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Fast Fluid Antenna Multiple Access
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Abstract—Massive connectivity over wireless channels relies on
aggressive spectrum sharing techniques. Conventionally, this may
be achieved by sophisticated signal processing and optimization
of applying multiple antennas and/or complex multiuser decoding
at each user terminal (UT). Different from previous methods, this
letter proposes a radical approach for massive connectivity, which
employs fluid antenna at each UT to exploit the interference null,
created naturally by multipath propagation and the randomness
of UT’s data, on a symbol-by-symbol basis for multiple access.
The proposed fast fluid antenna multiple access (f-FAMA) system
adopts a large, distributed antenna array at the base station (BS)
to transmit each UT’s signal from each of the BS antennas and
lets each UT overcome the interference on its own using its fluid
antenna. Our main contribution is a technique that estimates the
best port of fluid antenna for reception at every symbol instance.
The proposed approach needs only cross-correlation calculations
and single-user decoding at each UT and requires no precoding
at the BS. Simulation results demonstrate that for a BS with 16
antennas supporting 16 co-channel users, a multiplexing gain of
14.87 is achieved even when the channel has a strong line-of-sight
(LoS) and multipath is few. The multiplexing gain can also rise
to 24.36 if a 30-antenna BS is serving 30 co-channel users.

Index Terms—Capacity, Distributed antennas, Fluid antenna,
Massive connectivity, MIMO, Multiple access.

I. INTRODUCTION

ASSIVE machine type communications (mMTC) in the
fifth-generation (5G) mobile networks aims to support
high connection density in the order of 1 million connections
per square kilometer. With a forecast of having 30 billion or
more internet-of-things (IoT) devices by 2030, mMTC in the
sixth-generation (6G) era will undoubtedly seek to meet more
ambitious requirements [|]. Common understanding tends to
rely on the use of multiple-input multiple-output (MIMO) at
the base station (BS) for interference avoidance and grant-free
non-orthogonal multiple access (NOMA) to solve the resource
collision issue and enhance the spectral efficiency.
Unfortunately, multiuser MIMO (including massive MIMO
in 5G) requires channel state information (CSI) to be known
at the BS and the optimization also gets harder if more user
terminals (UTs) are involved, not to mention the overheads that
follow. On the other hand, despite the capability of resolving
interference at the UT side, NOMA needs complex multiuser
detection to be carried out at the UTs and its use is therefore
often limited to two co-channel users only. There seems to be
a long way to go for achieving massive connectivity.
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Ideally, the multiple access technology for massive connec-
tivity should have its complexity increasing only slowly with
the number of UTs and does not overload the UTs too much.
One emerging technology that may be the key to this is fluid
antenna [2]. Fluid antenna represents any radiating structure
that can change, on-demand, their shape, size and/or position
to reconfigure the polarization, operating frequency, radiation
pattern, and other performance metrics. In practice, it can be
based on fluidic, conductive or dielectric material [3]—[7], or
reconfigurable electronic switches and pixels [8]-[12].

One revolutionary aspect of this is that we can contemplate
to have a software-controlled, position-switchable antenna that
can maximize the reception performance by choosing the best
position (i.e., port selection) in a predefined space. Recently,
this idea has been explored for single-user systems, e.g., [13]-
[17] and multiuser systems [18]-[20]. Of particular relevance
to this letter is the way in which fluid antenna deals with co-
channel interference in the multiuser scenarios.

Specifically, a UT can use its fluid antenna to skim through
a large collection of fading envelopes from the ports and then
switches the radiating element to the one where the co-channel
interference naturally disappears due to multipath fading and
no preprocessing of the multiuser signals is required. In [18], it
was hypothesized that the fluid antenna at a UT could track the
null of sum-interference on a symbol-by-symbol basis while
[20] considered an arguably more practical setup in which the
fluid antenna settled on the port where the channel envelopes
of all the interferers faded, and only needed to switch if the
channels had changed. The approach, referred to as slow fluid
antenna multiple access (s-FAMA), in [20] can support several
users (< 5) on the same time-frequency channel.

Nonetheless, the real impact may come from the fast fluid
antenna multiple access (f-FAMA) system in [18] that shows
massive connectivity of tens or even hundred of UTs without
precoding at the BS, all by a single fluid antenna at each UT.
The acquisition of CSI at the BS is thus not needed. The main
challenge, however, is that f-FAMA needs each UT to identify
the best port (i.e., the port where the null of sum-interference
occurs) on its own without coordination and switch to it for
every symbol instance, which is not known achievable.!

Motivated by this, in this letter, we aim to address the port
selection problem for f-FAMA when each UT only has access
to the received signals at the ports of its fluid antenna and
knows the fading envelopes of its own channel. There is no

'Note that the switching delay between ports can be negligible if recon-
figurable pixel designs [8]-[12] are used for the fluid antenna. However, the
same cannot be said if liquid-based fluid antenna technologies [3]-[7] are
used and their delay will make it impossible for f-FAMA systems.
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prior information about the channel and data statistics of the
interferers. To address this, our approach attempts to estimate
the sum-interference plus noise signals over all the ports given
only the knowledge of its own channel, and we achieve this by
recognizing the fact that the UT’s own channel and the sum-
interference should be dissimilar and uncorrelated, and study
the use of a number of similarity and cross-correlation mea-
sures. This letter uses a general channel model that includes
a direct line-of-sight (LoS) and an arbitrary number of non-
LoS paths that can represent microwave and millimeter-wave
(mmWave) channels by choosing appropriate parameters. In
addition, a distributed antenna array at the BS is adopted so
that each BS antenna sees different scatterers before the UTs
to ensure sufficient channel rank to support a large number of
UTs. Our results illustrate that f-FAMA can achieve massive
connectivity without precoding nor multiuser detection and
confirm the importance of using distributed BS antennas.

II. THE f-FAMA NETWORK
A. System and Channel Model

We consider a downlink system where the BS is equipped
with IV, fixed antennas spread® over a wide area to communi-
cate with U single-antenna UTs. Each BS antenna is in charge
of transmitting one UT’s signal to the intended UT.> Each
UT has an N-port fluid antenna with a physical size of WA
where A is the wavelength. The parameter N represents the
number of preset positions (i.e., ports) evenly distributed over
the space of W that the radiating element can be switched
to, and hence can be interpreted as the antenna’s resolution.

At the k-th port of UT wu, the received signal, with the time
index omitted, can be written as

(U) _ gl(cu u)su + Z g(u u)su + n(u) (1)
UFu
u=1
where gk “) denotes the complex channel from the wu-th BS
antenna to the k-th port of UT u with E[|g\"*|2] = @, n{*)
denotes the zero-mean complex Gaussian noise at the k-th port
of UT wu with variance of 0727, and s,, represents the information
symbol for UT u with E[[s,|?] = o2. The received average

signal-to-noise ratio (SNR) at each port is defined as I' £ QU

While it may be typlcal to assume rich scattering in mod—
elling the channel g ”), this assumption will be unsuitable if
the mmWave band is considered. For this reason, we employ a
more general finite-scatterer channel model that can model the
scenarios in the mmWave band and also rich scattering as a
special case [21]. The model consists of a specular component
(i.e., LoS) and N, scattered components (i.e., non-LoS). For
the specular component, it has an azimuth angle-of-arrival
(AoA), 0y (with the UT index omitted for conciseness), and

2The use of distributed BS antennas is to ensure that the network capacity
is not limited by the number of scatterers in the mmWave case.

3Distributed BS antennas are normally assigned to serve users based on their
distances so that less transmit power is needed to achieve a given reception
performance at each user. With perfect power control and antenna selection,
the model is as if the users suffer from no pathloss and all the users are
statistically identical. For this reason, this letter assumes, without loss of
generality, that the u-th BS antenna is serving the u-th UT.

an elevation AoA, ¢o, while the scattered components have
the azimuth AoAs, {Hg}évzpl and elevation AoAs, {(;54}?]:”1. As
a consequence, the channel, g,(c"’“ , can be expressed as

=
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where K denotes the Rice factor (i.e., the power ratio between
the specular and scattered components), a(f““) is the random
phase of the specular component, and aé"’“) is the random
complex coefficient of the /- th scattered path. By definition,
we have E[Y", \aéu’u)ﬂ = 725 If N, — oo, then the sum of
the scattered components will be Gaussmn distributed due to
central limit theorem. The angle of departures (AoDs) from the
BS antennas are not considered here because the BS antennas
are located far apart from each other and each of them sees
different scatterers. The performance of f-FAMA using co-
located BS antennas will be examined in Section IV.

B. Port Selection

In the f-FAMA network, each UT is required to switch to
its best port k* for every symbol instance. That is,*

‘g(u s i (a) g](cu,u) i
k*= arg max = argmax —————-,
‘Zu#u g sa + n(u) * ‘Q;(;”)
3)

where in (a), s, in the numerator disappears because this is a
constant over all the ports. Apparently, the maximum occurs
when the instantaneous sum-interference plus noise becomes
the smallest. Evidently, this depends on how the superposition
of the interferers’ data, their channels and the noise becomes,
which is different from the s-FAMA system that only exploits
the fades of the interferers’ channels. It is understood that the
interference null for f-FAMA will be more likely to occur than
for s-FAMA. As a result, an enhanced interference rejection
capability for massive connectivity is anticipated.

C. Multiplexing Gain

The performance of each UT can be characterized by outage
probability when a target signal-to-interference plus noise ratio
(SINR), v, is set. To align with the methodology of f-FAMA
in (3), we define an outage event as the occurrence of the
instantaneous SINR being less than « for a symbol. In other

4Conceptually, selecting a port in a fluid antenna system is indeed similar
to a traditional antenna selection system. However, there are fundamental op-
erational differences between them. First, selection combining using multiple
fixed antennas tend to have antenna spacing of at least % for diversity while
the ports of a fluid antenna in the f-FAMA system should be as close as
possible to ensure sufficient spatial resolution to access the sum-interference
plus noise null for multiple access. In particular, the selection of the channel
in (3) is not purely based on the strongest magnitude of the channels but
rather the maximization of the instantaneous energy of the desired channel
and that of the sum-interference plus noise signal in the f-FAMA system.
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words, the outage probability for UT u can be defined as
2

<. )

Pout = Prob mkax

Assuming that all the UTs have identical channel statistics and
each UT has a fixed coding rate derived from the SINR target,
the network multiplexing gain is given by [18]

m = U(1 — pout)- (5)

III. PROPOSED ALGORITHMS

To perform (3), however, the u-th UT is required to know,
{ g,‘c'“) }vk, 1.e., the instantaneous sum-interference plus noise at
all the ports, in order to compute the ratios for maximization.
If this is available, the maximization will be straightforward.
In this letter, we assume that UT u only knows its own channel
{g,g“’"’) }vi and has no prior knowledge about the channel and
data statistics of the interferers and noise. Our objective is to
develop a method to estimate { g},(cu)}wc given the knowledge
of { g,(;"u) tvi and the type of digital modulation it employs.
In particular, we assume, without loss of generality, that s, is
drawn from quadrature phase shift keying (QPSK) symbols.
Our method can be extended to other modulation schemes.
From (1), the estimate of {g,i“)}vk can be obtained by
g = =g, (©)
for some §,, € {%(:I:l +7)}. In other words, there are only a
finite number of choices for 5, to decide on the best estimate.
Now, the remaining task is to find a metric to figure out which
5, returns the best estimate. Before we do this, we first realize

that the complex channel envelopes {g](cmu)}Vk and the sum-

gl(Cu/U«)g

interference-plus noise signals { gl(j‘) }vi should be independent
or dissimilar by nature. For this reason, we consider several
cross-correlation and similarity metrics as follows.

o Pearson’s cross-correlation—this metric finds the cross-
correlation between the channel sequence {g;(cu’u)}wc and

the estimated sequence {j\" }vx by
D <{91(<u’u)}wm {éziu)}w> =

u,U T N/u\ N/Z
’(g(u’u) - %Zk gl(e ' )) (g( ) ]{7 kglg )>‘
@)

———

lgte=llg™|
where
gl & [ gl gl ®)
g™ 2" 3" g\
the superscript 7" and { denote the transpose and hermi-
tian operation, respectively, | - | returns the modulus of a
complex number, || - || outputs the 2-norm of a vector.

o Cosine of angle—This metric is similar to the Pearson’s
cross-correlation except that the means of the sequences
are not removed when computing the cross-correlation.

In particular, the result gives the cosine of the angle of
the dot product of the two sequences. That is,

‘(g(u,u))T (g/(\u)> ’
D(,)= . )

lg111g™|

o Mean similarity—It is possible to compute the similarity
between two sequences. Similarity between two numbers,

x and y, is usually defined as ||;ijrfy‘| . The mean similarity
therefore can be found by
X ‘gz(cu’u) - g’(cu)
D=5y |1 (10)
(u,u) ~(u)
k=1 lgn 1 + 195, |

o Root-mean-square (RMS) similarity—A similar simi-
larity measure computes the RMS of similarity of the two
sequences given by

— 2
‘gl(fu,u) B g/(fU)

- (11
195 |+ 1gi |

o Peak similarity—Another similarity measure defines the
similarity of each pair relative to the peak of the pair of
the two sequence, which is given by

gl(Cu,u) _ gliu)

2 max { \g;iu’u) |, ‘gl(gu) |}

1 N
p(.,.)zﬁz 1—
k=1

(12)
To summarize, the estimate of {g,ﬁ“)}v,f can be found as
g =r =g, (13)
where
sy o= arg min D ({g](cu)U)}Vk7 {gl(qu)}Vk> (14)
sue{ L (x145)}

where the distance measure, D(-,-), can be chosen from the
cross-correlation or similarity measures described above. The
proposed algorithm is given in Algorithm 1. After we have
obtained the estimate, the best port for f-FAMA is found by

gl(cu,u)
—_— (15)

gl

k* = arg max

One point worth mentioning is that it is possible to know
only a subset of the channels { g,(gu’u)} and exploit the spatial
correlation over the ports using techniques such as machine
learning to infer the best port. In this letter, nevertheless, we
assume full knowledge of {g,(cu’u)} to simplify our discussion
and will study this in future work. Note that such approach
was explored for single-user fluid antenna systems in [22].
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Algorithm 1: Estimation of {g\" }yy

1: Given the digital symbols s, € {q1,92,--.,90m}
22 Fori=1to M

3 Sy = qi

4 g](cu,) _ 7’1(:) . g](;/,,u)Su N

5: Compute d; = D <{g,(€u’u)}v1m {gl(cU)}Vk)

6: End for

7: ¥ = arg min; d;

8: f?i(gu) = T/E:/U)\_ gziu’u)%‘*

9: Return §\"

IV. SIMULATION RESULTS

In this section, we present simulation results to investigate
the performance of the proposed algorithm with the different
distance measures. We assume that QPSK is used for modulat-
ing the information at the BS to the UTs. The channel model
used has already been described in (2) which considers a LoS
path with Rice factor K and NV, non-LoS paths. In particular,
with the mmWave band in mind, we choose (K, N,,) = (7,2).
Unless specified otherwise, we set the average SNR at each
port as I' = 35dB and the SINR threshold as v = 10dB.

30 T T T
—G- Ideal (W=15) —©-Ideal (W=40)
—»% Pearson (W=15) ——Pearson (W=40)
Cosine (W=15) —8-Cosine (W=40)
25 ||~ Mean Similarity (W=15) —Mean Similarity (W=40)
- RMS Similarity (W=15) -4—RMS Similarity (W=40)
Peak Similarity (W=15) —%—Peak Similarity (W=40) -
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=
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o
[
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Fig. 1. Multiplexing gain for f-FAMA with different distance measures

when N = 1000, I" = 35dB, v = 10dB and (K, Np) = (7, 2).

The simulation results in Fig. 1 are provided for the mul-
tiplexing gain of f-FAMA with different distance measures
against the number of UTs, U, when the number of ports, N,
at each UT’s fluid antenna is 1000 and for sizes W = 15 and
W = 40. Note that W = 15 may be interpreted as a size of
17cm at 26 GHz while W = 40 may mean a size of 17cm at
70GHz. The results labelled as ‘Ideal’ correspond to the case
when the ratios in (3) are perfectly known for port selection.
As we can see, the multiplexing gain (i.e., capacity scaling)
increases with the number of UTs, meaning that f-FAMA can
resolve the interference effectively. Moreover, as expected, the
multiplexing gain improves if W is larger. We also observe that
cosine of angle and Pearson’s cross-correlation impress while
the similarity metrics perform relatively badly. In particular,

if U = 15, then f-FAMA with cosine of angle can achieve
a multiplexing gain of 11 for W = 15 and 14 for W = 40.
This indicates over 10 times capacity gain over a single user
system occupying the same bandwidth. A higher capacity gain
can be seen for the U = 30 case where f-FAMA with cosine
of angle delivers a multiplexing gain of 24 for W = 40.

—©—Ideal
—*—Pearson
Cosine
——Mean Similarity
~£~RMS Similarity
Peak Similarity

Multiplexing gain

0 . .
10 10? 10° 104
Number of ports, N

Fig. 2. Multiplexing gain for f-FAMA with different distance measures when
Ny =U =16, W =15, T = 35dB, v = 10dB and (K, Np) = (7, 2).

The results in Fig. 2 study how the performance of f-FAMA
with different distance measures changes with the number of
ports, N. The results are provided for the case with U = 16
UTs, each with W = 15. As expected, the multiplexing gain
performance generally improves as NV increases. Nonetheless,
the capacity gain saturates if N is very large. This indicates
that N = 500 is enough to achieve the maximum capacity
gain in this case.’ Further gain will need a larger W.

Fig. 3 considers the same settings as before to study how
the capacity performance of the proposed f-FAMA algorithm
changes if the average received SNR, I', changes. Intuitively,
one would expect that as I' increases, the proposed algorithm
should perform better but this appears not to be the case. The
results illustrate that the multiplexing gain drops slightly as
I" increases. To explain this, we realize that the noise power
only indicates the average noise energy over the ports but does
not necessarily mean a worse performance because f-FAMA
attempts to choose the port with the weakest (instantaneous)
sum-interference plus noise signal. A larger noise power gives
noise a larger dynamic range to cancel the sum-interference
signal at each port, which gives rise to a capacity gain.

Finally, we investigate how important it is to use distributed
BS antennas, as opposed to co-located BS antennas using the
results in Fig. 4. We provide the multiplexing gain results for
both the distributed (dashed lines) and co-located (solid lines)

5Note that in [18], the multiplexing gain for f-FAMA was shown to increase
and then converge to U if N continues to increase. This is different from
what we observe from the simulation results reported in this letter where the
multiplexing gain can saturate before it reaches U even if IV increases without
bound. The main reason is that the channel model used in [18] was based
on the generalized complex Gaussian model which tended to have higher
diversity than it should [15]. The model (2) adopted in this letter in contrast
provides a more accurate channel seen at each fluid antenna.
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Fig. 3. Multiplexing gain for f-FAMA with different distance measures when
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Fig. 4. Multiplexing gain comparison for f-FAMA with distributed and co-
located BS antennas when Ny = U = 16, W = 40, I' = 35dB, v = 10dB,
N = 1000 and for different channel conditions.

BS antenna cases, focusing only on the ‘Ideal’ and ‘Cosine’
approaches. For the co-located BS antenna case, the AoD from
the BS antennas is brought back and all the BS antennas go
through the same set of scatterers to reach the UTs [21]. From
the results, we can observe that in the co-located BS antenna
case, the multiplexing gain is greatly affected by the channel
parameters, K and N, and is only good if there is no LoS,
K = 0, and multipath is rich, i.e., large N,. By contrast, the
multiplexing gain remains large regardless of the values of K
and [V, in the case of distributed BS antennas. This confirms
the importance of the distributed setup for signal independence
between the user signals for effective f-FAMA.

V. CONCLUSION

With the aim to unleash the performance of f-FAMA, this
letter proposed an algorithm to estimate the instantaneous sum-
interference plus noise signals for port selection. Our proposed
algorithm was based on using different cross-correlation and
similarity measures. The simulation results revealed that more

than 10 times capacity gain could be achieved by using fluid
antenna at each UT without the need of precoding at the BS
nor multiuser detection at the UTs. The proposed approach
does not require CSI at the BS and needs only the knowledge
of the CSI of the desirable channel at the receiver’s ports.
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