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MIMO Multi input multi output
SISO Single input single output
MU-MIMO  Multi user MIMO
SU-MIMO Single user MIMO

FDMA Frequency division multiple access
TDMA Time division multiple access
CDMA Code division multiple access
SDMA Space division multiple access
UE User equipment

BS Base station

UL Up link

DL Down link

ULF Up link factor

DLF Down link factor

SE Spectral efficiency

EE Energy efficiency

HE Hardware efficiency

STC Space-Time coding

LTE Long term evaluation

TDD Time division duplex

FDD Frequency division duplex
CSl Channel status information
ATP Area transmit power

SNR Signal to noise ratio

LOS Line of sight

NLOS Non Line of sight

CP Circuit power

ASD Angular standard deviation
MSA Micro strip antenna

BER Bit error ratio

PA Power Amplifier
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Abstract

The antennas in cellular wireless network systems are one of its most
important elements because they connect users to the network and deal with
the transmission media with the noise in it. Therefore, the antennas’
efficiency is required to be high as they are the main factor in increasing the
throughput and spectral efficiency.

Since antenna design is one of the basic areas that need continuous
development to serve the fifth generation communication systems,
researchers in this field have come up with Massive MIMO antennas which
are a development of the (MIMO) that used in the fourth generation, which
depends on its basic idea on a group of antennas arranged in a matrix in
order to double its capabilities as it requires the presence of several
antennas also at the user, and thus the transmission process is from several
antennas at the base station, and the reception is from several antennas at
the user, which is useful in increasing the throughput and avoiding the lack
of data reaching the user or the signal being affected By fading where the
signal is sent in several directions and the same principle works (Massive
MIMO), but the number of antennas is very large in the base station where
they are placed appropriately to achieve integration among them to raise the
capabilities of the network.

In this project, we will study both the spectral efficiency and the energy
efficiency of the (Massive MIMO) and its consumption, based on the
number of antennas used, the number of users in its coverage area, and
other factors such as the signal-to-noise ratio and clarifying the
relationships between them graphically using the MATLAB program. The
study is carried out according to mathematical equations Reached and
representing aspects of this type of antenna.
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Parameter value
Number of BSs 16
M 10-100
K 10
Pilot reuse factor 1-2-4
Setups 100
Realizations 100
Bandwidth 20 MHz
Noise Figure 748
1C 200
ASD 10
Pathloss exponent 3.76
Standard Deviation of shadow 10
fading
Length of square area 1000m
Average channel gain -35.3
Minimum distance between BSs 35m
and UEs
Antenna spacing 0.5 (Half wavelength)
Accuracy 2
Total power transmit of uplink 100mW
per UE
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el e 3paall 3 UES I Us3l Adlpie a8 aumg o35 80l £ 350 Laipal) il L,
360° 1) s
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pdlaleall alazinlh LOS 1 dlls 8 M-MMSE 5 MR (julaladall SE 1) Clua o3 @l sy

SE0s = XX _1Log, |1+ v (=4
Los = 2x=1L0g; < YK 9(Qup.@0)+B K, Q(CQOK'(Qli)Jf#RO)

Algaie wlaal) Llee pecatin dua phbadll 4 Ll dalaadl 389 NLOS 1 Glusg
Aall 8 skl eall anslly UES ) U1 Jalail) 5389 5,L3Y) 5389 Jaladal)

On L 3Dl puagl Auhll Gagads clabimnd doagll Wily afll Jid Gl e S
AN 8 cpeadiuad) dae g Lanhal) 5.UST) dau gl

UE J5 SE - 0 &8Mal) il 53 b iaddineal) clalaall © (4 — 4) Jgta

Parameter Value
SNRgs Oqs
K 1-20
M 10,100
Realizations 10000
Bas -104s
Antenna spacing 0.5
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ddlall 3cl2S 4.4

EE d8lall 50US Liafly diliial) aeail) cilakades CP o Caped Lo Al als ansdll 120

-

cOpediud) dae g gl aae 5 throughput Jb edays Sl Sl

Circuit Power e

& Bae cildilga dae vie AL G gilly aseadl) Gllahis 3 CPY ggans )l s

-

cAda JS  readiiaal aaal daallg BS I
alsl) (ol £ alan o el 8ygem S 8 ity K 2y M) 4 e IS s s
SO linl) dac g TP=K 2 L e ying calinall (e dlades Ll 5adie 5L8 U< o Ll Leadls
p Aalaalls Jia UL U clial) sae o) Gus 70-1p=190-K bl aaiis 55
1
Tu—g(rc—rp) (8-4)
¢ Alaleally o DL A ciliall 2ae g
td = = (tc — 1p) (9-4)

O Gun aatindl dalall lawlly Llall dlagll 20 dbm o Al 508l ded slae]

LAl 2300 adiel (g5l (Slane LIS Siaally puslall Al lsy)

Spasill @iy el Lalal) 53l Gl Yol 2 aead bhie JSICP ) ggane lualy

: 4aY) cldladl 334 llyg Backhaul traffic » L dalall

CPCDZ(PCOD +PDEc)*B*SumSECS (10—4)

CPBH=PBH*B*SumSECS (11—4)

53



Gl (e Jidi Bl sl dlay Pogc Jlg el dalall 5,580 8 Poop I of dus

2 Aalal) 508l dad Juad Py J) Wl paead Jaladie (S0 duaidal) 50U ¢ sane SUMSEcs Jlg

.Backhaul traffic

D ARl (38 L)y JlayY) dedlun dalall CP ) (aluia) o3y elly aey
CPTC=M*PA+PBS+K*PUL (12—4)

el Alagll 8508 (ficid Pyp J1 Wl Zpac ) 3dasal) 5,08 Pgg Jlg ciliilsgll 5,08 Po 1 of G

DAL Lo ey Allg sLal el CP ) lidia) oty @lld aay

3+*K+B (13-4)
(tc * L)(M = tp + M?)

CPCE =

: 3l 335 ellig DL Jlg UL U CP 31 (e S Glia @13 aay 5

(tc —wp)*3 B (14-4)
(tc*xL)+ M=K

CPy,_pL =

:Aalall A8l (33 ae Al Cilgaid CP I clea elld aay Sl

4xM=xK=*B (15-4)
(tc* L)

CPPV =

Walee e U8 f Cus Jaladie <0 pentil) ilgatial CP 1 e S Giliad lld 2y 5
: 3dll) Akl e CP ) Jia s MR Jaladad 40 dalall CP ) i

7xB+K (16-4)
CPyg = ————
MR ™ (tc* L)
d AL Jied RZF ) ladaaad danally W
3xMxK 3xK2xM K3—-K (17-4)
cp —33( 2 )+< 2 >+( 3)
RZF — Tc * L
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: Aoledls iy M-MMSE 3 Lilaa Wl

L(3*M2+M)(§)+(M73) (18-4)

CPy_ =3B
M-MMSE —

+2M + M * tp(tp — K)

t oAl (Dl ZF 5 S-SMMSE galaladall 2l W

2 3
3>!<M2 *K+M;K+M 3_M+%M (19-4)
CPs_ymse = 3B
TCc* L

2 3
3xK“*xM MxK K _K+%K (20-4)

poe_2 T 7 "3
ZF TCc * L
use_ﬂﬁw\@#\gwﬁhjgw\gmgg;dgcpj\gu;meteﬁ:}”dg

ZBUJTG»":}A}Q
CPT:CPFIX+CPTC+CPUL—DL+CPPV+ (21—4)

CPcg + CPep_cs + CPpy_cs + CPcs
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il Jsandl 3 (piies il (e (e sena e Al

CP Al 5ol (s Jiadl ailll (g0 (yiic sana (5 — 4) 9

Parameter Setl Set 2
Fixed Power 10 W 5W
BS Power 0.2W 0.1W
Antennas Power 0.4 W 0.2W
UE Power 0.2W 0.1W
Encoding Data Power 0.1 W/(Ghit/s) 0.01 W/(Ghit/s)
Decoding Data Power 0.8 W/(Ghit/s) 0.08 W/(Ghit/s)
BS computational 75 Gflops/W 750 Gflops/W
efficiency
Power for backhaul 0.25 W/(Ghit/s) 0.025 W/(Ghit/s)
traffic

(6 — 4) sl 4 daiasall AV Cladl) and diLayl

CP I 3 5a3 il il e ST Al all 8 A5 Ml £ (6 — 4) J i

Parameter Value
K 10
L 16
B 20MHZ
TC 200
TP K
UL fraction 1/3
DL fraction 2/3

A i goeadll llabde Al IS UL Jall Jares Lol dalal) 50US Ay

oty 85ile 0o Jaill Jaras Laladl il o Jall Janag BE 31 (e DS 5005 Anl€a) Ay

Throughput ) i 48Ul 5ol o

o

(:'.'\.\...u

200 3 ns 10 31 g Lo 5ypemne Lgad 058 M 1y 10 ey s 35 K )
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D Y1 bl aaats (5 — 4) Jeaall 8 dbed) sl Glegane o bl
Al s e IS 8 all) bl A8yl Caulial) Jaal) Jaeey 3Ual) 50l

;) Jpaalls dfias

.Throughput 3 ilis d8Uall 30 S 2l j0 8 derdiusall O el 1 (7 = 4) Jgia

Parameter Value
ULF 1/3
DLF 2/3
L 16
M 10-200
K 10-20
Setups 5
Transmit Power 0.1W
Pilot reuse factor 1
PA efficiency of UE 0.4
PA efficiency of BS 0.5
TC 200
14¢] F*K
Bandwidth 20MHz

Allail) Aoyl 5,58 Lgs 3gemially 4 ETP I s o Jaaall & daiagall i) (355
. Z\_E-ML! d:lA:\J

_W_
PAyg

ULF | DLFY\ (29_4
W) pg -+ PABS) ( )

TC

KPp (5= + (zc —

ETP =

Gl Gl dasd) cYlal LS cilhbaadll CP ) poane lua o @lld an;
Aliadlly ETP 35 CP 3 ¢ s 3l &8all 385 Jabaie JSI 28Ul) 56liS il o gl

P

B * SumSE (23-4)
ETP + CPcg

EECS =

57



Jaa e Jalaia JSI 28U 56liS Ciluas

Ky M ) ad il dUal) 5elis o

RZF Jls M-MMSE Jl lahie ae EE ) ad (e 4iiins (Ko Lo s s anidll 128
il Llids &5 Grerdisall dae o Gua M Jlg K I (e DUSD ddlide o8 deganad MR iy
ot 200 1) Jing 20 (ped lilsgll dae Wl 10 ) sl 5305 Jlaier 100 ) 10 e

.5.31:1‘}5\ J\JEA

s €1 Bl bl Guit (oS (5 — 4) Jyoalls Atiadll callall adll 385 Audyll
UE (peadivall a2 g M clilgel) sae cuua Jalada J$ Aaldl) milll Jidial)
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Al il



daskal) 1.5

Bealyl) sl e Sl Aallll Bl pl) g deadll Vi b e
e Oy Lladl malind 7)aS duly cllabie b leayes mbll duadl 4 535a04l)
el Lol

Laadal) 5oMaSl) Lafyd 2.5

SNR Jig duiukal) 5cUst) o

1 U T T T T T T T

B=-30d8B L7

Average SE [hit/s/Hz]
(S p]
®»
I}
K
()
®

10 i Los H
— {— -NLoS
I

U |
-10 5 0 5 10 15 20 25 30
SNR [dB]

SE 1 o sias SNR 1 (i Le 2830l Jiii : (1 — 5) e
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SE 1 daussies SNR J) oy 4l of NLOS Jls LOS I oillall (e IS 6 W ey
O it Mallg LOS 3 ) duwss S8 diaiiia SE 1) e NLOS allall b of V) daka

Bl Lagia 2l lgiad caaly Ll Gua SNR A sadlyie dla e 8)be SE I

Jalail) (ggiua z\.ubd °

10° ¢
— M=1 ! A
1 [ — —N= I
o e i .
10° i "
N T
| MgV — A
— 10" N Ay il “\ ,f'l ,
- TR G Y
=0 ;*“,'%H;uﬁuj’ﬁiigp;ﬁ"ﬂ i M y wi Y 5 W i o uljfugl
o, n‘W}"m bl 1
i UG e
of TURETT T TR
I | o | | | 1
|.| L . !I | . w o
-1680 -100 -60 U 50 100 150

Angle of interfering UE [degree]

a2 iiall A1 e L 55 2ie gfunction 1 la a8 (2 — 5) Js&d)

cililsa BS U 05 Laxie oS8 aalgll Jlsgl) Alla 8 sl (gsls gfunction J) of Jaadls

UES U olany) 4ol e aqias gfunction ) ad olé saaeia
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i s 150° 1 wies 30% I (oo Auslhill 0585 Laxie AeY) Jalall (g5ie ad of 2
chlaY) oY @llds M) gols Wil oda xie A s by 30° Lshll daual) o))

sl 5LaY) Jia Ll MR Labaal b dluleia JS5 dacine d3)55)

blg) ae dalaill (ggie oy Sy MY 50l aopes IS (sl (gl aadls (]
caels BS I 8 saaaiall ciliilsgll i Jallg /M cojley Ly Gl (955 UE 1 sl
AU 4 Loy it (peadiiusal) Lo Lallls Jalal) add e

Labad) dliagll Auddat) 5 oLa<)) gara bagia @

U_il:ﬁb@j\ .J.lcj 5;1.&55\ &BAM L.mj:m O

=11
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—&— M-MMSE
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- .= RZIF __a—=
- - —ZF o R
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e
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\
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i

10 20 30 40 &0 &0 70 BO 90 100
Mumber of antennas | M)

F=1 Jabae il sell 220 Y idal) 35U ¢ gane o sia : (3 = 5) S

‘._?j C'_ﬂ:ijbgj\ 2] AlaS \:ﬁﬂ\ E\LA)H E\fn:xlal\ 5L &y\u .jaujln d.\u\ dS:.J\ 6_.4‘9:1
M- 1 o Jaadld aslgll sl (Pilot reuse factor) JI Jelas o} Sliels Loac Gl dasdl)
9610- lsies el 40 SSMMSE J) daay Loty diida 56U daasi el JJaey MMSE
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SE Il saxy &8 M>=20 Glaill & SE I (i ey o3 RZF 5 ZF 31 (e %55
HLIY) e ein oWl 90 JANSN DY dpas puan ¥ BS A oY @llyy M<20 Glaill b
LS Bl 8 el e Jgeanll ZF I uind sy Gl Al

601 —o— M-MMSE
5 MMSE
50H == REZF

- — —ZF

401

S0

20F

Average sum 3E [bit/s/Hz/cell]

10

U l 1l L '] 1 ]
10 20 30 40 50 &0 70 80 50 100

Number of antennas (M)
(a) Pilot rense factor f = 2.

80 —o— M-MMSE
- S-MMSE o1
50 - - RZF e :
& |- - -zF &
'_i_;£4r_'|-—EI—MEt / R
E -
@
g
[ &
&I
o
i
-
0

10 EID BIG 4:(!! 5.{5 EIU I-"ID BID Qlﬂ 100
Number of antennas (M)
(b} Pilot rense factor [ = 4.
Jalaas i) sell 330 AV kel 30USH ¢ sana Jans sia ; (4 — 5) JSal)

F=45F=2
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G Ciilie FJalaal (81 cililsgll aaal a1aS Zbdal) 50l Jansgia Gulidl (€N iasy
M- 3 Lhae of Lads F=4 1 06 Laie Sl F=2 0 06 Laxie JgY) J<al)
oo ST Al Ll MR 11 dllaSy F OV Jalae iy 5S35l 86Ul onie s Y MMSE
bale] Jalas 2L dic 5ol Jaza nlids] agd JaadMié S-MMSE s RZF ) 5 ZF 1)
Yl MR 1y M-MMSE 1l s ahinn) clbbadl €1 gl Jully Lblall 5LaY) alads)

Adlle 3ol gy JoY) o

rAald) bl e daslil) adll AV Jgaal) miag

bm;ﬂ\ uww\'é;tsﬁ\ &JAMLM}KA%(]_—S) dJJ@

Schemes F=1 F=2 F=3

M-MMSE 50.32 55.10 55.41

S-MMSE 45.39 45.83 42.41
RZF 42.83 43.37 39.99
ZF 42.80 43.34 39.97
MR 25.25 24.41 21.95
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LoS
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LoS L
— - —-MLoS 7
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U 1 1 | | 1 |
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MNumber of UEs (K)

b) M-MMSE Combining
daaplall 3oLl ¢ gana Jan gie (g A8l Sy Jiiad 1 (5 = 5) JS&d)
M-MMSE s MR (abhhaall fpeaddiual axe
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5all) o daadl ST AR 3 cpeadiiad) dae 8l dai Ladall seUSl ol JSEN g
s O Cus 100 (gl Slilsa 23 die Alie lan e da 10 (gla cildlss 2 vie
pda & UE JS0slall sl oY @lldy paeadinall aae 50l las 5,0€ SE 1) d 5al3))

UES 1) ase xe ad <6 SE ) ggana alay @llily Sl€a 23 100 5 Jid A

Jeani Leiy MR ) laladdll 3 LOS 1L 43lae NLOS e 53S0 U8 SE I g gane 15<
Sl UE JS of s @y & undls M-MMSE ) Labade aladi vie £uSles 4 e
Ly UE D) (e Jodd 8 sae oty Laiy NLOS Jl dlls 8 UES ) (0 aaall e Jalailly
NLOS alls & Jif SE I (& MR 1 a8 LoS 11 alls 8 Jalss Cugan 6 dgsling
G @ll3g LOS I b WS oelal) py Jalsll s M-MMSE 31 3 Wi Jalsll 5)8 Cu
I ol Jally cpmglaall UES 318Ul Loy djlsall clgidll <y UES I e i 220 39m

M-MMSE 1l slss5 xie NL0S I i el SE
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a0
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20+

['] 1 1 |

| 1
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MNumber of UEs (K}

w\bgw\&wk&ywd\ﬂw@uw:(6—5)(‘5&‘
M/K (e dalisg ot (38 9 M-MMSE babadll peadivall dae
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I s 83l Aoy SE A gaena i Jaadl WSy MIK ity lilggl) aaay 50l ()6

.M/K
adlal) 5.13€ 3.5

The total of circuit power e

b2

= = m
[=}] =5 ] =]
T T T

Total CP [dBm]
B
T

I
P2
T

.
=
T

38 | | | | 1 | | I
0 20 40 60 80 100 120 140 160 180 200

Mumber of antennas (M)

oie M A5 K=10 41 el CP ) Mea) © (7 — 5) Jsad)

Al el illabada 4 DL Qg UL U dpally 403 JSI CP ) Jlea] JSEN g
323 CP 1) of Laads « 200 I g 10 e Laa M D) L K =10 31 lie] &5 G
s M-MMSE Labadl b ded el of a5 cillbaal) geal (M) cilslsgll 220 523
se G ey 25% Jag 0.5% hie CP I dildy asty dus S-MMSE Labidll

66



S-MMSE (s el SE iss M-MMSE ) (& Gll s LA (el gial) el s
K=10 5 M=100 I M-MMSE iy caglladll CP 1 o £l dalil) oS saail) i€ay
.47.5dBm 2 3 S-MMSE L 48.16 dBm sa

S-MMSE (e 10%- 535 el SE 4y lgcaigasd M-MMSE U CP 11 _d 53U aa
- (DL) dy (UL) I e IS

e S 6 e el iy M-MMSE J1 & CP ) 005 (AY) aadll de sanad danilly Ll
g On oo Y1l jaad MR 1) labie W i CP ) dus RZF 5 ZF culaladll
el

genill cillaladey Lalal) CP Anilill 2l ; (2 — 5) Js2a

Scheme Value set 1 Value set 2
M-MMSE 65.48 W 27.42 W
S-MMSE 56.35 W 26.51 W

RZF 54.43 W 26.32 W
ZF 54.43 W 26.32 W
MR 53.96 W 26.27 W
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e KAl M=10 ) Jliels CP I Jles) - (8 = 5) Jsad)

e owie Kl 10 ) (gslad 4365 dais M) e DS jlie b i 28 (K21 13gd Al Ll
M-MMSE Lbadl ofs gpeadinall 22e 52l CPI aby) Basdl Jally 1000 sy 10
Y 8 MR Lbadly AV o
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Throughput J) il 48Ul 501 o
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i M J\J K=10J JL\.:S:L} Jasl) d.luj adlal) 3elsS - (9 - 5) Jséd)
1 il de gasal

ad Adiad G aanill Gillalade JS A8 ISV Jal Jaead dpuailly Z8Ual) 501 JSEN maas
aly Jull aeal dad Y 5l el M-MMSEY i Mlls KUl 2 e Jaill Jans
M-MMSE Lblis of W ey Julby oldf ool 428 S-MMSEY W MRY Jhalais
L Gl LDl LSy aalleal oleall aeill a2y EEJs SE-J) (5 DS Syl Gy

BEN (# S plad ) (505 Jall Jaea b
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sl iy 21.26 M/ gslss M-MMSEY e EE dad il o J<aI1 e Wl iy
9.6 (gla Al dihail Al ae @il L a5 600Mbit/s/cell o 5 J& Jaaae 2
. Gbit/s/km?

Lty (K1 M=30 2ie EEN at¥) aall e Jgemall 2 SSMMSE Labdal dually L
M-MMSEJ s 43)laalls 6% Bl J&t Jaeass 3.2%2 M-MMSE e U8l

19MDb/J (ssluy ailiiny EE oaadl of Cas apliia o)l iy RZF 5 ZF (plaladiall dually
.8.83Gbhit/s/km®; jat dualul M=30 xie

.5.07 Gbit/s/km®s a& dualisls 10.10Mb/J (ggluss 4iiny EE mils MR Lalass L

1 pill de ganal apeaill Cilladadgy Aalall EE Al Aalll adll 1 (3 = 5) Jgan

Scheme EE set 1 Area throughput
M-MMSE 20.73 Mb/J 11 Gbit/s/km*
RZF 19.07 Mb/J 9.6 Ghit/s/km”
MR 10.18 Mb/J 5.07 Ghit/s/km?
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Throughput [Mbit/s/cell]

M s K=10 ) Jliiels Jaill Jasa g 48Uall 3. ; (10 — 5) Jsdl
2 ol de sanal e

Lgmsii ilalanYly (K15 Lyt cillalaiall gaend EE ) Cie iy Jaadls (<40 12 8

2 adll e send arendl Cllabie dalsll EE U daclill 4d) 1 (4 — 5) Jgaa

Scheme EE set 2 Area throughput
M-MMSE 41.53 Mb/J 11 Gbit/s/km®
RZF 36.63 Mb/J 9.6 Gbit/s/km®
MR 19.38 Mb/J 5.07 Gbit/s/km?
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K s M) ad il 48Ul 50168 @

'
s & 1 °
3y 4
w B
N oS e ) ¢
Mt ol LEs ). bl 19

a) RZF b) M-MMSE

o
N 65 s ) U

Nartbe o UEs ()

c) MR
e g Al gel) 2ae AV ddlal) 3.\aS ; (11 =5) Jséd)
(Set 1) af Ao Talaic] (periil

die AN Gillaladd) (o US ae (EE) 8Ll 56l of (o dhint (Ko o JSEN gy
3o M-MMSE Lbid o 5l Juadl of Ladtd Klly MY e ddide ad
M- 3 e &l ST (EE) 3 zha olf RZF Lahidl dualy W M,K=40,20

At e 52U 35 K Jlg M) i e desens lla o Eus MMSE
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Dbl P disal) ail) J Joaal) peaiags

1 il de sandd prentll cillahiia Lalsll EE U Aaidl 2l ¢ (5 — 5) Jssa

Schemes (M, K) Maximal EE Area throughput
M-MMSE (40, 20) 20.73 Mbit/J | 13.71 Gbit/s/km’
RZF (90, 30) 20.25 Mbit/J | 20.97 Gbit/s/km’
MR (60, 20) 10.63 Mbit/d | 7.64 Gbit/s/km’

2 AV il Jeagil) 23 A5l 2l de genal dpilly Ll

¢) MR
a2e 5 L sl 2ae AV i) 50 1 (12 = 5) JSd)
(Set 2) ad e Talaie) (perdidl
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2 il de ganad prenill cilhladay dalall EE U daslll 4l : (6 — 5) Jgia

Schemes (M, K) Maximal EE Area throughput

M-MMSE (60,20) 44.00 Mbit/J | 17.33 Gbit/s/km’
RZF (90,30) 39.33 Mbit/J | 20.97 Gbit/s/km’
MR (70, 20) 20.14 Mbit/J 8.3 Gbit/s/km”
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Function Channel Estimates

function[Hhat MMSE,C MMSE, tau p,R,H,Hhat EW MMSE,C EW MMSE,Hhat LS,C_ LS
]=functionChannelEstimates (R, channelGaindB,nbrOfRealizations,M,K,L,p, f)
%Generate uncorrelated Rayleigh fading channel realizations

H =
(randn (M, nbrOfRealizations,K,L,L)+1li*randn (M, nbrOfRealizations,K,L, L))

%$Prepare a matrix to save the channel gains per UE
betas = zeros(K,L,L);

%Go through all channels and apply the channel gains to the spatial
%correlation matrices
for 3 = 1:L

for 1 = 1:L
for k = 1:K
if channelGaindB(k,j,1)>-Inf

$Extract channel gain in linear scale
betas (k,j,1l) = 10" (channelGaindB(k,j,1)/10);

%Apply channel gain to correlation matrix
R(:,:,k,3,1) = betas(k,3j,1) * R(:,:,k,3,1);

$Apply correlation to the uncorrelated channel realizations
Rsgrt = sgrtm(R(:,:,k,3,1));

H(:,:,k,3,1) = sqrt(0.5)*Rsqrt*H(:,:,k,J,1);
else

betas (k,j,1) = 0;

R( /'/k/j/l) = 0;

H( 7 lkljll) = Or

end
end
end

end

%$Length of pilot sequences
tau p = £*K;



%Generate pilot pattern
if £ ==1

pilotPattern = ones(L,1);
elseif f == $0nly works in the running example with its 16 BSs
pilotPattern = kron(ones(2,1),[1; 2; 1; 2; 2; 1; 2; 11);
elseif £ == 4 %0Only works in the running example with its 16 BSs
pilotPattern = kron(ones(2,1),[1; 2; 1; 2; 3; 4; 3; 41);
elseif £ == 16 %Only works in the running example with its 16 BSs
pilotPattern = (1:L)"';

end

$Store identity matrix of size M x M
eyeM = eye (M) ;

%$Generate realizations of normalized noise
Np = sqrt(0.5) * (randn (M, nbrOfRealizations,K,L,f) +
li*randn (M, nbrOfRealizations,K,L,f));

%Prepare to store MMSE channel estimates
Hhat MMSE = zeros(M,nbrOfRealizations,K,L,L);

%$Prepare to store estimation error correlation matrices
C MMSE = zeros(M,M,K,L,L);

$Prepare for EW-MMSE estimation
if nargout >= 5

%Prepare to store EW-MMSE channel estimates
Hhat EW MMSE = zeros (M,nbrOfRealizations,K,L,L);

%Prepare to store estimation error correlation matrices
C_EW MMSE = zeros(M,M,K,L,L);

end
%Prepare for LS estimation
if nargout >= 7

$Prepare to store EW-MMSE channel estimates
Hhat LS = zeros(M,nbrOfRealizations,K,L,L);

%Prepare to store estimation error correlation matrices
C Ls = zeros(M,M,K,L,L);
end



for j = 1:L

%Go through all f pilot groups
for g = 1:£

$Extract the cells that belong to pilot group g
groupMembers = find(g==pilotPattern)';

$Compute processed pilot signal for all UEs that use these pilots
yp = sqrt(p)*tau p*sum(H(:,:,:,g==pilotPattern,j),4) +
sqrt (tau_p) *Np(:,:,:,3,9);

%Go through all UEs
for k = 1:K

$Compute the matrix that is inverted in the MMSE estimator
PsiInv = (p*tau p*sum(R(:,:,k,g==pilotPattern,j),4) + eyeM);

$If EW-MMSE estimation is to be computed
if nargout >= 5
$Compute a vector with elements that are inverted in the
EW-MMSE estimator
PsiInvDiag = diag(PsiInv);
end

%$Go through the cells in pilot group g
for 1 = groupMembers

%Compute MMSE estimate of channel between BS 1 and UE
k in cell 7

RPsi = R(:,:,%k,1,3) / PsiInv;

Hhat MMSE(:,:,k,1,J) = sgrt(p)*RPsi*yp(:,:,k);

$Compute corresponding estimation error correlation matrix
C MMSE(:,:,k,1,3) = R(:,:,k,1,3) - p*tau p*RPsi*R(:,:,k,1,]J);

$If EW-MMSE estimation is to be computed
if nargout >= 5

$Compute EW-MMSE estimate of channel between BS 1 and UE k

in cell j
A EW MMSE = diag(sqgrt(p)*diag(R(:,:,k,1,3)) ./ PsiInvDiag);
Hhat EW MMSE(:,:,k,1,J) = A EW MMSE*yp(:,:,k);

$Compute corresponding estimation error correlation

matrix
productAR = A EW MMSE * R(:,:,k,1,3J);

*

C EW MMSE(:,:,k,1,3J) = R(:,:,%k,1,J) - (productAR + productAR')
sqrt (p) *tau p + tau p*A EW MMSE*PsiInv*A EW MMSE';

end



$If LS estimation is to be computed
if nargout >= 7

%Compute LS estimate of channel between BS 1 and UE k in

cell 7

A LS = 1/ (sgrt(p)*tau p);

Hhat Ls(:,:,k,1,J) = A LS*yp(:,:,k);
sCompute corresponding estimation error correlation
matrix
productAR = A LS * R(:,:,k,1,3);

C LS(:,:,k,1,3) = R(:,:,k,1,3) - (productAR + productAR'")

sgrt (p) *tau p + tau p*A LS*PsiInv*A LS';
end
end
end
end

end

Function Compute SE

function [SE MR,SE RZF,SE MMMSE,SE ZF,SE SMMSE] =
functionComputeSE (Hhat,C,R,tau c, tau p,nbrOfRealizations,M,K,L,p)

$Store identity matrices of different sizes
eyeK = eye (K);
eyeM = eye (M) ;

$Compute the pre-log factor (normalized with number of channel

realizations)assuming only uplink transmission
prelogFactor = (tau c-tau p)/(tau c*nbrOfRealizations);

$Prepare to store simulation results
SE MR = zeros(K,L);

if nargout > 1
SE_RZF = zeros(K,L);
end

if nargout > 2
SE_MMMSE = zeros (K,L);



$Compute sum of all estimation error correlation matrices at every BS
C_totM = reshape(p*sum(sum(C,3),4),[M M L]);

end

if nargout > 3
SE ZF = zeros(K,L);
end

if nargout > 4
SE_SMMSE = zeros(K,L);

%Compute sum of intra-cell estimation error correlation matrices at
every BS
CR totS = zeros(M,M,L);

for 7 = 1:L
CR tots(:,:,J) = p*(sum(C(:,:,:,3,3),3)+sum(sum(R(:,:,:,[1:3-1
j+l:endl,3),3),4));
end
end

%% Go through all channel realizations
for n = 1l:nbrOfRealizations

%Go through all cells
for 7 = 1:L

%$Extract channel estimate realizations from all UEs to BS j
Hhatallj = reshape (Hhat(:,n,:,:,3),[M K*L]);

$Compute MR combining
V_MR = Hhatallj(:,K*(j-1)+1:K*Jj);

if nargout > 1 %$Compute RZF combining
V_RZF = (p*V_MR)/ (p* (V_MR'*V_MR)+eyeK) ;
end

if nargout > 2 %Compute M-MMSE combining
V_MMMSE = (p*(Hhatallj*Hhatallj')+C_totM(:,:,j)+eyeM)\(p*V_MR);
end

if nargout > 3 %$Compute ZF combining with the small
regularization term le-12 for numerical stability
V_ZF = V_MR/(V_MR'*V MR+le-12%eyeK) ;
end

if nargout > 4 SCompute S-MMSE combining
V_SMMSE = (p*(V_MR*V MR')+CR totS(:,:,Jj)+eyeM)\ (p*V_MR);
end



$Go through all UEs in cell j
for k = 1:K
$%MR combining
v V_MR(:,k); %Extract combining vector

%Compute numerator and denominator of instantaneous SINR
numerator = p*abs(v'*Hhat(:,n,k,3,3))"2;
denominator = p*sum(abs(v'*Hhatallj).”2) +
v'*(C _totM(:,:,J)+eyeM)*v - numerator;

$Compute instantaneous SE for one channel realization
SE MR (k,j) = SE MR(k,J) +
prelogFactor*real (log2 (1+numerator/denominator)) ;

$ZF combining
if nargout > 3

v =V ZF(:,k); %Extract combining vector

$Compute numerator and denominator of instantaneous SINR
numerator = p*abs(v'*Hhat(:,n,k,3,3))"2;

denominator = p*sum(abs (v'*Hhatallj).”2) +

v'*(C totM(:,:,]j)+eyeM)*v - numerator;

$Compute instantaneous SE for one channel realization
SE ZF(k,j) = SE ZF(k,j) +
prelogFactor*real (log2 (1+numerator/denominator)) ;

end

$%RZF combining

if nargout > 1
v = V_RZF(:,k); %Extract combining vector
$Compute numerator and denominator of instantaneous SINR
numerator = p*abs(v'*Hhat(:,n,k,J,3))"2;
denominator = p*sum(abs (v'*Hhatallj)."2) +
v'*(C_totM(:,:,])+teyeM)*v - numerator;
$Compute instantaneous SE for one channel realization
SE RZF(k,j) = SE RzZF(k,j) +
prelogFactor*real (log2 (1+numerator/denominator)) ;

end

%$%S-MMSE combining

if nargout > 4

v = V _SMMSE(:,k); %Extract combining vector



%Compute numerator and denominator of instantaneous SINR
numerator = p*abs(v'*Hhat(:,n,k,J,3))"2;

denominator = p*sum(abs (v'*Hhatallj)."2) +
v'*(C_totM(:,:,J)teyeM)*v - numerator;

$Compute instantaneous SE for one channel realization
SE_SMMSE (k,j) = SE_SMMSE(k,j) +
prelogFactor*real (log2 (1+numerator/denominator)) ;

end

$%M-MMSE combining
if nargout > 2

v = V MMMSE (:,k); %Extract combining vector

$Compute numerator and denominator of instantaneous SINR
numerator = p*abs(v'*Hhat(:,n,k,3,3))"2;

denominator = p*sum(abs(v'*Hhatallj).”2) +
v'*(C_totM(:,:,J)+eyeM)*v - numerator;

$Compute instantaneous SE for one channel realization
SE MMMSE (k,3j) = SE MMMSE (k,3j) +
prelogFactor*real (log2 (1+numerator/denominator)) ;

end

end
end

end

function CP computation

function [P_MR,P RZF,P MMMSE,P ZF,P SMMSE] =
functionCPcomputation (Mrange, K, L,B,tau c,tau p,valueset, sumSE MR, sumSE
RZF, sumSE MMMSE, sumSE ZF, sumSE SMMSE)

[P_FIX,P LO,P BS,P UE,P COD,P DEC,L BS,P BT]=functionCPmodel (valueset);

%Prepare to store simulation results
P MR = zeros (length(Mrange),1);

P TC = zeros(length(Mrange),1);

P CE zeros (length (Mrange), 1) ;

P SP RT = zeros (length(Mrange),1);

P SP DL = zeros(length(Mrange),1);

P SP UL MR = zeros (length(Mrange),1);

$Compute CP for coding and decoding
P CD MR = (P _COD + P_DEC)*B*sumSE_MR;



%Compute CP for backhaul traffic
P BH MR = P BT*B*sumSE MR;

%Repeat computations for RZF
if nargin>8
P RZF = zeros(length (Mrange),1);
P CD RZF = (P_COD + P DEC)*B*sumSE_RZF;
P BH RZF = P _BT*B*sumSE RZF;
P SP UL RZF = zeros (length (Mrange),1);
end

%Repeat computations for M-MMSE
if nargin>9
P MMMSE = zeros (length(Mrange),1);
P CD MMMSE = (P_COD + P DEC)*B*sumSE_MMMSE;
P BH MMMSE = P BT*B*sumSE_ MMMSE;
P SP UL MMMSE = zeros (length (Mrange),1);
end

%$Repeat computations for ZF
if nargin>10
P 7ZF = zeros(length (Mrange),1);
P CD ZF = (P _COD + P_DEC)*B*sumSE_ZF;
P BH ZF = P_BT*B*sumSE_ZF;
P SP UL ZF = zeros (length(Mrange),1);
end

$Repeat computations for S-MMSE
if nargin>11
P SMMSE = zeros (length (Mrange),1);
P CD SMMSE = (P_COD + P _DEC) *B*sumSE_SMMSE;
P BH SMMSE = P BT*B*sumSE SMMSE;
P SP UL SMMSE = zeros (length (Mrange),1);
end
%Go through all number of antennas
for index = 1l:length (Mrange)

$Extract current number of antennas
M = Mrange (index) ;

%Compute CP for transceiver chains
P TC(index) = M*P BS + P _LO + K*P UE;

%Compute CP for channel estimation with all other schemes, where
only

%the channels to UEs in other cells are estimated

P CE(index) = 3*K*B/(tau c*IL BS)* (M*tau p + M"2);

%Compute CP for UL reception and DL transmission
P SP RT(index) = (tau c - tau p)*3*B/(tau_c*L BS) *M*K;

%Compute CP for computation of precoding vectors
P SP DL(index) = 4*M*K*B/(tau c*L_BS);



%Sum up the power terms that are independent of the processing
scheme
P SAME = P FIX + P _TC(index) + P _SP RT(index) + P _SP DL (index) ;

$Compute CP for computation of the combining vectors with different
sscheme
P SP UL MR (index) = 7*B*K/(tau_c*L BS);

$Compute the final CP wvalues
P MR(index) = P _SAME + P CE(index) + P _CD MR (index) +
P BH MR(index) + P_SP UL MR(index);

%$Repeat same computations for RZF
if nargin>8

P _SP UL _RZF(index) = 3*B* (3*K"2*M/2 + 3*M*K/2 + (K"3 - K)/3 +
(7/3) *K) / (tau_c*L _BS);

P RZF(index) = P_SAME + P CE(index) + P_CD RZF (index) +

P BH RZF(index) + P_SP UL RZF (index);

end

$Repeat same computations for M-MMSE
if nargin>9

P SP UL MMMSE (index) = 3*B* (L* (3*M"2 + M)*K/2 + M"3/3 + 2*M +
M*tau p* (tau p-K))/ (tau c*L BS);

P MMMSE (index) = P _SAME + P CE(index) + P CD MMMSE (index) +

P _BH MMMSE (index) + P_SP UL MMMSE (index) ;

end

%Repeat same computations for ZF
if nargin>10

P _SP UL ZF (index) = 3*B* (3*K"2*M/2 + M*K/2 + (K"3 - K)/3 +
(7/3) *K) / (tau_c*L_BS);

P ZF(index) = P_SAME + P CE(index) + P_CD ZF (index) +

P BH ZF(index) + P_SP UL ZF (index);

end

%Repeat same computations for S-MMSE
if nargin>11

P _SP UL _SMMSE (index) = 3*B* (3*M"2*K/2 + M*K/2 + (M"3 - M)/3 +
(7/3)*M) / (tau_c*L_BS) ;

P _SMMSE (index) = P_SAME + P CE(index) + P_CD_SMMSE (index) +

P _BH SMMSE (index) + P_SP UL SMMSE (index) ;

end

end



function CP model

function [P_FIX,P LO,P BS,P UE,P COD,P DEC,L BS,P BT]=
functionCPmodel (valueset)

%% Define parameter values for Value set 1
if valueset == 1

P FIX = 10;

P 1LO = 0.2;

P BS = 0.4;

P UE = 0.2;

P COD = 0.1*10"(-9);

P DEC 0.8*10"(-9);

L BS = 75*10"9;

P BT

0.25*%10"(-9);

% Define parameter values for Value set 2
elseif valueset ==

P FIX = 5;
P LO = 0.1;
P BS = 0.2;

P UE = 0.1;

P _COD = 0.01*10"(-9);

P DEC = 0.08*10"(-9);

-

™

0
Il

750*10"9;

P BT = 0.025*10"(-9);

end



function Example Setup

function [R,channelGaindB] =
functionExampleSetup (L, K, M, accuracy, ASDdeq)

$Set the length in meters of the total square area
squareLength = 1000;

%$Number of BSs per dimension
nbrBSsPerDim = sqrt (L) ;

%Pathloss exponent
alpha = 3.76;

$Average channel gain in dB at a reference distance of 1 meter
$-35.3 dB corresponds to -148.1 dB at 1 km
constantTerm = -35.3;

%$Standard deviation of shadow fading
sigma sf = 10;

$Minimum distance between BSs and UEs
minDistance = 35;

$Define the antenna spacing (in number of wavelengths)
antennaSpacing = 1/2; %$Half wavelength distance

%$Distance between BSs in vertical/horizontal direction
interBSDistance = squarelength/nbrBSsPerDim;

$Deploy BSs on the grid

locationsGridHorizontal =

repmat (interBSDistance/2:interBSDistance:squareLength-
interBSDistance/2, [nbrBSsPerDim 1]);
locationsGridVertical = locationsGridHorizontal';

BSpositions = locationsGridHorizontal(:) + li*locationsGridVertical(:);

%Compute all nine alternatives of the BS locations when using wrap
around

wrapHorizontal = repmat ([-squarelength 0 squarelength], [3 11);
wrapVertical = wrapHorizontal';

wrapLocations = wrapHorizontal(:)' + li*wrapVertical(:)';
BSpositionsWrapped = repmat (BSpositions, [1 length (wrapLocations)]) +

repmat (wrapLocations, [L 11);

$Prepare to put out UEs in the cells
UEpositions = zeros(K,L);
perBS = zeros(L,1);

%$Prepare to store normalized spatial correlation matrices
R = zeros(M,M,K,L,L,length (ASDdeq)) ;

$Prepare to store average channel gain numbers (in dB)
channelGaindB = zeros (K,L,L);



% Go through all the cells

°

for 1 = 1:L

%$Put out K UEs in the cell, uniformly at random. The procedure is
%iterative since UEs that do not satisfy the minimum distance are

$replaced with new UEs
while perBS (1) <K

$Put out new UEs

UEremaining = K-perBS(1l);
posX = rand (UEremaining, 1) *interBSDistance - interBSDistance/2;

posY rand (UEremaining, 1) *interBSDistance - interBSDistance/2;

posXY = posX + li*posY;

$Keep those that satisfy the minimum distance
posXY = posXY (abs (posXY)>=minDistance) ;

$Store new UEs
UEpositions (perBS (1) +1:perBS (1) +length (posXY),l) = posXY +

BSpositions (1) ;
perBS (1) = perBS(l)+length (posXY);

end

%Go through all BSs
for j = 1:L

$Compute the distance from the UEs in cell 1 to BS j with a wrap
saround topology, where the shortest distance between a UE and the

$nine different locations of a BS is considered
= min (abs( repmat (UEpositions(:,1),[1

[distancesBSj,whichpos] =
size (BSpositionsWrapped,2)]) - repmat (BSpositionsWrapped(j,:), [K

11) ), [01,2):

$Compute average channel gain using the large-scale fading model

%while neglecting the shadow fading
channelGaindB(:,1,j) = constantTerm -
alpha*10*1ogl0 (distancesBS7) ;

%Compute nominal angles between UE k in cell 1 and BS j, and

$generate spatial correlation matrices for the channels using the

%local scattering model
for k = 1:K

angleBSj = angle (UEpositions(k,1)-
BSpositionsWrapped (j,whichpos (k)));

%Use the exact implementation of the local scattering model

if accuracy ==

for spr = 1l:length (ASDdeqg)



R(:r:rkrlljlspr) =
functionRlocalscattering (M, angleBSj,ASDdeqg (spr),antennaSpacing) ;

end

$Use the approximate implementation of the local scattering model
elseif accuracy == 2
for spr = 1l:length (ASDdeqg)

R(:,:,k,1,j,spr) =
functionRlocalscatteringApprox (M, angleBSj,ASDdeg (spr),antennaSpacing) ;

end
end
end
end
$Go through all UEs in cell 1 and generate shadow fading

realizations
for k = 1:K

%Generate shadow fading realizations
shadowing = sigma sf*randn(1,1,L);
channelGainShadowing = channelGaindB(k,1,:) + shadowing;

%Check if another BS has a larger average channel gain to the UE
%$than BS 1
while channelGainShadowing(l) < max (channelGainShadowing)

$Generate new shadow fading realizations (until all UEs in cell
%1 has its largest average channel gain from BS 1)

shadowing = sigma_ sf*randn(l,1,L);

channelGainShadowing = channelGaindB(k,1,:) + shadowing;

end

$Store average channel gains with shadowing fading
channelGaindB(k,1l,:) = channelGainShadowing;

end

end



Compute CP 1

load section5 Mvarying K10 20;

%Number of UEs per BS
k index = 1; %Selecting K = 10 from the loaded SE results
K = Krange (k_index) ;

$Fractions of data samples used for UL and DL

ULfraction = 1/3;

DLfraction = 2/3;

%Compute joint UL/DL sum SE using the fractions of UL/DL data
sumSE MMMSE = ULfraction*sumSE MMMSE UL(:,k index) +
DLfraction*sumSE MMMSE DL (:,k index);

sumSE_SMMSE = ULfraction*sumSE SMMSE UL(:,k index) +
DLfraction*sumSE SMMSE DL (:,k index);

sumSE _RZF = ULfraction*sumSE RZF UL(:,k index) +
DLfraction*sumSE RZF DL (:,k index);

sumSE ZF = ULfraction*sumSE ZF UL(:,k index) +
DLfraction*sumSE ZF DL(:,k index);

sumSE MR = ULfraction*sumSE MR UL(:,k index) +
DLfraction*sumSE MR DL(:,k index);

$Number of BSs
L = 16;

$Communication bandwidth
B = 20e6;

$Select length of coherence block
tau ¢ = 200;

%$Select length of pilot sequences
tau p = K;

$Prepare to store simulation results
P MMMSE = zeros (length (Mrange), 2) ;

P SMMSE = zeros (length (Mrange),2);

P RZF = zeros (length (Mrange),2);

P ZF zeros (length (Mrange), 2) ;

P MR = zeros(length (Mrange),2);

%% Compute CP values for different value sets
for valueset = 1:2

[P_MR(:,valueset),P RZF(:,valueset),P MMMSE (:,valueset),P ZF(:,valueset
) ,P_SMMSE (:,valueset)] =
functionCPcomputation (Mrange, K, L,B,tau c,tau p,valueset, sumSE MR, sumSE
RZF, sumSE MMMSE, sumSE Z7ZF, sumSE SMMSE) ;

end



%% Plot the simulation results
figure;
hold on; box on;

for valueset = 1:2

plot (Mrange,10*1ogl0 (P_MMMSE (:,valueset)/0.001), 'rd-
', 'LineWidth',1);

plot (Mrange,10*1logl0 (P_SMMSE (:,valueset)/0.001), 'b:"', 'LineWidth',1);
plot (Mrange,10*1ogl0(P_RZF(:,valueset)/0.001), 'k-."', "LineWidth',1);
plot (Mrange,10*1logl0(P_ZF(:,valueset)/0.001), 'r—--"', 'LineWidth',1);
plot (Mrange,10*1ogl0 (P _MR(:,valueset)/0.001), '"bs-", 'Linewidth',1);

end

xlabel ('Number of antennas (M)');
ylabel ('Total CP [dBm]"'");
legend ('M-MMSE', 'S-MMSE', 'RZF', 'ZF', 'MR"', 'Location', 'SouthEast') ;

Compute CP 2

load section5 M100 Kvarying;

$Fractions of data samples used for UL and DL
ULfraction = 1/3;
DLfraction = 2/3;

%$Compute joint UL/DL sum SE using the fractions of UL/DL data

sumSE MMMSE = ULfraction*sumSE MMMSE UL + DLfraction*sumSE MMMSE DL;
sumSE SMMSE = ULfraction*sumSE SMMSE UL + DLfraction*sumSE SMMSE DL;
sumSE RZF = ULfraction*sumSE RZF UL + DLfraction*sumSE RZF DL;

sumSE ZF = ULfraction*sumSE ZF UL + DLfraction*sumSE ZF DL;

sumSE_ MR ULfraction*sumSE MR UL + DLfraction*sumSE MR DL;

$Number of BSs
L = 16;

$Number of BS antennas
M = 100;

$Communication bandwidth
B = 20e6;

$Select length of coherence block
tau ¢ = 200;

$Select length of pilot sequences
tau p = Krange;



%Prepare to store simulation results
P MMMSE = zeros (length(Krange),2);

P SMMSE zeros (length (Krange), 2) ;

P RZF = zeros (length(Krange),2);

P ZF = zeros (length(Krange), 2);

P MR = zeros (length(Krange), 2);

%% Compute CP values for different value sets
for valueset = 1:2

for k = 1l:1length (Krange)
$Compute the total CP with different schemes
[P_MR(k,valueset),P RZF (k,valueset),P MMMSE (k,valueset),P ZF (k,valueset
) »P_SMMSE (k, valueset)] =

functionCPcomputation (M, Krange (k) ,L,B, tau c,tau p(k),valueset, sumSE MR,
sumSE RZF, sumSE MMMSE, sumSE ZF, sumSE_SMMSE) ;

end

end

$% Plot the simulation results
figure;
hold on; box on;

for valueset = 1:2

plot (Krange,10*1ogl0 (P_MMMSE (:,valueset) /0.001), 'rd-
', 'LineWidth', 1) ;hold on;

plot (Krange,10*1ogl0 (P_SMMSE (:,valueset)/0.001), 'b:"', 'LineWidth',1);
plot (Krange,10%*1ogl0 (P_RZF(:,valueset)/0.001), 'k-.", 'LineWidth',1);
plot (Krange,10*1ogl0(P_ZF (:,valueset)/0.001), 'r--", 'Linewidth',1);
plot (Krange,10*1logl0(P_MR(:,valueset)/0.001), 'bs-"', 'LineWidth',1);

end

xlabel ("Number of UEs (K)"');
ylabel ('Total CP [dBm]");
legend ('M-MMSE', 'S-MMSE', 'RZF', 'ZF', '"MR', 'Location', "NorthWest"') ;



Compute EE set 1 with K&M

%$Select the value set
valueset = 1;

%$Load SE simulation data
load section5 Mvarying Kvarying.mat;

%$Number of BSs
L = 16;

$Communication bandwidth
B = 20e6;

%$PA efficiency UEs and BSs
mu UE = 0.4;
mu BS = 0.5;

%$Define the pilot reuse factor
f=1;

$Select length of coherence block
tau ¢ = 200;

$Fractions of data samples used for UL and DL
ULfraction = 1/3;
DLfraction = 2/3;

$Transmit power per UE in W
p=0.1;

$Compute Jjoint UL/DL sum SE using the fractions of UL/DL data

sumSE MMMSE = ULfraction*sumSE MMMSE UL + DLfraction*sumSE MMMSE DL;
sumSE RZF = ULfraction*sumSE RZF UL + DLfraction*sumSE RZF DL;
sumSE MR = ULfraction*sumSE MR UL + DLfraction*sumSE MR DL;

$Prepare to save simulation results

EE MR = zeros (length (Mrange), length (Krange)) ;

EE _RZF = zeros(length (Mrange), length (Krange)) ;
EE MMMSE = zeros (length (Mrange), length (Krange))

%% Go through all number of BS antennas
for m = 1l:1length (Mrange)

%Go through all number of UEs
for k = 1l:length (Krange)

$Compute length of pilot sequences
tau p = f*Krange (k) ;



$Compute the total CP with different schemes

[P MR,P RZF,P MMMSE] =
functionCPcomputation (Mrange (m) , Krange (k) ,L,B, tau_c,tau p,valueset, sumS
E_MR, sumSE_RZF, sumSE_MMMSE) ;

$Compute total effective transmit power
ETP total = Krange(k)*p*(tau_p/mu_UE + (tau_c-
tau p)* (ULfraction/mu UE + DLfraction/mu BS))/tau c;

%$Compute EE with MR
EE MR(m,k) = (B*sumSE MR(m,k))./(ETP total + P_MR);

$Compute EE with RZF
EE RZF(m, k) = (B*sumSE RZF(m,k))./(ETP total + P_RZF);

$Compute EE with M-MMSE
EE MMMSE (m, k) = (B*sumSE MMMSE (m, k)) ./ (ETP_total + P MMMSE);

end

end

%% Plot simulation results

%$Plot Figure 5.14a
figure;
hold on; box on; grid on;

surfc(Krange,Mrange,EE_MMMSE/10A6,'EdgeColor','none');
colormap (autumn) ;
shading interp

hold on

contour3 (Krange,Mrange, EE MMMSE/le6,10, 'k'")

[~,I] = max(EE MMMSE (:)) ;

[row,col] = ind2sub(size (EE MMMSE),I); %2D maximizer
Kopt = Krange(col); %Optimal number of UEs

Mopt = Mrange (row); %Optimal number of BS antennas
hold on

plot3 (Kopt,Mopt, EE MMMSE (row,col) /le6, "k*', 'MarkerSize',16, 'MarkerFaceC
olor', 'black');

hold on

plot3 (Kopt,Mopt,min (min (EE_MMMSE)) /le6, 'k*', 'MarkerSize',16, 'MarkerFace
Color', 'black'");

view([-17 32]);

xlabel ('Number of UEs (K)')
ylabel ('Number of BS antennas (M) ');
zlabel ('EE [Mbit/Joulel]');



$Plot Figure 5.14Db
figure;
hold on; box on; grid on;

surfc (Krange,Mrange,EE_RZF/1076, 'EdgeColor', 'none');
colormap (autumn) ;
shading interp

hold on

contour3 (Krange,Mrange,EE RZF/le6,10, 'k")

[~,I] = max(EE RZF (:));

[row,col] = ind2sub(size(EE RZF),I); %2D maximizer

Kopt = Krange(col); %0Optimal number of UEs

Mopt = Mrange (row); S%$Optimal number of BS antennas

hold on

plot3 (Kopt,Mopt,EE _RZF (row,col) /le6, 'k*', '"MarkerSize',16, 'MarkerFaceCol
or', 'black');

hold on

plot3 (Kopt,Mopt,min (min (EE RZF)) /le6, 'k*', 'MarkerSize', 16, 'MarkerFaceCo
lor', 'black'");

view ([-17 321);

xlabel ('Number of UEs (K)"'")
ylabel ('"Number of BS antennas (M) ');
zlabel ('EE [Mbit/Joule]');

%$Plot Figure 5.14Db
figure;
hold on; box on; grid on;

surfc(Krange,Mrange,EE_MR/10A6,'EdgeColor','none');
colormap (autumn) ;
shading interp

hold on

contour3 (Krange,Mrange,EE MR/1e6,10, 'k")

[EE max,I] = max(EE MR(:));

[row,col] = ind2sub(size(EE MR),I); %2D maximizer
Kopt = Krange(col); S%Optimal number of UEs

Mopt = Mrange (row); $%$Optimal number of BS antennas
hold on

plot3 (Kopt,Mopt,EE MR (row,col)/le6, 'k*', '"MarkerSize',16, 'MarkerFaceColo
r','black');

hold on

plot3 (Kopt,Mopt,min (min (EE _MR))/le6, 'k*', '"MarkerSize',16, 'MarkerFaceCol
or', 'black');

view([-17 32]);

xlabel ('Number of UEs (K)')
ylabel ('Number of BS antennas (M) ');
zlabel ('EE [Mbit/Joulel]');



Compute EE set 2 with K&M

%$Select the value set
valueset = 2;

%$Load SE simulation data, generated using the code from Section 4
load section5 Mvarying Kvarying.mat;

%$Number of BSs
L = 16;

$Communication bandwidth
B = 20e6;

%$PA efficiency UEs and BSs
mu UE = 0.4;
mu BS = 0.5;

%$Define the pilot reuse factor
f=1;

$Select length of coherence block
tau ¢ = 200;

$Fractions of data samples used for UL and DL
ULfraction = 1/3;
DLfraction = 2/3;

$Transmit power per UE in W
p=0.1;

$Compute Jjoint UL/DL sum SE using the fractions of UL/DL data

sumSE MMMSE = ULfraction*sumSE MMMSE UL + DLfraction*sumSE MMMSE DL;
sumSE RZF = ULfraction*sumSE RZF UL + DLfraction*sumSE RZF DL;
sumSE MR = ULfraction*sumSE MR UL + DLfraction*sumSE MR DL;

$Prepare to save simulation results

EE MR = zeros (length (Mrange), length (Krange)) ;

EE _RZF = zeros(length (Mrange), length (Krange)) ;
EE MMMSE = zeros (length (Mrange), length (Krange))

%% Go through all number of BS antennas
for m = 1l:1length (Mrange)

%Go through all number of UEs
for k = 1l:length (Krange)

$Compute length of pilot sequences
tau p = f*Krange (k) ;



$Compute the total CP with different schemes

[P MR,P RZF,P MMMSE] =
functionCPcomputation (Mrange (m) , Krange (k) ,L,B, tau_c,tau p,valueset, sumS
E_MR, sumSE_RZF, sumSE_MMMSE) ;

%Compute total effective transmit power

ETP total = Krange(k)*p*(tau p/mu UE + (tau c-
tau_p)* (ULfraction/mu UE + DLfraction/mu BS))/tau c;

$Compute EE with MR
EE MR (m, k) = (B*sumSE_MR(m,k))./(ETP_total + P_MR);

%$Compute EE with RZF
EE RZF(m, k) = (B*sumSE RZF(m,k))./(ETP total + P_RZF);

%$Compute EE with M-MMSE
EE _MMMSE (m, k) = (B*sumSE MMMSE (m,k)) ./ (ETP_total + P MMMSE);

end

end

$% Plot simulation results

$Plot Figure 5.14a
figure;
hold on; box on; grid on;

surfc (Krange,Mrange, EE MMMSE/1076, 'EdgeColor', 'none');
colormap (autumn) ;
shading interp

hold on

contour3 (Krange,Mrange, EE MMMSE/le6,10, 'k")

[~,I] = max(EE MMMSE(:));

[row,col] = ind2sub(size (EE MMMSE),I); %2D maximizer

Kopt = Krange (col); %0Optimal number of UEs

Mopt = Mrange (row); S$Optimal number of BS antennas

hold on

plot3 (Kopt,Mopt, EE_MMMSE (row,col) /le6, 'k*', 'MarkerSize',16, 'MarkerFaceC
olor', 'black');

hold on

plot3 (Kopt,Mopt,min (min (EE MMMSE)) /le6, 'k*', 'MarkerSize',16, 'MarkerFace
Color', 'black'");

view([-17 321);

xlabel ("'Number of UEs (K) ')
ylabel ('Number of BS antennas (M)');
zlabel ('EE [Mbit/Joule]');

%Plot Figure 5.14b



figure;
hold on; box on; grid on;

surfc (Krange,Mrange,EE _RZF/1076, 'EdgeColor', 'none');
colormap (autumn) ;
shading interp

hold on

contour3 (Krange,Mrange,EE _RZF/le6,10, 'k")

[~,I] = max(EE RZF (:));

[row,col] = ind2sub(size(EE_RZF),I); %2D maximizer
Kopt = Krange(col); %Optimal number of UEs

Mopt = Mrange (row) ; %0Optimal number of BS antennas
hold on

plot3 (Kopt,Mopt, EE RZF (row,col)/le6, 'k*', "MarkerSize',16, 'MarkerFaceCol
or', 'black'); B

hold on

plot3 (Kopt,Mopt,min (min (EE_RZF)) /le6, 'k*', 'MarkerSize', 16, 'MarkerFaceCo
lor', 'black'");

view ([-17 32]);

xlabel ('Number of UEs (K)')
ylabel ('Number of BS antennas (M)');
zlabel ('EE [Mbit/Joulel');

$Plot Figure 5.14Db
figure;
hold on; box on; grid on;

surfc (Krange,Mrange,EE MR/1076, 'EdgeColor', 'none');
colormap (autumn) ;
shading interp

hold on

contour3 (Krange,Mrange,EE MR/1e6,10, 'k")

[EE max,I] = max(EE MR(:));

[row,col] = ind2sub(size(EE MR),I); %2D maximizer

Kopt = Krange(col); %0Optimal number of UEs

Mopt = Mrange (row); %$Optimal number of BS antennas

hold on

plot3 (Kopt,Mopt,EE MR (row,col)/le6, 'k*', '"MarkerSize',16, 'MarkerFaceColo
r','black');

hold on

plot3 (Kopt,Mopt,min (min (EE _MR)) /le6, 'k*', '"MarkerSize',16, 'MarkerFaceCol
or', 'black');

view ([-17 321);

xlabel ('Number of UEs (K)')
ylabel ('Number of BS antennas (M)');
zlabel ('EE [Mbit/Joule]');



Compute EE set 1

$Load SE simulation data
load section5 Mvarying K10 20;

$Number of UEs per BS
k index = 1; %Selecting K = 10 from the loaded SE results
K = Krange (k_index) ;

$Fractions of data samples used for UL and DL
ULfraction = 1/3;
DLfraction = 2/3;

%Compute joint UL/DL sum SE using the fractions of UL/DL data
sumSE _MMMSE = ULfraction*sumSE MMMSE UL(:,k index) +
DLfraction*sumSE MMMSE DL (:,k index);

sumSE_SMMSE = ULfraction*sumSE SMMSE UL(:,k index) +
DLfraction*sumSE SMMSE DL (:,k index);

sumSE RZF = ULfraction*sumSE RZF UL(:,k index) +
DLfraction*sumSE RZF DL(:,k index);

sumSE ZF = ULfraction*sumSE ZF UL(:,k index) +
DLfraction*sumSE ZF DL(:,k index);

sumSE MR = ULfraction*sumSE MR UL(:,k index) +
DLfraction*sumSE MR DL(:,k index);

SNumber of BSs
L = 16;

$Communication bandwidth
B = 20e6;

$PA efficiency UEs and BSs
mu UE = 0.4;
mu BS = 0.5;

%$Define the pilot reuse factor
f=1;

%$Select length of coherence block
tau ¢ = 200;

$Compute length of pilot sequences
tau p = £*K;

$Transmit power per UE in W
p=0.1;

%Compute total effective transmit power
ETP total = K*p*(tau p/mu UE + (tau c-tau p)* (ULfraction/mu UE +
DLfraction/mu BS))/tau c;

%% Go through the two value sets of the CP model
for valueset = 1:2



$Compute the total CP with different schemes

[P MR,P RZF,P MMMSE,P ZF,P SMMSE] =
functionCPcomputation (Mrange, K, L, B, tau c,tau p,valueset, sumSE MR, sumSE
RZF, sumSE MMMSE, sumSE ZF, sumSE SMMSE) ;

$Compute EE with M-MMSE
EE MMMSE = (B*sumSE_ MMMSE) ./ (ETP total + P MMMSE);

$Compute EE with S-MMSE
EE SMMSE = (B*sumSE_SMMSE)./(ETP_total + P_SMMSE) ;

%$Compute EE with RZF
EE RZF = (B*sumSE_RZF)./(ETP_total + P RZF);

%$Compute EE with ZF
EE ZF = (B*sumSE _ZF)./(ETP total + P ZF);

%$Compute EE with MR
EE MR = (B*sumSE MR)./(ETP total + P _MR);
$Plot simulation results

figure;

plot (B*sumSE _MMMSE/10%6,EE MMMSE/10"6, 'rd-', 'LineWidth',1);hold

on;
plot (B*sumSE_SMMSE/1076,EE_SMMSE/1076, 'b:', 'LineWidth',1);
plot (B*sumSE RZF/1076,EE RZF/1076, 'k-.', 'LineWidth',1);
plot (B*sumSE_ZF/1076,EE_ZF/10%6, 'r--"', 'LinewWidth',1);
plot (B*sumSE _MR/1076,EE MR/10%6, 'bs-"', 'LineWidth',1);
xlabel (' Throughput [Mbit/s/cell]l");
ylabel ('EE [Mbit/Joule/cell]');
legend ('"M-MMSE', 'S-MMSE', 'RZF', 'ZF', '"MR', '"Location', "NorthWest"') ;
end

Compute EE set 2

$Load SE simulation data
load section5 Mvarying K10 20;

$Number of UEs per BS
k index = 2; %Selecting K = 10 from the loaded SE results
K = Krange (k_index) ;

%$Fractions of data samples used for UL and DL

ULfraction = 1/3;

DLfraction = 2/3;

%Compute joint UL/DL sum SE using the fractions of UL/DL data



sumSE MMMSE = ULfraction*sumSE MMMSE UL(:,k index) +
DLfraction*sumSE MMMSE DL (:,k index);

sumSE_SMMSE = ULfraction*sumSE SMMSE UL (:,k index) +
DLfraction*sumSE SMMSE DL (:,k index);

sumSE _RZF = ULfraction*sumSE RZF UL(:,k index) +
DLfraction*sumSE RZF DL(:,k index);

sumSE ZF = ULfraction*sumSE ZF UL(:,k index) +
DLfraction*sumSE ZF DL(:,k index);

sumSE MR = ULfraction*sumSE MR UL(:,k index) +
DLfraction*sumSE MR DL(:,k index);

SNumber of BSs

L = 16;
$Communication bandwidth
B = 20e6;

$PA efficiency UEs and BSs

mu UE = 0.4;

mu BS = 0.5;

%$Define the pilot reuse factor
f =1;

%Select length of coherence block
tau ¢ = 200;

$Compute length of pilot sequences
tau p = £*K;

$Transmit power per UE in W
p=0.1;

$Compute total effective transmit power
ETP total = K*p*(tau p/mu UE + (tau c-tau p)* (ULfraction/mu UE +
DLfraction/mu_BS))/tau c;

%% Go through the two value sets of the CP model
for valueset = 1:2

%Compute the total CP with different schemes

[P MR,P_RZF,P MMMSE,P ZF,P SMMSE] =
functionCPcomputation (Mrange, X, L, B, tau c, tau p,valueset,sumSE MR, sumSE
RZF, sumSE MMMSE, sumSE Z7ZF, sumSE SMMSE) ;

$Compute EE with M-MMSE
EE MMMSE = (B*sumSE_MMMSE)./(ETP_total + P_MMMSE) ;

$Compute EE with S-MMSE
EE SMMSE = (B*sumSE SMMSE) ./ (ETP_total + P SMMSE) ;

$Compute EE with RZF



EE RZF = (B*sumSE RZF)./(ETP_total + P RZF);

$Compute EE with ZF
EE ZF = (B*sumSE ZF)./(ETP total + P ZF);

$Compute EE with MR
EE MR = (B*sumSE MR)./(ETP_total + P_MR);
$Plot simulation results

figure;

plot (B*sumSE_MMMSE/1076,EE_MMMSE/1076, 'rd-','LineWidth',1);hold

on;
plot (B*sumSE_SMMSE/1076,EE_SMMSE/1076, 'b:', 'LineWidth',1);
plot (B*sumSE _RZF/1076,EE RZF/1076, 'k-.', 'LineWidth',1);
plot (B*sumSE ZF/1076,EE ZF/1076, 'r—--', 'LineWidth',1);
plot (B*sumSE _MR/1076,EE MR/10%6, 'bs-"', 'LineWidth',1);
xlabel (' Throughput [Mbit/s/cell]l");
ylabel ('EE [Mbit/Joule/cell]');
legend ('M-MMSE', 'S-MMSE', 'RZF', 'ZF', '"MR', 'Location', '"NorthWest"') ;
end

gfunction

%$Define the range of BS antennas
Mvalues = [1 10 100];

$Angle of the desired UE
varphiDesired = pi/6;

$Range of angles of the interfering UE
varphiInterfererDegrees = -180:1:180;
varphiInterfererRadians = varphiInterfererDegrees* (pi/180) ;

%$Define the antenna spacing (in number of wavelengths)
antennaSpacing = 1/2; %Half wavelength distance

$Preallocate matrix for storing the simulation results

gfunction = zeros(length (varphiInterfererDegrees), length (Mvalues));

%% Go through all number of antennas
for m = 1l:1length (Mvalues)



%Generate channel response for the desired UE
hdesired =
exp (1li*2*pi*antennaSpacing*sin (varphiDesired) * (0:Mvalues (m)-1)");

$Go through all angles of interfering UE
for n = l:length(varphiInterfererRadians)

$Generate channel response for the interfering UE
hinterfering =
exp (li*2*pi*antennaSpacing*sin (varphiInterfererRadians (n)) * (0:Mvalues (m

)=1) ")

%$Compute the g-function , using its definition
gfunction(n,m) = abs(hdesired'*hinterfering)”~2/Mvalues (m) ;

end
end
%% Plot the simulation results
figure;
hold on; box on;
plot (varphiInterfererDegrees,gfunction(:,1), 'k=", "LineWidth',1);

plot (varphiInterfererDegrees,gfunction(:,2),'r--', 'LineWidth', 1) ;
plot (varphiInterfererDegrees,gfunction(:,3), 'b-.", 'LineWidth', 1)

’

xlabel ('Angle of interfering UE [degree]');
ylabel ('$$g(\varphi 070, \varphi 170)S$S$', 'Interpreter','latex');

set (gca, 'Yscale', "log');
x1im([-180 1807]);
ylim([le-5 1le2]);

legend('M=1"', 'M=10", 'M=100", "'Location', "NorthWest') ;

Compute SE with No. of UE

$Define the SNR
SNR = 1;

$Define betabar (strength of inter-cell interference)
betabar = le-1;

%$Define the range of number of UEs
K= 1:20;

%$Define range of number of BS antennas



M = [10 100];

$Extract the maximal number of UEs and BS antennas
Kmax = max (K) ;
Mmax = max (M) ;

%$Select number of Monte Carlo realizations for the line-of-sight (LoS)
%angles and of the non-line-of-sight (NLoS) Rayleigh fading
numberOfRealizations = 10000;

%Generate NLoS channels using uncorrelated Rayleigh fading

H NLoS desired =

sqgrt (1/2)* (randn (Mmax, Kmax, numberOfRealizations)+1i*randn (Mmax, Kmax, num
berOfRealizations));

H NLoS interfering =

sgrt (betabar/2) * (randn (Mmax, Kmax, numberOfRealizations)+11i*randn (Mmax, Km
ax,numberOfRealizations)) ;

$Generate random UE angles from 0 to 2*pi
varphiDesired = 2*pi*rand(l,Kmax,numberOfRealizations);
varphiInterfering = 2*pi*rand(l,Kmax,numberOfRealizations);

$Define the antenna spacing (in number of wavelengths)
antennaSpacing = 1/2;

%Generate LoS channels with different random UE angles

H LoS desired = exp( repmat((0:Mmax-1)', [l Kmax numberOfRealizations])
.* repmat (-2i*pi*antennaSpacing*sin(varphiDesired), [Mmax 1 1]) );

H LoS interfering = sqrt(betabar)*exp( repmat ((0:Mmax-1)"', [1 Kmax
numberOfRealizations]) .* repmat (-

2i*pi*antennaSpacing*sin (varphiInterfering), [Mmax 1 1]) );

$Preallocate matrices for storing the simulation results
SE MR NLoS montecarlo = zeros (length (K),length(M));

SE MR LoS = zeros (length (K),length(M));

SE MMSE NLoS montecarlo = zeros(length(K),length(M));

SE MMSE LoS montecarlo = zeros (length (K),length(M));

%% Go through all Monte Carlo realizations
for n = 1l:numberOfRealizations

%Output simulation progress
disp ([num2str(n) ' realizations out of '
num2str (numberOfRealizations)]);

%Go through the range of number of UEs
for kindex = 1l:length (K)

%Go through the range of number of BS antennas
for mindex = 1l:length (M)



$Compute the SE with MR under LoS propagation

$Compute the uplink SE with MR combining
argumentsDesired = 2*pi*antennaSpacing* (

repmat (sin (varphiDesired(1l,1:K(kindex),n)), [K(kindex) 117) -

repmat (sin (varphiDesired(1l,1:K(kindex),n)) ', [1 K(kindex)]) );
argumentsInterfering = 2*pi*antennaSpacing* (

repmat (sin (varphiDesired (1, 1:K(kindex),n)), [K(kindex) 1]) -

repmat (sin (varphiInterfering(l,1:K(kindex),n)) "', [1 K(kindex)]) );
oneminuscos = (l-cos(argumentsDesired)) + eye(K(kindex)):;

%$Compute the uplink SE with MR combining

SE MR LoS(kindex,mindex) = SE MR LoS (kindex,mindex) +
sum (log2 (1 + SNR*M (mindex) *ones (1,K (kindex)) ./ ( (SNR/M (mindex) ) *sum (
(1-cos (M (mindex) *argumentsDesired)) ./ oneminuscos,1) +
(SNR/M (mindex) ) *betabar*sum( (l-cos (M(mindex) *argumentsInterfering)) ./
(1-cos (argumentsInterfering)), 1) + 1)))/numberOfRealizations;

%Compute the SE with M-MMSE under LoS propagation

$Compute the M-MMSE combining vectors

MMMSEvectors = ( SNR*
H LoS desired(l:M(mindex),1:K(kindex),n)*H LoS desired(l:M(mindex),1:K(
kindex),n) "' +
SNR*H LoS interfering(l:M(mindex),1l:K(kindex),n)*H LoS interfering (1:M(
mindex),1:K(kindex),n)' + eye(M(mindex)) ) \
(SNR*H_LoS desired(l:M(mindex),1:K(kindex),n));

%$Compute the intra-cell channel powers after M-MMSE
combining

channelgainsIntracell =
abs (MMMSEvectors'*H LoS desired(l:M(mindex),1:K(kindex),n))."2;

$Extract desired signal power for each UE
signalpowers = diag(channelgainsIntracell);

$Extract and compute interference powers for each UE

interferencepowers = sum(channelgainsIntracell,?2) -
signalpowers +
sum (abs (MMMSEvectors'*H LoS interfering(l:M(mindex),1:K(kindex),n))."2,

2);

$Compute the effective 1/SNR after noise amplification
scalednoisepower = (1/SNR)*sum(abs (MMMSEvectors').”2,2);

sCompute the uplink SE with M-MMSE combining

SE _MMSE LoS montecarlo (kindex,mindex) =
SE_MMSE LoS montecarlo (kindex,mindex) + sum(log2(l +
signalpowers./ (interferencepowers+scalednoisepower)) ) /numberOfRealizati
ons;



$Compute the SE with MR under NLoS propagation, for one
realization of the Rayleigh fading

%Compute the MR combining vectors
MRvectors = H NLoS desired(l:M(mindex),1l:K(kindex),n);

$Compute the intra-cell effective channel gains after MR
filtering

channelgainsIntracell =
abs (MRvectors'*H NLoS desired(l:M(mindex),1:K(kindex),n))."2;

$Extract desired signal power for each UE
signalpowers = diag(channelgainsIntracell);

$Extract and compute interference powers for each UE
interferencepowers = sum(channelgainsIntracell,2) -
signalpowers +
sum(abs (MRvectors'*H NLoS interfering(l:M(mindex),1:K(kindex),n))."2,2)

’

$Compute the effective 1/SNR after noise amplification
scalednoisepower = (1/SNR)*sum(abs (MRvectors').”2,2);

%Compute the uplink SE with MR combining

SE MR NLoS montecarlo (kindex,mindex) =
SE MR NLoS montecarlo (kindex,mindex) + sum(log2 (1l +
signalpowers./ (interferencepowers+scalednoisepower))) /numberOfRealizati
ons;

$Compute the SE with M-MMSE under NLoS propagation for one
%realization of the Rayleigh fading

$Compute the M-MMSE combining filter

MMMSEvectors = ( SNR*
H NLoS desired(l:M(mindex),l:K(kindex),n)*H NLoS desired(l:M(mindex),1:
K(kindex),n) ' + SNR*
H NLoS interfering(l:M(mindex),l:K(kindex),n)*H NLoS interfering(l:M(mi
ndex) ,1:K(kindex),n)' + eye(M(mindex)) ) \
(SNR*H _NLoS desired(l:M(mindex),l:K(kindex),n));

$Compute the intra-cell effective channel gains after MSE
filtering

channelgainsIntracell =
abs (MMMSEvectors'*H NLoS desired(l:M(mindex),1l:K(kindex),n))."2;

$Extract desired signal power for each UE
signalpowers = diag(channelgainsIntracell);

$Extract and compute interference powers for each UE

interferencepowers = sum(channelgainsIntracell,2) -
signalpowers +
sum (abs (MMMSEvectors'*H NLoS interfering(l:M(mindex),l:K(kindex),n))."2

;1 2) 7



$Compute the effective 1/SNR after noise amplification
scalednoisepower = (1/SNR)*sum(abs (MMMSEvectors').”2,2);

%Compute the uplink SE with M-MMSE combining

SE_MMSE NLoS montecarlo (kindex,mindex) =
SE_MMSE NLoS montecarlo (kindex,mindex) + sum(log2(l +
signalpowers./ (interferencepowers+scalednoisepower))) /numberOfRealizati
ons;

end
end

end

$Compute the lower bound in (1.44) on the SE under NLoS propagation
SE MR NLoS lower = zeros(length(K),length(M)):;

for mindex = 1l:length (M)

SE MR NLoS lower (:,mindex) = K .* log2(l + SNR* (M(mindex)-1) ./
(K-1) *SNR + K*SNR*betabar + 1 ) );
end

%% Plot the simulation results for MR combining
figure(1l);
hold on; box on;

for mindex = 1l:length (M)

plot (K,SE MR LoS(:,mindex), 'k-', 'LineWidth',1);
plot (K(1),SE MR NLoS montecarlo(l,mindex), 'bd-.", 'LineWidth',1);
plot (K, SE MR NLoS lower(:,mindex)','r--','LineWidth',1);

plot (K(5:5:end),SE MR NLoS montecarlo(5:5:end,mindex), 'bd', 'LineWidth',
1);

plot (K, SE_MR NLoS montecarlo, 'b-.','LineWidth',1);
end

xlabel ('Number of UEs (K)');
ylabel ('Average sum SE [bit/s/Hz/cell]l');

legend ('LoS', "NLoS', 'NLoS (lower bound)', 'Location', "NorthWest');
%% Plot the simulation results for M-MMSE combining
figure (2);

hold on; box on;

for mindex = 1l:length (M)



plot (K, SE MMSE LoS montecarlo(:,mindex), 'k-', 'LineWidth',1);
plot (K, SE_MMSE NLoS montecarlo(:,mindex), 'b-."', 'LineWidth',1);

end

xlabel ("Number of UEs (K)'");
ylabel ('Average sum SE [bit/s/Hz/cell]l');

legend('LoS"', 'NLoS"', 'Location', "NorthWest') ;
ylim([O 1207);

Compute SE with No. of UE and (M/K)

$Define the SNR
SNR = 1;

$Define betabar (strength of inter-cell interference)
betabar = le-1;

%Define the range of number of UEs
K= 1:20;

%Define range of antenna-UE ratios
c = [12 4 8];

$Extract the maximal number of UEs and BS antennas
Kmax = max (K);
Mmax = Kmax*max (c);

$Select number of Monte Carlo realizations for the line-of-sight (LoS)
%angles and of the non-line-of-sight (NLoS) Rayleigh fading
numberOfRealizations = 10000;

$Generate NLoS channels using uncorrelated Rayleigh fading

H NLoS desired =

sqrt (1/2)* (randn (Mmax, Kmax, numberOfRealizations)+1li*randn (Mmax, Kmax, num
berOfRealizations));

H NLoS interfering =

sqgrt (betabar/2) * (randn (Mmax, Kmax, numberOfRealizations)+1i*randn (Mmax, Km
ax,numberOfRealizations));

%Generate random UE angles from 0 to 2*pi
varphiDesired = 2*pi*rand(l,Kmax,numberOfRealizations);
varphiInterfering = 2*pi*rand(l,Kmax,numberOfRealizations);

%$Define the antenna spacing (in number of wavelengths)
antennaSpacing = 1/2;

%Generate LoS channels with different random UE angles



H LoS desired = exp( repmat ((0:Mmax-1)"', [l Kmax numberOfRealizations])

.* repmat (-2i*pi*antennaSpacing*sin(varphiDesired), [Mmax 1 1]) );
H LoS interfering = sqrt(betabar)*exp( repmat ((0:Mmax-1)"', [1 Kmax
numberOfRealizations]) .* repmat (-

2i*pi*antennaSpacing*sin (varphiInterfering), [Mmax 1 1]) );

%Preallocate matrices for storing the simulation results
SE MMSE NLoS montecarlo = zeros (length(K),length(c));
SE _MMSE LoS montecarlo = zeros (length(K),length(c));

%% Go through all Monte Carlo realizations
for n = l:numberOfRealizations

%Output simulation progress
disp ([num2str(n) ' realizations out of '
num2str (numberOfRealizations)]);

%Go through the range of number of UEs
for kindex = 1l:length (K)

%Go through the range of antenna-UE ratios
for cindex = l:length(c)

$Compute the number of antennas
M = K(kindex) *c (cindex) ;

%Compute the SE with M-MMSE under LoS propagation for one
$realization of the UE angles

$Compute the M-MMSE combining filter

MMMSEfilter = ( SNR*
H LoS desired(1l:M,1:K(kindex),n)*H LoS desired(1:M,1l:K(kindex),n)"' +
SNR*H LoS interfering(l:M,1l:K(kindex),n)*H LoS interfering(1l:M,1:K(kind
ex),n)' + eye(M) ) \ (SNR*H LoS desired(1l:M,1:K(kindex),n));

$Compute the intra-cell effective channel gains after M-
MMSE filtering

channelgainsIntracell =
abs (MMMSEfilter'*H LoS desired(1:M,1:K(kindex),n))."2;

$Extract desired signal power for each UE
signalpowers = diag(channelgainsIntracell);

$Extract and compute interference powers for each UE
interferencepowers = sum(channelgainsIntracell,2) -
signalpowers +

sum (abs (MMMSEfilter'*H LoS interfering(l:M,1:K(kindex),n))."2,2);

$Compute the effective 1/SNR after noise amplification
scalednoisepower = (1/SNR)*sum(abs (MMMSEfilter').”2,2);



$Compute the uplink SE with M-MMSE combining

SE _MMSE LoS montecarlo (kindex,cindex) =
SE_MMSE LoS montecarlo (kindex,cindex) + sum(log2(l +
signalpowers./ (interferencepowers+scalednoisepower))) /numberOfRealizati
ons;

$Compute the SE with M-MMSE under NLoS propagation for one
%realization of the Rayleigh fading

$Compute the M-MMSE combining filter

MMMSEfilter = ( SNR*
H NLoS desired(1:M,1:K(kindex),n)*H NLoS desired(1l:M,1:K(kindex),n)"' +
SNR*
H NLoS interfering(l:M,1l:K(kindex),n)*H NLoS interfering(l:M,1:K(kindex
),n)' + eye(M) ) \ (SNR*H NLoS desired(1:M,1:K(kindex),n));

$Compute the intra-cell effective channel gains after MSE
filtering

channelgainsIntracell =
abs (MMMSEfilter'*H NLoS desired(1l:M,1:K(kindex),n)) ."2;

$Extract desired signal power for each UE
signalpowers = diag(channelgainsIntracell);

$Extract and compute interference powers for each UE
interferencepowers = sum(channelgainsIntracell,2) -
signalpowers +
sum(abs (MMMSEfilter'*H NLoS interfering(1l:M,1:K(kindex),n))."2,2);

$Compute the effective 1/SNR after noise amplification
scalednoisepower = (1/SNR)*sum(abs (MMMSEfilter').”2,2);

%$Compute the uplink SE with M-MMSE combining

SE_MMSE NLoS montecarlo (kindex,cindex) =
SE_MMSE NLoS montecarlo(kindex,cindex) + sum(log2(l +
signalpowers./ (interferencepowers+scalednoisepower))) /numberOfRealizati
ons;

end
end
end
%% Plot the simulation results
figure (1) ;
hold on; box on;
for cindex = 1l:length(c)

plot (K, SE_MMSE LoS montecarlo(:,cindex), 'k-', 'LineWidth',1);
plot (K, SE MMSE NLoS montecarlo(:,cindex), 'b-.", 'LineWidth',1);



end

xlabel ('Number of UEs (K)');
ylabel ('Average sum SE [bit/s/Hz/cell]l');

legend('LoS"', 'NLoS"', 'Location', "NorthWest') ;
ylim ([0 120]);

SNR and SE

$Define the SNR range for analytical curves
SNRdB = -10:0.1:30;
SNR = 10.” (SNRdAB/10) ;

$Define the SNR range for Monte Carlo simulations
SNRdB montecarlo = -10:5:30;
SNR montecarlo = 10.” (SNRdAB montecarlo/10);

%Define the different beta bar values (strength of inter-cell
interference)
betabar = [le-1 1le-3];

%$Preallocate matrices for storing the simulation results

SE_LoS = zeros (length (betabar), length (SNR)) ;

SE NLoS = zeros (length (betabar),length (SNR)) ;

SE _NLoS montecarlo = zeros(length (betabar),length(SNR montecarlo)):;

%Select number of Monte Carlo realizations of the Rayleigh fading
numberOfFadingRealizations = 100000;

%% Go through different strengths of the interference
for b = 1l:length (betabar)

$Compute SE under line-of-sight (LoS) propagation
SE LoS(b,:) = log2(1+4SNR./(betabar (b)*SNR+1)) ;

%Generate uncorrelated Rayleigh fading channel realizations
fadingRealizationsDesired =
(randn (numberOfFadingRealizations, 1) +li*randn (numberOfFadingRealization
s,1))/sqrt(2);
fadingRealizationsInterference =
(randn (numberOfFadingRealizations, 1l)+li*randn (numberOfFadingRealization
s,1))/sqrt(2);

%$Compute SE under non-line-of-sight (NLoS) propagation , using
Monte Carlo simulations for the channel realizations

SE_NLoS montecarlo(b,:) =
mean (log2 (1+abs (fadingRealizationsDesired) ."2*SNR montecarlo ./ (



abs (fadingRealizationsInterference) .”2*SNR montecarlo*betabar (b)
+1)), 1)

$Compute SE under non-line-of-sight (NLoS) propagation
SE NLoS(b,:) = (exp(l./SNR).*expint(l./SNR) -
exp (l./ (betabar (b) *SNR) ) . *expint (1./ (betabar (b) *SNR) ) )/ ((1-
betabar (b)) *log(2));

end

%% Plot the simulation results
figure;
hold on; box on;

for b = 1l:length (betabar)
plot (SNRAB, SE _LoS (b, :), "k-', 'LineWidth',1);
plot (SNRAB montecarlo(l),SE NLoS montecarlo(l), 'bd-
.', 'LineWidth',1);
plot (SNRAB montecarlo, SE NLoS montecarlo, 'bd', 'LineWidth',1);
plot (SNRAB, SE NLoS (b, :), 'b-."', 'LineWidth',1);

end

xlabel ('SNR [dB]");
ylabel ('Average SE [bit/s/Hz]'");

legend ('LoS', "NLoS', '"Location', 'SouthEast') ;
ylim ([0 10]);

SE and Num of antenna

Number of BSs

$Number of UEs per BS
K = 10;

$Define the range of BS antennas
Mrange = 10:10:100;

$Extract maximum number of BS antennas
Mmax = max (Mrange) ;

%$Define the range of pilot reuse factors
fRange = [1 2 4];

%Select the number of setups with random UE locations



nbrOfSetups = 100;

$Select the number of channel realizations per setup
nbrOfRealizations = 100;

%% Propagation parameters

$Communication bandwidth
B = 20e6;

%$Total uplink transmit power per UE (mW)
p = 100;

%Noise figure at the BS (in dB)
noiseFigure = 7;

$Compute noise power
noiseVariancedBm = -174 + 10*1ogl0(B) + noiseFigure;

%Select length of coherence block
tau ¢ = 200;

$Use the approximation of the Gaussian local scattering model
accuracy = 2;

$Angular standard deviation in the local scattering model (in degrees)
ASDdeg = 10;

%$Prepare to save simulation results

sumSE MR = zeros (length (Mrange), length (fRange), nbrOfSetups);
sumSE ZF zeros (length (Mrange), length (fRange) , nbrOfSetups) ;
sumSE RZF = zeros (length (Mrange), length (fRange),nbrOfSetups) ;
sumSE SMMSE = zeros (length (Mrange), length (fRange),nbrOfSetups) ;
sumSE MMMSE = zeros (length (Mrange), length (fRange),nbrOfSetups) ;

%% Go through all setups
for n = 1l:nbrOfSetups

%Output simulation progress
disp ([num2str(n) ' setups out of ' num2str (nbrOfSetups)]):;

$Compute channel statistics for one setup
[R,channelGaindB] = functionExampleSetup (L,K,Mmax,accuracy,ASDdeq) ;

%$Compute the normalized average channel gain, where the
normalization

%1s based on the noise power

channelGainOverNoise = channelGaindB - noiseVariancedBm;

%Go through all number of antennas



for m = 1:length (Mrange)

$Output simulation progress
disp ([num2str (m) ' antennas out of ' num2str (length (Mrange))]);

$Go through all pilot reuse factors
for s = l:length(fRange)

$Extract pilot reuse factor
f = fRange (s);

$Generate channel realizations with estimates and
estimation

$error correlation matrices

[Hhat,C, tau p,Rscaled] =
functionChannelEstimates (R(1l:Mrange (m),1:Mrange(m),:,:,:),channelGainOv
erNoise,nbrOfRealizations,Mrange (m),K,L,p, f);

sCompute SEs

[SE_MR,SE_RZF,SE MMMSE,SE ZF,SE SMMSE] =
functionComputeSE (Hhat, C,Rscaled, tau c,tau p,nbrOfRealizations,Mrange (m
) K, L, p) ;

$Save average sum SE per cell
sumSE MR (m,s,n) = mean (sum(SE MR,1));
sumSE ZF (m,s,n) = mean(sum(SE ZF,1));

sumSE SMMSE (m, s, n) = mean (sum(SE_SMMSE, 1)) ;
sumSE RZF (m,s,n) = mean (sum(SE RZF,1));
sumSE MMMSE (m, s,n) = mean (sum(SE MMMSE, 1))

$Delete large matrices
clear Hhat C Rscaled;

end
end

%Delete large matrices
clear R;

end

%% Plot the simulation results
for s = 1l:1length (fRange)

figure(s);
hold on; box on;

plot (Mrange,mean (sumSE MMMSE (:,s,:),3), 'rd-", 'LineWidth',1);
plot (Mrange,mean (sumSE SMMSE (:,s,:),3), 'b:"', '"LinewWidth',1);
plot (Mrange,mean (sumSE RZF(:,s,:),3),"'k-.", 'LineWidth',1);

( ( ),

plot (Mrange,mean (sumSE ZF(:,s,:),3), 'r—-', 'LineWidth',1);



plot (Mrange,mean (sumSE MR(:,s,:),3), 'bs-', 'LineWidth',1);

xlabel ('"Number of antennas (M) '");

ylabel ('Average sum SE [bit/s/Hz/cell]l');

legend ('M-MMSE', 'S-MMSE', 'RZF', 'ZF', '"MR"', 'Location', "NorthWest') ;
ylim ([0 60]);

end





