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Abstract—Fluid antenna system (FAS) represents all forms of
movable and non-movable position-flexible antenna system, and
opens up the possibility of a new form of modulation schemes. In
this paper, we investigate the design of position index modulation
(PIM) for FAS for decreasing the bit error rate (BER) while
taking advantage of the rate gain in index modulation. We further
derive the BER and data rate expressions to assess the achievable
performance of PIM. Simulation results are provided to illustrate
the performance and some insights are drawn into the impact of
both channel estimation accuracy and transmission power.

Index Terms—Bit error rate, data rate, fluid antenna system,
index modulation, position index modulation.

I. INTRODUCTION

A. Background

SPECTRAL efficiency has been one of the most important
performance metrics for wireless communications. For the

upcoming sixth generation (6G), it is predicted in [1] that the
target will be 1000 bps/Hz. This will require multiple access
technologies that permit spectrum sharing of a massive number
of users while ensuring more information to be sent reliably
over a physical channel. Several prominent technologies such
as multiple-input multiple-output (MIMO) [2], reconfigurable
intelligent surface (RIS) [3], non-orthogonal multiple access
(NOMA) [4], are being studied to reach new limits.

Fluid antenna systems (FAS), proposed by Wong et al. [5],
recently offer a new spectral-efficient solution. By adopting a
‘fluid’ antenna, a mobile receiver is capable of optimizing its
position instantaneously and near-continuously over a prede-
fined space. This differs from traditional selection combining
in which signals are taken from fixed-position antennas with
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minimum distance of half wavelength apart. Physical design of
fluid antennas might involve shifting soft materials (e.g., liquid
metal, conductive fluid and others) using micro/nano-pumps
[6] while other designs utilizing radio-frequency (RF) pixels
are particularly attractive [7], [8], [9]. The former is suitable
for positional change in seconds while the latter is ideal for
positional change in microseconds or less. Latest experimental
results regarding the implementation of FAS is given in [10],
[11], showing promising results. There are also new advances
in antenna design towards the concept of FAS, see [12], [13],
[14]. Overall, FAS represents all forms of movable and non-
movable shape-and-position flexible antenna system [15].

B. Related Work

The concept of FAS for wireless communications was first
proposed in [5], in which the fundamental principles of fluid
antenna aided communications were derived. The more ports
(i.e., switchable positions) and/or the larger the electrical size
of fluid antenna, the greater the performance. Since then, there
has been strong interest in FAS. For example, [16] proposed
approximations to characterize the full correlation structure of
FAS for outage performance analysis. Recently, [17] presented
some theoretical foundation of how a continuous FAS outper-
forms its discrete counterpart. Later, [18] also studied coded
modulation designs using FAS. Efforts have also been made to
understand the diversity gain of FAS [19], [20]. Additionally,
there were attempts to extend the analysis to Nakagamai fading
channels [21], [22], the α-µ channels [23] and arbitrary fading
channels [24]. Recent research also looked into systems with
multiple fluid antennas [25], [26], [27], [28].

Channel estimation in FAS is an important problem which
is essential to provide the channel state information (CSI) for
FAS to perform, and has recently been studied in [29], [30],
[31]. Furthermore, the performance of FAS with outdated CSI
was investigated in [32]. Recently, [33] developed a learning-
based approach to select the best position for FAS in dynamic
environments. FAS exploiting only statistical CSI, instead of
instantaneous CSI, was given in [34]. The benefits of FAS for
full duplex communications were also reported in [35].

Multiuser communications utilizing FAS was also recently
studied. In [36], [37], [38], the authors studied the so-called
slow fluid antenna multiple access (FAMA) which used FAS at
each mobile user to switch to the best position for maximizing
the average signal-to-interference plus noise ratio (SINR) for
multiple access during a coherence time. Others contemplated
the scenarios where each user’s FAS was switched to the best
position instantaneously on a per-symbol basis for superior
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interference rejection capability [39], [40]. Most recently, the
use of FAS was also considered to mix with NOMA [41], [42]
and other information-theoretic schemes [43]. Additionally, a
variation of FAMA for massive access was proposed in [44].

Despite the fast-growing results in FAS, code design benefit-
ing from the flexible antenna structure is not well explored. In
this regard, index modulation (IM) appears to be a great fit to
FAS [45]. IM enables additional information to be carried by
activating different aspects of communication resources, such
as carriers [46], time slots [47] or antennas [48]. It can be
combined with other technologies, e.g., orthogonal frequency
division multiplexing (OFDM) [50] and is a widely recognized
modulation technique that can be applied to many aspects of
communications [49]. IM has already been considered with
other emerging technologies, for example in conjunction with
RIS. This concept was first proposed by Basar et al. in [51] and
named as reflective IM (RIM). The technique in [52] divided
the RIS elements into different groups and assigned each group
an index. This could be improved by assigning an index to a
different number of activated groups for improving the overall
data rate since having different numbers of activated groups
results in significantly different power signatures making de-
modulation less prone to error. Recently, [53] further expanded
on how RIM can be deployed by proposing a multiple access
IM scheme, with the RIS elements being configured to facil-
itate different indices simultaneously. A fluid antenna based
index modulation for MIMO was most recently proposed in
[54] which used an efficient sparse Bayesian detector.

Motivated by this, we propose a novel IM scheme, which we
refer to it as position IM (PIM) utilizing a transmit FAS. This
scheme exploits the unique nature of FAS and the presence of
switchable ports to transmit additional information. Note that
IM is normally employed in conjunction with some traditional
modulation schemes such as OFDM [55], etc. Here we use
IM together with quadrature amplitude modulation (QAM) or
phase shift keying (PSK) to further increase the data rate.

C. Motivation and Contributions

IM can improve the performance of a wireless communica-
tion system, by providing an additional transmission domain
which in turn increases the number of bits transmitted. This
may result in an increase in error probability during demodu-
lation which will be investigated. Utilizing the unique nature
of FAS, new forms of IM are available which can be employed
in conjunction with traditional modulation schemes to increase
the number of bits able to be transmitted further. Due to the
usage of FAS ports as indices for modulation, this requires a
different usage of ports than that of previous research. Note
that previous methods of always selecting the port that will
result in the highest received signal power may not be possible
due to the allocation of ports to indices – the optimal port for
transmission may not be within the index group. This poses a
key challenge of balancing the increased bits being transmitted
with the decrease in signal quality as the error will increase
from using a suboptimal port for transmission.

There are some similarities between PIM and spatial mod-
ulation (SM), the latter of which is another form of IM

that assigns its index based on the position of fixed transmit
antennas [56]. Technically both exploit the spatial difference
of the radiating elements at the transmitter side to modulate
additional data. However, most literature on SM considered
non-correlated channels [57], [58], [59], although some anal-
ysis of correlated fading channels has also been done based on
the Kronecker correlation model [60], [61]. Different from [60]
and [61], our analysis is based on the channel model proposed
in [40], which has been proven to accurately characterize the
spatial correlation among the FAS ports. Furthermore, instead
of simply selecting one of the transmit antennas, the proposed
PIM scheme groups ports and then performs a further port
selection process to identify the specific port radiating within
the active port index group. Depending on the efficacy of port
selection, this can affect the performance of PIM greatly.

Recently there have been other works designing IM for fluid
antennas. However, the model in [54] requires multiple fluid
antennas at the transmitter side to perform IM and hence needs
more RF chains while in contrast our work operates needing
only one fluid antenna at the transmitter side for PIM. Also, the
work in [66] considers only one fluid antenna at the transmitter
and employs coding to enhance system performance. But the
results in [66] are only limited to rich-scattering Rayleigh
fading channels. This means that the results in [66] would
be inapplicable to the millimeter-wave or higher frequency
bands where scattering is few. Furthermore, [66] states that
the proposed coded IM has a particularly poor performance at
low orders of IM, which is a notable issue since the majority
of IM is aimed to operate at low orders. As such, both [66]
and [54] suffer from significant restriction: the order of IM is
restricted by the physical properties of the transmitter. This is
particularly notable for [66] since the number of ports is equal
to the modulation index. In a fluid antenna, it is common to
have several hundred ports, resulting in high demodulation
errors due to the spatial proximity and similarity of adjacent
ports as well as a high computational complexity associated
with computing so many indices. It is more desirable to have
a dynamically adjustable IM order in order to adjust to the
current channel conditions. This motivates our work to address
these issues with the proposed PIM scheme.

This paper has made the following contributions:
• We propose a novel form of IM: PIM which uses ports

as an index for conveying information. Desirably, the
order of PIM can be dynamically changed during com-
munications using the new idea of port grouping and the
order is not restricted by the physical properties of the
antenna. To facilitate port grouping, a new method of port
selection is proposed, which selects the optimal port in
each port group based on the greatest Euclidean distance
on the constellation diagram. Since PIM can operate
in conjunction with existing amplitude-phase modulation
schemes such as QAM or PSK, we develop a novel
transceiver architecture for enabling this.

• Analysis is done for a more general channel that works
for scenarios with and without line-of-sight (LoS) paths
and with any degree of scattering in the environment. This
makes the analysis applicable for all frequency bands.

• The bit-error-rate (BER) of this joint modulation is ana-
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lyzed to evaluate the impact of increasing the number of
bits in PIM for this FAS architecture. Moreover, to get a
better idea of the overall performance of PIM, the data
rate is derived to see the impact of both the BER and
increased bits in transmission.

• Simulation results show that our proposed port grouping
method and PIM obtain significant performance increases
over similar schemes or technologies indicating the im-
portance of port grouping and the port selection algorithm
when performing port-based IM.

The rest of this paper is organized as follows. Section II
introduces the fundamental operating principle of PIM, which
is followed by the system model and transceiver architecture
in Section III. Performance analysis of BER and data rate is
conducted in Section IV. After providing simulation results in
Section V, our paper is concluded in Section VI.

II. FUNDAMENTAL PRINCIPLE OF PIM

In a PIM-enhanced communication system, the information
data is modulated in the port domain as well as the conven-
tional phase-amplitude domain, as detailed below.

• Phase-Amplitude Domain: Standard modulation schemes
like M -PSK or M -QAM are used for modulation in the
phase-amplitude domain. For a modulation order M , the
number of bits delivered during each transmission can
be expressed as Kc = log2M , where the subscript ‘c’
indicates that it is the conventional modulation scheme.

• Port Domain: All ports on the FAS are separated into
L groups. For a total number of P ports, each group
contains NL = P/L ports. Since it is impossible to
have fractional port groups, P and L have to be selected
so that L is a factor of P and NL is an integer. This
modulation scheme is called L-PIM. The data bits in
the port domain are carried by activating different port
groups. The l-th port group activating pattern is denoted
by al = [al,1, al,2, . . . , al,NL ], where al,n = 0 when
l 6= n and al,n = 1 when l = n. ‘1’ indicates that a
particular group of ports is activated. When a port group
is active, there is a singular port within that port group.
How the active port within the port group is selected will
be investigated in Section III-D. Since there are a total of
L different port group activation patterns, Kp = log2 L
bits can be delivered in each transmission. The mapping
is done via grey code to convert the port group activation
pattern into port information bits as shown in Table I.

The transmitter should first perform amplitude-phase mod-
ulation, and then send a control signal to the FAS in order
to determine which port group will be activated during the
current data transmission. It is assumed that the FAS can be
controlled perfectly and there will be no error to the control
signal. By jointly using phase-amplitude modulation as well
as PIM, K = Kc + Kp bits can be delivered during each
transmission. The total number of bits per symbol is

K = Kc +Kp = log2M + log2 L. (1)
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Fig. 1. The proposed architecture for a PIM-enhanced communication system
using FAS at the transmitter side. As a point-to-point communication system
is considered, the transmitter can be a handset but not a base station.

III. SYSTEM MODEL AND TRANSCEIVER ARCHITECTURE

A. System Model

As shown in Fig. 1, we consider a PIM-assisted point-to-
point communication system. The transmitter is equipped with
a single fluid antenna with N ports while the receiver uses a
conventional fixed-position antenna. The fluid antenna at the
transmitter is capable of instantaneously switching to any port,
only requiring one RF chain. It is assumed that there exists a
LoS path between the FAS and the receiver as well as various
non-line-of-sight (NLoS) paths.

A block fading channel is assumed between the transmitter
and receiver, which is denoted as h ∈ C1×L where L is the
total number of position groups. The estimated CSI is destined
to be imperfect, which is modelled as

h = ρĥ +
√

1− ρ2∆h, (2)

where ρ is the accuracy parameter, ĥ ∈ C1×L is the estimated
channel vector, and ∆h ∈ C1×L represents the estimation
error. Moreover, ∆h consists of L independent and identically
distributed (i.i.d.) Gaussian random variables, each with zero
mean and variance of σ2

h = d−ζtr , where dtr is the distance
between the transmitter and the receiver, and ζ is the path-loss
exponent. Obviously, if ρ = 1, then the channel is perfectly
estimated. Also, ĥ = [g1, . . . , gL] is the channel between each
port group of the FAS and the receive antenna. Since there are
a total of NL ports per group, a process is required to select
a single active port from the NL available ones. The process
of obtaining the channel for a single active port, gl, from all
the available port channels, gl,n, will be explained in Section
III-D. The channel for a given port is modelled as [40]

gl,n =

√
KriceΩ

Krice + 1
ejαe−j

2π(k−1)W
N−1 sin θ0 cosφ0

+

Np∑
i=1

ϕie
−j 2π(k−1)W

N−1 sin θi cosφi , (3)

where gl,n represents the n-th port in the l-th port group, k =
NL(l − 1) + n, Krice denotes the Rice factor, Ω = E[|gn,l|2],
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TABLE I
MODULATION PRINCIPLE OF 8-PIM

Port Pattern Index, l Port Information Bits Activated Group Number Activating Indicator Vector, al

1 000 1 [1, 0, 0, 0, 0, 0, 0, 0]
2 001 2 [0, 1, 0, 0, 0, 0, 0, 0]
3 011 3 [0, 0, 1, 0, 0, 0, 0, 0]
4 010 4 [0, 0, 0, 1, 0, 0, 0, 0]
5 110 5 [0, 0, 0, 0, 1, 0, 0, 0]
6 111 6 [0, 0, 0, 0, 0, 1, 0, 0]
7 101 7 [0, 0, 0, 0, 0, 0, 1, 0]
8 100 8 [0, 0, 0, 0, 0, 0, 0, 1]

Fig. 2. The proposed transceiver architecture.

α is the random phase of the specular component, and ϕi
is the complex coefficient of the i-th scattered path. Also, θi
and φi are the azimuth and elevation angles of arrival (AoA),
respectively. Finally, Np is the number of NLoS paths.

For demodulation to occur, the receiver has to have knowl-
edge of the constellation points of the modulated signal. As
long as the number of ports present on the transmitting fluid
antenna is known, the receiver can calculate which port within
each port group is active by adopting the same port selection
algorithm at the transmitter. Since the number of ports is a
physical property, it cannot be changed and this value will be
constant. After identifying the active ports within each port
group, a constellation diagram can be constructed that would
be identical to that employed by the transmitter. Although this
adds some computational strain on the receiver, it offers the
advantage of the receiver needing minimal information from
the transmitter. Furthermore, for a stable block fading channel,
this computation will only need to be done once every time
the channel changes and the complexity is acceptable.

B. Transmitter Architecture

As shown in Fig. 2, the transmitter consists of the following
modules:
• Bit splitter: This module splits the bit sequence from

the source into phase-amplitude and port domains, which
have the lengths of Kc and Kp bits, respectively.

• M-QAM modulator: This module maps Kc bits onto one
modulated symbol bm in the phase-amplitude domain
with a baseband power of Ps.

• Port-index modulator: The port or position group which
will be assigned for transmission is determined by the

bit sequence of length Kp. A given Kp corresponds to a
specific activating indicator vector al via Table I which
will inform the fluid antenna which port group is active.
Here the baseband port pattern al is generated.

• Symbol combiner: This module generates the integrated
baseband symbol sm,l = albm.

• Baseband-to-passband converter: The combined base-
band signal sm,l is converted to the RF band.

C. Receiver Architecture

As shown in Fig. 2, the receiver has the following modules:
• Passband-to-baseband demodulator: This module con-

verts the received RF signal to the baseband ready for
demodulation. Given the transmitted symbol sm,l, the
received signal ym,l can be expressed as

ym,j = haT
l bm + z

= ρĥaT
l bm +

√
1− ρ2∆haT

l bm + z

= ρglbm +
√

1− ρ2∆haT
l bm + z, (4)

where z is the additive white Gaussian noise (AWGN)
with zero mean and variance σ2

z , and gj , ĥaT
l . Since the

vector al contains only one non-zero term, it effectively
selects the port group that is active, and the specific port
within that port group will be outlined in Section III-D.

• Maximum-likelihood (ML) detector: This module outputs
K̄c + K̄p bits after the phase-amplitude demodulation of
each symbol. The demodulation can be expressed as

(m̄, l̄) = arg min
m′∈[1,...,M]

l′∈[1,...,L]

|ym,l − gl′bm′ |2, (5)

where m̄ and l̄ are the estimated indices of the M-QAM
modulated symbol and the PIM symbol, respectively, and
m′ and l′ are the trial indices.

D. Port Selection

Instead of selecting a single optimal port (as in a typical
FAS), PIM port selection involves obtaining the vector n∗,
which contains L terms that detail the optimal port within each
port group. For example, n∗ = [n∗1, n

∗
2, n
∗
3, n
∗
4] containing the

optimal port positions for 4-PIM modulation. When the second
port group is being used, then the active port selected would
be the n∗2-th port in the second port group. The relationship
between n∗ and the selected active port k in (3) is given by

k = NL(l − 1) + n∗l , (6)
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in which NL is the number of ports in each port group. Port
selection minimizes the chances of demodulation misidentify-
ing any symbol, which is achieved by selecting ports whose
constellation points are far apart. The main motivation behind
using port groups rather than just finding the L ports in
the whole fluid antenna is the reduction in computational
complexity of the port selection process. Since the ports that
are close spatially are highly correlated and are closer on the
constellation diagram, there is no need to compare port pairs in
close proximity. Therefore, by grouping ports that are adjacent
together, the number of ports that need to be compared in the
port selection process is significantly reduced.

In this paper, we propose three methods of port selection:
(1) random selection, (2) signal-to-noise ratio (SNR) selection
and (3) optimal selection.
(1) Random selection: This involves using a uniform random

variable to select the port within each port group that will
act as the active port.

(2) SNR selection: This selects the port with the highest SNR
within the port group. More specifically, the SNR at the
receiver when each port is used as the active transmitter
is obtained and the port that results in the highest SNR
at the receiver is selected. Note that this method requires
to know the signal power at the receiver which may not
always be possible. The optimal port position in the l-th
group under this scheme is given by

n∗l = arg max
n∈[1,...,NL]

{|gl,n|}, (7)

where gl,n represents the n-th port in the l-th port group.
Since there are a total of L port groups, the vector n∗

which represents the optimal positions for all port groups
is denoted by n∗ = [n∗1, n

∗
2, . . . , n

∗
l , . . . , n

∗
L].

(3) Optimal selection: This is the proposed method in this
paper. Here, the optimal port for each group is selected in
such a way that the L total optimal ports have the greatest
average Euclidean distance apart from each other on the
constellation diagram. In theory, this is the best port selec-
tion method due to the use of an ML demodulator at the
receiver. By maximizing the minimum distance between
the selected positions, this reduces the probability of ML
demodulation choosing an erroneous point in the received
signal. For any given l, this can be achieved by

n∗l = arg max
n∈[1,...,NL]

min
l̂∈[1,...,L]

m,m̂∈[1,...,M ]
n̂∈[1,...,NL]

|gl,nbm − gl̂,n̂bm̂|,

(8)

where n∗l is the optimal port for the l-th port group and
l 6= l̂ or m 6= m̂. Thus, n∗ = [n∗1, . . . , n

∗
l , . . . , n

∗
L] can

be defined as the vector containing the optimal port for
every group. The optimization in (8) is challenging. While
exhaustive search is the most reliable way to obtain k∗,
this is only feasible for small N because the complexity
increases exponentially. Since this problem is NP-hard,
there are no easy solutions. This paper uses a genetic
algorithm (GA) in order to obtain n∗.
GAs are adaptive heuristic search algorithms inspired by
natural selection. By going through successive iterative
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Fig. 3. Complexity of GA and exhaustive search for different numbers of
ports and port groups.

loops, called generations, GA can quickly narrow down
regions where the optimal solution is located with the
help of a fitness algorithm. The accuracy of the output
of a GA can be determined by the tolerance, with a
lower tolerance leading to a more accurate output. In
this paper, the tolerance is set at 1 × 10−6 for a highly
accurate output, and there is no restriction on the number
of generations meaning that GA will keep going until no
successive iterations differ by more than the tolerance.
Due to the complexity of GA highly dependent on the
population size as well as other factors like the crossover
and mutation, it is impossible to quantify the complexity
using a general expression. Therefore, Fig. 3 is used to
compare the complexities of GA and exhaustive search
under specific scenarios. As can be seen, for very low
populations exhaustive search and GA have a similar
complexity; however as the population increases it is clear
that GA has a significantly higher efficiency.
Fig. 4 shows the constellation diagrams associated with
the three different port selection schemes. As can be ob-
served, the optimal selection scheme has all constellation
points spread out with a uniform distance, while SINR
selection and random selection have some constellation
points which are in close proximity. From the diagram
alone, it can be seen that the optimal selection scheme is
the most effective in spreading out constellation points
and therefore is likely to yield the lowest BER. The
efficacy of each scheme is presented in Section V.
Three scenarios can be observed in regards to the number
of port groups L as follows.

Case 1: When L = 1, this means that the number of ports is
equal to the number of ports in each group (NL =
P ). Since Kp = log2 L, this effectively means there
is no PIM present and the only modulation being
done is phase-amplitude modulation. Port selection
is therefore only needed to improve the signal power
at the receiver, as performed in, e.g., [33].

Case 2: When L = P , then there is only a single port in each
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Fig. 4. Constellation diagrams of different port selection schemes: Random Selection (left), SNR selection (center), optimal selection (right).

group, and there is effectively no difference between
ports and port groups. In this case, port selection is
no longer required.

Case 3: When L 6= 1 and L 6= P , the base station transmitter
can dynamically adjust the number of port groups
to optimize the signal quality and the amount of
data transmitted. Note that the number of port groups
should be such that binary logarithm of the number
of groups should be an integer.

IV. PERFORMANCE ANALYSIS

In this section, the BER of the PIM-assisted system is eval-
uated using the ML detection approach. In order to calculate
the BER, the pairwise error probability (PEP) is first derived.

A. PEP

Firstly, we define the PEP between two joint symbols sm,l
and sn,p for m 6= n, l 6= p as τ(sm,l → sn,p), which is the
probability that the Euclidean distance between the received
signal ym,l and sm,l is larger than that between ym,l and sn,p,
when sm,l is transmitted. We have the following results.

Lemma 1: τ(sm,l → sn,p) can be expressed as

τ(sm,l → sn,p)

=Pr
[
|ym,l − glbm|2 > |ym,l − gpbn|2

]
=Pr

[
|(ρ− 1)ĥaT

l bm +
√

1− ρ2∆haT
l bm + z|2

> |ρĥaT
l bm +

√
1− ρ2∆haT

l bm + z − gpbn|2

]
.

(9)

Theorem 1: The PEP can be further simplified into

τ(sm,l → sn,p) = Q

(
|ρglbm − gpbn|2 − |(ρ− 1)glbm|2√

2σm,l|gpbn − glbm|

)
,

(10)

where

Q(x) =

∫ +∞

x

1√
2π
e−

t2

2 dt. (11)

Proof: Taking the result from Lemma 1, ∆h is a vector
containing L Gaussian distributed terms and independent of
the noise z. Additionally,

√
1− ρ2∆haT

l bm + z is Gaussian
distributed. By expressing λm,l =

√
1− ρ2∆haT

l bm + z, we
have a random variable λm,l ∼ CN (0, σ2

m,l), where σ2
m,l =

(1− ρ2)‖al‖2|bm|2σ2
h + σ2

z . Thus, (9) can be rewritten as

τ(sm,l → sn,p)

=Pr
[
|(ρ− 1)glbm + λm,l|2 > |ρglbm − gpbn + λm,l|2

]
(12)

=Pr

[
2Re{λm,l(gpbn − gpbm)∗}

> |ρglbm − gpbn|2 − |(ρ− 1)glbm|2
]

(13)

=Q

 |ρglbm − gpbn|2 − |(ρ− 1)glbm|2

|gpbn − glbm|
√

2σ2
m,l

 , (14)

where Re{x} denotes the real part of x. Also, Re{λm,l(gpbn−
gpbm)∗} is Gaussian distributed, with properties N (0, |gpbn−
glbm|2σ2

m,l/2). For further steps on how (13) is obtained from
(12), please refer to Appendix A.
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B. BER

Theorem 2: The BER can be approximated as

ε ≈ 1

K|S|
∑

sm,l∈S

∑
sn,p∈S

d(sm,l, sn,p)τ(sm,l → sn,p), (15)

where K is the total number of bits per symbol, see (1), S de-
notes the set containing all possible symbols, and d(sm,l, sn,p)
is the Hamming distance between the symbols sm,l and sn,p.
This applies when the SNR is not too low. The probability
Pr(sm,l → sn,p) can be approximated as the PEP [62].

Proof: The BER from decoding can be expressed as

ε =
1

K|S|
∑

sm,l∈S

∑
sn,p∈S

d(sm,l, sn,p)Pr(sm,l → sn,p), (16)

which is the fundamental definition of BER [67] as an expres-
sion of the Hamming distance, and is the number of positions
at which the two corresponding symbols are different, and
the probability of misdemodulation. In (16), Pr(sm,l → sn,p)
denotes the probability that sm,l is demodulated as sn,p, which
completes the proof.

The BER in Theorem 2 can be decomposed to obtain the
BER of the phase-amplitude and port domains separately via
the decomposition of the Hamming distance, which can be de-
composed into d(sm,l, sn,p) = dc(sm,l, sn,p) + dp(sm,l, sn,p).

Lemma 2: The BER of the information bits in the phase-
amplitude domain can be expressed as

εc ≈
1

K|S|
∑

sm,l∈S

∑
sn,p∈S

dc(sm,l, sn,p)τ(sm,l → sn,p), (17)

where dc(·, ·) is the Hamming distance between the informa-
tion bits carried in the phase-amplitude domain.

Lemma 3: The BER of the information bits in the position
or port domain can be expressed as

εp ≈
1

K|S|
∑

sm,l∈S

∑
sn,p∈S

dp(sm,l, sn,p)τ(sm,l → sn,p), (18)

where dp(·, ·) is the Hamming distance between the informa-
tion bits carried in the port domain.

Fig. 5 shows the separate BER of PIM, QAM and PSK
whilst considering an order of 4 for each. As can be observed,
the BER as a result of the port domain is noticeably higher
than that of the phase-amplitude domain.

C. Throughput Analysis

For PIM, the higher the number of port groups, the more
the information bits to be transmitted but at the compromise of
the BER. In order to gain further insight onto the relationship
between the total number of modulation bits K and the BER,
the system throughput can be observed.

Due to the usage of a ML detector for demodulation, the
PEP between any pair of modulated symbols is symmetric.
Therefore, the channel between the transmitter and receiver
can be modelled as a memoryless binary symmetric channel.
The mutual information between an input bit x ∈ {0, 1} and
the estimated output bit ȳ ∈ {0, 1} can be found by

I(x; ȳ) = H(ȳ)−H(ȳ|x), (19)
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Fig. 5. Comparison of the separate BER of each modulation type.

where H(·) is the entropy function.
Lemma 4: H(ȳ) can be expressed as

H(ȳ) = −(px0(1− ε) + px1ε) log(px0(1− ε) + px1ε)

− (px1(1− ε) + px0ε) log(px1(1− ε) + px0ε), (20)

where px0 and px1 are respectively the probabilities that x is
0 and 1.

Proof: H(ȳ) can initially be expressed as

H(ȳ) = −pȳ0 log(pȳ0)− pȳ1 log(pȳ1)

= −(px0pȳ0|x0 + px1pȳ0|x1) log(px0pȳ0|x0 + px1pȳ0|x1)

− (px0pȳ1|x0 + px1pȳ1|x1) log(px0pȳ1|x0 + px1pȳ1|x1),
(21)

where pȳ0 and pȳ1 are the probabilities of the estimated output
being 0 and 1, respectively, and pȳa|xb is the probability that
x = b is decoded as y = a. Since this is a binary symmetric
channel, pȳ0|x1 = pȳ1|x0 = ε, where ε is the BER. By using
this, (21) can be reformulated as (20).

Lemma 5: The entropy H(ȳ|x) is

H(ȳ|x) = −ε log ε− (1− ε) log(1− ε). (22)

Proof: Due to the symmetric nature of the channel, by
assuming that px0 = px1 = 0.5 and substituting into (20), the
entropy of the channel output H(ȳ) = 1. When the channel
output is 1, the noise entropy can be derived as

H(ȳ|x) = −
∑

b∈{0,1}

pxb
∑

a∈{0,1}

pȳa|xb log(pȳa|xb), (23)

which simplifies to (22).
Finally, by combining Lemma 4 and Lemma 5 the data rate

can be obtained using the following theorem.
Theorem 3: The achievable data rate per transmission can

be expressed as

R = KI(x; ȳ) = K(1 + ε log ε+ (1− ε) log(1− ε)), (24)

where K is the total bits carried by the modulated symbol.
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Fig. 6. Analytical results (lines) and Monte Carlo simulations (points) for
different modulation schemes and port selection algorithms.

V. NUMERICAL RESULTS AND DISCUSSION

Here, the performance of a joint PIM modulated system is
validated by both Monte Carlo simulations and our analytical
results. The channel model used has been described in Section
III which consists of a LoS path with a Rice factor of Krice =
7 and a total of Np = 2 non-LoS paths. The width of FAS is
assumed to be W = 10 wavelengths in size.

A. Validation

Fig. 6 compares the analytical results against the Monte
Carlo simulations. A total of N = 400 ports were used with
the AWGN power being −50 dBm and the channel estimation
having an accuracy of ρ = 0.999. The simulation results
(points) and our derived results (line) are very close together,
showing the accuracy of our derivations. However, there are
some differences between the simulation and derivations when
the transmission power is less than 15 dBm which shows
the limitation of the analysis done in this paper. Since index
modulation is normally done at higher transmission powers,
this is not a significant issue as normally the transmission
power would be much larger than 15 dBm.

Furthermore, as the transmission power increases, the BER
decreases. This is expected because the larger the signal power
the higher the SNR resulting in the ML demodulator being
able to identify different symbols more clearly. This result
conforms to the expected result and indicates the correctness
of the simulation and numerical results. It can also be noted
that under the same PIM order of L = 4, QAM outperforms
PSK by a large margin showing that QAM is the more suitable
phase-amplitude modulation to be used with PIM.

Fig. 7 compares the performance of PIM with that of similar
modulation schemes, namely SM and other fluid antenna IM
schemes. The phase-only pre-scaling (SM-P) model in [63]
has been shown to have significantly better performance than
conventional SM and will be used for comparison. The fluid
antenna IM in [66] will also be used as a benchmark since
it outperforms the model given in [54]. To fit the scenario of
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Fig. 7. Comparison of the Monte Carlo simulations for optimal port selection
scheme with other similar modulation schemes.

PIM, a multiple-input single-output (MISO) system containing
4 transmit antennas is considered for SM adopting the SM-
P model. For the benchmark IM scheme, two variations of
IM found in [66] are used for comparison: index modulated
FA with set partition coding (IM-FA-SPC) and without any
coding (IM-FA). Two scenarios for IM-FA were considered: a
scenario where the number of bits modulated by both methods
was the same, and a scenario where the total number of ports
present were the same. For the former scenario, a total of
4 data bits would be modulated in conjunction with IM and
QAM. The order of IM would be the same in this comparison,
with the number of ports N = 4 for IM-FA-SPC and IM-FA
while the number of port groups is L = 4 for PIM. In the
latter scenario, a total of N = 400 ports would be considered.
For fair comparison, the size of the fluid antenna was changed
to be 1.5λ in length, as otherwise IM-PIM would not have any
correlation between ports, and K = 0 was set for PIM in order
to match the Rayleigh fading channel model used in [66].

As observed in Fig. 7, 4-PIM has better performance than
SM-P which shows its viability over traditional fixed-position
antenna modulation schemes. Furthermore, the results indicate
that PIM has better performance than both IM-FA and IM-FA-
SPC for modulating the same number of bits and much better
BER performance when considering the same number of ports.
Interestingly, IM-FA-SPC seems to have worse performance
than IM-FA at low number of ports. This is due to IM-FA-SPC
having a lower modulation order compared to IM-FA by 1,
meaning that QAM has to modulate an additional bit while at
low correlation the effect of SPC coding is not very noticeable.
This is similar to the results reported in [66] and backs the
correctness of the simulation results. These simulation results
show that the port grouping method proposed in this paper
significantly improves the BER performance.

B. Comparison of Port Selection Schemes

The effectiveness of different port selection schemes in
Section III is studied by the results in Fig. 8 under the same
parameters as before. The modulation used in conjunction
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Fig. 9. Comparison of the three port selection algorithms for different number
of bits modulated by PIM while observing data rate.

with L-PIM is 4-QAM. As can be seen, the proposed optimal
port selection scheme outperforms both random selection and
SINR selection significantly; 4-PIM with optimal selection
even outperforming 2-PIM with the other selection algorithms.
This shows the importance of port selection in PIM, as with
the correct algorithm more bits can be transmitted while still
having a lower BER. As expected, the lower the number of
bits modulated by PIM, the lower the BER. However, BER
does not tell the full story as even though the error rate is
higher more bits are being transmitted which may result in an
overall higher amount of correct data received.

On the other hand, data rate looks at the overall data
received whilst also considering the impact of BER. The initial
observations that can be made from Fig. 9 are that SINR
selection slightly outperforms random selection when L > 4.
Once again, the proposed optimal selection algorithm signifi-
cantly outperforms its counterparts; the data rate saturates at a
lower transmission power and in the case of no saturation the
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Fig. 10. The impact of L-PIM on BER.

data rate is higher. These results offer insight on which port
selection to use in what situation. If optimal selection is not
available due to computational limitations, random selection
should be used for L ≤ 4 and SINR selection should be used
for L ≥ 8. Furthermore, it is interesting to note that at low
powers, adding PIM on top of 4-QAM acts as a detriment to
the performance of the system. 0-PIM represents only having
4-QAM modulation (hence the data rate is a constant 2, due to
4-QAM modulating 2 bits). The transmission powers at which
L-PIM in the respective port selection schemes results in a gain
in data rate can be observed in the figure as the point at which
the PIM line crosses the base 4-QAM line.

C. Increasing Modulation Order

From previous results, it can be seen that an increase in
PIM has an impact on the BER. Fig. 10 investigates this
further, where 4-QAM modulation is used in conjunction with
L-PIM. As expected, as L increases so does the BER. This
is expected, as the more points there are on the constellation
diagram the more likely ML demodulation will get it wrong.
As L doubles to facilitate the modulation of an extra bit, there
are 4 times more points on the constellation diagram. Also,
for higher modulation like 8-PIM or 16-PIM, the BER begins
to saturate at around power of 40 dBm, after which increasing
transmission power does not have a significant impact on the
BER. If using 8 or 16-PIM in a communication system, the
signal power does not need to be higher than 40 dBm. This
trend likely extends for L ≥ 16; however even at 16-PIM,
the BER is very high and going any higher is not advisable.
A balance needs to be struck between the signal quality and
the data rate. In particular, coding more bits will result in a
higher BER and L in L-PIM and that will have to depend on
the demands of a particular communication system.

As before, to get a more rounded view of the performance
of L-PIM, we observe the data rate in Fig. 11. Once again, it
can be seen that at low transmission power, PIM should not be
used as it underperforms a traditional 4-QAM system with no
PIM. The transmission that PIM should be used is dependant
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Fig. 11. The impact of L-PIM on data rate.
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Fig. 12. Comparison of higher orders of QAM in conjunction with 2-PIM

on the number of bits being modulated by PIM, with 12 dBm,
15 dBm, 19 dBm and 24 dBm being the thresholds at which
2, 4, 8, and 16-PIM outperform its base 4-QAM counterpart.
For a transmission power of ≤ 50 dBm, L ≤ 8 all manage to
saturate, which is not achieved by 16-PIM. In order for 16-PIM
to achieve its maximum data rate an even higher transmission
power would be needed which is not realistic for a typical
communication system. Therefore, the realistic upper limit to
the number of bits modulated by PIM is 3 with 8-PIM.

In Fig. 12, the results are provided to observe 2-PIM with
some commonly used higher orders of QAM. As expected,
as modulation order increases the BER also increases. This is
expected, as the higher the modulation order the greater the
number of points on the constellation diagram. This results in
points on the diagram being closer in proximity and therefore
the chance of maximum-likelihood demodulation recognizing
the wrong point is higher. The reason why QAM is used in
these simulations over PSK is given in Section V-D.
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Fig. 13. BER for PIM-4-QAM with different CSI accuracy.
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D. Impact of Channel Parameters

The effect of CSI accuracy for a 4-QAM-PIM joint modu-
lation is investigated in Fig. 13. We see that as the accuracy
decreases, the BER increases. This is caused by the estimation
not accounting for the correct changes to the signal as it passes
through the channel. It can also be observed that a small drop
in the CSI accuracy leads to a large increase in BER, outlining
the importance of a good channel estimation algorithm.

Looking at the impact of channel estimation on data rate,
Fig. 14 shows that ρ has a much larger impact on higher L
modulation, with the transmission power needed to achieve
saturation significantly higher for less accurate channels for
4-PIM compared to 2-PIM; going from 20 dBm to achieve sat-
uration in a perfectly estimated channel compared to 30 dBm
for ρ = 0.995 and ρ = 0.99 not achieving saturation. By
contrast, there is roughly a 5 dBm range from a perfect CSI
to a 99% accurate CSI for 2-PIM. This tells us that when the
channel estimation is not very accurate, 2-PIM should be used
instead of larger values of L due to the high drop-off for higher
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Fig. 15. Impact of Rice Factor on performance. All PSK and QAM
modulations are done in conjunction with 4-PIM.

PIM modulation. Furthermore, if a higher PIM modulation is
used, after a transmission power of 30 dBm, any increase
to transmission power leads to minimal gains in data rate
and the transmission power can be kept at 30 dBm without
significant losses to the performance of PIM. Additionally, the
performance of SM under SM-P was compared to PIM. SM-
P assumes perfect channel conditions and thus has channel
estimation accuracy of ρ = 1. As we can see, PIM outperforms
SM-P when the order of both modulations is two no matter
the channel estimation accuracy. However for an order of 4, it
can be seen that a perfectly estimated SM-P modulation will
outperform PIM when the accuracy is ρ = 0.99 or lower.

Although CSI accuracy has impact on the performance of
the proposed system, a high degree of CSI accuracy is realistic
in many communication systems. It is possible to reduce the
error of channel estimation below 10−2 as seen in [64], with
more recent studies showing a channel accuracy of ρ ≥ 0.99
being achievable even at low SNR of 10 [65].

Another significant channel consideration is the strength of
the LoS path. During simulations, an assumption of Krice = 7
was considered which represents a good LoS channel. How-
ever, this is not always the case in practice. Fig 15 looks
at the impact of the strength of the LoS path by observing
Krice = [0, 3, 7], where Krice = 0 represents the NLoS case
and therefore a Rayleigh channel. Accordingly, the perfor-
mance of QAM seems similar for all values of Krice while
the performance of PSK increases as Krice decreases. For a
Rayleigh channel at Krice = 0, PSK and QAM are observed to
have a very similar performance. Therefore when the strength
of the LoS path is high, QAM is the more reliable modulation
to use in conjunction with PIM but in situations where there
is low or no LoS, PSK is a viable alternative.

E. Impact of FAS Size and Number of Ports

As the FAS size increases, so does the space to the fluid
antenna and access to a different signal envelope as can be seen
in Fig. 16. However, with an increase in the size, for the same
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Fig. 16. The channel envelope with varying FAS sizes of 0.5λ, 5λ and 10λ.

number of ports, the resolution effectively decreases due to the
ports being spread out over a larger space. Fig. 17 shows that
for QAM-PIM modulation, as the size of the fluid antenna
increases, the BER decreases, reaching a saturation around
W = 25. This is expected, as the more fading envelopes the
fluid antenna has access to, the larger the range of phases and
amplitudes between ports making the optimized port selection
algorithm even more effective. However, PSK-PIM does not
seem to show any significant trends based on the fluid antenna
length. One possible reason for this could be that PSK relies
on the precise changing of phases, and both the port selection
algorithm and the increased length of the fluid antenna would
change the phase of the signal, interfering with PSK. This
once again shows that QAM is the preferred modulation to
be used in conjunction with PIM. Furthermore, it can be seen
that the number of ports does not have a significant impact on
the BER below W = 15. This could be that even N = 400
ports, the resolution is still sufficient to obtain an accurate
result. The results also illustrate that as W increases, the lack
of resolution of N = 400 is starting to affect the BER, and
that N = 1400, N = 2400 have similar BERs even at larger
antenna sizes due to them having sufficient resolution.

F. Impact of Scatterers

The number of scatterers in the environment varies depend-
ing on the scenario, and so the impact of scatterers needs to
be considered. In Fig. 18, we observe that as the number of
scatterers increases, the variation in the channel envelope also
increases. In theory, this is desirable for FAS due to the natural
ability for fluid antennas to take advantage of more spatial
diversity. For PIM, having a rich scattering environment is
also desirable because having larger channel variations means
that the optimal port selection algorithm will have a larger
range to select from. The results in Fig. 19 indicate that the
BER decreases significantly with the number of scatterers until
Np = 2, after which the BER seems to fluctuate and not have
any clear correlation with the number of scatterers. This could
be because after Np = 2, the number of scatterers in the
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Fig. 17. Impact of FAS size and port number on BER.
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Fig. 18. The channel envelope with different numbers of scatterers.

environment is already sufficient to produce a varied enough
channel for optimal port selection to take advantage of.

VI. CONCLUSION

This paper has the novel proposition of using fluid antennas
at the transmitter (base station) as opposed to existing work
which solely focuses on FAS at the receiver side. By doing
this, it is possible to implement a new type of index modulation
scheme by grouping ports on a fluid antenna and assigning
a different index to each port group. Similar to all forms of
modulation, as the number of bits modulated by PIM increases
the signal quality deteriorates. In situations where the channel
is good or the demands on QoS in terms of BER are not high
(for example in semantic communications or non ultra-reliable
scenarios), increasing the number of bits modulated could have
an overall advantage. To maximize the effectiveness of PIM,
a new port selection algorithm was proposed that maximizes
the Euclidean distance between the selected port for each
group. Also, a new transceiver architecture was proposed to
implement PIM in conjunction with an existing modulation
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Fig. 19. BER with different number of scatterers for different modulations.

scheme like PSK or QAM. Expressions for BER and data
rate were derived to analyze the performance of the proposed
joint modulation. Numerical analysis has shown the impact
of parameters such as channel estimation accuracy, different
number of bits modulated by PIM and antenna size and port
number on the BER and data rate of a communication system
utilizing PIM. Furthermore, the effectiveness of the proposed
PIM algorithm has been verified. Our results showed that
there is a saturation point on the achievable data rate for both
transmission power and port number, going beyond which will
have little effect on the system performance. This insight is
critical for system designers to optimize their designs.

Future work in this direction could involve observing a
system where both the transmitter and receiver posses a fluid
antenna. In this situation, the modulation process would be
significantly more complicated as the transmitter would need
to know the location of the active port on the receiver before
accurate modulation can occur and a joint port selection
algorithm would need to be devised that achieves a high degree
of accuracy but also is not too computationally intensive.

APPENDIX A

For any two complex numbers a ∈ C and b ∈ C, we have

|a2 + b2|
= [Re{a}+ Re{b}]2 + [Im{a}+ Im{b}]2

=Re2{a}+ 2Re{a}Re{b}+ Re2{b}+ Im2{a}
+ 2Im{a}Im{b}+ Im2{b}

=Re2{a}+ Im2{a}+ Re2{b}+ Im2{b}
+ 2Re{a}Re{b}+ 2Im{a}Im{b}

=|a|2 + |b|2 + 2Re{a}Re{b}+ 2Im{a}Im{b}. (25)
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Since

ab∗ = (Re{a}+ jIm{a}) (Re{b} − jIm{b})
=Re{a}Re{b} − jRe{a}Im{b}

+ jIm{a}Re{b}+ Im{a}Im{b}
=Re{a}Re{b}+ Im{a}Im{b}

+ j (Im{a}Re{b} − Re{a}Im{b}) , (26)

we know that

Re{ab∗} = Re{a}Re{b}+ Im{a}Im{b}. (27)

Then (25) can be simplified as

|a2 + b2| = |a|2 + |b|2 + 2Re{ab∗}. (28)

Applying (28) to (12), we obtain

Pr
[
|(ρ− 1)glbm + λm,l|2 > |ρglbm − gpbn + λm,l|2

]
=Pr[|(ρ− 1)glbm|2 + |λm,l|2 + 2Re{λm,l[(ρ− 1)glbm]∗}
>|λm,l|2 + |ρglbm − gpbn|2 + 2Re{λm,l[ρglbm − gpbn]∗}]
=Pr[2Re{λm,l[(ρ− 1)glbm]∗} − 2Re{λm,l[ρglbm − gpbn]∗}
>|ρglbm − gpbn|2 − |(ρ− 1)glbm|2]

=Pr[2Re{λm,l(gpbn − glbm)∗}
>|ρglbm − gpbn|2 − |(ρ− 1)glbm|2]. (29)
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