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Abstract—Fluid antenna system (FAS) is an emerging technol-
ogy that uses the new form of shape- and position-reconfigurable
antennas to empower the physical layer for wireless communica-
tions. Prior studies on FAS were however limited to narrowband
channels. Motivated by this, this paper addresses the integration
of FAS in the fifth generation (5G) orthogonal frequency division
multiplexing (OFDM) framework to address the challenges posed
by wideband communications. We propose the framework of the
wideband FAS-OFDM system that includes a novel port selection
matrix. Then we derive the achievable rate expression and design
the adaptive modulation and coding (AMC) scheme based on the
rate. Extensive link-level simulation results demonstrate striking
improvements of FAS in the wideband channels, underscoring
the potential of FAS in future wireless communications.

Index Terms—S5G, 6G, adaptive modulation and coding (AMC),
fluid antenna system (FAS), OFDM, performance evaluation.

I. INTRODUCTION

ITH the development of fifth generation (5G) wireless
W communication system in full swing, the development
of sixth generation (6G) mobile system is beginning to come
into the limelight [1], [2]. The vision of 6G is ambitious and it
aims to create a seamless reality where the digital and physical
worlds merge. Achieving this vision requires new technologies
to meet ambitious targets, including, for instance, a peak rate
of 1 Thps, an end-to-end latency of 1 ms, and a connection
density of 107 devices/km?, etc [3], [4], [5], [6].
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One of the promising candidates emerging in this effort is
fluid antenna system (FAS) [7], [&], [9], [10], which leverages
the spatial diversity fully in a given spatial region to increase
the degree-of-freedom (DoF) in the physical layer for a variety
of benefits [1 1]. Concisely, FAS is a broad concept that utilizes
the new form of shape- and position-reconfigurable antennas
for wireless communications. In [12], the definition of fluid
antenna was explained using electromagnetic theory. It should
be noted that recent terminologies such as movable antennas
[13], flexible-position antenna systems [14] and pinching an-
tennas [15] are well within the definition of FAS.

FAS was first introduced by Wong et al. in [16], [17] when
the benefits of a position-flexible antenna at a receiver over
wireless channels were studied and highlighted. These seminal
works were greatly motivated by reconfigurable antennas such
as liquid-metal antennas [18], [19], [20], movable arrays [21],
metamaterial-based antennas [22], [23], [24], radio-frequency
(RF) pixel-based antennas [25] and etc. Clearly, FAS is not
restricted to any specific implementation techniques.'

Since the early works in [16], [17], there have been numer-
ous attempts in advancing the research of FAS. For instance,
performance analysis for FAS has been investigated by using
an eigenvalue-based channel model in [26]. The diversity order
of a FAS receiver channel was examined in [27]. Additionally,
[28] developed a block-correlation model to greatly simplify
the performance analysis of FAS. Subsequent analyses further
extended the analysis to Nakagami fading channels [29], [30],
and a-p fading channels [31]. In [32], the authors considered
a multiple-input multiple-output (MIMO) channel with FAS at
both ends and derived the diversity and multiplexing tradeoff.
Channel estimation is a key aspect for FAS. Recent inquiries
into channel estimation for FAS channels have acknowledged
the significance of spatial correlation [33], [34], [35], [36] and
spatial oversampling [37]. The interest of FAS has also grown
into its application for secrecy communication [38], [39], [40],
its synergy with reconfigurable intelligent surface (RIS) [41],
[42], [43], [44], and its advantages for integrated sensing and
communication (ISAC) [45], [46], [47].

Furthermore, FAS demonstrates great potential for multiuser
communications. The idea is that by exploiting antenna posi-
tion reconfigurability, FAS can access the received signal in
which the interference suffers from a deep fade occurred due
to the multipath phenomenon. This has led to the concept of
fluid antenna multiple access (FAMA) first proposed in [48].
Thus far, there have been several variants of FAMA including
slow [49], [50], [51] and coded [52], [53]. It is also possible to
combine slow FAMA with analogue signal mixing to improve

'The word ‘fluid” in FAS is meant to highlight the flexible nature of the
antenna but does not imply the use of fluidic materials for antenna.
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the interference immunity [54], [55]. What makes FAMA an
attractive approach is that both interference cancellation at the
receiver and precoding at the transmitter are not needed.

Despite the progress so far, the above-mentioned researches
were focused on narrowband channels. However, in practical
environments, delay spread can be significant, necessitating the
use of orthogonal frequency-division multiplexing (OFDM).
Technically speaking, there are ongoing concerns if FAS could
still perform well under OFDM settings, due to the potential
variability in characteristics among the subcarriers. Recently,
[56] has combined FAS and OFDM at the transmitter for index
modulation while [57] also attempted to examine wideband
FAS transmission with an emphasis on optimizing the antenna
positions. However, so far not much is understood regarding
the integration of FAS into the 5G New Radio (NR) settings,
along with the coding and modulation procedures.

Motivated by this, this paper aims to integrate FAS into
the NR OFDM framework. In particular, we present a frame-
work for FAS-OFDM that addresses wideband channels and
introduce a novel port selection metric specifically designed
for this system. Furthermore, an adaptive modulation and
coding (AMC) mechanism tailored to this system is proposed.
Importantly, the proposed system is contextualized within the
5G NR environment, where we conduct link-level simulations
to assess the block error rate (BLER) over the 3rd Generation
Partnership Project (3GPP) wideband channels.

Our main contributions are summarized as follows:

« First, we develop a framework of wideband FAS-OFDM
systems, complemented by a novel port selection metric
specifically designed for this system. This metric effi-
ciently maps the polymorphic channels in the frequency
domain to a distinct channel indicator, thereby enabling
FAS to judiciously adjust the antenna port.

o Additionally, we derive the average symbol error prob-
ability (ASEP) and the bit-interleaved coded modulation
(BICM) capacity for the narrowband FAS system. Then
based on the proposed wideband port selection metric,
we extend the BICM capacity analysis to the FAS-
OFDM system, which quantifies the achievable rate of the
system. Furthermore, we investigate the AMC mechanism
relevant to the FAS-OFDM system, utilizing the derived
BICM capacity to calculate the average effective signal-
to-noise ratio (SNR) for the system.

o The proposed FAS-OFDM framework, encompassing the
port selection metric and AMC mechanism, is integrated
into 5G NR. 5G NR numerologies [58], channel coding
[59], and OFDM modulation [60] are all adopted in align-
ment with the latest standards. Link-level simulations are
conducted based on the tapped delay line (TDL) channel
model from 3GPP [61] in order to provide an accurate
performance evaluation for the FAS-OFDM system.

The remainder of the paper is organized as follows. Section

IT introduces the system model of the wideband FAS-OFDM
system. The port selection, BICM capacity, and AMC mecha-
nism of the FAS-OFDM system are illustrated in Section III.
Section IV specifies the implementation details of 5G NR,
and presents the link-level simulation results of the wideband
FAS-OFDM system. Conclusions are drawn in Section V.

Notations: Scalars are represented by lowercase letters while
vectors and matrices are denoted by lowercase and uppercase
boldface letters, respectively. Transpose and hermitian opera-
tions are denoted by superscript T and T, respectively. For a
complex scalar z, || and 2! denote its modulus and conjugate,
respectively. For a set x, |x/| represents its cardinality.

II. SYSTEM MODEL

In this paper, we consider a point-to-point FAS-aided com-
munication system as depicted in Fig. 1. The transmitter is
equipped with a single conventional fixed position antenna
(FPA) to ensure backward compatibility, while the receiver
utilizes a FAS with one activated port to enhance performance.

At the transmitter side, the bit stream b = {bg,...,bn,—1}
is encoded to a bit sequence ¢ = {cg,...,cn,—1}, With a
code rate of CR = N,/N;. Subsequently, the encoded bit
sequence c is scrambled to randomize the date pattern. The
resultant scrambled bit sequence d = {dp, . ..,dn,—1} is then
mapped by a constellation x into a symbol sequence x =
{z[0],...,2[Ns; — 1]}, where Ny = N,/Qp, represents the
length of constellation symbols, and @,, = log,|x|. Here,
normalized constellations are assumed. That is, the average
symbol energy is one, or

E, = % D P =1. )
TEX
The system can support various code rates and constellations
(e.g., quadrature phase shift keying (QPSK), 16 quadrature am-
plitude modulation (QAM), and 64-QAM, etc.). The symbol
sequence  is subsequently used to generate the waveform for
transmission. The transmitting waveform generation module
may comprise resource mapping and OFDM modulation.
The receiver has a K = (K7 x Ks)-port two-dimensional
FAS (2D-FAS) with a physical size of W = Wi\ x Wal,
where \ denotes the carrier wavelength. Note that we use A for
simplicity in our discussion, but the physical size of FAS does
not have a direct relationship with A. Across the 2D space, K;
ports are uniformly positioned along a linear space of length
W, for i € {1,2}. For the sake of simplicity, we define the
mapping of the antenna port (k1, k) = k : k = ky X Ko+ ko,
where k1 € {0,...,K; — 1}, ks € {0,..., Ko — 1}, and
k € {0,..., K — 1}. Utilizing FAS, the received antenna can
switch to the port, k*, exhibiting the highest SNR to effectively
receive the signal sequence 7~. This sequence is then reversed
to form a symbol sequence y = {y[0],...,y[Ns — 1]}, which
is then demapped to the log-likelihood ratio (LLR) sequence
l={Lo,...,Ln,-1} The soft information [ is subsequently
passed to the de-scrambler and decoder for the recovery of the
data bits b = {bg,...,bn,_1}.

A. Narrowband FAS Channel Model

In the context of narrowband FAS, the n-th received symbol
at the k-th port can be expressed as

yk[n] = hxa[n] + 0], )

where hj denotes the channel coefficient at the k-th port, and
7k [n] is the zero-mean complex Gaussian noise with a variance
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Fig. 1. System model of the point-to-point FAS communication system.

of 072]. The received symbol from all the antenna ports can be
consolidated into vector form as

3)

]T

y[n] = ha(n] + nln],

where y[n] = [yo[n],...,yx1[n]]", b = [ho,...,hx 1
and n[n] = [no[n],...,nx—1[n]]*. We assume that the chan-
nels suffer from block fading, which implies that h fluctuates
yet remains constant during the transmission of block . In
addition, the channels {hy, }vi exhibit correlation. Utilizing the
eigenvalue-based model in [26] and assuming a rich scattering
environment, hy can be expressed as

K-1
hi=0on > N Niikagr,
=0

where g; ~ CN(0,1), \; and py, ; are derived from the singular
value decomposition (SVD) of the channel covariance matrix
3, with E[hh'] = 073, and we have

2
)+
where (I1,l3) — I, and Jy(-) is the zero-order Bessel function
of the first order. SVD is carried out as ¥ = UAU", where

A = diag(Xo, ..., Ax—1) and [Uli; = .
The received SNR at the k-th port is given by

bl

“4)

ko — 1o
Ny —1

2
Wz) »

E
Di = |hi* =5 = [h|*®, 6)
a,
n
where © £ % Assuming perfect knowledge of the channel

n
coefficients {|hx|}vk, the FAS port selection process can be
optimized to switch the antenna to the port £* that provides
the maximum received SNR, i.e.,

k* = arg max [P @)
B. Wideband FAS-OFDM Channel Model

In this paper, however, the focus is primarily on the wide-
band FAS-OFDM system, wherein the symbol sequence x is
mapped to a symbol grid comprising N OFDM symbols and

Authorized licensed use limited to: University College London. Downloaded

F subcarriers. The cyclic prefix (CP) eliminates inter-symbol
interference (ISI) and accommodates simple frequency-domain
processing. At the n-th OFDM symbol, the wideband FAS
channel can be modelled in the frequency domain as

y[0, 7] h0,n] 0 0
y[l,n] B 0 hl[l,n] 0
ylF —1,n)] o o0 .. h[Fle,n]
x[0,n] 1[0, n] ®
x[1,n] n[l,n]
X : + . s
odF —1,n)|  |nlF-1.n]

where y[f,n] = [yolf,n,...,yx—1[f,n]]T denotes the re-
ceived symbol vector, h[f,n] = [ho[f,n],. .., hx_1[f,n]]T
denotes the channel vector, z[f,n] denotes the transmitted
symbol, and n[f,n] = [no[f,n], ..., nx_1[f,n]]T denotes the
complex noise vector at the f-th subcarrier and n-th OFDM
symbol, respectively, for 0 < n < N and 0 < f < F.
The channel is subject to frequency-selective fading when
h[f,n] varies over f, and time-selective fading when h[f, n|
varies over n. The channels {hg[n, f]}vi are also correlated
amongst the antenna ports, leading to the covariance matrix
as B{h[f,n]h'[f,n]} = 075, where the elements in 3 are
specified in (5). Notably, when h[f,n] = h,Vf € [0,F),n €
[0, N), i.e., the channel is subject to flat fading, the wideband
channel model in (8) reduces to that expressed in (3).

In the wideband FAS-OFDM system, as shown in Fig. 1,
the receiving waveform module transfers the received signal
from the time domain to the frequency domain. The FAS
port selection is proceeded in the time domain, while the
channel estimation, demapping, and decoding processes are
conducted in the frequency domain. It is impractical for FAS
to switch the antenna ports instantaneously in response to
frequency-selective fading, as the system cannot select differ-
ent physical ports in the time domain for distinct frequency-
domain subcarriers. Therefore, the development of a novel
port selection metric is imperative to encure the selection of
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an appropriate port that impacts the performance of multiple
subcarriers within the wideband FAS-OFDM system.

III. PORT SELECTION FOR FAS-OFDM

In this section, we propose a novel port selection metric
for the wideband FAS-OFDM system. The ASEP and BICM
capacity of the FAS system are derived accordingly. The
analysis of BICM capacity is then extended to the FAS-OFDM
system utilizing the proposed metric, and the AMC mechanism
is introduced based on the derived BICM capacity.

A. Port Selection

Here, we discuss the port selection process, as modeled by
(8). Given the assumption of a perfect knowledge of the three-
dimensional K x N x F' channel grid H = {h[f,n]}vn f, the
port selection of FAS-OFDM system requires the formulation
of a metric, ITAS-OFPM (g evaluate the antenna ports and then
identify the strongest one (i.e., port k*) by

k* = arg max [FAS-OFDM 9)

This performance metric, IFASOFPM | requires the ability to
effectively capture the polymorphic channels {hx[f,n]}vsn
and represent them in an alternative single-channel format.
Specifically, it can be expressed as

FAS-OFDM -1 1 P, Ly[f,n]
I} = B0 NFZZ\IJ(B) . (10)

n=0 f=0

where W(-) represnets a compression function for the SNR
mapping, ¥~1(-) denotes the inverse function of ¥(-), A3 acts
as a scale factor to adjust the compression function when there
is a mismatch, and 'y [f, n] is the received SNR of n-th OFDM
symbol and the f-th subcarrier, given by

Tilf,n] = |h[f,n]|?O. (11)

A crucial component of the performance metric (10) is the
design of compression function W(-). Various SNR mapping
metrics may be considered, including exponential SNR map-
ping or mutual information SNR mapping. Mutual infor-
mation SNR mapping typically provides the best accuracy,
although it comes at a higher computational cost. For this
reason, a straightforward approach is to set § = 1, and
U(x) = x, resulting in the average SNR mapping given by

] No1Fol

Oy = <7 > Lklfn
n=0 f=0
N-1F-1

e )
= ~p 2 O lm[hnll?.

n=0 f=0

12)

By using this average SNR mapping metric, the port selection
in (9) can be reformulated as

N—-1F-1

* 2
kave - argmgxﬁ T;} fz_;) |hk[han” .

13)

The average SNR in (12) corresponds to the carrier-to-noise
ratio (CNR). In this case, the port selection can be performed

within the frequency domain based on the CNR measurements,
leading to a reduction in receiver complexity.

Note that when the channel is subject to flat fading, i.e.,
h{f,n] = h,Vf,n, the selection mapping metric in (13)
degenerates to the FAS port selection metric in (7).

In this paper, we assume perfect channel state information
(CSI) knowledge for all FAS ports at the receiver. When CSI
is unknown in the practical system, several training subframes
are required to estimate {hy }vi, while the RF chain switches
among ports on a subframe basis. But the transmission is not
disrupted during the training stage. These training subframes
can transmit signals at a rate that is the same as or slightly
higher than that of the FPA-based system [53]. Advanced
channel estimation techniques, such as [33], [34], [35], [36],
[37], contribute to improving the accuracy and reducing the
overhead of channel estimation for FAS.

B. ASEP and BICM Capacity for Narrowband System

Here, we first present our analysis of ASEP and BICM
capacity in narrowband FAS channels, i.e., the model in (4).

With port selection in (7), the received symbol yg~, with
time index omitted, can be expressed as

Ypx = hpe & + g . (14)
Thus, the equalized symbol is given by

hl. hi.

izik*:x‘kik*- (15)
ogoe 27 e

Here, the noise variance is calculated as
5% = 0} /hins, (16)
where hpas = |hg+| = max{|ho|,...,|hx—1|} for simplicity.
In the uncoded system, the received symbol is detected by
the maximum likelihood detector as & = argmingey | —

x\Q. Based on the detector, the hpag-dependent instantaneous
symbol error probability (SEP) for a QAM constellation x is
given as [62]

Pg(hras) = 4(\/;|\/|;|_1)Q ( m>

. 4(\/m7 1)2Q2 3Ewh%AS (17)
Ix| (Ix| = 1oz |’

where Q(-) is the Gaussian Q-function. The statistical expec-
tation of instantaneous SEP with respect to hpag yields the
expression for ASEP, as

PE = E {PE(hFAS)} = / PE(T)phFAS (’I")d?", (18)
0

where pp.,.(r) is the probability density function (PDF) of
hras. The PDF analysis based on the channel model (4) is
tricky since the channel of each port includes N intertwined
random variables. But it can be approximated by using the
First Stage approximation in [26, Definition 1], as

K.—1 K.—1
himbe=0n Y NV Npkagitony [ 1= Y Mg gr, (19)
=0 =0
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where g ~ CN(0,1), and K. is the number of eigenvalues
{Ao,...,Ak—1} exceeding a threshold ¢ > 0. Then the
approximated cumulative distribution function (CDF) of hpag
is given by [26, Theorem 4]. Thus, we can derive the PDF
as (21) at the top of next page, where Q1(:,-) denotes the
Marcum Q-function of order 1, Iy(-) is the modified Bessel
function of the first kind, a; and by are given by

)

O Ke—1
<1 - lz )\lﬂz,z) .
=0

(20)

b, = %
By substituting (21) into (18), we obtain the approximated
ASEP in (22) at the top of next page.

In the coded system, a closed-form expression for the
error probability cannot be obtained. Instead, the performance
can be evaluated via the achievable rate indicator, such as
the average mutual information (AMI, also known as BICM
capacity) [63]. The BICM capacity conditioned on hpag is
given by (24) at the top of next page, where the conditional
PDF p(Z|x, hpas) is given by

(-55")
o2 ’

with the noise variance 62 given in (16). Considering the PDF
of hpag in (21), the BICM capacity of the system can be
derived as (25) (see top of next page).

p(Z|z, hrag) = (23)

C. Achievable Rate for Wideband System

In this subsection, we extend the BICM capacity analysis
to wideband channels, i.e., the channel model in (8).

By utilizing the port selection in (9), the channel grid with
the selected k* port is denoted as H = [hy-[f,n]]p, . The
received symbol yy« [f, n| for the f-th subcarrier and the n-th
OFDM symbol can be expressed as

yk*[.fa n] = hk*[fa n]z[f, n] +77k*[f7 Tl] (26)

The minimum mean-square-error (MMSE) equalized sym-
bol Z[f,n] is calculated as

i‘[fv ’I’L} = Bw[f> n]yk*[f> n]
= ﬁw[fv n]hk*[fa n]x[f, TL} + ﬁw[fv n]ﬂk* [fa TL], (27)

where w[f, n] represnets the MMSE factor derived from the
channel coefficients, expressed as

hi. ,n
wlf,n] = ————* Jor - (28)
hk* [fa n]hk* [f7 n] + Oy
and [ denotes the normalized factor calculated as
8=/ {lwlf, n]hk*[ﬂ n][2}
(29)

“JemE

\w[f, nlhy [f,n]2

Within the equalized expression (27), the term Swhy-x is the
desired signal component, whereas Swmny« corresponds to the
noise component. The noise power can be found as

]Efn{‘ﬂwfv n)Tk* fa | }
2N 1F-1
(30)

n=0 f=0
Thus, the average received SNR T can be formulated as

Ef,n{‘ﬁlU[f, ]ﬁk [f> ]l }
NFO

TR o Xjolwlfin]?

Utilizing this average received SNR T, the channel capacity
of the FAS-OFDM system can be derived as C' = log,(1+1T).

More specifically, the BICM capacity I, (H) for a given
constellation x of this channel can be articulated as (32) (see
top of next page), where the PDF p(Z|x, hy+) is given by (23)
with the noise variance given by (30). The BICM capacity of
the FAS-OFDM system can be computed as the expectation
over the channel grid H, i.e.,

Iras-orom,x = Eg [I(H)) .

If the channel is in flat fading, i.e., hg=[f,n] = hg«, Vi,
the BICM capacity deteriorates to integral form as in (25).

=

€29

(33)

D. AMC Mechanism

The objective of AMC is to allow the FAS-OFDM system
to dynamically adjust its constellation and channel code rate
based on real-time channel conditions, hence enhancing both
reliability and efficiency in communication.

In an ideal system in which AMC can be seamlessly con-
trolled, modulation and code rates are derived by maximizing
the BICM capacity, as articulated in (32). The BICM capacity
corresponding to multiple modulation constellations {x;} is
calculated to identify the optimal constellation X, which
offers the highest capacity. Hence, the corresponding code rate
is then determined as CR = I, (H)/logs [Xopl-

Nevertheless, achieving a truly seamless AMC in practice is
often challenging. In the pragmatic system, the AMC control
process generates feedback in the form of the Channel Quality
Index (CQI), which is transmitted back to the transmitter side.
The precision of AMC relies heavily on the accuracy of the
CQUI’s bit representation. The implementation process of CQI
feedback follows several steps:

o Creation of a look-up table (LUT): This table connects
SNR to CQI based on computer simulations conducted
in the additive white Gaussian noise (AWGN) channel,

o Effective SNR calculation: The effective SNR, I'y, for
the FAS-OFDM system is calculated, and this effective
SNR is mapped to the approaching CQI value using the
pre-defined LUT;

e CQI transmission: The computed CQI is then sent to
the transmitter side, which selects the proper modulation
constellation and code rate based on the received CQIL.
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In FAS-OFDM, the effective SNR, I', can be derived from
the inverse function of the BICM capacity I(-) as

Tt = ol ' [I(H)], (34)

where I(H) is the average BICM capacity of the F' x N grid
calculated as per (32), and « is the adjustment factor, which
can be tailored to correspond to the modulation constellation
and code rate of the chosen CQI. The MMSE method is used
to calibrate the adjustment factor «, given by

Ne
Qopt = argmin {ZAS,;(O&)F} , (35)
i=1
where _ '
Aei(ar) = logg Fgf)(a) — logyg FIEZ[}T’ (36)

where NN, denotes the number of channel realizations, I‘é;f) (@)
and Fﬁ%T are the effective SNR calculated by (34) and the
SNR from the LUT, respectively.

The latency of CQI-based AMC mechanism stems from
CQI generation, uplink CQI feedback, transmitter processing
delays, and downlink scheduling delays. The latter three
factors remain consistent with conventional systems, since we

calculate and map the effective SNR to the pre-defined LUT.
However, the additional delay is caused by the complexity of
calculating the effective SNR as in (34) to generate CQI. Still,
the increase in complexity is marginal since the H in (34) is
confined to the channel of the optimal port.

IV. APPLICATION TO 5G NR SYSTEM
AND SIMULATION RESULTS

In this section, we employ the port selection metric and the
AMC mechanism discussed in Section III to 5G NR systems.
The transmission of physical data share channel (PDSCH) is
considered. In the procedures associated with PDSCH [58],
the channel coding includes the code block segmentation, the
cyclic redundancy check (CRC) attachment, the low-density
parity-check (LDPC) encoding, and the rate matching [59].
The length of uncoded bits in a subframe, N,, corresponds to
the transmit block size (TBS), while the length of transmission
data bits is determined by Ny = Ngg X @, With Ngg = N =
N{g x Nprp being the number of resource elements allocated
for data transmission in a subframe, and N} is the number
of resource elements per physical resource block (PRB). The
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overall code rate can be expressed as
CR = N, /Ny, = TBS/(Nrg X Qum)- 37)
The BICM efficiency is thereby denoted as
Egicm = CR X @, = TBS/Ngg [bit/channel use].  (38)

Following constellation mapping, the resultant symbol se-
quence is mapped to the PRBs for OFDM transmission [60]. In
this paper, we focus on the FAS performance, operating under
the assumptions of static resource allocation and constant
power allocation. Thus, the transmission symbol grid X com-
prises N = Nssyul?lf;ame OFDM symbols and F' = Npgg x NRB
subcarriers, where N;;r'?lfgame is the number of OFDM symbols
per subframe, Nprp refers to the number of PRBs, and NXP
denotes the number of subcarriers per resource block (RB).
The symbol matrix X is OFDM modulated to produce a time-
domain symbol sequence for transmission.

The overall system throughput can be calculated as

Y= TBS/T?ubframe [bPS], 39)

where Typframe = 1 ms is the duration of a subframe. The
overall spectrum efficiency is then calculated as

E = ~/BW [bps/Hz], (40)

where BW denotes the bandwidth. The relationship between
the spectrum efficiency in (40) and the BICM efficiency in
(38) can be expressed as

E = Egicm(1 — ers)(1 — ecp)(1 — €gB), 41

in which egs, €cp, €gg account for the overhead of reference
signals, CP, guard bands (GB), respectively, and are given by

€rs = 1 — AL
RS Nprp x NRB x Nss)l/]r?game7
e = — (42)
Tsubframe
ABW
o =1 Fy

In (42), Tcp is the duration of CP, and ABW = Npgp x NRB x
A f denotes the available bandwidth.

The signals are transmitted over the 3GPP TDL channel
[61] based on the correlation matrix 3 in (5). The power
and delay profile for the TDL channel are detailed in [61,
Clause 7.7.2]. For AMC, CQI is represented by 4 bits, ranging
from 0 to 15. CQI is fed back as a part of the CSI report
to the base station via the physical uplink control channel
(PUCCH). As discussed in Section III-D, uplink CQI feedback
and the subsequent procedures are backward compatible with
the conventional 5G NR system. Every CQI, aside from CQI
0, corresponds to a combination of code rate and modulation
constellation. We use [58, Table 5.2.2.1-2], and the combina-
tions of code rate and modulation are outlined in Table II.
The user equipment (UE) assesses and reports back the CQI
to next generation NodeB (gNB), which subsequently selects
a modulation and coding scheme (MCS) from the 32 MCSs
defined in [58, Table 5.1.3.1-1] for the UE that aligns with the
constellation and closely matches the code rate by the CQIL

TABLE I
SIMULATION PARAMETERS

Parameter [ Value
Normalized size of FAS
Wi or W 0.2,0.5,1,2,5
Number of ports K1 or Ko From 1 to 20
Subcarrier spacing A f 15 kHz
Number of subcarriers 12
per RB NRB
Number of symbols
per subframe N:}‘}r}r’fg“"‘e 14
Number of resource elements 156
in a PRB N},
Cyclic prefix (CP) Normal

Bandwidth (BW) [MHz]

1.4 5 10 20

Number of PRBs Nprp

6 25 50 100

FFT Size Nfﬂ

128 | 512 | 1024 | 2048

Channel Model

TDL-C channel

Channel Estimation

Perfect

Delay spread

10, 30, 100, 300, 1000 ns

Maximum Doppler frequency

0, 30, 100, 300, 1000 Hz

Demapping Scheme

Max-Log-MAP

Decoding Scheme

Min-Sum with 50 iterations

In the simulations, the system parameters are summarized
in Table I. Normal CP is used in the simulations, resulting in
a CP duration of Tcp = 66.67 us out of Tyypframe = 1 ms.
Section I'V-A presents only the results in narrowband system,
while others focus on the wideband link-level simulations. We
mainly focus on the wideband system with a bandwidth of
5 MHz, though comparisons with systems utilizing different
bandwidths are addressed in Section IV-B. In Sections IV-B
and IV-C, we employ static MCS 7 with target code rate of
526/1024 and QPSK modulation from [58, Table 5.1.3.1-1],
while Sections IV-D, IV-E , and I'V-F evaluate the AMC using
the CQI table in [58, Table 5.2.2.1-2]. Sections IV-B, IV-D,
IV-E , and IV-F specifically focus on the scenarios with a short
delay spread of 30 ns and a maximum Doppler frequency of
30 Hz, while Section IV-C assesses the system under varying
delay spreads and maximum Doppler frequency profiles.

A. Results in Narrowband Channels

In this subsection, we present simulation results to study
the accuracy of the approximated ASEP and BICM capacity
discussed in Section III-B. Although the channel model hy
in (4) has been significantly simplified by hy, the ASEP and
BICM capacity in (22) and (25) remain challenging to compute
as they involve a K.-fold complex integral. Therefore, we
obtain the approximated results in this subsection based on the
channel model %y, in (19) through Monte Carlo integration.

Fig. 2 presents the simulation symbol error rate (SER) using
the exact channel model hy, and the Monte Carlo integration
results of ASEP using the exact channel model i and the
approximated channel model hy. The result of the FPA system
with a configuration of K = 1 x 1 is also presented for
comparison. As expected, FAS outperforms FPA. Compared
to the simulation SER, ASEP calculated by hj is accurate
and that obtained by hy serves as the lower bound. As K,
increases, the bounds approach quickly to the curve obtained
by hi. The approximation is considered sufficiently accurate
when K. = 10 for this FAS configuration.
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Fig. 2. SER and ASEP versus SNR with W = 1\ x 1\ and K = 20 x 20.
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Fig. 3. BICM capacity versus SNR with W = 1A x 1A and K = 20 x 20.

Fig. 3 illustrates the BICM capacity using the exact channel
model hj and the approximated channel model hy,. We observe
that FAS achieves higher BICM capacity than FPA. When
SNR is large, BICM capacity is constrained by @,,,, represent-
ing the maximum transmission capability of the modulation
constellation . Compared to the curve obtained from hy, the
approximated BICM capacity resulting from hy, serves as the
upper bound. The bounds approach to the exact curve as K,
increases.

B. BLER Performance

Fig. 4 demonstrates the BLER performance of the wide-
band FAS-OFDM system, for a comparative analyses against
various configurations of FAS. The BLER of the FPA-based
system with a configuration of K = 1 x 1 distributed across a
2D area of W = Wi A x W is also included for comparison.
As can be seen, FAS outperforms FPA greatly, even when the
FAS has a relatively small size of W = 0.2\ x 0.2, or very
few ports, specifically K = 2 x 2. When the physical size
of FAS, W, is small, the performance enhancement through
an increase in the number of antenna ports is considerably

—a— FPA, K= 1x1

* FAS, K=2x2
—+*—FAS, K=3x3

4 FAS,K=4x4
—v—FAS, K=5x5
—O—FAS, K=10x10
10-2 r|—%#—FAS, K=15x15
—*—FAS, K = 20x20

-10 5 0 5 10 15 20
SNR [dB]

(a) W =0.2X\ x 0.2X

BLER

—a— FPA, K = 1x1

* FAS, K=2x2
—+*—FAS, K=3x3

4 FAS,K=4x4
—v—FAS, K =5x5
—0—FAS, K=10x10
—4—FAS, K=15x15 |4
—*—FAS, K = 20x20

BLER

10 15 20
SNR [dB]

(b) W =1 x 1A

—a— FPA, K = 1x1
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—v— FAS, K =5x5
—O—FAS, K=10x10
—4—FAS, K=15x15 |4
—*—FAS, K = 20x20

BLER

SNR [dB]
(©) W =5X x 5X

Fig. 4. BLER performance comparison for different number of FAS antenna
ports, K. Results are presented for MCS 7, with FAS physical size of (a)
W =0.2XAx 0.2\, (b) W = 1A x 1A, and (c) W = 5\ X 5.
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constrained due to significant correlation among the antenna
ports. For instance, when W = 0.2\ x 0.2, as illustrated
in Fig. 4(a), a performance gain of 10 dB is achieved if
BLER = 1072 is to be satisfied, corresponding to an increase
in the number of ports from K = 2 x 2 to 20 x 20.
However, with an appropriately scaled physical size, BLER
performance exhibits improvement as the number of antenna
ports escalates until a saturation point is reached, beyond
which no further enhancement in performance is observable
with additional antenna ports. For example, when the physical
size is established as W = 5\ x 5\ in Fig. 4(c), a performance
gain of 11 dB is observed when K = 2 X 2, increasing to 21
dB for K = 20x20. The number of ports to reach saturation is
higher for larger size W. In Fig. 4(a), the point of saturation
is identified at K = 2 x 2 for W = 0.2\ x 0.2\, while it
extends to approximately K = 10 x 10 for W = 1A x 1\ in
Fig. 4(b), and approaches K = 20 x 20 for W = 5\ x 5\ in
Fig. 4(c). Moreover, comparing the FPA results with different
physical size, the performance of FPA remains invariant with
respect to alterations in the physical size of the antenna.

Comparing Fig. 4 vertically, it reveals that the performance
gain of FAS is markedly higher with larger physical size,
particularly when the number of antenna ports K is deemed
sufficient. With a limited number of FAS ports, such as
K = 2 x 2, the BLER performance exhibits an upward
trend correlating with the physical size until reaching the
saturation point rapidly. Specifically, the performance of
W = 5X x 5\ is similar to that of W = 5\ x 5\ when
K = 2 x 2. At the saturation point, the correlation among
the antenna ports becomes negligible, and the performance
is predominantly constrained by the limited number of the
antenna ports. Conversely, with an adequate number of antenna
ports, such as K = 20 x 20, FAS demonstrates superior
performance gains as the physical size increases. For instance,
the SNR required to achieve BLER = 10~2 is approximately
7 dB with W = 0.2\ x 0.2\, when K = 20 x 20. This SNR
decreases to 0 dB when the size increases to W = 1\ x 1\,
and further decreases to —4 dB with W = 5\ x 5.

The results in Fig. 5 study the BLER in relation to band-
width. The results indicate a modest performance degradation
with increasing bandwidth. We see that FAS-OFDM performs
better at narrower bandwidths. This phenomenon is attributed
to the reality that systems operating with broader bandwidths
incorporate more subcarriers, rendering them more susceptible
to frequency-selective fading. In a high-dynamic channel, the
subframe average SNR in (12) tends to converge toward the
average SNR ©, which may hinder resolution among the fluid
antenna ports. Nevertheless, the simulation results indicate that
the observed performance degradation remains minor. FAS-
OFDM continues to provide considerable performance gains
even at a bandwidth of 20 MHz. Notably, the performance at
the bandwidth of 1.4 MHz is slightly worse than that at 5 MHz
bandwidth. This discrepancy ascribed to the actual spectral
efficiency of MCS 7 in the 1.4 MHz bandwidth system being
slightly higher than that in the 5 MHz bandwidth system, in
accordance with the TBS determination of 5G NR.

10%¢
o 1L
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|
o
—=—FPA
—o—FAS, BW = 1.4 MHz
—A—FAS, BW = 5 MHz
102+ FAS, BW = 10 MHz
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(@ W = 1A x 1\
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(b) W =5A x 5A

Fig. 5. BLER performance comparison for different bandwidths. Results are
presented for MCS7, with K = 20 x 20 antenna ports over the FAS with
physical size of (a) W = 1\ x 1A and (b) W = 5\ x 5.

C. Mobility Evaluation

To evaluate the performance of FAS-OFDM under mobility
scenarios, simulations are conducted under time-varying delay
spread and maximum Doppler shift profiles. Fig. 6 presents the
results associated with different delay spread profiles. Delay
spread is closely related to the propagating environment. The
adopted delay spread profiles, ranging from 10 ns to 1000 ns,
are categorized according to [61, Table 7.7.3-1] as very short,
short, nominal, long, and very long delay spreads, respectively.
As can be seen, the BLER performance degrades as the delay
spread increases, particularly in the system exhibiting long or
very long delay spreads. Performance degradation occurs as
the coherence bandwidth is smaller than the system bandwidth.
Specifically, for a long delay spread (DS = 300 ns), the
coherence bandwidth is BW. = 3.3 MHz, while the coherence
bandwidth for a very long delay spread (DS = 1000 ns) is
BW. = 1 MHz, both of which fall below the system bandwidth
of BW = 5 MHz. Consequently, frequency-selective fading
becomes more severe, leading to increased ISI that distorts
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Fig. 6. BLER performance comparison for different delay spread. Results
are presented for MCS7, with K = 20 x 20 antenna ports over the FAS with
physical size of (a) W = 1\ x 1A and (b) W = 5\ x 5.

the signal. But the performance degradation remains relatively
small, amounting to less than 2 dB or 4 dB for configurations
of W = 1A x 1\ or b\ x 5, respectively. It can still achieve
considerable performance gain compared to FPA.

In Fig. 7, we provide the BLER results for various Doppler
shift (fp) values. Considering carrier frequency of 5 GHz,
a Doppler frequency of fp = 1000 Hz corresponds to the
relative velocity of 216 km/h of the UE, which represents a
very high-speed scenario. The maximum Doppler frequencies
of fp = 300 and 100 Hz correspond to typical vehicular
scenarios with relative velocities of 64.8 and 21.6 km/h, while
fp = 30 Hz indicates a pedestrian scenario with a velocity
of 6.48 km/h, and fp = 0 Hz reflects a stationary scenario.
The BLER performance demonstrates some decline in the
mobile scenarios, as expected. The performance degradation
observed in the pedestrian scenario is negligible, while in
vehicular scenarios, it remains below 2 dB. However, in the
high-speed vehicular scenario, the performance degradation is
more substantial, approximately 4.5 dB for W = 1A x 1\ and
about 6 dB for W = 5X x 5. Nevertheless, the performance

10° %
-1 L
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@ —e—FPA
—o—FAS, fp =0Hz
—4—FAS, fp =30 Hz
—+—FAS, fp =100 Hz
102 F —o—FAS, fp =300 Hz J
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(b) W =5A x 5A
Fig. 7. BLER performance comparison for different delay spread. Results

are presented for MCS7, with K = 20 x 20 antenna ports over the FAS with
physical size of (a) W = 1\ x 1A and (b) W = 5\ x 5.

remains much better than that of the FPA system. This notable
performance degradation can be attributed to a low coherence
time (7. = 1/fp = 1 ms), which is equivalent to the duration
of a subframe. As such, time-selective fading becomes severe,
causing considerable performance degradation.

D. AMC

As introduced in Section III-D, we first conduct simulations
of 15 cases in the single-input single-output (SISO) system
over AWGN channels, with results presented in Fig. 8. By
considering a criterion of BLER = 0.1, the SNR threshold
for the LUT (look-up table) can be deduced through linear
fitting of the simulated results, as detailed in Table II under the
designation of I'Lyr. Subsequently, simulations of FAS-OFDM
are performed to ascertain the optimal adjustment factor «. In
this subsection, we consider the system featuring FAS with
K = 20 x 20 ports uniformly distributed over a physical size
of W = 1A x 1A. The adjustment factors related to the 15
CQI indices are listed in the final column of Table II.
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TABLE II
SNR THRESHOLD AND OPTIMAL ADJUSTMENT FACTOR

CQI . Code Rate | SNR threshold
in(?ex Modulation | 0 Tiur (dB) @
0 Out of range
1 QPSK 78 —7.84 0.97
2 QPSK 120 —5.94 0.76
3 QPSK 193 —411 0.98
4 QPSK 308 —1.80 1.00
5 QPSK 449 0.13 1.00
6 QPSK 602 2.16 0.95
7 16QAM 378 3.93 1.00
8 16QAM 490 5.83 1.00
9 16QAM 616 7.93 0.97
10 64QAM 466 9.67 0.97
11 64QAM 567 11.56 0.96
12 64QAM 666 13.38 0.98
13 64QAM 772 15.57 0.96
14 64QAM 873 17.39 0.96
15 64QAM 948 20.03 0.92
0 : : :
R ‘%( xw } x?q —can
X x ——cQl2
X cQl3
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Fig. 8. Effective SNR mapping for AMC in the FAS-OFDM system with
K = 20 x 20 FAS antenna ports over the physical size of W = 1A x 1.

Fig. 8 presents the effective SNR mapping for FAS-OFDM
operating under the TDL-C channel, characterized by DS = 30
ns and fp = 30 Hz. The solid lines represent the SNR-BLER
curves for the SISO system over the AWGN channel, whereas
the black ‘X’ markers depict the BLER against the effective
SNR as mapped by (34), using the adjustment factors « in
Table II. The ‘X’ points in Fig. 8 are relatively concentrated on
the AWGN curves, which indicates that the AMC, supported
by the effective SNR mapping in (34), is highly accurate and
effectively reflects the channel quality of FAS-OFDM.

E. Throughput

Fig. 9 presents the throughput of FAS-OFDM using the 15
CQI indices. The results are based on the TDL channel, with
DS = 30 ns and fp = 30 Hz. The results depicted in this
figure are based on the criterion of BLER = 0.1. The SNR is
the transmission SNR when BLER = 0.1, and the throughput
is calculated as v x (1 — BLER), where ~ is the overall system
throughput given in (39). Simulations for the FPA system are
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Fig. 9. Throughput against SNR in dB of the FAS-OFDM system. Results
are presented for (a) 5 MHz bandwidth and (b) 20 MHz bandwidth.

also conducted for comparison. For the FAS-OFDM system,
the FAS configuration involves K = 20 x 20 ports uniformly
distributed over varying sizes: W = 0.2\ x 0.2\, 1A x 1, and
5A x 5. Additionally, the channel capacity and the BICM
capacity are also plotted for comparison within the 5 MHz
bandwidth system in Fig. 9(a). These two rates are calculated
in accordance with Section III-C, with adjustments made to
account for the RS, CP, and GB overheads, as specified in (41).
The BICM capacity calculations utilize QPSK, 16QAM, and
64QAM in low, medium, and high SNR region, respectively.

As expected, the simulation results are upper-bounded by
the semi-analytical capacity results. Note that the gaps between
the simulations and the semi-analytical results are minimal
in the FAS-OFDM system, especially when the size of FAS
is large. This observation may indicate that FAS effectively
approaches the capacity. Moreover, the throughput in the FAS-
OFDM system shows a considerable improvement over that of
the FPA system, with more throughput gain as the size of FAS
increases. A commonly used SNR value of interest for recep-
tion is 10 dB. Under this particular condition, the FPA system
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system for a bandwidth of 20 MHz.

provides throughput of 3.62 Mbit/s and 14.15 Mbit/s for the
5 MHz and 20 MHz bandwidth, respectively, corresponding
to a spectral efficiency of 0.7 bit/s/Hz. Conversely, the FAS-
OFDM system achieves throughput of 8.39 Mbit/s and 27.63
Mbit/s, even with a relatively small FAS size W = 0.2Ax 0.2,
effectively doubling the throughput of the FPA system. With
a configuration of W = 1\ x 1), the throughput increases to
13.81 Mbit/s for 5 MHz bandwidth and 47.43 Mbit/s for 20
MHz bandwidth. This performance further escalates, reaching
17.18 Mbit/s and 62.97 Mbit/s with the W = 5 x 5\ FAS
configuration. Overall, the FAS-OFDM system significantly
enhances throughput, achieving improvements ranging from
95% to 375% compared to the FPA system.

F. MIMO-FAS-OFDM

The FAS-OFDM system can be extended to a MIMO
communication system. In this subsection, we consider a
simple 2 x 2 MIMO-FAS-OFDM system, where the transmitter
employs two conventional FPAs to transmit two separate data
streams, and a FAS with two activated ports is equipped at the
receiver. The FAS ports with the first two highest metrics (10)
are activated for receiving, and MMSE is utilized for multi-
stream detection. Fig. 10 presents the throughput of this 2 x 2
MIMO-FAS-OFDM system with a bandwidth of 20 MHz. For
the benchmark FPA-based MIMO system, the receiver antenna
configuration can be viewed as a one-dimensional FAS (1D-
FAS) with configuration of K = 2 ports distributed along the
linear space of W = /W2 + W2A.

As can be seen, the throughput doubles with a modest in-
crease in SNR, compared to the throughput of the SISO system
as illustrated in Fig. 9(b). The throughput of the MIMO-FAS-
OFDM system exhibits an improvement over that of the FPA-
based system. This performance gain increases with the size
of FAS. At an SNR of 10 dB, the FPA-based 2 x 2 MIMO
system achieves a throughput of 33.2 Mbit/s. In contrast, the
throughput rises to 59.3 Mbit/s in the 2 x 2 MIMO-FAS-
OFDM system with a FAS configuration of W = 1A x 1),

TABLE III
COMPARISONS BETWEEN FAS AND FPA

Scheme [ Channel Estimation | Spectral Efficiency | BLER Perf.

FAS High High Low SNR
FPA Moderate Low High SNR

and further escalates to 110.7 Mbit/s with the configuration
of W =5X x bA.

Notably, the FAS with size of W = 0.2\ x 0.2\ yields
only marginal gains over the FPA-based system. This limited
improvement can be attributed to the compact size of FAS,
which results in relatively high mutual coupling between
the two activated ports. Implementing an appropriate MIMO
beamforming design or employing FAS at the transmitter
side can enhance the overall performance of the MIMO-FAS-
OFDM system. Nevertheless, deploying FAS at the transmitter
will be trickier, and several challenges related to CSI feed-
back for MIMO beamforming or FAS port selection need to
be addressed. Future work may focus on overcoming these
challenges to fully realize the potential of the FAS.

G. Summary of Performance Evaluation

Section IV-A evaluates SER in the uncoded FAS system,
while Sections I'V-B and IV-C evaluate the BLER performance
of FAS-OFDM. Results demonstrate that FAS outperforms
state-of-the-art FPA. FAS can achieve the same error rate
performance with lower SNR. With AMC established and val-
idated in Section IV-D, Section IV-E compared the throughput
of FAS with that of FPA, and Section IV-F extended the
throughput comparison to a simple 2 x 2 MIMO context.
It reveals that FAS achieves higher throughput than FPA,
indicating that FAS can achieve higher spectral efficiency
compared to the FPA scenario. However, the FAS-OFDM
system requires more overhead for channel estimation. Table
IIT summarizes the performance comparisons between FAS
and the state-of-the-art FPA-based system. In summary, FAS-
OFDM can achieve better BLER performance and higher spec-
tral efficiency with a higher requirement of channel estimation.

V. CONCLUSION

In this paper, we integrated FAS within the OFDM frame-
work to address the challenges of utilizing FAS for wideband
communications. We proposed a comprehensive framework for
FAS-OFDM that includes channel-aware port selection metrics
and the AMC mechanism. The proposed system utilizes the
PDSCH procedures in the 5G NR specifications. The link-level
simulation results showed great improvements in the BLER
and throughput, even in a small space, highlighting the great
potential of FAS for future wireless communications.
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