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Abstract

Pilot decontamination is a major challenge of the Massive MIMO
system. Pilot contamination severely limits the performance of
the system. In front of the many advantages that massive MIMO
offer, it is necessary to study techniques that can suppress them.

When talking about decontamination, three techniques are the

most popular, non-universal reuse pilot, power allocation and
Keywords: precoding/detection. In this work, we chose to study a new
precoding/detection  technique to participate in this

g/lasstlv? '\;'fIMO ) decontamination. Other research has already proposed the full
Ppec ;a .e iciency, pilot Zero forcing which is an improvement of the ZF, it removes
Dreetz(t):ti%rﬁ' intra and intercell interference by listening to pilot signaling in

the entire network. The new technical that we proposed here is
based on the fact of being able to improve the useful signal and to
eliminate the interferences.

Contamination.
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1. Introduction

Wireless technology has favorably changed the ways of communication. The time when thecommunication is
only possible in predefined places is passed. The services ofcommunications are accessible today wherever
we are in the world, without supportthrough the deployment of cellular networks, local area networks and
satellite networks [1][2][3][4][5] .

About cellular network, it evolves continuously to meet the rapid increaseof demand for wireless data
services whose key parameter to consider is throughput(Bits/s). Higher throughput per zone is traditionally
achieved by combining three factors:a larger frequency spectrum, higher cell density and spectral efficiency.
This study considers the latter, in particular the Massive Multiple-Input conceptMultiple-Output (MIMO)
which is identified as a key to increase spectral efficiency in the order of magnitude of the next generation of
mobile network.

Massive MIMO system uses spatial multiplexing to improve efficiencyspectral, the ability of the system to
separate users from one another defines its performance. Inthe goal of fully exploiting the benefits of
Massive MIMO, a proper allocation ofthe spatial resource is then very indispensable. It corresponds to the
choice of precoding anddetection techniques and this requires a good knowledge of these signal treatments.
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2. Research Method

We consider a cellular network where payload data istransmitted with universal time and frequency reuse,
each cellis assigned an index in the setL, where the cardinality|£ | isthe number of cells. Each BS in each cell
is equipped withan array of M antennas and communicates with K singleantennausers (UESs), out of a set of
KmaxUEs. We areinterested in massive MIMO topologies where M and Kmaxare large and fixed, while allUEs
have unlimited demand for data. The subset of activeUEs changes over time, thus the nameke {1,...,K} in
cellte Lis given to different UEs at different times. This model is used to study the average performance for
arandom set of interfering UEs.

The time/frequencyresources are divided into frames consisting ofTcseconds and W¢ Hz. This leaves
roomforS= TcW¢ transmission symbols per frame.We assumethat the frame dimensions are such that Tcis
smaller or equalto the coherence time of allUEs while Wcis smaller or equalto the coherence bandwidth of all
UEs. Hence, all the channelsare staticwithin the frame.

hjk€ CNdenotes the channelresponse betweenBS j and UE k in cellt in a given frame. These channel
responses are drawn as realizations from zeromeancircularly symmetric complex Gaussiandistributions:
hjik=CN(0, dj(zi)Im)

Where lyis the MxM identity matrix, d;(z) gives the variance of the channel attenuationfrom BS jto any UE
position z, the value ofd;(z)varies slowly over time and frequency, thus we assumethat the value is known at
BS j for all | and k and that eachUE knows its value to its serving BS. The BSs are not exchanging any
information [7][8][9][10][11][12].

2.1 System model

We consider a cellular network where payload data istransmitted with universal time and frequency reuse,
each cellis assigned an index in the setL, where the cardinality|£ | isthe number of cells. Each BS in each cell
is equipped withan array of M antennas and communicates with K singleantennausers (UESs), out of a set of
KmaxUEs. We areinterested in massive MIMO topologies where M and Kmaxare large and fixed, while allUEs
have unlimited demand for data. The subset of activeUEs changes over time, thus the nameke {1, ..., K} in
cellte Lis given to different UEs at different times. This model is used to study the average performance for
arandom set of interfering UEs[7][8][9][10][11][12].

The time/frequencyresources are divided into frames consisting ofTcseconds and W Hz. This leaves
roomforS= TcWc transmission symbols per frame.We assumethat the frame dimensions are such that Tcis
smaller or equalto the coherence time of allUEs while W is smaller or equalto the coherence bandwidth of all
UEs. Hence, all the channelsare staticwithin the frame.

hjk€ CNdenotes the channelresponse betweenBS j and UE k in cellt in a given frame. These channel
responses are drawn as realizations from zeromeancircularly symmetric complex Gaussiandistributions:
hii~CN(0, dj(zi)Im)

Where Iyis the MxM identity matrix, d;(z) gives the variance of the channel attenuationfrom BS jto any UE
position z, the value ofd;(z)varies slowly over time and frequency, thus we assumethat the value is known at
BS j for all | and k and that eachUE knows its value to its serving BS. The BSs are not exchanging any
information.

2.2 Uplink
The received UL signaly; eC™at BS j ismodeled as:

Yi~Xier Dh=1+/Pic hjuXic + 1)

Wherex€Cis the symbol transmitted by UE k in celll ; E{|xuJ*}=1, pi > 0 isthe ULtransmit power ; py=

= (’; )Withp> 0. Thispower-control policy inverts the average channel attenuationd, (z;, ). Hence, this policy
1\Zlk

guarantees a uniform user experience, savesvaluable energy atUEs. Theadditive noisen;eC” is modeled asn;
~ CN (0, 6®ly); %is the noise variance[7][8][9][10][11][12].

2.2.1 Pilot signaling

To perform signal processing, the BS needs CSI or Channel State Information. The estimation is done by
sending pilot sequence in UL. Each pilot signal can be represented by a deterministic vectorv € C®. Assume
that pilot signals come from a pilot book V defined by:

— . ~ - B'bl = bZ (2)
V={vy,... ;vg} ol v} v, = {0, by % b,

Where ()" refers to the transposed conjugate. The B pilot signals form an orthogonal basis.
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The pilot signal transmitted by UE k in cell | is noted by v; . ;i € {1,...,B} is the index in the pilot book.

Lk !
By transmitting these pilot signals over B symbols in the UL system model, the collective received UL signal

at BS j is denoted as y;€ C*"*® and given by:
Yi= Yier Dk=1+/Puc vl + N ©)

Where N,—E(CMXBcontains the additive noise at the receiver during the pilot signaling.

2.2.2 MMSE estimator (minimum mean squared error)
the effective power-controlled UL channel hj"’l£f= Jpuhjforany UE k € {1,....,K} inall cell LEL s :
ceff _ d;(zi) Yj (q,jT)-l v 4)

hﬂk ) ke

Where (.)*denotes the complex conjugate, lI’,—E(CBXB is the covariance matrix of the received signal :
. 2
= Ee s T, vl + Ty (5)

=14y (zy) mlm

The estimation error covariance matrixCy€ c"Mis given by :
eff ceff
Cin= E{(hY - g Yl - il )™ ©)
d;(z) 7
Cinz dj (zy) _ d]l(zlk)B ™
ik pdl(sz) d; (2 ) H o, o2

ko _JimJ ) a-
ZIELZ’”:ldl(zlm)vllk Vit T P

And the mean-squared error is MSEj;, = tr(Cyy ).

The covariance matrix Cjy reveals the causes of estimation errors; it depends on the inverse signal-to-noise
ratio (SNR), and on which UEs that use the same pilot signal represented by the products v;, vi’fm that are
non-zero).

. ‘/ﬂj(zlm)
. The ratio m

almostone for cell-edge UEs of neighboring cells, while it is almostzero when cell | is very distant from BS j
[25].

describes the relative strength of theinterference received at BS j from UE m in cell I; it is

2.23 Achievable UL Spectral Efficiencies

The base station can amplify the signal from the kth terminal and eliminate the interference from the other
terminals by multiplying the signal received by a vector gf; €C", it’s the linear combining: g/ ;.

_ K

9/Yi= Lier k=1 /P ik + gjin; ®)
K L

9k Y=gk Nt/ Pure Xt 2;; gﬁ(hjlt PuX;e + Zl,j P gg(hjit VDitXie + gﬁ{ni ©)

Where gf,’( Nt/ Piic Xiis  the  desired  signal, Z§=1 g}’j{hjlt PieX;e is the intracell interference,
t#k
ZiL=1 Z{Ll gﬁchjit Dt Xi¢ is the intercell interference and gﬁ( n; is the residual noise. The linear combining
i#l

vector gﬁc appears in all expressions, it can be used to amplify the desired signal, suppress interference and /
Or suppress noise.

The combining schemes for massive MIMO can have either passive or active interference rejection.. The
canonical example of passive rejection is the Maximal Ratio combining (MR), which amplifies the desired
signal. On the other hand, the active rejection is obtained by putting the combination at the reception as
orthogonal as possible with the interfering channels. This can be achieved through the use of the Zero
Forcing combining (ZF), where it is selected to orthogonalize the K intracellular channels.

ZF combining only actively suppresses intra-cell interference, while the inter-cell interference is passively
suppressedjust as in MR combining. Further interference rejection canbe achieved by coordinating the
combining across cells, suchthat both intra-cell and inter-cell interference are activelysuppressed by the
receive combining. [15] proposed a new technique, fullpilot zero-forcing (P-ZF) defined as:

gﬁf"= I:Iv,j (HZij,j )-191']-,( =
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P-ZF exploits that all the B estimated channel directions H,, are known at BS j and orthogonalizes all these
directions to also mitigate parts of the inter-cell interference.

In the UL, an ergodic achievable SE of an arbitraryUE k in cell j is:
(0 (1-2) Eg{toga(1 + SINRS™) bitisiHz]

Where :

pjic[E{afi b }|2 (11)

Z
TierEh=1Pim E{h}{lgﬁ( Rjim IZ}—ij |E{h}{gﬁ{ hijjic }| +a2Eg{llgjk |13

@)
SINR{"=

Let Lj(B)cL be the subset of cells that uses the same pilots as cell j. In the UL, an achievable SE in cell j is:

SE")= K{(1— Dl0go(14 ) [bit/s/Hz/cell] (12)
J

Where the interference term:

scheme — @) H}(lz) (M](ll)) (Zzec#(l)zsmeme +—)(ZzeL (,3)#,1 +—) (13)

I ZlEL (.3)\{]} 'u']l GScheme + GSscheme

depends on the receive combining scheme throughGs¢"¢™¢ and Zﬁc’wme ;

(w)_ dj(zlm) w _ (14)
Hj, Evp {(dl(zlm)) } pour w=1,2.

Achievable SE in UL depends on the combining scheme.

2.3 Calculation of the interference term ch’"""e
We have :

N 1 (15)
IjSC eme _— E

@D
SINR},

Pk [Eny{a i b HZ

Sier I =1Pim E{h}[lgﬁ( Rjim Iz]—ij |E{h){gﬁ< hjjk ]|2+ UzE{h}{“gjk ||Z}

@)
And SINR{"=

For MR :
16
SINR)R = i ¥} Vi =
J djzm) 1 | (d;Gm) 2
K jZim) 1 j Zim H -1, _ 1., o
ZlEL Zm:l (dl(zlm) M + (dl(zlm)) vijk ql] vllm) vl ik llU] vljk + Mp
K djGm) 1| (dj(@m) _ L H w1 %
1 Zier Zm=1 (dl(zlm) wt (dl(zlm)) ik v, Vip ¥5 Vi Mp
MR — H -1
SINRjk vijk llUJ Viji

MR _ 1 .
[ = Egy {SINRI-";’(R} .

2 1 2
1 LieL Zm 1vlkl}/ Vitm +% ZleLj H}I)B +%
Ewy o (= E =
ljk

-1 -
l]k T B B

Egy ZZK (dj(zlm)> vljklp Vit ZZ“(Z)
= m=1 dl(zlm) .. '[’. vijk jl

Kk dj(zlm) Z [l 0'_
dy(zim) 1) “l€L ﬂ 2 142
Ew ZZ _ ol ipz'ilv_ ZK”J(I) ‘ Zﬂ;(z) (“}z))
lEL m=1 Yige i Yk €L IEL;

o AU | S g 5
M= e, o | )+ M

4 I Vol. 10 Issue 6, June 2022



ISSN: 2347-6532 L Impact Factor: 6.660

With the same steps, we get:
<)
@ / i \‘ a? @, o2
(ZlELﬂ/‘l K l—m +7)(ZZEL]-([§’)H1-I +E)
leL; (B) ju "Bp

2
2-ef?) ) .

ZF — (2)
; _ZIEL;(ﬁ)\{f}<”jl + =

M-K
(6] o 2 W, o?
_ Ji it Lind
@ 12 (ZleLﬂjl K| 1 W +p)(2165j(5)uﬂ +Bp)
[PZF=y . (2)+“n (i) + tecp)tit "Bp
jo T Lle (NG| B, M8 V-8

2 1 2 1 62
scheme — @) Mflz)—(ufll)) (Zzew}l )fohe’"e +”7)(216Lj (ﬁ)u;, )+g—p)
I]' - ZlELl-(ﬂ)\{j} lu“ + Gscheme +

GSscheme
So,
MR combining is obtained by:
G"R*=M (17)
Zj];/IR —K (18)
while ZF combining is obtained by:
G“=M-K (19)
( ) (20)
JF_ K 1—%{ sil € L}(ﬁ)
i = zleﬁj(ﬁ) T
Ksil ¢ L;(B)
And P-ZF is obtained by:
G"*=M-B (21)
e (22)
P—ZF _ _ Ji
Z;"=K|1 Z e
teryp) /1 Be
2.4Downlink

Building on the UL/DL channel reciprocity in calibrated TDD systems, the received DL signal zj€C at ’'UE
k in cell j is modeled as:

— k T
Zj=Xier Zm=1 Myjic WimSim + Nii (23)

Where ()" denotes transpose, Sy, is the symbol intended for UE m in cell I, W,,€CM is the vector of
precoding and |[W,,||? is the allocated DL transmit power.

Power control can be considered in the DL since the BS has access to the estimated CSI[7][8][9][10][11][12].
Channel estimation is also used for DL linear precoding where the M channel inputs are utilized to make
each data signal add up coherently at its desired UE and to suppress the interference caused to other UEs.
W,-ke(CM is the precoding vector associated with UE k in cell j. We express these precodingvectors as :

9jk vk
Wy [—+—=¢
= [ Ban{iley 2] 7%
Where g;, >0 is the emission average power, g €CM defines the spatial directivity of the transmission and is
jk

based on the acquired CSI.

We will see later how to choose the emission power in DL to have the same efficiency as in UL. nj is the
additive noise to the UE k in cell j and ny ~ CN (0, %) with the same variance as in uplink. There is no pilot
transmission in DL because the response of the channel is the same as that in UL, it is channel reciprocity.
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2.4.1 Achievable DL spectral efficiencies
In the DL, an ergodic achievable SE of an arbitrary UE k in cell j is:
(D (1-2) Egy{1oga (1 + SINRY™)} [bit/s/Hz]
Where:
Lol ) (24)
SINR@D= E{h}{llé]kll }

Jk 2
Egpy |glmhl]k| } _ |E gyt i ] 2
R ([ ) R L I (T

This equation shows that the UE knows only the expectations Ej,; but does not know the realization of
channel h.

2.4.2 Duality UL-DL
There is a strong connection between the transmission precoding and the receive combining. Let {gjs,fh“’me}
be the set of combining vector in UL. So, there is a DL power control policy {qjg} with ZJ-ELZle Qjic =
ZjELZ’,le pjx for SINRj(,f”):SINRj(k“” using g“].k = g]-s,jhe’"e for all j and k. Therefore, the same spectral
efficiency can be obtained in UL and DL

SE= kg®(1 - £}, (1 + SMW)[bit/s/Hz/cell] (25)

Where the interference term I]“h"m" in DL is the same as in UL.

This equation shows that the SINR obtained in the uplink is also obtained in the downlink by correctly
choosing the power control coefficient {qj}.

Hence the conventionally known DL-UL duality for single cell systems with a perfect CSI is also applicable
in the Massive MIMO multi-cellular system with an estimated CSI. The same treatment is used in UL and
DL.

2.5 Studies of new detection/precoder in terms of spectral efficiency (SE)

MR maximizes the desired signal but does not suppress intracellular interference, ZF suppresses intracellular
interference and P-ZF suppresses intra and intercell interference by listening to all pilot sequences throughout
the network [4] [5] [13] [14]. Now, we will study a new signal processing technique that maximizes the
desired signal while trying to suppress interference. We will call it "VAO'.

The spectral efficiency of a cell which K UEs are active is:

SE;=K (1-2), (1 + )[bit/s/Hz/ceII] (26)

[scheme

Let's study the achievable SE with VAO.

2.5.1Detection/precoding technique VAO

It uses the channel state estimate to detect the received signal and to direct the signal to the intended UE.
After estimating the channel state, the signal is multiplied with the processing vector.
It is of the form:

gVAO — S—lﬁ (27)
With S = HA" + o2
The result of signal processing is:
Gy = [pG"Hx — \[pG"Hx + G'n (28)
Gy = \[p(S'MHHx — [p(S M) Hx+ G''n (29)
The desired signal is :
Jp(S UM Ax = Jp((AAY + 6?) ™ B)! Ax (30)
The interference term is a random variable of zero mean and variance:
var{(ST*H)" (n — \/pHx)}= var {((ﬁﬁH + 0'2)_1ﬁ)H(n - \/Eﬁx)} (31)
With
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Cin= E{(eL -l YRl - Bl )y= E{HA"}

o) d;(zyx)
iz dl(Zlk)
lek_ pd[(zlk) 1- ( Im) a2

JLoml, H Lo
ZlELZm 13 e ‘lkvll + b

2.5.2 Calculation of SINR

Channel estimation and the use of signal processing as VAO in Massive MIMO allow to obtain a better

SINR.
2
H
SINR(“I)— Pjk |E{h}{gjk hjjk }| i
SieL SN —1Pim E{h}{lgﬁC hjim IZ}—ij |E{h}{yﬁ< hjjk }| +02Egy{llg;i 112}
Where:
H w-1
Vi ¥ Vi
E 2l = g L e
{h}{”g]k [l } Mp
Hop %2
pie [Em{gfi b} =
d; (Zlm) d; (Zim) H - dj(Zlm) H
U gty () gy,
ZZ i E {Lg 2 } _ i) | A1) Vil Vi) di(z1m) Vijy tm
Im E{r3UYjk ]lm M,DU l[/ v,
leL Lik
So:
H w-1,,
S[NRVAO — vijk 'IUJ vljk
dj(Zim) | d;am) _ d; (zim )\ 2 _ _ o2
K J m) H 1 1 J H 1, _,H w1, ot
ZleL Zm=1 ((dl(zlm) +- di(zim) Vi 1 lzm) (dz(Zlm)) vijkl'uj vllm) vljkllvl Uljk + Mp
SINRyA = o 1d o
tm ) 4j(zim) _ 1 Zlm H y—1 o2
YleL 251:1((,111(211")+d],(zlm)”tlemwj 1”:zm)ﬁ+(dl(zlm)) v ¥ Uzlm >_Vijk ¥; Vig, +W
Uiljk l[’j_ ijk
1
SINR}? = dj(zim) | 4 @m) 1 2 dj(zm N\ v
aj\Zim) jZim) g -1, _ a K j Zim Vi
(ZIEL Zm =1y (Zlm) + _dl(zlm) Uilm lp] vllm) Mviljk qu_lvijk 1+ Mp”il;lvk l‘uj_lvijk + + ZleL Zmzl (dl(Zlm)) Vi,

(32)

VAO takes into account all interfering signals from other cells by S~ which acts as a filter. It maximizes the
SINR by seeking a balance between the amplification of the desired signal and the suppression of

interference in the spatial domain. Its disadvantage is the complexity of the inverse matrix calculation.

2.5.3Calculation of interference term for VAO
The interference term informs about pilot contamination and interference between users.

1
[Scheme )
Ul
SINR':
dj(zp) | djGzm) g -1
1 Zie Im- 1d(21m) 4G im 1T Vitm 14 g’
n — H w-1 - H -1
SINRj(I?) Mvijk'}’}. Vi Mpvijklpj Viji
2
++zz" (M) Vi
et b—im=1 dy(zpm) Vig
) v
- o Qrechj | K+K( 1 —W _)(ZIEL (ﬁ)ll,l )
VAO _ @ M (”11 ) tegy @)
I'k - Ji M + M
leL; (F\G}
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W by o o e G
ugz)_(”gl))Z (ZIEL#jl K Z_Z y}ll)+§ +7)(21€Lj(ﬁ)‘uﬂ +E)
],‘}/{AO — NQ) + Ji Jjl " leL; (5)
J Ji
le; NG} M M

VAO is obtained with:

GVAO= \ 34)
( je (35)
K\2-=—"5=|ifle 50

VAO — 1) ,0% J

4i= Zzezj(ﬁ)”ﬂ i

L Ksil & £;(B)

Maximizing the SINR consists in suppressing the interferences between the signals and amplifying the level
of the useful signal. And increasing the SINR allows an improvement of the spectral efficiency since the ES
is a logarithmic function of the SINR.

2.6 Asymptotic analysis

Let Lj(B)cL be the subset of cells that uses the same pilot as cell j[4] [5] [13] [14].

If M — oo with K, B < S < w, the effective SINRs with MR, ZF , P-ZF and VAO converge to the same limit :
1 1 1 1 1

T e iy

Only cells using the same pilot as cell j affect the asymptotic limit. To maximize the asymptotic SINR, we

must place the cells with a large u}f) in a different subset so that they use different pilot.

To find the optimal K, we can use the asymptotic limit as follows:

36
SE}OO:K(1—Q)|092(1+;(2)>;M—>00 (36)
$ Zier; (p\GIH1

This SE is maximized jointly for all cells when the number of scheduled UEs is either K*= l%] or K*=[%]

that is to say one of the closest integers to % . With K*is the optimal number of scheduled UEs.

Hence the optimal asymptotic SE is:

37
SE]-OO = 2 IOgg(l + ;(2)) ( )
4B Zier; NGIH)1

3. Results and Analysis of different precoders/detections

In the following simulations, we will consider decoding/combining techniques MR, ZF, P-ZF and VAO,; all
the results are obtained by using the expressions mentioned above. Curves are obtained using Matlab
software.

For each number of antennas M, the spectral efficiency with respect to the number of terminals K and the
pilot reuse factor g was calculated by searching the range of any reasonable integer value which determines
the length of the pilot B (B = BK). Let S = 400 be the length of the coherence block, SNR = 5dB. The
impacts of the parameter change will be studied afterwards.

3.1 Achievanle SE with different precoders/detections

The result is for mean interference severity, this is a practical case since the average comes from the mobility
of the UEs, the precoding-combining and the random pilot sequence exchange between the UEs in each cell
(all UEs can not be at the same time in the worst locations compared to other cells). The result is shown in
Figure 1.
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400 T T T
. limile asymplotiue |111+11 1+ st s e ca
P-7f e
300 F 3
———TF
————— MR
ZUU o vao .

100

" rEraTarae | " e

0
10" 10° 10° 10* 10°
Number of BS Antennas (M)

Fig 1: SE depending on the number of BS antennas

Spectral Efficiency (SE) [bit/s/Hz/cell]

The asymptotic limit shows the achievable SE when the SINR is maximal, with M tends to infinity. It is used
as the upper limit for ES measurement.

The spectral efficiencies obtained show great differences for the different precoders. MR achieves the lowest
ES, this is due to the fact that it does not suppress interference. ZF is the most efficient when M is less than
1000 with less interference and for M between 500 and 8000, VAO and P-ZF have the same performance.
Beyond that, P-ZF is the most powerful; it exceeds VAO when M is very large. The performance of P-ZF
requires a very high number of antennas from the base station. At least M = 10° is necessary to reach the
asymptotic limit.

3.2 Optimal number of scheduled UEs depending of M

[
=

-
o
o

.
—. —- —- . b a—— . — —
R

Optimal Number of Scheduled UEs (K)
b=

10’ 103 10°
Number of BS Antennas (M)
Fig 2: Optimal number of UE depending M
The general behavior is that larger M implies an optimal number of UEs, K* higher. MR, ZF, P-ZF and VAO

plan the same optimal number of UEs, around 180 when M is very large. MR can schedule the largest
number of UEs with the smallest number of antennas at the BS (M = 150, MR plans 80 UEs).

3.3 Impacts of changing system parameters

Let's look at how the system settings affect the results of the simulation. Let's focus on the case where 10<M
<1000 antennas and also when other parameters of the system than M vary. We consider the average Massive
MIMO configuration (M = 100) and the large Massive MIMO configuration (M = 500.
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e Peruser SE
Consider the SE per UE for the operating points that maximize the SE per cell, this is the ES/K* ratio.

e P.ZF

Per-UE Spectral Efficiency [bit/s/Hz/user]

0 I ! 1 ! I L L 1
b} 100 200 300 400 500 600 700 800 900 1000

Number of BS Antennas (M)
Fig 3:Per user SE

It note that MR gives the lowest SE per scheduled UE while P-ZF gives the highest SE when M is large. The
values are aroundlbit/s/Hz/UE for MR, in the range of 1-2,5 bit/s/Hz/UE for ZF and VAO and in the range of
1-3bit/s/Hz/UE for P- ZF.

e BS antennas per UE

Take the M/K* ratio, this ratio can be interpreted as the number of BS antennas per UE.
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There is a common rule of thumb that says Massive MIMO systems should have an order of magnitude of BS
antennas larger than the number of UEs. The operating points that satisfy this directive are above the
horizontal dotted line (10 times more BS antennas than UESs). This simulation indicates that an optimized
system might not follow this guideline: in fact, there are some occasions where MR even prefers to have
M/K* < 1. In general, it seems that 2 to 8 times more of BS antennas than UEs is the range to aim for

practical deployments.

e Number of scheduled UE

Does a higher SE imply that the number of scheduled UEs is also higher? Figure 5 allows us to answer this

question.
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Since the cells may not be fully charged at each moment, noted that for each scheme, the peaks are at K
different. For a given K, the differences between the MR, ZF, P-ZF and VAOQ schemes can be either larger or
smaller at the peaks. Although ZF, P-ZF, and VAO often provide a better SE than MR, it is interesting to
note that MR is competitive when K is large (the other coding strongly depend on the estimation of the
channel state for the suppression of interference). These results are confirmed for the average configuration,
M = 100 which is shown by the curves in the first marker in Figure5 and the large configuration of Massive
MIMO, M = 500 which is shown by the second marker.

Average SNR p/c?

Does the SNR have an impact on SE? To answer this question, let's see Figures 6 and 7.

- ———— i ——————————— —— —
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Spectral Efficiency (SE) [bit/s/Hz/cell]
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0 . " . :
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Signal-to-Noise Ratio (SNR), pla?
Fig 6: Achievable SE varying SNR for M=500
150 Al T T T -

Spectral Efficiency (SE) [bit/s/Hz/cell]
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Fig 7:Acheavable SE varying SNR for M=100
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Effect of the average SNR p/c® the SE is already saturated at a SNR of 5 dB (from 5 dB, the SE does not
vary). Massive MIMO can also operate at lower SNRs but with lower performance. ZF, P-ZF and VAO are
particularly sensitive to the value of the SNR since the suppression of interference requires a higher quality
of channel estimation than the single MR receiver. In addition, MR improves the desired signal level.

e Coherence block length

What effect does the length of the coherence block have on the spectral efficiency of a cell? Let's look at
Figures 8 and 9.
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Fig 8:SE depending of S for M=500
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In the case of M = 100 antennas, the increase gain of S greater than 500 is relatively small. In the case of M =
500, the system can use a growing S to plan more UEs and make major improvements to the ES. As the
number of UEs increases, the part of the intracellular interference that can not be rejected due to the
imperfection of the CSI becomes the main limiting factor. The advantage of P-ZF decreases. ZF and VAO
keep their performance.

4. Conclusion

P-ZF is the most efficient in terms of spectral efficiency per cell when M is very widebut for M ranging from
10 to 500, VAO is the most efficient. MR is the worst performer foranyvalue of M. With VAO, the spectral
efficiency achievable can go up to180bit /s / Hz / cell. VAO plans a large number of UEs, this is thanks to the
fact that it canremove interference between UEs, 180 simultaneous communications are allowed.The SE per
UE is 1 to 2.5 bit / s / Hz. P-ZF only suppresses interference butdoes not increase the level of the desired
signal, it is very sensitive to the channel estimation error andloses its performance when the number of users
in the cell is very high. In that case,VAO is the best choice since it seeks a balance between increasing the
level ofuseful signal and suppression of interference. High spectral efficiency does not implya larger number
of scheduled UEs, the optimal number varies withscheme and depends mainly on the number of BS antennas.
For any coding used, an SNR of approximately5dB allows the system to keep its performance. ES depends
more on the number of base station antennas than the length of the coherence block.
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