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Abstract—The bottleneck for massive connectivity is the need
of acquiring accurate channel state information (CSI) from all
the users at the transmitter side so that multiuser signals can be
nicely placed into orthogonal subspaces for spatial multiplexing.
Recently, a transmit CSI-free multiple access technique, referred
to as fluid antenna multiple access (FAMA), has been introduced
exploiting the unique position reconfigurability of fluid antenna
system (FAS). In this paper, we consider one particular version
of FAMA, referred to as compact ultra massive array (CUMA).
Motivated by the fact that a mobile device operating in the 5G
core band has 4 radio-frequency (RF) chains, this paper extends
CUMA to exploit all 4 RF chains for improved performance.

Index Terms—Channel state information, compact ultra massive
array, fluid antenna system, massive connectivity.

I. INTRODUCTION

EXTREME massive connectivity is one of the most chal-
lenging scenarios future-generation wireless communica-

tion systems aim to address. In the upcoming sixth-generation
(6G), this is equivalent to hitting 1000 bps/Hz [1] which may
be interpreted as delivering 1 bps/Hz for 1000 users on the
same physical data channel. Under ideal conditions, this is an
achievable feat if we have at least 1000 antennas at the base
station (BS) and the availability of instantaneous channel state
information (CSI) for all 1000 mobile users.1 In [1], this was
envisaged in the cell-free setup where a large number of BSs
collaborate to make up the required number of antennas, and
precoding was responsible for massive spatial multiplexing.

Nevertheless, the reality of the fifth-generation (5G) mobile
networks has given us a shocking lesson. In 5G, instead of the
theoretically simple matched filtering precoding in [2], a more
complex codebook-based Type II New Radio (NR) multiuser
multiple-input multiple-output (MIMO) precoding is employed
[3]. It turns out that under practical scenarios, the CSI is not
perfect, and the signal-to-interference plus noise ratio (SINR)
maximization based precoding in 5G is necessary. Multiuser
MIMO perhaps is a more justifiable description than massive
MIMO in 5G. Another lesson is that a 5G BS with 64 antennas
(and 64 radio-frequency (RF) chains) can only support up to
12 mobile users on the same physical data channel. This once
again indicates that the CSI acquisition process over a large
number of users is the obstacle. Otherwise, a 64-antenna BS
could have easily dealt with 64 users using precoding.
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1The comment is based on a downlink setup but the same argument follows
similarly in the uplink where it is often considered an easier problem because
acquiring the CSI from the all users at the BS is a more natural process.

Regarding the cell-free architecture, as a matter of fact, the
idea was partially adopted in the fourth-generation (4G) under
the name of coordinated multipoint (CoMP) which encouraged
BS collaboration for joint signal processing [4]. Also, there has
been hopeful discussion of enhancing the CoMP features for 5G
[5] but there appears to be a long road ahead if the vision of
[6] is to become reality. Besides, it is worth recognizing that
precoding is not an upgrade-friendly solution, and any increase
in the number of BS antennas as well as precoding capability
can only happen after a proper standardization effort.

Facing the limitations of MIMO, there have been efforts in
researching other multiple access technologies that can com-
plement multiuser MIMO for enhanced capacity performance.
Non-orthogonal multiple access (NOMA) [7]–[9] and rate-
splitting multiple access (RSMA) [10] are widely regarded as
strong candidates to do so but they share the same difficulty
as MIMO of needing CSI at the transmitter side. Additionally,
they also require mobile users to adopt successive interference
cancellation (SIC). For this reason, they are believed to be only
feasible if the number of users is small, e.g., ≤ 3.2

Motivated by the above discussion, the emerging concept of
fluid antenna multiple access (FAMA) is increasingly attractive
[11], [12] because it is CSI-free at the transmitter side. FAMA
relies on the antenna position reconfigurability at the receiver
to access the spatial opportunity where interference naturally
vanishes in deep fade. The idea is very simple and works for
any number of mobile users by optimizing the antenna position
to where the SINR is maximized in a given space.

Antenna position reconfigurability is captured in the recent
concept of fluid antenna system (FAS) that represents all forms
of shape-flexible position-flexible antenna technologies [13],
[14]. FAS takes advantage of the recent advances in software-
defined liquid-based antennas [15], [16], surface wave-based
flexible antennas [17], [18], and reconfigurable RF pixel-based
antennas [19]–[21]. FAS was first brought to the scene of
wireless communications by Wong et al. in [22]. Since then,
efforts in [23] improved the channel model for a more accurate
performance evaluation of FAS while [24], [25] focused on
quantifying the diversity order of FAS. Recent results further
saw performance analysis of FAS to cope with general fading
channels [26], [27]. The results in [28] later revealed that the
MIMO-FAS setup where multiple fluid antennas are deployed
at both ends could obtain huge diversity gains over the fixed-
position MIMO counterpart. Most recent attempts are found to

2The majority of work in NOMA and RSMA is limited to 2 to 3 users.



consider continuous antenna position change of FAS [29] and
a new block spatial correlation model that offers tractability
analysis with accuracy was given in [30]. Besides, application
of FAS has been extended to the emerging integrated sensing
and communications (ISAC) scenarios [31]. CSI acquisition can
be challenging for FAS due to increased dimensionality, which
has motivated new estimation methods in [32]–[35]. Overview
articles on FAS can be found in [14], [36], [37]. It is noteworthy
that the recent efforts under the name of movable antennas fall
under the category of FAS, see [38].

While FAS can be viewed as a new degree of freedom (dof)
to traditional fixed-antenna systems, multiple access exploiting
the unique capability of FAS might be just as exciting. FAMA
originally was hypothesized to switch the antenna position at
each user on a per-symbol basis [11] but due to its practicality,
a slower version of FAMA that only updates the user antenna
positions if channels change, was later proposed at the price
of reduced multiplexing capability in [12]. The performance
of slow FAMA in the two-user case was investigated in [39].
Slow FAMA is nevertheless limited in terms of the number of
users that can be handled. Another version of FAMA, referred
to as compact ultra massive antenna (CUMA), was therefore
proposed in [40]. In CUMA, instead of choosing one ‘lucky’
position where all the interferers happen to be weak, it turns
on a large number of positions with aligned channels to obtain
the received signal for detection. This results in an enhanced
multiple access capability compared to slow FAMA.

The existing version of CUMA is built on the assumption
that there are two RF chains at each mobile receiver. This is
a natural setup as CUMA selects the positions (referred to as
‘ports’) to align the desired user’s channel, one set focusing
on the real parts and another on the imaginary parts. Each set
is superimposed on an RF chain before the two superimposed
signals are combined to produce the output signal. However,
the fact that the 5G core band currently needs mobile device
to have 4 RF chains to operate, suggests that it should be of
great interest to see CUMA operate on mobile receivers with 4
RF chains instead. Motivated by this, in this paper, we extend
CUMA in [40] to the case with 4 RF chained mobile users
and evaluate the performance gain by computer simulations.
To simplify our discussion, mutual coupling effects, irrespective
of the implementation of FAS, are ignored and we also assume
that the wireless channels undergo rich scattering.

II. SYSTEM MODEL

A. The FAMA Channel

Our interest is on a multiple access approach that needs no
CSI at the transmitter side. Thus, we consider an interference
channel where there are U BS transmitters sending independent
messages to their respective user equipments (UEs). The BSs
are uncoordinated and each BS has a single fixed-antenna for
transmission. By contrast, each UE is equipped with a two-
dimensional (2D) FAS with size W̄ = W1λ ×W2λ where λ
is the carrier wavelength. Also, the FAS has N = N1 × N2

evenly distributed ports or positions that can be activated to
receive the signal. How to decide which ports to be selected

Fig. 1. An interference channel with U single fixed-antenna BS communicating
to U UEs each with a 2D FAS.

to be on and how the signals at the activated ports are mixed
in CUMA will be explained in Section II-B. In this setup, no
joint signal processing between the BSs nor between the UEs
is allowed. The overall system model is shown in Fig. 1.

At UE u, the signals that would have been received at the
ports when activated can be written in vector form as

ru = gu,usu +

U∑
ũ=1
ũ 6=u

gũ,usũ + ηu, (1)

in which gũ,u ∈ CN denotes the complex channels from the
ũ-th BS transmitter to the ports of UE u, su is the information
symbol for UE u with E[|s2

u|] = σ2
s , and ηu denotes the

complex additive white Gaussian noise vector at the ports of
UE u whose elements are independent, identically distributed
(i.i.d.) and have zero mean and variance of σ2

η . Note that in
(1), we have adopted vectorization to convert the supposed 2D
channel matrix (e.g., the channels over 2D ports) into a one-
dimensional (1D) channel vector, gũ,u, with an appropriate
mapping between the (n1, n2)-th port and the k-th port, i.e.,
k = map(n1, n2). Specifically, we have

n1 =

{
N1 if k mod N1 = 0,

k mod N1 otherwise,
(2)

and

n2 =


⌊
k

N1

⌋
if n1 = N1,⌊

k

N1

⌋
+ 1 otherwise,

(3)

where bxc returns the floor integer of x.
The channel is modelled using the finite scatterer channel

model [41] so that

gũ,u =

√
KΩ

K + 1
ejδũ,ua(θ

(ũ,u)
0 , φ

(ũ,u)
0 )

+
1√
Np

√
1

K + 1

Np∑
`=1

κ
(ũ,u)
` a(θ

(ũ,u)
` , φ

(ũ,u)
` ), (4)

in which K is the Rice factor measuring the relative strength
of the line-of-sight (LoS) path over the non-LoS paths, δũ,u



denotes the phase of the LoS component, κ(ũ,u)
` represents the

complex channel coefficient of the `-th non-LoS component
with E[

∑
∀` |κ

(ũ,u)
` |2] = Ω, Np is the number of non-LoS paths,

and a(θ, φ) is the steering vector given by

a(θ, φ) =

[
1 e

j
(

2πW1
N1−1

)
sin θ cosφ · · · ej2πW1 sin θ cosφ

]T
⊗
[
1 e

j
(

2πW2
N2−1

)
sin θ cosφ · · · ej2πW2 sin θ cosφ

]T
, (5)

where ⊗ denotes the Kronecker tensor product, θ and φ are,
respectively, the azimuth and elevation angle-of-arrival (AoA)
of the corresponding path, and the superscript T denotes the
transposition operation. The AoAs are uniformly distributed
between 0 and 2π and independent. In this model, we have
the channel power given by Ω = E[|[gũ,u]k|2] in which [·]k
returns the k-th entry of the input vector. Note that the BSs
are assumed to be far apart from each other so that they see
completely different sets of scatterers in the environment.

For benchmarking purposes, we define the average signal-to-
noise ratio (SNR) as Γ =

Ωσ2
s

σ2
η

.

B. Signal Model and Detector for CUMA

The working principle of CUMA is that at each UE, say u, a
set of ports, denoted as K, are activated and the received signals
at the activated ports are superimposed in the analogue domain
without co-phasing. To proceed, we define

rI
u(K) =

∑
k∈K

real ([ru]k) ,

rQ
u (K) =

∑
k∈K

imag ([ru]k) .
(6)

The above signals correspond to the in-phase and quadrature
components of the aggregated complex signal. Denoting the
complex information symbol as su = sI

u + jsQ
u , we have

rI
u(K) =

[∑
k∈K

real ([gu,u]k)

]
sI
u

+

[
−
∑
k∈K

imag ([gu,u]k)

]
sQ
u

+
∑
k∈K

real


 U∑
ũ=1
ũ 6=u

gũ,usũ + ηu


k

 (7)

and

rQ
u (K) =

[∑
k∈K

imag ([gu,u]k)

]
sI
u

+

[∑
k∈K

real ([gu,u]k)

]
sQ
u

+
∑
k∈K

imag


 U∑
ũ=1
ũ 6=u

gũ,usũ + ηu


k

 . (8)

In order to obtain the real-valued signals rI
u(K) and rQ

u (K),
UE u simply retrieves the in-phase and quadrature components
of the superposition of the received signals from the activated
ports, according to some set K. No scaling nor phase shifting
is required before aggregation, so only one RF chain suffices
to obtain the two real-valued output signals.

In [40], it was proposed to obtain two sets, K1 and K2. One
attempts to select the ports where the real parts of the desired
user channels are aligned (i.e., all positive or all negative), while
another set does the same but focusing on the imaginary parts
of the desired user channels. If we now denote the set that
contains the ports that have all positive in-phase channels for the
desired user channel as K+

1 and all negative in-phase channels
as K−1 , then K1 can be determined by deciding on whether all
positive in-phase or all negative in-phase channels are preferred.
In particular, this can be done by∣∣∣∣∣∣

∑
k∈K+

1

real ([gu,u]k)

∣∣∣∣∣∣
K+

1

≷
K−1

∣∣∣∣∣∣
∑
k∈K−1

real ([gu,u]k)

∣∣∣∣∣∣ . (9)

The set K1 chooses between K+
1 and K−1 according to (9).

Similarly, we also have the set K2 such that∣∣∣∣∣∣
∑
k∈K+

2

imag ([gu,u]k)

∣∣∣∣∣∣
K+

2

≷
K−2

∣∣∣∣∣∣
∑
k∈K−2

imag ([gu,u]k)

∣∣∣∣∣∣ , (10)

where K+
2 and K−2 are defined similarly.

With K1 and K2, known, UE u can estimate its symbol by

s̃u =


A −a
a A
b −B
B b


−1 

rI
u(K1)
rQ
u (K1)
rI
u(K2)
rQ
u (K2)

 , (11)

where
A =

∑
k∈K1

real ([gu,u]k) , a =
∑
k∈K1

imag ([gu,u]k) ,

B =
∑
k∈K2

imag ([gu,u]k) , b =
∑
k∈K2

real ([gu,u]k) .
(12)

III. EXTENSION TO 4 RF CHAINS

The standard version of CUMA as proposed in [40] assumes
that there are only two RF chains at each UE receiver. If there
are now 4 RF chains available, then instead of having only two
sets, K1 and K2, we can have up to four sets and combine the
signals from them to improve detection performance. Also, the
comparison in (9) and (10) becomes unnecessary. Hence,

s̃u =



A −a
a A
C −c
c C
b −B
B b
d −D
D d



−1 

rI
u(K+

1 )
rQ
u (K+

1 )
rI
u(K−1 )
rQ
u (K−1 )
rI
u(K+

2 )
rQ
u (K+

2 )
rI
u(K−2 )
rQ
u (K−2 )


, (13)



Fig. 2. Rate performance against the number of users.

where

A =
∑
k∈K+

1

real ([gu,u]k) , a =
∑
k∈K+

1

imag ([gu,u]k) ,

C =
∑
k∈K−1

real ([gu,u]k) , c =
∑
k∈K−1

imag ([gu,u]k) ,

B =
∑
k∈K+

2

imag ([gu,u]k) , b =
∑
k∈K+

2

real ([gu,u]k) ,

D =
∑
k∈K−2

imag ([gu,u]k) , d =
∑
k∈K−2

real ([gu,u]k) .

(14)

IV. SIMULATION RESULTS

In this section, we evaluate the rate performance of CUMA
with an increased number of RF chains at each mobile UEs
using Monte Carlo simulations. The parameters (ρ,Nmax) =
(0.4, 240) have been set and for definitions of these parameters
in CUMA, readers are referred to [40]. The results could be
interpreted as having the carrier frequency of 26 GHz, and each
FAS size as 15 cm×8 cm if W̄ = 13λ×7λ. In the simulations,
we considered rich scattering so that Np = 500 with or without
the LoS. We note that at such frequency, the channel does not
normally have rich scattering phenomenon but it can be easily
restored by using a large number of random scattering surfaces
[42]. In the figures, other related system parameters are clearly
stated when needed.

Fig. 2 provides the average network rate results against the
number of users in the system. As we can see, the network rate
increases with the number of users despite a diminishing return.
This illustrates that CUMA can effectively deal with multiple
access even though no precoding is used at the BS and no SIC
is adopted at the UEs. The results also show that having 4 RF
chains instead of 2 gives a significant boost in rate performance
and the performance gain by increasing the number of ports is
also more apparent. The results in Fig. 3 however indicate that
the rate performance is invariant over a wide range of SNR,
which is expected in the interference-limited regime. The great
performance of CUMA also does not depend on whether the
LoS is present, as shown in Fig. 4. Finally, Fig. 5 reveals that

Fig. 3. Rate performance against the SNR.

Fig. 4. Rate performance against the Rice factor.

Fig. 5. Rate performance against the size of FAS.



the size of FAS at each UE plays a major role in the rate
performance, as expected.

V. CONCLUSION

In this paper, we has extended CUMA, a recently developed
multiple access scheme using FAS, to the case where each UE
has 4 RF chains. The simulation results demonstrated that the
rate performance of CUMA can be significantly enhanced.
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