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3D non-stationary channel modeling and its space-time correlation
analysis for vehicle-to-vehicle communications

Yuan Lifen Zhang Heming He Yigang Liu Tao Shu Haixing

(School of Electrical Engineering and Automation, Hefei University of Technology, Hefei 230009, China)

Abstract: Aiming at the non-stationary characteristics of the wireless transmission scene of vehicle-to-vehicle (V2V) communication
system and the non-independent characteristics of elevation angles (EAs) and azimuth angles ( AAs) in the three-dimensional (3D)
wireless transmission, a novel 3D regular-shaped geometry-based stochastic reference model and the corresponding simulation model for
vehicle-to-vehicle (V2V) channels were proposed. In order to describe the non-stationary of the channel, the multiple-time-varying
parameters caused by the transceiver vehicle moving in any direction and speed have been added in the proposed model. Some of the
statistical characteristics of the model are derived for the case that the EAs and AAs Angle spectrum obey the joint distribution of von
mises fisher (VMF), and the effects of vehicle driving environment, non-stationarities and the driving state at the receiving and
transmitting terminals on the space-time correlation function of the channel are investigated in depth. Simulation results show that the
proposed channel model can capture the influence of vehicle driving direction changes on the space-time correlation of the channel, the
theoretical value of Doppler power spectral density ( DPSD) is basically consistent with the measured value, and the statistical
characteristics of the simulation model and the reference model are highly fitted, it demonstrates not only the utility of simulation models
but also the correctness of the theoretical derivations and simulations.

Keywords : vehicle-to-vehicle communication; regular-shaped geometry-based stochastic model; non-stationary; statistical characteristics

R RN BR 47 A (g e & F2 1Y 4248 (vehicle to vehicle,
V2V) il g B ATE R A 18U 4 Rkl R 4%
SR TN, T V2V B RE NI AT
B2 45T A Gth-generation, 5C) B Al (3NN 5 T AT (30 O AFOG 3 B, 2t 2 B B

0 5

il

W ks B . 2021-04-23 Received Date: 2021-04-23
* BT H KB RB AL SR B4 IF KT H (2016YFF0102200) | [ 5¢ B SR Bl 2 56 4 i T H (51637004 ) | B 5 H SR B2 3 4 B gh Il H
(51777050) B 5 Fi e mF o S0 H (41402040301 ) % Bl



513

SRR G AR T A RS AR R PR T <71 -

G SHOHFE R W ) — A A 2T B, MIMO R 38
TR RO FH 22 12 A% 1 AT B2 o B i ) S 1 AR BSOHE 1%
HIEV2VIEFPZA T REY . T V2VEER
GEh B R R BERAIR, HLAR 5 & 326 3 A0 2 WS o R AL T PR
S F AR XA A5 1% 58 1 [ 52 X A% 3 ( fixed-to-
mobile, F2M ) 1455 JC 26 5 1B A JC vk T V2V i
15 RGBT AT A, PRI ) S R 6% o 0 4 3R 3 15 1 55
FRAEAME B AR ER V2V (AR 2 e H 2

JUAA] B ML A% 33 A5 ( geometry-based stochastic model
GBSM ) & T 1% 5 1 e A s 43t 3 o JC DX iy JL AT
ARFNG TE RO R A e S ani ok e e Bt 5 R
TEPERI R, ARGEAT RS AR 5 43 A 7E BRI LA T AR
b, GBSM AJ LA — 2543 S H 00 T AT ) Bt AL A4 A5E A (RS-
GBSM) FIIE LI JLAAT 9 BE LA A (1S-GBSM) 7!, i F
RS-GBSM 4y B i SCTfy EL 34 T SE 3+ i 4 23 #r , 9%
Tz T V2V {5 T8 AR U B HAS i R 0 g3 B S
HR[ 8 T BT XS A% 1w [m] P4 BRI, $8 ) — Fofr oy O [B2] B 701 48 [52]
21 1 — 4k (two-dimensional , 2D) RS-GBSM, WF 5% T 7£
AN 3 2 BE T A B e iR Pk, SR [ 9-10 ] 7E 3¢
HR[ 8 ] AL b5 | ARFARR 1 S G Ay B A B AT Y 2D
PRI & 2 = 4k ( three-dimensional , 3D) Y1, 3 0F5E T
BRI b AN £ X5 TR R . b3 SCRROR R
T LFFa (wide-sense stationary, WSS) W{E %, i
W12 45 R WSS fBise HAE R % 1 I a] [R] f& (ms 21)
PSSR EE WSS R TE V2V e AN

A SCHRAE AR rp 20 T V2V (F B A AR R R
PECIOT L SCHRT 13 ] ZE AR v 2 T {5 I A R E ik
BT AR R B —Fh 2 D BRI E R AT | I
AR TE R AR 28 IS AR OGRS SCHR 14 1l 5T AR5
BT AR AN EIA Ay B0 I A8 23 A1 eR B, P AL BE 1 2D WSS XL
WY 2 2 D 3BT AR (non-wide-sense stationary ,
non-WSS) A5 AY s SCHR [ 15 ] 7 SCHR[ 8] iy KL Al 1% & T
EAs BYRAR B | 2 H—FF 3D non-WSS %= % {5 18 45 5l |
B BRI A5 5 Wi 42 0 HRE DA TR) 1) =0 i) 47 35 3¢
BR[ 16 ] 48 s —FF5 K3k st K 8- J7 1) # 2y | F208e s vl
WEETT MBS 3D V2V {5 B RA K55 10k 224
1 S T S B0 R S AR R B AR R S R AR R R I
WS 155 HM0m Iz 3 )5 o) 65 TR

SCHR[15-16] Tt 3 D BERLAE % 18 P15 5 W0k iz
B AR A ERXS s ZpRAS AT 1 BRI B
Z /DRI i HH Y — i 1 R E 7 AT, B2 1K
SRS BN TEGE TR PR A 5 e 1A R S R TR R
We A g TR 1A B8 4 B 2 40 2 Y A 3 1w ds 3l 5 e b
A A non-WSS A5OSR P A R S A B AR R ok
ZT0 {5 38 A AP AT T SCHR[ 17-18 ] B {5 1B 13k
Hr K 5 BA —E RIS TR AH G

BT BRI HT N T RERS EIMAMERA I ik V2V R IE
PR AR SCHR M — ol B 1 KL DU L AR ) 5 28 = 2 R~
o V2V (51 S B AR K AR N (4 0 B AY A LT SCik
[15-16 | AN HERRIE S A i (Y 12 SRS  FEB A rp 2% 8
PR S A AT 2 5 e R B 32 S T | ) A
P A AR A B R AR ST KO, AR R AR TR e R X
iz g A LA 56 R BLIS, &F XTI A0 fA ( elevation angles,
EAs) Fl7K £ ( azimuth angles, AAs) MR VMF BE& 554
HYTEIEHE S TR A I 2R S8 T4 e, 60 456 ) ) AH G e
0 (time auto-correlation function, TACF) %5 [6] H.4H 5% MR
K ( space cross-correlation function, SCCF) Iy B e
J& %5 & ( Doppler power spectral density, DPSD) . #t/5 , A%
SCHRABEGE T A58 BT R | 230 ) A T 3l R 45 4
595 9 B AT YIRS X5 8 e TR PE 19 52 i, DPSD B
53CHRT 19-20 ] SEINE Y BEAS— B f BB AL 5 S 5 Y
GETARRIE 1 e BE AU B 2 W AR SCRf RO FH T v 2
I T A 1 PR A 3 A b B B T IS S Y IE A
PERPIT A 1 S A . A SCHFSE AT T V2V R &
B PERE BT, R T V2V (5 1 IR 5 4 Mk

1 =#9EFFE V2V SEER

1.1 EipEE

LB V2V RAFERE R 1 FR A RBORR A
TE S L RS Sl BICR 1A  % 300 1) w5 2 IR A T A A
ARSCHEH A AETAR V2V 5 TS TR SR 5 1 R U] JLAeT £
%*ﬂ@@*ﬁﬁ(ﬁ%ﬁﬁiﬁ%( transmitter, T, ) I UL it
(receiver, Ry) Z [ ZRE#HH1H, L& F S EHKEH
PL(LOS) %42 BBk I 5F (SB, .SB, .SB, ) B&4% Fl WLk S
SF(DB) M AR M = 4R FR Vv fFaE AR K 2.3
F7R o

B 1 S2br V2V il (EE%g

Fig. 1 Actual V2V communication transmission scenario
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Fig.2 3D Non-stationary V2V channel model proposed in
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Fig.3  Top view of the 3D non-stationary V2V channel model
proposed in this paper and its non-stationary
characteristics (including Double-bounced rays

and single-bounced rays SB, SB,)

T LR e B 2 A{E S LOS 4 AR A
WS ARSI (SB,) A3 R BEAR IR RLEENIR] 3 (524k) WiE S
MBS Bk S (SB, (SB, ) 73 fE AR A DB i B AR
ALY e B 0 R AN IO R 32 S A1 I 55 Y SR R
RSO 259555 1 3 D IR RAE ; B g MU 14 32
BEONIRGEAE Ty Sl Ry i fi] Bl )3 3 2240, i AR EE T
I 25 HR AU R 1 2 BE T DL 20 2 D BUR R A R
fiE, T, M T, 7351378 Ty Sfls P ASFISS PSR R,
FIR, 53510 Ry Sif2E g MRS ¢/ DR, RIRAEEE
H Ry, IR EA N, o DABEEIE, S 0y o) () )=
1,2, N, o) ) NBUHART LLZR g ST AR FE y 2f 1)
WRBAE LA N, DA 26 ny(ny=1,2, -, N;) D
BT IR S, 18 2 .3 S HUR Hoe LNk 1
PR o WM, %5 BB SCPR R AR B | 4 B R B LA B 4 4 ]
MR BE B Z R/ NG R AT LUE AR D>max | R,
R,} .min{R, R, a—f}>max{8,,6,1 """,

x1 BE2F3IMNSHEN
Table 1 Parameter definitions are shown in Fig. 2 and 3

D Fil%e Ty il Ry [ ERIER]LC ] (A £5E)
Ry Ry %8 Ty F1 Ry (R
af DR R R
8,8, Ty 1 Ry AYRZHIT/aE
0, .0, Ty I Ry 1RSI K- £
Vi Vi Ty Fl Ry Bl B
VsiVss [Hl%e Ty A Ry 3R E A BOHARS 2k
Y Yr Ty Al Ry BIE3IJ5 1A
Ys1Ys2 %8 Ty M1 Ry B3R L AGHEHAR 87 1
oo Ty 3] 8" Bk F- 85I £ (AAOD) Fil S 5| Ry
T 7K 3548 (AAOA)
- Ty 2183 W B IFIR A (EAOD) A1 50" 51
Br Br Ry 9535500/ (EAOA)
k05 oS LOS 434ty AAOD F1 AAOA

(Tp,R,) (Tp, 8" ) (81D R,)) TAIIAIHE RS
(801 Sy (T, 0) (8", 0,) . (0,
S il Yy B

Epg ~Epni ~Eri

iq >
Entm2 8 En1 En2

1.2 FEFREHTSH

R TR V2V FE TR AERERIL S AR SR 1 —Fh
55 B 6 R WAL m T AT B R i Bl i R R
V2V (IR I HON RS sl B A A 5 0ok
Uiy A% 297 3 B A — 3, AR L T SRR 15-16 ] BE G i T 52 bR
WET, B3 MENIIRIEE R D, i {55 & 6 Azl
Ui 43 LA EE V, TV, Uy, By, 7 04T B — B[] ¢
J& =4k V2V [FIERR ORI (8] 3 B k) A EE TR
PEE, 15 5 W& 20 4 18] /9 BB D R AR R B IR ¢ YRR
%ZDU) :

D(t) =

(Vp)? + [d(1) 17 = 2(V,)d(t)cos(y, —X) (1)
AHRL R B AR BRSBTS R a ()= D(t) ~ky/2,
A (1) H X =arccos | [d(1)*+(D,)*-2( VRZ)2 < d(t) -
Dy1/[2 Dy~ d(t) ]} ko FIWRBAT RS TR 152 22500 28 1) 51
BUE, d (1) = [(Dy)* + (Vp)? = 2D, = (Vgt)
cos(y,) 170 ARHESCHRL 21 ] 1l & B3l & 4521 3icl K
N5z BB ASFE B D (¢) 52 2 3 76 7% 2l 42 4 5] Bl 2L
F R ASHU AR = ST K NP S5 B A O &R ] LU
FoRm o,
{5. 10 = 0.0102,D(t) D(t) < 1152m 2)
- 1.19 = 0.0004D (1) ,D(t) = 1152m
WAEZ B — PR B S B9 B4 M, R4
KIEPATOH M, D R ICH MIMO 15 R4, H
RV FIE T IR —A M <M, WFERE H (t,0')= [ h,
(t,t") Vs FEH Ry (eyt") AN T B9 5S p AR ZEE
Ry Ui 5 g MR Z IR whion 1, W DA Ay ks i)
N LOS 435 \SB 43 it Al DB 431 i & il «




513

AR AR AR A T R R S - A SRR S <73 -

I
< SB.
hy, (t,6") = hi>(e,t) + hpP(e,e') + 3 b (2,t)
i=1

(3)
H &3R5 iR N
. k(t) g (I
hL()b ¢ tr — Vel e S JLOS 4
D= [t (4)
. MNse
B ;
h,'(t,t") =
'"’( o) k() +1
N; 1 - f(é',mi,niu) it
Vi T12T) N /SB
lim 2 T e e ' (5)
N n =1 /N,
NN
Moe g 1
R2(e,t") = | lim .
Pq ’ k(l) + 1V Ny ”12:] "22:1 /NINz
Epn . +£n] ,772+£n2q
i () ejwn] 2 eﬂ’"'fns (6)

Koo o, FAE Ry 3x10°, LI A - f, = ;A kD
Wk sf, FEDAR ;1= 3; K AT IN T 9 HEHRL
R AE AR R, AT B A S HAE -7, ) B
Boyhtise, e, (i=1,2,3) &, .8,,,, TMNFERKL p
FIRLR g HERG K2 p SIBOIR S UK 7 81K
g B USRS BB S BB f s S
Son S0 LOS 434t SB, 43 it DB 43 i 1Y 225 AR5
DIREEL g A, 43 BVRRE (5 0045 Pk S S 40
FIRUB S 5 i % S TR 1/ (k(r) +1) B DIk, ELiw 2
My Fmn P g+ = 1, 0 3 XF D) 3R 28 K004 1y WO {1 R 4
A Aot A0 B S P A i, AT BT LR AE 78 R [l 3
N RE TR,

TR D () MBS, 78 WSS i T B ZE /Y
FEES & ZE- M £ DL o BOAFIEE MY E LNk
1) A5 75 A AL 1 s 78 S0, AR SO A AR v 1) T ] 2%
AR AR SR, T =M R BRI I G R
(sinx=x,cosx=~1) , % T LOS /38, H L3 845 5% Ft
AR ERR R

Jros =Smeos(ar” = y,) + frcos(e” =v,)  (7)

g, (1) = D(t) = k,5,co80, + kb cos0, (8)

A £ = Vo/ A Sy =Ve/A 535900 Ty F Ry 12 3 Fr
FIEMBRRZE MK o =0, =5k, =0.5M,~
0.5-p,k,=0.5M,=0.5-q;8, .8, 5390 T, Fl Ry HIRLL
HITRIER; 0, .0, 43N Ty A1 R, B9 R RS KA

XF{E S SB, /&A1 SB, Jr, KT SCHk[ 9] 4%
BRI AR SC R BATR ST AAOA Fil AAOD &
ARSI FHEE AT AR R

(ny)

oz;{"l)(t) ~ T —Yi)sin(a,r”' ) )
(n) Ry )
o (1) = " sin(al?)

D(t)

L5 260 SB o) ANk IS 20 RS/, ) (1)
SRR KIE &, (1) ATLAN IR

fssl(z> = fracos(a;' = y,) = ficos(ay' = y,) +
meC‘)S(a;](t) = Yr) —ﬁlcos(azl(t) ~Ya)
fsz}z(l) :meCOS<a;2

(10)
~Yr) —ﬂ,zcos(a;z —Y.) *

Frmeos(ay' (1) =y,) = focos(a,' (1) = v,) (11)
gmnuz)(t) ~ Ry ~ kmwaT(R)COS(a"ri(Rz)) =0 +
Eﬂuz)(t) = Ky Oreny COS(O‘;E(;))U) = Orcry) (12)

KoV, Vs, R EISE T, R Ry [RIFA AR 2h
B sy, vy, ST EEISE T, ARy BISA E AR 2h
)5 fs, =V /A Sy = Vo /A 53500 R A5 2 RN 2 326 i J]
Bl EUCH R RS sh i g | i 1 25 S s e, (1) Le,, (1) 57
B RHCG A SUY B Ry O Y B AR BE BSOS IR
SUPFE] T vy H L 1 B AR B BT AR i 4y 5% 0 B AT DL R
A
ne (1) =
D(t)* + Ry = 2D(1) Ry cos(ay(d) (13)
XFAF 5 1) SB, 43 i, R S AR 9 AAOA 5
AAOD EAOA 5 EAOD 4335 R AN R £ .

g(a),0 < a; < ¢,

ap (1) = g(ag) +m,b, < af <27 -¢, (14)
g(a?) +2w, 27 - ¢, < aZS < 2
b’ an(87
B’;B(t) — (t>t (BR >” :
2a(1) (a(t) +f(1)cos(e’)) —b°(1)
(15)

K g(a)=arctan { [ (kl=1) - sinay ]/[ 2k, + (ki +1)
cosa:f] b kg = a/f A W06 15 A RS T 0 T 50 R 4 180 B 1
¢, =m—arctan| (k(zj—l)/(ZkO) 1:0° () =a’(v) = () A
[T 2 el AR IR A b %) JLAT 5G 3R DA B = pRER
EI, L5 (14) (15),SB, J 4 (9 I8 728 22 35 3y 431 7%
Sz (0) TN BRARACE & (1) ATRARIR N

fan, (1) = fracos(ar’ (1) =) cos(B (1)) +

Swneos(ay’ =) cos(By) (16)
SMHB(l) = gm_;(l) + gw(z) ~
m - k]ﬁTcos(alf(Z) - GT)COSB;S(t) +
Le(®) -k& cos(otﬂ3 -0 )(‘,05,8”3 (17)
4Or R R R

cosBy
AL, ()= [67(1) 1/[ale) /(1) cosa |, h =L tanB, N
HHARS B 1, = 2a1,,

RSB DB 43, H % SR 5 I A8 K 72
JE RS LR N



- 74 - LSRR R e o

5536 4%

Sow =meCOS(a;l - Yr) _fslcos(anrl - Y. *
Srncos(a = v,) = focos(ag = v.,) (18)

31,(1'”]'"2(0 =D(t) - Rycosa, + R,cosa; +
R, - kp‘o‘Tcos(a;] -6, +R; - kq‘o‘Rcos(oz;2 -0, (19)
1.3 SEEBRHETHHEXRE

HY TR 4 o7 B TR 2 1Y, R (3) Y
£ RSB RS B B 0 ST BE AL AR Bt (FR Y U 5L
NV, Ny N Nyvoo I, BSHEG £8 BERLASRE o Bl
(i=1,2,3) WIAT L i 25 5 A B4 A, il 55 22 AR X Y
LS RE a)fly Bl (1= 1,2,3) AR, BAR L 2
(3) R —NHATLFF R E IR AT LIS H R
A AT T V2V Sl AE RE R o S ot W Sl
—NHAT G AR 2 LA R S

XM o (o, B TEGE (S 51 SB, Hil SB, 43
T K A% HR , A< SO Von Mises 4371 ik
o T ol 1A, FRER B BN

kcos(oﬁao)

e

fule) = 2ml, (k)
Kfia, e [ —m,m) AAEREET W5 1,(. ) HEHILFE
IREREL b Sl A B AR v T A(E D I FR B B S8, Yk =
O I Af BESA S I 43 BOEE A1 T, BRI AA B2 IR 34 20 3 A
R kARG K, #A BE 09 43 A1 5 1o AWl BME o, Ab 5
o S A I TR R A . A SO gy 1R agy”
WA EERIE, F k) AR oY PR EE IS4

X}F SB, Ari AR B BIA M o R BT, B Y A
FRELFCR AT o BRI Von Mises 237 , IFAN A AR
RO AR B A 5% A0 A, EL R 3 AR FEAE L T (BT R
B, X MIMO 38 {5 H =45 17 L 09 /K7 5000/ 2
H—EAHRAED ) ARCRH VMF 5307 Sk R 4E o) AN
B (B A AR B A AT

k[ cosBycosBeos(a—ag) +sinBysinB]
kcosB - e

fupleasB) = 4asinh (k) (21)

AXHia,qpe[-w,m),B8,8,e [ —1/2,7/2) ,a, Fl B, 53
SMRFIK A o FVREAII A7 B 10 11 BE XA, & Ry 2 1) 01 2
BT I MBREN SR AU« B RE
o) B WA BEME, kS ARG ) 1By
FEEM S,

R T WG A5 18 A [R5 65 [B) 26 ) AR 4 [ L g 36
FAVEAL ST SRR PR S T R ) 45 ]
CCF \Iof[8] ACF #1 DPSD, AE =M AN AR whb i 52 A, (1,
) F Ry (e, ) 2SI RH G BT AR RN

Pi i, (Or:0st,T) = ELA, (1,0 )Ry (2,07 = T) ]

(22)
KL () "REERGEERTSE[ - [RERGEIHHE

(20)

BEEF, BTSN ) LOS i SB i DL &
DB 3 A e AH B ST 9 2 v B ad A PRtk = (22) mT LA
FOR NS - OC R B

Pi iy (Ors00s1,T) = p,’;jjf,',,,,q,( 8y ,8p,1,T) +

Yo (31,80,0,7) 49l (8,,6,.,7) (23)

1 FEC RS B kT T0 g5, B nT DL A R ) i
S REALAE S HAE R A B R ROR M B LA i, X
TA5 5/ SB, 70t , HE A2 A AAOA Fil EAOA IR\ VMF
o3 H0(5) L (16) L (17) ARA(22) RIAT 5 2 (5 5
SB, 4ty 24s A R G R

58, Nss,

N T) = .
phwhp,(/,(sTvsRat, ) k(t) +1

N
1 & B, SBy Nsp

lim — E[ew () +H (1)) J — .

3T N;/zl E(t) +1

3

T (72 SBy SB3 SB, _SB SB, . _SB
[ ] ooy e da g (24)

-7 —m/2

¢ (1) = 2m %[ (p' = p)dyeos(ay (1) = 6,) -

cosBy (1) + (g' = q)8cos(ay” = O, )cosB, "] (25)

H" (1) =2 T f,, (1) (26)
Xf,, (e B ) N o 1B AN VMF B A

XF{5 5/ LOS.SB, .SB, il DB 43, H i 2 i
Y5 SB, 323 — B AH G eR B[R] 4 507 72, ROl A58 &
TR as — i) AH G PR R TR 20, #50(5) L (8) . (9) fRA
(22) BIAT1H 245 5 LOS 431 Al 55 — B AH G pR B e 1k
A H(5) . (10) L (12) FA(5) L (1) (12) Fr AR A
X (22) RIAI1R2I(5 5 SB, 20 Fl SB, J3 i (125 — A AH 56
PREFA I R (6) L (18) L (19) FRAZ(22) BT AT 45 2]
55 DB 4y 28 - I A DG pR AR A

M4 S5 IR 1) 23 I AH 56 R BICHR 19 R 26 PG [R] R
8,8, 0 0 B, AT LIAS 2 S 2 BRI B[] ACF 5 X4 425 1)
AF & R B B IR ) B 7oA O IRF, AT RAAS 32 2 4500 () 23
1] CCF, XTHTE] ACF = B p 28 46 B ] 45 5] 2 2% A5 70
) DPSD .

Sh=[ p, (00.07) e TdT  (27)

2 {FE&RE

SRR BARAE T X 8 1 e Rt AT 4, 1B
HHATICTS RIS A0 BE 0 i = O B S A 5 &
GENJETCIESE I, A T8 —A AT AR SEPRid 5 R 5T
PRI FHT T A 2R | 5 0 i s BB PR ) SRR Y
IR A B A B TR R B 5 S 5 BRI X 1



513

AR AR AR A T R R S - A SRR S 75 -

FRP7 FLASERL | BEASTE DA 50 s 1 NS B8 10 [ I J 35 e A1
HRMEIRE,

SCHR[ 24 % LA B BE S 80T B0 R T T 4
FILCAL , S 2038 Bl A0 B Joe V2 AR 5 5 A6 4% 1) [ P 5%
PR EAEAR A ) RV SR N A B BOR BT R 2
L, JWEO5 BRI T T %A 5001 HoA B m i 0 5ORS
JE AHH T #E I R, TR AR J& HAB T5 2 1 5 | 9 10
FEL b i A8 T AR AN OGE ] T2 R 250, 1 HoA
2 e ) VBN R R LA 477 TS ] DR AR SCR 45 T
BULIE T S AU e

n, = /4 o
vl

flay yday " in, = 1,2, N,

5B,
[¢3 -
o

n, — 1/4 a . o
N =J532 f(aRZ)daRZ’nz = 1’2’...’]\/2
2 aRO -

(28)
AN, o, I EIZEAE Ty (Ry) JAI R BR E B A%
Ry e KA FLURE AL SR oy BRI AT AR B V) A
AAOD(AAOA) fHEAE o) () o
IREY 3 B TR Tk S T 4R E R A
FESY A, T AR o A1 By HA A E HLA: A 75 =4
17 b, PR TG Al 3 5 b AT £ S R SR A, A SC
FJH MEV BEXA B o Bl B2 HEATIEA SRR .

ny, = /4 apen w,
:J’SBW f'533<a1e-)dak sy = 1’2"“,N3

N% ap “-m AR
N 0

n, — 1/4 BI;SHT sB SB
N _J‘ﬁﬂ‘g,ﬁfg533(ﬁRS)dﬂRa’nS =1,2,,N,
StV MR L 691 25 BOH AR s fa ™ (o)
BB ) S VMF BB o A 1 100 Gk AR 3 2% T pR A, T
TSR A FERN AT A B4R 20 N, ST EAE o R By .

3 HEZRSHMW

ST HE S RGBS, 1 MATLAB ${H {5 B
WFFEARIE B vh 42300 8 B A5 5 W K o A s D o) IS
PARAT Bl 2 SOV T 25— AR DG RR R A8 S0 , 43
K Z 0% EAs 5 AAs AHOCHEXT 25 [H] CCF & By s2 i , 5
J i 3 5 SR ORI UE SR H S A
HVE 0T B S A RO A H KL
SRR %3 [A] CCF MBI ACF 4G HAR, ¥ 05k 22
A E A R BB B A ST, B R e S0k
BWFR .M, =M,=2,f=5.9 GHz,k,=1.33,R, =R, =15
m,D,=1000 m,0,=0,=m/4,a)) =21.7°, ajp’ =147. 8°,
a?=171.6° 8,0 =31.6°,

3.1 SEEREEEXFED

G R R] 53 X V2V A5 R RY N7 oA R Y
SR E R, SO 14 ] DIHUIF R 2 B AT 5
1o [} PR SR BR RS V2V IS 3 557 47 R 0 AT 58 AN [) 1
SPEREE T SRR ER AR IS 4 08 15 A R rh LR
ANFTBEHR B ELIE A9 4 18] [R) 1 37 5, 1 S I Y 4 ik
V2V Sl {5 1Y B SR BR B, A SCfE T 42 3% BE (vehicle
traffic density, VTD) Xl {55174, VID J& v2v
WMEY S REA IS, = 450 % BE (high vehicle traffic
density, HVTD) K 4 % % (low vehicle traffic density,
LVTD) Pifhism oS 80n € 2" s,

*x2 ARE VID ZEHXESE

Table 2 Key parameters of different scenarios

VTD MsB1 Msp2 MsB3 Mpp k;Bl k}sesz k}?ﬁ
HVTD 0.126 0.126 0.063 0.685 0.6 1.3 11.5
LVTD 0.335 0.203 0.411 0.051 9.6 3.6 11.5

HVTD #1 LVTD 35 T 898 [ ACF W&l 4 F1 5 i
o MIE 4 5 FTLUE B, 15 8 A B A] ACF 2B R ] ¢ 1
KRR 3X R B AR ST AR TR R LA AUL( I A B E R
AR R R, X R 4 FI S AT LK R, A I
V2V {58 AR ACF 520 3%, ¢ HVTD 35 i ] ACF
BT ) P9 72 Ak B i BH I, 3 R R A 7R SE B V2V SR R,
B R VTD 42370 206 o &l 35 )47 18 AR AR A % |, i 7
W ATREAEE T, W AT IA R V2V (5 IE LT WSS {5
M, MRS REW I LVID WG AEEm
IfE] ACF, HJF I ZE T LVID 35 T BA H £ 1 LOS 43
it E BRI KR Z e,

I ) & AH 5% R L ACF
o =

(=}

N
0.025 ™~
g

75

“%\XT’S

K4 SR T BfEE I E] ARG R R (v, =y, =7/4,

Ve=Vs2=T/6,V,=V,=29 m/s,Vy, =V, =0 m/s)

Fig.4 Time ACF of the channel under high vehicle traffic
density (y,=7ys, =m/4,yx=7Ys,=T/6,
Vi=Ve=29 m/s, Vg, =V, =0 m/s)

G OIS 5 ARG EE B D, T, AFF AR
PEXT I ] ACF POSZIR AN 6 FTR , S804 R WIAR L
TR BRI | 5 W) bR IR 2 B0 5 T A 4 SRR Y
R TR] [ R DG, 3 38 R 3 WM F 15 5 76 B[] ] B P EL A



- 76 - LSRR R e o

536 %

e

Q

<

&

=

0.

z

o

=

£

ok

S 10
0.025 % 8

g 1
@’f%@}/ 00507 2 wWRIE

K5 ARG T A EIE I ) [ ARG R (v, =y, =7/4,
Ve =Vs2=T/6,V, =V, =29 m/s, Vs, =V;,=0 m/s)
Fig.5 Time ACF of the channel under low vehicle traffic
density (y, =ys, =nm/4,y, =75, =T1/6,

Vi=V,e=29 m/s, Vg, =V, =0 m/s)

o BROARMLLEE 5 U, {5 B I H] ACF BEE I ¢ RORERL 1T
ANBE AR, 1X 5 SCHR [ 7 ) 95256 B AR — 2, S0k 1 Pt
BB T ARV Ra R P 2 i 5 B 5 OAME A T B 2,
Bl AT A i 00 3 B g ) A, DR IR 72 A P 5 00 B 1]
ACF HYZEAL 2558, 1 BRI 5 ORI A 126 S £ )

U R T | 15 T 52 AP AR B0 2 i O 2

1.0
0.8 1 ¥
0.6

04r

Fist &) [ AH 9% BR $CACF

0.2

0

0.01 0.02 0.03 0.04 0.05
i 1] [0 8% 77/

Ko ARWILGEE R T FE AR PEE XS ] ACF (520
(HVTD,y, =y, =n/4,y, =75, =7/6,
V,=V,=29 m/s,Vy, =V, =0 m/s)
Fig. 6 Influence of channel non-stationarity on time
ACF at different initial distances

TEANTR] S 220 B R B 2l 3 B2 XTI 3] ACF B 52 1)
W 7 B, DF HE SRR, B sh UM R 51551k
R i Bl T R RRAZE T (5 T 4 B ] 19 R DG P e 5 > ] R
BIHAE IS (V, =V, =0 m/s) , I 545 5 10k 424
R T 3 22 TR B B R, AR 19 F R OGP 55 5 2 A% S I
SIE SO F R X R (Vg =V, =29 m/s) {5
TE B F A PR R, X i I A D DR A T 0 I DR S AR
FE SR A3 AR X 32 gl 7 A 10 22 35 8RS o 0,
PR s 3 R R 2 RS BN, LR TS

IE AT LUGRRFRSGR 9 FARSCE . iE— 28 0 AN TR] I 20 i
SPPPRIERE XTI (] ACF YRR ( U 1=0s.0=5s ), K
LA ) (BT AN [RI 220 B I ) ACF S8 2 H X2

K g 235 2 5 A 4 i 4 0 A —
SR BT R
1.04
—V\M;O m/s,t=0 s
\ A Voo =0m/s=5s
B I N — Vo 20 m/s,=0 s
S() + V\1(2)—20 m/s,t=5's
= o6l 9 V=29 mfsi=0's
E . | R o VW) 29 m/s,t=5's
i
ﬁ 0.4
B
=
021

0.01 0.02 0.03 0.04 0.05
e} 18] R B 7/

F7 HUNRRS Sl BEXS IREE] ACF fY52 0
(HVID,y;=vs, =Yg =52 =7/4,V, = V=29 n/s)
Fig.7 The Influence of scatters moving velocity on time ACF

(HVTD, y;=ys, =y =Ys, =m/4, Vp= V=29 m/s)

3.2 SEERITEEXFEST

23 [A]AH AR 52 M 45 3 A5 RGP B IR S R 5 M 1L
FUEIE 2 R E B b, L BT X 25 18] A0 56 2 4 1 40
FEXT V2V G REMEITEXLEE . HVTD Al LVID ¥
FRMZS ] CCF ik 8 719 s, IfESREN, 5
LVTD ¥4t , 78 HVTD %RTEJEH’J S [A] CCF Fifi R
2R B TT ] PR AR A T R 21, X 5% 5 5 R T ] ACF
PG5, XERE A E S V2V il {5+, HVTD ffi {5
T ELA AT /N ] ACK , {HL[R] Asf 4, 23 77 DR 51K 1) 4 [
CCF , AT ELA7 B e (9 25 [ 43 A2 48 25 e ), R X 1 0 2
UL P A P55 AR R 5 223 ] e 43 B 2 5 (R /2
AT,

Ju—
[ =4

0.5

2% 1) LA X B B CCF

&1 8 e R I 2 T AR T 2 ) HAH DG RR AL (y, =y, = /4,
Ve =Y, =/6,V, =V, =29 m/s, Vs, =V, =0 m/s)
Fig. 8 Space CCF of the channel under high vehicle traffic
Density (y,=vg, =T/4,y,=vs,=7/0,
V,=V,=29 m/s,Vy, =V, =0 m/s)



513

AR AR AR A T R R S - A SRR S =77 -

22 R HLAH R R $CCF

. .
> . o
R

/i o~ 4
7f§‘i44 5\76 2 ‘ﬁ%\yﬂs

B9 AR B T B4R 25 (6] ELAH G BR AR (v, =y, = 7/4,
Ve =Vs2=T/6,V, =V, =29 m/s, Vs, =V;,=0 m/s)
Fig.9 Space CCF of the channel under low vehicle traffic
density (y,=vg, =T/4,7,=Y5,=7/6,
Vy=Ve=29 m/s, Vg, =V, =0 m/s)

M 2 AI 1, 78 HVTD St T E 510 SB, 4ra /)N,
JIT LA TR 22 W AREACD #3 R K S A R S T e ol 1 158 25 1T AR
AT, WTE LVID 5, 5K SB, 4 & 1E 3 17
AT LA T 22 BRI 43 A T I B 22 B4 5 ORFAND £ 5 K F
£ AR SR R BE £ A 538 CCF A0 A R 55 K R i
25, ZWEEAN £ 55 K7 A AH SCHEXT 23 ] CCF /952 1 4
10 i~ , ANIEL 10 7] L& B, AH L F EAs, AAs AR A
VMF 8553, SCHR[ 10 ] 5% JH AAs iR\ Von Mises F34fi |
EAs fR A 5% 537 B 45 21 A9 25 7] CCF S/, Ho L
SHAE V2V {5 IE N Z MIMO R 4510 EAs Fl AAs HYAHSE
P Al ETE 4 8] 4 461G 25, T 3 SO0 {7 38 25 /) B
MR, IEANEIT R R B, 2 &) =1,3,15 Bf,
ZRHRZR I 7 MR 224390 K 0. 449% 2. 079% 3. 173%,
X P WA B A 3 4 TPORE A0 N5 R 22 A R R S 1 T
SRR ZS ] CCF MR ZE AWK, ASCRH VMF BA
O3 AR AT AT AR Y B 0T T S R O PR (LR R 17 1
IR R e B, R R AT AT, R
VMF B4 43 R FP R ST 4345 B3T3 8] 43 5108 1. 463
0. 862 s, X FHATE HVTD 37 5 BUHURMA 4 1 e R 15
b It Z 0 EAs 5 AAs AR G ME LR FH 158058 1 2 HL
A —E W SERRE A (HRTE LVTD 35, e B A
BRI AT 3 B P I, Z20m6 — 38 A S Pk ) 25 B | e
{51l CCF ™5 RMRA, iS58 0 52Pr V2V BE g nlsiE
BRI S B — e X,

&SR 32 3 5 [ XA T8 23 18] CCF A 52 iR 4n
B 11 frn, IR 11 8T LUk B, ARz 3007 1) F By 28 )
CCF f£1=0 s BWf5E 2 E A, MTE =5 s B2 28 8h iy
SO P 2 3 RWE G ) WSS 5 R A TC i 425 5 ik
K Viisiz sl [ AR Ak X6 T8 2 B) AH 4P B4 5 i T A% 3¢
ST Hh A AT M T AR A 3 1o B AP AR BRI AR SR

—— TR
o~ SCHER[10] B @AY

8 os
Q

=

tH 0.6

0 1 2 3 4 5
RBWTCIHES, /2,
(@ &)3=1

0 1 2 3 4 5
REHTUME /A,
(b)£3=3

RERLBTCIAIBES /7,
() k)3-15
K10 LVTD 35t Z B AR 8 55 7K 7 £ A G PE X
Z5[a] CCF WIS (y, =y, =T/4, v, =Ys, =T/6,
V,=V,=29 m/s, Vs, =V, =0 m/s)

Fig. 10  The influence of ignore the correlation between EAs

and AAs on space CCF in LVTD scenario(y,=vyy, =m/4,
Yr=Ys2=/6,V, =V, =29 m/s Vi, =V, =0 m/s)

K 7 RIESAS M R AT RUAE ¢ AR R O B AR I FR) R AIE X i
S, (EARE AR, AR AR MW 4 LLE 44
XTI (y, =00y, = 180°) 38 Bl , 15 18 7= A= e e (1 23 ]
HARME TSGR TS B 8 (y, =45° 7, =
30°) HBERS [ HERS 35 PE B9 20 i 1 R B, 15 185 7 AR 3
A2 [ AR DG | X R G 5 IR Rt VE A 1) 32 )
B 19 23 ) AH SRt B B R FAEAE TS 932 Bl B 9 2 [B) AH ¢
Rk,
3.3 HEBEUERRMEISIE

1) 2 A5 R e T 1

& 12(a) fii7m N7E LVID 35 T {51 S %R
DPSD 5 SCHR[ 19 ] Al i 008 19 LA . SCRR[ 19 ] A S 5
T B TR SRy 8 S AR 22 ST DX 2 8 AU ) v T I
b, AHBE 300 m A9 4] ) LAEEE 105 km/h (29 m/s) 45
O FEAR PR 5.9 GHz 2544~ W45 19 DPSD, MU 3¢
HRL 19 UL Y DPSD #5 #5ss A Sy S B 4l | 3 e AR 7 5
5 S SEAH DT IC 0 BLZ5 SR BAE LVTD F 55 &
DPSD 55 =2 i 4008 SE AR W &, O B 45 5 5 0
BAE T MR 22 4 0. 955, B UE T A SC T A5 Y 1) i
WtE S S, B 12(b) B A 7E HVTD F{FiES %15



- 78 - LSRR R e o

| == =200 * x 8 . ’ao" 8,
fﬁ 04 @ 05 "«,g e 2 %
B 03l © wUamiseeos X Jf ",‘
= 1805 s %% %
'D-I . 05 B i
: s, t=0s k@ x&xﬂ
: » ﬁ%
. . . \(W . &
1 2 3 4 5

R H LIS,
K11 A5G SO iz 37 23 ] CCF B 5E R
(HVTD,y,=v¢,,Yr=Vs2,V7+=29 m/s,
Ve=10 m/s, Vs, =V, =0 m/s)
Fig. 11 The influence of the direction of vehicle movement on
the space CCF(HVTD,y, =Y, ,Yx=7Vs2»

V,=29 m/s,V, =10 m/s,V, =V,,=0 m/s)

R DPSD 55 3Cik[ 20 ] A4 T2 5008 1) e A, FL S 1 3
AT DU hy 7E 25 300 % A oo 1) 0TI 17 3 DY R R I A
300 m AP AR 2 LAAS [ 5 R (3 3 AR 4 1 It S B A
BB 5 54 km/h (10 m/s) ) A7 Bl 76 2000k 550 %
5.2 GHz 24 M40 &L, HOCCHRL 20 ] WL Y DPSD £
PO A A S B, (5 B4 R W AE HVTD T A1 B
DPSD B ] LA AT (4005 3k 7 PR 5% 19 DPSD il fE i, —
HIETTRIR2ZE R 1. 87, M LL T#E LVTD 35t F iRk 20
T, HR R AE 3k T 1 T A T N B AT AR
TN A%, AR A TR I 2 , DRI I AR e o B o MR 1Y
BRI, IR IR AR A 1 S50 B AR SO
RUAT DAAR G A 400 e 2 s IR T 1473 3 5 T M {5 3
Pk 55 UE T AR 3 P S S

2) {5 BB Y B P 96 U

TEANFHGH AR E N T, 25885 5 B AR Y 1Y
Ty R 22 LA KA BLAF R A0 e 3 s, A EL4s SR oK bl
B RETECE 3G, 2 808 5 () UL 2 (] i 2 1%
ZERWTIR /AN, BT AR 14 £ B TR] A T8 in, B e A
A BB R TR R AR L A T RERS A
P FAL TR R PERE 5 A2 42 B 3T v, AR SCE R IV =
60 X AL A A TRUE T &,

xR3 AEEHEHETHHERNBEMYHTIRIRE
Table 3 Simulation time and root mean square

error under different number of scatters

BUHABE N 30 40 50 60 70 80

DFEmE/s  10.254 14.163  18.203  23.979 30.286  38.526
ACF #7742  0.0215 0.0141 0.0130 0.0096 0.0094 0.008 7
CCF¥J7i%2  0.0072 0.0055 0.0041 0.0032 0.0030 0.0029

%36 %
“lor
. Hibf

- *SCER[19]32P1E
= 20f
g
3
=
301
Hu
B
=)
g -401
N

-50 . . \

-1 000 -500 0 500 1 000

B BIRES Hz
(a) LVID3 5 EBDPSD 5 Hiid A #3757t T EDPSD
(f=5.9 GHz, D=300m, y=y,=y,=Y,=0% V=V,=29m/s, V =V, =0m/s)
(a) Comparison of LVTD scenario theoretical DPSD
and measurement DPSD in highway scenario

(f=5.9 GHz, D=300m, y=y,=y,=y,=0% V=V,=29m/s, V =V, =0m/s)
,57
HRE
w 10 * SCRR20] MK
Z
2 15t
A
&)
W 20
s
% 50
R
&/ 30
£n
® 351
~40, L L L *
=200 -100 0 100 200

Z YW HIARS Hz

(b) HVTD3 5t B DPSD 5 9% i 4738 3% 5% T W EDPSD HLA
(f=5.2 GHz, D=300 m, y,:yﬂ:y“:yﬂ:OQ,l V=V= 1.0 m/s, Vy=V,=0m/s)
(b) Comparison of HVTD scenario theoretical DPSD
and measurement DPSD in urban street scenario
(f=5.2GHz, D=300m, y,=y,=y,~y,=0% V=V,=10m/s, V =V _=0m/s)

Bl 12 R[5S DPSD Sl DPSD Hf%
Fig. 12 Comparison of different scenario theoretical

DPSD and measurement DPSD

& 13 .14 IR HTEATR VID T, N=60 BH{ZiE S %
IR FI)7 ELASE R () B [B] ACF FIZS 6] CCF, ) EL45 3%
I, AS [ Bst 220 F 45 AR 04 0T LAAR S A 40045 0 iz e 221 £
SR I T A BE TR A B IR S A B R
T THE S AR P RERE

4 45 it

ASCE R AR 25 1] R PR 26 0F T B V2V 2 AL vk
R, B 1 —FhEE T LA 5057 2 = 4R 3E-F 52 V2V BEHLIE
ISR I PN K E S 60 JT 4 1 AR 9075 B
B, FERE R 2 T RSO AR LU R i A
JE iz gy G S ) 22 i 748 2800, AT i el A 28 m LA A 1
WSO A 75 1) A AR A 3 2 (8] B AR O R S
DPSD HE -5 S 19 HE AR — B0 (7 BB R 15 5 25 i
RIGE TR R 5 BE LA B0 T BB 5 ) TE A 1 RIS



5511 AR A AR A A - AR R T =79 -
Lo, o REERIGR, ASCFACE T T V2V il A BORR 5T, s
o > R AR V2V B RGN 5 TR e

E B2
E oor [ 1] WANG C X, BIAN J, SUN J, et al. A survey of 5G
% 04t channel measurements and models [ J ]. IEEE
% Communications Surveys & Tutorials, 2018, 20 (4):
02r 3142-3168.
0 . ‘ ; . ‘ [2] 20 txels. BT HEEErgnyntaE L el ].
0.01 0.02‘ 0.03 0.04 0.05 1%%%1}(%%?&,2019,40(2) .96-104.
Fisf ] 1] KR 7/

P13 HVTD 335 R AR 20 25 815 0 FR R Y
BTE] ACF(y,=yg, =/4,y, =75, =T/6,
Vi=Vs=29 m/s,Vp=V;,=10 m/s)

Fig. 13 Time ACF of reference model and simulation model
at different times in HVTD scenario(y, =y, =7/4,

Ve =Vs2=T/6,V, =V, =29 m/s,V,=V,,=10 m/s)

1.0

e
)

22 [A] BLAH R B B CCF
f=
o

154
<

0.60
REHITTAEES, /),

Bl 14 LVTD 5t T AR 20 2% 450 5 05 5L CCF
(Vr=y51 =m/4,7,=y5,=7/6,
Vi=V =29 m/s, V=V, =10 m/s)
Fig. 14 Space CCF of reference model and simulation model
at different times in LVTD Scenario(y,=vy,, =m/4,
Ve =Vs2=T/6,V, =V, =29 m/s,V,=V,,=10 m/s)

PSR

FET A SRR i S T H 2 iR 56 B BOR 234 15 3
R B AT A IR AR TR T AR AR b 1K
SFARS B R R 2 AT T 1 R T A - AR S R Y
FEM 5 A5 S F B A SC T EERR AT LA SO V2V
T 7 ] OB 3R B 5] 38511 S AR R e R R R S
BORT LA FH T e 0 2 B R T A S 7 e R A A
BB AR PRt O AR Bl 1B A 2240 4 T 95 1) 4 A
TE 25— HOAH DGR R S 2 > R R A S AR S i
B BSR4 s TR] AR DG 35 3 d5 i
YA SOR ZEAH 1) A7 3 B A7 38 09 2 8] R S P 35 )
B FE LVTD S5t B, b HR 7 BN AR 43 A B4R rh i
ZWEAT 5 I 7K A FREAD 71 R G 23 % 225 ] B AH 26

LUO F, XU J P. Time synchronization protocol
optimization for automotive environment [ J]. Chinese
Journal of Scientific Instrument, 2019, 40(2) :96-104.

[ 3] 2RI skmeZ, W30, 5. I T Za L BENLEE

ARSEL)]. B S AR R, 2020,34(4)
72-78.
LT B, ZHANG X Y, ZENG W B. Modeling and
simulation of geometric random channel based on multi-
cluster [ J]. Journal of Electronic Measurement and
Instrumentation, 2020, 34(4) . 72-78.

[4] FUY, WANG C, YUAN Y, et al. BER performance of
spatial modulation systems under 3D V2V MIMO channel
models[ J]. IEEE Transactions on Vehicular Technology,
2016, 65(7) :5725- 5730.

[ 5] CHENG X, LI'Y R. A 3-D geometry-based stochastic model
for UAV-MIMO wideband nonstationary channels[J]. TEEE
Internet of Things Journal, 2019, 6 (2) :1654-1662.

[6] WANG C X, HUANG Z W, CHEN S Z. Vehicular
communication channel measurement, modelling, and
application for beyond 5G and 6G [ J]. IET
Communications, 2019, 13(18) :3044-3051.

[7] ZHUQ M, YANG Y, CHEN X M, et al. A novel 3D
non-stationary vehicle-to-vehicle channel model and its
spatial-temporal correlation properties[ J]. IEEE Access,
2018(6) :43633-43643.

[ 8] CHENG X, YAO Q, WEN M, et al. Wideband channel
modeling and intercarrier interference cancellation for
vehicle-to-vehicle communication systems [ J ]. IEEE
Journal on Selected Areas in Communications, 2013,
31(9) .434-448.

[9] YUANY, WANG C X, CHENG X, et al. Novel 3D
geometry-based stochastic models for non-isotropic MIMO
vehicle-to-vehicle channels [ J]. TEEE Transactions on
Wireless Communications, 2014, 13(1) :298-309.

[10] RG3CU, MMENI, 2R 5 4. RN 75 = Yi {5 B @il R L
ZE-IAROCRRE AR BT [ 0], B AfEF 4k, 2019, 40(6):
116-127.

ZENG W B, HE Y G, LI B, et al. 3D channel modeling
analysis  for V2V

and  space-time  correlation



- 80 - GRS SRR 36 &
communications [ J]. Journal on Communications, 2019, environment [ J]. Journal of Electronic Measurement and
40(6); 116-127. Instrumentation, 2018, 32(9) . 80-87.

[11] BOBAN M, VINHOZA T V, FERREIRA M, et al. [20] BIAN J, WANG C X, HUANG J, et al. A 3D wideband
Impact of vehicles as obstacles in vehicular Ad Hoc non-stationary multi-mobility model for vehicle-to-vehicle
network [ J ]. IEEE Journal on Selected Areas in MIMO channels [ J ] IEEE Access, 2019 (7):
Communications, 2011, 29(1) . 15-28. 32562-32577.

[12] HE R S, RENAUDIN W, KOLMONEN V M, et al. [21] Z—JL. mESE LR TN ELFEREMED].
Vehicle-to-vehicle radio channel characterization in 22 2E PN AZIE K, 2019.
crossroad scenarios[ J]. IEEE Transactions on Vehicular JI'Y F. Wireless channel model in high-speed mountain
Technology, 2016, 65(8) : 5850-5861. scenes [ D ]. Lanzhou Lanzhou  Jiaotong

[13] MA Y Y, YANG L, ZHENG X. A geometry-based non- University, 2019.
stationary MIMO  channel model for  vehicular [22] CHANG H, BIAN J, WANG C X, et al. A 3D non-
communications [ J ]. China Communications, 2018, stationary wideband gbhsm for low-altitude UAV-to-ground
15(7) ;. 30-38. V2V MIMO channels [ J]. IEEE Access, 2019 (7):

[14]  Fraass, e, e El, 45, 2T ILATREYLAY AP 5 70719-70732.

LB AR (] T 5 A (23] JAIAS, AR, A5 A A jﬁ’n't—*lﬁlﬁji VMF ﬁﬁ‘ﬁﬁ*“
%, 2020, 34(6) ; 54-62. MERELZGMRIT]. KM RKEFR (AR
YINB Q, HOU J B, HE Y G, et al. Modeling and fR),2017,47(3) :438-443.

correlation analysis for geometry-based non-stationary ZHOU J, ZHU H J, JU CHI J H. Multi-antenna system
vehicle-to-vehicle channel [ J]. Journal of Electronic performance of VMF distribution model based on three-
Measurement and Instrumentation, 2020, 34 (6): dimensional space [ J]. Journal of southeast university
54-62. (Natural Science Edition) , 2017, 47(3) : 438-443.

[15] YUAN Y, WANG C X, HE Y, et al. 3D wideband non- [24] CHENG X, YAO Q, WANG C X, et al. An improved
stationary geometry-based stochastic models for non- parameter computation method for a MIMO V2V rayleigh
isotropic MIMO vehicle-to-vehicle channels [ J]. IEEE fading channel simulator under non-isotropic scattering
Transactions on Wireless Communications, 2015, environments[ J ]. IEEE Communications Letters, 2013,
14( 12) . 6883-6895. 17(2) : 265-268.

[16] VL% SRAEER, Sedt, 5. =ZEss PR 8L E fEZE B
ﬁ*ﬁi@ﬂ@ﬁ?ﬁﬁ*ﬁ[ﬂ. P24, 2018, 46(5) RFAF CAEFIEH) , 2011 4TI R K
1265-1268. SR AL, IO B IE Tl RAE U,
JIANG H, ZHANG Z CH, DANG ], et al. Analysis of FEHFETT 0 SR S AR | 5 B i 4
3D geometry-based models for non-stationary vehicle-to- AW Sl RS W
vehicle channels [ J]. Acta Electronica Sinica, 2018, E-mail : yuanlifen_hfut@ 163. com
46(5) : 1365-1268. Yuan Lifen ( Corresponding author )

[17] ZHANG Y, HE Z, ZHANG W, et al. Measurement- received her Ph. D. degree from Hunan University of Technology
based delay and doppler characterizations for high-speed in 2011. Now she is a professor at Hefei University of
railway hilly scenario [ J ]. International Journal of Technology. Her main research interests include RFID
Antennas & Propagation, 2014, 2014(2) :1-8. technology, smart grid technology and Circuit testing technology.

[18] BERNADO L, ZEMEN T, TUFVESSON F, et al. Time- BABIE 2019 4F T #8 M 3% Tk K23k
and frequency-varying K-factor of non-stationary vehicular 12t 2E A, I G IR Mk R 2 4 BiF 5
channels for safety-relevant scenarios [ J ]. IEEE A EEERIFSY 7 )R R N G AR R TG
Transactions on Intelligent Transportation Systems, 2015, LR (ST B R  EL
16(2) : 1007-1017. E-mail :2840733094@ qq. com

[19] (046N, 1, 220 55, JUTEC SR 88 T i 2 30 15 Zhang Heming received his B. Sc.
FEARLS T[T T 5 AR A, 2018, degree from Zhengzhou University of Light Industry in 2019. Now
32(9): 80-87. he is a M. Sc. candidate at Hefei University of Technology. His

HE Y G, XU Y, LI B, et al

vehicle communication channels in geometrical scattering

Modeling and analysis of

main research interests include wireless sensor of smart grid and

wireless channel modeling and simulation.



