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Abstract—Fluid antenna systems (FASs) have emerged as a
promising antenna technology for 6G networks by tapping into
new degrees of freedom (DoF) in antenna positions to harness
multiplexing gains. In this paper, we propose an implementation
of FASs enabled by reconfigurable holographic surfaces (RHSs)
and construct a 384-element prototype. Benefiting from its
amplitude-modulation capabilities, RHSs can adjust the antenna
positions by activating different subsets of elements. However,
due to unknown user locations, multiple antenna ports and
varying channel environments, beamforming schemes relying on
acquiring accurate channel state information (CSI) suffer high
complexity. To avoid CSI acquisition, we design a low-overhead
fluid beam training scheme for RHS-enabled FAS. Unlike fixed-
position antennas, fluid beam training employs different antenna
positions via element activation, namely sliding windows, for each
codeword to improve the channel quality, thereby enhancing
the received signal strength (RSS). Such an element activation
method is also applied to reprogram the effective array aperture,
hence the fluid beam training adopts a hierarchical structure
where the beamwidth of codewords narrows across layers.
Experimental and simulation results verify the variation of RSS
with sliding windows. Compared to traditional schemes, the
proposed fluid beam training utilizing sliding windows achieves
higher training accuracy and data rates.

Index Terms—Fluid antenna system, reconfigurable holo-
graphic surface, beam training.

I. INTRODUCTION

With the emergence of various intelligent applications,
future 6G networks are anticipated to usher in revolutionary
changes compared to 5G, targeting enhancements in peak data
rates, end-to-end latency and more [1], [2], [3]. In the pursuit
of novel antenna technologies to fulfill the 6G benchmarks,
fluid antenna system (FAS) is an emerging antenna technology
that represents the next generation of reconfigurable anten-
nas [4], [5], [6]. FAS envisions a “formless” antenna featuring
a radiating position and/or shape that evolves in a fluid-like
manner, enabling the signal to navigate obstacles for reliable
connections [7]. The fluid characteristic denotes the capability
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to dynamically alter the antenna’s configuration, which can
be realized through the movement of antenna elements, shape
modifications using fluidic materials, or reconfiguration via
RF-switchable arrays [8], [9], [10]. By exploring new degrees
of freedom (DoF) enabled by the antenna positions, FAS
can improve the channel conditions to achieve strong channel
gains [11], [12], [13].

Benefiting from the amplitude modulation capability, acti-
vating elements at specific positions is equivalent to adjusting
the antenna positions, thereby rendering reconfigurable holo-
graphic surfaces (RHSs) a promising implementation approach
for FASs. Specifically, RHS is a type of metamaterial leaky-
wave antenna, where electromagnetic (EM) waves are fed into
the surface and sequentially excite each element along the sur-
face [14]. By regulating the amplitude of each element through
simple diode circuits, the EM waves radiated by each element
are superimposed into a directional beam using holographic
principles [15]. Unlike traditional parallel-fed phased arrays
where the element responses are assumed independent [16],
the RHS operates as a series-fed leaky-wave antenna, and
the radiated energy of adjacent elements is mutually coupled.
Radiating element selection in RHS-enabled FASs requires
considering variations in the energy and phase of the EM
waves as they propagate on the metasurface, i.e., the positions
of activated elements have an effect on the radiation pattern.

Despite the capability of RHS-enabled FAS to enhance the
channel gain by adjusting the positions of its elements, the
channel from the user to FAS is intricate due to the unknown
user locations and scatterers in the environment [17]. As
the antenna position changes, traditional pilot-based channel
estimation schemes encounter high complexity. Beam training
emerges as a practical beamforming solution that circum-
vents the need for accurate channel state information (CSI)
acquisition methods [18]. Specifically, the codebook is first
designed, containing multiple codewords for configuring the
beamformer. Each codeword corresponds to a beamformer that
generates a beam in a specific direction. Beam training is
then conducted by traversing all codewords to find the optimal
beamformer that aligns with the user channel and maximizes
the received signal strength [19].

Existing works on transmission schemes for FASs mainly
focus on beamforming methods that assume perfect CSI [20] -
[22] or rely on pilot-based channel estimation methods [23]-
[25]. In [20], a joint optimization scheme for the transmit
beamformer at the BS and the antenna position of FAS at
the user side is designed to maximize energy efficiency given
near-field CSI. In [21], an FAS-aided simultaneous wireless
information and power transfer system is studied, and an



alternating optimization approach is proposed to maximize the
communication rate while satisfying the power requirements.
In [23], channel estimation and reconstruction aspects for
FASs are investigated using Nyquist sampling and maximum
likelihood estimation methods. Leveraging the sparsity of the
channel, the scheme proposed in [24] estimates the channel
by selectively switching each fluid antenna among a limited
set of estimated positions.

However, the existing works did not address the design
of beam training schemes for FASs. To circumvent the ac-
quisition of CSI for beamforming, it is necessary to devise
a low-overhead beam training scheme for FASs by lever-
aging the adaptability of the antenna positions. Benefiting
from the amplitude-modulation capability of its reconfigurable
elements, RHS provides a feasible approach to realize antenna
repositioning. Specifically, modulating the radiation amplitude
of the elements at specific locations on the RHS for activating
and deactivating them is equivalent to adjusting the aperture
and position of the antennas in RHS-enabled FAS.

In this paper, we propose a low-overhead beam training
scheme for RHS-enabled FAS, where both codeword design
and beam training leverage the DoF in antenna positions to
enhance the strength of the received signal. An amplitude mod-
ulation method for RHS is presented to equivalently adjust the
array aperture and positions of the FAS elements, i.e., elements
at specific locations are selectively activated. By employing
various equivalent apertures, codewords with varying beam
coverage are designed to support hierarchical beam training.
During beam training, for each equivalent array aperture of
different sizes, different sets of elements are activated, forming
a sliding window moving along the surface of the RHS. The
contributions of this paper are summarized as follows:

1) We propose an approach to implement the FAS utiliz-
ing an RHS, where the array aperture and positions of
the RHS elements can be reconfigured via amplitude
modulation. The received signal strength by controlling
the amplitude responses of the elements is analyzed
theoretically. Experiments based on an RHS prototype
are presented to demonstrate that the received signals
can be enhanced by activating or deactivating elements
at specific locations.

2) Benefiting from the amplitude-modulation capability of
RHS, an RHS array reconfiguration method is presented
to change the equivalent array aperture by activating
or deactivating elements at specific locations. Moreover,
by manipulating the equivalent array aperture, codeword
designs for different beam coverage are proposed.

3) A fluid beam training scheme is proposed utilizing dif-
ferent sliding windows of RHS-enabled FASs. In beam
training, a codeword could correspond to multiple sliding
windows. The channel conditions are improved by adjust-
ing the position of the sliding window, thereby enhancing
the received signal strength and beam training accuracy.

4) By developing a hardware testbed for RHSs, the ef-
fectiveness of the proposed codeword design and fluid
beam training scheme is validated experimentally. It is
shown that the use of sliding windows for beam training
improves the accuracy of beam training and data rate.
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Fig. 1. RHS schematic diagram.

Organization: The rest of this paper is organized as fol-
lows. In Section II, the RHS model, RHS-enabled FAS,
and the signal model are introduced. Key Ideas of RHS-
enabled FAS including the aperture-changeable array and the
sliding window are presented in Section III. The hierarchical
codebook design based on the aperture-changeable RHS is
proposed in Section IV. We design the fluid beam training
scheme using the sliding windows approach in Section V.
The experimental results and simulation results are presented
in Section VI and Section VII, respectively. Conclusions are
drawn in Section VIII.

Notation: The unbolded symbol a represents a scalar, the
lowercase bolded symbol b denotes a vector, and an uppercase
bolded letter B represents a matrix. A script letter B is used
to represent a set. [B],, ,, represents the element at the n-th
column of the m-th row in the matrix, and B represents
the conjugate transpose of a matrix. The real and imaginary
parts of a complex number a are denoted as Re(a) and Im(a),
respectively. The modulus of a complex number a is denoted
as |a|. The operator ® represents the Hadamard product.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we introduce the working principle of RHS,
the idea of RHS-enabled FAS, and the signal model. Then
the problem of codebook-based beam training for FASs is
formulated.

A. RHS Model

RHS is a type of serial leaky-wave array composed of
feeds and a number of densely packed metamaterial radiated
elements. As shown in Fig. 1 where the element structure of
one-dimensional and two-dimensional RHS is identical, the
feed delivers the input signal into EM waves, referred to as
the reference wave. The RHS employs a series-fed approach,
where the reference wave propagates along the metasurface
and sequentially excites the RHS elements. The reference wave
transforms into leaky waves through the slot structures of the
RHS elements, radiating energy into free space [27].

The radiation amplitude of the radiated wave at each
element can be individually adjusted to enable directional
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holographic beamforming, implemented through a comple-
mentary electric-LC (cELC) resonator loaded as shown in
Fig. 2. The cELC resonator comprises a microstrip line etched
with a circle of annular slot, incorporating two PIN diodes
that are connected across the gaps separating the micro-strip
line from the central metal patch. By modulating the bias
voltage applied to these diodes, their conductive states can be
switched between ON and OFF states. The states of the diodes
determine both the mutual inductance of the cELC resonator
and the element radiation state [26]. The electric field strength
of RHS elements in activated and deactivated states is shown in
Fig. 2. In practice, bias voltages of 0 V and 1.33 V are applied
to activate and deactivate the RHS element, respectively.

Assuming that RHS consists of N elements and L feeds, we
denote the distance from the [-th feed to the n-th element as
r; . Considering the propagation loss along RHS, the response
of the I-th feed at the n-th element is expressed as e~ /*tnl.
e~7ksTin where o represents the propagation loss factor, and
k, denotes the wavenumber vector on RHS. The normalized
radiation amplitude m,, of the n-th element is adjusted by the
diode-based controllers. Considering the responses from all
feeds, the n-th element of the RHS holographic beamformer
v € CNV*1 is given by [15], [27]

L
I Z N el gk rin (1)
=1

where 7 represents the ratio of the power received by each
element to the total power of the reference wave emitted
from the feeds. Define m = [mq,--- ,my] as the amplitude
vector, the directional holographic beam can be generated by
adjusting m [28].

B. Description of RHS-Enabled FAS

Consider a downlink wireless communication system. To
improve the channel quality during transmission, the base
station (BS) is equipped with RHS-enabled fluid antennas to
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serve a single-antenna user'. Analog beamforming is achieved
at the RHS by controlling the radiation amplitude of each ele-
ment, i.e., m, [28]. Benefiting from the amplitude-modulation
characteristics of RHS, the number and positions of selected
antennas can be changed by RHS-enabled FAS. Specifically,
as shown in Fig. 3, we consider a one-dimensional RHS
equipped with N elements and a feed. Here, we employ a one-
dimensional RHS to facilitate the mathematical formulation,
which can be easily extended to the two-dimensional case,
as shown in Sections VI and Sec-VII. The BS initially up-
converts the signal to the carrier frequency through the RF
chain and then sends the signal into the RHS via the feed.

C. Signal Model

The user channel consists of both line-of-sight (LOS) and
non-line-of-sight (NLOS) paths. Assume that there are L
NLOS paths, each corresponding to a scatterer, the angle of
arrival (AoA) of the [-th scatterer relative to the BS is #;. The
AoA of the user, i.e., the LOS path, is 6y. According to the
multi-ray channel model, the channel h € C*N petween the
user and the BS can be expressed as [29]

EN .. N
h= \/:ej *b(¢h) + \/Z;@b(iﬁl)» @)

where ¥, = cos(fy) and ¢, = cos(6;). Also, « is the Rician
factor representing the ratio of power between the LOS and
the NLOS paths, and wg is the random phase of the LOS
component. The complex gain 3; of the NLOS path follows
Bi ~CN(0,03,) where 03, = 1/ + 1. The steering vector
b(y) € CY*¥ is defined as [30], [31]

_ ! —i%Edy
b(v) = [1.e e
where d is the antenna spacing and A is the wavelength.
Assume the symbol transmitted to the user is s, after
beamforming through RHS-enabled FAS, the signal received

by the user is given by

e—jo"d(N—l)lb , (3)

y = hvs+n, “4)

I'This scheme can be extended to multi-user beam training scenarios, which
requires high-resolution amplitude modulation of RHS elements.



where |s|? = 1, and n ~ CN (0,0?) is the white Gaussian
noise.

D. FAS-Aided Codebook-Based Transmission Scheme

To circumvent the acquisition of CSI which entails high
complexity due to unknown user locations, multiple antenna
ports, and varying channel environments, this paper considers
a practical beamforming scheme based on codebook design
and beam training. The codebook V for RHS-enabled FAS
consists of multiple codewords. Each codeword v corresponds
to an amplitude vector m of the RHS elements, and can
generate a beam in a specific direction. As illustrated in Fig. 3,
the objective of beam training is to sequentially configure the
RHS with each codeword to transmit signals, then select the
optimal codeword that maximizes the received signal strength
based on user feedback [18].

Unlike traditional fixed-position antenna schemes, the pro-
posed approach leverages the amplitude-modulation capability
of RHS to generate codewords with varying beamwidths by
adjusting the equivalent aperture of the array. This method
narrows the search range for user channel angles, as detailed in
Section IV. Moreover, the RHS-enabled FAS can dynamically
adjust the array position during beam training to improve
channel quality and enhance received signal strength, which
is elaborated in Section V.

The received signal is jointly determined by the user chan-
nel, the propagation of EM waves on the RHS, and the position
and number of activated elements. To maximize the received
signal strength through FAS-based codebook design and beam
training, the problem can be formulated as

max |hv(m, M, Q)|? (52)
s.t. vim, M, Q) €V, (5b)
Me{1,2,--- N}, (5¢)

my, = 0,n<@ and n>M + Q — 1, (5d)

my, =0o0r1, Vn, (Se)

where constraint (5b) indicates that the holographic beam-
former v in beam training is configured based on codewords
from the pre-designed codebook V. Constraint (5¢) specifies
the range of the equivalent aperture M, i.e., the number of
selected elements, in the codeword design. Constraint (5d)
indicates that, during beam training, for a given equivalent
aperture M and array position @), the elements not selected
in the equivalent array are deactivated as shown in Fig 5.
Constraint (5e) represents the finite amplitude values of RHS
elements. Here we consider 1-bit amplitude modulation, which
proves sufficient for single-user communication [26]. Consid-
ering hardware constraints and design complexity, practical
RHS implementations often employ 1-bit amplitude modula-
tion [15].

Note that traditional subarray selection schemes for phased
arrays cannot address Problem (5) directly [16], [32], where
the responses of the elements are mutually independent. For
RHS-enabled FAS that operates as a series-fed leaky-wave
antenna, the energy and phase of EM waves vary with the
position of the elements as they propagate along the RHS
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Fig. 4. Ideal and practical beam patterns of 1-bit aperture-fixed RHS.

surface. This brings a coupling of energy between elements,
making their radiation responses no longer independent. Based
on the holographic principle, antenna selection in RHS re-
quires considering the superposition of EM waves radiated
by the elements in the equivalent array to form directional
beams. Therefore, a dedicated antenna selection scheme for
RHS-enabled FAS is necessary.

III. MOTIVATION FOR RHS-ENABLED FAS

In this section, we start with the limitations of tradi-
tional aperture-fixed arrays in beam design given practical
finite-resolution constraints. The solution concept of aperture-
changeable RHS arrays is then introduced. It provides differ-
ent efficient apertures at various positions, forming multiple
sliding windows. Finally, we highlight that the signal varies
with the position of sliding windows, which could enhance
the signal strength in the beam training.

A. Limitations of Aperture-Fixed Arrays

According to antenna theory, the beamwidth generated by
an antenna array is determined by the array aperture, expressed
as [33]
where D represents the antenna aperture. For a uniform linear
array, D = Nd, where d is the element spacing.

To avoid the high complexity of exhaustive beam train-
ing, codewords with varying beam coverages are able to
narrow the search range, thereby reducing training overhead.
For an aperture-fixed antenna array, designing beams with
different coverages necessitates each antenna element to be
high-precision controlled [34], i.e., through high-resolution
phase shifters for phased arrays and the continuous amplitude
responses for RHSs. A low resolution of the antenna elements
may result in a discrepancy between the practical beam pattern
and the ideal beam pattern, making it impractical to match
user channels during beam training. This is because, in the
beam design, the theoretically optimal values of antenna
configuration deviate greatly from the available finite values.
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Due to hardware constraints and design complexity, practi-
cal antenna elements typically operate with limited resolutions.
For instance, common RHS prototypes employ 1-bit amplitude
modulation [15]. Fig. 4 shows the beams designed using
a 64-element RHS. The expected beam coverage spans 90
90° (indicated by dashed lines), whereas the beam coverage
generated using the 1-bit aperture-fixed RHS measures only
9° (indicated by dotted lines). This is because due to the
excessively narrow beamwidth dictated by the array aperture
in (6), the practical beam patterns fail to cover the desired
angles. It thus necessitates an aperture-changeable method.

B. Aperture-Changeable RHS Array with the Sliding Window

Since the beamwidth is related to the array aperture,
leveraging the amplitude-modulation characteristics of RHSs,
different beam widths can be obtained by adjusting the equiv-
alent aperture of the array without increasing the resolution
of amplitude responses. Specifically, RHS elements with an
amplitude of 0, due to their absence of EM wave radiation,
are considered to be in a turned-off state. By modulating
the element amplitude to deactivate or activate RHS elements
at specific positions, the equivalent aperture of the array is
changed [35].

As indicated by (6), the beamwidth is inversely proportional
to the array aperture. When generating a wide beam, the
equivalent aperture of the array is reduced by sequentially
deactivating RHS elements. Conversely, to generate a narrow
beam, RHS elements are sequentially selected. As shown in
Fig. 4, even for 1-bit amplitude modulation, the beamwidth can
be adjusted by adjusting the equivalent aperture of the array.
Notably, this method requires no additional switch circuits or
mechanisms.

As illustrated in Fig. 5, when designing beams by adjusting
the equivalent aperture of the RHS array, the position of
the equivalent array is not unique. Leveraging the amplitude-
modulation characteristics of RHS elements, multiple arrays
with identical equivalent apertures, i.e., sliding windows, can
be generated along the RHS. The amplitude responses of
elements outside the window are set to zero to deactivate them,
while those within the window are adjustable.

Remark 1. As shown in Fig.5, if the number of elements in
the equivalent array is M, there are (N — M + 1) possible
sliding windows, which increases the degrees of freedom in
beam design.

C. Signal Strength Varying with Sliding Window Positions

To adjust the equivalent array aperture, based on Remark 1,
the antenna position can also be exploited by changing the
window location of the array along the surface. Assume the
number of selected elements is M and the position of the first
selected element is (), the antenna state vector u € CI*N js
defined as

u(M7Q):[O7"'7071Q7"'71Q+M71a07"'70]' (7)

Hence, the equivalent channel h e CI*N

b € C*M can be expressed as
h(M,Q) =h®u(M,Q), (8)
by, M, Q) =b(¥) ©u(M, Q). 9

In the beam training, the codewords are designed based on the
steering vector of the LOS path, since NLOS paths are random.
Assume the user’s angle is ¥y and the number of selected

elements in RHS-enabled FAS is M, the optimal beamformer
— bW, MM

. . :  b(yo, MQ)H| "
this case, the received signal strength of the user varies with

the sliding window position, denoted as

[¥(Q) = (M, Q)v* +n]
L
| KN ., =~ N ~ .
:|( ﬁejwob(¢07M7Q)+\/;Zﬁlb(wlvM7Q))v +TL‘
"+ =1
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and steering vector

under the transmit power constraint is v*

NLOS

(10)
where A; = cos; — costy. As the position of the window
changes, the primary factor influencing the received signal
strength comes from the NLOS paths. For the [-th path, the
signal strength exhibits periodic variations as the window
position changes, where the periodicity is T; = A/dA;.

Case 1: When the number of NLOS paths is L = 1, the sig-
nal strength |y(Q)| is periodic with a period T' = ﬁ. During
the window sliding process, there are at most L%J +1
optimal positions where high signal strength occurs.

Case 2: When the number of NLOS paths is L > 1, the
signal strength |y(Q)] is periodic with a period T, where T
is the least common multiple of [T%,---,Tp]. During the
window sliding process, there are at most [M=2EL| 41
optimal positions where high signal strength occurs.

Fig. 6 shows the variation of the received signal strength
with window position given different window sizes, numbers
of NLOS paths, and NLOS path intensities. Signal envelopes
are observed across various window sizes. When the number
of paths is L = 1 as Case 1, the signal strength changes
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periodically with the window position, where the period is
related to the angles of the LOS and NLOS paths. As the
number of paths increases, the periodicity of signal strength
becomes longer. Within a given number of sliding windows,
the signal strength exhibits irregularity as Case 2. When the
Rician factor k increases, indicating an increase in the intensity
of the LOS path, the degree of variation in signal strength with
window position decreases.

Remark 2. Since beam training relies on the user’s received
signal strength, adjusting the window position of the equiv-
alent array during beam training can enhance the signal
strength, thereby improving the accuracy of beam training.

In multi-user systems, the RHS-enabled FAS can not only
enhance the received signal strength for target users through
window positioning but also simultaneously suppress interfer-
ence to other users. As illustrated in Fig. 7, when the RHS-
enabled FAS beam aligns with User 1, we define the signal-

to-interference ratio (SIR) as the ratio of User 1’s received
strength to the interference caused to User 2. It is observed
that the maximum SIR can reach 41 dB through window
positioning, demonstrating the capability of RHS-enabled FAS
to enhance signal strength while suppressing interference.

IV. HIERARCHICAL CODEBOOK DESIGN OF
APERTURE-CHANGEABLE RHS

This section first introduces the design objectives of beam
training and the hierarchical codebook structure. After that,
the details of the multi-resolution codeword and hierarchical
codebook design are presented.

A. Characteristics of Beam Training for RHS-enabled FAS

To solve (5) given the finite adjustable amplitude values
of the RHS, as well as the changeable array aperture nature,
the characteristics of beam training for RHS-enabled FAS are
listed as follows:

o Low Training Overhead: The overhead of traditional
exhaustive beam training scales linearly with the number
of antenna elements, depleting the effective transmis-
sion time. RHS-enabled beam training is expected to
search for the user direction by designing codewords
with varying coverage resolutions, thereby reducing the
overhead to a logarithmic scale with the number of
antenna elements.

o Aperture-Changeable Array: As discussed in Sec-
tion III-A, for traditional aperture-fixed arrays, design-
ing codewords with varying beam coverage is chal-
lenging due to limited element resolution. Leveraging
the amplitude-modulation characteristics of RHS, the
beamwidth can be controlled by adjusting the equivalent
array aperture, even for only 1-bit amplitude resolution.

« Selective Sliding Windows: In traditional beam training,
the channel quality remains unchanged due to the fixed
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positions of the array. As analyzed in Section III-C,
the channel quality can be optimized during the beam
training by changing the position of the window, thereby
enhancing the received signal strength.

B. Codebook Structure for RHS-enabled FAS

To mitigate the high overhead of the exhaustive beam
training, the RHS codebook is designed as a hierarchical
structure as depicted in Fig. 8. The codebook comprises
S layers, where the s-th layer contains 2° codewords. The
coverage of codewords in the angular domain decreases layer
by layer. The codeword in the s-th layer is divided into two
codewords in the s+ 1-th layer by splitting its coverage range.
As the minimum beamwidth at the bottom level is limited
by the array aperture, the number of layers in the codebook
satisfies the following constraint

2D

S < [log, TJ’ (11)

where D is the array aperture of RHS.
Denoting the p-th codeword in the s-th layer by v, ,, its
beam coverage P(v; ;) is defined as

P(vsp) = {¢]b¥)vs,pl > |b(¢)vs7p'|,\7p’ #p}.

As shown in Fig. 8, the coverage P(v; ) of the ideal codeword
Vg p in the angular domain is

(12)

p—1 p
) = [2571 ’ 2571]'
Benefiting from the hierarchical codebook structure, only
two codewords per level are required in the beam training to
progressively narrow down the user’s potential angles.

P(v

S,p

13)

C. Codeword Design by Aperture-Changeable RHS

Since the beamwidth is correlated with the equivalent
RHS array aperture, we design codewords with different
beamwidths by adjusting the equivalent array of the RHS.
Moreover, for a specific array aperture, there exist multiple
sliding windows, implying that each codeword in Fig. 8 can

correspond to different array positions. This provides the
potential to enhance channel conditions during beam training.

Designing codewords utilizing the aperture-changeable RHS
array can be divided into three steps: 1) Determine the array
aperture based on the coverage area of the codewords in each
layer. 2) Adjust the amplitude of each element within the
window to steer the beam at the desired angles. 3) Select a set
of candidate window positions based on codeword gain. We
elaborate on each step in detail.

Step 1: For the codewords at the s-th layer, it can be
deduced from (13) that the beamwidths of the codewords
are all 2%1 Combining this with the relationship between
beamwidth and array aperture given in (6), the equivalent array
aperture corresponding to the s-th layer, i.e., the number of
selected elements, can be obtained as

A s—1
N, = 5]z
Step 2: As Remark 1, for the p-th codeword v ;, at the s-th
layer, there are (N — N, + 1) possible window positions, and
the g-th window corresponds to a unique codeword v, ;, ;. The
objective of codeword design is to tailor the beam coverage.
After Step 1, the beamwidth meets the requirement, and
the amplitudes of RHS elements within the g-th window are
then adjusted to maximize the codeword gain. By jointly
considering EM wave propagation on the RHS, window size,
and the activation states of elements within the window, the
problem can be formulated as

(14)

nrlaux|l~3(z/18)p7 Ng, q)Vv]|

s.t.m, =0,n<g and n>Ng +q—1 (15)
m, =0o0r 1, Vn.
We rewrite the RHS beamformer as v = [yymq, -+, ynmn]

where v, = Zlel NGE e~lrinl L e=iKsTin and the maxi-
mization problem can be equivalently formulated as

‘B(Tl’s,vasﬂ)VP
:VHb(ws,pyNsaq)Hb(ws,pyNsaQ)V
q+Ns—1g+Ns—1
= Z ’YrILII'Yn2mn1mn2 [Blny,ns;
ni=q na=q
where B = b(¢5 5, Ns, Q)T b(¢)5 », Ns, q). For the n-th ele-
ment, when the amplitudes of other elements are fixed, this
equation becomes a quadratic function of m,,, denoted as

[b(¥s . Ne, q)v]>

_ 2
=0s,p,nMy, + bS,P,nm’n + Cs,p,n;

(16)

A7)

where the coefficients as . r, bs p,n, and cs 5, », of this quadratic
function are represented as

Us,pn = "Vn|2[B]n,n
q+Ns—1
bopm =2Re{ Y
n’/=q,n’#n
g+Ns—1 g+Ns—1

Z Z ’Yfl Yz My Moy [Blny ima }-

ni=qg,n1#n n2=q
(18)

’Y’IIL_I’YHI (Bl s }

Cs,pn = 2Re{



Algorithm 1: RHS Hierarchical Codebook Design

Algorithm 2: Fluid Beam Training Mechanism

Input: The layer S of the codebook, initial RHS
holographic beamformer v
1 fors=1:5do

2 for p=1:2° do
3 forq=1: N—-N;+1do
4 Calculate the desired codeword coverage
P(v% ) according to (13)
5 Generate the codeword vy ,, , through Step
1,2,3 in Secion IV-C
6 Evaluate the codeword gain by f(g, Vs p.q)
in (19)
7 end
8 Arrange the codewords in descending order of
f(q, Vs p,q) for each codeword v
9 end
10 end

Output: The RHS hierarchical codebook V.

Since [B],,.,, > 0, the coefficient a, , , of the quadratic term
is also greater than 0. For a convex quadratic function, when
m,, is within the interval [0, 1], the maximum value is always
attained at either m,, = 0 or m,, = 1. Therefore, codewords
can be designed by iteratively optimizing the amplitude of each
element to maximize the beamforming gain in (15). Moreover,
the optimal amplitude values are achieved at either O or 1,
indicating that 1-bit amplitude modulation is sufficient.

Proposition 1. In the design of codewords for the aperture-
changeable RHS, the optimal amplitude values are attained at
either 0 or 1.

Proof. See Step 2. O

Step 3: After the first two steps, the codeword according
to an equivalent array aperture of Ny, the window position
of ¢, and the target angle of 9, ) is designed. We define the
p-th codeword in the s-th layer using the window position of
g as Vg4 4. As mentioned in Remark 1, for codeword v, in
Fig. 8, there are N — N, + 1 selectable codewords vy, , in
total. As presented in Remark 2, to exploit the DoF offered
by array positions during beam training, multiple candidate
window positions need to be selected for a codeword with
the same desired beam coverage. Both the practical coverage
and beam gain of a codeword vary with the window position,
hence we employ the following function to evaluate the impact
of the window position on the designed codeword.

I

f(Q7Vs,p,q> = Z(lg(wu N, q)vs,p,q| - Gi)2

i=1

. (19)
oy bR

0, else.

where € is a constant that represents the ideal beam gain of
the codeword, and P(v} ) denotes the ideal angular coverage
of the codeword vy, as defined in (13). In the angular
domain ¢ € [—1,1], I angles are uniformly sampled, where

v = —1+ % It is expected that the beam gain within

Input: Codebook V), user channel h, and the number
of used windows Z
1 fors=1:5do
2 forp=1:2do
3 forq=1:7 do
4 Transmitting signals using codeword
Vs,2¢,—2+4p,q
5 User recodes the signal strength
lyl = [hvs2¢, —24p,q8 + 1l
end
User recodes the highest signal strength of
codeword v os _21p

8 end
9 User feeds back the index 75 of the codeword with
the higher strength
10 | Update & =2(6-1 — 1) + 75
11 end
Output: The optimal codeword vg¢,.

the ideal coverage of the codeword is e, while the beam
gain outside the coverage is 0. That is, a smaller value of
the evaluation function in (19) implies that the codeword at
this window position is closer to the ideal codeword. The
sequence numbers of the N — N, + 1 windows are then
sorted based on codeword gain as [q1,- - ,qn—nN.+1], Where
f(ql’VS,P,lh) << f(quNs+17VS,P,QN7NS+1)'

By designing codewords for all possible windows layer by
layer, the design of the hierarchical codebook V is summarized
in Algorithm 1. The codebook design exhibits a computational
complexity of O(N?), but it only requires one-time generation
without real-time updates.

V. FLUID BEAM TRAINING OF RHS-ENABLED FAS

This section introduces the fluid beam training scheme for
RHS-enabled FAS using sliding windows.

A. Key Ildea of the Fluid Beam Training

In conventional beam training based on aperture-fixed ar-
rays, each codeword corresponds to a specific array position.
During the comparison of received signal strengths among
different codewords, it may occur that some codewords appear
at the peaks of the signal envelope depicted in Fig. 6, while
others may fall on the troughs due to the small-scale fading.
This may potentially lead to errors in the comparison of signal
strengths, thereby causing a decrease in the accuracy of beam
training.

Benefiting from the aperture-changeable feature of RHS-
enabled FAS, multiple array positions can be flexibly selected
for codewords with the same beam coverage. By traversing
candidate windows, the one yielding the maximum signal
strength is selected as the codeword gain. Thus, by utilizing
multiple array positions, the probability of the maximum
signal strength occurring at envelope troughs can be reduced.
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Fig. 9. The beam coverage of codewords at each layer in the RHS hierarchical codebook.

B. Hierarchical Beam Training Using Sliding Windows

As shown in Fig. 8, we use a hierarchical codebook consist-
ing of S layers, each of which contains only two codewords.
The beam training is performed layer by layer. For the s-
th layer, two codewords are applied for the user to compare
the received signal strength. Specifically, each codeword corre-
sponds to multiple sliding windows. We select the Z windows
with the highest codeword gain, which corresponds to the
sorted codewords [vsp1,---,Vsp z] in Algorithm 1. The
user then selects the highest signal strength among different
windows as the codeword gain of v ).

Based on the above sliding window procedure, the user
receives multiple signals corresponding to two codewords in
the s-th layer. The user compares the signal strengths and feeds
back the index 1 or 2 of the codeword with the higher signal
strength to the BS. Given the user’s feedback 7 at the s-th
layer, the index £, of the optimal codeword at the s-th layer
is represented as

& = 2(5371 - 1) + Ts,

where & is set as 1. After obtaining the index of the optimal
codeword at the s-th layer, the codeword indices used for
beam training at the (s + 1)-th layer are 2¢; — 1 and 2&;,
respectively. In the bottom layer, the optimal codeword v ¢
is obtained for the user. The details of the fluid beam training
are listed in Algorithm 2, which exhibits a computational
complexity of O(Z log, N). The training overhead scales only
logarithmically with the number of antennas when extended
to large-scale arrays.

(20)

C. Performance-Overhead Tradeoff

Defining the overhead of beam training as the number of
codewords employed to search for the optimal codeword, the
overhead of fluid beam training can be given by 257, where
S is the layer of the codebook and Z is the number of sliding
windows for each codeword.

As the number of windows Z increases, the probability
of each codeword’s signal strength falling into the trough

of the signal envelope decreases, thereby enhancing accuracy
in codeword selection. However, since the total overhead is
directly proportional to the number of utilized windows Z,
the overall duration of beam training also increases. Note that
the total communication slot p comprises the beam training
slot pp and the transmission slot pr. The throughput Rg of
the system is defined as [36]
_P—PB
p

where R is the data rate. Increasing the number of windows
Z for beam training enhances the accuracy of codeword
selection, which boosts the data rate R. Meanwhile, this
also prolongs the beam training timeslot pp, resulting in a
reduced effective transmission p — pp given the total timeslot
p. Therefore, the system throughput can be maximized by
adjusting the number of windows.

Rg x R, (21

Remark 3. An optimal number Z* of sliding windows exists in
fluid beam training, which balances the data rate and effective
transmission time to maximize system throughput.

VI. SIMULATION RESULTS

In this section, we validate the effectiveness of the proposed
RHS codebook design method and fluid beam training scheme
based on simulations of a one-dimensional 64-element array
and a two-dimensional 4 x 64-element array, respectively. In
the parameter setting, the carrier frequency is set to 26.2 GHz,

and the element spacing is 2. The wave number |k| on the

-
RHS surface is 2\{\3”, and the path loss exponent « is 2. The

SNR is defined as #, and the number of NLOS paths L is 3.

A. Holographic Patterns of RHS Hierarchical Codebook

Utilizing the codebook design approach in Algorithm 1,
a S-layer hierarchical codebook as illustrated in Fig. 9 is
designed. Leveraging the amplitude-modulation feature of the
RHS, the beamwidth is regulated by adjusting the equivalent
aperture of the array. It is observed that the angular coverage



TABLE I
RADIATION CHARACTERISTICS VS. WINDOW POSITION.
Main-lobe amplitude 17.6 17 16.7 16.3 15.9
Main-lobe direction 6deg. | Sdeg. | 6deg. | 6deg. | 6deg
Side-lobe level (dB) -1.5 -8.2 -7.8 -8.3 -1.5
Window index 1 2 3 4 5

—O— Proposed fluid beam training: Z=
—6— Proposed fluid beam training: Z=;
Proposed fluid beam training:
—O— Proposed fluid beam training: 8
——¥—— Fixed-window beam training: k=4
Fixed-window beam training: =8
—O— CNN-based beam training: x=4
—9— CNN-based beam training: =8
— = = Exhaustive beam training: k=4
Exhaustive beam training: k=8
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Fig. 10. Beam training error vs. SNR.

of the codewords at each layer aligns with the desired one
in Fig. 8, where the beamwidth gradually narrows as the
layer number. This validates the effectiveness of the codeword
design scheme. Moreover, the codewords at lower layers
exhibit higher beam gain, due to more activated RHS elements
radiating higher energy.

The influence of window position on beam radiation char-
acteristics for a fixed window size is shown in Table I. Five
beams steered in the same direction with different window
positions are simulated through CST, where smaller window
indices indicate positions closer to the feed. It is observed
that mainlobe gainz, beam direction, and sidelobe levels are
stable across various window positions. Beams corresponding
to window positions nearer the feed exhibit slightly higher
gain due to lower reference wave attenuation.

B. Comparison with Traditional RHS-enabled Beam Training

We compare the proposed fluid beam training scheme with
the following RHS-enabled beam training schemes. 1) Fixed-
window based hierarchical beam training: This approach
employs a hierarchical codebook designed using the fixed-
position array, which has the same number of codewords as
the proposed scheme. There are no sliding windows during
beam training. 2) CNN-based beam training: This method
utilizes a CNN network, which takes the signal strengths of
four wide-beam codewords as input and outputs the narrow-
beam codeword with the highest selected probability [37].
3) Exhaustive beam training: This method designs a DFT

>The realized beam gain is determined by the beam directivity, antenna
radiation efficiency, and impedance mismatch effects.
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Fig. 11. Achiveable rate vs. SNR.

codebook using the entire array, which contains codewords
representing all possible angles.

Fig. 10 shows the variation of beam training error with the
SNR for different schemes. Under the same channel condi-
tions, i.e., the Rician factor x, the error of the proposed sliding-
window-based fluid beam training is significantly smaller than
that of the fixed-window-based scheme. This illustrates that the
degree of freedom in window position can enhance codeword
gain, thereby reducing beam training error. The CNN-based
approach demonstrates lower beam training error than the
fixed-window scheme due to its superior prediction capability,
while maintaining lower training overhead compared to the
proposed method, since its performance is susceptible to chan-
nel condition variations. Increasing the number of windows
can further reduce beam training errors, as it improves the
channel quality. The beam training error decreases as the SNR
increases, and the proposed scheme achieves a training error
close to the exhaustive search at high SNR, which serves as a
lower bound.

Fig. 11 demonstrates the variation of achievable data rates
with the SNR for different schemes. A large Ricean factor
 leads to high data rates, as a high LOS path gain results
in strong received signal strength. The proposed fluid beam
training scheme using a sliding window exhibits significantly
higher data rates compared to the scheme using the fixed
window. This suggests that considering the array position
could enhance the achievable data rate by improving the
codeword gain and channel conditions. Moreover, utilizing
more windows during beam training can further improve data
rates, as it enhances the channel quality, thereby increasing
the received signal strength and avoiding the misselection of
codewords.

C. The Impact of the Minimum Amplitude Value of RHS
elements

The ideal amplitude range of the RHS spans from [0, 1].
However, due to limitations in the element structure, prac-
tical RHS elements still radiate energy even when in the
off state. Fig. 12 demonstrates the impact of the minimum
amplitude value on the performance of fluid beam training.
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It is observed that under different Rician factors x, the beam
training error is minimized when the minimum amplitude A
is 0. This is because fluid beam training requires elements
outside the sliding window to be in the absolute off state
to accurately control the beamwidth. When A = 0.05 and
A = 0.1, representing elements that still radiate 5% and 10%
of the reference wave energy in the off state, respectively,
it is found that the beam training error does not increase
significantly. This indicates that fluid beam training is effective
in practical RHS-enabled FAS. In addition to the minimum
amplitude value, the effect of hardware-induced amplitude
response offsets on beam training performance is examined.
Assuming a 5% random offset between actual and desired
element amplitudes, it shows that these amplitude variations
increase beam training error due to resulting deviations in
the beam pattern. The impact of amplitude offsets on beam
training diminishes as SNR increases.

D. Performance-Overhead Tradeoff of Fluid Beam Training

When the SNR = 10 dB, we employ a 4 x 64-element two-
dimensional RHS-enabled FAS to conduct fluid beam training
with different numbers of sliding windows. Fig. 13 demon-
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Fig. 14. RHS-enabled FAS based communication platform.

strates the variation of throughput with the number of sliding
windows under different channel conditions. A large Rician
factor k and few NLOS paths could enhance throughput, as the
codebook is designed based on the LOS link. The total number
of system time slots p is set to 800. Under different channel
conditions, throughput initially increases and then decreases
with the number of windows. There exists an optimal number
of windows that balances training overhead and data rate,
thereby maximizing throughput, which validates Remark 3.

VII. EXPERIMENTAL RESULTS

In this section, we first introduce the RHS-enabled FAS and
communication platform. After that, experimental validation
is conducted to investigate the signal envelope with different
windows of FAS. The proposed fluid beam training scheme is
also performed.

A. Implementation of the 384-Element RHS-Enabled FAS

As shown in Fig. 15, the implemented RHS is a two-
dimensional array with dimensions of 15.7 x 9.9 x 0.123 cm?.
The RHS comprises 384 elements, arranged in 48 elements
per row and 8 elements per column. The feed is positioned
at the edge of the metasurface and is connected to a one-
to-eight power divider to feed the reference wave into the
RHS. The reference wave is guided across the metasurface
and propagates toward the other end, exciting each element
to radiate energy into free space. The radiation amplitude
of each element is controlled by a Field-Programmable Gate
Array (FPGA). The FPGA is mounted on the PCB and
interfaces with both the individual RHS elements and the host
computer. The FPGA incorporates pre-designed software to
regulate the bias voltage of the PIN diodes in each element,
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Fig. 15. Implementation of the RHS-enabled FAS based platform.

and the amplitude of the RHS elements varies according to
the states of these diodes.

Due to FPGA-controlled element activation method of the
RHS, the number and position of activated elements can be
altered, making it a viable implementation of fluid antennas.
During signal transmission, a series of sliding windows are
designed, where the positions of activated elements change
according to the window position to enhance the channel
quality. Configurations of element amplitudes corresponding
to different window sizes and positions, known as codebooks,
are pre-stored in the FPGA. in the beam training, switching
codewords through the FPGA enables the alteration of element
positions.

B. RHS-enabled FAS Communication Platform

Utilizing RHS-enabled FAS, we constructed a communica-
tion platform as illustrated in Fig. 14 and 15. The hardware
modules of this platform consist of a transmitter (Tx) end and a
receiver (Rx) end. In addition to the LOS path, metal scatterers
are placed to form NLOS paths. The Tx comprises a host
computer, a Universal Software Radio Peripheral (USRP), a
frequency converter, and RHS-enabled FAS. The Rx includes a
computer, a USRP, a frequency converter, and a horn antenna.
The functions of each module are presented below.

o Transmitter: A USRP LW-X310 is utilized to generate
the baseband signal at Tx, which is capable of achieving
RF modulation based on GNU Radio. The signal gen-
erated by the USRP is up-converted to 26.2 GHz via a
frequency converter, as the maximum operating frequency
of the USRP is 6 GHz. The up-converted signal is then
fed into RHS-enabled FAS through the feed.

o Receiver: The workflow at the Rx is the reverse of that
at the Tx. The Rx employs a standard horn antenna (LB-
34-10-A) to capture the signals emitted by RHS. The
output of the horn antenna is connected to a frequency
converter to down-convert the signals to 6 GHz. The
down-converted signals are then input into the USRP
LW-X310 for RF demodulation and signal processing to
recover the original signals.
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o Host computer and FPGA: The host computers are
equipped with a graphical interface for the USRP. In the
Tx, parameters such as the transmit power and modula-
tion mode can be controlled, while at the Rx, the received
signal strength can be obtained. An FPGA controls the
radiation amplitude of each RHS element by adjusting
the bias voltage of the diodes. The element amplitude
encoding corresponding to the designed codewords is pre-
stored in the FPGA, enabling direct retrieval from the host
computer during beam training.

C. Signal Envelope Varying with the Sliding Window Position

To verify the variation of received signal strength with the
position of the sliding window, i.e., the array position, we
designed the following communication experiment. The horn
antenna and RHS-enabled FAS are placed at the same height
with a horizontal distance of 3.5 m as Fig 15. The horn
antenna faced directly towards RHS, located at a horizontal
angle of 0°. Three window sizes of 36 x 8, 24 x 8 and
12 x 8 are designed, offering 13, 25, and 37 possible window
positions, respectively. The FPGA is programmed to control
each window to generate beams pointing towards 0°.

Fig. 16 demonstrates the variation of the received SNR with
the window position for different window sizes. It is observed
that the received SNR varies with the window position for all
three window sizes. The differences between the maximum
and minimum received SNRs for window lengths of 36, 24,
and 12 are 9.92 dB, 10.12 dB, and 13.22 dB, respectively.
This indicates that the received signal strength at the user is
related to the number of elements within the window. Smaller
windows introduce greater randomness in the channel, leading
to larger fluctuations in the received SNR, which is consistent
with the results presented in Fig. 6. The average received SNR
for different window positions across the three window sizes
are 14.35 dB, 13.98 dB, and 10.75 dB, respectively, suggesting
that large window sizes result in high received SNRs. This is
because increasing the number of activated elements enhances
both the total radiated energy and the beam directivity.
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To further validate that the variations in the received signal
strength depicted in Fig. 16 can be attributed to changes in
the sliding window position rather than temporal variations,
we measure the variation of received SNR over time slots at
fixed window positions for different window sizes. As shown
in Fig. 17, when the window position is fixed, the received
SNR exhibits no significant variation over time for all three
window sizes. This demonstrates that the primary factor of the
change in received SNR is the variation in channel conditions
resulting from the sliding of the window position, further
validating that optimizing the received SNR could be achieved
by adjusting the window position.

D. Fluid Beam Training

Following Algorithm 1 and 2, we perform a 5-layer fluid
beam training procedure using the RHS-enabled FAS com-
munication platform. Horn antennas are positioned at azimuth
angles of —35° and 0°, respectively. As shown in Fig. 18
and 19, the FPGA controls RHS-enabled FAS to transmit
signals starting from the first layer of the codebook. During the
beam training, each codeword utilizes two sliding windows for

Selected Unselected
Received SNR (dB) eecte nselecte
codeword codeword L Array
r
-1 Angle 1 Ve aperture
8.35 5.13 1 N/16
12.76 9.6 2 N/8
11.35 15.18 3 N/4
17.93 12.88 4 N/2
18.59 14.27 5 N
*
User angle
Fig. 18. Fluid beam training: user at —35°.
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19.36 14.77 4 N/2
18.69 22.52 5 N
*
User angle

Fig. 19. Fluid beam training: user at 0°.

signal transmission, and the receiver selects the codeword that
maximizes the received SNR. Through layer-by-layer beam
training, the size of the sliding windows gradually increases to
generate beams with a finer angular resolution, ultimately lock-
ing onto the user’s angle. The blue codewords in the figures
represent the selected codewords at each layer. It is observed
that the user angles in both directions are successfully acquired
at the bottom layer, validating the feasibility of the proposed
fluid beam training.

In practical deployments, RHS-enabled FAS may encounter
challenges related to high-frequency switching speed require-
ments for element reconfiguration and robustness in harsh
operational environments [38], which we will investigate in
our future work.

VIII. CONCLUSIONS

In this paper, we propose a fluid antenna system imple-
mented by RHS to perform codebook design and beam training
based transmission. We reveal that the equivalent aperture
and position of the array can be reconfigured via element-
wise amplitude modulation. Considering the mutual coupling
of radiated energy between RHS elements, a hierarchical
codebook is first designed, where the angular coverage of
codewords narrows progressively layer by layer, achieved by
adjusting the equivalent aperture of RHS. Based on these
multi-resolution codewords, we then propose a fluid beam
training scheme, where each codeword corresponds to multiple
sliding windows to enhance channel quality. A 384-element



RHS-enabled FAS communication platform is implemented to
conduct beam training experiments.

Both simulation and experiment results demonstrate that:
1) By adjusting the equivalent aperture of the RHS array
through amplitude modulation, codewords with different an-
gular coverage can be generated using only 1-bit amplitude
modulation. Hierarchical beam training employing these code-
words can accurately obtain the user angle. 2) The received
signal strength varies with the sliding window position of
RHS-enabled FAS. By adjusting the window position, the
channel quality can be improved to enhance the received signal
strength. 3) Compared to beam training using the fixed window
position, beam training based on the sliding window yields
smaller training errors and higher data rates. There also exists
an optimal number of windows that maximizes the throughput.
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