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Abstract

This deliverable reports the results achieved within Task 4.1 of the CellFree6G project, with
a primary focus on semi-blind signal processing techniques for uplink cell-free massive multiple-
input multiple-output (CF-MaMIMO) systems with single-antenna access points (APs). The
objective of this task is to develop low-complexity Bayesian algorithms for joint channel es-
timation and data detection (JCD), while accounting for pilot contamination and scalability
constraints anticipated in future 6G networks.

In the time-frame of Task 4.1, we formulated the semi-blind JCD problem as a bilin-
ear Bayesian inference task and addressed it using an expectation propagation (EP)-based
framework. A novel factorization of the joint posterior distribution of channel coefficients
and transmitted data symbols is introduced, enabling efficient message-passing updates with
polynomial computational complexity. The proposed bilinear-EP JCD algorithm allows for it-
erative refinement of channel and data estimates and effectively captures the coupling between
estimation and detection.

The message-passing formulation naturally supports both centralized and distributed im-
plementations. Consequently, the proposed methodology can be evaluated under either pro-
cessing architecture and enables performance benchmarking in centralized settings while re-
mains compatible with distributed realizations that are further considered in subsequent
project activities. Simulation results demonstrate that the proposed approach significantly
outperforms state-of-the-art EP-based and linear MMSE baselines in terms of symbol error
rate and channel estimation accuracy, particularly in challenging pilot-contaminated scenarios.

Overall, the results presented in this deliverable establish a solid algorithmic foundation
for semi-blind Bayesian processing in CF-MaMIMO systems and provide key building blocks
for the distributed architectures addressed in later stages of the CellFree6G project.
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1 Introduction

Cell-free massive multiple-input multiple-output (CF-MaMIMO) networks enable primary goals
for sixth generation (6G) wireless communication systems, such as ubiquitous coverage with uni-
form quality of service (QoS) and ultra-high-rate, energy-efficient data transmission [3-6]. In
CF-MaMIMO systems, a large number of geographically distributed access points (APs) are jointly
serving a much smaller number of user equipments (UEs). The joint processing is coordinated by
one or multiple central processing units (CPUs) which are connected to the APs via fronthaul
links. The geographically distributed nature of CF-MaMIMO networks enhances the attractive
properties of centralized MaMIMO systems by reducing the average minimum distance between
APs and UEs. This allows CF-MaMIMO networks to provide uniform high data rates over the
coverage area and high energy efficiency. However, in contrast to centralized MaMIMO, chan-
nel hardening and favorable propagation do not generally hold [7-10]. Thus, the low-complexity
matched filter, which provides near-optimal detection performance in MaMIMO systems [11], is
not effective for CF-MaMIMO systems, and optimal joint signal processing at the centralized CPU
is not computationally affordable. Similarly, existing pilot decontamination solutions for central-
ized MaMIMO [12-16] are not effective. Thus, the quest for low-complexity detection techniques
with performance approaching that of centralized joint optimal processing schemes is still an open
challenge as well as the search of effective pilot decontamination methods.

Distributed processing at the APs can efficiently reduce computational complexity at the CPU,
see e.g., the extensive analysis in [17,18] and [19], whereas semi-blind channel estimation has
shown to combat effectively pilot contamination (PC) [14-16]. Therefore, in this work, we propose
a distributed semi-blind joint channel estimation and data detection (JCD) algorithm based on
expectation propagation (EP) which exhibits a low complexity.

EP is an approximate inference technique which iteratively finds a tractable approximation of
factorized probability distributions by projecting each factor onto an exponential family [20, 21].
EP was already applied for data detection in previous works. In [22], the authors proposed a
low-complexity EP-based MIMO detector while assuming perfect channel state information (CSI)
and a Gaussian approximation for the posterior distribution of data symbols. In [23], the authors
extended the EP-detection algorithm proposed in [22] to imperfect CSI by embedding channel
estimation errors in the EP formulation.

The EP method was also applied to blind channel estimation and noncoherent detection. In [24],
the authors presented a blind channel estimation algorithm for multi-cell MaMIMO systems.
In [25], a noncoherent multi-user detection scheme was proposed for the single-input multiple-
output (SIMO) multiple access channel (MAC). In both schemes, the approximated channel and
symbol distributions were chosen to be multivariate Gaussian and multinoulli distributions, respec-
tively. In [24], the proposed approximate joint posterior distribution of channels and transmitted
symbols resulted in two decoupled EP-based schemes for channel estimation and data detection
but, because of the high complexity of the EP-based symbol detection, only EP-based channel
estimation was retained for practical system implementations followed by conventional linear sym-
bol detectors. The decoupling between channel estimation and symbol detection implied that the
EP-based channel estimation could only exploit prior statistical knowledge on the transmitted sym-
bols but not their deterministic imperfect knowledge. In [25], the proposed approximate posterior
distribution factorization yielded a factor tree with a branch per user. The detection scheme was
derived by applying message-passing rules for EP on this tree. The resulting algorithm could be
applied to both pilot-assisted and pilot-free communications. However, the complexity of the pro-
posed algorithm was exponential in the product of the number of channel uses and the logarithm
of the symbol constellation set cardinality and, hence, it was not affordable for practical high data
rate systems.

The EP framework was also used to develop decentralized detection schemes for MaMIMO
systems in [19,26-28]. In these works, the computational complexity was reduced compared to
centralized schemes by processing the signals received by antenna sub-arrays locally via EP mes-
sage passing and then combining the messages from sub-arrays at the CPU. The posterior data
symbol distributions were approximated by multivariate Gaussians and perfect CSI knowledge was
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assumed. In [19], the authors reduced message sizes by utilizing averaging. In [26], the decentral-
ized MaMIMO receiver embedded both detection and decoding and the extrinsic information from
the decoder was utilized as a priori information for the EP-based detector. In [27], the authors
introduced a pre-processing based on QR-factorization and a variance compensation scheme in
the decentralized detector of [26]. In [28], two decentralized EP detection approaches were pro-
posed, the first based on user grouping and, thus, group-wise joint detection, and the second on a
daisy-chain architecture.

EP-based receivers were also applied in CF-MaMIMO systems. The authors of [29] utilized
a centralized EP-based detector with Gaussian data approximations which incorporates channel
estimation errors as in [23]. The channel estimation error accounted for PC and general estimation
errors due to noise. In [30], the authors proposed a distributed EP detector for CF-MaMIMO based
on the decentralized subarray-based detector in [19]. The aforementioned approach was extended to
an iterative channel estimation and data detection (ICD) scheme in [31]. Here, the data detection
was based on EP and the iterative algorithm took into account the channel estimation errors. The
channel estimation was based on minimum mean squared error (MMSE) estimation with detected
data symbols as additional pilots.

In this work, we propose a new distributed algorithm for JCD in CF-MaMIMO systems. Our
contributions can be summarized as follows:

e We develop a novel message-passing algorithm for a bilinear inference problem arising in JCD.
The inference is based on the approximate EP method and assumes general multivariate
Gaussian and multinoulli distributions for the posterior distributions of the AP channels and
data symbols, respectively, as in [25]. In contrast to the approximate posterior distributions of
[24,25], the factorization of the proposed approximate posterior joint distribution for channels
and data symbols allows for an alternating refinement of channel and data estimates and a
distributed implementation of the algorithm with local processing at the APs. Furthermore,
the inclusion of single-user soft-input soft-output (SISO) decoders is straightforward. Finally,
the algorithm can automatically take into account the effect of PC.

e We show that the proposed bilinear-EP JCD algorithm has polynomial complexity in sys-
tem parameters and bridges the complexity gap between algorithms based on EP that
approximate the posterior distribution of data with a Gaussian distribution such as, e.g.,
[19,22,24,26-32] and those that assume more precise categorical distributions [25].

e We consider four baseline schemes, namely a centralized linear MMSE detector, the detector
in [30] assuming perfect CSI, the ICD algorithm in [31], and a modified version of the proposed
JCD algorithm with perfect channel knowledge which provides a lower bound to the symbol
error rate (SER). Our simulation results show the superior performance of our approach
compared to the first three baseline algorithms.

It is worth noting that the appealing features of the proposed algorithm stem from the choice
of the factorization of the approximate joint posterior distribution and the way to take into ac-
count the interplay between the two sets of variables, i.e., channel coefficients and data symbols.
This method can be applied to other bilinear inference problems such as gain calibration, matrix
factorization and compressed matrix sensing [33].

This delivarable is organized as follows. In Section 2, we introduce the CF-MaMIMO system
model. In Section 3, we review the EP algorithm and its application on graphs. Based on this theo-
retical framework, we develop the bilinear-EP JCD algorithm in Section 4. Then, in Section 4.8, we
present numerical results which show the superior performance of the proposed algorithm. Finally,
some conclusions are drawn.

Notation: Lower case, bold lower case, and bold upper case letters, e.g., x,x, X, represent
scalars, vectors, and matrices, respectively. Iy is the identity matrix of dimension N. {z;5+} =
U, 5.t Tkt denotes the collection of all variables obtained by varying the possible indices. A\ B is
the set complement operator between two sets A, B. §(-) is the Dirac delta function. The indicator
function 1,cs takes value 1 if the condition in the subscript is satisfied and zero otherwise, e.g.
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element x is in the set S. The operator vec(X) maps the matrix X onto the vector obtained
by stacking the columns of X on top of one another. ® is the Kronecker product between two
matrices. Ej(q){-} stands for the expectation operator with respect to the probability distribution

p(x) and E{-} stands for the empirical expectation operator. We denote by 7(-) and N (z; u, C)
the categorical distribution and the circularly symmetric Gaussian distribution of complex-valued
vectors & with mean vector p and covariance matrix C, respectively. The notation x ~ p indicates
that the random variable x follows the distribution p.

2 System Model

We consider a communication system in the uplink transmission that consists of L APs and K
single-antenna UEs. Each AP is equipped with N co-located antennas. Each user sends a signal
vector Ty = [:cg;k, 117 consisting of a P-dimensional pilot vector x,.; € C¥ and a T-dimensional
data vector ), € ST where S is the employed constellation set. We combine pilot and data vectors
of all users in the signal matrix X = [&},%a, ..., Ex|’ € CEX(P+T) The matrix X can also be
expressed as X = [X,, X| where X, and X are matrices consisting of the pilot and data vectors
of all users, respectively. The equivalent complex baseband received signal at AP [ € {1,...,L} is
given by

Y, = [Y;;l?Y” :HI[XP>X]+N17 (1)

where Y; € CN*(P+T) denotes a matrix whose element Yi4,; 1s the received signal at antenna
i of AP [ during the j-th channel use. Here, Y}, and Y; are the components of the matrix Y,
corresponding to the pilot matrix X, and the data matrix X, respectively. H; € CN*K ig the block
Rayleigh fading channel matrix whose element h; ;, 1, is the coefficient of the channel between user
k and antenna n at AP [, which is assumed to be constant during P 4+ T consecutive channel uses,
and N, € CVX(P+T) {5 a matrix whose element ny;,; is the additive white Gaussian noise (AWGN)
at antenna ¢ during the j-th channel use at the [-th AP. Therefore, both channel and additive noise
are zero mean complex Gaussian vectors with covariance matrices 2; € CNEXNEK and o21 N(P+T)>
respectively, i.e., vec(H;) ~ N(0,E;) and vec(N;) ~ N(0,02Iy(pir)). Furthermore, we assume
that the channels of different users are uncorrelated. Thus, the covariance matrix &; is a block
diagonal matrix of K blocks Ej; € CVN*V,

3 Expectation Propagation on Graphs

In the following, we associate a factor graph to the factorized true distribution and describe a
message-passing scheme that results from the local computation of the approximate factors on the
factor graph nodes. More details on the derivation of the message-passing update rules can be
found in [25, 34, 35].

We aim at computing an approximation of a joint probability distribution which is assumed to

be factorizable as follows
p(x) = H Vo(xa), (2)

where x, is a sub-vector of x, i.e., xo C x, and |J, Xo = x. The approximation p(x) of the joint
distribution reflects the same factorized form,

569 = - [T balxa), Q

where Z is a normalization constant and p is constrained to lie within the exponential family F.
Furthermore, we assume that the approximation can be fully factorized as follows

p(x) = [ #s(xs), (4)
8
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Figure 1: Illustration of the EP message-passing update rules.

where the sub-vectors x5 contain elements which always occur together in a factor. The sub-vectors
xp are not overlapping, i.e., xgNxg =0 VB # . Furthermore, we have UB zg = x. Therefore,
the sub-vectors xg define a partition of x. Additionally, it holds for all sub-vectors g and
that the sub-vector xg either lies fully within x,, i.e., €3 C @, or they are completely disjoint,
ie., zgNay =10.

The factorization described above induces a representation of the joint distribution by a factor
graph with factor nodes associated to functions ¥, and variable nodes associated to sub-vectors xz.
An edge exists between factor node ¥, and variable node xg if g C x,. We define the neighbor
set N, of factor node W, as the set of indices 5 of all variable nodes xg that are connected to ¥,
ie., No = {f|xs C x4 }. Similarly, we define the neighbor set N of variable node x3 as the set
of indices « of all factor nodes ¥, that are connected to xg, i.e., N3 = {a| x5 C x4}

Since the approximation p lies within the exponential family F, the approximate factors p,
and pg belong also to F. The assumption of the fully-factorized approximation in (4) yields the
following factorizations for the approximate factors,

H mw . ;xg (xp), (5)

BENa

. 1
Do) = 5 TT maasea (x9), (6)
a€Ng

where Z3 is a normalization constant and muy ., .x,(xs) is interpreted as a message from the factor
node V¥, to the variable node xg also belonging to the specified exponential family. Thus, we can
update the approximate factors, and therefore also the approximate joint distribution p(x), by
exchanging and updating messages on a factor graph.

The EP algorithm is an iterative algorithm. Hence, we denote the messages during iteration i as
m(. At first, we initialize all the factor-to-variable messages mfl? ) x, (Xp). For initialization, prior
statistical knowledge or, if not available, uninformative dlstrlbutlons can be used. A particular
example is discussed in section 4. Then, the variable-to-factor messages and the factor-to-variable

messages are updated, respectively, as follows,

i—1 i—1
mgczﬁ;\ll)n (XB) x H mga/;zcﬁ (Xﬁ)7 (7)
a’€Ng\«
. i—1
0 proj {qua;x)ﬁ (X,e)}
m\I/a,xﬁ (XB) X G-1) ) (8)

mxg;\Ila (XIB)

(i-1)

where the distribution gy, (xg) in (8) is given by

1 1 1
Qi o0, (%) = 7. / a(Xa ﬂl_][V mffﬁ,x)v (xg) dXa \Xp. (9)
gs
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Here, Z, is a normalization constant and proj{-} denotes the projection operator defined as

proj{f(x)} = argmin Dg 1 (f(x)[[g(x)), (10)
g(x)eF

where Dy (f(x)||g(x)) is the Kullback-Leibler (KL) divergence between f and g and F is an
exponential family distribution. The message-passing update rules (7) and (8) are illustrated in
Fig. 1.

4 Bilinear-EP JCD [1]

4.1 Factorization and Messages

In the following, we derive an EP-based algorithm for semi-blind JCD which we call bilinear-EP
JCD. In this section, we focus on data signals since the received pilot signals are utilized to
characterize the a priori channel distribution. Inspired by [25], we propose a novel factorization of
the joint posterior distribution of data and channel. We decompose (1) in T vector relations, one

for each channel use t, as follows
K

Yio =Y wrehur + (11)
k=1

where hjj is the k-th column, y;; and n;; are the ¢-th column and x; is the element in row £ and
column ¢ of the matrices H;, Y;, N; and X respectively. Furthermore, we define

Zikt = Trehyg. (12)

We can factorize the posterior density function using Bayes theorem as follows

Plare} {zue (R} {yie } { You }

X Plaied Lz b (b d {yie}o A Y}

= Py} {zie P LzineH {wne ), (s} PLowe P Ruk Yo - (13)
where the last equality follows from (11) and (12). We further assume that the a priori channel
distributions are independent across users k and APs [. Then, exploiting the independence of

the noise across time ¢ and APs [, the independence of the data symbols {zy:}, and (12), we can
factorize (13) as follows

p{ﬂﬁkt} {szt} {hix}{y1e } A Yp }

K
H Pyiil|zire,rzirce H Pzipi|mre

t=1 k=1

L K T
H Phyy Y, H prkw

k=1t=1

u::]x n{:]

For the probability distributions in (14) we adopt the following compact notation

= Pyielzire, . zixces
qlekt = Pzipelzre bk
U ik = Phy| Yy

U3kt 1= Dy, -
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The factor graph induced by the factorization in (14) is illustrated in Fig. 2 and contains cycles.
According to the system model in (1) the true factors are given by

K
Vo = Nyu; ¥ zike, 0" In),
k=1

Uy ke = 0(2ike — Trehar),

Uy 1 = N (Rik, ik, mmsEs Clis MMSE) s

1
Ws gt = S 1zp,e8,

where we assume uniform prior distributions p,,, for data symbols and W, is given by the
pilot-based Bayesian MMSE channel estimate of the channel H; as follows

3

1
pHY,, =N (vec(Hl); ECAfvec(Y}, 1), C)

with C:= (B! + %A;}LIAPY1 and A, := (X ® Iy). Due to the independence of the chan-

nels among different users, we have pp.vmse = [%CAfvec(Y;,;l)] and CipmMsE =

(k—1)N+1:kN
C(k—1)N+1:kN,(k—1)N+1:kN - We choose the approximate factor-to-variable messages to be distributed

as

MY 1452100 = N (zikt; Ko 152150 C\Po,u;zmt)v
MWy sz — N (zike; Ky g2k C\I/let;zlm),
MW ersare = Tkt (Tt )
My jpshie = N(hlIw Ky gpeshas C‘Pukt;hzk)’
MWy s, = N (hig, By 55k C‘I/Mk;h”v),

M3 5w — T3kt (Tt )

Please note that the dimensions of the parameters of all factor-to-variable messages are given
by the type of distribution and the dimensions of the variable represented. The variable-to-factor
messages are just multiplications of factor-to-variable messages and are used to compute the update
of the factor-to-variable messages. Due to space limitation, we present the derivation only for some
of the messages in the Appendix. Other messages that are not explicitly derived can be obtained
by applying the rules presented in Section 3.

4.2 Initialization and Scheduling

All messages with the exception of the constant messages representing a priori knowledge are
initialized as uninformative distributions, i.e., for Gaussian messages the diagonal entries of the
covariance matrices are set to infinity and uniform probability mass functions (PMFs) are utilized
for categorical messages. In our implementation, all Gaussian messages are parameterized by the
precision matrix A = C~' and the mean vector v = Ap. Uninformative Gaussian messages are
initialized by all-zero precision matrices.

The scheduling is given in Algorithm 1. The first message to be computed in each iteration
is My, ;2. In the first iteration, it is computed based on the CSI from the Bayesian MMSE
estimation together with the constant data prior to generate a first estimate of z;;;. During this
step, the initialized uninformed message my, .z, is updated to contain information. Note that
the messages muw, ;,:n,, = Yo,k and my, .z, = V3 ¢ represent the a priori distributions on data
and the Bayesian MMSE channel estimates, respectively, and are not modified by the message
passing algorithm. Hence, they are not included in the scheduling.

For our simulations, we used parallel scheduling, i.e., the updates of the messages in the inner-
most for-loops are done independently suitable for efficient implementations.
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Figure 2: Factor graph of bilinear-EP JCD for distributed CF-MaMIMO.

Algorithm 1 bilinear-EP JCD Scheduling

Require: Initialized Messages
for number of iterations I do
for all APs [, UEs k and symbol times ¢t do
Update My g5z
end for
for all APs [, UEs k and symbol times ¢ do
Update MW 113210
end for
for all APs [, UEs k and symbol times ¢t do
Update MW geeshig
end for
for all APs [, UEs k and symbol times ¢ do
Update MTy ke
end for
end for
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4.3 Update Rules

In this section, we provide expressions to update the messages that appear in Algorithm 1. Ac-
cording to (8), the inputs to update a factor-to-variable message are always variable-to-factor
messages. Each variable-to-factor message is computed by applying (7). As an example, we derive
the variable-to-factor message forwarded from variable node h;;, to factor node ¥y ;; as follows
Mhy ¥y e = N(hlk; 22 9P%S ST Chzk;‘l’l,zkt)
XMy 13k H My, rshik
t#t
Since Mmp,,;v, ., 18 a Gaussian distribution, its computation reduces to determine its covariance
and mean. By applying the Gaussian multiplication lemma [25], we obtain
-1

Chlk;‘lll,lkt = ‘1/2 ITHOT + : : \I/l ]k17hlk ? (15)
t;ét

— 1
Hhy Uy g = Chlk;‘lﬁ,mt <C\112 wesh V%2 s,

+ Z ‘1’1 lktvhlkuwl,lki,;hlk) .

i#t

All other variable-to-factor messages can be computed analogously.

In the following we provide the rules to update factor-to-variable messages based on the incoming
variable-to-factor messages.

Update of my, ;2. = N(Zikt; Bwy 1iiz000s C0yiysszn, )- The covariance and mean are given by

—1
_ -1 —1
C‘I’let;zzkt = (Elkt - Czlkt;‘l’l,zkt) ’ (17)

_ -1z
Ky peiziee = C‘I’l,zm;zlkt (Elkt’zlkt
(18)

—1
o Czumlh e Pz 591 1t

where
Zit = Z w(iv?@t)ﬂ(x;ct)? (19)

z), €S

ikt = Z w(x;ct) (ﬂ(x;ct)ﬂ(x;ct)H + é(mgct)) (20)
z), €S 20

s  zH
— ZIktZkty

o a)(l‘kt)
w(Tke) = —Z%ES S (21)

10
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with @(xg:) defined in (37). Finally,

||

c:! -
~ _ R "
Claw) = (Clw + h) : (22)

/]'(xkt) = C’(xkt) (C;it;\lllylkt/’l'zlkﬁq’l,lkt
(23)

-1
Chzk;‘I’l,lkt

|xkt‘2 xkt“hlki,‘lll,lkt>‘

Update of mu, ,,.2,,, = N (Zikt; B 12000 C0g 1200, ) The covariance and mean are given by
_ 2 2:
C‘I’o,lt;zm =o°Iy + C‘1’1,ljz;zljw
i#k

P ez = Yit — E KOy 2050
J#k

Update of muy, .,k = N (Pik; w1k Coy yrrshy, )- The covariance and mean are given by

—1
_ 1 —1 —1
C\I’l,lkﬁhlk - <2lkt - Chlk;\I’l,”d) ’ (24)
. S—17 1
Ky sy = C‘I’Lzm;hlk <zlkth”€_Chlk;\lll,lkt/'l’hzk;‘l’l,lk) ) (25)

where
b = Z W (@) (TRt ) (26)
z, €S
ﬁllkt = Z w(x;ct) (ﬁ(m;ct)ﬁ(x;ct)H + é($;ct)) - ﬁlkhilg (27)
z), €S

The factor w(xy;) is defined in (21). Finally,

-1
Clor) = (Crmotr e +1o0PCo ) (28)

W1kt 13V 1, 1kt
—1

_ = chzkt‘-,‘l’l,zm
N(xkt) = C(xkt) |$kt‘ Tuzzm;‘l’ukt

+ Cﬁli?‘l’l,zkt“hlk§\1’1,lkt> . (29)

Update of my, ;.2\, = 71,1kt (ke ). The probabilities of the categorical distribution are given by

’7($kt)

S co (@) (30)

MYy sk =

with

:Y(xkt) = N(O; Hozips0y e — ThtMhy; ¥ g

Czl,k,t;‘l/l,zm + |xkt|2chlk§‘1/1,lkt)'

11
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4.4 Inference

The desired estimates can be obtained computing the distributions p,,, and pp,, as follows

L
T = argmax Pa,, = argMax mw, , iz, H UL ST
TRt €S Tt €S =1
and
T
hi = argmax pp,, = argmaxmy, ;,;h,, H My gkeshie
hy, €CN h;eCN t=1
= argmax N (Rik; teot;hs Crot:h)
hyeCN
= HMtot;h;
where

T —1
Cioth = | Cy! +) cy!
ot; Vo ikshik W1 ikeshik ’
t=1

_ -1
Kiot;h = Crot;h <C\I/2,zk;hzkll’q12v”“;h”“

T
—1
+ Z C\Illylkt;hlk Ky eeshag
t=1

are obtained by applying the Gaussian multiplication lemma [25]. Interestingly, the availability of
the posterior distributions allows us to determine the reliability of the estimates Zx; and hyy.

4.5 Algorithm Stability

Each parameter of a distribution is iteratively computed by a soft update [22], i.e., given the old
parameters 80~ the new parameters 8() are computed according to the message-passing rules
and then updated as

0 10 4 (1—7n)0t~Y,

where 1 € [0,1] is the soft update parameter. Additionally, the computation of some messages,
e.g., (17) may lead to precision matrices with negative eigenvalues. Inspired by [25], we set to zero
the negative eigenvalues to assure positive semi-definiteness as required for Gaussian distributions.

4.6 Analysis of Fronthaul Load

In this section we discuss a distributed implementation of the bilinear-EP JCD with special atten-
tion to the messages exchanged through the fronthaul. As apparent from (49) in the Appendix,
AP [ requires the messages my, ; .z, from the other APs [ # 1. The data prior My e = Y3kt
is assumed to be uninformative and thus not needed. The messages are exchanged via the CPU
which computes, based on the incoming messages from all APs, the following message

L

M st0t X Hm‘l’l,zm;xmv (31)
=1

12
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and then forwards them to the APs. Then, AP [ can remove its own message from the incoming
message from the CPU to obtain the desired message as in (49) , i.e.,
mmkt;tot

M0y e X m .
W1 1kt 3Tkt

In the following, we quantify the fronthaul load for the communication between APs and CPU
in terms of number of messages per iteration. Each AP transmits K'I" messages mw, ,,,:z;, tO the
CPU. Additionally, the message my,, 1o is transmitted to each AP totalling LKT méssages to be
transmitted.

4.7 Computational Complexity

The order of computational complexity at the APs is mainly determined by the computation of
inverse matrices of dimension N. Then, we focus on the messages which require matrix inversion
and present the highest computational complexity, namely, messages My, ;2. and My, ., k-
Their order of complexity can be obtained from (22) and (37). We can observe that KT |.A| weighted
sums of covariance matrices per AP need to be inverted where A := {a € Rt |a = |z|?,2 € S}
denotes the set of distinct amplitudes in the signal constellation set S. Therefore, at the AP, the
complexity order per iteration is O(KT|A|N?). The computation of the message my,,.tot in (31)
at the CPU requires the multiplication of real-valued scalars of order O(LKT|S|). Therefore, the
order of the computational complexity at the CPU is O(LKT|S|) per iteration of the bilinear-EP
JCD algorithm. The total computational complexity that takes into account the processing in each
AP and at the CPU is then given by O (LKT(|S| + [A|N?)).

4.8 Simulation Results
4.8.1 Setting

In this section we present the setting that we utilized for our simulation. We consider a square
surface with 400m side length and position L = 16 APs on a rectangular grid, i.e., on the points of
set {(i x 49%m, j x 2%m) [, 5 € {0,1,2,3}} as in [17]. Each AP is equipped with N =1 antenna.
The K = 8 UEs are uniformly randomly distributed over the square surface. Each UE transmits
with a power of p = 14dBm and at each AP the received signal is impaired by an additive white
noise with variance v = —96 dBm . The diagonal elements of the channel covariance matrix =; are
determined by the distance between the UE k and AP [ using the fading model in [17], i.e., for UE

k and for all co-located antennas n at AP [
['—""l]nk nk[dB] = —-30.5 — 36.7 logm 7kl
’ im ’

where dy; is the distance between UE k and AP [. The pilot sequences are orthogonal, specifically,
X, = I, P = K. The variability of the scenario is captured by sampling 300 realizations of the
positions of the UEs. In each position we perform 10%transmissions with different small-scale
fading realizations. In each transmission, T' € {10,100} symbols are sent per UE. We use 4-QAM
as modulation scheme. Our numerical results are obtained with I = 10 iterations and we use
n = 0.7 as soft update parameter.

4.8.2 Performance evaluation and complexity analysis

In this section we present our simulation results and discuss the performance-complexity trade-
off. As usual in the investigation of CF-MaMIMO to analyze the QoS distribution, we study the
performance of the proposed algorithm in terms of the empirical cumulative distribution functions
(CDFs) of the symbol error rate SER := E{]lj¢m} for detection and normalized mean squared

error (NMSE) defined as NMSE := E{ ”fﬁ;ﬁﬂﬁ } for channel estimation.

13
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Table 1: Computational complexity of distributed and centralized algorithms

Algorithm Complexity at AP Complexity at CPU | Total Complexity

bilinear-EP JCD O(KT|A|N?) O(LKT|S|) O (LKT(|S| + |A\N3))

He et al. ICD O(TKN2+(T+P)3N3) O(TK?) (@] L(TKN2+(T+P)3N3)+TK2)
Ngo et al. - - O (K5S|T))

Centralized MMSE || - - O (K (LN3 4+ K* + LNT + |S|T))

The samples for the empirical CDFs of the SER and NMSE are obtained per each large-
scale channel fading and UE realization and per each large-scale channel fading, AP and UE
realization, respectively, by averaging the instantaneous values corresponding to different small-
scale realizations. Additionally, in the CDF of the NMSE we omit weak channels, i.e., channels
where the received power is lower than the noise variance to avoid to take into account errors on
weak and insignificant channels. In our simulation, we consider four baseline schemes, namely,
the detector in [30] assuming perfect CSI, the ICD algorithm in [31], which is also a semi-blind
algorithm based on EP with polynomial complexity order, a modified version of our proposed
bilinear-EP JCD algorithm with perfect channel knowledge which provides a lower bound to the
SER, and a centralized conventional receiver based on a Bayesian MMSE channel estimation
algorithm and a subsequent linear MMSE filter for data detection.

Next, we compare the computational complexity order of the proposed bilinear-EP algorithm
with the baseline EP algorithm in [31], a non-coherent centralized EP algorithm proposed in [25],
and the baseline centralized approach based on linear MMSE filters for both channel estimation
and detection. The results are summarized in Table 1. Notably, the proposed bilinear-EP JCD
algorithm and the algorithm in [31] have linear and cubic (quadratic) complexity order in T'(K),
respectively. Thus, the proposed algorithm is more efficient for long data sequences and a large
number of UEs. However in our approach, the highest order term N3 scales linearly with the
number of UEs K. As the bilinear-EP JCD algorithm, the non-coherent centralized EP algorithm
in [25] adopts an exact categorical distribution for data. When it is used for uncoded transmission,
as in the proposed approach, its complexity order is given by O (K°|S|*)). Due to its exponential
complexity in the length of the symbol sequence length T, the required computational efforts
are prohibitive for a comparative study of the algorithm performance. Essentially, the algorithm
in [25] approximates a maximum a posteriori (MAP) decoder whereas our algorithm approximates
a MAP detector. It is worth noting that the extension of proposed bilinear-EP JCD algorithm with
a decoder is straightforward through the use of loopy belief propagation which is known to have
polynomial complexity as well. In contrast to the other algorithms, the conventional centralized
MMSE algorithm is not iterative in nature and, thus, a fair comparison with the other receivers
which require multiple iterations is not straightforward.

In the following, we analyze the performance. Fig. 3 shows the empirical CDF of the SER of
the proposed bilinear-EP JCD for T' = {10,100} and the above mentioned baselines. For both
values of T' the proposed bilinear-EP algorithm outperforms the ICD algorithm in [31] by more
than one order of magnitude, while the complexity of bilinear-EP is only linear in 7" and not
cubic. Our approach also outperforms the EP-based detector in [30] with perfect CSI and the
centralized MMSE approach. The gap in performance with the second baseline approach indicates
that the Gaussian approximation of the data symbol distribution and the averaging of the messages
in [30,31] determine a degradation of performance. We observe an improvement of the CDF of
the SER obtained with our bilinear-EP JCD algorithm when the length of the transmitted data
symbols increases from 7" = 10 to 7' = 100. The performance of our modified algorithm obtained
assuming perfect CSI shows that there is room for further improvement. Fig. 4 shows the CDF
of the NMSE. We observe an improvement of the NMSE by more than an order of magnitude of
our proposed algorithm compared to the ICD scheme in [31]. Additionally, the performance of our
channel estimation also improves when T increases.
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Rig;Wi ikt Trt 7N det (Chm;‘lh,zm) Tht |28 PP Rk Uikt Trt Hhy; 0y e
= ‘xkt|2NN<zlkt;xktl"'hlk§\1’1,lkt’ |xkt|2chlk§\p1,lkt
(36)

Mz V1 1k (Zlkt)ml’kr,;\l/um (xkt)-/v(zlkt; LhtMhr; Uy |mkt‘20hm;‘1/1,zkt)
= N(Zlkt; ﬁ(xkt)7 C(xkt» Mgy U ke (xkt)N(O; Hozppo 0y 10— ThtMhyg; Uy s szkt;‘l’l,mt + |xkt|2Chlk§\Ijl,lkt)

=@(Tpe)
(37)
1 H 1
Mzike; V1 1kt (J;kthlk) = N det (C v )  €Xp <_ (xkthlkt - ”szt;‘l’ukt) szkt;‘l/ukt (xkthlk - l’l'zlkﬁ\l’l,lkt))
Zikt Y11kt
1 Mz U Cz Wk
N (R et ;WK et ;W ikt
oV T T
(38)
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Algorithm 2 Modified Bilinear-EP Algorithm
2

Input: Pilot matrix X?, transmit power o7, received signal Y, noise variance o2, prior distribution
f)hl,k (hhk’) = (/]'hl,k-’ Chl,k)' R
Output: Estimated channels h; ;, and data izt.
1: Vk,I,t: Initialize all messages uninformatively except

Ky, shese = Hhy s ®s, = Fhy g

C‘l/h,hk;hl,k: Chz,k;‘l’z,,)k,,: Chl,k’
fn,xp, fort <T,
g R ’ )
0 for t > T,
c Ch, |2k, 2 for t <T,
v, 2kt = ~ - .
L RhE (Chip + i, 25, )ou for t > T,
2: for i =1 to 1. dO
3 Vk,l,t: Update my, .z ,, via (32), (33).
4 Vk,1,t>T,: Update my, .z, via (34).
5 Vk, It > T, Update may,v., ,, via (35).
6:  Vk,l,t: Update my, ., via (36), (37).
7. Vk,l,t: Update mn, 0., via (38), (39).
8 Vk,l,t: Update my. .z ,, Via (40), (41).
9: end for
10: return h;j calculated via (42) Vk, I
11: return ¢, calculated via (43) Vk, t.

5 Improving Performance under Pilot Contamination [2]

In this section, we propose a novel JCD algorithm based on EP, specifically designed to enhance
robustness against PC in CF-MaMIMO systems. The algorithm builds upon the bilinear-EP
algorithm presented in Section 4 and incorporates a modified scheduling and message passing for
bilinear structure to effectively exploit the inherent structure of the received data signals and
suppress the impact of PC. We evaluate the proposed method against state-of-the-art Bayesian
learning algorithms and demonstrate superior detection and estimation performance, particularly
under severe PC. This thorough analysis of PC was not conducted in prior work. Our analysis
further considers both contamination caused by non-orthogonal sequences and by the reuse of
identical orthogonal sequences, revealing that Bayesian methods exhibit greater robustness when
non-orthogonal pilots with low correlation are used. This insight motivates the introduction of a
novel metric tailored to quantify PC and assess its impact on iterative JCD algorithms.

5.1 Modified Bilinear-EP Algorithm

The modified bilinear-EP algorithm is summarized in Algorithm 2. Compared to the EP algo-
rithm presented in Section 4, it contains additional and augmented message updates. To be more
precise, the updates of the messages mw, iz ., M., by s Mhy e st and my are now
also considered for ¢t < 7T, i.e., for the pllot part as well. Furthermore the update of the message

is enhanced by takmg into account the additional mformatlon from ¢ < 7T,. To make

2] kot 121kt

Mhy 592, ,,
this mor’eA {clear, we describe the scheduling, initialization, and message updates in the following.
Note that many of the message updates presented below are equal to the message updates pre-
sented in the previous section. However, we recapitulate all the message updates to enable a clear
presentation of the modified algorithm.

The bilinear-EP algorithm models the variables xj; with categorical distributions, while z; x¢
and h; ; are modeled as multivariate complex Gaussian distributions. Accordingly, EP message-
passing update rules are applied to the factor graph in Fig. 5. We present the message scheduling
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Figure 5: Factor graph for bilinear-EP with 7 := T, + 1. The numbered red dashed arrows show
the message update scheduling according to Algorithm 2.

and the final update rules. The derivations are analog to those presented in Appendix A. Note
that the mean vector p and the covariance matrix C of a Gaussian random variable are equiva-
lently represented by the natural parameters v = C 'y and A = C~!. In the following, we will
interchangeably use both these representations without explicitly stating the transformation, i.e.,
if py,x; and Cy,.x, are computed, then vy, ,x, and Ay, x, are automatically given and vice
versa.

The message initialization is performed as follows: parameters describing the messagesmy I e
Mhy 0., > a0dmy, | ., VK, 1, are initialized per Algorithm 2. All other messages are initialized
in an uninformative way.

The messages My, 2k Vk,l,t are updated first, in which each AP performs interference
cancellation on the received signal using the current knowledge of the auxiliary variables z; 44,

Hwy, sz = Vit — Z K., e (32)
k' #k '
2
Cq’y,’t?zl,kt = J’nIN + Z C\I}zlﬁklt;zl‘k’t' (33)
k'#k

The updated information on the variables z; ;; at each AP [ is used to refine the local beliefs
on the data symbols xx;, which are subsequently shared with the CPU. This is done by updating
the message my VEk, It > T,

2 e Lkt

Wq’zlykt;rm (‘rkt) B8 g(xkt)v (34)
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with
H(xkt) = CN(Oll‘I’lI]yl’t§zl,kt — Hhy 0, TRt

C‘I’y,’t;zz,m + Chl,k;‘ljzlvkt ‘mkt|2)'

Next, the messages My, Vk,l,t > T, are updated by aggregating the data symbol beliefs
from all APs at the CPU, which then sends the following refined beliefs back to the APs,

UETYEL S (k) o H T., Tk (Tkt). (35)
I'#1
The updated beliefs on the symbols x5 at each AP are then used to refine the channel estimates
h; ;. This refinement is achieved through the update of the message Mu,  hk Vk,l,t, given by
(36)

(37)

A‘P h;, = All,kt - Ahz,k;‘I’

Yo e = Ve = Yy @sy o

21kt 2kt

e P ~ C P
7””;5%“), Ci,, = Crie@i) g0, ¢ < T, and
kt ’

with fiy, ,, = [, 2
) 1 O(xy, .
i, ,, = Z T 0., ,, (Tkt) - (k) “ ke (Tht),
Zl,kt TRt €X ' Tht
. 1 Ozr) (¢
Clz,)«t = . Z (e B (he) - |78 |? . (Cl’kt(xkt)
l’kt:cktEX kt

g (o) - 1] (The)) — B ke e
for t > T, with

Zipe =Y Ty, (@) - O(re),

Tt €EX
Ay (zpe) = Av, o T Dnge, x|,
) Tt
ikt (Tht) = Yy, 2 T Vhu sy, W

Then, the messages mn, ,;w., , Vk,[ ¢ are updated yielding new estimates of hy ;. by combining

the information acquired across all time slots with the prior channel information,

Ahl,k;\l’zlvkt = A\I’hlykﬂll,k + E :A\I/zl VTR (38)
/£t

Thy sV = Vny pshu + E 7\1'21,“’ shy k- (39)
t/ £t

The messages mw., ., Vk,l,t are updated last in an EP iteration, generating refined esti-
mates of the variables zyl7 k¢ which are then utilized for interference cancellation in the next iteration,

oy e Bkt Ay — A\I’yl,t§zl,kt’

'7‘1’217,“ ke = V2uke T Vy, 520 ke
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with fig, ., = fu ke (), Cglyktzchkt(xit) for t < T, and

1

B2 = 5— O T, ,, (@) - 0(The) - fu ke (we),
Dkt *
- 1 .
Corpe = 5— > e, ,, (@) - 0@re) - (Cope(wre)
1kt okt
xRt €X

+ /:lfl,kt(xkt) ! p’ll-jkt(xkt)) - ﬂll.ktﬂ’?hktv

for t > T}, with Zj j4, Ahkt(xkt), and 4 k¢ (k) as given before.
After performing the final EP iteration, the channel and data estimates are computed as follows,

hy ), = Aﬁfﬂhl,k, (42)
igt = argmax pg,, (xgt)v (43)
zil &X
with
T
An,, = A‘lfh,lyphz,k + ZA\Ijzlyktﬁ'll,,k? (44)
t=1
T
’A}/hz,k = VO, b + ZP)/\le’kt;hL,k? (45)
t=1
and the approximated posterior data distribution
L
- d d
Pz, (xkt) X Hﬂ—‘pzl’kt;wkt (‘Tk:t)' (46)
=1

We note that damping is applied to factor-to-variable messages using a damping parameter
n € [0, 1] to improve the stability of the bilinear-EP algorithm [1], i.e., each updated parameter is
computed as a convex combination of its previous and newly computed values. Furthermore, the
parameters of the messages my,, , b, and my_ .z, inline 6 and 8 of Algorithm 2 are updated
only if the corresponding covariance/precision matrices obtained by (36) and (40), respectively, are

symmetric positive definite. Otherwise, the parameters from the previous iteration are retained.

5.2 Quantifying Pilot Contamination

In this section, we introduce a metric to quantify PC in CF-MaMIMO networks. The level of
PC is influenced by the choice of the pilot matrix XP and the resulting correlations between
pilot sequences. Mutual coherence, which measures the similarity between pilot sequences, was
used in [36] for pilot design to mitigate PC. However, due to the distributed architecture of
CF-MaMIMO, user signals can often be separated spatially, especially when the users are far apart,
resulting in negligible interference. Therefore, the spatial power profiles of all UEs, captured by the
large-scale fading coefficients (LSFCs) & 1, are also critical for characterizing PC. This motivates
us to develop a new PC metric which is particularly suited for JCD in distributed systems. Inspired
by the NMSE of the pilot-based MMSE channel estimator, we define the PC metric ¢ for UE k as

|:(diag(§l,l7 s 7§l,K)71 + XPXPHO—;2> _1:|
§1k

where diag(-) denotes a diagonal matrix with its inputs on the main diagonal. The rationale for
taking the minimum value over all APs is that a strong, low-contamination link to any single AP

k.k

: (47)

¢, = min
1
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Figure 6: CDF of ¢ for different pilot sequences.

is sufficient for reliable channel estimation and successful data detection. This reliable information
can be used to cancel the interference caused by the corresponding UE and, hence, iteratively
remove PC. This concept was formalized in [37] where sufficient and necessary conditions for
semi-blind identifiability were established.

5.3 Extended Simulation Results

In this section, we present Monte Carlo simulation results for the modified bilinear-EP algorithm
and several state-of-the-art benchmark algorithms. We consider a network spanning an area of
400 x 400m? comprising L = 16 single-antenna APs, i.e., N = 1, placed on a regular grid at
coordinates {(50 4 4-100, 50+ 5-100) m | 4,5 €{0,1,2,3}} and placed at a height of 10m. A total of
K = 8 UEs are placed uniformly at random ground locations and transmit 7, = 4 pilot symbols
and Ty € {10, 30} 4-quadrature amplitude modulation (QAM) uncoded data symbols. The values
of K and T}, are chosen such that PC occurs and the complexity of the simulations is not too
high. In practice, longer channel coherence times allow for an increase in the number of pilot
symbols T}, but also for an increase in the number of UEs K, especially when the number of AP
antennas LIV is increased as well, such that PC still occurs in these more practical cases and needs
to be mitigated. We consider two different choices of pilot sequences, referred to as Hadamard
and discrete Fourier transform (DFT) pilots. For Hadamard pilots, T, orthogonal Hadamard pilot
sequences are considered and shared among the K UEs. For DFT pilots, the pilot matrix X? is
obtained by truncating a K x K DFT matrix to the first T}, columns, resulting in non-orthogonal
sequences. Hence, in our simulations, the set of Hadamard pilots consists of four orthogonal
pilot sequences, each of which is shared between two users. In contrast, the set of DFT pilots
consists of eight unique but non-orthogonal pilot sequences. The receiver noise power at each AP
is set to 02 = —96dBm. The LSFCs are obtained using the 3GPP urban microcell model which
incorporates correlated shadow fading [17].

The first set of results pertains to the PC metric introduced in (47) and evaluated over 10°
independent large-scale fading realizations. The CDF of the PC metric ¢ is illustrated in Fig. 6.
It can be observed that the non-orthogonal DFT pilots result in lower PC than the orthogonal
Hadamard pilots which are reused among the UEs.

In the following, we show the channel estimation and data detection performance in terms of
the NMSE of the channel estimates and the SER. We compare the proposed modified bilinear-EP
algorithm with the bilinear-EP algorithm in [1], the variational Bayes, belief propagation, and ex-
pectation propagation (VB-EP) algorithm presented in [38], and different MMSE estimators. For
channel estimation, we consider the pilot-based MMSE estimator and the genie-aided MMSE esti-
mator with perfect knowledge of the transmitted data symbols. For symbol detection, we employ

20



CellFree6G Deliverable 4.1

SER

——Hadamard pilots
----DFT pilots
3 ||-o-MMSE
107 5 MMSE (perfect CSI)
—-VB-EP

Bilinear-EP
—A-Modified bilinear-EP
10—4 T T I I I I I | | |

0 2 4 6 8 10 12 14 16 18 20

o7 [dBm]
(a) Td = 10.

820

SER

——Hadamard pilots
----DFT pilots
-o-MMSE

31
107 H - MMSE (perfect CSI) A
—-VB-EP
Bilinear-EP o

~A-Modified bilinear-EP
T T

L L L L L L L
2 4 6 8 10 12 14 16 18 20
o2 [dBm]

(b) Ty = 30.

Figure 7: SER versus transmit power.

the centralized MMSE MIMO detector with CSI obtained by the pilot-based MMSE estimator and
with perfect CSI. Note that the MMSE detector with pilot-based CSI serves as an upper perfor-
mance bound for any linear detection scheme with imperfect CSI, including those proposed in [39]
and [17]. Both of the bilinear-EP algorithms execute 20 iterations for JCD, whereas the VB-EP
algorithm runs for 40 iterations. All iterative algorithms use a damping parameter of n = 0.5. In
the following figures, solid and dashed lines distinguish between different pilot sequences or data
lengths, while colors and markers indicate the respective algorithms.

The next set of results present the NMSE and the SER as functions of the UE transmit power

02. The NMSE of the channel matrix estimate H is defined as NMSE := E{%}, and
F

the SER is obtained by averaging across all UEs, i.e., SER = E{Zk Do ]lwg#izf/(KTd)}. The

expectation operator in both definitions is computed with respect to the channel realizations. In
our simulation results, the performance is obtained by averaging 10* block transmissions where each
block transmission corresponds to an independent realization of the UE positions. The SER results
are shown in Fig. 7. It can be observed that the proposed bilinear-EP algorithm outperforms the
linear MMSE detector as well as the bilinear-EP algorithm in [1] and the VB-EP algorithm in [38].
Systems adopting non-orthogonal DFT pilots show significantly better performance compared to
those using orthogonal Hadamard pilots. Additionally, the performance gain from increasing the
number of data symbols from Ty = 10 to T; = 30 is more pronounced for DFT pilots. The
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VB-EP algorithm, being designed for orthogonal pilots, is not applicable to systems adopting
the proposed DFT pilots. The proposed bilinear-EP algorithm offers greater flexibility in the
design of pilot sequences, which represents an additional advantage. Fig. 8 illustrates the NMSE
performance as a function of the transmit power for the same settings discussed above. The
proposed bilinear-EP algorithm, when used with non-orthogonal DFT pilot sequences, closely
approaches the performance of the genie-aided MMSE estimator, a bound which is not attained
with orthogonal Hadamard pilot sequences. Fig. 9 shows the convergence behavior of the iterative
algorithms. The bilinear-EP algorithm converges significantly faster than the VB-EP algorithm.
As the bilinear-EP algorithm is executed for only 20 iterations, the result for iteration number 20
is extended to all following iterations to enable direct comparison with the benchmark algorithms.

For the following set of results, the UE transmit power is fixed to 02 = 16dBm and the
performance is assessed in terms of the CDFs of the NMSE and the SER per user, i.e., NMSE; =

E{%} and SERy, = E{Zt Lpa 240, /Td}. Here, 1000 independent realizations of the UE
positions are considered which results in 1000 - K = 8000 data points for the CDF. For each UE
positioning realization, the performance is averaged over 1000 independent block transmissions,
accounting for small-scale fading and noise realizations. The corresponding results are illustrated in
Figs. 10 and 11. The CDF's show that the proposed modified bilinear-EP algorithm outperforms the
benchmark schemes. Furthermore, the algorithms applied to systems utilizing non-orthogonal DF'T

pilots show greater performance gains from increased data lengths, especially when considering the
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95%-likely performance.

For the final set of results, the exact same setup as before is used with the UE-based performance
metrics now evaluated as a function of the PC metric ¢;. The results are averaged over UEs
experiencing a similar level of PC quantified by ¢i. Fig. 12 presents the corresponding results for
the SER. It can be observed that as cj increases, the performance degrades which validates cj as
an appropriate PC metric. Combined with the observations from Fig. 6, it explains the superior
average performance of DFT pilots over Hadamard pilots in previous results. Furthermore, the
proposed algorithm consistently achieves the best performance for a given level of PC. These
results further show that the JCD schemes applied to systems using DFT pilots are more effective
at mitigating PC for a given level of PC ¢.

6 Further Performance Analysis

In this section, we further investigate the performance under PC and how to reduce the fronthaul
load for the bilinear-EP algorithm. In order to control the level of PC, we introduce a minimum
distance constraint between UEs. The fronthaul load is reduced by performing multiple local
iterations at the APs before sharing information with the CPU via the fronthaul. More details on
these approaches are provided in the following.
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6.1 Minimum User Distance Constraint

PC occurs due to the use of non-orthogonal pilot sequences. The level of PC is determined by
the correlation between the different pilot sequences. However, in a distributed architecture as
in CF-MaMIMO networks, the level of PC also depends on the distance between APs and UEs.
Two UEs which are close to each other will cause strong interference, resulting in strong PC. This
was partly analyzed in Section 5.2. In the following, we investigate how the geographical distance
between UEs affect the system performance. For this, we introduce a minimum UE separation
distance d, i.e., two UEs are always at least d meters apart from each other. This is illustrated in
Fig. 13 for three different values of d. Here, the network area of 400 x 400 m is shown with the AP
and UE positions. The circles around the UEs visualizes the minimum UE distance constraint.

In the following, the same simulation parameters are considered as in Section 5.3 except that
T =18 and T, € {4, 8} depending on the scenario with and without PC, respectively. For T,, = 4,
random binary phase-shift-keying (BPSK) pilot sequences are transmitted by the UEs, whereas
for T,, = 8 orthogonal pilot sequences are used. The minimum UE distance constraint is set to
d € {0,40,80} m. Figs. 14 and 15 show the effect of the user distance constraints on the system
performance. In scenarios without PC, the performance remains consistent regardless of the user
distance. However, in systems affected by PC, increasing the distance between users leads to an
improvement in performance for both algorithms. This improvement is more pronounced for the
bilinear-EP algorithm compared to the MMSE data detector which shows the effective exploitation
of geographical UE separation for pilot decontamination.

24



CellFree6G Deliverable 4.1

0.8

0.7

04—

03

vith Contam. MMSE data detector, data syms.~14, d= 40[m]
th Contam. Bilinear EP, data syms.=14, d= 40[m;
th Contam. MMSE data detector, data syms.=14, d= 80m]
data syms.=14, d= S0[m

021+

th Contam. Bilincar-
- th Contam., MM
m. Biline

detector, data syms. =14, d=0 [

data syms.=14, d=0 [m]
15,10, d=0 [m]
is.=10, d=10 [m]
data syms. =10, d=80 [m]

w/o Contam.,Bilincar-E

? 10? 10"
SER

Figure 14: CDF of SER with minimum distance constraint between UEs.

- — —with Contam. MMSE data detector, data syms.=14, d= 40[m]
ith Contam. Bilincar-EP, data syms.=14, d= 40/m]

0/

=14, d= 80[m]

m]

=14, d=0m]

40[m]

0[m)

with Contam.
- — —with Contam.

03

10° 10* 107

Figure 15: CDF of NMSE with minimum distance constraint between UEs.

6.2 Reduced Fronthaul Load

Distributed signal processing algorithms in CF-MaMIMO systems aim to enable scalability and re-
duce the computational load on the CPU by allowing APs to locally process received signals before
forwarding information to the CPU. However, this approach presents significant challenges. A ma-
jor issue is the frequent usage of fronthaul links, as messages are iteratively exchanged between the
APs and the CPU for JCD via the bilinear-EP algorithm. This iterative communication increases
fronthaul load, particularly when many iterations are needed for improved performance. Hence,
developing efficient scheduling strategies that optimize the balance between local and centralized
processing is crucial for addressing these issues and ensuring the scalability and practicality of
CF-MaMIMO for future wireless networks.

The proposed modified scheduling for the bilinear-EP algorithm introduces an alternative fron-
thaul communication strategy to reduce the fronthaul load by selectively enabling message ex-
changes between APs and the CPU. In the original bilinear-EP algorithm, fronthaul communica-
tion occurs during every EP iteration, i.e., the number of fronthaul uses ng, is equal to the number
of EP iterations iy,,x, which can be demanding in terms of fronthaul capacity. The proposed strat-
egy reduces the fronthaul load by allowing fronthaul communication only at specific EP iterations,
determined by the scheduling rule

round (2 Zma") . ie{l,2,... nam) (48)
Nfh
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In this modified framework, the scheduling of messages the my (from APs to CPU) and

My Vs, (from CPU to APs) is adjusted. When the fronthaul communication is disabled, updated
information is not exchanged; instead, the algorithm relies on values from the previous iteration.
This selective communication reduces computational complexity at the CPU and fronthaul usage
while maintaining effective iterative refinement of channel and data estimates, ensuring a balance
between system performance and efficiency.

For the following simulations, the same parameters are used as in Section 5.3 with altered
T; = 14 and random BPSK pilot sequences of length 7, = 4. Furthermore, we set the number
of EP iterations to imax = 30 and vary the number of fronthaul uses ng,. The simulation results
are shown in Figs. 16 and 17. The bilinear-EP algorithm outperforms the centralized MMSE data
detector, even with a small number of fronthaul uses since the MMSE data detector relies solely on
the initial channel estimates for data detection, while bilinear-EP refines estimates through iterative
processing. Furthermore, it can be observed that the bilinear-EP algorithm with ng, = 10 fronthaul
uses already performs as good as with exhaustive fronthaul communication ng, = imax = 30, i.e.,
reducing the fronthaul load by 67 % with negligible performance degradation. This shows the
efficacy of the proposed fronthaul scheduling scheme and the general possibility to reduce the
fronthaul load for iterative distributed algorithms.

2 gt Tkt
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7 Conclusion

In this work, we considered a CF-MaMIMO system and tackled the quest of low-complexity JCD
with near-optimal performance and robustness to PC. We derived a blind or semi-blind distributed
JCD algorithm by formulating the problem in the framework of bilinear inference and obtaining
the solution as an unfolding of a message passing algorithm incorporating EP-rules over a factor
graph. The appealing features of the proposed algorithm stem from our choice of the approximate
posterior joint distribution of data symbols and channels. Our simulation results show that the
proposed scheme significantly outperforms the selected baseline schemes based on the detector
in [30], which assumes perfect CSI, and the ICD algorithm in [31]. Additionally, bilinear-EP JCD
has polynomial computational complexity and allows for straightforward embedding of state-of-the
art SISO decoders, such that the decoding complexity can also be kept of polynomial order. This
enables further investigations on the rate that can be achieved using our proposed JCD algorithm.
Furthermore, we extensively investigated the performance under PC and proposed corresponding
modifications. It consistently outperformed optimal linear detectors in [39] and [17] and state-
of-the-art JCD algorithms. We also compared systems employing orthogonal and non-orthogonal
pilots and showed that non-orthogonal sequences provided significant performance gains. Addi-
tionally, we introduced a new metric to quantify the impact of PC on iterative JCD algorithms
and demonstrated its relevance and consistency. Then, we further analyzed the performance of
the proposed bilinear-EP algorithm under minimum UE distance constraints, which effects the
level of PC in the network, and under reduced fronthaul capabilities. The results showed that
the algorithm can effectively exploit the geographical UE separation for pilot decontamination and
that a reduction of the fronthaul load is feasible with negligible performance degradation.

A Derivation of Factor-to-Variable Messages

In this section, we derive some of the factor-to-variable messages. When it does not cause ambiguity,
we adopt the following abbreviated notation mw, ..z, = M, 05200 (Zike)-

Derivation of message muy, ,,,;z,,

Message mw, ,,.,:zx: 1S Obtained by applying (8) and (9). This computation requires the knowledge
of messages from variable nodes to factor nodes, namely, M0y s Mz Uy e A0 Mgy 0y,
as we can evince from the factor graph in Fig. 2. In the following, we derive these messages by
applying (7). Thus, we obtain mp,, v, 4, (Rik) X Mwy ke [z M, 500, which is a Gaussian
distribution with covariance matrix and mean given by (15) and (16), respectively. As product
of Gaussian distributions, the mean and covariance matrix above are obtained by applying the
Gaussian multiplication lemma, see, e.g., [25]. Similarly, we derive the other variable-to-factor
messages as Mz, ; Wy jpr = Mo 1e5210e and

Mk Uaiwe X M5 k50 Hm\l’l,ikﬁxkt (49)
1#1
which is a categorical distribution. We normalize it as follows
M1kt (wkt) =

MW 3 5004 (Txt) Hf;ﬁl M, e (Trt)

mees MY 3 5T he (zkt) H[;Al L (xkt) .
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By utilizing the variable-to-factor messages impinging on the factor node ¥, ;¢ computed above,
we apply (9) to obtain the distribution before projection as follows

AUy peizee X /5(Zlkt - xkthlk)

X My 0100 M2k 91, 10 dzlktdhlkmwkt;‘lfl,lkt .

~ / 1 m (szt>
Rhig;Wi ikt
|xkt‘2N Tkt

X mzlkt;‘l’ukt(zlkt)dzlktmxm;‘lﬁ,zmv (51)

where the last expression is derived by applying the sifting property of the Dirac delta function,

see, e.g., [40]. Then, the factor mp,, v, ,,, (Z2 ) in (51) can be rewritten as shown in (36) at the

top of the page. Therefore, using the Gaussian multiplication lemma we obtain

2
AUy ez X /N(zlk?t;xktl‘l’hlk§\1’1,lkt7 |xkt| Chl,k,;‘l’l,zkt)

X Mezpo05W1 11t (zlkt)d'zlkt MUy g
x N(O; Hozip;0q 16 — xktl"’hlk;\l’l,lkt7Czlkﬁq’l,lk't

+ |wkt‘20hlk§‘1’1,zkt) ERLLE TR P

Next, we observe that qu, ..z, is already a categorical distribution in the exponential fam-
ily. Then, the projection operator in (8) leaves its argument unchanged, i.e., proj{qu, ;. ier.} =
QU jian, - Finally, by applying (8), we obtain the message my, ,,,z,, Which is given in (30).

Derivation of message my, ,,,;z,.

For the derivation of message my, ,,,;z,, We consider again factor node Wy in Fig. 2. Thus,
the same variable-to-factor messages computed above are necessary to determine gy, ,,,.z,,,- 1he
distribution before projection onto the family of exponential functions is

QU1 sz X /5(Zlkt - xkthlk)

L TR PP ‘h.zmmzm;\lil,lktdxktdhlk-

~ / 1 m <Z1kt)
hig;We ke
|33kt|2N Tt

X Mz U100 (zlkt)mlkti,‘l’l,zm dryy

1
x Z Mz1het5%1, 1k (Zlkt)

|2N
t
z, €S

7

|},

% Zlkt ( 7 )

Mhy Uy e z M1 10 Lkt
kt

o > @@k )N (Zukes ilwre), C(wkr)) (30)

z), €S

mzlkt?

We observe that qu, ,,,:2,, is a Gaussian mixture in |S| components with the parameters C(zx;) and
f(xg:) which depend on the specific value zx; and are defined in (22) and (23), respectively, which
is obtained by applying again (36) and then the Gaussian multiplication lemma. Additionally,
each component of the Gaussian mixture distribution is weighted by the unnormalized factor
W(xge) given in (37) at the top of the page. Then, as in (9) we have to project the Gaussian
mixture distribution onto the family of Gaussian distributions, i.e., we need to determine the
Gaussian distribution N (2iks; Zike, Zike) = Proj{qw, ,.,:z1x, ; Whose moments are matched to the
distribution gy, ,,;2,,,. Denoting with w(zx;) the normalized weights obtained from @(xy;) given
n (21), the parameters 2, and X of the moment matched distribution are shown in (19) and
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(20), respectively. Finally, we have

Proj{qu, sz} N (Zikt; Zikts Sike)
MUy kesziee X - :
Mz1k;91 1kt M2V 1k

The parameters Cy, .z, and @y, ,,,:z,, of the updated message are then given by the Gaussian
multiplication lemma shown in (17) and (18), respectively.

Derivation of message muy, ,,,;h;.
Lastly, the only message left associated with factor node ¥y jx¢ is my, ,,,;n,, - Analogously to the
derivation discussed before we have for the distribution to be projected

AUy iihipe= X /5(zlkt - xkthlk)
X mhlk;‘lfl,mtmzzm;‘l’l,mmxkz'¢1,zktdxktdzlkt~

O(/mhzk;‘l’l,mt(hlk)
X Mz1;91, 10 (xkthlk)mwkt;‘l’uktdxkt

x Z Mhy; 0y, (hlk)

z), €S

X Mz U1 et (:L‘;Cthlk>mwkt§\1’1,lkt (x;ct)

x Z Moy 001k (x;et)

zp, €S

X N(hllﬁ Hhy 0y ne s Chm;‘l’ukt)

1 Mz R Ch "
N(hlk Lkt 1,1kt Lk 1,lkt )

X
|27 12N ’ W |l
o > @(@h )N (huk; k), C (k).
zp, €S

This is a Gaussian mixture in |S| components as well with the parameters C(x;;) and fi(zyt)
which depend on the specific value z;; and are defined in (28) and (29), respectively, which is
obtained by applying the Gaussian multiplication lemma. Additionally, each component of the
Gaussian mixture distribution is weighted by the unnormalized factor @(zy) given in (37). We
need to project this down onto the Gaussian distribution N (hk; bk, Sike) = Proj{qu, y,:hui b
whose moments are matched to the distribution ¢y, ,,,:n,,- The parameters hy, and 3y, of the
moment matched distribution are shown in (26) and (27), respectively. Finally, we have

proj{qu, yhi b N (ks hug, S
MEy gehe X - .
Mhy Wy e Mhy; Wy e

The parameters Cy, ,,,:n,, and py, ,,,:n,, of the updated message are then given by the Gaussian
multiplication lemma shown in (24) and (25), respectively.

Derivation of message my, ,,.z,,
The product of variable messages entering the node Wy ;; is

K K
H Mzger;Vo 10 = H MW 5zt

k'=1 k'=1
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Therefore, we have for the distribution to be projected

K
ATg 11521kt :/ I | MW 520004

k'=1

K K
XNy Y zweo’In) [ dzg,

k=1 k=1,k#k

K
= m‘I’l,lkt;szt/ | I m\pl,lk’t;zlk’t

k'=1,k' £k
K K
x N (yue; Z 2ty 02 In) H dzj,
k=1 k=1,k#k

By repeatedly applying the Gaussian multiplication lemma on the functions being integrated, we
obtain

QW0 1052100 X T gep52000

K
X N(Zlkﬁ Yit — § LAV TS A
k=1,k#k

K
2
"Iy + Z C‘I’l,lkt;zzkt)
k=1,k#k

Since qug ;24,5 @8 @ product of two Gaussians is already Gaussian and thus of the desired distri-
bution, no further projection onto a Gaussian is necessary and we obtain the the updated message
by

My . AYo 14521kt
0,1t321kt
MYy 20kt
K
= N(zlkt§ Y — g LAV ST T
k=1,k#k
K
2
o°In + E C‘I’1,zm;zzm)'
k=1,k#k

This concludes the update of all desired factor-to-variable messages.
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