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ABSTRACT

A Wireless Access for Vehicular Environment (WAVE) system based on Orthogonal Frequency Division Multiplexing (OFDM) is made
for vehicle to vehicle wireless communications. The physical layer standard of the WAVE system is very similar to that of the IEEE$02.11a
wireless local area network (WLAN). Therefore, the performance of the WAVE system is degraded by continiuial timing delay in the WAVE
multipath fading channels after starting initial timing synchronization, In this paper, the tracking algorithm that synchronizes symbol timing is
proposed to continually compensate additional timing delay. Computer simulation of the proposed algorithm is performed in the worst
communication environments that apply to maximum timing delay. Computer simulation shows that the proposed algorithm can improve the
system performance in various channel conditions.
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Table 1. Fading Channel Profile for WAVE

Tap |Path| Tap Power | Relative Path |Delay Value| Fading

No. | No. (dB) Loss (dB) (ns) Doppler (Hz)
1|1 0.0 00 0 60
1|2 249 1 858
113 255 2 486
2|4 -6.3 -13.1 100 655
215 -15 101 56
306 251 289 200 823
307 -29.3 201 75
318 -35.6 202 9
419 27 257 300 110
4 110 344 301 639
4 |11 274 302 858
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Table 2. Approximated Fading Channel Profile

Path Delay Fad.
Loss Value | Dop.
(dB) (ns) (Hz)

Fad. Spec.
Modulation Shape

1 00 0 60 Rayleigh Jake
21 63 100 655 Rayleigh Jake
3 251 200 823 Rayleigh Jake
4b 27 300 116 Rayleigh Jake
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Bandwidth 10MHz
FFT size 64
Number of data subcarriers 48
Number of pilot subcatriers 4
Number of subcarriers(total) 52
Subcarrier frequency spacing 0.15625MHz
Signal bandwidth 8.28MHz
IFFT/FFT period 6.411s
GI duration 1.6 s (6.4/4)
Symbol interval 8.0us (6.4+1.6)

2N AHEAY

Ate A 2de 2AAY 817 YFHE nEdE
o] X3ty T YJo] WAVE Aol o8] H o= A=
o] A8 | do] WA st=x] Lolof Fh} A4 T A<
27) 7% LTSOIA 0|50} Rtk 7H4sta o) 39
AE ZH Y9 713 A& AN = E gt A ¢
A A2 AE A FH LU EdE R TE S F
712 B&57] o A4 e o) n=gE 7 1
NFEo g AR A AL Ate J7)A n=qE 77
7 A AFE upe} 2o] 1071¢] dlolE A& 174
9 meqdie ¥ 114 ER YT

AR A& BN = 7 T3 T 7HA] a0
o) Fate A3 7 S| T F - FAINY 24
# o] Alo] o] B4 & (Oscillator Mismatchy& S % 91 -
t}. webA o] T A ASE 1EoE 2 Y] A
A7 XA A4t

AAF D SRR AL A
4 43 hot o) 27187 ol 2ol Uol %
o2 $A599 Ak o 5o o /M4 AR



WAVE A 2gloll A 438 Al 34 dael &

Gt s HO|EE (1088)  OI=¥S HO|ZE (10&4F) DI HOIZE (10848)
i A i 1 L N
i
MY e8| 50 ese| 30 80 |(e®e! 30
d
4
E3|
Azt FHI > FEI
B2

8 3. WAVE B &

Zael Pz 2 AE AlZH EHT)

Fig. 3. WAVE Transmission Frame Structure and Symbol Time Tracker

rtF
40

_1—"
off
to

o] WASHA €t hof Balg st
& =247} 500kmy/he} 37 3H 133- AE zk
T AdE s8us(M =g E 7 7 89m/s
%y=0.0122molt}. o] 7%31 TG AT AZY =
Faled dels A)7HE 0.0122mx3x108m/5=0.000041 1
sojh mheh A Zhek 1t £ A4/} 500kmyhEr 3 HE e
) 0.111s/0.000041 s 2] 8l oF 243971 ¢} M= A E 7k 7k
ol Al Foll 1AE o] LAFA drhis 22
2& vk G714 0.lpst 1A E o 23131

2

F—:\~
EN 5:
=2
oft

b

°

P

fws
X
—
(0]
]

-

2
al

.&.,
ofl
L
o,

¢

to

>

B. 2 A #olE T A o3 HE A4
IEEES02.11p WAVE &) 23 48 &9 Fa¢
&8 StA (symbol clock frequency tolerance)t 3 th

+20ppm (parts per million), & FAZolM HFAU3E
500008 A2 3w BS w) L1009 A e XN
o 0

Ak A& ] &evte nolrt. HMH 5000402
117]9] vzl

 56.87]2] v
FA g A
T A
Si= i40ppm77}7<1 Jolith w2t A] & ete) ﬁ%ﬂlz%‘
B 7 7B L 56.8/2=28 470 = ] FolHTH2I[3]

o
2
2og
¢
ot
a0 =
2
i
A
R
N o

R

3.ZAY9 Ao do] A4 |

DA 5 A2 Bobol 19% Aol 14T 5eke) )
SRR 2 BAY A E AL LT F ol AL
B I R
woz Ae Adne BA7t gickn 2o HE7
o0 AA A% T H) AL AL o} =
HECERES EERES DEEEEEER RS

3ok,
WAVE %2 [319] 218 Ardolee] Fuf Hol=
40955 8l(Octets)©] T} kAl - 327608 E7L AL
o}, E3) 3ol OFDM A E 3 4 dolg HE
u4lE  olmg  zdde H ¢
32760/24x1.1=150241 &0 hﬂr &171*1 1.1&
o8l A& 107% 17}H
=, 15024 2S Ul =9
Mo} m=glE 7 }
=25
B

o I O T

_z—w

Jtﬂ

,_.
7]
=!
]
b
BN
i
I
)
AN
»J'_"z

=

fd
RCA

2 g
9,

2

0,

E o S og

2
>
H ol

oo
tlo e

B

2

L

k4

)
=)ot oo

2
o2 ox
¥e #

R )

o o

o of rx
QE

N

o

IS IR 1 4

2,

2

> =2
Y

i

e > For
o
=

IS T A |¥

o
o
jincs
SO fn
A
>
L

2
2
=

I o = <

né [
m}n
L
z2
s
e
£
o
H,

4
r
et

|6 i

% R
40
|

Sy

do

im
e
N

= grol st

LA &L

o L
o
=

1(‘ ux F

o
ﬁ,‘

E‘Jm

T E fAAE Y B E

fsﬂ RONZ T glom Fo] 5
Al F AR AKES T
| Ze ol Heff A X

> - 4 P

oxoboax 2L e ode ool
~d
jatsh -

T

T PN

o

i

o 4y
e

)
mlo

N
o

+

=)
& e 2 iH
=



S FFREFATI =EA] 4138 A2E

Demapper

QPSK
Detection

BER
Compute

64 point .
FET > Equalizer [
/1\
RX 4 320 Shift 4
Sample —> 7 Register 8

General Search

Correlator Bank

.

[ 807} Sample2| Correlator I->

eI~ g B FFT 9

I 807§ Sample 2| Correlator f

Correlation Window&

2D 717

| 807} Samplee| Correlator |'

807} Sample2| Correlator |'
T

| 807} Sample2| Correlator |'

| 807 Sample 2| Correlator |'

807} Sample®| Correlator

L 807} Sample2| Correlator

Multiple Correlation Search

2| CHgk
oGl A
LS
L

EChat
O Gl A
P
5

>

T3 4. HekE

HE AlZ FH7|2| 28%

Fig. 4. Block Diagram of the Proposed Symbol Time Tracker

A v 7145t o] Hd A ARt AA A s
d & oA 72 H o] A& FH IS AAHATG
€ AEE AT A A E H7l S B T4
8] 144 % 27 A FFT (Fast Fourier Transform : 315 & 3
ol ¥3hE Falsivia sk a8 249 dlojE &
F717F H o FFTE T3 371 Uﬂ—rfﬂ] upx) g 1 ES 7}

A g 5 gleh Mo B2 45 AgAorE FUe
BEof Yobdith, oA W 4TS HLE AN 2HA &

AP} ATE 97|28 BT 644 E)] @ 97
o Hrj Aol B % 9 AFEN) RSV 37
%9l 474 ko) Wo B WI YY) AL el B
BN =7t BB & % YTk Aw] WA

U ERS R i ER B R
49 M AEE $AA5E o) 49vie) 7R
FA7)01A 2

Lo rir
oS % 2 3
rol' =l
P
2

¥ rfo
Mo o o

Moo pu oo w -ln
& 0 2 o Q

A2 ) o] o] & o vl
]i E](Shift Resister)o]] A Zo] &gt 4
EADIY AME S o] By
of u}2} 4= 8040 o) A Fhs 3tk 24 2he) AR
Er= :l*— +1~+42 X A7) A, L) ms oy
a3 -1~-47E v e B 01'2 AEE ot} 97 o] A
71} AR M EQES FAE T St 972 A

=R
;‘é 4

ol
AT

Mo oox

N
o=
H
é

402

2 Lo

2] g 2AT

= 2 Alo

A

A2 g & 5 9l o g

i
> qjt

=

f
N

H o
ojn e

o
i

3

I~ 50

Had de=dd7E
Q8ojct, ubzta] HFlo] A HFE A
FHHL W 28 59 @9} 205
.o19} vl 7EX) 2 1441 F0]
A o] A QAehE 2 59) (B)sh Zo] sHA oA
P2 3 A7) 27k Zolh #3l ¢ A
Qe x 59} Ao g hel 7] g ze
EolA 2% 59 ()l 1Y %

=3 AR
AA A Hefghs 2=

%‘S%RH }\1—54-7]_‘:. Q)

o g} Q12 6014 FAIAH 2 sste) e 10)n

A& e

@

(d

(]

©

1AE A FHAvke rjoltt. Hd) g 7d
A A o] AH S 2 F B 3t zelrt

AZo) $ol3tm ALY ASNE 9L

713t

O]

®

g 5 AT W3el &3
Fig. 5. Correlator Bank Output

SERERE

s
ET5




o

WAVE }\]) sxzo;] H /J}i*_ ;\] 7} :?,g Qelﬂg;.,_

=

% 6. MC EHie] &8
Fig. 6. MC Searcher Output

% 49 EEROA OF 4% ¥4 MC Search:
Multi-Correlation Search) == A48 37) ¢ A4 S
st 1A 4 eI Aolg o AA 4 3
Yo" 6 ddE AT #e §8 Jehdth 29 69
o ghah sk A ghe] Zole uE s wisl o] =
g5 Q) o= o Ao A A E Ay

£ Ao M Aok Al 28l-& AWGN Aid 8l vk 7
2 Holg Ad B4 A A% o)) -2 u] (SNR: Signal to
Noise Ratio)ol] -2 H]E 9 & (BER: Bit Error Rate) < 2

Hoto] Aoty AR A7 24 g AL A2
8l7) 8 g}

L4438 874

Aol WAL AR A xHo) ¥z Wk

(QPSK : Quadrature Phase Shift Keying)& o] &3t Th &
HAZ 22 WAVE Al 2Ellel A 712 A2 -§(10Msps) 2]
49 (40Msps) & S8ttt A7 A& BAKS7 918
sine 2.7+7] (Interpolaton) & AF8-3M3 o o] BV &
A 7B AT 42 WA slgomz Hu A
UX = OFDM 71 & A& &9 168]744] 2] U EE 7}
185

ARE AL FAE Z ATk Hojd Ad-& FA
A e WAVE #Hlo|d& 2hekslel R s Al g3l5e
W R AL 132 SFETO)[10). REE £
SNR9] ¥ 9% AWGNAE 9 7 -10dB~2dB, #°]%

9] 7% 0dB~34dBE T eHTh Hj A A AL &
A ﬁxw 7k & 500km/s2) S X0 A +20ppme] A E F
g e AR o

UiE%%c 1071 ¢} OFDM A &-0ho} & 94 Al st
Aok Z e ol 127] v =dE HAF 12x11=
132702} OFDM A1) 0.2 3tlth, & =EollA ALE-€
G 5L o] &5t AE A FAHE S el =
ool Aol ATy HaE A ¥ A BHE
3 1Y Aot whebr] Zele ol RFAA 4
=g

At A2 ¥e) A%-& 57HA ¢ vl & A 2L
HFrbs) wopth Zhzhe] vl A g oS AR A W
A A A AL AR @ %S (No Timing Offset,
No Search), 5 4} A7t (d& G2 D& ¢
W3] B A 8] S = 7% (With Timing Offset, Ideal Search),
A AR A A-g EAA 7| T FH & 3R] e A F (With
Timing Offset, No Search), vl ¥4 LuraQl &4 (With
Timing Offset, Simple SearchyS T3 4-F, A HA
= 27 & A(With Timing Offset, MC Searchy& 33
?:5_1. 73 E f%).' ]:H/}:}f?..‘% O}MI/%.

FU

t!o
¢ o

e OH\T pic
<o

2.AWGN 2o A 2] A%

A AE N E e oA

thgol 1@ 72 A8 A Ade] dASIL gl
AWGN Aol A8 A7 38 A8 o| 4314 &=
78 % (With Timing Offset, No Search) 5221 7] ¢] BER A 5
& HolFa gl

BER in AWGN Channet

@ - With Timing Delay. No Tracking, L=8
With Timing Delay, Mo Tracking, £=12 |
With: Timing Delay. No Trackings, L=16
> - With Timing Delay, No Trackingt, L=20 |
With Timing Delay. Mo Tracking:, L= 120J -

Fy — 2o T2
SRR
I8 7. AWGN #dolfd ME AMZt FHE
0| B3Ix] ¢= 4% = gZolo utE BER &
Fig. 7. BER Performance v.s. Frame Length in
AWGN Channel

403



S YA B EAN S =8 2] 4132 Xﬂ

——MC Search(l_ 12)

T

BER in AWGN Channel

2 8 AWGN oM ClE Al FHE
0|85tz @9 =gl Zolol mE BER M
Fig. 8. BER Performance of MC Searcher in AWGN
Channel

f'

2YlA L HIEAE 2 A NS (5 L-d0] B
OFDM A1 %3] A% 4470 )@t BERS 47)
Ao F55 AL AL S A7 wH A P o
2 5 9s9Th 2YolH & 5 5ol Lol BojAw 2
AR5% T BolA WA= ARADe] H7

U $713t2 2 BER 450 €3t5A "ot mehA o]

237} ofm) ok vk WAVESH 28 Aol = 42
A2 5718 A% FH o] WA o Fol Aok Frh A
otk

BER in AWGN Channel

No T|m|ng Offset, No Search
— & — With Timing Offset, No Search
—+  With Timing Offset, Ideal Search
—— With Timing Offset, Simple Search
-~B-— With Timing Offset, MC Search

10° 1 1 T
- 8 £ 4 -2 0 2

T T T T T T T T T TTI e 7 T

=

™
I
>
ljo

33 9. AWGN oM Cifst
0|&sl= 4% BER M5

Fig. 9. BER Performance of Several Tracking
Methods in AWGN Channel

404

B. Zd ¢ Zold w2 A¢td dnYEd s

23 goE e Zojol w2 Ahe G Fo
AEE& BqFa ek 2AAE 7P Aol $E
Ao Bolx thF 4% ¥4 (With Timing Offset, MC

Search) &3 2| E& o] &34t} B =FolA A¢td o

48 g4 432 58§43 98 9 $41719 BER

A A AXHY 53] Zy A Zolol FH§
o] YA S BAL o 2 Qi)

C. th¥ 2 H o) BE A%

1% 9% AWGN A4 9] 7o $A A AA bl
7HA 9 A48 BT At shuhe] ag TR FAH
&4015}. aYA g YA 2 FHE 3R &
% (With Timing Offset, No Search) ] 2}¢} 45 &

u‘ S ok gt} ol Aol A BT A A
FA17] OM A3 BAsta A ¥7) W&ol 7+
2L 5L HolE AL A A9 B9t AAA
1k, OI% 2zt A AL 2ANINA RE AS
(No Timing Offset, No Search), A] 7+ X 4-& WA A} 7] 31
AAL ¢H3 BA #FE 4§ (With Timing Offset,
Ideal Search), ©+% 43 B4 (With Timing Offset, MC
Search) 2] 3% o]t} & At vhE A FA o g
A A FHL M oA A Hede ¢

F gt

rtr

BER in WAVE Fading Channel

a2 10. Hold oM ME Al FHE
ol 83X & Zd% =gZojo w2 BER M&
Fig. 10. BER Performance v.s. Frame Length in
Fading Channel



WAVE 4| 2o 4 43 A7 34 218§

— NoTsmlng Oﬁse’t No Search W
- With Timing Offset, No Search

+ With Timing Offset, |deal Search

< With Timing Offset, Simple Search
= With Tlmlng Oﬁset MC Search

BER in WAVE Fading Channel

T 11, Bolg oA clefst 5 galg
Ol838l= 4% BER 4

Fig. 11. BER Performance of Several Tracking
Methods in Fading Channel

o ZJ{Q‘ e 93}0171 o 7o) %1‘5&%“—‘.‘&‘; A g
e zpol 7t & b A Falo] Ao g
FES o HA BA HA Aol o FA vee e
Bajgr

Egk Akd dwrAl A (Wi
Simple Search) = o]-¢- -3+ 4
HA ) g XA &

3019 AL 45

29 102 A0l AN A A EA o) 43}
A e B4z dzold & BER 45 S BoFn
ek whekA| o] A7} & W] 8= vz WAVE #o| 9 1
22 Aol M HE ARREFV)E 93 7o) dhEA

ﬂ%ﬂﬁ%ﬂqwﬂﬂq

29 112 o] 2 del A2 BER A5 & Bol&t)
Holgd Ad & T FAHFA L F4 o] o] Fo]7 o]
FAEFHE g} FHold iﬂ“—°— 7182 02 AWGN
%z%ﬂﬂﬂ%ﬂlﬁﬂzl F4& 8 7} ¢

o 2
o0

A ATE Ao 5 o) AWGNS ZAitA
Holdad A nd S gov 34 dugES A}
L3R FEAA2R AS B A EEETgE AL R
o & 11 9ok

VI. 28
B =g oA & WAVE A 2 "lo) M 23 7 & 24 o]
og AAHE /1A HAY (AL (&R oR =
A sl 9% 4 e At st Aetd
A Ee) oAy Aste vl o] e 3
o A A AEE = 8

A
UggoA 53 45 E 1S gestg o) Agtd
Al2d e A A A 2o A E Eo]UE AE
3 Aoz AT S =Y S YU EH L
W AGA T AR A A 28 VR AE8E $
b=

D=8l
[1]18 EZ¢H URAA, 297, “OFDM 7]8F WAVE A
2819 Al 7HEY) StEdol MA, B AlEE

4], °08-04, Vol. 33, No. 4

[ 2 } IEEE P802.11p/D1.0, Wireless LAN Medium Access

(MAC) and Physical PLayer(PHY)
Specification - Amendment 3: Wireless Access in
Vehiclular Environments (WAVE).

[317802.11a, “Wireless LAN Medium Access Control
(MAC) and Physical Layer(PHY) Specifications”.
1999

[ 4 ] Hyun Seo Oh, Sang In Kim, Hyun Kyun Choi, Kyeong
Soo Han, Sang Woo Lee, Dong Yong Kwak,

analysis of Vehicle Multi-hop

Communication (VMC) Technology,” Intemational

control

“Performance

Conference on Vehicular Electronics and Safety,
ICVES 2008., 22-24 Sept. 2008 Page(s):354 - 358

[ 511 ). van de Beek, M. Sandell, “ML Estimation of Time
and Frequency Offset in OFDM Systems,” IEEE
Transactions on  signal
pp.1800-1803, July 1997,

[ 6 ] Grunheid, R., Rohling, H., Jianjun Ran, Bolinth, E.,
Kem, R.., “Robust channel estimation in wireless
LANSs for mobile environments,” VTC 2002-Fall, Vol.

processing,  vol.45,

405



A SR TGS = A A13E A2

3, 24-28 Sept. 2002, pp.1545-1549

[7]Sang In Kim, Hyun Seo Oh, Hyun Kyun Choi,
“Mid-amble aided OFDM performance analysis in high
mobility vehicular channel.” Intelligent Vehicles
Symposium 2008, 4-6 June 2008, pp.751-754

[8]1G. Acosta-Marum, “Measurement, Modeling, and
OFDM Synchronization for the Wideband Mobile-
to-Mobile Channel,” A Ph. D. Dissertation in Georgia
Institute of Technology, May, 2007.

[ 9] Hiroshi Harada and Ramjee Prasad, Simulation and
software radio for mobile communications, Artech
House, 2002

[10] B. Sklar, Digital Communications : Fundamentals and
Applications, Prentice-Hall, 2001.

AN

Z07|(Dae-Ki Hong)

1997'd B e 8}
A

1999 AA kL A A}-5 5
A

2003 A S A7) W 2}-E 8t A}

2006 AAHREATH AYdT

2006 ~ AA : o ARFN TG 2up

B EoR FAFA, AREFA, o] 55, T4 LAN

PAN

406



