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Channel propagation
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Line-of-sight (LoS) propagation

Non-Line-of-Sight (NLoS) propagation (multipath)

Shadowing
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Channel fading

Fading
= Small-Scale Fading: rapid fluctuations in signal strength over short distances and short periods of time

= Large-Scale Fading: variations in signal strength over longer distances and time periods

Channel gain
(log scale)
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Coherence Time and Bandwidth
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Coherence Block
= Coherence bandwidth

Multipath Delays — phase shifts in frequency — channel changes in frequency
(— coherence bandwidth)
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Cellular networks, MIMO and
co-located massive MIMO
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Cellular Networks
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Definition

The coverage area is called cell

A base station (BS) serves a set of user equipment (UE)
SNR

Small Cell

Main tiers

Coverage tier: outdoor

Hotspot tier: indoor and limited area outdoor service




Cellular Networks
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The concept of area throughput

A question arises

Modeled as the volume of a rectangular box

Measured in bit/s/Km”2

What should we improve? CD, BW or SE?

What are the impacts of improving CD, BW or SE?




Cellular Networks
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Increasing BW

= Impaired by license and spectrum sharing

= Very hard to do for the coverage tier

Increasing CD

= There are some challenges...

Increasing SE

= Allows to use the BSs and bandwidth more

effectively
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Ways to improve the Spectral Efficiency (SE)

W\

Increasing the transmit power

Pushes the network into an interference-limited regime

Example, a Line-of-Sight (LOS) case. Two cells and two UEs ,/' R
Diiifecksighal \
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g Ways to improve the Spectral Efficiency (SE)

Array gain
= Increase the SE by using multiple transmitting antennas (M)
= Example: Non-Line-Of-Sight (NLOS) case. Two cells and two UEs N
mbg [ ‘\
Y
‘\
|——----- » Array gain (M) \‘ Two cell
| Wyner model
M —1 .
SEONLOS > 10g2 (1 _|_ fae ... i. , *
B+ snrg
0 Channel gain of interfering UE1  cccaaa -
where 3 — 1 T AT T e >

5_8 ------ Channel gain of UE 0
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MIMO
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Basics of multi antenna communication

= Increase the SE by exploiting the array gain

; Y.V .
SISO 5 MIMO /
a : CSIT — = — CSIR .
el Easily gets its ((( ))) _gg—' Canal %i Easily gets its
§ CSIR i UL/DL % CSIR
o CSIR — = — CSIT

Feedback
(Equivalent to BS
CSIT) B 13

(
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MIMO
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Single-user (SU) MIMO

There is only one UE and one BS (or AP)

Both are equipped with multiple antennas

Multi-user (MU) MIMO

BSs are equipped with multiple antennas and serve multiple UEs (single or multi antenna)

2

Downlink

Tx

Rx
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Uplink

Rx

Tx
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MIMO
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Massive MIMO
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Basics of massive MIMO
= Base stations (BSs) equipped with several antennas (64, 128 or more)
=  Number of users (K) smaller than M Favorable propagation

= The channel directions become asymptotically orthogonal as M— [

Exclusive channels for users in
a simple way (enables linear

pecesiny drections ~~~hY/\/E{[B0[2} and 1Y/ /E{ |02}

directions

4————————————.




Massive MIMO
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Basics of massive MIMO
= Base stations (BSs) equipped with several antennas (64, 128 or more)

= Number of users (K) smaller than M Channel Hardening

= Afast fading channel behaves almost deterministically due to spatial
diversity
Simplified signal
processing in the UE
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Exclusive channels for users in
a simple way (enables linear
processing)



Massive MIMO
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Basics of massive MIMO

= Base stations (BSs) equipped with several antennas (64, 128 or more)

=  Number of users (K) smaller than M

A
i
| =

TDD coherent operation
= Reciprocal channels

Simplified signal
processing in the UE
( ) Canal |
g (@) &
i uL/DL
Does not require CSIR
CSIR

Exclusive channels for users in
a simple way (enables linear
processing)
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Massive MIMO
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Basics of massive MIMO
= Base stations (BSs) equipped with several antennas (64, 128 or more)

= Number of users (K) smaller than M

x Simplified signal
7 processing in the UE
3 H T ‘
- ; . 100 MHz
RS - oes not require K-fold
j , CIR increase in Ut 1 NN
aggregate UE 2 _
N

Exclusive channels for users in : :
capacity VE K [
Linear and scalable a simple way (enables linear

processing in BS processing)

M-fold increase in SINR

O~ ®

SINR
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Distributed MIMO and Cell-free
massive MIMO networks
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Densification effects of the cellular paradigm
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Spectral
Efficiency

21
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é How to increase density without increasing interference

Distributed MIMO systems, network MIMO

A user is connected to more than one BS at the same time

Target: Minimize interference trough cooperation

Macrodiversity

= Sll=s -
- = = =
S ﬁ S
K, BS: BS,

each BS there are the following sets:
od0/)j (data)BS serves the UEs of the set & S €

User centric

22



,E % Why is distributed MIMO not implemented yet
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MIMO distribuido vs massive MIMO

Distributed MIMO V/’S [ Massive MIMO

* Formal definition (Standardization)
 TDD
* Signal processing definition

—

— Cell-Free




Cell-Free Massive MIMO Networks

W\

A particular case of distributed MIMO

= The antennas are spread out in the coverage area in terminals called access points (APs)
= Benefits of massive MIMO and distributed MIMO

= Better coverage probability

(D) (((E») ««é)») (D)

; i («E)» €
| / I

(@) s
ﬁ ;@) v | :CPU/
. ) % / ree) ' Tl (
Canonical cell-free \\\@\ \,/ (7 _l'
- AllAPs serve all UEs \UE k'~ 7
(((( )))) \ / (((( ))))

= Infeasible in terms of processing and data sharing _ 7<% Backhaul 2 ( ))))
(((E))) ; 4 ] ((«g))) () @é (D)
g R ﬁ_. API é
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% Evolution of Cell-Free Massive MIMO Networks
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Timeline

= Distributed MIMO

= Canonical cell-free massive MIMO

- User-centric cell-free massive MIMO <z

= Scalable user-centric cell free massive MIMO

25
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75t B User-Centric Cell-Free Massive MIMO Networks
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User centric approach
= The UEs connect to a subset of APs called AP cluster

= Reduction of processing demands and data sharing
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User-Centric Cell-Free Massive MIMO Networks

More uniform coverage than cell-based systems
The SE of the 95% likely UEs is increased in user-centric cell-free massive MIMO systems

Parameters setting: nine APs are deployed on a regular grid; UEs at different locations

Cellular network User-centric cell-free massive MIMO
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% Evolution of Cell-Free Massive MIMO Networks
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Timeline

= Distributed MIMO

= Canonical cell-free massive MIMO

= User-centric cell-free massive MIMO

= Also known as User-centric distributed massive MIMO

= Scalable user-centric cell free massive MIMO ({umm

28




% Scalable user-centric cell free massive MIMO
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Scalability
» User-centric cell-free massive MIMO systems are not scalable

» To determine whether a system is scalable or not, let K — oo and check which of the following points are implementable:

1) Signal processing for channel estimation

2) Signal processing for data reception and transmission
3) Fronthaul signaling for data and CSI sharing

4) Power control optimization

Definition

= A cell-free massive MIMO systems is scalable if the four above-listed points have finite complexity and resource
requirements for each AP as K — o

= Necessary condition: limit the number of UEs that each AP can serve

29




Modelling a cell-free massive MIMO
network
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User-centric cell-free massive MIMO networks
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System model

It is considered a cell-free massive MIMO network composed of L APs and K UEs

= Each AP is equipped with N antennas

= The total number of antennas in the network is M = NL

(«E») «5))) («E») «E») «(E») («E))) ((«é » («E») ((«é N («E))

(G2 I (&
(« ))))/ In . ))))I o ] / = () ORI £ (x
/ . (R
/(@) v CPU é (@) é
' é // («é;») ] _, (D) ; ((E») M é (D) («E») («E)))

({6 )))) / ((«g)))
\ UE k s é
(« » \

; GRS (((‘ N, (@) (((E’» ((«é»» «E»)
AR WY
Backhaul

(D) (D)
7 V)
(((E») /// \\ («é » é}») é Front:;ét);;) (((E))) é («E))) @ é (((E)))
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@

\
N
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% Time Division Duplexing (TDD) Protocol
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Simplified frame structure and important concepts

Coherence time (T,) : the frequency response of a fading channel becomes flat (constant)
Coherence bandwidth (B,) : the bandwidth associated with the coherence time

Coherence block (t.): number of complex samples available for signal transmission

i__(;o;;r_e;c_e_bTo_c;________________________ﬂ: Number of samples per coherence block:
|

| SR o
. . A 1
: N | T=BCTC—>:TC=4— EBCZZ_E
B | : v D,
| Pc | e
T | ‘

— > — > « > < > |
|
o twp tdp  Tda fud | T=Typ+Tap +Taa+ Tua

TDD can exploit reciprocity
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User-centric cell-free massive MIMO network

W\

System model: LoS component

= The channel vector between the AP / and UE k is denoted as hj; € CN*1 and it can be calculated as

l Uniform linear array

End-fire direction

= I Transmitter
- Broadside direction

dy

[ —

. . == Receiver
— = = BIBIn 1
HijEER — — — A
g [ 20
_— > S Antenna spacing: A
LoS m Angle of arrival: ¢

N ——————

kL — . | ’
""""""""" T
Large-scale gain Azimuth angle Elevation angle
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"; % User-centric cell-free massive MIMO network

System model: NLoS component
= The channel vector between the AP / and UE k is denoted as hj; € CN*1 and it can be calculated as

Statistical covariance matrix

l\\ NLoS - oo
N Rayleigh fading

HOC AN R € CNXN Composed of elements that are i.i.d
= == N\
N . .
~Anr 4 complex Gaussian RVs, i.e., Ne (071)
- = = = ittt el ittt \
- = = |- | ' | NXx1
~ — — L " hy = Ry g - g € C
] Bl \\ '\ ________________________ ]
@ el ] B
—_——
NLoS

= For all APs in the network, we have

h, = h;,, ...,hEL]T c CMxI R;, = diag (Rg1, ..., Rgr) € CY*M

Collective vector 34




User-centric cell-free massive MIMO network
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System model: Correlation matrix

= Matrix describing the macroscopic effects of propagation, including antenna gains and radiation patterns at the
transmitter and receiver.

Large-scale gain ant. 1 Corr. ant. 1 \& 2 Corr. ant. 1 \& 3 . M M
Rkl = [ Corr. ant. 2 \& 1 Large-scale gain ant. 2 Corr. ant. 2 \& 3 :| Rk — d].a;g (Rk 1 ce e Rk'L ) 6 C X
Y, Y,
Corr. ant. 3 \& 1 Corr. ant. 3 \& 2 Large-scale gain ant. 3
For N=3 _ _
/
i// Uncorrelated Correlated _]}
E ~__ channel E channel .
»‘\\ HH
L]

= The presence of correlation in the channel can favor or hinder interference cancellation

Absence of correlation Existence of correlation

AII.users haye @ Very different
uniformly different ; channels due to
/ ..
E/ channels J/ Very similar very different
E channels due to directions, weak

similar direction,
strong interference

interference
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User-centric cell-free massive MIMO network
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System model: Correlation matrix

Scattering cluster

Angular interval with \ 0
Standard deviation o, /\)/'/

Multipath component

——

TRP Normalized azimuth angle ¢

[R]lm _5/ 2mjdy (I— m)Sln(sO)f( )d@ Q= c,o+5 i

_le— )
[R]Hll = 3 / /(‘J ) Sasay g g vAna v g ] U)deU f( - 6) o l ’a- 5 )n‘)

§ ~ N(0,02) Ul—v/30,,v30,] Fors | Lap(O 0,/V2)




User-centric cell-free massive MIMO network
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System model: Channel Model

64 antennp BS ((«5»)

(D)
é ((«é;))) »

N

~—

QRN
(«(Eéf) %

)

(«E»)

LOW LOS probability

L0

(R

ngh LOS probability
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N % User-centric cell-free massive MIMO network

=)

System model: Channel Model

= The channel vector between the AP / and UE k is denoted as hj; € CN*1 and it can be calculated as

Rician factor Random phase shifts: 9, ~ 1/[0, 27)
A )
- i Kkl 1 LOS _j0x 1 . NLOS
HijEEE ! hk:l = hk el7kl 4 Ll ] E
= == | 1+ kgt 14+ Kgg |
1] :\ HM eIkl ﬁu ,:
_____________________ N~ \__________________________§<_\__________—’
- ——— X LoS component 4 NLoS component

LoS NLoS

= Rician factor is the power ratio between LoS and NLoS component

_____________________________

pLoS(dlk)
1 — prLos(dik) -+ - LoS probability

N e e e e e e e e e / 38
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User-centric cell-free massive MIMO network
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System model: channel estimation

= The channel vector is estimated by transmitting pilots

g1 ’ ‘ x
>— < g\‘ Scales with the
—< 92 2/ number of transmitters

One pilot: Estimate all coefficients M pilots to estimate all coefficients

= Pilots are known signals designed to be mutually orthogonal

______________________________________

(j)H(b _ \/_7? lf tl — tQ
2700, ift; # to.

- e e e e e e e e e e e e e e e e e e e e e e e e e e

o ———— -
N - —————

= Example:[0001],[0010],[0100],[100 0]

n samples = n orthogonal pilots!
39




User-centric cell-free massive MIMO network g

System model: channel estimation

= AP /receives the signal of all users
Power Noise

bllot Z Vi hklgbt;, + n

= To estimate the channel of UE k, AP I correlates with its pilot

pilot d) plloL
= VTpNihi + nyy
o W= D VT " All UEs with
1€ Py

~ pilot index tk

= Pilot interference happens among users with the same pilot
E {hklhzl} \/ Mk I}ZTPR/\[\IJT [RZ[ 1 € Pg.

— —H S
Ry = ]E{hklh}cll = (hklhkl + Rkl) ‘I’tk

Pilot1 Il Pilot2 Il Pilot 3

UE1 UE2 ' UE3 UE4 ;

I=
I 0
UE1 ' UE2 UE 3 UE 4

RO
EI.:J 1— ) ; i _US- U4

ilo ilo ‘
]E{( : t)( p t) }_ Zlic‘Pk TIzTupRzl"‘O'lzl]IN
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User-centric cell-free massive MIMO network
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System model: channel estimation

Unknown connection Observation
pilot

Variable hy; Vel

1
1
1
1
1
[}
1
1
1
U

= Least-square (LS) estimation

______________________________________ : - 2
pilot
ytkl — \/kaphk:lH

No need for channel statistics

Minimizes ‘

e e e e e e e e e e e = e = e e e e e e e e e e e e e e e = e =

=  Minimum mean square estimation (MMSE) o _
STTTTTIIIIII I I m T IIImmm . Minimizes ]E{”hkl —hy; ||2}

i - —1_ pilot
- by = /R ¥y, vy

e e e e e e e e e e e = e = e e e e e e e e e e e e e e e = e =

Needs channel statistics

Known channel and noise distribution

N - ————
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AP cluster matrix
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Binary matrix indicating the APs serving the UE

Dimension: L x K. / 1
In this example, L =6 and K =5 0
The matrix D also indicates the subset of UEs ) = 0
that each AP serves 0
The number of UEs that each AP serves is limited
in a scalable system \O

J.LLJ.‘
0000
1100
1011
1 010
1 00 0
|15232I

b — — o — o — m— — —

APs per UE

ANWNOo O,

N

L

UEs per AP
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User-centric cell-free massive MIMO network

W\

System model: data transmission
Combing vector

= UL phase: Power
= UEs send data to the APs T T
= Combining vectors are computed based on channel estimates Wi = m Vi
- DL phase: l VE{viDyvi}
= APs send data to the UEs Precoding vector
= Precoding vectors are computed based on combining vectors 9 APs that serve UE k

= Combining and precoding are signal-processing techniques used to
improve the desired signal and mitigate interference

AP1 AP2 AP3 - APL

@ SRS
A

UE 1 UE2 - UEK -

UL




User-centric cell-free massive MIMO network
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System model: data transmission

Combining and precoding can be performed at CPUs or APs

__j («(é))))

CPU AP

€

UL pilot TX

UE k

UL pilot TX

- = = = = = - - - - -]

Channel estimation,
DL data encoding and
combining/precoding
with partial CSI

DL data TX

DL data TX

-
>

N

()

CPU AP UE k
| UL pilot TX
DL data encoding
_ _Encoded DL data TX
Channel estimation and
combining/precoding
with local CSI

DL data TX

44




User-centric cell-free massive MIMO network

System model: network implementation

= Distribution of the processing functions in CPUs and RUs for

centralized and distributed implementations

= Each task has an associated processing computational

complexity and power consumption

Frequency-Domain

QAM
~_
\} Transmitter
= IFFT
Q0

— 11,

ol

LRI
se|e e

Time-Domain
Sum of Sinusoids

: QAM
B . .
>, Receiver -~
:L/ i :; >
q
7 0

L [

e o0 o

Frequency-Domain

fl
il Ml
il oy

Hig\h\Pewer\
Amplifier

g

\
\
: |
Low Noise /
Amplifier v
nnns, e -~ ///
reciprocal i

reciprocal?

Centralized implementation

Distributed implementation

Higher layer network

Higher layer network

Higher layer control

Higher layer control

Channel coding

Channel coding

Mapping/demapping

Mapping/demapping

OFDM
modulation/demodulation

OFDM
modulation/demodulation

Channel estimation

Combiner computation

Precoding/combining

Reciprocity calibration

Channel estimation

Combiner computation

e
H Precoding/combining
APs Reciprocity calibration
FFT/IFFT

|
|
FFT/IFFT !
|
|
|

Baseband filtering

Baseband filtering

________________




User-centric cell-free massive MIMO network

W\

System model: distortions due to fronthaul limitations

Bussgang Decomposition

y = Qo(y) = agy + qy,

L]

Gaussian

Bits per sample | Distortion rate | Correlation coefficient («y)
| 0.3634 0.6366
2 0.1175 0.8825H
3 0.03454 0.96546
1 0.009497 0.990503
) 0.002499 0.997501
> 5 1 — ay 1= "4252“2("““)

Sinal analégico
o N & O @

P~
=

s Amostra quantizada
o N F-N o @

Sequéncia digital

5
2

4

I L T

o)
3
BY

0,1,0

|
i

|

|

|

|
| I
100'111i111

|
Illlllli

-
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System model: distortions due to fronthaul limitations (distributed processing)

Uplink (UL)

Downlink (UL)

InTRP
A
[ IPiIots . | [
m ) . Vk € D 3 1 s
Avenna1 o7 AL, = Fhm B Uscr! = A
C ‘-'-"_"- _>h1->v1 -l [ e ﬂQ HE R
Il . E X vk,l mmm-m data g
Antenna 2 HtE . BEA B A user2 . =
— | [ R R [ B R
: i : :
* ., L v =
Antenna N, -l —bthL VD, -l k,Nim i JL_ Usel_IDl‘m‘ﬂ Q . ) _H_f—
L Flve = {ogn, o v} C 00 e ) A Lo
I ‘ :
e B B
Antenna 1 B ; d ] e ] . H [
Antenna 2 S B n e R =i rrmj—r:
mmw | wws XWL2Y T iy XWDL,2 [ mmw | Il No) =
. : UL ' DL
H H
g HH:A &
Antenna Nl‘m B;|: !E -1 E X wl’Nl.m Fow T CLCC lepl:ml,Nl,m - :ttt Q F_
T Vi ] oG !
Td Wk = ||v I| = {wkal’ TR ’wkleml}
k

B Antenna data
mr Antenna distorted data

® Pilots samples
mm Distorted pilots samples @@ User 1 distorted data ®m User 2 distorted data [ User|D,,,, distorted data

®m User 1 data

m User 2 data

' User|D,,,|data
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Modelando redes cell-free massive MIMO
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System model: distortions due to fronthaul limitations (centralized processing)

Uplink (UL)

Downlink (UL)

In TRP
|
I !
Antenna 1 B - |
BCI ae:z_‘ii* Q
Antenna 2 | ERENS
ERLD ->1 Q LN, Fronthaul 4
. ~ streams
L]
Antenna N, ,,, -l _ﬁ 0 *
£ 050y - | Bl -
- Tu - .-
o Bas Ha
- ] e
Antenna 1 B, Sy B : :
1 - ﬁﬁ.—
Antenna 2 Bc_— EE E!:
A em-m —t— ]
s UL DL
Antenna Ny, B__ mg
| mmmt-@
——
Ty

B Antenna data
®m Antenna distorted data

B Pilots samples

In CPU
A

;Distorted_

pilots_ i Vk € D i
| s B - = b | A
runnis —>h, > v, P
== B sk’ X vk,l El-E
EE ). A "o
ecmm'm | [TheP v omwa X Uk2 " mEE

s $ :

e . B, e
H —> h|Dl |"th [ R kaNI m ]IE
[ R I = J LCEIC]

Vk = {vk,l, Tty Ukal.m}
Antenna 1 e [ ] , ] i
9« B (Ewne Bl sup, |

©

©

B User 1 data

Antenna Ny, R - -! X W1 N, +. EBH
F’ mma L ,

B ’ . T I_L‘_ lepl,m|7Nl,nr i
— Vk — }
Wi - {wk,l’ T wkle,m}

® User 2 data 3 User|D,,,|data

@@ Distorted pilots samples @ ® User 1 distorted data == User 2 distorted data L) User|D,, distorted data
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Modelando redes cell-free massive MIMO

W\

System model: fronthaul bitrate

2B (1 - J—) > b, for BTRP
2N B[(1—2) b+ 250" | for BCPU

i ]
; _
lm,it —

Example for a maximum of 10 GB of capacity, 10 TRPs (4 antennas),
8 users and 20 pilots, B=100 MHz, and a coherence block with
200 samples:

10*1079/(2*100*10°6*(1-20/200)*8)=  bja*»

6,94= bi}"
7 users will have 7 bits 7 1 user will have 6 bits

10*1019/(2*4*100*1076)=12.5
b =17bits bt =12 bits —— 12.5=(1 — ) bfate 4+ b’

High Layer network
& control

Channel coding

Mapping/Demapping

OFDM modulation

Channel Estimation and
combining/precoding

I

Reciprocity Calibration

IFFT/FFT Operations

I

Baseband filtering

Executed at CPU

Executed at TRP

Executed at CPU

|

Executed at TRP




User-centric cell-free massive MIMO network

W\

System model: centralized combiners

P-MMSE: finds the trade-off of maximizing the desired signal and mitigating interference

—1
P—MMSE . b . I.H 2 N
Vi = Dk E piDih;h;' Dy + Zs, + o031y |  Dihy
1ESE
UEs that most
interfere with UE k ZSk - E p; D C; Dy,
Sy Correlation matrix of

the estimation error

P-RZF: interference between the UEs tends to zero

P—-RZF __ H 2 p—-1
4 |

Regularized

Neglects Zsk )
pseud-inverse
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User-centric cell-free massive MIMO network

W\

System model: distributed combiners

= LP-MMSE: same as P-MMSE, but uses only local channel estimates

UL pilot
transmissio
—1 n
LP—MMSE i A 9 i Channel
Vkl o ol __ = D, E D; ( + Czl) 1 OulIN Dklhkl- estimation
AP
ZED‘ selection
UEs served by AP / / UL data
transmissio
n
= MR: maximizes the desired signal Comgining
and UL
— data
e o and DL decoding
data
Vkl _ llkl' transmissio

DL data
decoding

51




User-centric cell-free massive MIMO network

System model: DL data transmission
= Received signals

=  Transmitted signals Data symbol of UE k
dl L M
Z”MD“W‘“A +a, 1/1“ = Z Z (hy ;) A xl -+ n}\“,
=1 m=1
o CN ((), ol ((_y, - 1) S 3 {W, lek}) for BCPU .
I a 3
T Dt,le,k(h(fL, for BTRP ygl = Z aﬁkh{kal,kw?isgl
q}‘i ~ CN ((). QY k (al,k - 1)) Desir(?drSignal
K M,
AP 1 AP 2 AP3 - APL +Z Z ajthfi Dy wis!
((E»)) («E») («E») («E») o
Inter-UserYnterference
L
+ nf  + ) hfjq

Receiver Noise

Quantization Noise

UEl UE2 UEK

Desired signals for UE 1 52
- = =Interference signals for UE 1

W\




Modelando redes cell-free massive MIMO

W\

System model: DL spectral efficiency

= If UEs have only statistical CSI knowledge, i.e., E {akk}

Pre-log factor

R™ = ¢Blog,(1+ SINR,), SE; = ¢logy(1+ SINR,),

B [E{DSy}?
E{|DS: — E{DS¢} 7} + E{[1¢?} + E{JQN,P} + 0%,

SINR,

Noise power

Known as
hardening bound

dl = dl . H dl S iy, H dl
Ye = opph i Digwiksy + 20 3 oy Dy w6
=1 i=1 =1 m=1
N ~- 4 i#k
Desired Signal b ~ -
Inter-User Interference

iT;
- ngl 4 Z mathbf hﬁ.q,,
e S |
Receiver Noise  \ = ~
Quantization Noise
UL pilot

transmissio

n

Channel
estimation

AP
selection

UL data
transmissio

n
Combining

and UL
— data
and DL - decoding
data
transmissio

DL data
decoding

DSy, — E{DS;}

New interference
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User-centric cell-free massive MIMO network

W\

System model: Energy efficiency

Bandwidth
[ ) N
B i1 5Ek 7 by
¥ EEtor = ==l '
__Frot
9 (((E») (((E))) (((E))) («E»)
Power consumption Power of CPU signal é ))), @, €D
of AP/ processing tasks TC_J] &1’ _____ &
i l i B _’ (D) ()
Pot=> P Py + P 9, a1
tot = g fh,l T L'CPU \ / 7
1—1 =1 I b » 'l | (((é»)) («E)»
__..: B kh 1 é\’l AT . e
Power of fronthaul links (R (Z(C ))))au( % 5») ": ETET‘_@EI_,
between AP [ and CPU é/’ é I g e ((E»)
L Roapd s
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Simulation results

W\

Scalable cell-free system vs canonical cell-free

= Negligible losses in SE

= The distributed implementation (LP-MMSE) is almost not affected

L 4 l’ ’-— ;’
- 4 U
. 4
0.8 » £ 0.8+ ..‘
- '? . A
» L4
_ 06 = £ L0BF ¥
O . z a » 75
~ 04 . —— MMSE (All) 0.4 ——— MMSE (All)
g — === P-MMSE (Scalable) — = —= P-MMSE (Scalable)
........ L-MMSE (All) saxsnens [-MMSE (All) |
02 = == LP-MMSE (Scalable) | | 0.2 = == LP-MMSE (Scalable)
== mm MR (All) == mm MR (All)
O 1 L 0 1 I
0 2 2 6 8 10 0 2 6 8 10

Spectral efficiency [bit/s/Hz] Spectral efficiency [bit/s/Hz]

Parameters setting: L = 400 APs, K=100 UEs, N =1 Parameters setting: L =100 APs, K=100 UEs, N =4
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User-centric cell-free massive MIMO network

W\

System model: channel hardening

UE effective

channel
VAR (n;
CH. — (m,i;)
(E [9r.x))
L
Uk,k’ =Z af{;hkal_k'wl_k' 2 kE{l,Z,'--,K}
1=1

Reference case: cellular system, i.i.d. Rayleigh
fading — 1/L

Variance of channel hardening

o
w

0.25

O
\

0.15

o
—h

0.05

—I— (‘(‘ll free
I e Reference case | |
i T More APs, _
i wer N
i & _I l .
2 4 Higler variance, fwer
Number of dﬁW@Xr ening
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User-centric cell-free massive MIMO network

W\

System model: favorable propagation

Interfering
effective channel

VAR(np x
FP, = YARUNR) oy
(E[mr,k])
L
’)k,k’ = Z af,’;hf{kD,_krwl_k' 2 kE{l,Z, mee K}
=1

Reference case: cellular system, i.i.d.
Rayleigh fading — 1/L

Variance of favorable propagation

-
o

O O o
no w ~

o
ol

o

- F Cell-free: é;; = 10 m
=== Cell-free: d;; = 100 m
-------- Reference case

Number of antennas (V)
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A comparison among AP selection
strategies

XLIIl Simpdsio Brasileiro de Telecomunicacdes e
Processamento de Sinais




AP selection (AP clustering)

AP selection schemes (common approaches)
= Canonical cell-free (CF) massive MIMO
= User-centric clustering (UCC)

= Largest-large-scale-fading-based (LSFB)

((é;))) (ER) (D) ((«é;)))
(

(«E») (
RIARY ((‘K» S e
é/ é A é

(@) / |
é ;@) : PO om—
‘B & ), / (« »)) = D) V(«
(&%)

/ ! ))))
\ \ )
\ UE k él | ((( )))) (((E)D ,:‘
Backhaul \| ((( N

— Fronthaul
«E)) «5») ' «ﬁ%»»

AP

(« >)))

\

(«E») ((«é)») («E») («E)) («E»)

(D)
(«E)» (((§» (D) (E) (@)

(((E))) 2
@;I' (R R

é (@) é
(«E») é

(@)
é ((«é)») («E»)
(CR) ()

(((E))) é ((«g))) @ é (((E»)
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Scalable cell-free (CF)

W\

Relates AP selection process to pilot assignment

= In this scheme each AP can serve up to 7, ;, UEs

Keep the UE with

the strongest
channel gain J

Is the pilot t
available?

\

= Assigns a pilot ¢,

= |nforms the other APs that the
UE k has entered the network
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Matched Decision

W\

A general framework

The AP selection considers the most suitable connections for both UEs and APs

It can be adjusted according to different criteria

/

The APs can
accept or reject
the UE k request

It can behave like the previous AP selection schemes, but providing scalability and guaranteeing connection
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AP selection (AP clustering)

W\

A comparison, downlink (DL) spectral efficiency (SE)

» Parameters setting: L =100 APs, K=25 UEs, N =1
»  Unae denotes the maximum number of UEs that each AP can serve

SE [bit/s/Hz] SE [bit/s/Hz]
4

CDF
CD

CDF
CDF

0_/‘.———-'?‘"‘Pv 1 | I s — = 0

0 1 2 3 4 5 6
SE [bit/s/Hz] SE [bit/s/Hz]
LP-MMSE P-MMSE

e Catiomical CE(NS) —— nownens OCC (NS) =s=u= LSFB (NS) —&—Scalable CF - € —Proposed method
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AP selection (AP clustering)

W\

A comparison, downlink (DL) spectral efficiency (SE)

= The matched decision can behave like other AP selection strategies while affording scalability and ensuring connection
of the UE with the network

6.5 . - Time complexity
LD .Q ........... ,{,:“:G::..:\..:\. .............................................................................. )
[ L I o. A STICCLIVLNL TTiIeutnou CUITIPICAILY
g 6i - e - =\; s ooz El:"' ---------------
Z e o 9, UCC O(LK TogK)
855 Similarity region Y% L SFB O(LlogL)
= = PR Q. Scalable CF O (L)
Oy il | B Tkt RO ™ s, Matched Decision O (LUpax)
&0 .
S| [ o--Proposed method: U =10
g max
Z45¢) ---.UCC.UmaX:4 \
............. UCC:u =10 \.\.
max q’
4 1 1 1 1 1
-70 -60 -50 -40 -30 -20 -10

v (dB)
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Some researches regarding
user-centric cell-free massive MIMO
systems

XLIIl Simpdsio Brasileiro de Telecomunicacdes e
Processamento de Sinais
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RUs connected to
different CPUs
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Benefits

Low
complexity
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User-centric D- mMIMO
System'Assisted by UAV
Swarm
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Research

Use of UAVs as TRPs




Cooperative UAV

swarm
Main Lobe
Main Lobe
Side
Lobe Side
Lobe
Antenna Antenna Antenna
One Radiating Two Radiating Four Radiating

Element Elements ElEments

Leads to array gain in
D-mMIMO

-~ D-mMIMO

ASS|sted by
UAV Swarm
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Scenarios
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How to optimize UAV
positions?
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" Define initial e’ Compute coordinated
UAV positions UAV trajectory

- Bd

. | t’ Compute rate ¢’ Update each UAV position
a "‘;[. = performance
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Benefits

Low Performance
complexity improvement f
e il

MR precoding, low UE density, N =4

* ?
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Feasibility Analysis for
User-centric D-mMIMO
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Profitability
Distributed VS. Cetralized

. o T —
Distributed
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Pilot reuse consequence:
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