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Abstract—In this paper, we study integration strategies for
reconfigurable intelligent surfaces (RISs) in distributed MIMO
(D-MIMOQO) systems as one of the promising techniques for
evolving 5G networks and beyond (6G). The scalability of D-
MIMO systems to large networks in a practically feasible way is
challenging. The exploitation of cost-effective and energy-efficient
dynamic access point (AP) clustering techniques and densification
enablers is crucial for such systems to sustain the required level of
performance and reliability while mitigating the environmental
and economic challenges related to future network operations.
RIS is well regarded as a low-cost, rapidly deployable, energy-
efficient candidate offering extra diversity in the spatial domain.
This work explores RIS-aided multi-AP systems attaining certain
prescribed key performance indicators (KPIs) while considering
the energy consumption in the system.

We concentrate on indoor use cases with large user equipment
(UE) populations where the service coverage is low due to the
high obstacle density. To that end, we propose dynamic user-
centric AP clustering and RIS placement techniques adapted for
serving multi-user indoor systems. Here, we use an alternating
optimization method as a sub-optimal solution for RIS phase-
shift configuration, keeping the computation complexity low. We
show that the integration of RISs in D-MIMO systems is an
attractive approach to enhance energy efficiency and provide the
scalability required in 5G and beyond (6G).

Index Terms—D-MIMO, RIS, user-centric AP clustering, en-
ergy efficiency, service coverage probability, 5G, 6G, Reconfig-
urable intelligent surface.

I. INTRODUCTION

The exponential growth and advancement in the field of
wireless communications look forward to a future with a
highly reliable and energy-efficient network. Initially, most
of the research in wireless communication mainly aimed to
provide a consistent and high quality of service (QoS) to its
users, which has led to an energy efficiency trade-off from
the system power consumption perspective. Thus, it became
important to consider an energy-efficient technology capable
of tackling this trade-off and thereby promoting sustainability
in the upcoming generation of wireless networks.

The present multiple input multiple output (MIMO) net-
works are planned to be replaced by distributed MIMO (D-
MIMO) networks that serve users by multiple access points
(APs) instead of a single AP as in the MIMO network. Serving
UEs with multiple distributed APs creates macro-diversity and
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leads to better data rates, reliability, and service coverage [1].
Even though the D-MIMO network is capable of providiing
the above-mentioned performance improvement, the users in
the network still suffer from a lack of service coverage due
to high blockage especially in an indoor scenario due to
the presence of multiple stationary and mobile obstacles [2].
Thus, the use of network extenders was found necessary to
expand the coverage. Repeaters capable of redirecting the
signal from APs to unreachable users by beamforming using
amplify-and-forward were the initial choice of solution to this
problem. These repeaters require a particular backhaul (BH)
and access link to enable their beamforming capability and
thus contribute to higher overall network energy consumption
if deployed abundantly in a lower coverage area [1]. Thus, it
became crucial to come up with an energy-efficient alternative
that is capable of resolving the network coverage issue.
Reconfigurable intelligent surfaces (RIS), which combine the
technologies and properties of metasurface materials with
multi-antenna techniques to reshape the radio propagation
environment can play a pivotal role as an alternative solution
to resolve such issues.

RIS is a planar meshed surface with multiple passive re-
flective surfaces attached to each grid, which can coordinately
align its phases using a controller and perform beamforming.
Thus, like repeaters, RIS will also require a control link but not
any particular BH and access link with additional capabilities
to support the beamforming [1]. RISs can be deployed densely
in a network due to their low energy consumption. Also,
the passive nature of the elements in RIS allow them to be
coated to any surface without hassle, making its deployment
faster. Hence, deploying RIS in an indoor D-MIMO network
can efficiently solve the service coverage issue while being
sustainable.

In this paper, we study the performance improvement gained
by integrating RIS to an indoor D-MIMO system with high UE
density. We also focus on identifying optimal AP cluster sizes
and strategies to use RIS for serving the UEs in the above
system. Furthermore, we investigate the potential of RIS to
replace an AP in a multi-AP serving scenario like D-MIMO.

The structure of the rest of the paper is as follows. In section
I, we discuss the system model where we investigate the
deployment strategies, modeling of the RIS, channel model,
alternating optimization algorithm for joint precoding, associ-



ation strategies, and scheduler model. In section III, a com-
parative study is performed between D-MIMO systems with
and without RIS integration for the best AP cluster sizes to
analyze the benefits and future use cases of RIS. In this section,
we also provide performance parameter analysis of signal-
to-interference-plus-noise ratio (SINR), energy efficiency, and
service coverage probability for the RIS-assisted D-MIMO
system w.r.t. the transmit power of the AP, and number of
RIS elements to validate its influence in the performance
of the system model. Finally, in section IV, conclusions are
drawn from the previous section and our future works are also
discussed.

II. SYSTEM MODEL

As shown in Fig. 1, we consider a two-tier heterogeneous
(HetNet) indoor D-MIMO network. The size of the indoor
environment is 300 m x 150 m where APs with Ntx antennas
and gain GTx are uniformly deployed at a height Aap. The
operational bandwidth (B) of the system is chosen as 100
MHz while carrier frequency (f.) is chosen as 4 GHz (sub-6
GHz frequency range). We model the user equipment (UE)
distribution by a finite homogeneous Poisson point process
(FHPPP) with user density A, which suits well to model the
random number of UEs distributed inside a finite region. Here,
the UEs are considered to have Ngx antennas with gain Grx.

The RIS is modeled as a mesh square grid model consisting
of N x N elements each having a gain Ggjs and dimensions
A/2 x A\/2 m?. Each element is [-bit reconfigurable and thus
has 2! combinations of phase shifts for redirecting the incident
signal to the desired direction. To find the best locations for
deploying RIS within each cell in the traditional D-MIMO
model, we analyze the average service coverage probability
received by the UEs corresponding to all possible locations
within each cell for multiple UE realizations. The RISs are
then deployed at those positions that give the maximum service
coverage probability for the UEs in the system.

A. Channel model

The 3GPP TR 38.901 line-of-sight (LoS) probability
(Prros) model for indoor hotspot (InH) is used for checking
the LoS availability between the AP and UE based on the 2D-
Euclidean distance dop between them [3] as shown below.
1, if d2D S 1.2 m;
exp(%) if 1.2 m < dop < 6.5 m;
exp(w) 0.32, if dop > 6.5 m.

1
We use Rayleigh and Rician small-scale fading, while 3GPP
TR 38.901 InH pathloss model is used to characterize the
pathloss between the AP and UE based on the 3D-Euclidean
distance dsp [4] [S]. The LoS pathloss (dros) and NLoS
pathloss (dn1,05) have separate formulae as shown below.

Oros(dsp) = 32.4+17.3log,,(d3p) +20log (fe) +eros, (2)

=max(dr,0s(dsp), (38.3log;,(dsp)
+17.3 + 24-910g10(fc))) + ENLoS-

Prios(don) =

dnLos(dsp)

3)

Here, €105 and enrpos represent the shadow fading in the
LoS and NLoS paths respectively, which can be represented
as a log-normal distribution with standard deviations values
OLos = 3 dB and onros = 8.03 dB, respectively.

B. Alternating optimization algorithm for joint precoding

An alternating optimization algorithm for joint precoding
as proposed in [6] is utilized to perform codebook-based
beamforming for transmission in the downlink (DL). The
above-mentioned algorithm is designed for a narrow-band
system and therefore this algorithm serves as a foundation for
developing a new algorithm to support a wide-band system.
The pseudo-code of the algorithm for the wide-band system
that is developed is shown in Algorithm 1. Aligning the
phase of RIS towards a particular UE requires channel state
information (CSI). In this research, we assume that CSI is
already known to the transmitter for simplifying the problem
formulation and analysis of the RIS-assisted D-MIMO sys-
tem [7].

Algorithm 1 Alternating optimization of joint precoding for
maximization of received power at UE for a wide-band system

repeat for k = 1,...,W sub-carriers

Initialize wk], q1[x], and ga[x] to feasible values

repeat for n iterations

9w = G[x]"w[x] and hy = Hi[x]q:[x ]+H2[ Ja2[k]:
Set O, [x] = —Agw(n)h (n),Vn=1,.

Phase correction, § = Zw|[k]" Ry[x]q [ ]

Ai[k] = Rilk]; As[k] = (G[ﬁ]@[ﬁ}Hg[ﬁ]e’je) +
Ro[k];

Alr) = Ayl + Al

Perform SVD(A4;[x]) and SVD(Az[k]) to obtain up-
dated ¢;[x] and g2[k] as right unitary matrices;
Perform SVD(Ak]) to obtain updated w[x]| as left
unitary matrix;

until convergence;

Pr[x] =] (w[r]" A [K]qr[]) + [k]) I
until end;

Perform greedy-algorithm to determine g¢i[kopt], q2[Kopt]s
W[Kopt], and @[kep] corresponding to k. which provide
P, [K‘]max;

Utilize q1 [”opt]’ q2 [”opt]’
P[]V k;

(w[k]" As[K]go

W[kKopt), and P[kqp] to re-calculate

Here, for simplicity, without the loss of generality compared
to a larger AP cluster serving scenario, we consider that 2
APs are serving each UE simultaneously, and 1 RIS supports
coordinated serving. The channels R[] and Rj[] represent
the channel between AP;-UE and AP5-UE corresponding
to the sub-carrier k respectively. Moreover, the channels
H,[k], Hy|x], and G’ [k] represent the channel between AP; -
RIS, AP>-RIS, and RIS-UE respectively corresponding to the
sub-carrier k. Here, the channels are modeled as Rician or
Rayleigh channels based on the availability of the LoS. Each
channel has its corresponding effect on the channel gain G
and pathloss § between its transmitter and receiver end. For
the Rician channel, the LoS component is modeled such that



it is influenced by a pair of the array response vector at AP
(vrx), UE (vgrx), or RIS (vgrrs) end to include the effect
of its respective phase variation to the channel to make the
channel more realistic. The resultant direct channels from the
two APs are denoted as R;[r] and Rz[x] and the resultant
channel between AP;-RIS, AP>-RIS, and RIS-UE are denoted
as Hi (x|, Ha[k], and G|k] respectively. The phase shift matrix
of the RIS w.r.t. the sub-carrier k is represented as ®[x],
which holds phase shift values ®,,[k] forn =1,..., N on its
diagonal, such that ®[x] = diag(e/®1[x] ... e/®~[4]) Here
we implicitly assume Gris = 4 dB. The vectors ¢[«] and
ga2[k] are used to represent the unit-norm precoder at APy
and AP; respectively for the sub-carrier . Furthermore, w[x]
represents the unit-norm combiner at UE w.r.t. the sub-carrier
k. The precoders and combiner are of length Ntx and Nyx
respectively. The precoded and combined channels are denoted
as hy and g,,, respectively.

In this model, the channel from APs is considered to
suffer from a larger pathloss than from AP; based on the
AP selection in terms of pathloss between AP-UE. Hence,
AP, requires additional assistance by RIS with its phase-
shift optimized w.r.t. AP, and the UE that is being served.
Firstly, we initialize ¢ [«], g2[k], and w[k] with feasible values
and proceed to maximize | w[x]"G[k]|®[k]Ha[r]q2 K] |2 and
| wik] Ry [k]q[x] |© + | ws]"Ra[k]aa[k] |° by alternatively
optimizing ®[x]. Later, we repeat the same process vice-versa
by fixing the obtained ®[x] and optimize ¢1[x], ¢2[x], and
w]k]. Here, singular value decomposition (SVD) is applied to
the combined channel consisting of the direct channel and the
channel via RIS to extract the unitary matrix representing the
q1[k], g2[k], and w[k] at each step. The process is repeated for
multiple iterations until convergence of the objective function.

The signals received by the UE through the above
paths get coherently combined at the UE to obtain
the power |w[x|MG[k|®[k]|H[k]q1[k] + w[k]T Ry [K]qi[x] +
wlk]"G[k|®[k]Ha[r]g2[k] + w[r]"Ra[k]q2[x] |* at subcar-
rier x. This process is repeated for all the W sub-carriers
and its corresponding received power at target UE P[] is
calculated. Utilizing this P[], we perform greedy-algorithm
to determine the optimal sub-carrier x,p,; that provides the
maximum received power P, [K]pqz. Afterwards, the g1 [Kopt],
@2[Kopt], W[Kopt), and P[repe] corresponding to Ky are used
to re-calculate the P,[«] values. Here, we make an assumption
that the channel remains consistent across all sub-carriers of
the wide-band channel considering that any variation between
the channels among the sub-carriers is negligible i.e., all sub-
carriers of H, G, R. This same algorithm can be scaled for a
larger serving AP cluster size (pp, by combining the channels
from each AP while alternatively optimizing its corresponding
q, w, and .

C. Association and scheduler model

It is crucial to create an association strategy-based model
for efficient working of the system model. Here, we use
the uniform clustering scheme (UCS) [8], to allocate the
available resources uniformly among all the APs present in the

system. Furthermore, we use a queue-based scheduling scheme
(QSS) [8], which is responsible for assigning the APs and
RIS for serving UEs in a particular timeslot ¢ by assigning an
availability status to each AP and RIS based on the maximum
possible UEs it can simultaneously serve.

The QSS utilizes a UE-centric AP clustering approach [9]
wherein each UE initially selects, from the available APs,
a master AP. Here we chose to select the AP with the
least pathloss. The master AP checks whether the number
of available APs, including itself, and RISs in a particular
timeslot is at least equal to the number of APs (p) and RISs (s)
required to serve the UE. If this condition is satisfied, the
master AP selects, to coordinately serve the UE, the p APs
with the best channel condition. It then selects s RISs that
can be associated with those APs having the worst channel
channel condition among the serving APs. This selection of
RIS is based on the availability of RIS. A distance constraint
is also added for AP cluster selection to avoid the selection of
far away APs that cannot serve the UE efficiently. An example
model of D-MIMO serving a UE using AP cluster-size 4 and
1 RIS is illustrated in Fig. 1.

<« - Master AP link
- - Other serving AP link
- - RIS-UE link

/J/,,,,//”’(((/ = e L & WHH
< (i ‘ o < H. RIS3 _
i B - = a®

= 5

Fig. 1: RIS integrated D-MIMO system model representing a 4 AP cluster
and 1 RIS serving UE scenarios.

This selection of APs and RIS by the UEs makes the
selection process UE-centric instead of having a predefined
serving APs and RIS based on the coverage area. If the master
AP is unable to find the minimum required APs and RIS for
serving a UE, this UE gets served in a later timeslot. This
strategy of serving UEs ensures that, in the end, all the M
UEs in the network are served fairly.

D. Performance metrics

We use the SINR (), data rate (R), energy efficiency (1),
and service coverage probability () to study the performance
of different systems. The SINR +, observed at the k" UE
from the serving APs and RIS is given by the below equation.

— Pk
B Ik—|-(7,2€7

Vi 4

where o} represents the noise power, Py is the dominant
signal power and Ij represents the cumulative interference
power. The data rate Ry, received by the k"™ UE for a defined
bandwidth B can be calculated using the Shannon-Hartley
theorem. Moreover, the service coverage probability xy of the



k" UE validates whether the received data rate (Rj;) satisfies
a minimum threshold data rate (R;y) [10]:

{ 1, if Ry > Ru;
Xk = 0
&)

if Ry < Ryp.

The energy efficiency 1y measures the rate at which data can
be sent per power consumption unit. The power consumption
depends on various factors, including the transmit power Pr,
the inverse of the transmit amplifier efficiency &, and the
static power consumption of the whole system P.. The energy
efficiency while serving the k™ UE can be expressed as
below [11].

B va T+ P [¢ ’

The static power consumption can be further expressed as
a combination of static losses, Pap,,,,.. at the AP, Pyg,,,,;.
at the UE, P, at each RIS element [12], and Pcg at the RIS
controller board [13] as shown below.

P, = Pap + Pecg+ (Nris - Po). (D)

III. SIMULATION RESULTS AND DISCUSSIONS

Mk (6)

+ Pur

static static

The system model described in section II is considered for
simulation with the system parameters given in Table L.

TABLE I: System parameters.

Parameters Value

fes B, K 4 GHz, 100 MHz, 10
Pr 25 dBm

PAp,,.iicr PUEsaiicr Pbs PoB 9 dBW, 10 dBm, 0.01 dBm, 4.8 W
Noise figure (FUg) 10 dB

OLos and ONLoS 3 dB and 8.03 dB
Ntx and Nrx 4 and 1

Gtx, Grx, GRrIs 5dB, 2 dB, 4 dB
Height of AP (hap) and UE (hyg) | 2.5 m and 1.5 m
Height of RIS (hr1s) 2m

Number of RIS elements (NR1s) 128

R 100 Mbps

In the simulations, 18 APs are deployed uniformly, and 100
UEs are randomly distributed over the area of deployment
using FHPPP, and these UE locations were fixed during the
analysis. The best RIS locations were identified by analyz-
ing the average service coverage probability of the UEs for
different locations of 18 RISs with one RIS in each of the
50 m x 50 m square grid in the total deployment area for
500 independent realizations of UEs. Here, the average service
coverage probability values were determined for each position
of all the 18 RISs. Utilizing these identified best positions that
provide high service coverage probability, one RIS is deployed
in each square grid in a fixed pattern with a constraint that each
RIS is controlled by the AP in its corresponding square grid.

The applied analysis process consists of four stages: A)
Comparing the SINR CDFs of conventional D-MIMO systems
with different AP cluster sizes ({(ap) in order to determine the
optimal (ap values; B) Using the identified best three (ap
values, comparing the SINR CDFs of D-MIMO systems with
and without integrated RIS to determine the significance of

RIS in performance improvement; C) Analyzing the SINR
CDFs in the RIS-assisted D-MIMO systems corresponding
to the best three (ap values for two different Pp values to
study the influence of Pr; and D), E) analyzing the energy
efficiency n and the service coverage probability x of the RIS-
integrated D-MIMO system by varying Ngris to understand its
corresponding variation patterns in terms of Nris.

A. Analysis of optimal AP cluster size of D-MIMO

The SINR of the UEs in a D-MIMO system is analyzed
for AP cluster sizes between 1 and 6 to determine the optimal
cluster size. The system with (ap = 1 represents a MIMO
system, and the systems with (4p values from 2 to 6 represent
D-MIMO systems. The systems with different (ap and its
corresponding median SINR (7Vmedian) Values are given in
Table II.

TABLE II: Median SINR of the UEs, in dB, versus AP cluster size.

N3 1 2 3 4 5 6
Ymedian (AB) | 32.04 | 36.65 | 42.65 | 43.60 | 44.02 | 42.29

From Table II, it can be observed that the median UE SINR
shows a consistent trend as we scale the (ap value from 1
to 3. The reason is that the intended received power at the
UEs is dominant in comparison to the effective interference
and noise at the served UEs. By contrast, yyedian 1nCreases
only slightly when moving beyond (ap = 3. Between (ap
= 3 and (ap = 5, the improvement rate is dropping as the
intended received power at the UEs is only enough to balance
the resultant interference and noise. For the D-MIMO system
with (op = 6, the Yedian Value is dropping drastically and
becomes lower than that of a D-MIMO system with (ap = 3
due to the dominance of effective interference and noise at the
served UEs. Thus, increasing (ap beyond a certain threshold
value does not help. From these results, it can be concluded
that 2 and 3 are the best choices of (ap for our D-MIMO
setup.

B. Enhancement of D-MIMO performance with RIS integra-
tion w.r.t. different AP cluster sizes

o
o

8[/, =4 GHz, B =100 MHz, P,=25 dBm. \;

0.6

D-MIMO without RIS:

Prob (SINR < abscissa)
2
T

o
[
T

25 30 35 40 45 50 55
SINR (dB)

Fig. 2: SINR CDF comparison between D-MIMO systems with and without
RIS for AP cluster sizes i) 2 APs, ii) 3 APs, and iii) 4 APs.

This analysis is performed to study the improvement in
SINR at the UEs for the D-MIMO system with the integration
of RIS. In this analysis, the D-MIMO system is analyzed for



the best three AP cluster sizes, i.e., (ap € {2, 3,4}, obtained
in the previous section. To this system, we integrate one RIS
with Ny1g elements for serving each UE. Here, the RIS phase-
shift is optimized to support the AP with a high pathloss. The
SINR CDF at the UEs for the above system models were
simulated for the above three (4p values and compared with
that of the conventional D-MIMO system. The corresponding
simulation results are shown in Fig. 2.

Additional coordination with one RIS per served UE leads
to a significant improvement of Yyedian by 4.5 dB, 1.3 dB,
and 1.1 dB for the (ap values 2, 3, and 4, respectively. The
improvement is especially notable for the case (ap = 2.
The fall in the enhancement rate of the RIS-assisted D-
MIMO system observed for (ap = 3 and 4 is due to the
increases in the interference from the non-serving APs and
RIS at the served UEs as (ap increases. Furthermore, it can
be observed that the ~pedian corresponding to RIS-assisted
D-MIMO system with (ap = 3 outperforms the traditional
D-MIMO system with (ap = 4, which shows the potential
of RIS in replacing the conventional D-MIMO system with
a larger (ap by a RIS-integrated D-MIMO system with a
comparatively smaller (ap value. The above results illustrate
the SINR enhancement capability of RIS when deployed in a
conventional D-MIMO system.

C. Performance analysis of different AP cluster sizes w.r.t.
transmit power of AP for RIS-assisted D-MIMO system

o o
=N %
T T

Prob (SINR < abscissa)
s
T

=3
o
T

30 35 40 45 50 55
SINR (dB)

Fig. 3: SINR CDF comparison between different AP cluster sizes for transmit
powers i) Py = 25 dBm, and ii) Pt = 30 dBm with Nr1g = 128.

In this section, we analyze the CDF of the SINR at the
UEs for (ap = 2, 3, and 4 for the RIS-integrated D-MIMO
system corresponding to Pr values of 25 dBm and 30 dBm.
This analysis is performed to determine the influence of Pr
on the UEs’ SINR. The corresponding results are shown in
Fig. 3. It can be observed that, when the Pr value is increased
by 5 dBm, there is a significantly large rise in Yyedian by 4
dB, 3.5 dB, and 5 dB corresponding to (ap values 2, 3, and
4, respectively. This shows the influence of Pr over Ymedian-
Also, a consistent improvement in the Ypedian Can be seen
for all three cases when Pr is increased by 5 dBm. This was
found lacking in the scenario with Pr = 25 dBm. Furthermore,
the Ymedian gap between case i) case ii) increased by 0.5 dB
but the Vmedian gap between case ii) case iii) rose by 0.5 dB as
we increased Pr by 5 dBm. These results show the trade-off

between the v and Pr. Also, it can be concluded that, a good
improvement in Ympedian at UEs is obtained when we increase
the Pr by 5 dBm.

D. Energy efficiency analysis of RIS-integrated D-MIMO sys-
tem

In this analysis, the average energy efficiency 1 of UEs
present in the RIS-integrated MIMO (scenario (a) (ap = 1)
and D-MIMO system (scenario (b) (ap = 2 and scenario (c)
Cap = 3) were analyzed by varying Ngig over a range of 1
to 256 to study its extent of influence over 7. Other than Pr,
the static power consumption of AP, UE, RIS element, and
RIS control board are also considered while analyzing 7. The
analysis is performed for three P, values which include i)
0.01 dBm corresponding to the ideal passive RIS element, ii)
5 dBm, and iii) 10 dBm corresponding to a practical passive
RIS element. The results for the above 3 cases corresponding
to both the systems are shown in Fig. 4.

D-MIMO with RIS ((A‘, =3)

ith RIS ((,, = 2)

P NY 2T T e panpae T I R S T aeU I

y efficiency 7 (Mbits/Joule)

g

MIMO With RIS (C,p = 1) _ e ur = *
-

-
851 ’.‘rzzﬂ-l—u’l—-'-l-rc ]
- = =8 =i=w ~ P,=01dBm— P =5dBm— P =10dBm

-y
ey
L e
~B = - g
A~

Average ener;
P
T

75 | | | | |
50 100 150 200 250
Number of RIS elements NRIS

Fig. 4: Energy efficiency analysis w.r.t. the number of RIS elements for RIS-
integrated MIMO and D-MIMO models.

The energy efficiency of the conventional MIMO system
and D-MIMO system with (ap values 2 and 3 were observed
to be 8.06 Mbps/J, 10.01 Mbps/J, and 10.65 Mbps/J, respec-
tively. These values were observed to be improved with the
integration of RIS to these systems. In the case of scenario a)
and b), it can be observed that 1 values show an increasing
trend over the Nyig range for case i) of F,. However, the
increasing rate is dropping significantly from scenario a) to b)
because the received data rate (R) at UE is dominant to the
overall power consumption of the system (F,) in scenario a)
but R at UE is just enough to compensate P in scenario
b). The same factor resulted in having an almost similar
improvement value of 1 over the Nyig range for scenario c)
corresponding to case i). This shows the influence of B, on 7
for the RIS-assisted D-MIMO system.

It can be noticed that all the scenarios show a declining
rate of n corresponding to case iii) with the drop rate rising
from scenario a) to c). However, the n values show a good
improvement of 1.85 Mbps/] in scenario b) compared to
scenario a) but the improvement is reduced to 0.62 in scenario
¢) in comparison to scenario b) due to the increase in (ap. This
shows the potential of integrating RIS to a D-MIMO system.
Even though, the declining rate of 7 for case iii) of the D-
MIMO system was large, the obtained 1 values were still better



than that for case i) of the MIMO system until a certain value
of Ngis for scenarios b) and c¢). The obtained results show the
advantages of a D-MIMO system over a MIMO system and
the improvement in 7 obtained with the integration of RIS to
these systems.

E. Service coverage probability analysis of RIS-assisted D-
MIMO system

In this analysis, the service coverage probability x is ana-
lyzed for both RIS-integrated MIMO and D-MIMO system
wrt. Ngg range 1 to 256 to compare the variation in
performance. For the D-MIMO system, two cases i) (ap =
2 and ii) (pop = 3 were considered. The analysis results are
shown in Fig. 5.
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Fig. 5: Service coverage probability analysis w.r.t. the number of RIS elements
for MIMO and D-MIMO models.

From this graph, it can be observed that there is a rise in
x in both MIMO and D-MIMO systems as we vary over the
Nrig range. The increasing rate of x for the D-MIMO system
is slow with an improvement of about 3% and 1% between
the least and maximum value of the Ny;g range corresponding
to cases i) and ii) respectively. Meanwhile, the increasing rate
is significantly larger for the MIMO system compared to the
D-MIMO system with an enhancement gap of about 12%.
Even though this gap in the D-MIMO system with case 1) is
lower compared to the MIMO system, the service coverage
in this D-MIMO system is 23% and 14% higher than that
of the MIMO system at the lowest and highest value of the
Nrigs range. This shows the advantage of the D-MIMO system
over the MIMO system in terms of yx due to the multi-AP
serving scenario present in the D-MIMO system. Also, the
x gets improved further as the size of the supporting RIS
increases. The D-MIMO system with case ii) also shows an
additional enhancement of 10% and 8% at the least and most
Nris when compared to the D-MIMO system with case i) due
to the presence of an additional serving AP in case ii) than
case i). From these results, it can be concluded that the RIS
is capable of enhancing the x of the D-MIMO system. Also,
this enhancement can be further improved by increasing Nyig
of the RIS-assisted D-MIMO system.

IV. CONCLUSIONS

In this paper, we considered a D-MIMO indoor system
model with high UE density to which we integrated RIS

to study the performance improvement of the system. An
alternating optimization algorithm was adopted for the joint
precoding optimization in a multi-AP serving scenario. Fair
scheduling and queue-based approaches were utilized to serve
the UEs in the system efficiently. Here, we considered different
AP cluster sizes for serving the UEs in a D-MIMO system and
found AP cluster sizes 2 and 3 to be the optimal choices based
on the median SINR experienced by the UEs.

The results obtained from the average energy efficiency and
service coverage analysis show the potential of integrating
passive RIS in an indoor D-MIMO system for achieving a
significant improvement in the average energy efficiency and
service coverage even by utilizing a smaller number of RIS
elements. This study also proves the positive impact that
integration of RIS can bring in an indoor D-MIMO system
by being an energy-efficient alternative to utilizing additional
APs for improving the system performance. Future research
includes the study of partitioned RIS for simultaneous and
independent serving of multiple UEs which requires self-
interference mitigation strategies to be investigated.
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