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Abstract—Reconfigurable intelligent surface (RIS) has recently
emerged as a promising technology to extend the coverage of a
base station (BS) in wireless communication networks. However,
the adoption of RIS comes with the challenges of highly complex
joint optimization of the multiple-input multiple-output (MIMO)
precoding matrix at the BS and the phase shifters of the RIS as
well as estimation of the cascaded channels. To circumvent this,
this letter presents a new paradigm that uses RISs as distributed
artificial scattering surfaces (DASSs) to produce a rich scattering
environment that enables fluid antenna system (FAS) to prevent
multiuser interference at each user equipment (UE). The use of
fluid antenna multiple access (FAMA) liberates MIMO and RIS
and greatly simplifies their optimization. Our simulation results
show that with DASS, slow FAMA can obtain a high multiplexing
gain without precoding and phase shifter design when the direct
link does not exist. In the presence of the direct link, nonetheless,
BS precoding becomes essential. Our results further reveal that
fast FAMA with 20 DASSs can accommodate 64 co-channel UEs
to achieve a multiplexing gain of 59.3 without precoding at the
BS nor RIS phase shifter optimization and the direct link.

Index Terms—Artificial scattering, fluid antenna system, mas-
sive connectivity, reconfigurable intelligent surface.

I. INTRODUCTION
A. Motivation

HE fifth-generation (5G) New Radio (NR) has turned to
higher frequency bands for larger quantities of spectrum
and capacity and supports up to 60 GHz (i.e., V-band). There
has also been strong interest about using the terahertz bands
(> 100 GHz) in the being developed sixth-generation (6G) [1].
Higher frequency unfortunately means shorter distance. It was
reported that in terms of power consumption, 5G is between
two and four times greater than 4G. Huawei estimated that the
total power consumption by telecom networks will reach 100
billion kWh, a figure doubling the pre-5G era [2].
5G technologies are evidently much more energy efficient
than 4G under the same traffic conditions. However, to restore
coverage in the higher frequency bands, network densification
becomes necessary to bring base stations (BSs) or remote radio
heads (RRHs) closer to user equipments (UEs) [3], causing a
huge increase in the energy footprint and power consumption.
To counter this problem, in recent years, reconfigurable intel-
ligent surface (RIS) has emerged as a possible solution.
RIS offers a large aperture to capture radio waves and intel-
ligently redirects them to/from the intended UEs by adapting
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the reflection coefficients of the radiating elements (a.k.a. unit
cells) [4], [5]. A key advantage of RIS is that it does not need
power-hungry amplifiers that require dedicated power supply.
With advances in low-power electronics, perpetual operation of
RIS has even been suggested [6]. Thus, network densification
may be partly achieved via RIS deployment.

Howeyver, the recent trend of RIS research seems to take a
different approach and demand a lot of power consumption in
signal processing and computation. To obtain the performance
gain, there is a need to jointly optimize the precoding matrix at
the BS and the phase shifters at the RIS [4], [5], let alone the
acquisition of channel state information (CSI) of the cascaded
channel. Note that the 5G Type II NR multiuser multiple-input
multiple-output (MIMO) precoder is already complicated [7]
and incorporating the RIS phase shifters optimization will be
extremely difficult. Furthermore, the beamforming-based RIS
approach is hardly scalable because if there are more than one
RISs in the vicinity, the phase shifters of all the RISs need to
be coordinated.! On the other hand, [8] warned that RIS can
be adversarial and easily present a security risk.

B. New Paradigm

Following the first two parts of this letter, we present a new
paradigm that reinvents RIS to collaborate with fluid antenna
system (FAS). In this paradigm, RISs serve as distributed arti-
ficial scattering surfaces (DASSs) that provide the conditions
desirable for fluid antenna multiple access (FAMA). As such,
joint optimization of the phase shifters of the RISs is no longer
required and RISs safely coexist without coordination. Fig. |
illustrates such scenario where a MIMO BS communicates to
several FAS-aided UEs in the presence of many DASSs.” As
a matter of fact, the importance of BS precoding is also much
reduced in this setup (unless the direct link is present) because
the ‘natural’ interference null is exploited at the UEs.

FAS represents novel flexible radiating structures to enable
position-switcheable antennas [9]. FAMA is a multiple access
scheme in which the UEs employ FAS to find and access the
spatial opportunity of the interference null produced naturally
by the propagation environment [10], [11]. A brief review of
FAS has been provided in the first part of this letter [12]. In
[12], we also demonstrated that in the two-user case, FAMA
outperforms the Han-Kobayashi (HK) scheme, suggesting that
FAMA have potential for extreme massive connectivity.

In this finale of the three-part letter, our aim is to investigate
the performance of FAMA when it is applied in the MIMO
downlink in the presence of RISs. We are interested in finding
out if RISs as DASS contribute to improving the performance
of FAMA and whether precoding at the BS is really necessary

' An unmanaged RIS will mess up the signal quality of the nearby UEs. In
addition, an RIS cannot be stopped for ‘unwanted’ passive reflection.

2In this letter, the terms ‘RIS’ and ‘DASS’ are used interchangeably because
RIS is functioning as DASS without optimization of the phase shifters.
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for desirable performance. The focus will be on the millimeter
wave (mmWave) bands where RIS deployment is expected to
recover the range. To model the channel, we adopt the spatial
scattering model in [5] which is originated from [13]. Besides,
we utilize the sectoring concept in [14] to model the random
angle-of-departure (AoD) and angle-of-arrival (AoA) of each
channel path to and from an RIS in the mmWave band.

C. Highlight of Results

Assuming a one-dimensional (1D) W A-long FAS with one
activated port at each UE where A denotes the wavelength, our
results disclose the following properties for the MIMO-FAMA
downlink when RISs act as DASS.

o The normalized size W of FAS is essential in the perfor-
mance of FAMA. Higher frequency thus usually delivers
better performance as the FAS affords a larger space.

o However, higher frequency tends to have a more direc-
tional channel (narrower AoDs) from the BS to the RISs,
which increases correlation among different UE channels
and hence hinders slow FAMA to avoid interference.

e The number of unit cells, N¢q1, on a DASS does not need
to be large and a few unit cells perform as well as many
in terms of generating differences in the UE channels for
slow/fast FAMA. It is much more effective to have more
DASSs, N,is, than more unit cells on a DASS.

o Precoding at the BS is only indispensable for slow FAMA
and only when the direct link between the BS and UEs is
present. In this case, choosing the principal right singular
vector of the direct-link channel matrix as the precoding
vector for the UE outperforms that of the overall cascaded
channel matrix. In other words, even when BS precoding
is performed, the cascaded channel CSI is not needed.

o When the direct link exists, the presence of DASSs does
little to the performance if BS precoding is employed but
improves the performance greatly without precoding.

o Without the direct link, the results show that at 26 GHz,
slow FAMA obtains a multiplexing gain® of 4.8 serving 5

3Same as in [10], [1 1], we consider the case that the BS is transmitting a
fixed rate to every UE and as a result, the multiplexing gain is defined as the
capacity scaling based on the average outage rate.
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A downlink system with a MIMO BS communicating to many FAS-aided UEs supported by many RISs serving as DASS.

co-channel UEs, with the aid of N, = 12 DASSs. Also,
at f = 40 GHz, the multiplexing gain is increased to 5.7
serving 6 co-channel UEs with the same Ns.

e In the case of fast FAMA, the UEs can support a much
higher signal-to-interference plus noise ratio (SINR) tar-
get, v, than in slow FAMA. BS precoding is less impor-
tant with and without the direct link. Most importantly,
at f = 40 GHz, the results illustrate that a multiplexing
gain of 59.3 serving 64 co-channel UEs is achieved with
Niis = 20 DASSs. This figure rises to 85.4 when serving
100 co-channel UEs under the same conditions.

II. DOWNLINK MIMO-FAMA WITH DASS
A. System Model

We consider a downlink system where a MIMO BS commu-
nicates to U FAS-aided UEs in the presence of N;;3 DASSs.
The BS is equipped with a uniform square array (USA) of IV
elements while each UE has a 1D W A-long N-port FAS. The
DASSs are located far apart from each other to have different
AoDs from the BS and AoAs to the UEs. Every DASS has
Ncen unit cells over a two-dimensional (2D) square grid.

With the usual assumption of an omnidirectional radiation
pattern of each port at FAS and negligible port switching delay,
we can write the cascaded channel matrix, H,, ,, € CNXNe,
between the BS and UE u via the n-th DASS using the spatial
scattering model (each unit cell as a scatterer) in [5, (4)] as

1
H, . - eI enm x
NCNTR
aT(QXZX?m’ %&X?m)ai(egﬁ)}D,m’¢XLO)D,m)7 (1)

where d; and dy denote, respectively, the distance between
the BS and DASS n and that between DASS n to the UE,*
o and «o are the corresponding path loss exponent, @y, ,, is
the resulting phase shift acted on the m-th unit cell of DASS
n, HXL’Z)m, Aﬁ;x)m, XQD_m, XLO)D . denote, respectively, the
azimuth AoA and the elevation AoA from DASS 7 to UE u

“4For notational simplicity and ease of our discussion, we assume the same
distances from the BS to all DASSs and from every DASS to any UE.
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due to the m-th unit cell, the azimuth AoD and the elevation
AoD from the BS to the m-th unit cell of DASS n, and the
steering vectors, a,.(0, ¢) and a; (6, ¢), are given by

. . R T
ar(9;¢) |:1 ej(r‘;\;"}[{)smecoszﬁ . e]27rWs1n9cos¢>:| (2)

and

a,(0, ¢) = [1 pimsinfcosd ejn(\/zvi—nsinecowr

® |:1 ejﬂsinﬂcosc/)_._ ejﬂ(mfl)sinecos¢:|T’ (3)

where ® denotes the Kronecker tensor product.
For the direct-link channel, G&") € CN*Nt we can use the
finite scattering model in [13] so that

\/ K e-j‘sux
\/dTl
TOREOI

( AoA 07 AoA O)at <9A0D 0' PAoD,0

\/ +1 ZB(U)

XLO)A z)at (9A0D 0 ¢A0D 4) “)

(erA Al

where 6, ¢ denote the azimuth and elevation angles defined
in a similar way as before but for the specular and scattered
components, dj is the distance between the BS and UE, K is
the Rice factor, IV, is the number of scattered paths, J,, denotes
the random phase of the specular component and Bé“) is the
complex Gaussian channel of the ¢-th scattered path of the
direct-link channel between the BS and UE wu. Note that in
the mmWave bands, K > 1 and NV,, should be small.

To model the angles, 6, ¢, we utilize the sectoring concept

in [14]. Hence, the probability density function of 6 is
1 . * A6 * A6
_ ) g - <O0<0"+ 5
re(0) { 0  otherwise, )

where 6* ~ U(0,27) represents the mean angle, and A#f is
the parameter that dictates the directivity of the channel. For
higher frequency, A6 should be smaller. Similarly, ¢ can be
modelled with its mean ¢* and range A¢. Note that if d; > da,
then the range of AoDs (i.e., AAoD) from the BS to a DASS
is smaller than AAoA from the DASS to the UE.

Overall, the received signals at the FAS ports of UE u can
be expressed in vector form as

Niis U
r, = (G“” - ZHn ) (Z wasﬂ> +1,,  (6)
a=1

I:Iu

where H,, represents the overall channel matrix from the BS to
UE u, n,, denotes the complex additive white Gaussian noise
(AWGN) vector with independent and identically distributed
(i.i.d.) entires each following CN (0, 0727), and sz denotes the
symbol for UE « transmitting using precoding vector w;. Note
that the phases {¢,,  } at the DASSs are randomly generated
while the optimization of wy will be discussed later.

TABLE 1
THE SIMULATION PARAMETERS SPECIFIC TO FREQUENCY.
f (GHz) A (cm) | W | Length (cm)¥ AAoD AAoA
26 1.2 15 17 10° 30°
40 0.75 30 22 5° 10°

TThe length can be much shorter if a 2D FAS is considered.

TABLE I
OTHER SIMULATION PARAMETERS.

N | do(m) | di(m)|do(m)| a1 | ag | T (dB)
1000 100 | 70 | 40 [ 4] 2] 10

For benchmarking, we define the average received signal-
2

to-noise ratio (SNR) as I' = d?l

if the direct link is present;

2
otherwise, I' = df“fﬁ’ where 02 = E[|s?] for all the UEs.

B. FAMA

At UE u, the best port k* out of all the NV ports is activated
according to some criterion.” For slow FAMA, we have
o? |[Huw.,]

|2

K

- — @
Sl [ o

which is analogous to [12, (4)]. In (7), the notation [x]; obtains
the k-th entry of x. In the case of fast FAMA, we have

k* = arg max

| [Huw.]

|2

k

- 5 ®)
o)

which resembles [12, (5)]. How the instantaneous energy ratio
in (8) can be estimated has been addressed in [15].

Given that a fixed rate is transmitted to every UE specified
by an SINR threshold v, the multiplexing gain is given by

m = U (1 — E, [Prob (SINR,, x» < v)]) < U. 9

k™ = arg max

C. Precoding Design

In this letter, we consider the following precoding schemes.

o Identity precoding—Set [w; ---wy]| =L

« Random precoding—Choose [w; - - - wy] randomly.

e SVD (singular-value decomposition) of Gfi“)—Select Wy
as the right principal singular vector of the direct-link
channel G&") for UE u.

e SVD of H,—Select w, as the right principal singular
vector of the overall channel H,, for UE .

III. SIMULATION RESULTS
A. Setup

In this section, we provide and discuss the simulation results
of the MIMO-FAMA downlink network with the aid of DASSs
based on the system model described above. Two frequencies
are considered and the simulation parameters are presented in
TABLE I & II. All the BS antennas have the same mean AoD
to a given DASS whose unit cells have the same mean AoA
to a particular UE. The mean angles are randomly generated.

SMore than one ports can be activated if more than one radio frequency (RF)
chains are available. In that case, signal combining over multiple activated
ports should be considered. We defer this study to future work.
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Fig. 2.  Multiplexing gain of slow FAMA versus N at f = 26 GHz.
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Fig. 3. Multiplexing gain of slow FAMA versus Nyis at f = 26 GHz.

Note that a USA is adopted at the BS. Therefore, [V, is chosen
as the minimum square number which is greater than or equal
to U. Despite this, for identity or random precoding, only the
first U BS antennas are used for transmission. Also, in all the
figures except Fig. 6, identity precoding is employed. Figs. 2—6
study slow FAMA while Fig. 7 considers fast FAMA.

B. Multiplexing Gain against Ne and Nys

Results in Figs. 2 and 3 are given for the multiplexing gain
at 26 GHz against the number of unit cells, N, and the
number of DASSs, Vs, respectively. The results indicate that
the multiplexing gain increases with N,y but saturates quite
quickly. The reason is that the AoDs from the BS to the unit
cells of a DASS and the AoAs from the unit cells to the UE
have the same means. As such, the channels with an increased
number of unit cells are highly correlated, which explains the
diminishing return. By contrast, we see that the multiplexing
gain can be much improved when N, increases. In addition,
another observation is that the number of (co-channel) UEs
cannot be excessively large because given the size, FAS may
be unable to overcome the interference. Figs. 4 and 5 provide
the corresponding results for 40 GHz where the results show

45
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—a = X U 3
35 OuU=
AU=5
c 30 S U=6|
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g)2.5
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= 15 /;& ris — W =30
S/ I' = 10dB
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0 1 4 9 16 25 36

Number of unit cells

Fig. 4. Multiplexing gain of slow FAMA versus N at f = 40 GHz.
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Fig. 5. Multiplexing gain of slow FAMA versus Ny at f = 40 GHz.

even more promising multiplexing gain results. In summary,
at 26 GHz, slow FAMA can achieve a multiplexing gain of
4.8 serving 5 co-channel UEs while at 40 GHz, slow FAMA
can support 6 or 7 UEs to have a multiplexing gain of 5.7.

C. Precoding Comparison

Here, we investigate the importance of precoding design in
the MIMO-FAMA system. Without providing the results, we
like to point out that if the direct link does not exist, precoding
optimization will fail. The reason is that all the UEs share the
same channel from the BS to any DASS, any smart precoding
trying to focus the signal power towards the DASS will not
help in separating the UE signals. Secondly, normal precoding
design usually expects the UE to have a beamforming vector
matching to the transmit precoding in order to work. However,
in FAMA, no beamforming is employed at the UE. Now, let
us discuss the results in Fig. 6 when the direct link does exist.
As we can see, precoding becomes important and increasing
N.is does only little in improving the performance further. By
contrast, for random precoding, slow FAMA works well only
if Vyjs is large and even so U cannot be large. Another useful
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finding is that SVD precoding of the direct link channel works
even better than that of the overall channel.

D. Massive Connectivity using Fast FAMA

So far, all the results discussed are for slow FAMA. In this
subsection, we reveal what can be achieved if fast FAMA is
considered by the results in Fig. 7 where the SINR threshold ~
is raised to 5 or 10 dB. Identity precoding is assumed and no
direct link exists. One remarkable finding here is that unlike
slow FAMA, the multiplexing gain in fast FAMA increases
linearly with the number of co-channel UEs, U. That is, more
UEs do not mean higher difficulty to avoid interference. In
fact, to the contrary, one could argue that more UEs contribute
to creating interference null in (8). The results also indicate
that evidently, a necessary condition for fast FAMA to function
well is to have a good number of N, e.g., > 4. Importantly,
we should point out that if we continue to increase the number
of users to U = 100, fast FAMA can deliver a multiplexing
gain of 85.4 and 54.3 at v = 5 and 10 dB, respectively.

We conclude this section by pointing out that recently, [16]
draws a similar conclusion that RIS as a random reflector can
be beneficial in creating the channel conditions for multiple

access. In particular, it was shown that a random RIS reflector
would increase channel orthogonality among the UEs allowing
zero-forcing (ZF) to approach the performance of dirty-paper
coding (DPC). However, the conclusion was limited to main-
taining the use of ZF in place of the more complex DPC. By
contrast, our results illustrate that even ZF is unnecessary if
we have FAS at the UEs to handle the inter-user interference.
In addition, it is worth mentioning that [16] bases its analysis
using a rich-scattering channel model while the finite scatterer
model in this letter is more suitable for mmWave channels.

IV. CONCLUSION

In this letter, we presented a new paradigm where RISs act
as DASSs without optimization to realize massive connectivity
of FAS-aided UEs. The results illustrated that a good number
of DASSs effectively randomize the UE channels for FAMA.
Without the direct link, BS precoding appears ineffective and
FAMA is able to accommodate a large number of UEs.
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