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Abstract—This paper introduces the idea of infrastructure
sharing between two separate cell-free massive MIMO (CF-
mMIMO) networks providing service over a prescribed geo-
graphical area. It is argued that given the fully distributed
nature of cell-free topologies, an attractive scheme to implement
infrastructure sharing consists of allowing users from either
network to switch to the alternative one, provided these changes
bring along a measurable improvement. This effect is termed
network diversity. Algorithms to govern this user swap are intro-
duced and their effectiveness demonstrated through simulations.
Interestingly, numerical results reveal that this technique is most
effective when the two co-located networks have significantly
different levels of densification.

Index Terms—Cell-free massive MIMO, scalability, network
sharing, network diversity.

I. INTRODUCTION

The development of the sixth generation (6G) of mobile
networks is rapidly accelerating with all intervening actors,
academia, industry, and standardization bodies, delineating its
potential capabilities while exploring the technological pillars
it will rest upon [1]. In the 6G context, a new form of massive
multiple-input multiple-output (mMIMO), called CF-rmMIMO
stands out as the new topology that will completely change
the deployment of mobile networks. Contrary to the so far
pervasive cellular architecture, a CF-mMIMO network consists
of a multitude of access points (APs) scattered randomly
throughout the coverage area and connected to a central
processing unit (CPU) that takes care of most of the baseband
processing [2]. This architecture brings the RF infrastructure
closer to the users and effectively mitigates, through coop-
erative processing, the cell-edge effects that critically harm
classical cellular deployments. Remarkably, and provided that
each user is served from a sufficiently large number of APs, all
the benefits of the mMIMO regime also apply to CF-mMIMO.

Despite its theoretical promises, CF-mMIMO brings along
also a fair share of practical issues that need to be carefully
handled for an effective implementation with most of these
handicaps stemming from the required ultradense infrastruc-
ture deployment [3]. In particular, the need to install a huge
number of geographically separated APs, all connected to the
CPU, typically through fiber optic links, unavoidably entails
large network roll-out costs [4]. Aiming at reducing them,
alternative network structures to the prevailing CPU-centered
star topology have been investigated in [5]-[7], demonstrating
that bus-based architectures whereby only a subset of APs are
connected to the CPU and provide service to the rest of APs,
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significantly reduce costs and fronthaul requirements. These
proposals are very much related to the concept of radio stripes
introduced in [8] where only one of the APs is connected to the
CPU while the rest are strictly serially connected. Although
these architectures help in cutting down the deployment costs,
this comes at the cost of potential losses in spectral efficiency
and a drastic reduction of the network robustness in case of
eventual disruptions in a single node or the bus itself. An
alternative approach to minimize cell-free deployment costs is
to adopt a transitional approach from the cellular-based archi-
tecture to the cell-free topology as proposed in [9]-[11]. In this
scenario, instead of deploying a multitude of APs throughout
the whole coverage area, APs are only installed in the areas
where the cellular coverage does not provide sufficient capac-
ity with these typically corresponding to the boundaries among
macro cells (i.e., cell-edges). Again, this progressive cell-free
deployment comes at the cost of a spectral efficiency loss
with respect to a fully distributed architecture. Anticipating
the advent of cell-free schemes, ultradense networking was
hailed in the 2010s as one of the pillars of the then forthcoming
fifth generation (5G) of mobile networks [12]. Even back then,
roll-out costs were already identified as an important hurdle
of this trend prompting the proposal of network infrastructure
sharing among different mobile network operators (MNOs) as
a cost-effective method to densify a target coverage area by
pooling the hardware resources to jointly serve all users [13],
[14]. Recent standardization efforts have also been devoted to
explore the possibilities infrastructure sharing offers [15].

The main objective of this paper is to explore the benefits
infrastructure sharing can bring when applied to a context of
various cell-free based MNOs serving a common coverage
area. It is envisaged that this mechanism can result in sub-
stantial cost reductions for the operators when deploying and
maintaining cell-free networks. The main contributions of this
paper are:

1) The proposal of an architecture that allows operators to
share spectral efficiency (SE) information of the mobile
stations (MSs) each MNO is serving. This information
then serves as the basis of an strategy to swap users from
one MNO to another with the objective of improving the
overall connectivity of the coverage area. Remarkably,
this technique can be configured to target arbitrary rate-
based quality of service (QoS) metrics (e.g. max-min,
sum-rate) although at the cost of a considerable compu-
tational complexity and compromising scalability.
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2) Addressing the aforementioned shortcomings, a low com-
putational alternative is introduced that just relies on
large-scale information and offers virtually the same
performance at a negligible computational expenditure.
Moreover, the resulting design can be shown to satisfy
scalability requirements.

Note that other infrastructure sharing options are available in
cellular-based architectures like for example allowing certain
network elements (e.g., a base station) to be able to serve
users from different operators (see [15] for a full discussion).
However, such approaches require shared elements to be
connected to the infrastructure of all the intervening MNOs.
In the case of CF-mMIMO, the dense infrastructure with
a multitude of APs makes such an approach impractical.
Remarkably, the approach pursued here can be seen as a form
of network diversity where users can be offered to operate
through different MNOs infrastructures and are able to connect
to the best one. Also notice that the problem considered here
differs from the multi-CPU scenario (see for example [16],
[17]) as in the latter case, each CPU controls APs that tend
to cover spatially/geographically separated areas and inter-
CPU operations are conducted to allow seamless transitions
among neighbouring areas. In contrast, in this work, APs from
different CPUs/MNOs have their controlled APs mingled over
the same coverage area.

II. SYSTEM MODEL

This paper considers a geographical area where two distinct
MNOs, tagged as MNO; with ¢ € {1,2}, co-exist to provide
service to their respective users'. Denote by ICEO) the set of
users served by MNO; in the absence of any infrastructure
sharing strategy and let K = ICEO) u ICgO) denote the set
of all MSs in the coverage area. MNO; operates a CF-
mMIMO network consisting of M; APs each equipped with
N; antennas and connected to a MNO-specific CPU through
ideal fronthaul links. All users are assumed to be single-
antenna. The i-th MNO operates on a bandwidth B; at carrier
frequency f.;. The operational carriers of the two MNOs are
assumed close enough so that their propagation conditions
are similar (e.g., both networks operate at sub-6 GHz). Both
CPUs are connected to a master operator (MOP) agreed by
both MNOs that serves to coordinate the functions related
to infrastructure sharing as described in [15]. This setup is
shown diagrammatically in Fig. 1. At any given instant, C; will
denote the user set served by the i-th MNO, with K; = ||,
under the assumption that users may have been transferred
from one MNO to another. Users in ICZ(O) will consider APs
in M; as home APs whereas those in M; with ¢ # j will
be deemed as foreign APs. Extensive networks may require of
multi-CPU deployments, which nonetheless can be deployed
in a scalable manner [16], [18].

IThe scenario where more than two MNOs are active on a given coverage
area is currently under investigation.

CPU

— /

Fig. 1: Infrastructure sharing scenario between two CF-M-
MIMO operators (operator 1 in blue, operator 2 in red). As an
example, user k € Ky can connect to its own network, MNO1,
or it can eventually switch to MNOs.

A. Propagation environment

The propagation conditions encountered are defined in ac-
cordance to [19] for the specific case of outdoor users when
operating at sub-6 GHz frequencies. In particular, our interest
is in the urban microchannel (UMi) channel profile since this
profile corresponds to densely populated urban environments,
which are the most usual targets for CF-mMIMO deployments.
Let us denote by d?°, and d32, the 2D- and 3D-distances
between user k € K and AP m € M, with ¢ € {1,2}.

It is now possible to characterize the probability of line-of-
sight (LOS) propagation between user k € K and AP m € M,
as [19]

Los 1, 22, <10
Pimk = dfl?nk710 (1)
exp (——#Eo-—), 10< dzmk:

The corresponding path loss in such environment is defined
according to the link’s LOS/non-line-of-sight (NLOS) charac-
ter as

324+ 21 loglo(dlmk)

it d®, < dlyp
LOS
L k[dB] - 32. 4 + 40 1OglO (dzmk)
+20logyo(fe;lGHzl) . if dip), > dipp
N
BP
2
and
PLM-OS[4B] = max{PLLOS  PL. o 1, 3)
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with

Pil:nt(lis[dB] =35.3log,o(d32,) 4 22.4

“4)
+21.310g,0(f.;[GHz]) — 0.3(hys — 1.5)

and where hys and hap denote the heights of the MSs
and APs, respectively. Parameter dzp = 4(hms — 1)(hap —
1)f.;/(3 x 108) defines a breakpoint distance and Ay, =
9.5log1(d3p + (hap — hums)?). The other major large-scale
effect, shadow fading, is modeled as a spatially correlated
Normal random variable ximi[dB] ~ N (0,02) that in a UMi
environment follows [19]

|

with spatial autocorrelation R, (Ax) = exp (|Az|/dcorr) With
dcorr denoting the decorrelation distance (see [2, (54)-(55)]).

Taking into account all the aforementioned effects, the large-
scale propagation gain between MS k in IC and AP m in M;
is given by

4,
7.82,

for LOS links
for NLOS links,

2
x

®)

Bimk[dB] = —PLjyk[dB] + Ximk[dB], (6)
where PL;,,,;.[dB] will take either the form of (2) or (3) depend-
ing on the LOS/NLOS character of the link. As it is commonly
assumed in the CF-mMIMO literature, large-scale propagation
parameters are perfectly known and available wherever needed
in the network. Furthermore, it is important to stress that APs
are able to gather large-scale propagation information from
all the MSs in the coverage area independently of at which
network they are connected to. That is, AP m in M, is able
to perfectly estimate [;,,; irrespective of whether k& € Ky or
Ko, and forward this information to the CPU. Toward this end,
either MSs can transmit a sounding reference signal (SRS) on
the foreign operator band or, alternatively, these foreign APs
can listen to the MSs transmitting the SRS to their home APs.

B. Time division duplex (TDD) frame format

CF-mMIMO relies on a time-division duplex (TDD) trans-
mission protocol whereby frames are divided into an uplink
(UL) training phase (of size 7, samples), an UL payload data
transmission phase (of size 7, samples), and a downlink (DL)
payload data transmission phase (of size 74 samples). The
transmission frame length is then given by 77 = 7, + 7, + 74.
It must be ensured that the frame length 7, does not exceed
the environment-dependent coherence block 7. = B.T, with
B, and T, denoting the frequency and time coherence sizes,
respectively. Since the two considered CF-mMIMO networks
target the same propagation environment, it is safe to assume
they endure similar propagation conditions (i.e., comparable
B.,T,) and thus both networks can fix a common frame length
7¢. In both networks, the effective data transmission time
is equally split between UL and DL, that is, 7, = 74. For
conciseness, this paper focuses on the UL side notwithstanding
that many of the issues discussed here equally apply to the DL.
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C. Channel model and estimation

This paper considers a spatially correlated Ricean fading
channel model with random phase shifts [20]. In this context,
the vector describing the channel between MS k € K and AP
m € M; follows

LOS NLOS

9imk = Gimk + 9imk » (7)
LOS

where g% and gNL9S denote the LOS and NLOS components
of the channel, respectively. The LOS and NLOS components
can, in turn, be expressed as

LOS __ ﬁikaimk GCimk o Pimk s Vimk 8
9imk = me Qimk ) ®)
m
and
NLOS __ Bimk 1/2
9imk = Kon +1 imkQimk> 9)
m

where K, is the so-called Ricean K-factor holding
101ogo Kimk ~ N(px,0%)s Cimk ~ U (—m, ) is the ran-
dom phase of the LOS component, a;/7*""""* represents the

array response vector at AP m € M, with respect to MS £ at
azimuth and elevation angles @, and 9J;,,,x, respectively, and

holding ‘afrg’,;’“ﬁm*’ = N, F,, represents the positive
semi-definite spatial correlation matrix at AP m € M, as

seen from MS k, holding that tr (F';,,) = N, and finally,
Qimi ~ CN (0,Ix). The spatial correlation matrix char-
acterizing the channel vector g;,,,, can be straightforwardly
obtained as

_M Cimk:sVimk

R, _ pim aLPiJnk,'ﬁimk H
ok Ki’mk +1 imk ( imk ) (10)
5imk
__mk
+ Kimk 1 imk»

thus holding that tr (R;mk) = NBimk-

A set of 7, mutually orthogonal pilot sequences are used
during the UL training phase. These pilot sequences are
allocated to MSs in a deterministic way, and whenever K > 7,
the so-called pilot contamination effect arises. The N x 7,
matrix of received samples at AP m managed by MNO ¢
during the training phase can be written as

Yim = Z V Pprgimkd)zl; + Nimk,

ke,

Y

where ¢;, € C™*! is the pilot assigned to user k € K,
P, is the transmit per-pilot symbol at the MSs and 72y, ~
CN (0,021y). Owing to the orthogonality of the pilot se-
quences, projecting Y ,,; onto a specific pilot ¢, constitutes
a sufficient statistic towards the estimation of g,,,,. Hence,
denoting by P, the set of MSs in K; using the same pilot
sequence as MS k (including itself), let us define

Yimk = Yimd);‘kk =V PI)Tpgimk
+ V PPTP Z 9imk’ + ni7nk¢;kk'

k’EPik\keKi

12)
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The minimum mean square error (MMSE) channel estimate
of g,,,, can be obtained as

Gimk = V PPTpRimk‘Il;nlkaimk7 (13)
where
_ H _ 2
Uik = E{YimrYimi } = PoTp Z R +0In. (14)

k'€Pik

The channel estimation error g,,,,;. = Gimr — Gimp 1S inde-
pendent of the channel estimate and distributed as g,,,, ~
CN (0,Cpmy), where

Cimk = Rimi — PympRimi ;) R (15)

For later convenience, we define at this point the compound
user channel g, = [g%,. ... giTMl_ |7, compound user chan-
nel estimate g, = (g5 - Q?Mik]T, compound user chan-
nel covariance matrix R;, = diag(Rjk, ..., Rim,k), and
compound estimation error user covariance matrix C,p =
diag(Cﬂk, ey Clek)

D. Combiner design and power allocation

During the UL payload transmission phase, all MSs served
by MNO 1 transmit their respective information signals result-
ing in the IV x 1 reception vector at AP m € M;

Tim = Z 9imkVPikSik + Vim,

ke,

(16)

where p; and s, with E{|s;x|?} = 1, are the UL trans-
mission power and information symbol for user £k in IC;,
respectively, and v;, ~ CN'(0,021y). It is well known that
centralized processing, whereby the samples received at every
AP are forwarded to the CPU for joint MMSE processing,
leads to best performance [21]. Importantly, and in order to
keep the system architecture scalable, dynamic cooperation
cluster (DCC) [22] is applied to determine which APs serve
each MS and also to perform the pilot allocation to users.

Assuming the use of a centralized combiner, the SE of MS
k € K, takes the form of an achievable rate (measured in
bit/s/Hz) as [22, Section 5.1]

1

Tu
Nik (1 - ) E {log, (1 + SINR;x)}, 17
2 Tf
where the expectation is taken with respect to the compound
channel and the instantaneous effective signal-to-interference-

plus-noise ratio (SINR) is given by

Dik |Ui}{cDikgik|2

SINR;; = ! ,
Hp & H 2
Pik' |VigDir' G| + ViglinVik + 0ip

>

k' ek k' #k

(18)
where 6% = 02 |D;xvir||” and the vector v,y represents the
part of the centralized combiner implemented at the CPU of
MNO i to detect MS k in C; and

Zi, = Z Dk DirCigr Dy .
k'eX;

Matrices D, = diag(D;1g, ..., Dink) actually implement
the MS-AP connectivity dictated by the DCC by defining [22]

{ if AP m serves MS k£ on MNO ¢
Dimk =

otherwise.

It is assumed here the use of the improved partial MMSE
(IP-MMSE) combiner that it is known to outperform the
classical partial MMSE while preserving network scalability
[23]. This combiner takes the form of

IN,L'a

O, (19)

-1
Vi = ( > Pk Dirdip Gik Dik + Zs,,, + o?,IMN>
k' €Sk

X PitDir Gy
(20)

where S;i; denotes the set formed by user k € IC; and all the
MSs in KC; sharing at least one AP with user k, and

Zs,= Y pwDaCiwDix+ Y piwDiyRiyDi.
k'€S;k k' eKi\Sik

As a last design step, power coefficients p;; need to be fixed.
Here we resort to fractional power allocation (FPA) [22] which
has proved to be a simple and flexible technique to select the
power allocation coefficients to approximate different metrics,
most notably, max-min rate and sum-rate while remaining
scalable. Under FPA, power weights for k € IC; are set as

v
(ZIGMM 5ilk>
v
maXg eS;, (deMik, Bilk’/)

where Pys is the maximum transmit power per MS, M is
the set of all APs in M; serving user k and v € [—1,1] is a
parameter that controls the rate policy: positive values strive
for sum-rate performance and negative values approach the
max-min criterion. It is worth noting that the choice of v =
—0.5 is most common in the CF-mMIMO literature as it is
more closely aligned with the philosophy of this architecture,
that is, to provide uniform QoS throughout the coverage area.

Pik = Pus 21

III. CF-MMIMO INFRASTRUCTURE SHARING

In trying to improve the overall performance across both
networks, MNO; and MNO,, are allowed to pursue the transfer
of MSs from one network to another. Two approaches are
introduced next, one based on the users’ SE, and another one
that simply relies on large-scale propagation information. Note
that an important aspect of this user transfer concerns how
these can be managed in a private and accountable manner
using, for instance, a blockchain infrastructure. This a topic
of current research but it is out of the scope of the current
work.

A. SE-based infrastructure sharing optimization

SE-related metrics are often the prime QoS indicators for
both users and operators. Consequently, a target objective
function can be generically defined as

Ji = [ ({Mik }rex,) (22)

20
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where the function f(-) serves to target different objectives
(e.g., minimum user rate, average user rate, prescribed per-
centile of user rate) usually implemented through suitable
heuristics for power and/or pilot allocation. Let us assume that
both MNOs estimate their target function, .JJ; and Jo (typically
at their corresponding CPUs) when supporting sets K1 and Ko
of MSs, respectively. The following lemma paves the way to
devise a strategy to drive the inter-MNO user transfer.

Lemma 1: If a user k € K; is transferred from MNO; to
MNO; with i # j and the target metrics for both networks
are re-evaluated (denoted by .J; and J3) then it holds:

2) Ji < Jj.

Proof. After transferring user k£ € K;, MNO; is supporting
K; — 1 MSs. This implies equal or less (never superior) pilot
contamination and fewer constraints when designing the IP-
MMSE combiner, thus leading to a higher target metric J;. In
contrast, MNO; has to endure with an equal or higher (never
inferior) level of pilot contamination and has to face further
constraints when designing the combiner as the stream for the
newly served user k needs to be isolated, thus resulting in a
lower target metric J}. O

Under the assumption that the two MNOs agree on coop-
erating, it is possible to define an overall metric, Jo, that
encompasses all MSs in the coverage area

Jo = [ ({nir}pex) -

The optimization of this global metric can now be pursued
by the master operator (MOP). Mathematically, the problem
to be solved is

(23)

K1, K5 = argmax(Jo — A)

K1,K2
subject to (24)
KiUks =K 0
Kinky = (Z),

where the first restriction ensures that no user is left un-
serviced and the second restriction ensures that all MSs are
assigned to either MNO; or MNOsy but not both. Parameter
A = (K9 - K| + |K{” — K,|)§ with § a suitable
constant, is a dimensionless penalty term associated to the
cost of transferring users from home to foreign networks. The
particular case of § = 0 reflects the case where no such penalty
applies and users can be swapped across networks at no cost.

The solution to (24) requires an exhaustive search and
evaluation over all of the 2% possible user groupings, a figure
that becomes challenging even for modest K. Consequently,
the SE greedy strategy depicted in Algorithm 1 is proposed.
This algorithm progresses iteratively by first identifying which
of the two MNOs performs worse regarding the local objective
metric. It then proceeds to swap the user with the lowest
spectral efficiency of the worst network to the alternative
MNO and checks whether the user transfer improves the
overall penalized target metric. This procedure is repeated
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Algorithm 1 Greedy SE-based infrastructure sharing.

Inputs: ICEO), IC;O) and 9.

Initialization:

I =0, A© =0, 1=1, k" =k, £ =K
J(Ol) = f ({W&)}%KEU ) {nélk)}kelcgl)> 7A(l) =0

User allocation refinement:

while (J& — AD) > (J4™D — AC-D) do

l=1+1

= . (1-1) = =
Z——mgigﬁg}f({mk hEKy—w),]—-{LQ}\Z
k= . (l*l)

K%l) _ ’C%l_l) \ {k‘*}, ’Cgl) _ ’C%l_l) U {k*}
l

I =f ({mk(l)}ke,qm{ﬁzk(”}ke,C;w)

AY = (1K = K| R = KD

end . )
Output: €] = ICY*U,ICS = Kglil).

until no further improvements are registered. Experimental
results have shown that the number of iterations Algorithm
1 executes is related to how unequal the conditions of the
two networks are: when the two intervening networks have
similar levels of infrastructure and load, only a few iterations
are required (e.g. 1 to 3), whereas when the conditions are very
disparate, the number of required iterations is proportional to
their imbalance.

just a small number of iterations is required for the algo-
rithm to converge to its final solution.

B. Low-complexity infrastructure sharing

The greedy optimization introduced in the previous subsec-
tion relies on the users’ SEs to transfer MSs among the two
MNOs. Unfortunately, in general, no closed-form expressions
exist to estimate the SEs. In particular, the expectation operator
in (17) needs to be conducted by averaging over multiple fast
fadings. Also note that any user transfer checked implies the
recalculation of the channel estimates and combiners. These
two traits result in a considerable computational complexity
further exaggerated by the iterative nature of Algorithm 1.
Another handicap of the procedure in Section III-A is that
scalability is compromised as SEs of a given user are likely
to be affected by all the other MSs in the network, even by
very distant users possibly controlled by another CPU. Conse-
quently, a practically-deployable low-cost alternative becomes
necessary. In trying to fulfill this goal, a new algorithm is
proposed that just relies on performance metrics derived from
the large-scale propagation gains. A new user-based metric is
defined for MS %k of MNO ¢ with respect to the home APs as

Tii = 9(Bitks - - - > Bindik)

where g(-) denotes a function such as the sum or the minimum
value of the evaluated elements, and

B = Bimk i Dy = Iy
imk = 0 otherwise.

(25)

(26)
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Algorithm 2 Low-complexity greedy infrastructure sharing.

Inputs: ICgO), ICéO), 0 and Bimk Vi, m, k.
Initialization:

T(O) 0, A(O) =0, =1, ,C(l) ’C(O), Kél) _ Kéo)
Tki” = g(Bitk, -, Bing,x) Yk € ici”,w

T = f ({Tkgm}kelcl:{Tkél)}ke)Q)

User allocation refinement;

while (T A<l>) > (1YY — AU do

l
]C(l)

i=arg min f

{k e KON\ T < VY, i g
(1 k£>}kegg>),]—{172}\%

i€{1,2
k* = arg min ({Tkgl)}kelcf})
ke IC( -1)
/C(l) ’C(l 1)\{k‘ } ’C(l) ’C(l 1) U{k }
(l) = (ﬂzlk» . 7B21Wik) Vk € ’CEZ)7V’L
iﬁg)—- ({7%5)}keml»{7kg)}kenz>
AY = (K7 - K|+ K" - K5P)s
end . )
Output: €7 = IC§Z_1),IC§ = ICgl_l).

Thanks to the availability of the large-scale propagation pa-
rameters between MS k € K; and APs in M, the user-based
metric with respect to the foreign APs can also be found as

T; 7BjM]k)- (27

ki = 9(Bjik, - - -
Note that T} ; actually takes into account the connectivity MS
k would obtain once transferred to MNO; in light of the active
users in the alternative network ;.
As before, an overall metric Tp can now be defined as

FUTk1} ke, {Th2keks ) (28)

where, as in the SE-based case, f(-) can target the minimum
value, the mean or any other percentile. These two metrics
drive the procedure shown in Algorithm 2, which should be
understood as a low-complexity variant of Algorithm 1. In this
case, what the algorithm pursues, again in a greedy fashion
(one candidate at a time), is to identify the worst-performing
user who would see his performance improved by switching to
the alternative MNO and this in turn will improve the overall
performance of the two networks. In particular, it analyzes
the switch of MSs in K; for whom T}; > T}, by checking
whether this change improves the overall metric Ty . It is worth
pointing out that in Algorithm 2, the required minimization
searches to determine 7 and k* are conducted over metrics
solely relying on large-scale propagation information that any
given CPU has readily available from the MSs it is controlling.

To =

IV. NUMERICAL RESULTS

A square-shaped coverage area is considered with side
length L = 1000 m where wrap-around is applied to eliminate
boundary effects from the simulation results. This area is
served by two MNOs, MNO; and MNO,, operating at fre-
quencies f., = 3.5 and f., = 3.55 GHz, respectively, exploit-
ing non-overlapping bandwidths B; = By = 20 Mhz. Every
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TABLE I: Summary of default simulation parameters

Parameter (symbol) Value
AP maximum power (Pap) 200 mW
MS maximum power (Pys) 100 mW
Fractional power allocation factor (v) -0.5

AP / MS antenna height (hap/hms) 10m / 1.65m
Frame length (7) 200 samples
Training phase length () 15 samples
Shadow fading decorrelation distance dgcorr 15 m
Shadow fading correlation among APs 0.5
Rician K-factor parameters (1 / cr%() 9/35
Azimuth Angular standard deviations (O'A) 15°
Elevation Angular standard deviations (a ) 10°
Sharing transfer penalty factor (&) 0
Number of realizations per simulation 100

AP, irrespective of the MNO, is equipped with a uniform
linear array (ULA) of N; = Ny = 4 antenna elements. The
spatial correlation matrices of the NLOS component have been
generated according to [22] with angular standard deviations
denoted by cr&4 and . All MSs and APs are assumed to
be uniformly distributed throughout the coverage area and
thus, the positions of APs and MSs managed by each of
the MNOs are uncorrelated. For the results shown here, the
target metric J; aims at maximizing the worst 10% of users’
rate, a criterion well-aligned with the cell-free philosophy of
ensuring acceptable performance to even the worst users in the
network [2]. Table I lists the rest of common parameters used
to generate the results shown next which have been selected
in line with most of the cell-free literature (see for example
[22]).

A balanced scenario is first considered where the coverage
area is served by MNOs with the same degree of densification
My = M 50 APs) while serving equal network loads
(K4 Ky 15 MSs). Fig. 2 depicts the cumulative
distribution functions (CDFs) of the per-user SE considering
the K users in the coverage area. It can be appreciated
how the two infrastructure sharing schemes, both, the greedy
optimal and the greedy low computational perform similarly
and offer a gain of around 0.6 bits/s/Hz for the worst-10%
of users. Despite this relatively modest gain of around 20%
achieved through sharing, note that it comes without any extra
infrastructure inversion from any of the MNOs with the benefit
being solely attributed to the network diversity effect, that
is, the fact that the worst users in each MNO user set have
the possibility to swap to the other network. While on some
individual realizations, imbalances have been observed with
one MNO serving a higher number of users than the other,
as expected, on average, both MNOs ended up supporting the
same network load with an average number of users transferred
from one MNO to the other of little more than 2 users.

Unbalanced scenarios offer far more potential for the pro-
posed infrastructure sharing techniques to shine. Toward this
end, an scenario is considered where one MNO has a dense
infrastructure (M; = 50 APs) while the other one has a
significantly lower level of densification (M 20 APs).
Critically, both aim at serving at identical network loads
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Fig. 2: Balanced scenario. Sharing vs non-sharing SEs for
My = M, = 50 APs supporting K1 = Ko = 15 MSs.

(K1 = K3 = 25 MSs), noting in this case that since 7, = 15
samples, pilot contamination appears. Fig. 3 details in blue
the curves corresponding to the performance achieved without
infrastructure sharing. The solid blue curve denotes the CDF
of the per-user SE of the whole set of users in the coverage
area. To gain further insight, the performance achieved by
each MNO is displayed separately. The dashed blue curve
corresponds to the CDF of the SE for the users managed
by MNO;, which can be seen to more than treble that of
the users managed by MNO; (dot-dashed blue curve) when
focusing on the worst 10% of users of each network (from
0.8 bits/s/Hz to 2.5 bits/s/Hz). This result is to be expected
since MNO, has a poor infrastructure to support such a large
user demand. Curves in black depict the performance achieved
when allowing infrastructure sharing (low computational tech-
nique in this case). When examining the overall results (solid
black curve), it is noticeable that overall performance, when
accounting for the 50 users operating in the coverage area,
sharing results in an improvement exceeding 100% (from 1
bit/s/Hz to 2.15 bit/s/Hz). Examining the results achieved by
each MNO under sharing is revealing: the proposed technique
allows to (mostly) transfer users from MNO; to MNO; so that
the remaining users in MNOs, see their rates greatly enhanced
(black dash-dot curve) while the MNO; is forced to serve
a larger number of users but with only a small performance
penalty (dashed black curve). In particular, and comparing the
two dashed curves, note how the worst 10% users in MNO- do
no experience any service degradation and it is only the users
that are better off who pay a small performance penalty. As
expected in such an unbalanced situation, on average, MNO;
ends up supporting 31 users approximately while MNO; keeps
providing service to an average of 19 users. On average, in this
specific setup, the average number of iterations in Algorithm 2
was found to be 8.4. Qualitatively identical results are obtained
when two networks with the same densification level serve
distinct network loads.
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Fig. 3: Unbalanced scenario. Sharing vs non-sharing SEs for
My = 50, My = 20 APs supporting K1 = Ko = 25 MS. The
red line denotes the 10%-tile of worst user rates.

V. CONCLUSION

This paper has proposed a scheme that allows two indepen-
dent CF-mMIMO networks serving a common area to cooper-
ate by allowing the interchange of MSs. User swaps are carried
out whenever they bring along an overall improvement of the
performance of all users in the area. Two greedy techniques
have been proposed to guide the user grouping. One targets
the maximization of an arbitrary percentile of the users’ SE
and, despite its effectiveness, its non-scalability precludes its
practical implementation. A second approach is then presented
that relies only on large-scale propagation parameters that
can be acquired and utilized in a scalable manner. Simulation
results reveal that both techniques perform similarly while they
are effective in exploiting network diversity.
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