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Abstract—Emerging technologies like Fluid Antenna Systems
(FAS) are important ingredients toward new generation com-
munications. In particular, we focus on systems based on the
reconfigurability capabilities of liquid antennas, which are a
subset of FAS that use a liquid as their main conductor. Despite
recent pertinent advances in the field, the reconfiguration speed
was not directly addressed in the literature, as it is assumed to
be very high in most works. However, it is a crucial parameter
that defines the system’s capabilities and performance bounds.
In addition, a few approaches to spatial correlation modeling are
presented here that are also needed for a holistic performance
evaluation. Hence, a numerical methodology is proposed to
realistically model both parameters. Performance metrics are
also addressed, which aid in identifying and comprehending
the system’s strengths and weaknesses. The importance of these
models and metrics is showcased by reconfiguring the FAS,
proposing several algorithms and illustrating their features. As a
result, we show that it is possible to obtain a realistic performance
evaluation for FAS and improve currently available models and
performance to further progress on this topic.

Index Terms—Fluid Antenna, Reconfigurable Antenna, Spatial
Correlation

I. INTRODUCTION

Ew generation communication systems are intended to
Nchange our way of interacting with information and
society. 6G technologies pursue the possibility of a new
communications paradigm with improved dependability and
connectivity. Without question, in order for our current sys-
tems to deliver the services that are envisaged, they must be
enhanced and supplemented with new designs and methods.
One of these emerging technologies are Fluid Antenna Sys-
tems (FAS) [1], also known as Movable Antennas (MAs) [2].
Regardless of the name used to refer to them, these devices are
meant to take advantage of the spatial dimension to possibly
achieve extra degrees of freedom, which can be potentially
exploited to significantly improve the performance of a whole
communication system. Accordingly, FAS must be able to
reconfigure themselves in real time to match a set of different
requirements defined by the considered application.

One particular subset of FAS are systems based on liquid
antennas. They aim to achieve reconfigurability by using a
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metallic conducting material that is liquid at room tempera-
ture. In our case, we focus on the eutectic alloy of indium
and gallium (eGaln), which presents a conductivity that is
an order of magnitude better than its traditional competitor,
mercury, in spite of being non-toxic, non-inflammable and
non-radioactive [3]. In consequence, there is an increasing
motivation to research, understand and potentially increase the
use cases of eGaln-based liquid antennas [4], [5]. In any case,
the models and performance measures that we are presenting
here are applicable for the more general class of FAS, so we
will refer to them in the following.

Several publications can be found that illustrate the advan-
tages of Fluid Antennas (FA) when compared to traditional
systems [4], introducing different ways of optimizing their
use for widely spread technologies such as Multiple Input
Multiple Output (MIMO) [6] or beamforming [7]. It has also
been studied how to combine them with other alternative
emerging technologies, such as Reconfigurable Intelligent Sur-
faces (RIS) [8], Non-Orthogonal Multiple Access (NOMA) [9]
or Integrated Sensing And Communication (ISAC) [10]. A
comprehensive tutorial can be found in [11], where these and
other references are explored and summarized.

Not only ways to understand and improve communications
theoretical concepts with FAS are being explored. There have
also been some works focused on physical implementations as
well, such as [12] or [13]. However, studies about hardware
implementations and analytical designs are rather discon-
nected, a weakness that we address here by focusing on
a realistic approach to the system modeling that takes into
account the results from recent experiments. In that regard,
some of our preliminary tests, exemplified in Fig. 1, point out
that reconfiguration speeds in the range of 10 - 100 mm/s can
be achieved using continuous electrowetting (CEW) [14]. Ap-
plying this technique to FAS would allow us to move a volume
of liquid metal without mechanical pumps, but using electric
impulses only. This would be convenient to easily displace
the antenna element (in many cases just a drop of metal) to
any position, raising the number of feasible applications by
eliminating the need for any mechanical devices.

As stated above, many authors are exploring the perfor-
mance of FA as well as their use cases. In our view, further
progress cannot be made if the models are too idealistic. We
need the ability to account for reconfiguration speeds and
their relation with transmission scenarios. Therefore, the main
contributions of this article are the following:

o« We describe a realistic system model that is able to

capture several typically found correlation scenarios and
their impact on the performance of the communication
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Fig. 1. Example of eGaln displacement using electrowetting. Two frames of
a video of a typical experiment and a ruler added as a reference. An electric
voltage is applied throughout the tube, moving the drop using only 1 V.

system. We also discuss the relevance of the drop velocity,
as it is an important parameter that has not been consid-
ered before. Both correlation and drop velocity are key
parameters to grasp the real capabilities of FA; therefore,
they should be accurately captured by the model. Con-
sidering realistic scenarios and velocities would boost the
feasibility of actual FA studies towards their successful
implementation.

« We explain accurate and practical models to account for
the port correlation, including a numerical method based
on Auto-Regressive Moving-Average (ARMA) filtering.
This is a refined version of our preliminary work [15].

o We present different algorithms for FA reconfiguration.
Since they require different levels of channel state infor-
mation (CSI), they allow navigating from more idealistic
scenarios to more realistic ones. Henceforth, several pa-
rameters of the system can be adapted and their influence
is highlighted.

+ We propose the use of alternative metrics in addition to
the outage probability (OP). We show that only consider-
ing the OP may not be enough to fully characterize some
emerging use cases of FA, such as the case of liquid
antennas.

In summary, we contribute to state-of-the-art modeling of
FAS, which is critical for the evolution of the topic and to
understand the performance of suitable use cases for these
technologies.

The reminder of this paper is structured as follows. After
this introduction, Section II describes the system model of
the proposed FA. In particular, we focus on the FA model
in agreement with a possible physical implementation in
Section II-A and provide a generic description of spatial
correlation in Section II-B. Section III addresses the state-
of-the-art analytical correlation modeling for FA and presents
three different methods in depth. Several approaches to port
selection are detailed in Section IV. Section V defines the
performance metrics that will be used for comparison. Sec-
tion VI presents the numerical results, showing the accuracy
of the methodologies and the performance analysis with the
proposed metrics. Finally, Section VII presents the conclusions
and future work.

Notation: The expected value is denoted as E[-]. For ran-

dom processes X,Y we define the mean, p, as E[X] and
the variance, 0%, as E [(X — p)?]. Note that the variance
can be seen as the covariance of one variable with itself.
Therefore, the Greek letter o is commonly used for both as
oxy = E[XY] — E[X]E[Y]. Correlation can be seen as a
normalization of the covariance but their numerical value is the
same if both processes have zero mean and unit variance, since
pxy = oxy/oxoy. Vectors, matrices and scalar quantities
are defined using boldface lowercase, boldface uppercase and
regular lowercase letters. CA'(0,02%) represents the circu-
larly symmetric, zero-mean complex normal distribution with
covariance matrix . Jo(-) is the zero-order Bessel function
of the first kind. I, is the z X z identity matrix. j denotes the
imaginary unit.

II. SYSTEM MODEL

In this section we describe the topology of the proposed FA
and the spatial correlation modeling.

A. FA Model

We propose a FA model that is similar to the one proposed
in [1] and consistent with some hardware implementations of
liquid antennas [16]. We consider a device that would act as
a single antenna element for reception, employing a single
radio-frequency (RF) chain. This device consists of a tube that
serves as a container for a drop of eGaln. This drop, which
acts as an antenna, is able to move inside the tube with speed
V., to reach a set of N defined configurations which are often
referred to as ports. The position of the drop can be computed
simply as

n(t) = ng + vt, (D

where n(t) is an arbitrary position, ng is the initial position,
v, 1s the reconfiguration speed —which is directly mapped to
drop speed— and t is the temporal variable that is omitted
from now on for conciseness.

The tube has a fixed length of L. An illustrative scheme of
the FA model can be seen in Fig. 2. As a consequence, the
proposed eGaln antenna would be able to capture incoming
signals that have experienced different propagation channels
depending on the position of the drop. This represents an
additional degree of freedom toward highly reconfigurable
antenna devices. In our model, ports are continuous, meaning
that the space between them is negligible. We assume that
obtaining CSI of a particular port is a much faster process than
the drop speed. The position of the drop is always known and
it is assumed to accelerate instantaneously.

In principle, the higher the number of ports, the greater
the diversity is, but undoubtedly, since ports can be very
close, a high spatial correlation is expected among them.
In accordance, such a correlation may limit the potential
of this configuration for communications. Accounting for
spatial correlation using pure analytical tools would be highly
desirable [4]. However, keeping mathematical tractability may
compromise the resulting performance indicators. Some solu-
tions rely on approximated correlation coefficients that either
have a difficult physical interpretation or are exclusive to the
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Fig. 2. Model scheme of the proposed antenna.

particular correlation scenario under study, and consequently
not general enough. In this work we model spatial correlation
using three different methods:

« An analytical approximation following [17], which would
serve as a reference to our numerical models. It is
based on a Singular Value Decomposition (SVD) of
the covariance matrix that allows selecting the dominant
eigenvalues to produce the desired correlation function.
It will be summarized in Section III-A.

e A numerical solution based on taking samples from
a multivariate Gaussian distribution, detailed in Sec-
tion III-B. This technique will be referred to as Sampling
a Multivariate Distribution (SMD) below. It is equiva-
lent to the previous method without decomposing the
covariance matrix, and can be applied to obtain numerical
solutions.

« An alternative numerical solution based on ARMA filter-
ing. It will be described in Section III-C.

First, let us define the spatial correlation of interest, and
review how it is usually modeled in the literature.

B. Spatial correlation in FA

As one might expect, the correlation experienced by a signal
due to the propagation channel in FA is similar to that of a
classical multi-antenna system. However, in the case of FA,
N can be arbitrarily large, and hence the possible antenna
ports are very close to each other. Spatial correlation is often
addressed in the literature with a particular focus on multi-
antenna or MIMO systems. In consequence, it is commonly
assumed that two antennas are uncorrelated for spacings larger
than \/2. However, this is not the case of interest for FA, as
many ports can be placed within this distance. Appropriately
modeling the spatial correlation within distances smaller than
A/2 is key to not over- or under-estimating the capabilities
of FAS. We describe in the following the correlation between
ports and the classical approach to model it.

A spherical reference system is used (see Fig. 3). Therefore,
any point in the space is described as r = (r,¢,0). With
r being the distance to the reference point, ¢ € [0,2m)
the azimuth angle and § € [0,7) the elevation angle. For
simplicity, a 2D space is considered which corresponds to a

Fig. 3. Coordinate system with incoming signals. hpx represent the contri-
bution of the p-th path to the received signal.

fixed value of & = m/2 [18]. If a narrowband signal z is
transmitted through a flat fading channel, the received signal
y at the ¢-th port has the form

Yyi = hyx + w. )

Here, w denotes the complex additive Gaussian noise (AWGN)
with zero mean and variance of 0120, and h; the channel
coefficient associated to the ¢-th port which in general follows
a circularly symmetric complex Gaussian distribution, also
with zero mean and variance o;. The instantaneous signal to
noise ratio (SNR) of a given port ¢, I';, is computed as

hi|?

|O_2| ) 3)

w

I; =E [|z|?]

where the expectation is taken over time.
The value of the channel coefficient at an arbitrary position
r; is given by the superposition of plane waves (paths) as

hi = / aG(p)e! " do, )

where « is the associated complex path gain, G(y) is the
antenna radiation pattern, k = 27/ (cos ¢, sin ). If a finite
number of paths P is assumed, the integral becomes a sum-
mation as

P
h; = Zap G(pp)el T k(ep) (5)
p=1

where the subindex p denotes the p-th path of the incoming
signal that is scattered when affected by the environment. The
total received power is distributed between the paths according
to their gain, which follows an independent random variable
with zero mean and variance o2 /P.

Rayleigh fading results when assuming that the angles
of arrival (AoA) of the different paths are independent and
identically distributed. Accordingly, if two antenna elements
r,, I'n, are close enough for the path gains and AoA to be the
same (i.e. spatial correlation exists), then

) 6
zai]E |G(g0)|2€](rn_rm)k(¢) ) ©)

Isotropic antennas are commonly assumed, therefore
|G(¢)]? = 1. Hence the spatial correlation for this model
depends only on the different AoA which are imposed by the
environment. If the scatterers are placed on a ring close to the
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receiver, the incoming signal’s AoA are uniformly distributed,
which is the assumption leading to the commonly known as
Jakes’ model [19]. Introducing these conditions into (6) yields

Ppn =00 Jo(2m || T — T || /X), (7)

with Jy(-) being the zero order Bessel function of the first
kind. This Jakes’ model is equivalent to the 2D Clarke’s
model [20]. This result implies that the signals at two antennas
separated by A\/2 are considered to be uncorrelated. Here,
our goal is to accurately capture the characteristics of the
propagation channel that have an impact on the FA behavior,
with a particular focus on very short antenna port spacings.

Equation (7) is an example of correlation function, as it
contains all the possible correlation values as a function of
the distance between ports. Therefore, since the geometry of
the FA is fixed, this correlation function depends only on the
environment: scatterers distribution, AoA, radiation pattern of
the elements, etc. Undoubtedly, Jakes’ model emerges as the
most known correlation model within the community. How-
ever, the assumptions made might not always be convenient
or realistic.

The 3! Generation Partnership Project (3GPP) proposes
different correlation models [21] that represent scenarios of
interest and can be translated into correlation functions using
analytical or numerical methods present in the literature. Their
computation is not directly addressed in this work, but some
scenarios are compared using the expressions found in [22],
which are included below. For simplicity, a 2D scattering
environment is considered. Then the spatial correlation is

o0
. 2w ,
p(rn, —rm) = Z ]ka Ji (}\ |70 — Tm|> ejksonm,,

k=—oc0
3)
where ¢,,, is the angle of the vector connecting r, and 7,
and xj, is generally defined as
27

Xk = Py €777 dop, )

with P(,) being the power distribution function. Further-
more, [22] proposes concise values for yj; depending on
the correlation environment. It proves that, for uniformly
distributed values over an angle of 27, the result converges
to p(ry, — ) = Jo(k||rn — mm||) that corresponds to the
Jakes’ Model. Moreover, if energy is arriving from a fraction
of the azimuthal range only, (o £ A), the calculation changes
to

Xk = e I*0 sinc(kA). (10)

According to the 3GPP, a Laplacian distribution may be
adequate for channel modeling [21], with a power distribution
given by

'P(w) = e (11D

0\/5
Here, () is a normalization parameter, o is the Laplacian scale
parameter and | — ¢o| < /2 describes the azimuthal range.
In consequence, the resulting expression is
1 — FB(—1)*/2]
(1—B)(1+02k2/2)

Q —|p — po|V2
Xp .
ag

Xi = /M0 (12)

Envelope Correlation [p|?
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Fig. 4. Different correlation functions corresponding to Jakes’ model,
Laplacian distribution and uniformly distributed scatterers over the azimuth
angle A = 30°.

with
B =e IV,

F, =1 for k even,

ko
F,=—
k NG

In the case of this distribution, the angular spread (AS) is given

by

Figure 4 shows some of the correlation functions presented
above. For simplicity, 2D functions are considered in this
article, but the expressions for 3D environments are also
available in the literature.

For this application, a covariance matrix, 3 € C is defined
such that it contains the covariances among all the ports. X is
commonly assumed to have a Toeplitz structure (each diagonal
descending element is constant). If that is the case, 3 is built
by sampling values from the correlation function [23] as

(13)
for k odd.

(02 - %( 2 4 402 + \/ém)). (14)

p(0) p(1) p(R-1)
SRxR _ p(zl) p(:O) p(R:— 2) as)
p(R-1) p(R-2) p(0)

where R is the length of the correlation function p. The only
constraint for X to be a valid covariance matrix in terms
of mathematical tractability is to be semi-definite positive,
regardless of the features of the environment (2D, 3D, number
of scatterers, etc).

III. MODELING CORRELATED FAS

The preceding section introduced various expressions to
characterize the correlation functions, while this section de-
scribes how to use these expressions to model the environment.
Three different methodologies are presented, amenable to
analytical or numerical solutions.

Firstly, analytical approaches rely on comprehensive math-
ematical expressions that produce one desired metric or pa-
rameter. Several different expressions need to be derived
for every parameter of interest which, altogether, define the
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environment. For the particular case of spatial correlation in
FA, much effort has been put to obtain such expressions [4],
but closed form, simple equations are not always available.

Secondly, numerical methods aim to address the whole
scenario to evaluate the different parameters of interest. In
general, they are more comprehensive and allow computing
different outcomes at once, at the cost of higher computational
power and loss of conciseness. We present two different
numerical methods.

A. Analytical Block Correlation Model

Inspired by the parallelism between time and space, the
authors of [17] characterize the spatial correlation using a
block diagonal matrix for the covariance matrix X, providing a
good tradeoff between mathematical tractability and accuracy
for most common use cases. This 3 consists of a set of
different blocks with different size according to the importance
of their associated eigenvalues. Although the correlation value
within each block is constant, it differs from one block to
another. They demonstrate in [17] that 3 is dominated by a
few of its original eigenvalues. Therefore the estimation of 3,
denoted as X, consists of B different blocks Ay as

Ay, 0O ... 0
~ 0 A ... O
Y= . o Sl (16)
0 0 Ap
with each sub-block Ay, having the form
1 pw? o
pr o1 :
Ap = with b=1,2...B. 17
: 2
: : -
w1

By choosing the parameter p close to 1, each block produces a
single dominant eigenvalue, so the block works as an approxi-
mation to the corresponding eigenvalue of 3. Evidently, some
of the least dominant eigenvalues are discarded in this process
to make an approximation. For that reason, the paper defines a
threshold (cty) to decide which eigenvalues are dominant and
which are to be discarded. In summary, this method aims to
produce a good estimation of 3, 3, such that

zngnnndmt(z,i), (18)

B,Lp, i
where dist(-) is a distance metric between the approximated
and true covariance matrices. According to [17], the choice
of this metric is highly non-trivial. Moreover, it is hard to
predict its impact on the final approximation. For numerical
evaluation, channel instances are generated following this
model as h ~ CN(0,02%).

This methodology greatly reduces the structure of 32 which,
as the authors prove, is really convenient for its later use in
analytical expressions. Once obtained, the computation of the
OP, for instance, is straightforward as shown in [17]. Never-
theless, if some other metrics are to be computed, their tailored
expressions would have to be derived, and the parameters

would need to be adjusted for the algorithm to converge to an
accurate solution. Moreover, for some scenarios, the resulting
correlation needs to be compared with a known distribution to
iteratively mitigate the approximation errors. This is done for
Jakes” model in [17], but it may not be straightforward in other
cases. In summary, this methodology facilitates the analytical
performance, but adjusting the parameters for different channel
models may be challenging. This motivates the following
alternate numerical methods.

B. Numerical Method I: Sampling a Multivariate Distribution

In this method, denoted as SMD, the propagation channel
coefficients are generated by taking samples of a normal
distribution as h ~ CN(0,02%). The covariance X is the
identity matrix for uncorrelated environments. Otherwise, the
elements of ¥ need to account for the correlation. If the
correlation function is known, the covariance matrix X can
be easily computed according to (15).

To generate correlated samples of a normal distribution, we
resort to the Cholesky decomposition that allows expressing
the covariance matrix as [24]

> =cCcT, (19)

where C is the outcome of the decomposition. By definition,
if X corresponds to uncorrelated values X ~ CN (0, In), then

h=CX (20)

contains the correlated values according to X. This numerical
method can be used to compute a large set of correlated
channel coefficients representing the desired environment, to
be used in numerical evaluations through the Montecarlo
method [23]. Note that, by definition, the covariance matrix
will be semidefinite positive and symmetrical, which guaran-
tees a single form for C.

C. Numerical Method II: ARMA Filtering

The third method to model the spatial correlation in FA con-
sists in generating a complex white Gaussian distributed vector
which is processed afterwards to match a desired correlation
function. This can be done using ARMA filtering techniques
according to [23]. Therefore, no 3 will be computed in this
method. The only input parameter is the correlation function.
The definition of an ARMA process X; of order (s, q) is

s q
Xo==> arXek+ Y Wi,
k=1 k=1

where W; is a white noise process with unit variance and zero
mean. It is proven that for an ARMA process, its associated
correlation coefficients p, obey [25]

1)

Pg+l T a1pgyi—1 + ... +appgri—s =0, (22)

where p; is defined as
pi = E[X: X (23)

1. Consequently, a set of linear equations with

I >
[ < s can be solved to find the AR coefficients, ay.
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They are known as the modified Yule-Walker equations. There
are different methods for the calculation of the MA process
coefficients (of order ¢). In the frequency domain,

n(z) a = —k
s : 24
) ;pkz (24)
with n(z) = n1z~' + ... + nyz—%. The MA spectrum is
_b(z)b(z"h)
RErEY
(25)
S(z) = Z ez k

k=—o0
and its associated coefficients have the form [25]
b(z)b(z"") =

n(z)a(z"h +roalz)a(z™h) +a(z)n(z1). (26)

As shown, MA coefficients are harder to compute. There-
fore, for this application we focus on improving the AR stage
at the cost of a suboptimal output [25]. There is plenty of
literature on this topic and ARMA filtering design is out of the
scope of this work. Nonetheless, the former reference explains
that selecting the order of the process is key to achieving
accurate results. The error is measured as [26]

£(5) = pax(0) + D paa(—F), 27)
k=1

where () is the prediction error, p,. (k) the target correlation
function and s the order of the ARMA process. Thus, it is
needed to find the order at which ¢ is minimum. That is

§ = argmin e(s) (28)

S

having in mind that s has to be greater than N. Moreover, once
the correct order of the process is reached, it is guaranteed that
no higher values of s yield better performance [26]. We will
minimize the order of the ARMA process according to this
procedure.

Following these steps allows us to design a filter in such
a way that after filtering a white random variable, it presents
a given autocorrelation function. In other words, this trans-
formation correlates a set of channel coefficients that would
be otherwise uncorrelated —e.g. with a sufficiently large port
spacing—.

D. Summary of correlation modeling

Every presented method facilitates the generation of corre-
lated column vectors h of length equal to N, to represent
a given correlation environment. These vectors are stacked
horizontally to conform a channel matrix H of dimensions
N X tg, with tg being the number of time instants, as

hit,=2
hot =2

hit,=1

H i) = hat,=1 (29)

TABLE I
SUMMARY OF PROPOSED METHODS
BLOCK ARMA SMD
Numerical X v v
Analytical v X X
p-dependent v v v
32-dependent v X v
Matrix inverse or transpose v X v
Convolution X 4 X
Tunable parameters v 4 X
Method flexibility v v X
Simplicity X X 4

This channel matrix represents the propagation environment,
and it is the starting point for any numerical approach.

Whereas Block and SMD methods require the computation
of the covariance matrix, ARMA does not. In turn, it requires
the filter design and applying its associated convolution. In
principle, both ARMA and Block methods require adjusting
several parameters. This can imply increased complexity but
offers the flexibility to closely adjust the desired output. On
the other hand, SMD is quite straightforward when compared
to the other two if correlation functions are easily mapped
into covariance matrices. Table I summarizes the features of
the proposed approaches.

IV. PORT SELECTION AND FA RECONFIGURATION

The FA can be reconfigured by displacing the eGaln drop
to different ports, choosing the best one according to some op-
timization criterion. Different procedures are proposed in this
section to illustrate the feasibility of port selection processes
and the importance of considering the drop speed in their
modeling. These algorithms are executed at every coherence
time, and the starting point at one execution is the ending
port at the previous one. Our goal is to show examples of the
impact of moving the drop to reconfigure the CSI in a way
that the communications specifications are satisfied.

Many sources such as [27] highlight the problem of re-
trieving trustworthy CSI in real time to be able to reconfigure
the FA accordingly. A full sweep along the FA dimension
takes a considerable amount of time, and the liquid metal
will typically move much slower when compared to com-
munication data rates. This would cause a critical loss of
performance efficiency if the drop needs to travel along the
whole device every time a CSI update is needed. And this is
additional to other non-FA-specific problems, such as overhead
due to obtaining CSI and computational load. Consequently,
we propose three methods that vary in the degree of CSI
knowledge and computational complexity.

It is assumed that, although each port offers a different CSI,
those values are constant within a given coherence time 7¢,
which leads to different SNR values obtained if the drop is in
contact with every port ¢ (I'; of (3)). In such a coherence time,
the drop can travel throughout the antenna device at a speed
ve. Let us define t as the vector containing all ¢;, Vi values,
where ¢; is the time during which the drop is in contact with
port <. Since ports are presumed to be continuous (i.e., there is
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no vacant space between them), transmission is possible along
all the route. For every method, an initial channel sweep is
carried out, examining every port hence the algorithms start
in the port with best SNR.

A. MAXSNR algorithm

We first assume an ideal scenario where the SNR values for
all ports are known at all times, acting as an upper bound for
the FA performance. The focus is on maximizing the average
SNR over the coherence time defined as

_ t;
[ = Z im,

which will be our objective function. Note that the unknown
variables are t;Vi, so the objective function is linear. An
optimization problem can be solved with off-the-shelf software
if constraints are linear, bilinear or quadratic, in both convex
and non-convex optimization problems [28]. In the following,
the constraints are analyzed, in order to propose a solution.
1) Bounding times at each port: The time a drop spends at
each port is zero or greater than a minimum time ¢,,;,, defined
as the time it takes for a drop to cross a port. If Lyory = L/N
is the port length, then tmin = Lport/vc. This is a disjunctive
constraint in optimization, meaning the variable can satisfy
one of several conditions. This cannot be modeled directly
with standard linear programming because the feasible region
would be disconnected. Therefore, a new variable is created,
b, which is an array of binary variables b;, indicating the ports
that are selected by the drop within such coherence time, in
such a way that b; = 1 if port ¢ is in contact with the drop
during time ¢; different to zero, or b; = 0, otherwise. Thus the

formulation is
0,
b; = {1,

which can be linearized by following the big-M approach to
turn this conditional statement into two linear inequalities [29],

(30)

, 31
ift; > tmin (31

where M is considered as an upper bound of ¢;, i.e., M = T¢,
L or .
t; > 2R (32)
Ve
t; < My b;,Vi. (33)

Note that, when b; = 1, the drop has been positioned at
port ¢ and then both ¢; > LPO“ and (33) hold. Differently,
when b; = 0, t; >Oandt < 0, which makes ¢; = 0
as such port has not been in contact with the drop. These
two inequalities are included in constraints C1 and C2 of the
MAXSNR optimization problem detailed in (39). The sum of
all time allocated at each port must be a coherence time, which
is detailed in constraint C3.

2) Modeling the drop movement throughout the antenna:
The initial port where the drop is located is named <.
Therefore it is known that such a port is pre-selected, i.e.,
b; = 1,7 = 19. This is included as constraint C4 in (39).
Now, the drop can move in the left or the right directions
to maximize the average SNR. This is modeled by two new
binary variables denoted by Fy, and By,, which will take values

1 or O if drop moves forward or backward for F;, case, and
1 or O if drop moves backward or forward for By,. Note that
the following equality must hold,

Fy+ By =1 (34)

which has been included as constraint C5 in (39). If drop is
moving to the right, all remaining ports located on the left will
not be selected and then their b; values are zero. Differently,
if drop is moving to the left, all remaining ports located on
the right will not be selected and then their b; values are zero.
This is modeled by another big-M approach and the following
two inequalities

(35)
(36)

b; < Ms - (1 —FW),Vi <19
b; < Ms - (1 —BW),Vi > 19

that are included as constraints C6 and C7 in (39). In this case
My =1 as an upper bound of b;.

Now, b; values must be modeled to be taken by ports that
are potentially selected by the drop when moving. If moving
forward (Fy,), consecutive ports must be selected, which is
formulated as

b; —b;_1 < My - (1 - Fw),Vi > 9. 37
Differently, if moving backward (By), the inequality is
bi_1—b; §M2(1—BW),VZ<ZO (38)

Note that b; — b;—; and b,—; — b; equal O when both ports
are selected by the drop, or —1 when the drop stops at port
i — 1 or 1, respectively. These two inequalities are included as
constraints C8 and C9 in (39), respectively.

3) Definition of variables: The rest of the constraints (C10-
C14) contain the definition of the unknown variables. Variables
b; Vi, Fyy and By, are binary, whereas ¢; V¢ contain real values
between 0 and 7.

4) Solvable optimization problem: Since the objective func-
tions defined before are linear, our optimization problem can
be formulated as a mixed-integer linear programming (MILP)
problem. We formulate the MAXSNR optimization problem

as
g ST

MAXSNR: (39)

maX

subjectto

C1: Leose L < 4, v

CQt <M1 bz,VZ

C3:>,ti=T¢

C4bZ:1,’L:ZO

C5:Fy + By, =

C6:by < Ms - (1 — Fy),¥i < i
C7:b; < My - (1 — By),¥i > g
08b17b7_1§M2(17FW),VZ>10
Cglbifl—biSMQ'(].—BW)7VZ.<’L'O
C10:b; € {0,1}, Vi

Cl1:F, € {0,1}

C12: B, € {0,1}

C13:4; > 0,Vi

Cld :t; < T..Vi
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Algorithm 1 Port selection based on threshold

Algorithm 2 Port selection based on neighbors comparison

Require: i, N, T¢, Lport, Ve, ©° 1 Ty > TVE, T
t; =0,Vi

tip = mln(1 me ,Te)
Tiot = Y _; ti
=10
while i, < T, do
if Tj1q1 > Ty (1 —9/100) &4 # ¢* then
R =
end if
if Ttot + port < T then
t; < t; + p“”
else
ti — ti + TC - Ttot
end if
Dy = Dy + Dy 2222
Ttot - Zit
end while

Require: iO, N: Tc: Lports Ve, Fz

t; =0,Yi
i, = mm(g L"‘Z" ,Te)
Ttot - Z t

while Ti,; < T do
ifi+1< N&Fi+1 > Fi&ri+1 b
1 1+1
elseif i —1>0&T;,_1 >T;&T;_1 > Fi+1 then
14 1—1
end if
if Ttot +
ti —t +
else
ti <~ ti + Tc - Ttot
end if
Tior = 21 t;
end while

1 then

P”” < T, then

port

It complies with all features to be solved by a non-convex
solver such as Gurobi and CVX interface [28], [30].

B. Threshold-based algorithm

This alternative approach does not require knowledge of
the channel at all ports, but only the direction toward the
port offering the best SNR. This still corresponds to an ideal
scenario, although the amount of CSI required is much smaller
than for the previous algorithm. Just as before, an initial
sweep is done to start the algorithm in the port with the
best SNR. Additionally, during this sweep, the SNR at each
port is obtained and averaged. A parameter 'y, is defined that
represents the average of the SNR of the ports that have been
selected. It is initialized with the value % )P

Henceforth, each time the drop moves into a new port, its
SNR is estimated (I';) and compared to I',. At that point ¥ is
defined as a threshold that indicates how much greater than I'y,
the new SNR can be to go to the next port. If the threshold is
not overcome, this would imply that the displacement is not
compensated by the potential rate gain at the new position.
The threshold ¢ is defined as a percentage of I'y,, hence
¥ € [0,100]. The drop would move more frequently if o
is low since the threshold would be more restrictive. The
antenna remains static for the remaining coherence time, until
a new value of I['; is detected. By contrast, a high ¥ would
impose a softer boundary for the SNR, resulting in more often
reconfigurations. Algorithm 1 summarizes the proposed port
selection strategy.

Defining ¢ adds a reconfiguration logic into the FA that
does not necessarily require a perfect knowledge of CSI.
Undoubtedly, the use of a suboptimal threshold through a
practical algorithm decreases the overall performance of the
FA, since the optimal configuration is usually not achieved.
Due to its strong reliance on FA characteristics like drop
speed, port spacing, and correlation scenario, it is difficult
to find a closed-form expression to obtain this threshold.
However, as will be shown below, it can be numerically

adapted for particular configurations in accordance with the
communications’ requirements. Optimizing this procedure and
the threshold is not the primary goal of this work and will be
addressed in future research.

C. Realistic algorithm

Additionally, a realistic algorithm is proposed, where only
the SNRs of ports that are at both sides of the current position
of the drop may be known, which can be easily measured in
practice. This is detailed in Algorithm 2, and requires to know
the starting drop position 7¢, the number of ports in which the
FA is divided (IV), the coherence time (7¢), the length of each
port (Lport), the drop speed when moving (v.) and the SNR
values obtained by current and neighboring ports, denoted by
T';, I's_; and I';1 1, respectively.

The time spent at the starting drop position ¢ is initialized
as the minimum time between %L"‘”” and T,. We assume
that the drop, at the initial instant, is located at one end of the
port and can therefore sense a neighbor without a considerable
time loss. Now, it has to cross its own port to sense the
other neighbor (travel time: LZ—“C”) Then it makes a decision:
whether to move towards that neighbor or towards the other
one in case it offered a larger SNR. Consequently, the time
to make the first movement will be LP°” or 2=pert p°” Since
this time depends on the initial posmon of the drop (at the
right-most or left-most port), it is accounted by using 2 LZ"”

While the elapsed time denoted by 7}, does not reach the
coherence time 7, the drop keeps sensing the SNR offered by
ports on both sides, and moves to the one offering the larger
SNR. Then the elapsed time at such a port ¢ is updated by
the time spent on it, computed as the time that a drop takes
to cross it (Lport /v.) or the remaining time to reach 7.

D. Complexity analysis

Let us evaluate the complexity of the three algorithms. The
proposed (MAXSNR) algorithm introduced in Section IV-A is
a linear programming problem whose complexity order can be
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Fig. 5. Outage probability for different correlation scenarios against I'yy,.

approximated in practice as O(v?c), where v is the number
of variables and c is the number of constraints [31]. There are
v = 2N +2 variables and ¢ = 6N + 1 constraints in (39), thus
the complexity can be approximated as O(24N3) ~ O(N3).

The proposed threshold-based algorithm detailed in Sec-
tionIV-B and Algorithm 1 introduces a complexity of O(N)
in the initialization. The while loop runs at most Tt /(Lport¥c)
times, which is indicated by the increasing step of ¢; at
each iteration until it reaches 7,.. At each iteration, the
complexity is O(N), which leads to a complexity of the
whole loop of O(NT,/(Lportve)). Then, the total complexity
is O(N 4+ NT,/(Lportve)). As Te, Lport and v, are constant,
then the complexity could be simplified as O(N).

The proposed realistic algorithm detailed in Section IV-C
and Algorithm 2, although it has different conditional state-
ments, presents the same structure as Algorithm 1. Therefore,
its complexity is also O(N).

V. PERFORMANCE METRICS FOR FAS

Quantifying the performance of FAS strongly depends on
the used modeling techniques. Most authors in the literature
compute the OP, defined as the probability of the SNR being
below a given threshold I'yy, [18]

OP =Pr (T < T) (40)

However, this OP may not be adequate to fully understand the
dynamics of the FA. Figure 5 shows the measured OP of three
different correlation scenarios, using the SMD method with
parameters later described in Table III. Note that all scenarios
offer comparable OP that is near zero. Nonetheless, it can
be seen that uncorrelated ports present better outage which is
particularly relevant at greater I'y, values.

Figure 6 shows a similar trend. Although there is no
significant variation among most of the curves, if the ports are
uncorrelated the performance is much better than for the rest
of the propagation channel conditions. The performance im-
proves at higher drop speeds, as expected. This result confirms
the need for realistic correlation environments to be taken into
account. Also, the OP is not completely capturing the channel
effects on the performance of the FA, as impractically large
values of the reconfiguration speed and I';, would be needed
to obtain the classic OP curve often shown in the literature
(that often assumes idealistic conditions).

Il 1 1 1
0 20 10 60 80 100 120 140 160 180 200
Drop Speed [mm/s]

Fig. 6. Outage probability for different correlation scenarios against drop
speed.

In light of the above, a different metric is needed to
capture the impact of the spatial correlation and appropriately
characterize the system performance over time.

We will start from the achievable rate, following Shannon-
Hartley theorem, which is expressed as [18]

n = logy(1+7) (41)

Here v represents a generic SNR that can be measured over
different periods of time. As a reminder, I'; refers to the in-
stantaneous SNR, and T is the averaged SNR over a coherence
time. Consequently, different achievable rates can be defined
to analyze each port adaptation algorithm using (41). This
enables to define several figures of merit that are summarized
in Table II.

Firstly, n* is defined as the achievable rate of the port with
the best SNR, 7; as the instantaneous achievable rate of the
FA and 7). as the average rate over a coherence time. Ideally,
the algorithms should keep 7. and 7; as close as possible to
1n* which would imply that the operation is close to the best
performance. To measure this gap, we define the instantaneous

rate loss .
fi —F |:77 _* 771:|
n

as the difference, in terms of rate, of the port with best SNR
and the instantaneous SNR achieved by the FA, expressed as
a ratio over n*. Notably, a lower & value means a better
performance. Alternatively, when considering the averaged
SNR instead of the instantaneous SNR, we define

¢ =E |:"7* _"70]

n*

*

(42)

(43)

with the same implications that were presented above. The
motivation for this metric is that maximizing the rate over
the coherence time is more practical than working on the
instantaneous one.

Yet another metric is defined to evaluate the advantage of
reconfiguring the FA, the reconfiguration efficiency (, where
we compare the rate obtained when reconfiguring the antenna
versus the rate obtained when the drop does not move from
1o post. This metric is defined as

C - |:771 — Mg :|
Mo
where 7;, denotes the achievable rate of the initial port.

(44)
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TABLE II
METRIC NOTATION SUMMARY
Parameter Description
- Achievable rate of the port
with best SNR
Coherence time-averaged achievable rate
e of the FA
: Instantaneous achievable rate: achieved
1 by the FA at every time instance
) Instantaneous achievable rate in the port
Mo where the FA was initially configured
: Instantaneous rate loss: of 7;
& when compared to n*. See (42)
Coherence time-averaged rate loss: between port with
be best SNR and 7 (43)
Reconfiguration efficiency: rate gain when compared
¢ to static antenna scheme as shown in (44)

TABLE III
SIMULATION PARAMETERS OVERVIEW
General
Montecarlo repetitions 500 -
Simulation length 200 s
Coherence time T¢ 500 ms
Carrier frequency 3 GHz
o? 0-20 dB
Tin 0 dB
w (block method) 097 -
Gtn (block method) 1 -
¢ (threshold algorithm) 0-100 -
[ FAS
L 2 wavelengths
Drop speed, ve 20-100 mm/s
N 40  ports
l Correlation ‘
A (Limited azimuth) w/4 rad
o (Laplacian) 48  deg (°)
o (Laplacian) 67.5 deg (°)

VI. NUMERICAL RESULTS

In this section, several FA correlation models will be applied
to evaluate the port selection algorithms in different scenarios,
using the proposed metrics. Table III summarizes the general
parameters used to obtain the numerical results, where the
number of Montecarlo repetitions and simulation length are
large enough to ensure statistical consistency. The coherence
time is set to 500 ms, unless otherwise specified, representing
a considerably static scenario. Drop speed is generally set
to 60 mm/s, although it varies from 20 to 100 mm/s when
specified. The carrier frequency is set to 3 GHz for a FA
of length equal to twice the carrier wavelength consisting of
40 ports. For correlated environments, a limited azimuth of
+45° was considered (A) and the parameters for the Laplacian
model are set to 48° and 67.5° for o and (g respectively. This
implies an AS of 35° [21]. The parameters of the Block model
are adjusted to ;1 = 0.97 and ¢;, = 1 following the suggestion
from [17].

200 = 40
P T T T T T T T I BestSNR. 0
Realistic
i b+ Threshold
MaxSNR

@
S

Position [mm)]
S
8
|
I}
8
Port Number

50 / fotobt 10

Time [s]

Fig. 7. Overview of the different reconfiguration processes proposed for the
FA. Red denotes the port with greater SNR whereas non-solid lines stand
for the different strategies. Only 20 different channel values are shown for
readability.

The outcome of a typical experimental iteration can be seen
in Fig. 7, with a larger coherence time of 7, = 1 s. Whereas
the port with best SNR is highlighted in red, the other curves
denote the position of the drop at every moment for a particular
reconfiguration methodology (threshold-based, realistic and
MAXSNR). We can observe how, despite starting at the same
port, due to their choices over time they ultimately differ in
the overall achievable rate. Vertical dashed lines represent the
coherence period.

A. Performance of the port selection algorithms

We start by evaluating the performance of the different
proposed algorithms. Figure 8 plots the rate loss metrics
when the ports are uncorrelated. The MAXSNR algorithm
undoubtedly performs best. Nevertheless, higher v, benefits
the threshold algorithm over the realistic one. This is due
to the fact that the drop will be placed at :* for a longer
time, and the lower achieved rates while the drop moves are
compensated by the gain achieved at ¢*. The same trend is
expected when using (, as can be seen in Fig. 9. As expected,
for higher reconfiguration speeds, the overall performance of
the FA is better, as shown by all curves. Interestingly, realistic
and optimal algorithms do not present the same tendency along
the whole drop speed range. There is a crossing point at
approximately 65 mm/s in this scenario. This is explained by
the fact that the threshold algorithm always moves the drop
toward ¢*. Should the drop speed be large, the drop would
arrive faster and outperform the realistic algorithm by far.

We address now the choice of the value of 4 for
the threshold-based algorithm. Figure 10 illustrates how &
changes as a function of the value of the threshold for two
different values of v, = 40 mm/s and v, = 80 mm/s,
denoted as slow and fast respectively. Four different correlation
scenarios are shown. Remarkably, faster drop speeds have a
greater impact on the choice for ¥ whereas it is not as critical
for lower speeds. Furthermore, the correlation environments
play an important role as compared to the scenario with no
correlation.

The same qualitative results can be observed in Fig. 11,
where reconfiguration efficiency is plotted for different corre-
lation scenarios and speeds. Notably, the choice of ¢ does not
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40 mm/s and v4 = 80 mm/s, denoted as slow and fast respectively.
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Fig. 9. Reconfiguration efficiency metric, ¢, against drop speed for uncorre-
lated ports: threshold-based, realistic and MAXSNR.

seem to have an influence on the uncorrelated ports scenario
at low drop speeds.

Figure 12 works in a similar fashion: it shows the instan-
taneous rate loss for different correlation scenarios with two
distinct number of ports. It can be seen how the increase in the
number of ports does not necessarily improve the performance,
as will be discussed during next subsection.

After evaluating these former results, ¥ > 80 seems to
be convenient for the scenarios under study. Therefore we
are generally using ¢ = 90 for further results, as stated in
Table III. This implies that newer SNR values must be close
to I'y, for the drop to move without loosing performance.

B. Effect of port densification

In Fig. 13 we show the effect of port densification. At first
sight, it may seem that the greater the number of ports, the
better the spatial diversity, hence better performance. Nonethe-
less, spatial correlation significantly reduces diversity. We can
see that it is impractical to consider more than 10 - 15 ports
per wavelength since no better capabilities are achieved, while
the associated hardware complexity (not directly addressed in
this work) would increase. Furthermore, for some scenarios
and algorithms (such as the one in Fig. 12), a high number
of ports may lead to a performance worsening due to the
lower achieved rates while reconfiguring the FA. Hence, the
parameters of the FAS (drop speed, port number) should
change to improve reconfiguration efficiency.

I
0 10 20 30 40 50 60 70 80 90 100

Fig. 11. Reconfiguration efficiency for different values of ¥ (threshold-based
algorithm) under different correlation scenarios for two different speeds: vq =
40 mm/s and vg = 80 mm/s, denoted as slow and fast respectively.

C. Impact of correlation

The following figures show the impact of the correlation
and the differences among the proposed correlation modeling
techniques. Fig. 14 plots the metric & using the realistic
port selection technique in different correlated environments.
Higher values of, cr,%, lead to smaller differences in the metric,
as there would be smaller SNR differences between any
position and +*. Hence, the reconfiguration capability is clearly
more advantageous in low SNR scenarios.

Figure 15 shows that similar results are obtained for the
realistic reconfiguration algorithm when evaluated using the
ARMA, SMD and Block correlation modeling techniques.
Under the Jakes’ model, the three models show similarly that
the performance is worse than in the uncorrelated case. In
the case of limited azimuth, the performance when the Block
method is used slightly deviates with respect to the other
two models. We hypothesize that this behavior is produced
because its parameters have not been particularized in [17] to
the limited azimuth case, but they were set to match Jakes’
model instead.

VII. CONCLUSIONS

In this paper, with focus on advancing the use of liquid
antennas for FAS, a thorough analysis of correlation modeling
state of art has been conducted. Three different modeling
techniques have been presented, with special attention paid
to the model accuracy as well as to its numerical complexity
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number of ports within a wavelength, for four correlation scenarios.

and mathematical tractability. They can be used to represent
the effects of spatial correlation on the FAS performance.
A specific metric has been used to characterize both the
reconfiguration speed and the impact of the correlation on the
performance of the FA. These parameters encompass a wide
range of options that should be investigated to explore the
viability of FAS, in addition to other well-known metrics such
as the OP. Moreover, for the specific topology under study,
the impact of the reconfiguration speed has been discussed.
Not being considered in previous work, it was shown that
the movement speed of the drop plays a major role in the
performance of the system. As a result, it must be taken into
consideration in future research on the subject.

Three different algorithms have been proposed address-
ing port selection for the reconfiguration of the FA. From
maximizing the SNR to a more realistic approach requiring
milder CSI knowledge, the performance boundaries for FA
were discussed, showing the importance of the correlation.
Nonetheless, we are still working on a feasible framework to
move the drop in a more realistic manner in a FAS testbed.
This work contributes to keep advancing FAS as enabling
technologies for the upcoming generations of communication
systems.
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