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A 1 A AEHe]H Overview
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Diagram< 1% 1A #| A3+ wvie} 7t}

Waveform : OFDM

PA, Mixer
QAM : 4,16,64,256

(5G NR standard) 5 Single & Multi Input Ant
Modulation T Analog 1
L | Channel | Deterministic or Statistical Channel
LNA, Mixer & AWGN Channel

T
Channel
N I B ey e
Equakization Single & Multi Output Ant

Stimuli

Estimation/

waveform under test
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Frequency-Domain Time-Domain Frequency Domain
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N orthogonal subcarriers N subcarrier sinusoids QAM source data

[Z3 2] 5G TA Al EHIEH Z2AX
19] #|A]¥@ Block Diagram®] 7-¢- QAMCOMPO|Zh= FAl 3]AFe)A]
st 2dlS At on, 2 =FolA Agkst 56 FAl AlEHCIE =
iagramoﬂ/ﬂ —’Fﬂ 2 Heks st FHEATHL]. 56 FA
olE]E o|F+ EE Block® Matlab IEE  FFH3HOH,

b_x} s AEE WEO T AAWFEH FAT|A

EREONY

>

Ea

2
]1

f ofy
2 ruin ofl m;'i o

RS
£ Ad 2 ZF RF 245 A+
A4l §Al ZRAAE HhET © %ﬁ——i
5 FA7eA T2 ¢ glo] wod £
<3} Up & Down Conversion §5% AFE-% = RF 4&xAFo] H]AEEA 0]
19} HEo] 571 1He FE YERdlle Adel olEl
sf=ro] WAETE webA s AlEHCIE = 29 204 AAE uke)
3

O==‘O
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Al 2 2 AEFelHgy 74

a4 18 56 EAl AlEEelEE AA dre] BEY 57 BRER
T°] 7hsskth o] 57 3FE = Stimuli(Source), Waveform Modulation &
Demodulation, Tx & Rx Analog, Channel, Channel Estimation & Equalization
Blockel] @fdo] #Hth

2.1. Source (Stimuli)

WA Stimuli Blocke] A F4l AZE AANTFE GAEA
F218kalAl k= A™  Bit Stream= %o} QAM(Quadrature Amplitude
Modulation)2! & 2 W35+ Blocks 3tt} 3|3 Blockoll A AFE% =
QAM W %9 79 Wz 52 3GPPolA 43 56 NR ZFo] uhe} 4~
256 QAM WHE7HA] 7hsstAH 58t QAM HEs 539 2719
A9 (In-phase, Quadrature)S Algalo] A Z 3 JAS uptE 7|Ho |t
Al A QAMS: HEE HH = ASKS) 91743 vHRE PSK7F AR

)

cosu,(t)

|

X, (t)

) # DfA
Bit Stream Serial to :
x (t) =+ Parallel QAM Signal
converter xz(t)
e

sinu(t)
[Z2¥8 4] QAM WX Block Diagram

2.2. Waveform Modulation (Demodulation)

A1 = Waveform Modulation (Demodulation)

¢

QAM W xE AF
Blocke XA €t} 3ld Blockell A= QAM 41 &E OFDM(Orthogonal
Frequency Division Multiplexing)Al &= v FA  Hu, A&
HHOFE=  Frequency Domain®|A]  Time Domain® % W35+
IFFT(Inverse Fast Fourier Transform)E 357 ¥t} Demodulation
Block?] 7% AlTe] RF £AH(LNA, Mixer)E A% AFe] OFDM
BxE FHallFA Hw AS AY #HFOSEE Time Domainol A
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T+ FFT(Fast Fourier Transform)E
Fell=th. OFDMol®t 43S AwAE Zk+= Multi-Subcarriers  ©]-8-3}o]
NEE Wz D OFE ks PAS Bah oA 9 Ade A4S
Augolehs oA F Ae Abe]9] /] (Orthogonality)& 538}
o= Az oE Firs 2 Azd B /R FUES 4R@
Asrk 00 e A¢E udth oA waA )R F7)9) ojgel
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a9 59 Wx BEE Fd dojx 0FDM As= Ui 2t
N-1 .
x, (t) = Z Xl[k]ejzmAf(t—lTW) @
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AZIM Lk fo, Tym, Af i = 77 A% AEX, Subcarrier Q19 2,

Subcarrier 3+, 213 7], Subcarrier {+4, k1A Subcarrier T35
vebdie, X, [k] & 1A OFDM A&l kWA  Subcarriere] A&
A= oy AEs &vdth. OFDM Hx9 A ShA ost
A wAdo]l W wslA Huk OFDM A4 W2 oAl AF2-% = Subcarrieri=
Mz Auste 54& Z7] wdel FAdeME R

F715t A S =2ZA  Subcarrier (F o IF

Interference)§lo] =3stA oy HAES Hx & 5 9l

we AsE 7B

R

d(Inter  Carrier
|

H 3]

Vik] ==L [ e e ey

Tym '
1 o (& (oo jori f (t=1Tom) | ~—j27Kaf (t=1Tgm)

= Z:X|[|]eJ At om) {gm e T tom) gt
Tsym | 1=0
1 Tom N 1 j2m(i=K)a f (t=ITgm)

:T_jo X,[ile ™ dt ()
sym 1=0

stAIRE (5)A = S 4 ¥}
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= |
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o= <lsk ’ﬂEJ gﬂ—_ﬂ’—o] WAL QlFo] FRl Thseith 9o
FEFS Hdg =Zo)7] 98l AA SAeAE O 7-H9H A JFe
AEFS IYE HARA U4E%HOSFE TlEolA  Ruli= Cyclic Prefix
MAE EdstA ®oh 1 olf+= SAlo] HH= divke Adol
dsdz Aoyl wielth g AMEs AXNA B AIZ+=
Subcarrier{te] Aol ZAA Aok webA o] IS =ol7] s
A S = AEe] Hu x]qul)‘\_ E= CPetaL

el 9% BETH(TG) & A

ol7F EAs=Hl o= AHE FEA 4

OFDM symbol
Bit stream X[K] YIk] Bit stream
PSK/OAM | X1 S/P f"\ A ’\ t M Demapper
(mapper) AV VV 4l \'

Tsym: OFDM symbol duration

[Z¥ 5] OFDM ¥HEX% Block Diagram

Data coded in frequency domain Transformation to lime domain
each frequency s a sine wave
in time, all added up

Receive

‘—B—’

Freguency-domain signal

Time-domain sigrial

[Z2¥ 6] OFDM 7]& 4=

N carmers
Dymast I pavens of |,
] Transmit
> e A Pt —
f Syt 4 pevooe o 1, f
-— - \ [
iG ATATAT; Y

Channel frequency

response

Decode each frequency

bin separately

—l

Cyclic prefi
I I
ith OFDM symbol | (+1)th OFDM symbol |
L L
‘TG’ < rlrsm‘; >
T.\'}'m = T"ru.b 23 T =y
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2.3. Tx & Rx Analog

=< Tx & Rx Analog Blocke]t}. 3l Blockol A= RF AA}59]
AAEA =, g AECIE AN E AE FEHS 93 PA(Power
Amplifier)?} Up & Down Conversions %+ Mixer7} A3t} PAS]
A5 [4leA AASE REdls TadiE AREslom  [4]0A AAISE

Mixer®] 789 7]£2] glojthgo] obd F4l el WEs dusivh

A E Y82 Mixker FEA HEetE= 517

IQ Mixer
LNA - 2
— Add Noiseles? e ) o
Noise Amp : ><
> bw
h 4
Memoryless & Polynomial ._>< >
2 3 I
Vo(t) = ayv;(t) + agv;(t)” + aszv;(t)” + ... >

(2% 8] 5G B4 A|B#ol8 RF 24 (PA, Mixer)

2.3.1 PA (Power Amplifier)

WA PAS] 749 1dB Gain Compression Point(P1)3} Third Order
Intercept Point(IIP3 & OIP3){ EE 7[A]11 EEE 3JF3th PA AAE
298 7] g8 WA FE AsE ddvEHE dAse] PAE
Ttk F7hE A @ P

F7rgo A HAlstE Fhe A8

Q3% EAolgtn & F Y& wAPAHE ¥ 8ol AlAE 33
AR 18 e @A S &l ZAESE sklth dld Ao ddE Fal
%3} ¢f=F(Harmonic Distortion)Ad+-S T3k, ©]4F4 <l PA o]53
1dBREE  Afojui= #]5 Q1 1dB Gain Compression PointE 2] 0%
TR om 19 9old HAES Y dHe wmE oAl 29 d¥H=
oulgtth, F7F2 PA Y Azl 27) o) Fua AESE A=

Two Tone A& & <17}3}9] Intermodulation <& <olylltt. o]
71F T3 4o+ % A% Intermodulation® Z Q13] WA E =
=g dgo] ZolA= A4+ Intercept Point(iLztf)oletal shw, 3
] °] &5 &85} Third Order Intercept Point(3%F W25)S =

A PAS] A5 [4]0lA AQbe RHlel F7F WS ThelkA] (o rEw
o ZAEE &2 [4]18 Fastd vhebd, ARgAbE 2 =
B4 Al EE Y Input W5=Q] OPI3, P15-2] #tell <&
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9 ~AEY E(EY A9, ACPR, .. 557 EVM] F5S T3l oA
A A S 27FA] wt2bo|E](P1 & OIP3)E &83lo] PAS A3 F o=z mdd
S oS gld 4 Qth
Aouc .
20 IOgAuuL‘ p l AO!P3 -------------- ’-,l‘:;’
fT’::::I::ws &
E / E
20logA;y, ]
Ain1ds ! A

/ AHP3

[2¥ 9] 1dB Gain Compression Point & Third Order Intercept Point

=-21.392509 dB =-6.942963 dB
15 15

1 1

. - R Make OPI3 Worse .,
5 - EVM(RMSE) Worse®*
A -

: -15 -1 -05 0 05 1 15 -1.5 -1 -0.5 0 0.5 1 15

[2¥ 10] PAS) OPI3%e] @2 EVM A543}
2.3.2 Mixer

& Mixerol oig Addoltt 3d AlE#olH A= Mixerd]
W& RdHS 98l SystemVuerti= EollA A3t 1Q Mixer RS
ZHgskitk. 13 12 SystemVueol 4] Rl 1Q Mixer? Block
Diagram®]t}. LO 41 & ¢} RF Al &7} Power DividerEs &3l U oA 272
Mixerel Zt2t =o7HAl =&=d, olwf o7l == LOAIZ el Mixer
HE 90% AAE FA Fvh 2 A¥ 7 Mixerol:E 18} QAE )
e =, 2702 Mixers Tl W4eA He =9 AIe 1+4)Q 2
9ol 7hsstth AT A A 9] -9 Power Divider?} Phase shifter®] H]

o]FA 1 5ol =R kA TASHA Hw, Wk ofyzl F A o] H]
o|AA el o7 9l AyAorw WAL= [9} Q/\]i 7rel Ak &
o] 5 zfo]7} @Alstt}, o] & 1Q Imbalancetal 3 s kS 1Q Mixerd)
ade & ou wrgsiith F7EE Mixer 1 AAE Qe A E =
A gd e sl A Mixer &4 Aol A A A 3
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Mixer E9gol| w&stvh4]. o [4]elA AJFE Mixer:
o

dolthg o /NE MierolDz FAGOE WS s AY
Wagol Brbwlgeh AAEICIHY A% Mixerd YPOE HA
e Fahs

PAS] Z¥7 LNAS T3 A7t Eo7F o] F A&
zZpol & &gt #Holg AaAHErt Syt FAEA =
Mixer?] {18 o2 HATe] PA 80| ofd Lo A&7} | @t
o2k Mixer?] T thE dEo] Hi= L0 AEE I¥ 119 Zow,
de g & F A%l Lo9 T4 F¥E OHzlF Bvh wEbA 2
s

o}

of

1
witol A AAE 56 B4l AlEHoIHol = RF &% s REE

T DC A% kA RF &z RE"S Fd =& 4

A FEA AlECIE Y AWAQl AE AHYes B

Z3go]l = 1Q Mixer?] LOCl FI++ 56 mm-Wave ¢ F=3}57} ofd
0HzQl DCE HolF°o RF &8 EAR Foajs: # AlEdolds

E[l_
&3 w= Up & Down Conversione w£©| 3|52 ¢Stt}. Reference

mdE ARgE QAMCOMALS]  REoAE ojgh e PO
AlEdelHE TFEeGles Fdsidlen, I Ay 2 AlEdely 9
AlEH oA A8 AIME tE =Y A
0.04
0.035
0.03
0.025
0.02
0.015
0.01 |
0.005
0 L L J
6 -4 -2 0 2 4 6
frequency x107
[Z29 11] Mixer LO A%
LO st
RF < > > 1
> > Q

[2¥8 12] IQ Mixerd Block Diagram
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2.4. Channel

< AE Blocko|th. Sktell A AAIE RF 225 5343 § $4
Sl A AT HES AAA =, AL o o=

ol #1717 REEUYE FE Soled #du d4d A4S

ittre] AL ged =z Aol HA Hia, ol A% A
AowE a9 13eM et o] Ay HE Vles 7HXAl "k
Aqox As7t Ads AAA 2 A5 OFDM WHxd Als(9n])+
Ade Time Domain AJ+olgtal & 4 Ql& CIR(Channel Impulse

Response) 2} Linear Convolution®] |31, AWGN “J-#(w[n])o] F7}8 o=

Y
it dlo

rlr

e M Rl oo 2
o W ot

=]

-

=
>~I

T3] 2 Al ¥} Linear Convolutione [ 9} 2& 71a2 mao] 7hsaiul.
rin]=h[n]Usn] +w{n] (6)
Noise
N Linear
filter D
WAVEFORM CHANNEL

[2¥® 13] The linear filter channel with additive noise

OFDM2] 7%~ 7} Subcarrierel] A15& Aol AFsE=E A& 7Hsdt

AHERS oY Jje A2 AFEHOR A " a¥A 2 B¢

AA S o] &3t 159 dloly dE2 Zb Subcarrier # oA H A

i A& "oy HdFo] HA Ak 1" 145 Ed FIF

oA A5l FW Zb A € (Subchannel) Yol A Z}2Fe] Subcarriers

Fall AgA @ AE7F AA H& A€ Frequency Selective =2 Flat
=l

Al #H3][5].

Subchannel index

r4 it

Fading 4% 3

111>
The frequency-
selective channel
response » /‘
N[ \\
N
frequency
[2¥ 14] Frequency Division in OFDM
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OFDM< &3 %3 # 279 A< (SubchannelWolX = F=
Frequency Flat *'20] &Aja}7] =i ol zF Ad o] ZAet= ALY
G395 73t Frequency Domain®l 48] Equalizer2 XA T+ 2
7VsstAl stk F7F2 OFDM 4l% A2 #g oA AME-% = FFT(DFT)
<2 IFFT(IDFT) 544 H®W, Time Domain°lA F A2~ 9] Circular
Convolution®] Frequency Domain®l|*| + A|@Ae FAlY FA3rh=
A ey 011;].[6]

h[n] O n]=H[k]S[k] 7)
SHAI R Ao FEajsle= A€ Linear Convolutions S33HA H ol
wet ok (6)olld AAIZE Aol Noise it HMNFA v
7} 3t o] A= Linear Convolutions &3l Circular Convolution®| 4] &2
Aol FdF ge AT Adol dastth o] v Fo3% A
SHA Hli= Zlo] <A I @ CP(Cyclic Prefix)olth. |7 &atw =4 9
dg oz So7IA His Az cpE Frietd Alde] & dgd

Linear Convolution®] =A%+l X| Circular Convolution ©. % WERY}A # ),
AE = Ads AXNA He Az AAEXAE] Holrt 8°]al CIRY
o7} 30]gtal @& w o] F A]EAE Circular Convolutions 3+
Ao dol= 8o] #Hr} FU3E t)4dS Linear Convolution 3% 74 1
Ao ol F AAAE] dolE FH Aol 15 W gtow Yo A =
Zloltt, olg A A Aot v=21 A¥ gt AL vEA He AUt
oA He=d olw cPE YdlFA =W gsto]l ZebxA FTh CP
HolE 2t stA HW AMES AAA He ASo] AlEAE] Aol
g8o] o 10°] %1 ©]& CIR¥Y Linear Convolutions 357 2 7%
oA = A gl dole a¥ 1537 127 ik o] A¥ 4A ¥
Ag ol FHRET F58A HW 13 153 o] Circular Convolutions
e AR sdst ARE = 7 WA "ok olgA HI] SEA
TS & 1L CP HAHo|7t Aol CIR HolRth 1vhEvE A2
gtolojof stk Holth o}7]A CIRe] Aolg CIR AlAX2ofA =77}
Dominant3t A2 7l+E deEdoh I 165 HA HW 59
CIRE Umi(Urban Micro Cell) & LOS(Line of Sight)$H7 oAl 91-& CIRo] 12
39| CIRZ Umi(Urban Micro Cell) & NLOS(Non-Line of Sight)2}7d o] A]
A CIROHh Ao A kA Awst dejo] wm=w CIRe Zol7t
I3 1644 500717} @=vta sleiElE Dominantdt Al¥-o] 17 ©]7)
13



uj ol CPe Aol7b 2wk HE FeAl HARE $x4°] A-$-+= CIRY
Dominant¥ “d-o] A 76WHA7IA|= EAsH] wioll CPe Hol=
HA 75K T= Aojok Hnh skAIRE cPe Aolel A9 3GPPelA 56
EFo® A Aolzk Q7] wiEel EF HolRu ¢ 70 ZHol9 cPrt
F st AU 2(CIRE Dominantd “JFo] B Ay )M =

L.,

i<}

AAZE 56 NR 252 3% 56 mm-Wave FAl0] 7536t 7S
g AlEeEolHE &l &lo] 73ttt
5r ’ '
i circular convolution : s@® h .
: 9 L. T :
§ 0 : I l ) :
-5 1 : 1 | | i : i
-2 0 2 4 6 8 10
remove these s sample index T
i *.'-1”.1]3{“5“ : E remove these
alrecemver,. o linear convolution : Sop h i samples
. : at receiver
E P ‘e ® o T 3
-5 - . | | 8 )
0 o I8 4 6 8 10 ¢ 12

sample index

[2¥ 15] Circular Convolution® CP7} €2 Linear Convolution®} 8]

L xtoT

15
X1 6
14 1y 00457947 X7
¥ 6,11284e47 |

1 5T
10 4
g X 43

3 Y25
6 1+

%38
4 1.44419207

s
— ke ; — 1 o b . g
x2 1 100 200 300 400 500 500 o 100 200 300 400 500 500

DOE152642

[Z2¥ 16] AlYEle E CIR Bl (F5: LOS & $-F: NLOS)
olAl kA AM=dt NE W AAS ZHA L s Al EHEOIE A AEs
oAGA A=A AE MY dHAAM HAHe MstEF oplth
Faz g AlEdely e Agols FFAl7] QY e "W FE,
Subcarrier 71 5% AFgA}F dojz AHAAo] 7t5sHA R 2 =A==
Ao AYA-dS Y3 2 by 2 MIMO & 5127H2] Subcarrier?! 7335
14

A =

-Tf] &



7Hg st &t skl

WA 22} o & F35E ZE= Subcarrierd] G EH = AE WfEEAE
5127 234J sttt o17]4  Subcarrier{t Spacing 5G mm-Wavet}] <] ¢]
¥<=o wal 120kHzZE 7FE SR S 2 & Subcarrier 7+ F352] 2ol
120kHz7} €t} ol st Wy ow Ad mMElAS AYs3leAs F
473 Ad 2dy 9EE Jastd etk

Httaz[Al BlJ[Az BZJ[Ag B?,J ,,,,,, [Aﬂz B] o
° Cl Dl C2 D2 C3 D3 512 I:)512

Convolutions 3]5ojoF stm= 7z} wjEElA WHg
% jus

E=AsE
H

o

@]

=
Domain®. 2 W3$3sto] CIRS 53t

A1 Az As ) A512 aQ Q a5
H — Bl Bz Bs ’ B512 [EET bl bz b3 b512
ol 1 C, C, C, Cerr C, C, G Car
Dl D2 D3 D512 dl d2 d3 d512

)

7H % AFgo] 2 by 2 MIMOS! Aol =z 7F 41 qrelue] glEda s}
(X, X)°12k & w) =2 <teve] 28T E (y,,Y,)7F doh

=alx, +b0x
Y1 1 2 (10)

y, =cOx, +d X,
Zh FA QbEILe] o7k A3 AlfAE 7]E9] 5127F obd CPE
294 €3} Linear Convolutions FHa|=th o] A% cp dol=
36°] ¥ T}

g A 33 -t Ggp
H _|b b, by e by, X112 X2 Xy3 0 Xissg
total —
© C C G - Gy Xo1 Xoo Xp3 ot Xogyg

d, d, dy - dgp
(11)

oA RF 249 £¥ Az AYL FHAAFE HPe drach



2.5. Channel Estimation & Equalization

oAl 5417 BE AR ok 419l Piot AFE B AL
Estimatione 3¢ ¥ 33 A+S F417]91A  Compensation A]7
Fowx o AsE SdstA €t 1 A2 (11)0131% 219 949

A 5o 712l RF 2] &9 Als7) ofd 102k AT E Yo T4
= ddo] #Hh = NO| Subcarrier?t CP 7l49] Folg} Al =
BT Xy 2 Xon O 108k AZE WolFA H™ (12-1)9F #°] Time
Domaino| A & Ztzte] FAl QEEIY 1He] EAskE ALY g =2
Ado] Ao mA= dgF LS & F A drh Ade dFE
Compensation 3% 274 = 3
7 ¥/ 2 Frequency Domain® A2l g A&
Hrh(12-2). o= #o] Pilot Al$7F A" SubcarrierE  Pilot
Subcarriergtxl =] Al ®rf AA] A= AsE XY u Data
Subcarrier?} Pilot Subcarrier® FAlo] HUA Hi o]lE &Y
AlEHolE o] &gt o] ¥ 170|th IR dF IHe EAgE
Guard Band Subcarrier®] 7= ISI(Inter Symbol Interference)=
AAMNT7] el AR Th AFE-eFalA} &k Subcarrier /57F LT
739~ Data Subcarrier®] 7l<+7} W E<% Data Rate & A] o5&
R7] W&ol Pilot Subcarrier 7 (N)E HUst Fol= Zlo] FQ3irh
ojel  FAlel AL FE ARSI AEes Hus dZSHA
EstimationdH= Z10] T Q3tth @A7bA] LS, MMSE ¥} 2 thokst
AE  Estimation ™ol  AAEHIoY s AlE#EHCIHANE AE
Estimation ¥ © = Interpolation 71 TFS 1 # a3t 712 Pilot
Subcarrier& 01‘3}1] gaaxe] gt WRE ¥ 19004 AASH
A 37HA7E EAT7]. A2 Aol SAEHAAT 11 170014
xid o4 F %1—:/?0] i AlEHCIHAAE I¥ 199 (b)HHE
2183k tE old ¢ Pilot Subcarrier’} MEW ¥QJAEVE HA H
Frequency Selective$t €] 749 Rt} Frequency Flat$t 7497} o 42
Pilot Subcarrier 7}+E ZQE st} o= HA AFEAZE A& dolE el
golFe e SAel web gebAE #@elal obd 3GPPolA &
EFOE qrgskA ot sl AlEEolE e A3 FH(EVM & MSE)= K11
ArEA7E s EA S 2 EFESE  Pilot Subcarrier NG E Z2ASHAE

FE sk

lom
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_ a1+bl’ aN+bN _
hesti C1+d1, CN+dN (12-1)

_ A1+Bl’ AN+BN

Hesti_ C1+D1, CN+DN

(12-2)

OFDM Subcarrier Mapping for All "% (=% ()

Guard Band

Data

10 20 30 40 50 60 70 80 80 100
OFDM Symbols

[21¥ 17] 5G B4l A& 9] Subcarrier Mapping Diagram

Pilot Subcarrier : Sampling Point

Transmitted signal
w

Transmitted signal \_/
w
Channel frequency-transfer

function

Channel
frequency-transfer
function

)%,_

Frequency | | Frequency

| .
< Frequency-Selective > < Frequency-Flat >

[Z19 18] Frequency Selective & Flat Fading Channel

a) -] le)
I T
||
| L LEL . |

| L L WL

I L .

| Iy

| L

Frequency Domain Subcarrier

Time Domain OFDM Symbol
Pilot symbols arrangements
(a) Block-type (b) Comb-type (c) 2D grid type
[Z29¥ 19] 5G NR MIMO-OFDM Pilot Arrangement

£ & AMES Estimationdt 7S ©]#l Compensations 3|7+
Qo] miAgte® FA "rk AEs THs 4Alse LNAGH AH
== £ 7AA =i o] ¥ OFDM
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HZ(FFT #)7F Ak olgA A d Azels A2 N & RF
Aol vl EAd & AWGN 59 3o o8] AAl Bl 259 o]
=24 =3 Aolth. 7 F A = AJi-E Pilot Subcarriers &3l
AS& 7] wel sEd At FaAlde FAE Ase] v FOoEMN
Compensations HITA HAvt. A= 2 =FolA Adst 56 FAl
AlEFClE e A FAVA Bd As Skl ok FAl7]elA
Compensation Z7J7F4] FHaA WA @ A5 S]] *o]E EVM &
MSEeh= detr|HE Aags BojFA ¥ Zlo|th

h[n]O g n]=H[K]Fk] = R[K] (13-1)
~ R([k]
S[k] = m (13-2)

o

19]el = Al EEOTEE el qlo] 7Hd So8 Holgtal & F Q=
dA4 e A RS 98 AAl 56 mm-Waverl & ol 4 ARR-E 1
+ Carrier Aggregation(CA)7| 5 F7FstSlth BAle] ARgsta A} =
Fo4 dielol gepbA Hel web sitel Fojel F34 BlockS
AFEEE Flo] o YR AF3lel= Data Rate F4S 2+ FED
A= Aotk CAx oY MY AR HE doddA 2 Fa
Blocke ahttel %749l tel%ow %ol Hujels Tu(Data Rate
< 7hste 7l=oltH8]. 5G-mmWavel] 7% & Band® FITE He
Aol old & Bandel EAStE T3¢ BlockWE Hol FodS
21 35l= Intra-Band CARF AR&stil Qlth CAE &3 FHoAA+ FIr
Block= Component Carrier(CC)= =4 %™, AA 5G mm-Wave

-~

§9r8L

MN
ok

lo
N
)

.}

......

cIs

< 5G Simulator >
Component
Carrier : N (1~8)
Frames : M (no limit)

Carrier NO
(Frequency Domain)
cIs

------

[ 8

OFDM Symbol No.
(Time Domain)

[19 20] 5G B4 Al&#°]¥ Signal Allocation
18
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oA Hodl LT & Qe #Ql 8CC7HA] CATF ThsshAlE
AlEFClE e FEekith HefekAl Arelxtd AA 56 mm-WaveZt
AHEEl= n260 Band(37~40GHz)E Aol vlg]l o8 A=z WA 7zt
CCHE T4 Fa5 AL &= 5 AFEATE AlEdelEed dgal+
ccgkell welk Zh ccdE AlEHeldel =obHAl dnh dE =
AlEFelE e A WEQl ccgtel 85 wWolFA HY A7 FA
T OE 87/ CcCEel YA AlEHolAE WA H
olF whAHte] HalFoEM Fie FAS & ‘/F QA Hek FAlo
AbEstAt sk FuE AR 1Fu ox Eepgte] uwhet
Ty g&o] FAs] FaskA HYy, ol U;}‘j/]r A4 56 mm-Wave
F 1o A % TDD(Time Division Duplexing)©] ©}] FDD(Frequency Division
Duplexing) ©. % ©o|Fojx|7] wite Bttt ¢4 CA 7]s& AlEdolHo
748 ZFsadlth kA Eek B} 56 mm-Wave’l €83t ThE
th&1Ql n261 Bandol A% sL3t #ds wEw, o] A Intra-Band CA°l
sk A S v s k5

AT 2= A7) Aol wprEer wWAleta AL HS Y
AlEEelE &=  7]A =7 (Base Station 5 gNodeB)¥} ©7](Mobile
Phone)t YEL A7} A (Synchronization)® Al o]F FAIS
tEthe AHolth AAl SAls & Agoe dlld AlEHCIHAA tE

H

—
_

~

AAYE vtz ASE FauA ek W 27]e VA Fo] WA T

%40 % Beam Sweepings SHAl ¥l @@= 7HE 2 AZIE A @
Beame & Z|A=olA A1 91X W F=Al AA A7) FEel g
ARE Agsith o9 ol AR Fol ddr|g 7|A =2 Pilot¥
22 FAY Ae5Es A3+ Control JH7F A7 A5 9 Data7} A=
AT E A2 FawA "k @Y #7 (Synchronization)®] 73-%- Matlab
ZIgke] =R FEs|7HAl B AlRre]l o ® dhr]e] VA=
w7l ko] ol A" I o]Fe MAYE A ZEAAT
1HERA TS W
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2k E}ULQ ARERE o STk AFstaar o dHlolH e
A% A58 Add gdFs ol &89 sA

= o“J-OJ JaAdol tiFHEQley 2o web gtk

Aol Fuk4 @854S ¥ 3$ OFDM(Orthogonal Frequency Division
Multiplexing) } #<> Multi-Carriers ©]-&3st AFEW2A S AR&sto] AF&=F
TS HAssta e AR odold Ald e AFlEH
T=o] Holrh 1y E2 HolH AF: SEE @Ash] 1% QAM
HE WS o]g3st OFDM AlAHES 41F°] Envelope©] <7314
Ut wile]l EAE ol wet % 213 o] o] Ao
AFERE s AR RE AR Ao AeRT AFstaat s A5
PAPR(Peak to Average Power Ratio)¢] =1, 2159 =& FHAs}lsl”
A= AFFol 7 PAE AREafoF gtk ¥ 229 o] AM-AM,
AM-PM-s2]  BIAEAZAR]  EAS  7HAE PAE Al =S
OF7IAZ1Al H a1, f=re AF Alse 19 239 Ao Zo] dF Uy
AAEHS F7IA7= AFER A4 (Spectral Regrowth)#73[9]
e i Als s AT

3G (WCDMA) 3.5G (HSPA) 4G (LTE)
35dBPAPR (~2:1) 6.5dB PAPR (~5:1)  8.5dB PAPR (~7:1)

J—}

=

. | - .
[l arlnn il
WWV v WL

Peak power level

Average power level

[2¥ 21] A% W4 &2 PAPR v
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AM/SAM effects AM/PM effects

P

DAt ._ AD
__/"\P"“"
o : /‘\-
e @ 4

1 pe e e L Phase eror
o |0 | @& | ._;\'.f e | ® ®

Compressio ™
o | o|o|g a £
° o | o ® | ® e | ® :

[}

p
W Power Negalive | Negatve | Negatwe | Negathe TN 2yt 34 Myt it S it 6 it
i Nyquist 3 Nyaust 200 Nyqist e Nyquist |, ey o o ] jom |
Unwanted w08 o e | Zone | Zone ' =
™ A
| |

g L
{58

* B S ¥

[29 23] PAS] v]XAYAH 93] 2A3sH= Spectral Regrowth
ol g g AdEo] S7FEE ICI(Inter Channel Interference)”}

Z7VkAl = a1, o= Wied W 415 9] BER(Bit Error Rate) 43} 4 W%
2159l EVM *é%— orsts zsth Y HeM FAY oS
71x= PAS] vl FEFS AHst AsAYE FI HAAske
dyElES vt sld dauEsEe 7] AT EE(QAMCOM)elA
Aretdon, 2 =AM AR EE 56 F4A AlEdEolE A s
AP FS AEstel AdE EESEGA, AlEUCIHE Sd gl
dulEe FIE SystemVuedts= E=2 Hlmw HEEAT ezt
st daElFe @A PA A % wAle]l ZHZ}  Interpolation &

Decimation A& A& dl=th= A o|th o3 7]A Interpolation®] & 1
247 % Up-sampling $ Anti-image Filterings 35+ 21S 7Fg]7h
a% 2349 PAS] vl EA ] oa 27t L?G}J«X} st o< (In-
band)¥}ZZ¢| Out of Band Emission®] #AJ3}7] ¥ 11, ©]i= In-band
th S 7+A] Mirroring®] ©] In-bandell ¢+ A 7] A ©o} wepa] o] &
sk’ Yl PA A Al Interpolations E3 In-band Tt efwt
ANz 7 EAEAE PA 8 A3 E WHEoIFUH10].
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Samp]mg-rate pove magmg
expander filter

w(n] L yln)

) M

— 1L

Yy

Fv LF‘

[-2¥ 24] Interpolation ¢ (Up—sampling & Anti—imaging Filter)

TN w7

Samples

Samples

“F/2 ' F/2 Freq ) 7§:F j
2 27 2
[Z1¥ 25] Up—sampling

e
olw | T

e

|

1 1
2

£

amplitude

5
F EFS Freq

E

ro
SRR B
ol [

[Z29¥ 26] Anti—imaging Filtering
Interpolations &3 B> A5 7F PAE F38tA HWH PAS &9 4lE
Decimations H Tl o]ZX PAR <lal AstA] = o] &
Emissions 1% 26°] A7l%¥ Anti-aliasing Filters &3 #|A3%F +
Interpolation®] Up-samplings &3 &3dd A5 0=

o
samplingT7 Attt v53 ZE dugEs E AlEdolgel

A T2 U dyoln, 798 w4 Hd dug=S #L3o gt
Al B ol 29 A7 Ag)71 o1} ACPR ko] ¢k 5dBolA)
Aol A5 HolA "ok (e Adel &S T+ Ax: )
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x[n]

Digital anti-aliasing Sampling-rate
filter compressor
vin] ]
S o LM >,
Fy FJIM

[28 27] Decimation A9 (Anti—imaging Filter & Down—sampling)

Spectrum(Interpolaion X) Spectrum(Interpolaiion O}

50
o0 .

=]

PSD (dB)

Frequency (H2) 07 . Frequency (Hz}

[Z¥ 28] ACPR Hla (5: €28 F F& X & +5: ¢u2F 38§ 0)

w oohe ahvel seele MsEe] A, pag ARAS Uehle
hxAel A®E  F 3l 0IP3ES v IZbEAA  AlEYolAE
Aganh QA 374 A% Hssh BEA @ A% FrheTe
7Hgstell 7 A= FHol FolA= AHE =Y kS 5ok PAS] OPI3&
71 %ol wor uS= dd PAS HIAFAY FJErE Atke Scolth
B o=RoaEs PAS HIAEA Y AV wE dd LdugEe sy
w71 98 AlEwelHe ¥ W4l PAS] OIP3 s WFE Abop
tev 2 AnE mHsrdth
PA OIP3 MSE [dB] Time[s]
[dBm] Inter& Deci X | Inter& Deci O | Inter& Deci X | Inter& Deci O
40 -21.5 -21.6 2.56 2.73
35 -21.0 -22.0 2.52 2.88
30 -20.7 -21.4 2.53 2.84
25 -17.7 -20.5 2.6 2.82
20 -13.7 -15.6 2.5 2.84
15 -6.1 -6.4 2.47 2.81

[£ 2] PA OIP3 %ol @& MSE & £8 Azt vl
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SystemVueS &3
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g EolA ®Ql A E3t Interpolation?)
of wel BERC| ¥ AF&stA ve= Aol Sldh

Non-linear PA and Noise

Same BW : 50Mhz

> J:

Az

[Z28 29] Up—sampling kol o2

g )

3GPP NR Downlink Source

1 0.058

2 0.013

4 0.0007739
8 ~ 0

Interpolation & Decimation O = Noise Tolerance T

[2¥ 30] SystemVue A9} vl A=
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A 2 A MIMO &4l 7|<=

MIMO+= o &S %dhe o224 H5Aal7]d o etHuE
AHEE Bal §E Folv VlEolth AME Thest Tl FHol
AgtE a1, e 1A =ro] thpe] ARgAHE FAlYl AP w 7H4 o]
A7 5o shdel chHURE AR A (SISO A= EAES
Hebstazk MIMO 7]Eo] SstAl Hd @A divkre] FAleA
Abgol =i gtk F7FE mm-Wave the> ZHe g o= lEl] <t
k] A7y FAashe] wet Adist Array FElY 2YE 7S S Sl
A", 2% 318 & Massive MIMOO] 2]3tch MIMO 7142 =7

r E

Spatial Diversity, Spatial Multiplexing “12] 37 Beamforming S WeollA 73S
Uel Al = &=dl, Beamforming®] st At A Tl AHolA
X estal sl Aol A= Spatial Diversity?} Spatial Multiplexing®l] 75 <
5% shAlt) Spatial Diversityt™ T2 F4l QFHUE o] &

FEE oY ¥ AFst] oF &ES HAAA7IE 7]1$0]1, Spatial
Multiplexing™= T2 $4 ¢HEIUE Fe ojg 719 ARE A3l
AL S FAA7)E 7]Eolty, 29 328 I3 3194 AA|F
Massive MIMO®] Ul R A %=5 YelH 13 o]t} Massive MIMOS] 7%
UM WSk 379 Tzme] EFHE Aor vT AFRAE sAlel A st
Slel MIMOE 23t ejott.

Massive MIMO: combining beamforming with spatial multiplexing results

MU-MIMO for M wireless devices

Massive array with 128 to 1024 active antenna elements (5=

Improved SNR and higher data rate for each user, e.q.
UE 1: 32 antennas, beamforming --
UE Z: 16 antennas, beamforming

(29 31] Massive MIMO Overview

Massive MIMOE ©o]lF+= olg] 709 Subarray= 7}7}9] AREALE
GdetA e olu] 7z} AF8A} HE Downlinks F3l| 7|A O
e ARE OE Aol2E Od9 329 #H5 IHAF A4 ARE

25

” @T T



off
o

e

Subarray M Z={= Spatial Multiplexing®] 3 ¥t} 7} Subarray
7% 329 % I 2ol ofe Jl9 gtElv EASHA
o &L Subarrays ©|F1 i <FEILY}=  Beamforming©]

Ao Als FHE Aee 98t Spatial Diversity®= 2]
g AlEdolH+= Sld Subarray$t @] ko] FAIS
o] Wje] VA= @] tEue s AR MEHA
oF LSI AFGHF-ellA st HAl 2de] x5 wrgesih s
LRl A= AlgElelEel AREAE A= 4y Thssi,
3l V2V(Vehicle to Vehicle), V2N(Vehicle to Network), V2I(Vehicle to
Infra) 550 % &go] 7tttk

Spatial multiplexing: M data streams

=

oy i, it
ﬁ%ﬁﬁ
f

O oo = ROy 4y B oSl
w4 @ B oo% o% [ T ofl
rz%m

of

Beamforming array: 1 data stream

I o
XAt) et g ‘E T Q L g
Xl ;f -D |’”' : U » j“
XAl) e — ) -9
| e

[Z2¥ 32] Massive MIMO ¥ B4 =%
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Al 3 A Beamforming

kA sk 3719 MIMO 7l F &bl Beamforming> sk
WEFo T AF ASE WA A & B2 s HAaslsta o5&
Hostels  Tlees AR A AMEFlo] #EAZ FAl9
o] Folx7] Ao UEYAE HA3F= Synchronizationo] A& H ) o]
Al A ZA =GR AR AAE AR FotsiA Ha

7| A= G AAE AR At AAlste 7Ee svheE s
Al A7IAZI A gk VA=Y "SRl AAl 27HA
ek (Downlink & Uplink) 0. % FAlo] o]Fojzt}h 71¢ 33* % 5G mm-
Waves A et HA @278 A% QFEHlY+E 1D Array® 5709
FE|E o] FojF o H, 5G Small celle A A3F= 7] A= (gNodeB) ] 75
2D Array® 51270¢] <HHIURE o]FolAdq Qluh(iAd WEYIA AFAF

W7 2020 2 EA 2E G2 REY).

[2¥ 33] Galaxy S21 22 <V +%

Downlink & Uplinks 5% 1daF7] ¢d dd AlEHCIHA= 19
349} # 1D Array Beamforming® 2D Array Beamformings &7
TE3513lth. FAl7]e|A  BeamformingsS &3l SAFWEFo=E xS
T QMY HE 77 tE sl er A Ha old SRS
Hoto] TR gHE F 74179 Be QFHUE Fal e
Combinings &4 Hvk. Aol ALAHES 98l Uplinks
A2 Fo] AYS A 1% 35% 7 Uplink Beamformings 9] 3]
5702] Phase Array SHEIUE &8¢ty FA17]0A AEE HuF+
BeamformingZ} = (5417 715 FAl717F Q= wehrt @ gusd 7
FA QY Y §dA= w=kdsn® = 353, QbHU (HE
A

A& > 2 AA3ISlth 2D Array®] Beamforming®] 73 -$-(Downlink)

fol it fol Hy
rlr

2 s R

al
=
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[Z29¥ 34] Beamforming (F=: Downlink & $Z: Uplink)

Ph
PA Shi:::r o ////'
—1 Tx1 5

1>

— ™2 [ -
sizsweamier | ||
| Txa 7’ ¢

1 x5 [ &

OFDM Modulation Phase Array Antenna
[228 35] Beamforming %24 % (Uplink 7]15)

Beamforming ZF%=7F ¢ ,0 7k 31, FAIQFEY7E XY Planec] 4817
d AeE ndste] vad ZE S A Yy :kdXSinOCOS([) y3=
wy =kdysnosing )z 2 dstsith e @ 0 aAe 2w

Uplink®] 3-¢-2k FLdstAl sl vH11]. A SAlelA = Beamforming
Z3 Zt%e] wE Beamforming ©]5°] EAsHAl #h ok g

AEHOIEE 71 £ 7% A & ddoRE S Farfieldo] 22 &9
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kS Wk st YAl = Active Element Pattern®t 183l =1 ¥t}

Beamfor mingGain = AEP(ActiveElementPattern) x AF(ArrayFactor)

(14)
webA CSTeh= 748 &8 Z8dto] A=Ed FAFSE 74 olA Patch
antenna 5705 Zof Algdolde WP I 23} Mutual Coupling©]
ATt = ZF Patch antenna®] Beam patterne A2 IS ALY FX
eol A dld AMEE Fa AAE dSEr] gEHUE FE
5702 W& Al AP & dFste A A Sy o R 5749 Hlo]
Zh Qbevtel s A W AdEe A wdsitheE M-S WiRla
1% 36%3o] @ Patch Antenna®] Beam patterns &3l Active element
pattern< T83lth o] W FAVIAAN =& e A7 00 dAF7t
Mainlobe$l1l 40° A= 0 o H|s] 3dBE A= = power scale®+i=
0.581¢] 21& 2] A7]7}F, 70° ol 4= 10dB = Power scaleZ & 0° of 13|
0.1 A7IRE Adx = 35 &lsiltt

Fatuid Dractaty Aba [Phi=0)

S, — - = B . =W — —
1 [P
40
T / Degres 1

q (0.177608, 7.10157 )  Frequency = 38.27 GHz
Ei ( 41.1163, 4.08675 ) Main lobe magntude =  7.11 dBi
% ( 40.955, 4.11435 ) Main lobe drection = 0.0 deg.
6 (70.0397, -3.26946 ) Angular width (3 dB) = 82.2 deg.

[Z29 36] CSTE F3 99 3% <H Y AEP (Active Element Pattern)

olF TAl #HNA siAstd 0 dujrtt 407, 70° 4 HAHo®
=3
™

Channel A E|7} ] F £th= Ao = 4 7Mesith dld AMLS 1
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g3l #v= AM2S E3l, Antenna Pattern

[e)
=
Ao wet gepA = A ddE Beles Y ¢ qlth

Theta = 0° Theta = 40° Theta = 70°

EUM pEylosat) = 332 EVM{payiaadl) - £208662 % EvM{payioadi) - 4702253 %

L. MSS(paioatt) = 20495714 05 i \ISS(payiostt] - - 25501260 % MSE{payiaad1) - 25640057 05
4 ¢ # ® a @ e 4 B o 4 o T o @ & ¢ O ® & &6 ® 4 o
e & 9 © & 2 9 8 e B o2 @ 45 b & LB o e 0 @ o w
os [ & & W B & & B8 a & o % & € & & & o & © © 6 o6 ©°
" o © © o @ = & B ot vl fe  wiile  mhiid o B B 8 B a o
B e o b @ o 8 & A @ @ @& @ v a & a @ & @ o & -8 &
4 % €@ © 6 9@ B ¥ o 4 8 o & 0o @ B g -9 @ ©® © @ 8 @9
5 9 0 f & o 9 s © © B & 0 & 8 € o P .6 H o B @
6 W & & B & & % ok & K B & & & & &6 & o & O ®

T 2 25 o [ EE 2
ch. Noise T ‘ Ch. Noise T ‘ Ch. Noise T

EVM{payioadi] - 6557629 % EVM{payioadt) - 6928345 % 41 (ayioadT) - 5525588 5

pay --23623484 05 s MSEpayioadt) - -23074577 95 " | =-HLISTEIL S
d ¢ = o @ B T & B @ et @ 1 ¥ ow .p oW ‘@ Q. @8
£ o 4.4 @ d..0, & e g 8 ® © & & & 9, % 9 0 % B 0 @&
forer momt e, & & a0 & o & 86 W v B & s e B0 om0 R ey BV
- IR # i ow A" 8 F. v a o g % ‘m o B © @
o e 8 @Y B - ST T TR - SR =S I O S R R
o5 o WY W ee F T 6 & B e e R e e B o s ¥ & 8 @ a o 8 o
e W e @& ©u o & G- ST - - - 6 o © e & 8 o o
o B 8 ®W .a ¢ & W & 8 & BWUTA B B B G, @ B & a8 B, oW
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Al A L] Aol EYAQ XEU= AT =gAQd
FAQ BFEE YulstH, AAl EAlske A= Az E A
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=t ] Tol dlld Qiel sidETh A
AWGN (Additive White Gaussian Noise), Deterministic, Statistical |2
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A FeHe Ao, iR FAAAENA YEFUA T
A AE oA d3go] Ase 9FS T 54 wet olF o
Aol HHdE 5 FHa | A e 2o =9
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stAl Aot i AEe] A 2" 13A4 7 Feol weh] Ak 34
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B, NATE AWE /EOR sm dol A4 AsAH sheich

[21¥ 39] Raytracing 37 (CAD File)

[71¥ 40] Raytracing A|Ed# oA AU L. A Tx & Rx +F&

Raytracing AlEdolds  E3ll 7 Subcarriere] 3l@E=  Ad
EZ A (15)E AlEHCIE oA A28k Subcarrier 715 (51270) 5
Aderglal, ol F441 Qe Al 1He] Bl E-(Ratio)s WERATEH

T™X1 - TX5
RX1 [ 11 = (s
5 : , : (15)
RX 512\Cs5121 *** Cs125
Algdleldsd 7 Al FHYUrE e AlEe] AV ZF FAIRMEY
Ao E0] 2% Rays2 E-field &S E5F vld oz 238t
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a9 419 ASAHE F O33N AdEeE aHEEglen, $A7
AACeENE THAR A 27 JAAGEREDE T2
‘47 ske] Raytracing AlE o) AS X833t

|RayPath_RXset1.fig | |RayPath_RXset2.ﬂg | |RayPath_RXset3.fig ‘

Ray paths [TX to RXset1] Ray paths [TX to RXset2] Ray paths [TX to RXset3]

Y[m]

4
a5 w0 s o s w0 1m0 W 2 ) 450 w0 S0 0 s W 10 0 2%
X [m] X[m] X [m]

TX center point: (-130.8, -69.5, 1.7) [m] TX center point: (-130.8, -69.5, 1.7) [m] TX center point: (-130.8, -69.5, 1.7) [m]
RXsetl center position: (-25.5, 80.7, 5) [m]  RXset2 center position: (241.8, 90.5, 5) [m]  RXset3 center position: (99.5, -52, 5) [m]

[Z¥ 41] Raytracing AlE# oA AlYyd e
a9 419 FEWEA) AvEert e mRE R FFAT] AbolE]
Ray7} %2 A& &3l Ado] £ AFsdglol A& Jhesith W=

1L3WA Alvg e Agols $5417] 2 o] EAsitte Hy =
Abol7re] Ray7h &1s] Atk RS Fall Ado] Ebet Aol A
< AlEYOIHE

7bsstth kA w@Es] Stomwt A 5IAW AR
Azol 7FsRom, a9 4204 AAEH FAAHH Ado] F£A
1,3 A 2] Ay e slel A= Al EHUOIEH S RF Componentl! PA, LNA,
Mixer?] H]AFASl d&Fs wWo] ol HAAA FAlo] FEA|NE
A= FE e Ao] gldth

Ray paths [TX to RXset1] Ray paths [TX to RXset2] Ray paths [TX to RXset3]

Y [m]
Y [m)

% 00 S0 0 s w0 10 2 2

s 00 S0 0 B w0 1w 2 2% 150 00 S0 0 H w00 1%

X[m] X [m) X [m]
EVM(payload1) = 908.113466 % EVM(payload1) = 1.278784 % EVM(payload1) = 246646338 %
5 MSE(payload1) = 18055499 o8 . - 1) = -37.093814 dB 3 |, MSE(payioad1) = 7.849242 08
, © o o o o o o o ; e © o e © © e o ik o . ‘?‘ e & @ 9 @
] o o o ] o o (] o ® ® e ® ° ® e o o o* o -a o TR ] o,
05 o o o o o o ° o, 05 ® ® e P ® ® @ ® 05 o o ° lo. o [} .c'r- o’
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T o o o o o o o o i B e A e w6 M. o o o o%c o o %
15 15 15 LB .

[ 42] Raytracing AlUgle F&o w2 54 45 vl
a9 42004 AATE A vHEA ATe A8 A4 Alvge EE
st CIR(Time Domain ¥75)¥ |'d  Response(Frequency Domain
wyel wE BAE AU WA RS F Z7e] Ay e
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sk AE AEE Fotd = AT I¥ 4394 AAE CIR E3
Ads BAFHE 2dA AvEert g & AS(1L39A
Al @)ell vl CIR gtel ZSsol &l HSlth ol 19 434
ANZ = hp, @HA FAQEUSE 1A AR Abe] T E =
CIR)°] 9]¢ B CIR A= vlusilemols w43 s HIo
FA7)e Bl Az A7) fin] A
YERY = CIRE A717F Avkes AS &#dlld AHEde Aert
Z& e UHTOH CIRZ %= A& o] H Avs G5

o 2108 Channel Impulse Respon 4 x10° Channel Impulse Respons: 5 10’ Channel Impulse Response

9999999999

|
05 ‘\“ 05 ‘ ‘v‘
DA )\ ol

o

0
o 02 04 06 08 1 12 14 18 18 0 02 04 06 08 1 12 14 18 13 Dn 02 04 06 08 1 12 14 16 15
second[s] 0% secon dis] w0 secon dls]

[2¥ 43] Raytracing A1Y#] 2 ¥ CIR H]1.( 3%’51 1> 2 >33 ’\]‘4’\3]2)

uprleto 2 u Ay E FARME U} A2 s YA = FAIREYE
Atole] A E = 'Y  ResponseE T-3FSItl. Phase Array <SHE|U

SEA ALzl Re GG B 2ol Ba ol A
o s Ao APHE S0 e Adel vwshd ug e
golth ol gl wiFel ® w Hy,,Hy, Hy, (294

-

S U9} 1&2&3WH A AL ULE %}"gﬂt iﬂé Response)© -

Aol glol wlg Ae 4 Aw EASHE o] o]EHoR ey

N

Btk AES HAAE FHstE Al Time Domain®] 7] wiiteo Time
Domain®l| A 2] $]4 *}o]2 Frequency Domain®l| A 2] Delay® X.©] 7
Ha, ol I¥ 449 ZF AUl dHE d2 AdE wEgHA &%
Az Flo] 753ttt

[2% 44] Raytracing A1+2] 9 ¥ A9 Response H| i
(HZEH 1> 2 >3 A Auae)
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npA]ut O 2 Raytracing  7]'H 2] AL © AZ0) 7}t
A5 (Winprop)©] ZAI3te] Raytracing® HAFoz d  odpale]
Egg wol AgEIS W wF AWsed, AW A&
RMSPE(Root Mean Sugare Percentage Error)¥3 oA 98%°]/} 2]

ARees sk Auh dgvhs Ade AEse 4Fe s

i

rlr

Bl

F7vE % 429 BFRF 229 vAEAd A 7HE)7F obd mkd 9]
dks R GA ZelA AlEelolE el RFAAS] HIAPAE =
235l g2l e (Noise Figure, OIP3, P1.55)5 A3 1d3HX %=
o’ FAl g ol AlEdol S AAstd 1 Axp RS 3ot
Ur%‘:}% /\P‘]*o‘ g3l 1,3vAAI U e stelA = AAl FAlo]l o] F

v AY4E =T 5 Atk 1,384 Ay oA 7 st
—71‘_:7413% non-standalone#] & (5GWC 2 HFAlo] E7}53
SaA s s, dld AoA = Raytracings F3
dl ggato] T Aol o8 WstE= AEe el
tekst 4 Aol ew FE 3 & qldth

Ray paths [TX to RXset1] Ray paths [TX to RXset3]

150 100 50 o 50 100 150 200 250 150 100 50 L 50 100 150 200 2%
X [m] X [m]
EVM(payload1) = 0.566200 % EVM(payload1) = 0.527437 %
iE MSE(payloadt) = -45.045251 dB i s , MSE(paylioad1) = -45.515421 dB
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A 3 A Statistical A3

& HolA+= Statistical(Stochastic) 2] @ Z. 2] ol A7fste} 3
AlEdlolBle M= Statistical ¥ EwWa aelsF7] fl@] NYUOlA
kst Ald AlEdolHE &8 4 "3 3kSlth NYU(New York University)
I3 ¥ wmwolA AlRE T4 AlEdEelH e sF F3E9l mm-
Waveth &80k ofyz}t 6G9] F3 ™l sub Terahertz thelol A
Urban Micro-cell(UMi), Macro-cell(UMa)¥} Rural Macro-cell(RMa) “1&]il
Ad AN FEE SAS A¥yste] 1 A} T OITB oY
o8 E FHstth NYU ZI5edM e 54 A3 it & drstazt
NYU wUlE 288 st Faold 545 dysislon, 45 d34=
%3l PDP(Power Delay Profile) =< CIRS Holylth[12]. o8 =
Ayl e F stuRt AAlE Fo] AWetAd 9 469 #HS5 IH
UMielA 54 AeE Y

_|O

o o

o

3= dok &g "o v Box7t
Fa712ka 3 v A7 AE VE0R Tm £ 17m7F 2ol e
dabolal Mk Ao

| Zzte] 51719 %’4?‘4—2— Uehit) o] fa17]
1.5m "o

=i &
5 AW VlEoR Atk 5 ¥ #5 299 22
574 SANA FA7I7F 29 ﬂ%il(COLZ)oﬂ Ne Wzl A7)
gess AYZHA Sevy s Boleth ddEHe dEprEHEE
FA21719] 7 % (Longitude) & ¢ % (Latitude), £5417] 7+e] 37 (LOS or
NLOS), &5417] Afe]e] A=z, Path Loss(Received Power)s©] Z3# T}
=73 Ay %2 B PL(Path Loss)E9 ~2 7]d=Ho]l Qe &o
<A sHA ﬂﬁ‘iﬂ ol dF FTFAV] =MEe] BY FAEHE AT

ke
itk Solth 3 39 Box Fito] HA Ads e gtolw FA7I7Y
g A coL2)el AE W, FAV7E 31~425m "HolAA  FA
ot Sl 200m o] "ol A-geol= PDPYF SAH WA 9

37



3 Tx locations
1. Tx-COL1 -7m .
2. Tx-COL2 -7m . *
3. Tx-KAU -17m
27 Rx locations

All - 1.5m
L)

X | RX Lat (°) Long (%) Env. [3DT-R(m)| PL(dB)
COL2 | 1 | 40.7273222 | -73.9973000 | L 53 100.8
COL2 | 2 | 407275417 | -73.9970833 | N 73 1214
COL2 | 3 | 407279056 | -73.9980556 | N 142 119
COL2 | 4 | 407280750 | -73.9980167 | N 155 1414
COL2 | 5 | 407269861 | -73.9988417 | N 151 124.9
COL2 | 6 | 40.7295000 | -73.9978889 | N 299 -
COL2 | 7 | 40.7298361 | -73.9976167 | N 332 -
COL2 | 8 | 40.7297444 | -73.9971278 | N 318 z
coL2 | 9 40.7303444 | -73.9983000 N 399 -
COL2 | 10 | 40.7286694 | -73.9955139 | N 237 -

Jcotz | 1T | 207287806 | -73.9957667 | N 237 =
COL2 | 12 | 407300500 | -73.9957083 | N 370 -
COL2 | 13 | 40.7281139 | -73.9966750 | N 141 124.8
COL2 | 14 | 407283472 | -73.9964389 | N 171 1445
COL2 | 15 | 40.7285139 | -73.9973250 | N 183 -
COL2 | 16 | 40.7287500 | -73.9973000 | N 209 =
COL2 | 17 | 40.7278333 | -73.9975000 | N 112 1422
COL2 | 18 | 40.7301222 | -73.9945389 | N 218 -
COL2 | 19 | 40.7302361 | -73.9948806 N 415 -
COL2 | 20 | 407302833 | -73.9958972 | N 390 -
COL2 | 21 | 40.7299306 | -73.9954500 | N 365 -
COL2 | 22 | 40.7290528 | -73.9940278 | N 351 -
COL2 | 23 | 40.7295556 | -73.9946806 | N 358 -
COL2 | 24 | 40.7289722 | -73.9948361 N 298 -
COL2 | 25 | 40.7285361 | -73.9943917 | N 290 -

[Z2¥ 46] NYU | 33

a3 AA

28 GHz Manhattan Measurements (RX: 1.5 m) (TX/RX Antenna Az. HPBW: 10.9°)

TX Location (Abbr.) [height] Environment # of Locations with Signal
<d<

Coles Sports Center 1 (COL1) [7 m] LOS 2@ m<d< 102 m)
NLOS 6 (61 m<d< 162 m)

Coles Sports Center 2 (COL2) [7 m] L5 1(d=>51m
NLOS 7 (74m<d< 169 m)

3B3m<d<5
Kaufman (KAU) [17 m] LOS S@m=sds5m
NLOS 7 (77 m<d< 187 m)

[ 3] NYU 4 53 3 27

+2 | omnieop x| pirl

EH 77x2 double

1 2
1| 1061441 -65.5246
2| 109.0430 -77.6781
3| 1909114  -00.0469
4 1937944  -88.0827
5 1973339  -89.0321
[@ <1 |6l 2011724 921572
e 7. 2052189  -828415
sde 0@ 8  209.4275 -88.1353
Omnidirectional Power Delay Profile (PDP) 9 213.7699 -103.0647
I |10 2182269 -108.4823
{ 11 2227844  -95.7436
‘;E: -80 12 2274316 -103.9738
iz 28 GHz UMi LOS 13 2321509 -101.9834
& -100 31.8 m T-R Separation 14| 2369625 -104.5715
ng_ o, =18.8ns < 15 2418336 -107.2561
T 120 P, = 65.1 dBm 16 2467683 -107.6158
2 PLwB54/4B 17, 2517625 -107.2312
6 18 256.8125 -113.4906
o 140 PLE=22 19 2619152 -102.4191
20 267.0678 -106.2001
160 21 2722678 -108.1912
200 400 600 ) 800 1000 22| 2775120 -109.9925
Absolute Pr Time (ns)

23 2828012 -127.5066
24 2881308 -113.7286
25 2935000 -109.7197
26 4105189 -120.3309
27 4134104 -127.9241
28 4169748 -121.5833
29 4208467 -129.0652
30 4249330 -133.4233
31 4201863 -122.5605

[Z2% 47] NYU A4 A @€ CIR A 3k
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NYU AYE AlEHOIH= UA w3t 34 s
719FS 2 Monte Carlo Al Ed#o]AdS 33t} 2 !
A FEHE 2t GUIdl AFEAE ol #Es 2o 1 x7e

A=)
Wi CR AES BAHoR o33l AT,

WIRELESS

NYUSIM \“ NYU EINYU e

Millimeter-Wave and Sub-THz Channel Simulator

1. To begin the simulotor, click Start
2. Set your input paramelers below
3. Select o folder 1o save files

4. Click Fun e —
5. To run another simulation, click Reset, and repest Steps 2.4 On Oon
Channel Paramators Antonna Proparties Spatial Canskstoncy Paramaters
T daray Type R Armay Type
A
Nurmber of T Andenna

aohver_infa json

Oudpunt File Type

Tet Fie

- .
Artenng Elevaten HEH
(T 45%) o
3 Cron o 2
m | = n

[Z% 48] NYU Ad AlE&°lE GUI

NYU Ag AlEdelEH e AI(CIR)olE ZF w3l 7Fe$ MPC(Multi-Path

Component) £°| T2 depu|g 7} E3tE o] Qlr} o]& F3&l 2t OFDM

Subcarrier®] 3|33t= MIMO #'d A5 (¥ Response® Component)E

/e 4= 9lth. ¥k ULA(Uniform Linear Arrays)’} $5217] E5o

AT 7HY S AE AT E (16)9 S Esll At 7hs st

hm’k( f ) - Zam’k,pej%’k’pe_jZHf rm,k,pe_j2”dTmSin(¢m,k,p)e_jzndeSin(ﬂm,k,p)
p

(16)
((f) = @lE¥ = Subcarrier(fel et mAA A bHLeL kA
T4 QHHY Atole] MIMO AE AlTE WE L, pe dllE FFA
A Zroll WA Ra 7bed MPC, a & Al o159 A,
A4S dEpdith F7EE 1+ 72 MPcel Ak Az A, dp " dg S
747y Hal7] 9 a7 e A9 ekeY 2kE, @ 2F = 7217t Azimuth AOD
4 AOAE YERITE webA I NYU AE AJEFHCOIHE B 42
CIR= ¥ vEZA(AY Response)® WHHIAFOEZHN NYU AdE
golEl 9t 2 =FoA Atd 56 FA AlEdolE 2k AdE|H o]~

3
~

rlr

O
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Close-in free space reference distance(Cl)
path loss model

“‘ NYU EINYU s

d
PL{d)[dB] = ]"L(a.ﬂ.}+]ﬂ_lng",( )+¥ ford =dy

PLEY(f, d)[dB] = FSPL(f,1 m)[dB] + 10nlog,, (d)
- + AT[B] + X&',

where d > 1 m

USER

£ BasicParameters mat

e s =
s Time Delay, ) DirPDPInfo_CoPal.mat
n Received Power & Phase &) omnipoeinfo_copolmat
AQD, ADA...

‘ Added by SNU
System Simulator
’ [ ——
‘ getChannel
Matrix.exe
Simulator_JSON. channel_mix_
axe SESkamn:taiDne
[Z2¥ 49] Interface &%

(NYU Channel Simulator + 5G Communication Simulator)
NYU g AlgdoleE &8 2 M) 4 'Y Response?]

g d
e Agshe FEoth %A AEPR o Afelx Fa
A o= .
FEIV(51270) 7 1A > o] Hi ol FHd F2 R A AIE=
ZFA7] 28 Age] vlmatd wg Ze grolth olfl Akslo A
Adele Mz 9o Y wEYA 22 duhe g gk
Scenario : UMI & Environment : LOS & Distance : 100m >
10% lel 10% HZ,l x10% H3'1
16 N ”/\ /,‘ 160 ~ ~ 16\‘ “,\\ ’,«
» ‘J’/ \\ | \\\ / e \\\ [ \\ r/ \ \\\ f \\ / \\\
I\ A / \“ [ | 14 “‘ f ‘\ /» ‘
' \ [\ /; JoA X/ \ X \ [ |
| ! | \
08 . “‘/ ’{ 08 | \\ | \ |
Y N A VR VR . VY Y
08 \J YoV
[Z23 50] NYU A€ AE#HolE9 AY Response Plot (EAA])
< Scenario : InH & Environment : NLOS & Distance : 50m >
10° H1'2 10° HZ‘Z 108 H3'2
NN AN N RN A AN ’ N NN
105 l‘ “{ \\ / \ " \‘ ‘/ \\ |es(‘ ‘{ \ r/ l\ { \‘ “’ “\ 1%\\ \‘f \ / l\ / \ a
\ / | \ ,/ \\ | \l \\ K \ / \\ }/ \ ’; l\ \‘ { \\ / \\ / \ / \‘
19} | “‘ \ ‘ | ‘\‘ ‘\ | 19 \‘ [ | ‘\‘ “‘ \‘ | \‘ 19 [ ‘( “‘ | \ ‘\‘ l
VY u . ‘ Py
1est | “‘ “‘ | l “ \ | e | “ “‘ ,“ I )| | | | “ f
VRV VIRV AT VAR ANy
s 1\ /‘} \\ ,‘“’ \U/ \\ / 18 \’/‘ \\ f‘) | // \\ ,‘1‘ 18 \\ /‘ \\ ,“(‘ \\ ",‘ \\ /
! 75L?v 100 200 300 400 500 600 ! 75L?v 100 200 300 400 500 6001 75EI 100 200 300 400 500 600

[Z¥8 51] NYU A€ A E#Ho)E]|Y MY Response Plot (AW)

40

2T H -:':11 Tu

[Ho



19 50&510]4 Hel Ax 7} O—Hﬂ p359] 19 445 FAstHA A &3
1?%01 W&ol FEAte Hel 2] g e s €& Ad
w3k gdaiga 2 S Q) o] AL S Fo) B Zz S AEEHA
2 AREAE NYU A2 Al EFClElE &835to] 1% 50 & 519 A=
| A3t =2 &LOS, AUl &NLOS 37 o] lol = zFAalo] sz AF3tof A
AA EAtE S JA 89T 7 Aok

_>:L

A F7FA] Statistical 3+ AES FAY 7] Il FEs AT EQ o]}
A & WEsto] Statistical st AE-S A B, 2=a 1 A
o

A= AL gAY ATs oY olAFHE sid Ao dAoleta &
T AT 56 TA AlEHCIEE T ¥ oS AlvEle shelA
A Aes HolEF itk o]9 FAle] == p162] 2.5 Channel
Estimationdti= oA A=stdd &<l 56 NR XEF(EVM)=
78 FAlel| Data Rates FHujst gRE 4 = Pilot HA 75
ok gQlo] 7}s stk Pilot subcarrier/<=2} CPE] Zoli= 2] ALl
o] Aol i, £ FESFF(Time Domain #F O E+= CIRY
Dominant3 7§71 A& =, Frequency Domain ¥4 © %+ Frequency
Flatel 7P7h& %) Hulsh HolHE a&4cx wd 5 QA drh
Ao AHE A48 84he A 47]';45 LA A Ha eld 24
AlY2] @ Type(Urban, Rural, A4 -57%), Environment(LOS, NLOS), 4l
A, 281 $FAVIZEE AYE 7HH sld HelA s vE 212
B Fdsivta AAs $ o] 47H4] 24AE Fo WFE A4
thekst g stelA e Sl Adese AASth WA AUE L Type©l
=9 Wl A9 56 A AlEHClE 2 Aol

< Urban > < Rural>
EVMipayload1)= 5236109 % EVM{payload1)=3.122637 %
M5 EE'Day'oadﬂl = -25.649‘3?6 dB . - ’ M5 E‘!'payfcadﬂI: 602’.323&‘] dB
a L~ a o & -] @ =] ] a d
B 0 O & B-RQ U [ & & a @ o6 8
o5 o ¥ <] o - 51 -] @ =] L] ] o 1] @
5 o 6 8 & o 8 P Pilot Subcarrier & & m e B OB W
‘a 3 e B & & o @ <_T_’ T e @ & & @ & 8
= B e &6 5 g a5k 6 & © o @ o ® B
a9 o8 B B s B A ® & 4 B & p
P B 0 W @ & p e 2 @ ® ® @ & © 8

45

(29 52] B4 A% wl@ (EPEs AUEe Type)
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% 520 yERY Qo] ve o] sdsittn @ w, sk Pilot
Subcarrier?] 7H+E ARESHAl 2 Ap, FHEE] ¥ U2 (Clutter 7R
A5) AlZE(Rural)©] =4 (Urban)X .t} t] FAlo] Z = Zo] &l
Data Rate #@olAqt H™ 1 Z& Subcarriers ARE3h= Aol 4H
A% 7974 HW 5GNR R5S WA koAl "k

<LOS > < NLOS >
EVM(payload1) = 7.836700 % EVM(payload1) = 11521250 %
is MSE(payload1) =-22.066811 9B s MSE(payload1) = -18.778486 dB
, o 6 © e ® o @ o ; “6 o b o o o 9" 0o
o © © o o © © ‘e e, o b 9 6 e 0 o
05 o © © © o o o o 1 05 o @ D W0 }5 o o b
o o & © o o o & Pilot Subcarrier NO. 6 6 6 b o o er. B
ob . ’MU . )
o o © ) e o T o 59 ORRAT > T e N o) ‘@_. o 6 o
05 © ) ® ) ® ® <) 3 05 P 0 o @ 2ol Q ©o. o
® © © e o o o0 @ p & 6. .0 0 6 o
1 o @ o0 © © o' e -. A o ‘o B, o o Q a a
15 : - - . : A5 : : : . :
45 El 05 0 05 1 15 45 - 05 0 05 1 15
EVM(payload1) = 3.123232 % EVM(payload1) = 5.474720 %
s MSE(payload) =-30.245488 dB s MSE(payload1) = -25.366402 dB
; o ® © o © @ e o ; 5 ' o @& o ‘o
e © © o ® 06 06 6 ‘¢ o P e b @ S e
05 e © ©®© e ' & e @ 05 @ @B o 0 b o, B o
6 6 o © © o o o Pilot Subcarrier NO. ¢ 6 o @. 0 & © o
ol MU
© © © [oN ® ] ] [ Q D (o] Q (] [eg o Q
71 89 . .
05} e © © © o o 06 ¢ 05 e L < I
® ® ® ® ® ) ® Q Y o  » ® ) o, T
1 e o e © © e o - o @ © 0 o .a e
45 : : : : : 45 : : : : :
45 E 05 0 05 1 15 45 E 05 0 05 1 15
[2¥ 53] B4 4% ¥z (5¥%¥<: Environment)
&S 5 HA 552 Environment(LOS, NLOS)SQ! 73--¢] tf.
= o) o =] 1) -7 =
SYWSE AT RE 242 FUsH] Agetel AEdel e AQ
] [e] = =]
A% 9 79 539 A%, HZo L0s, $Zo] NLOSTF Hr. %
a9 AWMA =29 HA3 Pilot MFE AFEEAE A, olFUE
Aol ¥ -3k Lose A-¢-7F 1% A 282 NLOS?! BF-Eu o Al
L - o
Aol Egton, EVMY A5 5G NRoA A 7|&(FE 1¥1)ow
A 4 A5 e 7lee E/dst=dl Z 23 Pilot Subcarrier 75 HE3
SERL
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o

)
dlo
rlo

3HA SHHSS

<10dBm >

EVM(payload1) = 1.860857 %

°] Tx Power A1|7]9] Az}o]th,

< 30dBm >

EVM(payload1) = 1.456446 %

15 MSE(payloadt) =-34.793245 dB 15 MSE(payloadt) =36 636485 dB
ph Nl o ® ® (<] L] o s ] @ Q (] ] ] Q? ®
[ ® ® @ ] ® ® ® o © ] ] @ ® o @
05 ® 5] <] ® ® ® ) ® 1 05r ® ® ] © ) ] ® ®
o 6 o o © o o o Pilot Subcarrier NO. 6 6 6 6 6 o o o
L . 1 ﬁ L
0 [ ® @ @ @ ® @ ® 59 0 @ ® ® ® ] ® @ G
05+~ @ ® e © © o 6 © 05} & ® © © © e 6 6
2] ® ® [ [ @ [¢] @ [ @ @ @ @ =] ® (]
1 Q -] e © ® ® e Qo 1 @ ® © ® @ (] @ o
45 : : - : 45 : - : : :
A5 1 05 0 05 1 15 EE ] 05 0 05 1 15
EVM(payload1) = 5.468986 % EVM(payload1) = 4.456220 %
15 MSE(payloadt) =-25.107796 dB s MSE(payloadt) =26 929153 dB
| © ® o ® &, G o.' ® ; © ® ®.6 6 o O o
o, 5} ) ® " 6 ] o O © e @ ® ® O Q Ec)
05 o . ® © © o @ o 05 ® ;>- © © © o 6 o
o o o © © o o a Pilot Subcarrier NO. o o © © o o s o
0 © 0 © ® ] 5] @ ° 30 0 © . @ @ ® .G ® ] [e]
05 o © © @ o o o6 o 05) & © @ @ 6 o .6 @
-0 9‘ © ] ) ] O '.O O 5] © o ® [ (] G-
A o . © -0 @ e a o A ° -c.a ©o e "a*e o o
15 L L L . A5 . n . L
415 1 05 0 05 1 15 45 El 05 0 05 1 15
[23 54] 54 A5 H¥la (Tx Power A7])
1% 54+ Pilot Subcarrier’/l+E  EFSE BRE LS wYsta,
SAH U BUE AS ] AR g2 siHe Ao Aol
H#5E 42804 A Raytracing”| M= F3l Ad MEHAE A=
o] F4 A8 AZ](10dBm)E AFESEA L, 5 AA &3t 56
mm-Wave TH27]2] $4 A= Hig FAFSE 3ts AAsieioh 2o
et Y-S AbEste] AEE FAlS T A= FAAETE FAGo R
AgEwA wAHE 2eo o 2l onolng o] Egh Fyol
O Gzstths vz dvh webd 29 540M A sDE Pilot
SubcarrierE *}%‘fﬂhz‘oi A Aee vustA 2 A A A8
A7 2 W e A A Fabt tes o) Sl
43
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vpA R SRS $5A7] 219 ARt Adel viHE 9gL

<10m > <100m >
EVM(payload1) = 1.213794 % EVM(payload1) = 8.044257 %
s MSE(payload1) = -38.356806 dB 15 MSE(payload1) =-21.881819 dB
il e 6 6 o 6 o [ | ; 6 ® o & 6 ¢ ©o «a
e © © & o o 6 e © © © ® & o o o0
05 @ ® ] ] ® ® €] ® 1 05 © © .0° ® c ® o o
6 o 6 © © o o e Pilot Subcarrier NO. o o & o o o o o
0 4 M 0 . .
®© © © o © o e e 59 0 O 6 e 6 @ o
051 © e o o @ o e e ] 05 6O e 6 ® ©6 o0 o a
o © ® © o & o o © © o6 @ 6 e .9
1 e e © e o ©® & © - p 9o o0 e o @ & 9
15 . . . \ \ 15 \ \ . . .
15 A 05 0 05 1 15 15 El 05 0 05 1 15
EVM(payload1) = 1.301152 % EVM(payload1) = 1.885231 %
15 MSE(payload1) =-37.833965 dB 15 MSE(paonad1) -34. 750910 dB
il e o e o e & & © | ; @ o o 6 ® © © 0
e © © e & e & 6 G e © o o e o e
05 e © o 6 e o o e 1 05 ® @ ®© o o e o ©
e 6 6 © © © o e Pilot Subcarrier NO. s o 6 © © o o o
or 4 0
e © © © © e o © 11 89 ® © © o © 6 © o
051 ®© © © e e o 6 e ] 05 ® & © & © @ @ @
® © 6 o o e e o © 6 0 @ o o o
A ] <] ® ] L] ] [ © il - ® ® @ 2] ] ] @ G
15 . . . \ \ 15 \ \ . . .
15 A 05 0 05 1 15 15 El 05 0 05 1 15

[2%" 55] A A& ®lu (Tx—-Rx3e A=)

a% 558 AFRE A7 A FFA7I7F AR 7R A -5-(10m) 2k
2o o W Af@oom)E vluskglth ofFdlE FFAY] Abol g
A7y WA 2 ABS a¥A & gl vl YWbA S ®  Ppath
Lossiﬂ A7) o & Ha, As7F dupetdA] AA == Clutter 71
Tk AA "k ol ARy AW HaEE A a% e R I e T
g = FA Az FA AT 7Y EL7] 9 9o Apol7b Atk
Zola, ol AMEe AHZE F£A4 Ytk olth ¥ 55004 Al
FHolE e Ayt olE SIS
g BEZS nhrg shrlde] mt AbE Al e () el
et e AE Steld FAleo]l hsskrlflal Hded xx(cpe Hol,
Pilot 7R, FA1 A8 A7), FAlo] 7hssh 747 12 A7 &
gEA "y & Z2IOHS ARSske AMEAbe AlEEHCOIHE FEl
T e AYE R E Y Trade-off ¥AE 118 sto] Bl
PEES 0}1- Aol FQottheE AS thA st A7|Al7) i} Sk

01
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Al 57 &4 &F 5G A AEH|H

A1AFH 84 1k deu 24 2 5

AZA AARA ZF £5A77F AR GA Holglt el

BAE = =
295 nHdEs dAt. AT ARRE RS 2oAAY
ST gol A3 A 1Y Ao A Hojglorme £ i=FoA
B2 golet e, FW Bl wHolt A9 AHE mEeA %L
AHEA (R b Rl AeEw @dstth 1ddE FHe7
ANEUOIEE AEES wi 2ol mek 2ok HYW B 1
setelelzh 2. ot FAEA AEUOEH FHEA WA

Ags 5t s delMiz o] detvH sl et de stk o

Correlation Update Moving Moving Moving
Distance Distance Distance Velocity Direction
10 m 2m 20 m 2 m/s 45°

[£ 4] 3 873 1+ v
73

T 40 AAE s SEeEHE AR Ad Fo devEE
ekt 2 5 3707F ol AREAtel By stekn|gola 7zt
NA=T FAE s Y AFEATE B4l Foll 24 Az, AMEARS
E5, AEA7 NAFE VFor oW wEgow Jlu QEAE
Uebdth o] 37bA e EE % 49 7|93 FAES HkYgsto
ader ¥ ¥ sest Atk #HS O AFU
NA = e Wyo] b 7hgstar AR (HT)E S5HE UT(User
Terminal)®] &4 A4 HAREAZE w40 Age Fd)o=
zAET 5 O9e #A5 299 ARSA FEnt FdisiA Zdst

Row NARE NEow 45 WFOw WolA 1 gt Zlo] Feldr,
A FEdAE oA tRgd A4840l ol ¥ 567 L
Aol Ba e mele
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User Terminal Track in Shadow Fading Map

Intensity Map of Spatially Correlated Shadow Fading (dB)

9 %6 o8 1
Location relative to BS in X (m)

[2%¢ 56] &3 73 A48l Graphical Plot
@ 271 5 shE 7Fel7]l+ Update Distance®hi= 3}2tH|E = MPC2
Small-scale parameter( 3} A A A|ZF, Al A& A7) 55)7F A==
F715 YERdTh 99714 MPC2 Small-scale parameter®]2}3-2> CIRS

olm
FA] ek

7

3l7] wj&o] CIRe] @ IthE Update® = F7]gta Aztabd ok
© % Correlation Distance#ti= #< Update Distance®] 2|3
2 73X 1 UpdateH= CIRE 7Fe @A 7+ A#A#A7}
TR ZHRIth AREARPE HA oA AE HE CIRe
stttz CIREAFS] AHaA7E AX™E = 5354 CIRO|

_4_4

d

—}

A

o =2

Flf lo [o

Ay

S

_

oo H Jo N
ox M\

HA HE= 2 AEHEEH AFEAE= A28 Correlation Distance —-7He]

sHAl ¥+ Aloluh[15]. uwEbA  Update Distancei= ©JH 9o %

Correlation Distance Bt} & & §lom F7l2 7 ALE v dlF7)
1)-

918l Snapshoto]l&hi= MdS Z=etuAt sty T84 FALS FE
AARAE T AE5Z UdE M E o Utk o]¥ sl BlFof
74] HH e o®2 ARIE A== Snapshot®] & 1 AHA| 9
vt = Snapshot> 1 =Xkt B E A SAF 2 SAle] o35 H,
2 Hd s4e8d B2 WS SnapshotO® o] Folxl gt
Ieoleta E g ok 7 e dEulE ESE % 40 VdE FAE
Hhdste] 9o w wdsbd 19 57 & 589 #uh AFEAZE 2379
729} Update Distance 7+ H|E A Snapshot®] 7f<Fgta & o
748} o] Setting® 54 4 A F 10714 Snapshoto] WHAYS}FIL
Snapshot{}e] 744 2m7F Ho 9 589 WA o o] xdT
UA Aok Fr7tE AREAE w491 A2 2k Correlation Distance {Fe
H]E Correlated Region®]2tal stA| =™ AFEA7F 7] X0 2 HE 45
Weko 2 FAol= 3 10m7F A WA Correlated Region©] %11, 71 $-o

ugL}n:
|

¢
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F7I2 2291 10m7} FWA  Correlated Region®] %A ¥t =
TEEA EetH 1 4o e AR T4 ADe] A$ Snapshotl
F7]°]AF Update Distance®]| wel A= t©E CIRO] 1071 A=

AZIA AREAZE ZIA =3 FAS AlAerEA EA" 3 5709 CIRS
Mz d3dE ZAY O 5 B8E CR 57 o149 CcRIE A
FHe 5354 CRe BAHA Ak A A 76”401 Aol

o 1

Adol Rt EAFTE £ 49 FH R 22 Aeols Ao
Al#stal BU7I7bA 107019 Ade] Aol =i 27H«1 A3 o
Aol EAsHA Hrt,

Total Number of Snapshot : 10 (Moving Distance / Update Distance)

Correlated Region : 2 (Moving Distance / Correlation Distance)

[23 57] &4 &4 Aude AEs

User Terminal Track in Shadow Fading Map

Location relative to BS in Y (m)

88 90 92 94 9% 98 100 102 104
Location relative to BS in X (m)

[13 58] A& &4 UdE BT T3 &3 AL

i

M mlﬂl R

=7 id R s34 #AHCAA Alde]l ofwA A

fal=2 AWS kA i Aol dzst A4S T3l ol
A 714 A9 A4S Time DomainolA 9] A4
| Io & o fg9A4 A9er] g8 V&L

4 o] obd i 5o 93 HAE 57 %‘rﬁ“‘ AEA e staat

(
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Correlation Update Moving Moving Moving
Distance Distance Distance Velocity Direction
5m 1m 10m 1 m/s 45°

Received Power(dBm)

Received Power(dBm)

< 1%t Snapshot >

[¥ 5] &3 &7 1f a7

A FAHNA EA5= CIRE 2l

A e} TR A Correlated Region®ll <43}

< 2" Snapshot >

29w 1mvjc}

T

YA = AL o] F53 F 10m T 1~5molA AAEE 5702 CIRY
~10molA A E 5702 CIRS M Z S A< #AAE wA wHo15].
|= CIR & 4¥E %3] &< 7lssty zZzF 19 59 & 602 2+
3 1

CIR= e

< 3" Spapshot >

Propagation Time(ns)

Channelimpul: ChannelImpulse R
70 70 P 70
-80 -80 -80
90 90 90
100 100 1100
110 110 110
120 120 120
130 130 1130
140 140 140
-150 150 150
-160 5160 160
100 200 300 400 500 €00 700 800 900100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Propagation Time(ns) h Propagation Time(ns) Propagation Time(ns)
< 4t Spapshot > < 5t Snapshot >
Cl Channellmpulse Response
-60 70
-80
-80 90
=100 2
2 B
2 g-1to
H 5120
£ 120 2
g 130
o o
140 -140
-150
-160 -160
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Propagation Time(ns) Propagation Time(ns)
st : )
[28 59] CIR Plot(1* Correlated Region
< 6t Snapshot > < 7" Snapshot > < 8t Snapshot >
Channellmpulse Response Cl Channellmpulse Response
70 P Ll 70 70 P pol
-80 -80 -80
90 90 90
100 100 100
110 110 110
120 120 120
130 -130 130
140 140 140
-150 150 ‘ ‘ 150 ‘ ‘
-160 160 i1 160 m ‘m
1 200 300 400 500 600 700 80 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Propagation Time(ns) Propagation Time(ns) N Propagation Time(ns)
< 9th Spapshot > < 10th Snapshot >
70 Channel Impulse Response 50 Channel Impulse Response
-80
o -80
% -100 E
] S
2 3 -100
2 110 2
& &
g 5
3 120 2120
8 130 §
& &
-140 140
" Hﬂ
160 lui -160
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

Propagation Time(ns)

[2® 60] CIR Plot(2™ Correlated Region)
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747} 593 1% (Correlated Region)ll &A3= CIREZol= fFAFE o)
wolu A the I el EAShs CRES AAE dsind
Apo] o] ol HA 48 B Zole} dekdr)
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A el & 2NE F

2 AEE 5G T AlEHolE] YolA

2 &

oy
D'

K3
=
=
=

Aof| A= S

AAS F o] W BAS S EE stk FuR g HolA oA

2Fe 5G B4 A EYolH| YolF 24 AEe ¥ 49 Y&S wEd

MSE oyt 25 ora7o4 43

#1 5.16 2561 > .. ... ...
#2 4.82 -26.56 o
#3 5.2 -25.64 S B
#4 5.46 -24.98 Toe e e oo
3 3.8 -26.51 T iy,
#6 1 -39.71
#7 0.7 -42.69 e
#8 0.96 -40.16 1 oo o oo e
#9 0.82 -41.78 0
#10 0.96 -40.19 ~>. . . . ... ..

15 05 0 05 1 15

[2% 61] 53 &7 5G B4l AlEdHe|E A5

kA Mt = AlE#Eeld Aol = 2712 Correlated Region©]
33, EVMI MSE #io® & wf w@zbAl Box® EAIE 1WA
Correlated Region®] EAJ3t= AERTE Ik Box= XA 21 A
Correlated Region®ll =Asl= A9 Jej7F o <t Aol Felsch
wepbA 2% 618 AHRE FE Al FAASGe|d AN 5
27 A AEEHeIHE Ae¥doeE FHFedva FAYUE 5+ 9l

shANE o714 slE AE wpEetAl HW dAd sk 04

SREHA] Zaithe SHeld FHeivty Ak & ¢ qlvh AA F4

374 StA FA1E & u, CIRS Updatestil & ZF Correlation©]
o

=

stAIRE 71ES] 7 dideldd AYE AFERY £¥Hom Uy F
7 7bset7] wiikel o] md & EA7E HA
: TR Aol w9 wEA wWetal AFEARE
S ESE ARRARSY Adstel] wel gebAY] uiiEe] AA] W=
ZIA=H FAE @ oW, ALY ARE FU|HORE HidE CSI-
< AAA A} 46 7] ©] A 4ms7t HI, AMAE
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56 mm-Wave tels &= ity FAlo] Adel i FEE
o
=

T L =
Tj_/_lﬂ]—.a ,O_o 0:16E

SFi= control channel 4G4 TS5 ¥
standalone 2] ° 2 & E 7] wFo] 5G-mmWavel] 7-¢- Tt Ao
F715 Zt=ta & 4 2t CSI-Reportg} $F2 7] X = (gNodeB or BS)¥}
G7] Afole] FAHAUESY A o] A (Synchronization)® i1 W o
FRdr. @@= 7[A=A B Beams  TAlstal A
RSRP(Reference Signals Received Power) & RSSI(Received Signal Strength
Indicator)E HFE S % CQI (Channel Quality Indicator)E Y5 7]A| =9
HuUeEt dd7]olA ZHAE wHoewd cQle =2 JdYAE fgAlA
Hulga FAAE o™ CQIe R Jd9AsE A A HulFe
W2lolt), CSI-Reporte] JH 2= CQI ¥4t o}u]2} PMI(Precoding Matrix
Indicator), RI(Rank Indicator)s©¢] X3t%™ 7|22 o] FRE 7FX AL
7)o Al Scheduling(MCS =k~ Z7, Resource Block 7l Z74)&
A "k AA FAleA Fosk HES Sk CSI-Reports: &
oA ARk -S4l AlEdHolH e tiSAIARA HE Y AEE
AEel HEE Estimationdti= £ 5% A3k Pilot 213 9= oE
Mol ¥, 18t CSI-Report 57]+= Correlation Time¥} A8+
| Aol 7lgstth 7|4 WSl Correlation Time ©|% Correlation
DistanceE AFE-Al9] £E 2 Uy o024 dA ¥Hi= Zk(Correlation
Time = Correlation Distance/User Velocity)©]1l, FAlS X 3Y3k=
71l EAsHE AEd Fast Ade] yeA = B 7IAFAA
47 ® deleva Azehd °]3H7} ztA st
21 AlEYeIHe RS Subcarrier I HAE 2
Alg#olE oA e HZE #el 120kHz°ﬂ 23] &4 3] OFDM Symbol
709 71 & 63 o] Hal cPE F7IeH HW oF 0.01ms7F Hrh
71 OFDM Symbol?] AWrdel +%5 yehfe 18 629014 #|Ag
1709] SubframeWF-o= °F 1007H¢ OFDM Symbol®] ESI30A = 11,
ol= 1% 17¢9 A& YEbdrh 1719 Subframe® 717} 1ms 2=
4& 4712 Subframe Wit} F7]% S %2 CSI-ReportE HUlTA Hroh=
Scolt). whEba] oleof UrE  Correlation Distance$} AFE-AFS] £% ghs
do] B2 Ass wEolFH AA Ay kst w4 Ao Ads

B & A Eek

i
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OFDM Symbol Duration

Parameter / Numerlogy (u) 0 i 2 3 4
Subcarrier Spacing (Khz) 15 30 60 120 240
OFDM Symbol Duration (us) 66.67 33.33 16.67 8.33 4.17

[ 6] OFDM Symbol F7]

Radio Frame (10 ms)

Subframe (1 ms) Subframe (1 ms) Subframe (1 ms)

Slot (14 OFDM Symbos)

NIRRT

[Z2¥ 62] OFDM Symbol T%
ojZA4 NYU g AlE#elHE &8 U Wit e 3k
A AlEYOlH Y Agoe AA FIEHE FA ZEZAAE aEst
TEHAFel gl 54 &4 FA AlE#HCIHE =7 4
AHEAE 1 489 NYU AlE AlEd©lE GUIS ‘Spatial Consistency
Parameters’S ONA|AA A9 ks dol F7|9 3hd & G4 534
37 stollA EAstE CIRS AT 4 Sl o] $9] 342 Statistical
AEs &8 AASE AlEUCIHE TR HAEH sdstn
AAISE W8-S vy BECA MsstiE st

Subcarr]erAspacing =60~480 Khz

12 subcarriers / PRB
/\ ven .[\
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Al 6 & User Manual

WoREolx AQHE 56 B4 ARUIH: AHERbe] Aule] wet

s

@5 5G Simulator® F#& 344, EM Solver(Ray-tracing) S} & &

L=

w2 Tl Thsetm ZF AREHel el skl AEdith el
PEo|HE H7 374 & Uplink(E41717F &7 FA717F 71A]55) 9
AE Az AdPon, g4 M3s Sl oY AluEeE g0
7Fede ]fﬂ'r/}. 2 AJEY°]E = Window 11 X3= Window Server
2022 osoﬂfﬂ L_J‘jr AlEdolE ] 492 ¥ 633 #om, 7}

SystemParameter json

—

USER | ’
J) . '

solver_info jsen -
4 l / Input_Route json Simulator_JSON exe

channel_mtx_EMSclver.mat

4\

channel_mtx_5GStandalone.mat

[2% 63] 5G &4l A EdH°|H Interface 7%
<d 743>
SystemParameterjson: 7]+-21}Q1 -S4l AlE#OIH S vy dE
gtdef A&l Sloh dHEAQl Al A¥e] w}e}H] B (RF Component, Signal
#d gy, 280 AUl F5)E AT & Uth

"Noise { "DSP": {
T 290, b
“ParameterDefinition™: { k' 1.3806504e-23 'nDuc": 1,
) "nDdc”: 1
", ¥, A" {
systemparameter”: { "PALgait 0, }
“refR": 50, *PA_OIP3": 50, i
“nframes”: 1 Taoe "Scenario”: {
PANF": 10 "System":{
) "Sce™: 2,

*signalparameter": { o "Environment": 0,

ficiose). INAgan *: 0 "Distance’: 100
"scs™: 120e3, "LNA_OIP3"; 50, !

bt “LNA_OIP2": 50, 2

bl il INANF "5 "Antenna’: {

"Nsc™: 512, LT
“nPilote": 32, numTxAnt": 5,
"nactsc® 320, “numRxAnt"; 512,
5" 120e6, v:numexx“:. 32,
"nGuardsc ": 158, “numRxyy': 16,
"nZP": 2, theta_deg": 0,
"nPayloads": 1, "phi_deg ": 0,
"nPre": 36 "Beamforming_angle”: 0

13
"QAMmodulation™ {
"M 6

b

[Z29¥ 64] SystemParameter.json file 7%
53
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of AAE Ee SlolAM AR kv Eel theto] g g,

T st 2] Ef Ad
system_paramet refR reference impedance [Ohms]
er nframes %418l 312} 3= Frame 75
fc =4 ubr [Hzl
5C5 Subcarrier Spacing [Hz]
bw’ 21& BW [Hz]
Nsc Total Subcarrier 77
nPilots Pilot Subcarrier 77
nactsc Dataz} & Subcarrier2] i<
signalparameter fs AEe ok [H
(BWxHL.t} AHokgh
nGuardsc Guardband Subcarrier2] 7§
nZP Zero Padding Subcarriere] 7§
nPayloads FA8kaLAE Sk Symbele]
nPre Cyclic Prefixe] 7§
QAM Modulation M QAM Modulation Order
- T Noise Temperature [K]
RF 3 - =
Noise K Boltzmann Constant [J/K]
parameter PA_gain PA2| gain [dB]
PA PA_OIP3 PAS] OIF3 [dBm]
(LNASF %)) PA_OIPZ PA®| OIP2 [dBm]
PA_NF PA 2] noise figure [dB]
gain_conv Mixer gain [dB]
Mixer_NF Mixer2| noise figure [dB]
Mixer_1IP3 Mixer2| 1IP3 [dBm]
Mixer_1IP2 Mixer2| 1IP2 [dBm]
. IQ Mixer =3 Ale|2] phase difference
phase_imbalance
[deg]
Mixer . 10 Mixer #§2 Ato]e] gain difference
gain_imbalance
[dB]
. Suppression of the output alternate
sidesup )
sideband [dB]
RFRej RF to output rejection [dB]
LORej LO to output rejection [dB]
LORFIso LO to RF isolation [dB]
DsP DSP nDuc Oversampling Factor
parameter nDde Downsampling Factor
< Scenario Type »
0 : UMI (Urban Micra Cell)
Sce 1 : UMA Urban Macro Cell)
2 : RMA (Rural Macro Cell)
System 3 : InH (Indoor)
< Environment Type >
Environment 0 : LOS (Line of Sight)
1 : NLOS (None Line of Sight)
Distance Tx & Rx Antenna <+ A [m]
) numTxAnt Tx Antenna 7}
Scenario numRxAnt Rx Antenna 7§
Rx Antenna Plane?| gt FxF)ake]
numRxxx .
N
Rx Antenna Plane®| § =(z=)w3ke]
numRxyy .
\ i
Antenna elevation %39 Rx Antenna®| 9%
theta_deg
[degree]
. azimuth #%F €] Rx Antenna®] 9|3
phi_deg
[degree]
Beamforming_an
| e-ang Txell Al zakstarz st 2 e [degree]
e

[¥ 7] SystemParameter.json file 32}v]g 49
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solver_infojson: AF&x}7F Al E#o|A staxt st TRIAS
2 A &= molty Y BA AlEHolEe AL =
weko g Ezto] sH5Ed, Users} ofdlle] WAl Boxol EA] H
Raytracing &l 0= fHI A5 @5 56 A AlEdHo0]
s2etal, ¥ 15 d¥&E 4 EM Solver(Raytracing) &% 5G
AlEdlolE7F 8 HE

{

"Solver_settings": {
"MoM": 0,
"FDTD™: 0,
"FEM™: 0,

"PO": O,
"Raytracing™: 0,
"System_simulation™: 1

8%
X J
(¢} l'U?L'

oft T 3o
> N

}

[19¥ 65] solver_info.json file F-%

channel_mtx_EMSolvermat: EM  Solver(Raytracing) & &-g-3}of a2
Channel Matrix©] ™, ¥F=A] Simulator_JSON.exe 3} 3} 50| T ojof EM
Solver(Raytracing) €% 5G &4l A& oMol St g
ok AFE-#7} solver_infojson®] Raytracing @d&e 1S HolE 74
T E0] Hof 56 AlEHC|E | A &HT]

 RayPath_RXset1.fig | | RayPath_RXset2 fig | | RayPath_RXset3.fig |

Ray paths [TX to RXsat1] Ray paths [TX to RXset2] Ray paths [TX to RXset3]

w1 W e A% M8 4 8 W 19 1@ e

B D as am s 0w

X [m] X [m] X [m]
TX center point: (-130.8, -69.5, 1.7) [m] TX center point: (-130.8, -69.5, 1.7) [m] TX center point: (-130.8, -69.5, 1.7) [m]
RXsetl center position: (-25.5, 80.7, 5) [m] RXset2 center position: (241.8, 90.5, 5) [m] RXset3 center position: (99.5, -52, 5) [m]

1 | |
4 4 4

channel_mtx_RXset1.mat channel_mtx_RXset2.mat channel_mtx_RXset3.mat

[2¥ 66] AlUEe ¥ Raytracing® Z3 €& 34 242G HEHA)
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channel_mtx_5GStandalone.mat: NYU®|A 7]t zid A
ggato] A AE wjE=R X oig gdolw, o] = A=
Simulator_JSON.exe 343} 50| HoJof w5 56 FA Al&EdooA
THE Y FU-2> AFEA}7} solver_info.json®] Raytracing ¢l 0
HojE A aF0] Ho] 56 Al AlEdCIEe] A§ "rh 19 48%
B b & gl%o] User’/F 999 #k(Center Frequency, Bandwidth,
Scenario Type, Tx & Rx Antenna 7|5 5%5)= NYUS ¥ A]EdolE
Gulel d8&Els A5 Ad WE"EAE A=t Za3t 3 (Time Delay,
Received Power & Phase, AOD, AOA 5 5)= 3lld AE SWollA =g sttt
1%, 4 9L AdeEs A R Z=E Fd 56 A
EHlolHoA o7 st A MEHAR HasT= s AAA
A2 A 56 §4A AlEEolE o] AEHo] s ALt 2 shollA
A Aol HE AHd=EE e @

Input_Routejson: A AW 2712 json P2
2d8 7oz 77 A" AE WEZHAESY AEE AdAske
gdolth, BEE # ﬂo]‘?‘ﬂok AlEgelde] z F3EY. & A=
7zt 9 Ee] AR BE gds Y gde]l 7 sdEe EukE
A2 At Useri= Matlabs 59]7F4]  9kol: JSON 3Hd
TS EEl 56 AlEE°lH Controlo] 7Fsdtth FuE AR AAIA
backslash(\) thH4! slash(/)E AF&3to] EU Abole] ARE TE3fok
AlE g oo A 12]o] 7} sttt

st 279 A

9
=
=
=)
=

THEEQl System Parameter S&& 9% System Parameterjson ZtY2| FE2
{

":"C:/Users/THPARK/Desktop/TEST/SystemParameter.json”,
:"C:/Users/THPARK/Desktop/TEST/solver_info.json”,
":"C:/Users/THPARK/Desktop/TEST/channel_mtx_Raytracing.mat",
":"C:/Users/THPARK/Desktop/TEST/channel_mtx_5GStandalone.mat"

| l

5G Simulator7} 8 4dg Channel Matrix ZHYE2| A2

g age =

User2| Solver M= & 2|st olver info.json T2 A=

[Z2¥ 67] Input_Route.json F¢2 74 U M

56

98

i

g 1_'_” ©

)

1
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Simulator_JSON_exe: 5G Al&doly Adgude]l Hjxx wHEAo=R
tesgo® Aol E7lsstal shrloA] AxE AWE HHoAE

ol-g3ste] sHe WAL & Ut

{

"A""C:/Users/THPARK/Desktop/TESTBasicParameters.mat”,
"B":"C:/Users/THPARK/Desktop/TESTADirPDPInfo_CoPol.mat”

1

) BasicParameters.mat —

) DirPDPInfo_CoPolmat]  e— - J = L —] ﬂ

%) OmniPDPInfo_CoPol mat = - - g
Input_Route(Standalone) json getChannel  channel_mtx_5GStandalone.mat

Matrix.exe

}

[Z% 68] NYU AE A&l AHES T3 A WEHEE =& 3A

c. ol &A1l A¥E HEE Input_Route(Standalone).json®l] ¢

d.Command® Z¢] & A fEHAE T=Z317] 93 Exe Filed 8

e. A3Ystara}t = Exe 7Y Y} Input_Route(Standalone).json I+
e e i sl AR oY

Input_Route(Standalone) . json"

[Z1" 69] 5G A AlEHolHe ¥& AE WEHYA =&

f. Ad WEIAE TE317] $1% Exe Filed} 5Ys A=e A

HEFJ/\ =
g. solver_info.json®] Raytracing=0°= 274 &
SystemParameterjson®] Sce & Environment &+ bi}gelA] NYU
Channel SWell @ol W ghell 2A 4

(E5 E0°] User’} UMI&LOSES H.a1 Athd s whA o 4

Sce: 0 & Environment: 0= 4% ©]5%)
h. Input_Route.json®] H = &<l

(Input FileE9] S1tE A =E 9J9 &)
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i. Command® %1%

j. Simulator_JSON.exe o] Q1= $IX|= directory change

k. A&37 A} = Exe 39 Y Input_Routejson Y H-S EEst
e Hde Ax dY

(Input_Route.json file¢] ThE 7 2o iH HEE o] X&)

[2% 70] & 2% W4

L AlEeelAd 8, A5 A3 &<l

Scenario : UMi, Environment : LOS Scenario : InH, Envionment : NLOS
- EVM = 1.889622% , MSE = -34.459597 dB EVM = 1.739986% , MSE =-35.176182 dB
1.5 15 T T
i @ @ ® L] @ © -] ® 1 @ a © ] & ] @ ®
@ w L] e @ ® L] s ) -~ “ @ @ “ @ @
0.5r @ @ ® @ ® ® L] @ 05 ® » L ® L @ L] L]
Bl 5 € @ @ L] e ® @ ® ® ® 5 Sl 3
0 0
& @ © a (=3 © © @ ® e ® ® - © ® €
05 @ & @ @ > ® & 05 ® L a2 @ Y 3 @ ©
@ a ® € & & @ @ e » a @ &
ST ¢ " ® ' 8 @ ® 1 & a 5 ® & e @
1.5 -1.5
1.5 1 05 0 0.5 1 15 s 1 05 o 05 1 15

[Z% 71] HF 2%

o8



@ EM Solver(Raytracing) &3 5G Al&#| 0|8 AF&-H

EM Solver(Raytracing) &% 5G Al&E#HClH & WAL o5 56
AlgdEelH 5 WA vl sty EM &Y A AdES
wrolola AlE ol g FasHA k7] 918 Aol 7t A et

a. SystemParameterjson Y T35 &35 AFEAS] dhetvE WA

b. solver_info.json®] Raytracing=1°% A%

c.Input_Route.json®] A= &2l (InputFHLd =9 &vtE A= 4F)

d. Command®d %]

e. Simulator_JSON.exe 3}¥©] ¢li= $J X2 directory change

[28 72] A= (Directory) ¥H7 i
f. 233} 2} &= ExeFile ©] &%} Input_Routejson 3-S5 ¥3+

o ald Al Ax
(Input_Route.json 30| T A= QlotH HELE ZHA)

[23 73] & A3 492
g AlEdold 3, HF A7 gl

EM Solver Method : Raytracing
EVM = 1.657508% , MSE = -35.597980 dB

, ® ® ® “ e @ ®
@ ® e & & ® o
0.5 3 @ L] e & ] e @
® @ s ® @ o ®
ofr

e @ © ® 3 = )
on ® ® ) © o o o
® a 0 © @ & @
A ® @ 3 4] ® s @ &




AT7THE F

AN FE A

B =Ho|M= 56 mm-Wave 99 4 AsS
54& 1@ 56 MIMO 541 Al E 'S A|QHtr). Baseband -] RF
o] o]E27|7bA] AWAQA FA ZRAAE T3 hglom, thekdt
Al e s s FrI9lE 27k HHoE AEE Rty SAl
AfeolE e ol Flth o] delE AT SAolWA BAL o
T4 AE7A 18Tl Tl AlEUIEY A EE =3th
et cre A i E--E-
RMa = 2,InH=3 o= 5G Statistical (O
Los=0,NLOS=1 Simulator > Channel 7
"Scenario”: { ’ g E EEY S e
“System’ t G0 W4 o W9 &
L "Dlstance": 100 “ NYU NYUSIM o EVM=1.739.985°)-.MSE=>35.“7613’2¢B
) WIRELESS Method ' ~ : : : : _Z : :
System ) s
Simulator b R
; Ray-Tracing - Iiunr;isngtoime“: 13s
"Solver_settings": { Method (Both Case)
EM Solver Method : Raytracing
Em 82 Deterministic i o
) Simulator | > Channel ' =4 431}
| % solver7} M| £/% 1 4e4o] £|X] BFO B o [t o
SHEh Ztof wEt XS Ho 2 Al A T

15
s

[ 75] 5G %A A E# o8 HZ Interface Diagram

T AT AFRES EdstdAd M SRS T A
37kAloltr AR ARE H u 4l
7ol AA 2 ZRIHE AMESHE AREARS] HElde st
FEolth JSONeolgh= 3 FAs EEste] 2 ZEIHS AHES
Fou T2 IS ARESH] AlAE AIRRE A3 des Al
FEE KA Yotx Hrk ¥ auE 2RSS ARgsh] A3 F7
TFujet T g (Matlab)®e Q. FZEC] ik HAE AXE uE
I Q3kA] ol ARE EHES WU U A B3 A Aol 56
2 AlEEolHE ARl Slo] 7] A Rds Fantk &

dgd wdo IAZ yotstel 1 IAE IHIFY. 1 Ay B
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HAE Fsid, B
g

= TR Ty ARo] TlsstHAE R OLEAAR HjxE
=1 vt wlE] o] wZ$ 56 mm-Wavet]] &
2t

-
Eowe AREd E4E 2 4 As R
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Abstract

5G MIMO communication
simulator considering channel
characteristic

Taehee Park
Department of Electrical and Computer engineering
The Graduate School

Seoul National University

5G was commercialized in Korea for the first time in the world,
and as 5G mobile communication technology has recently developed,
efforts are being made to improve the performance level of
communication technology by grafting 5G technology to vehicles and
terminals. Nevertheless, while a commercial tool (REMCOM) exists
for radar systems, interpretation is limited for other applications such
as mobile communication in a 5G environment. A channel
representing a space existing between a transmitter and a receiver
1s a parameter that can influence communication performance, and in
particular, its value and importance are gradually emerging in that
most of the current communication is wireless.

Through the research presented in this paper, it can be extended
to various radio application system analysis through changing the
scenario (channel and flow chart) as well as the radar/communication
system. In addition, by building an analysis platform in a dynamic
environment, it has the advantage of being able to more realistically

simulate the actual operating environment. In this paper, we propose
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a communication simulator for 5G mm—Wave band, and the simulator
not only reflects the actual communication process and system
structure (Tx & Rx: reflects the latest base station and terminal
structure), but also complies with the standards stipulated by 3GPP.
In the case of the ‘MIMO 5G communication simulator considering the
channel characteristics’ presented in this paper, the development was
carried out using the existing QAMCOM Model and System Vue Tool
as reference models.

It is valuable in terms of overcoming the disadvantages of the tool
(adding MIMO function, enabling overall communication performance,
etc.). In addition, a format called JSON File is used to secure
differentiation from the existing development model so that the user
can use the simulator without directly accessing the code or without
professional knowledge of the code.

In the case of a channel model, which can be said to be one of the
most important factors in designing a 5G communication system,
modeling was conducted in two ways. First, a statistical method was
used to statistically simulate the entire channel by looking at the
trends and result values of the partial channels. In another way, a
deterministic method was used to accurately predict the propagation
of radio waves in a given environment based on physical theories.
The 5G communication simulator presented in this paper shows the
communication performance obtained under the channels modeled by
the two methods presented above. By looking at the result, the
appropriate values of the parameters (number of pilot subcarriers,
Tx transmission power, distance between Tx and Rx, etc.) that
determine the channel state can be identified according to the given
environment. That is, through the 5G communication simulator, the
user can check the communication performance under the desired
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scenario. And by analyzing this result value, not only can channel
parameter values suitable for the given environment be obtained, but
also communication performance can be checked through a parameter
called EVM (Error Vector Magnitude), which indicates the difference
between the signal actually sent from the Tx and the signal received

from the Rx.

Keywords: 5G, communication simulator, channel, MIMO
Student Number: 2021 —-25248
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