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Abstract

One of promising transmission technologies for beyond-5G wireless communication is cell-free massive MIMO where all the access nodes
(ANs) cooperate to coherently serve all the user equipments (UEs). Based on the benefits from massive MIMO, the novel notion of cell-free
network architecture is adequate to overcome the inter-cell interference limitation in ultra-dense network (UDN) environments, owing to the
full cooperation among ANs. In this paper, we develop synergetic operations between the cell-free massive MIMO and mmWave ultra-wide
frequency band, which is able to provide a genuine high-quality and robust wireless pervasive service by fully utilizing the basic three pillars
for wireless capacity, such as bandwidth, spectral efficiency and network densification. For this goal, we study the impacts of analog precoding
schemes to be combined with zero-forcing digital precoding on cell-free mmWave massive MIMO UDN systems. In addition, we investigate
the effect of correlated shadowing and pilot assignment strategies on the average spectral efficiency performance for the proposed hybrid

precoding schemes in both outdoor and indoor UDN environments.

© 2021 The Korean Institute of Communications and Information Sciences (KICS). Publishing services by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

With regards to the ever-increasing amount of mobile traf-
fic and number of mobile devices, we need to increase the
wireless capacity for accommodating such an explosive traf-
fic growth and, furthermore, we should provide sustainable
and future-proof wireless transmission technologies. It is well
known that the spectrum, spectral efficiency, and network
densification make up the three primary resources/dimensions
for mobile network capacity [1,2]. Thus, it is envisioned that
the advent of wireless transmission technologies geared toward
fully exploiting the three primary dimensions will break the
limitation in the capacity and quality of user-experience of
up-to-date 5G. Recently, an emerging technology, so called
cell-free massive MIMO (CF-M?), has attracted significant
attention from both academia and industry as an enabler for
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post-5G future wireless communication, which effectively uti-
lizes the interplay/synergy between the spectral efficiency and
the network densification via distributed and massive antennas.
The CF-M? is distributed massive MIMO-based ultra-dense
network (UDN) that can efficiently exploit benefits (channel
hardening and favorable propagation) from massive distributed
antenna and access nodes (ANs) [3—6]. More recently, a cost-
efficient serialized fronthauling architecture, known as a radio
stripe, has been proposed in [7] and [8] to address challenges
of cabling and communication between the massive ANs,
which is expected to pave the way into the practical and
scalable implementation of CM-M? system.

The enormous available spectrum in mmWave and/or ter-
ahertz frequency bands is becoming to be another basic and
pivotal pillar for 5G and beyond wireless system. There-
fore, we note that the combination between mmWave and
CF-M? is likely to be one of sustainable wireless transmis-
sion technologies which are able to fully utilize the three
primary dimensions. Despite its immense potential of the
synergy between mmWave and CF-M3, to the best of this au-
thor’s knowledge, there is no other research work on cell-free
mmWave massive MIMO (CF-M*) UDN system, excepting [5]
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Fig. 1. Cell-Free Mmwave Massive MIMO system with serial fronthaul and
orthogonal fronthaul.

and [6]. In [5], each distributed AN performs block coordinate
descent decomposition-based hybrid precoding with global
channel status information (CSI) in antenna-level, which com-
plicates a practical implementation due to the need of its
iterative processing and instantaneous CSI sharing among
AN . In [6], which is the inspiration behind this work, various
aspects to practically implement a CF-M* UDN have been
covered but its design architecture is close to a centralized
way and its analog precoding scheme has some rooms to be
improved in the contexts of cell-free operation. In addition, as
far as this author knows, the previous works do not investigate
the effect of correlated shadowing on system performance,
aside from [2] and [6] considered the correlation with a
different single de-correlation distance.

The main contributions of this work are the following.
First, we present three candidate analog precoding schemes to
be combined with zero-forcing (ZF) digital precoding, while
describing some guidelines of hybrid precoding design for CF-
M* UDN with the focus on its distributed implementation.
Next, based on the clustered mmWave propagation channel
models, we complete correlated shadowing model by dealing
with the non-positive definite correlation matrix problem in
UDN. Third, the effect of pilot assignment (PA) is investi-
gated on the CF-M* performance critically affected by pilot
contamination due to the lack of a sufficiently large number
of orthogonal pilot sequences. Finally, we perform extensive
simulations for CM-M* UDN under both outdoor and indoor
wrap-around scenarios, and present some comparison results
among the candidate analog precoding schemes with various
de-correlation distances, different PA strategies, and different
system parameters.

The remainder of the paper is organized as follows. The
system model for CF-M* is described and some design guide-
lines are presented in Section 2. In Section 3, we first select
and analyze three candidate analog precoding schemes for
CF-M*, and then describe the implementations of the hybrid
precoding combined with ZF digital precoding. PA strategies
are investigated in Section 5. Performance evaluations and
comparisons are shown with extensive simulation results in
Section 5, and the conclusion is given in Section 6.

Notation. Boldface uppercase and lowercase letters denote
matrices and vectors, respectively. Throughout the paper su-
perscripts 7, *, and  denote transpose, complex conjugate and
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Hermitian operations respectively. The operator Tr(-) denotes
its trace and I, represents g-dimensional identity matrix.

2. Cell-free Mmwave massive MIMO system model

2.1. Cell-free Mmwave UDN system model

Unlike conventional cell-based wireless networks where the
networks are partitioned into cells and users are associated
with particular base stations, we consider cell-free ultra-dense
networks where a geographical area is covered by M ultra-
densely distributed access nodes (ANs) that jointly serve a
relatively smaller number K of user equipments (UEs): M >
K. As shown in Fig. 1, all ANs are connected to a central-
ized processor (CP), which is responsible for the cooperation
among ANs via an error-free serial fronthaul link. The serial
fronthaul, so called radio stripe in [7] and [8], connects
sequentially some ANs along with a single cable in ways of
daisy-chain. On the other hand, in the orthogonal fronthaul,
each of ANs is directly connected to the CP. The functional
split which decides how many base station functions to place
locally into the AN and also how many functions to centralize
in the CP determines the requirements of the fronthaul in terms
of bitrate and latency. Similar to the original cell-free massive
MIMO, we assume Option 7-3 (high PHY) functional split
level (for details, see III-E in [9]) so that precoding functions
are implemented in ANs, which is allowed to relax fronthaul
bitrate and delay requirements particularly in serial fronthaul.

For communicating with single-antenna UEs over mmWave
band (i.e., 28 GHz) carrier frequency, each AN is equipped
with an array of N antennas and L (< N) RF chains under the
fully-connected architecture where all of the antenna elements
are connected with each RF chain using N phase shifters.
Without loss of generality, we assume L < K but in order
to leverage the benefits of massive MIMO it is assumed to
be MN > ML >» K in this paper. As in [5] and [6],
downlink and uplink between ANs and UEs are separated
through TDD communication protocol which consist of three
different phases: uplink training, downlink data transmission,
and uplink data transmission. We focus on downlink data
transmission in the CF-M* UDN system and thus we do not
consider uplink data transmission in this paper.

2.2. Mmwave propagation channel models

We consider the widely used clustered mmWave channel
model proposed in [10] and further extended in [11] to de-
scribe the characteristics of outdoor propagation channel. In
addition, for the mmWave indoor propagation characteristics,
we also consider the industrial factory automation environ-
ments described in [12]. We assume that each AN is equipped
with a uniform linear array (ULA) composed of N elements
and its frequency is 28 GHz in both cases.

(1) Large-scale fading model Two main factors character-
izing the wireless large-scale fading channel are the path-loss
and shadowing, which are useful for predicting the signal
strengths over TX-RX separation distance. In this work, we
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Table 1
Parameters for large-scale fading model.
aros anNLos Bros Bnros OLos ONLOS
Outdoor [10] 614 72.0 2.0 2.92 5.8 8.7
Indoor [12] 54.9 24.6 2.1 5.3 4.2 9.4

consider the floating intercept (FI) model that is derived from
a mathematical curve fitting via the measured data set without
any mapping to physical theory. The FI model is given as
follows:

aros + 10BLos log 10d,,x + oLosEmk

anros + 10BnLos log 10d,,x + onLosEmk

PL, [dB] = ey
where d,,; is the distance (in meters) between the mth AN
and the kth UE, «. and B. are floating intercept in dB and
a coefficient describing dependence of path loss on distance
respectively, and o0.£,; represents the uncorrelated shadow
fading depicting large-scale signal fluctuations about the mean
path loss over distance with the standard deviation o. and
Enk ~ N (0, 1). The selected values for the parameters in both
line-of-sight (LOS) and non-LOS (NLOS) are summarized
in Table 1, according to the outdoor [10] and indoor [12]
scenarios. In case of the outdoor scenario [13], with outage
probabilities pouy (dyk) = max (0, 1 — >279mk/30) given as a
function of d,,;, each link between TX and RX can be in LOS
and NLOS with corresponding probabilities given by

dyi/67.1 (23)

(2b)

pros (dmi) = (1 — pout (dmk)) €~
PNLOS (i) = 1 — pout (dmk) — pPros (dmk)

For the industrial indoor scenario, we use the following prob-
abilities (for heavy factory) reported in [11]

1, dmk <8
pros (duk) = _ d _ i (3a)
1.531e" 87622 + 4.832¢7 3073, dp > 8
PNLos (dmk) = 1 — pros (dmk) (3b)

Due to the ultra-densely deployed TXs/RXs that are in close
vicinity to each other, the shadowing in adjacent RX (UE)
locations from one TX (AN) should be correlated, which is
called auto-correlation, and the shadow fading in one UE lo-
cation from different ANs should be cross-correlated. Thus, we
need to extend the statistical model of uncorrelated shadowing
in (1) to include the spatial correlations. To this aim, we
consider the shadowing correlation model that has been origi-
nally proposed and validated by practical experiments in [12]
and also recently adopted for evaluating cell-free operation
in [3]. In the correlated shadowing model, the shadow fading
coefficients &, are modeled with two components:

Emk = V8Eanm + /1 — 88umk 4)

where &any (§urk) capture contributions to the shadow fading
that affect the channels between mth AN (k th UE) and all UEs
(ANs), and § controls a weight (0 < § < 1) of contributions
between &an,, and Eygg.
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To generate these variables &Ny, m = 1,..., M and
Eurk, k = 1,..., K that exhibit any correlation with same
statistical characteristics (zero mean and unit variance), at
first, we should compose the matrix 2,y € RM*M_ whose
element at (i, j) is shadowing correlation cross-coefficient
panij between AN i and AN j, and the matrix 2yg € R¥*X
whose (i, j)th entry is shadowing cross-correlation coefficient
puEij between UE i and UE j. That is, the p(.y;; is defined as
a correlation coefficient between two shadow fading variables
& and &; and calculated as follows like in [12]:

E{&0i&w; doy (@, j
{£0ig0) =exp(— o @ J)IHZ)
2 2 decor
E [s(_),.}E [5«);}
where dan (i, j) and dyg (i, j) are the distance between ith
AN and jth AN and the distance between UEs respectively,
and dgecor, called decorrelation distance, represents a distance
where the coefficient value is dropped to 0.5 and which is a
fixed value determined by the environment. Next, by means

of the Cholesky factorization for §2(,, we can calculate a
lower triangular matrix C, that results in £2, = C(.)C{). The

POij = (5)

matrix CanE) projects a vector ’;‘%ff (§%'E) ) that consists of M
(K) statistically independent random variables with the same
distribution into another vector 55&(58])3) that is composed
of same number and equally distributed random variables as

follows:

£ =CuEY (6)
That is, the two vectors 55& and 5{% have correlated shad-
owing values &xnp,m = 1,..., M and &ygi, k = 1,..., K

in (4), respectively. However, in order to perform success-
fully the Cholesky decomposition, the correlation matrix 2,
must be positive definite. In case the matrix is actually non-
positive definite, which is unfortunately frequent case in high-
dimension correlation matrices with a large number of trans-
mitters and/or receivers, we need to adjust the non-positive
definite correlation matrix to be positive definite with the
nearest distance from the original matrix. The various methods
for that goal are well summarized in [14] and among them,
in this work, we utilize adjusted gradient updating (AGU)
with scaled initial matrix due to its flexible, fast, and accurate
features.

The AGU method summarized in Table 2 is an algorithm
to solve the optimization problem given by

C* = argming(C) @)
C
where g(C) = % ||CCT — .Q||fF In step 1 as initialization of
the AGU algorithm, initial matrix C; is selected such that
C,CT is closed to the original correlation matrix 2 that vio-
lates the positive definite condition, and then the corresponding
initial error is calculated as €; = ”C1CIT — .Q” o Additionally,
two parameters related to the step-length (which is calculated
in step 5) are initially set to ¥ = 0.5 and w = 1 according
to the Armijo-rule based gradient updating scheme [15]. Prior
to moving into the next step, other two parameters LOYT and

max
LN . maximum numbers of iterations in the outer loop and
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the inner loop for AGU, are also chosen. Now, the outer loop
for AGU is performed between step 2 and step 12. After
computing the gradient at ith iteration in step 3, we enter into
the inner loop for AGU (from step 4 to step 10). In the inner
loop between step 4 and step 10, calculating of the step-length,
updating and normalizing of C;;;, and computing the error
€ir1 = ||C,»+1C1-T+1 — Q”Fat ith iteration are performed step
by step. Then, it is checked whether or not we are able to
exit the inner loop at step 9 and step 10. For this purpose,
the exiting criterion is defined as the iteration at which either
€i+1 — € < 0 or the number of w is reached at the maximum
value LN . If the exiting condition is not met, we go to step
5 with o = @ + 1 and repeat the inner loop. If the exiting
criterion is met, we check the stopping criterion of AGU. We
define the stopping criterion as the iteration at which either
l€i+1 — €] < €j41-th for th = 0.01 or the number of maximal
iteration LOYT is reached.

(2) Small-scale fading model: We use a popular clustered
statistical MIMO mmWave channel model [13]. Let H €
CMN*K be the channel matrix between all UEs and ANs
where, [H],,,x = hunk 1s the (Nm — N + n, k)th entry of H.
Thus, according to the clustered model, the channel between

the kth UE and the mth AN h,,; = [huik, oy - - - thk]T
can be expressed as

e ®
Bk =1 Gerdan Bers fer) ®)

c=1 r=1

where C is the number of scattering clusters, R is the number
of rays within the cluster, 7 is a normalization factor given by
VN/R, ¢ is the complex small-scale fading gain on the rth
ray of the cth cluster and asy (-) € CN is the normalized vector
response at the azimuth and elevation angles 6., and ¢, for
the AN antenna arrays. These angles are synthesized with a
large number of sub-paths (R = 20) (for details, see [13,16]).
The number of clusters is distributed as a random variable of
the form € ~ max {Poisson (1), 1} where A set to 1.8 as an
empirical mean of C. The small-scale coefficients would be
given by, as in [13],

PL,
ser ~ €N (0, 10718 ©)
where y, is the fraction of power in cth cluster given by
Ye
Ve= o (10)
I _ ppre—lqn=e 2
ye=U""10710, U, ~ U0, 1], Z. ~ N (0, ¢%) (11)

where two constants r, and ¢ are set to 2.8 and 4.0 re-
spectively, based on fitting via an approximate maximum
likelihood method.

2.3. Guidelines for hybrid precoding design

Consider the downlink hybrid precoding of a CF-M* UDN
system with the Option 7-3 functional split where AN per-
forms hybrid digital and analog precoding. We assume that
each AN is able to estimate uplink channel and share its
local CSI among all other ANs through serial fronthaul. Let
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Table 2
Adjusted Gradient Updating (AGU) algorithm.

Algorithm: AGU with scaled initial matrix

1 INIT:
(1) choose initial matrix C
(2) calculate initial error €; = HCICIT - Q”F
(3) choose parameters ¥ = 0.5, @ = 1, LN ., LOYT and i = 1

repeat {Outer loop for AGU}
grad; = a% =2 (C,-Cl-T - Q) C;
repeat {Inner loop for AGU}

@) lgrad | 7

2‘ grad; CIT| ZF

Ciy1 = C; — step; grad;

C,‘+1 \/diag (diag (C,‘+]C;T+1)_I>C,'+|
€itl = HCH]C['TH - QHF
if €41 —€ >0
w=w+1
end
until €41 —¢ <0 or w=LN_
i lazal S g
i=i+1
end
until €11 — €| <€iy1-thori=

[ B VS I )

step; =

O 0 9

11

LOUT

max

12

WRF ¢ CN*L and WBB ¢ CL*K be the analog precoder and a
digital precoder for mth AN, and P € RX*K and s € CX*! be
a power control (diagonal) matrix and signal vector for UEs.
The received signal vector y € CX*! can be expressed as

(12)

M
y= ZH;WQFWS;BP%S +n
m=1

where H,, = [h,1, ..., h,x] € CN*K is the aggregated uplink
channel matrix of each UE’s channel vector to the mth AN
(thus, H! is for downlink) and n € CX*! ~ €N (0, 0°I) is
circularly symmetric complex Gaussian noise.

We consider some guidelines (or constraints) on designing

hybrid precoding in our CF-M* UDN system model.

e G1: The number of RF chains per AN (L) is less than
the number of AN antennas (N).

e G2: WRF only depends on UEs’ spatial channel covari-
ance matrices R,x = E {h,chi},V¥m, k, that is given
by

_PLy N
Rmk =10""10 §

e R
Y veaan (ally ()

c=1 r=1

(13)

and is assumed to be known at mth AN through ideal
covariance estimation [6]. The rationale behind configur-
ing the analog precoder based on the long-term channel
statistics is two-fold: first, the large-scale second-order
statistics are easier to estimate because they vary over a
longer time scale compared to the instantaneous chan-
nels; second, since the spatial channel covariance is
uniform across all subcarriers, one analog precoder can
suffice to be designed for all subcarriers [17].

e G3: WRF s limited to constant modulus due to the only
phase controlling with phase shifters.
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Table 3
Description of RD-after-ED algorithm.

Candidate 1: RD-after-ED scheme

1 (AN) Calculation of candidate analog precoding vectors
Performs eigen-decomposition of R, to find K dominant
eigenvectors.

Calculates average Frobenius norm &, in (15)
Reports &, to CP.

2 (CP) Building of initial edge-weighted directed graph
Builds an edge-weighted graph with M AN source nodes and K
UE sink nodes where there are MK edges and each weight of
edges is &k

3 (CP) Selection by iterative Reverse Delete
Calculate sum (Z,,) of weights of edges (e;,) going out of mth AN:

By = Zkegm Emka E;n =Eu
Build a set of over-edge ANs with more than L edges
Oan =1{1,2,..., M}
for i =1to M(K — L)
for m = 1l:length(O4y)
ﬁr}d minimum weight and edge (wy,, e;;) of edges in &,
Wi

= ==
=, = =m

end for
/
find m’ = argmaxZE,, and set &,/ = &,y — e,
m

if number of edges from m’th AN is equal to L
Oan = Oan — {m'}

end if
end for
Report &,,, Vm to the corresponding ANs

e G4: WRT and WB? are limited to linear precoders,
i.e., we stress the need of low-complexity and avoid
convex/non-convex optimization solutions. More specif-
ically, we focus on zero-forcing (ZF) case for W28 and
make best efforts to select an efficient WX design.

e G5: The capacity of fronthaul is not constrained. The
overhead in data sharing among ANs over serial fron-
thaul is significantly reduced to the quantity for a specific
AN over orthogonal fronthaul. In addition, we will fully
focus on designing an efficient WRF design without
consideration about fronthaul capacity.

. Hybrid precoding for CF-M* UDN

Unlike conventional CF- M3 system, the AN in CF-M*
UDN system should serve all K UEs with L (< K) directional
beams controlled by WX, Here, a question can be raised:
which direction should a specific beam (corresponding to each
of RF chains) be set into? In case of mmWave cellular system
where a UE is associated with its best AN, the answer is
straightforward: each RF chain is dedicated to a specific UE.
The CF-M* UDN case, however, does not make the answer be
simple.

3.1. RD-after-ED analog precoding scheme

In the seminal paper [6] for CF-M* UDN system, eigen-
decompositions (ED) of R, Vk are used for the design of
WXRF " which is the conventional eigen-beamforming under
constant-modulus constraint where
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and fX% is the dominant eigenvector of Ry, «f depicts
phase angles (in unit of radians) for the eigenvector f, and

o2l represents the selection of L columns out of the K’s
in order to meet the number of available RF chains. In [6,
section II-C], an algorithm with the name of “selection of
UEs to beam form from each AN” is proposed (summarized
in Table 3). Rationale behind this algorithm is to maximize
the minimum average energy (i.e., average Frobenius norm)
of the tentatively effective channels between the M ANs and
the K UEs with the goal that each AN should only beamform
to L UEs. To implement this algorithm, an iterative reverse-
delete (RD) method via edge-weighted graph can be used.
Firstly, after finding K dominant eigenvectors, each of AN
calculates and reports to CP average Frobenius norm &, of
the tentatively effective channel linking the mth AP and kth
UE, as follows:

2
Emk = E { H (f’f;ima,x)T Fn H F}

=1 ((65%,,.) R (81

fmqknmx ) *)

Secondly, CP builds an edge-weighted directed graph (from
M AN source nodes to K UE sink nodes) which has initially
MK edges and each weight of &,;. Thirdly, CP iterates RD
and, at the end of M (K — L) iteration, achieves &,,, Vm which
is a set of exactly L edges from mth AN. CP completes RD
method by feedbacking sink nodes in &, to mth AN.

The main drawback of this approach is that although a
single RF chain should be exploited to serve all UEs in line
with original cell-free philosophy, this scheme will let each
RF chain be best used for a specific UE, which results in
performance degradation when the number of UEs becomes
larger. In addition, its applicability is restricted to the case
when K is more than or equal to L. Therefore, in that case of
K < L, this scheme makes only use of K active RF chains,
just wasting (L — K) RF chains. Inspired by this inference,
we consider in the sequels other candidate schemes avoiding
dedicating each RF chain to a specific UE.

15)

3.2. SLNR-maximizing analog precoding schemes

The scheme considered as a candidate in RF beamforming
design for CF-M* UDN system stems from [17], which is
originally developed for hybrid precoding in collocated mas-
sive MIMO system. One of the aims in this prior work is to
find RF beamformer to maximize signal-to-leakage-plus-noise
ratio (SLNR). More specifically, with the goal to fully exploit
RF chains more than the number of UE, the work makes the
RF chains span a subspace that maximizes the SLNR, instead
of dedicating each RF chain to a specific UE. Inspired by
the SLNR-maximizing subspace spanning with RF chains, we
seek a kind of its distributed version for CF-M* UDN system.
For this purpose, each AN in CF-M * UDN system generates
the simple average of the spatial covariance matrices of all
K UEs. This scheme has some advantages over the scheme
1 (RD-after-ED). In this scheme, all the RF chains in mth
AN, even if concentrating their transmit powers on the major
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Table 4
Description of SLNR-Maximization algorithms.

Candidate 2&3: SLNR-Maximization schemes

1 (AN) Calculation of analog precoding vectors
Ryor =0 € RNV vm
for k=1 ,2,..., K
switch method
case ‘Simple Average’

Rm,mt = Rm.lm + Rmk/K
case ‘Trace-Weighted Average’
Rm,tot = Rm.lot + Rmk/Tr(Rmk)
end switch
end for

Performs eigen-decomposition of R,, 1o and select L largest
dominant eigenvectors

scatters reflected via the selected eigenvectors of the R, (o,
construct a subspace for all UEs whereas each RF chain in the
scheme 1 is devoted to one UE. The power concentration due
to the limited RF chains per AN can spread out over all K UEs
through the distributed ANs (their total number of RF chains
becomes M L larger than K) in the level of analog precoding,
and the ZF baseband precoder is further able to mitigate inter-
user interference. Moreover, without any aids of CP or other
ANSs, one AN can provide the analog precoding vectors for its
RF chains by itself.

Motivated by the work in [17], a contribution which we
deserve to consider as another candidate scheme is proposed
in [18]. One of the objectives in this prior work is to design
an analog precoder for distributed RRHs in cloud radio access
network (C-RAN). Its key design point is to replace simple
average with the trace-weighted average as in Table 4. It is
alleged by the authors in [18] that the trace-weighted average
is able to effectively remove different path loss impacts owing
to the strong correlation between PL,,; and Tr(R,;). This
prior work on designing the analog precoder is different from
our work in two critical points: (1) all the baseband functions
are located in central cloud and so all the analog precoders
of RRHs are decided at the cloud in centralized manner; and
(2) it is assumed that an RRH has the number of RF chains
more than the number of UEs to serve. Therefore, note that the
effectiveness of such an analog precoder construction based on
trace-weighted average need to be verified in our CF- M* UDN
system. For this reason, we want to take its analog precoder
design method into consideration as a candidate.

3.3. Uplink pilot sending and MMSE channel estimation

At the first step for downlink data transmission in TDD-
based CF-M* UDN system, all UEs synchronously and simul-
taneously send the pilot sequences (¢f € C™*!,Vk for kth
UE) of t,-sample length which are propagated to all ANs and
allow them to estimate the uplink effective channels (including
their RF precoding matrices) g, = (WXF)" h,. Then, all
ANs use these estimates g, to beamform data to all UEs.

The received pilot sequence at the mth AN is given by

i =/ rngmkq’k +

(16)
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where P, is the uplink pilot transmit power and n €
CEx ~ €N (0,0?) is the AWGN matrix. It is worth of
noting that, owing to the limited length of the coherence time
7.(> 7,), in general, 7, < K and the assigned pilot sequences
among UEs are mutually non-orthogonal, hence resulting in
the so called pilot contamination.

Based on the y , the mth AN calculates the MMSE
channel vector estimates g,,, which can be shown to have

the following distribution g,,, ~ CN (0, R gmk)’ where

k P Rgmk lelRH (17)
and Rgmk =E {gmkgmk} and
.12

B, 2 ZRgmk loi o] +071L (18)

Here, we can quantify the channel estimation error with
8.1k = 8mk —&mk, Where the uncorrelated relationships between
gk and g, are well known.

3.4. Zero-forcing precoder with power sub-optimization

Let us start by depicting the effective MIMO channel matrix
between the UEs and ANs by G = [GT ---G1,]", with G,, =
(W,ﬁF)THm [&m1s--- &mk] € CHK. Let us assume
E {ss”} = Ix and define P = diag ([p; - - - px]). According
to G5 in Section 2.3, W28 in (12) is for ZF linear precoder
which is given by

N
WEE — G* (GTG*)  Vim (19)
where G = G — G. By substituting (19) in (12), the signal
received by the kth UE can be consequently expressed as

N R
yk:g,{G*(GTG*> P%s—i—nk

N N A -1
(8] +) 6" (676") Pis+m

. e N
N PiSk +§ZG*(GTG*) P%s—i-nk.
——

uesful signal (Tq)

(20)

channel estimation error (Ty)

Hence, applying the use-and-then-forget (UatF) bounding
analyses in [2—4], the achievable rate via ZF precoding is lower
bounded by log2 (1 + SINRzf«), where

SINRzr =E{ITol*} / (E{IT1[’} + 0?) 1)
where

E{ITo)*} = (22)
and

E{IT:*}

SR CORECHECON)
=3 e (| o) 2 faiat | wee)) |

(23)
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Thus, (21) is now leading to
Pk

S pive + 02
where y; is the ith element of the vector composed of the
diagonal elements of the matrix E | (W58)" E | g+l | w5 }
Note that even if the form of (24) is equal to those in [4]
and [6], our considering mmWave-based RF precoding can-
didate schemes are incorporated into y;; in the denominator
of (24), which can cause very different performance.

In addition, power control coefficients p;, Vk have sig-
nificant influences on the performance. as shown in (24).
In our work complying with G4, we avoid the complicated
optimal max—min power allocation [3,4,6] and instead, resort
to a modified multi-antenna version of heuristic sub-optimal
uniform power allocation in [4]. Thus, the uniform power
control coefficients are given by

SINR ) = (24)

K
p1=~-~=pK=PAN/{L-mﬁxzam,k} (25)
k=1
where P4y is the transmit power limit of each AN and
JURN| . N
ik = [E {(GTG*) &b (6767) ” 26)
kk

where g,,;; is ((m — 1) L + [)th the row of the matrix G, and
[-1xx is the element in the kth diagonal element of the square
matrix.

4. Pilot assignment strategies for CF-M* UDN

Through Sections 3.3 and 3.4, we can see that the uplink
pilot transmission by UEs has a direct impact on the data
hybrid precoding design based on downlink channel estima-
tion information in the TDD-based CF-M* system. The pilot
allocation strategy, therefore, critically determines the system
performance. For the best channel estimation, it is desirable to
allocate an orthogonal pilot sequence to each UE. However,
since the channel coherence time (t,) is finite and the length of
the pilot sequence is also limited to 7, (< 7.), pilot resources
are inevitably insufficient in highly-loaded UDN. Therefore,
one pilot sequence might be jointly used by a plurality of
UEs. In this case (K > 1), interference due to a co-pilot
(called pilot contamination) may result in deterioration of the
channel state information quality during the procedure of pilot-
assisted channel estimation, resulting in inaccurate precoding
information.

Recently, the problem of combating pilot contamination
in pilot-based channel estimation approaches has been exten-
sively studied for multi-cell massive MIMO system [19-23].
In [19], the graph coloring scheme based on the interference
graph is proposed to mitigate inter-cell pilot contamination.
Moreover, in [20] and [21], some fairness utility functions
among users are utilized for pilot assignment, based on a
large-scale fading coefficient-driven SINR. Meanwhile, au-
thors in [22] and [23] exploit angle of arrival (AoA) distri-
butions of users in multi-cell environments. These schemes,
however, cannot be used in cell-free massive MIMO systems
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directly. Due to the full cooperation among all ANs, some cell-
based structures such as the interference graph, the fairness
cost functions, and the AoA distributions are typically not
achieved in cell-free mmWave massive MIMO systems.

There is a need for a pilot allocation strategy that can
minimize pilot contamination, that is, maximize the mini-
mum distance between co-pilot UEs. However, solving very
complex combination problems such as the greedy pilot as-
signment proposed in [2] should be avoided if possible. Thus,
as two extreme choices of simplicity and complexity that can
be considered in the extension of design guideline G4 in
Section 2.3, we investigate a random pilot allocation (RPA)
strategy and a pilot allocation strategy based on K-means
clustering using UE location information. The RPA, as a
simplest extreme, assign to each UE a pilot randomly picked
out of the set of 7, orthogonal pilots. In case of the PA
based on K-means clustering, the idea is to divide K UEs
into X = [ K /7, | disjoint clusters such that each such cluster
containing X copilot UEs whose minimum distance is as large
as possible. However, the classical K-means clustering has to
be suitably modified in the application to PA since the resulting
clusters might have a number of UEs exceeding 7,. The
algorithm operates as follows. K random points are chosen
as initial centroids of the corresponding clusters, and each UE
is assigned to its nearest centroid. Then, the centroid positions
are updated by averaging over the UE positions belonging to
the respective clusters, the UEs are reassigned, and so on. Once
the clustering has completed (that is, the centroid positions
remain unchanged), in per-cluster basis, the UEs are then
sorted in ascending order of distance with the centroid. When
a pilot is allocated to each UE in a specific cluster using the
same orthogonal pilot set, orthogonal pilots are sequentially
allocated to the sorted UEs, so that UEs located in the same
order in each cluster are classified as the copilot UEs. In this
case, the copilot UEs are located as far as possible. Even if
the number of UEs classified in the same cluster exceeds 7,,
by cyclically reallocating from the same orthogonal pilot set,
the copilot UEs in the same cluster may exist and they can be
also located as far as possible.

As a middle of the two extremes of simplicity and complex-
ity described above, we now propose a PA strategy based on
Jaccard distance coefficients [24] (we call this as Jaccard dis-
tance clustering based PA, JDCPA), to maximize the minimum
distance among copilot UEs. The idea is to partition the K
UEs into 7, disjoint groups, which each such group containing
[K/t,] copilot UEs whose dissimilarity based on Jaccard
distance is as large as possible. In the proposed PA strategy,
we exploit the knowledge of the UEs’ large-scale fading (LSF)
coefficients instead of relying on their location information.
Let B, [Eik, - - .,§Mk]T contain the LSF coefficients of
the channels between kth UE and all ANs in CF-M* UDN,
which characterizes the location of UE k with respect to the
centroid given by 8. =1/ (K) Zle B, The Jaccard distance
ki between two LSF coefficient vectors 8, and B, defined as

Bi B.
Kk = , Vk
18.1° + 181" — 8L B.

27)
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Fig. 2. Scenario of node deployments. Left figure illustrates the random ANs deployment for outdoor scenario and right figure illustrates the grid ANs
deployment for the indoor scenario. In both scenarios, UEs are randomly deployed (o: AN, x: UE).
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Fig. 3. Average per-user rate versus the decorrelation distances in case of outdoor scenario.

Table 5
Description of JDCPA algorithm.

Algorithm: JDCPA for CF-M* UDN

1 Calculate «;, Vk € {1, ..., K} using (27)
2 Sort UEs in descending order of Jaccard distance:

O ={0,, 0,, ..., Ok} such that Ko, Z Koy =+ = Kog
3 Group UEs into 7, clusters

1st cluster: {01, 0,],_,.1, 02fn+1""}

2nd cluster: {02, Or,42, 027,42, .. }

7,pth cluster: {0,1,, 02z, O3y -+ }

will be used as a proper dissimilarity metric where k; ranges
from O (perfect dissimilarity) to 1 (perfect similarity). It is
noted that x; captures both the angle distance between vectors
(cosine similarity) and the distance in their lengths (Euclidian
distance). Then, the UEs are sorted in descending order of
Jaccard distance with the centroid B, i.e., the algorithm obtains
the ordered set of subindices O = {0y, O, ..., Ok} such that
Ko, = Ko, = -+ > Ko, and the UEs which are located
far from each other are put in a cluster of copilot UEs. The
proposed JDCPA algorithm is summarized at Table 5. In the
sequel, its performance evaluation and comparisons will be
presented along with Figs. 7 and 8 in Section 5.
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5. Performance evaluation and comparisons

In this section, the hybrid precoding transmission methods
of three analog precoding schemes individually combined with
ZF digital precoding for CF-M* UDN system are evaluated
and compared to investigate the impact of correlated shad-
owing and different system parameters on their performance
in terms of average per-user rate. We consider two scenarios
(see Fig. 2): (1) 100 ANs are uniformly distributed at random
within a square of size 200 x200 m 2 which is in case of
the outdoor scenario, and (2) same number of ANs shape 5
x5 regular grid within a square of size 50 x50 m 2 for the
case of the industrial indoor scenario. In both cases, 30 or 50
UEs are uniformly distributed at random in the given areas.
The results illustrated here have been obtained through Monte
Carlo simulations with 200 independent drops of ANs and
UEs, where for each drop, in order to particularly study the
effect of shadow fading correlation, 200 random fast fading
channel realizations have been implemented for both outdoor
and indoor scenarios with various decorrelation distances:
daecor € {10, 20, 30, 40, 50, 60, 80, 100} in outdoor channel
model and dgcor € {5, 10, 15, 20, 25, 30, 40, 50} in indoor
channel model. To evade edge effects, and to imitate a network
with an infinite area, the square area in the simulation setup is
wrapped around at the boundaries with eight neighbors.

Fig. 3 shows performance evaluations in terms of average
per-user rate according to the decorrelation distance with pilot
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Fig. 4. Average per-user rate versus the decorrelation distances in case of indoor scenario.

assignment of JDCPA in the outdoor scenario. It consists of a
total of three graph results according to the number of 4, 8, and
16 RF chains provided per AN. In the individual graph results,
three analog precoding methods, RD-after-ED, SLNRmax-SA,
and SLNRmax-TWA, are presented and compared with 32, 48,
and 64 antennas in a total of 9 curves, respectively. First,
what is commonly observed from each of the three graphs
is that the average per-user rate increases according to the
decorrelation distance and the number of antennas. From these
results, it is able to be understood that the CF-M* transmission
schemes make good use of the shadow correlation character-
istic through full-cooperation of distributed ANs, and that a
larger number of antennas increases the degree of freedom in
spatial processing of the signal. As you can see from the three
graph results, all three candidate analog precoding schemes of
CF-M* improve the performance as the number of RF chains
increases, which is due to the same effect of increasing the
number of antennas. The interesting point is that the RD-
after-ED has a very small improvement with an increase in
the number of RF chains, whereas the two SLNRmax methods
have huge improvement. In the first graph result (4 RF chains
per AN) in Fig. 3, however, it can be seen that the RD-after-ED
is always superior to the SLNRmax-TWA and that it is the best
just in the case of dgecor = 10 and N = 64. For the overall de-
correlation distance and antenna/RF chain number parameters,
we can see that the SLNRmax-SA is the best method in terms
of average per-user data rate.

For the performance comparisons in case of the indoor
scenario, it is shown in Fig. 4, where you can see that very
similar aspects to those in Fig. 3 are presented. Additionally,
it is characteristically noticeable that 1) average per-user rates
increase at a relatively high slope until the de-correlation
distance is 20 m, and (2) as the number of RF chains increases,
the gap between the RD-after-ED and SLNRmax methods has
become larger than in Fig. 3.

In order to compare the impact of number of RF chains
and antennas provided by per-AN on 95% likely spectral
efficiency, we show CDF plot of per-user rate under the
SLNRmax-SA scheme for the outdoor scenario (with a fixed
dgecor = 40) and indoor scenario (With dgecor = 20) in Figs. 5
and 6, respectively. It is clear that having more RF chains
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Fig. 6. CDF plot of per-user rate in case of indoor scenario.

and antennas achieves higher rates in both outdoor and indoor
scenarios even if we are using the same number of ANs.

In both Figs. 7 and 8, our aim is to benchmark the per-
formance of the proposed LSF coefficient-aware JDCPA strat-
egy against both the RPA and the location-based K-means
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Fig. 8. Minimum user rate versus the decorrelation distances for different PA strategies in case of indoor scenario.

schemes. Accordingly, performance evaluations in terms of
the average per-user rate versus the decorrelation distance in
outdoor case are presented in Fig. 7 for each of these PA
strategies. All results have been obtained assuming K = 50
UEs, 7, = 15 time/frequency samples, multiple choices of
L 4,8,16 RF chains fully connected to uniform linear
antenna arrays with N = 64 antenna elements. The first
important result to note from Fig. 7 is that irrespective of
PA strategies the average per-user rate of CF-M* increases
according to the decorrelation distance and the best RF analog
precoding scheme is SLNRmax-SA, which is the same result
as previous figures. Another result that is worth emphasizing
is that the RPA scheme is clearly outperformed by both the
JDCPA and the location-based K-means strategies irrespective
of the decorrelation distance. Fig. 7 shows the location-based
K-means strategy is best in terms of average per-user rate
performance. It is also worthy to note that as the number of
RF chains increases, the gap between JDCPA and K-means
gradually decreases, which tells the proposed JDCPA reduces
well the amount of pilot contamination based on a smart
exploitation of the available LSF coefficients.

Fig. 8 shows the benchmarking performance of the pro-
posed JDCPA strategy against both the RPA and the location-
based K-means schemes in case of indoor scenario. Unlike
in Fig. 7, performance evaluation in terms of minimum user
rate is carried out, with the same parameters as in Fig. 7. The
first critical point to note is that the proposed JDCPA scheme
outperforms the location-based K-means scheme, which says
that it reduces most well the amount of pilot contamination
experienced by the worst UEs in CF-M* UDN. Another result
that is worth emphasizing is that the gaps between the RPA
and others became larger in terms of minimum user rate.
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6. Conclusion

This paper has presented the effect of shadowing correla-
tion on hybrid precoding transmissions for cell-free mmWave
massive MIMO (CF-M*) UDN system, while comparing the
impacts of analog precoding schemes to be combined with
zero-forcing precoding, under the outdoor and indoor sce-
narios. The extensive simulation results show that all of
the candidate hybrid precoding schemes presented for CF-M*
transmission can make good use of the shadow correlation
characteristic through full cooperation of distributed. From
the simulation results, it can be seen that the proposed hy-
brid scheme with the combination of SLNRmax-SA analog
precoding and ZF digital precoding is the best. Other results
have shown that the proposed JDCPA pilot assignment strat-
egy reduces well the amount of pilot contamination without
relying on the UEs’ location information, based on a smart
exploitation of the available LSF coefficients.

For future work, it would be interesting to develop a further-
enhancing PA strategy to maximize either the sum-rate or the
fairness across users.
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