.000014 s SNR=13 dB: 0.000271 s
SNR=14 dB: 0.000015 s SNR=14 dB: 0.000276 s
SNR=15 dB: 0.000019 s SNR=15 dB: 0.000273 s
SNR=16 dB: 0.000014 s SNR=16 dB: 0.000273 s
SNR=17 dB: 0.000019 s SNR=17 dB: 0.000265 s
SNR=18 dB: 0.000014 s SNR=18 dB: 0.000280 s
SNR=19 dB: 0.000014 s SNR=19 dB: 0.000284 s
SNR=20 dB: 0.000015 s SNR=20 dB: 0.000276 s
fx >> Jx>>

(a) Runtime vs. SNR for N= 5, M=2 (b) Runtime vs. SNR for N= 35, M= 4

®STEN ®SFE0
SNR=5 dB: 0.000660 s SNR=5 dB: 0.001397 s
SNR=6 dB: 0.000189 s SNR=6 dB: 0.000980 s
SNR=7 dB: 0.000214 s SNR=7 dB: 0.000918 s
SNR=8 dB: 0.000190 s SNR=8 dB: 0.000976 s
SNR=9 dB: 0.000239 s SNR=9 dB: 0.001109 s
SNR=10 dB: 0.000028 s SNR=10 dB: 0.000875 s
SNR=11 dB: 0.000027 s SNR=11 dB: 0.000851 s
SNR=12 dB: 0.000028 s SNR=12 dB: 0.000835 s
SNR=13 dB: 0.000028 s SNR=13 dB: 0.000807 s
SNR=14 dB: 0.000028 s SNR=14 dB: 0.000797 s
SNR=15 dB: 0.000035 s SNR=15 dB: 0.000758 s
SNR=16 dB: 0.000056 s SNR=16 dB: 0.000793 s
SNR=17 dB: 0.000030 s SNR=17 dB: 0.000812 s
SNR=18 dB: 0.000031 s SNR=18 dB: 0.000797 s
SNR=19 dB: 0.000029 s SNR=19 dB: 0.001050 s
SNR=20 dB: 0.000029 s SNR=20 dB: 0.001667 s

fx>> fx,>>

(e) Runtime vs. SNR for N= 10, M=2 (f) Runtime vs. SNR for N= 10, M=4

The truncation error is defined as

£y (6, M) = 1y(x) = T (x) (19).

Theorem 1 (Truncation Error Bound): For any x = 0 and

positive integer M,

2M
X

Slu(x’ M) < ZZM(M!)Z

Iy(x) (20).

2) Propagation to outage probability error

Let P2*“'denote the true outage probability under the block-

out
(M

() denote the approximation using M

correlation model, and P

Taylor terms.

Theorem 2 (Outage Probability Error Bound): Let &, ~de-

P

note the outage probability error, which is defined as

®w$irEn @m0
SNR=5 dB: 0.000603 s SNR=5 dB: 0.098052 s
SNR=6 dB: 0.000807 s SNR=6 dB: 0.097670 s
SNR=7 dB: 0.000600 s SNR=7 dB: 0.137002 s
SNR=8 dB: 0.000607 s SNR=8 dB: 0.100223 s
SNR=9 dB: 0.000795 s SNR=9 dB: 0.138875 s
SNR=10 dB: 0.000510 s SNR=10 dB: 0.123009 s
SNR=11 dB: 0.000459 s SNR=11 dB: 0.120808 s
SNR=12 dB: 0.000501 s SNR=12 dB: 0.115171 s
SNR=13 dB: 0.000450 s SNR=13 dB: 0.116854 s
SNR=14 dB: 0.000501 s SNR=14 dB: 0.098372 s
SNR=15 dB: 0.000442 s SNR=15 dB: 0.206748 s
SNR=16 dB: 0.000491 s SNR=16 dB: 0.293700 s
SNR=17 dB: 0.000837 s SNR=17 dB: 0.230351 s
SNR=18 dB: 0.000490 s SNR=18 dB: 0.159313 s
SNR=19 dB: 0.000466 s SNR=19 dB: 0.200791 s
SNR=20 dB: 0.000495 s SNR=20 dB: 0.128656 s

Sx>> Jx >>

(¢) Runtime vs. SNR for N=5, M= 6 (d) Runtime vs. SNR for N=5, Eq. (7)

®eTEO ®ofrE0
SNR=5 dB: 0.002896 s SNR=5 dB: 0.205327 s
SNR=6 dB: 0.002752 s SNR=6 dB: 0.191705 s
SNR=7 dB: 0.003001 s SNR=7 dB: 0.204395 s
SNR=8 dB: 0.002773 s SNR=8 dB: 0.173964 s
SNR=9 dB: 0.003363 s SNR=9 dB: 0.178532 s
SNR=10 dB: 0.002608 s SNR=10 dB: 0.181172 s
SNR=11 dB: 0.002609 s SNR=11 dB: 0.178401 s
SNR=12 dB: 0.002699 s SNR=12 dB: 0.177112 s
SNR=13 dB: 0.002592 s SNR=13 dB: 0.176204 s
SNR=14 dB: 0.003590 s SNR=14 dB: 0.190723 s
SNR=15 dB: 0.006335 s SNR=15 dB: 0.186929 s
SNR=16 dB: 0.003513 s SNR=16 dB: 0.175477 s
SNR=17 dB: 0.005131 s SNR=17 dB: 0.193535 s
SNR=18 dB: 0.004498 s SNR=18 dB: 0.344822 s
SNR=19 dB: 0.002705 s SNR=19 dB: 0.265909 s
SNR=20 dB: 0.003225 s SNR=20 dB: 0.192190 s

Se>> fe>>

(g) Runtime vs. SNR for N= 10, M=6 (h) Runtime vs. SNR for N= 10, Eq.(7)

SNR: signal-to-noise ratio

Figure 2. Runtime comparison for different numbers of ports and Taylor expansion terms versus SNR
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M
e, =|Pom - P < L cou ) 1),
P (m1)
where
c(M, T) :J e M, (2 Tt )de (22),
0

is a finite constant for given system parameters.

3) Convergence proof

Theorem 3 (Convergence): As M — o, the approximate out-
age probability converges to the true value:

Jim PUD = pexact (23).

out out

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 paufametelrs:,u2 =095, W=1,y=2,Ne {5, 10}.

Fig. 3 depicts the relative approximation error, which is de-
fined as €= (simulation result—analytical result)/simulation
result™, between the logarithmic forms of the series expan-
sion of I, 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 €, = 107 for evaluating the accu-

rel
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 107>
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-

08 ZTE COMMUNICATIONS
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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 P, < 107
across the entire SNR range. Moreover, the consistent align-

\E’
0" 3 4 5 6 7 8 9 10
Number of terms to estimate
SNR: signal-to-noise ratio
Figure 3. € , versus the number of series expansion terms for I
\EJ

107[0

SNR/dB

SNR: signal-to-noise ratio

Figure 4. € , versus SNR

rel
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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.

S 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 1. 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 FAS®. 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 an(‘y) like
B 2
0 2L 2201 —u?)
L) | -1 2 \" s
z 1 2 s roz jl e 2apdey |dry (24).
il mmo 4" (m) 1 - 0

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

f t~'e'dt, Eq. (24) becomes

x

= 4= Block-correlation model in Eq. (7)
==L Approximate the first two terms of 1|
- Approximate the first four terms of

~—— Approximate the first six terms of IU

0

10715 I i L i L
6 8 10 12 14 16 18 20
SNR/dB

SNR: signal-to-noise ratio

Figure 5. Outage probability versus SNR

P L(b)
P Hfo L)+ wu[ Z d,r } dr (25),

where d,, is given by Eq. (17).
M-l

L(b)
To expand {z dmrg'} , we employ the multinomial ex-
m=0

pansion of a polynomial power, i. e. ,

M1 L)
ST RS o O
m=0 ko + k) + otky = L(b k07kl7 ok m

(26).
Then we can get
B L(b)
Poul zHZ’ W, +k|+-z+‘k”L(b)(k()’kl’“.’kw) :
: ldfj:efw“ rodr, (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 I(x) is a positive series and its

coefficient a, = 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''*"'*., 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.
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lows that:
(M) o« 2 el i el
& s = < =
1, \ % k:M22A~(k!)2 ZZM(M!)Z/C:OZM(M)Z
xZM (28)
2

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:

g, = U ee (2v Tt ,M)dt
out 0 0

f o2 81“(2«/ It ,M)dt <
0

© )M (29).
[l SO T
(;'W)z f:e’z‘z’wlo(zm)dt

We define C(M, ") = f e 2 1"1,(2+ I't )dt and then prove
0
0. As

that it is bounded. The integrand is continuous for ¢ >
t — o, we use the asymptotic expansion for I :

2./pt

o2 /pt )o———— (30).
41 ﬁ

So we obtain

—2t+ 2Tt

(NEII ) — (31).
N 477«/Tt

The exponential term -2¢ + J2TI't is dominated by -2i.
For large ¢, the integrand decays exponentially, which results
in overall exponential decay and ensures the convergence of
the integral. Hence, C(M,I") is bounded, completing the
proof of Theorem 2.

B.3 Proof of Theorem 3

We define the following sequence of functions:

gy(t)=e T, (2VTIt) (32).
Since I, 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 ¢ >

Oand I" = 0, we haveMliin T,2vIt)=1,2V1t).

To apply the Lebesgue dominated convergence theorem, we
construct a dominating function G (¢). Note that:

-IO ZTE COMMUNICATIONS
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| —21

e, (2Tt )=6(1)  (33).

2@‘

|gw

We now prove that G (t) is integrable on [0, 00). Ast — o,

-2+ 2T

NIV EE— (34).

G(t)=e™
N, 41Tr\/ﬁ

The exponential term —2¢ + +/ 21t is dominated by —2¢ for
large ¢, hence G(t) decays exponentially, which guarantees

the convergence of the integral. According to the Lebesgue

dominated convergence theorem:

MlianJ’ 2 dt—JthinmgM 1)t = fog(t)dt (35).

So we obtain

out

lim P =1 = lim J gy (de =1 _J g(t)de = poe
| > 0 0

(36).
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