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Abstract—In this paper, we propose a new regular-shaped
geometry-based stochastic model (RS-GBSM) for non-isotropic
scattering wideband multiple-input multiple-output vehicle-to-
vehicle (V2V) Ricean fading channels. By correcting the unrealis-
tic assumption widely used in current RS-GBSMs, the proposed
model can more practically study the impact of the vehicular
traffic density on channel statistics for different time delays. From
the proposed model, we derive the Doppler power spectral density
(PSD) and find that highly dynamic Doppler spectrum appears
for V2V channels. Excellent agreement is achieved between
the derived Doppler PSD and measured data, demonstrating
the utility of the proposed model. To combat the intercarrier
interference (ICI) caused by highly dynamic Doppler spectrum
in real orthogonal frequency division multiplexing based V2V
systems, this paper proposes a new type of ICI cancellation
scheme, named as precoding based cancellation (PBC) scheme.
The proposed scheme can be easily implemented into real V2V
systems with the same ICI mitigation performance as the current
best ICI cancellation scheme that has high complexity. To further
improve the performance of the proposed PBC scheme, a new
phase rotation aided (PRA) method, namely constant PRA
(CPRA) method, is proposed. Compared with the existing PRA
method, the CPRA method has better performance and much less
implementation complexity. Therefore, the proposed PBC scheme
with the CPRA method is the best ICI cancellation scheme for
real V2V systems.

Index Terms—Vehicle-to-vehicle wideband channels, geometry-
based stochastic model (GBSM), orthogonal frequency division
multiplexing (OFDM), intercarrier interference (ICI) cancella-
tion, phase rotation aided method.

Manuscript received March 1, 2012; revised July 14, 2012.
X. Cheng, M. Wen, S.-L. Yang, and B.-L. Jiao are with the School of

Electronics and Computer Science, Peking University, Beijing 100871, China
(e-mail: {xiangcheng, wenmiaowen, lingyang.song, jiaobl}@pku.edu.cn). X.
Cheng is also with The State Key Laboratory of Integrated Services Networks,
Xidian University, Xian, China.

Q. Yao and C.-X. Wang (corresponding author) are with the School of Infor-
mation Science and Engineering, Shandong University, Jinan 250100, China,
and the Joint Research Institute for Signal and Image Processing, School of
Engineering & Physical Sciences, Heriot-Watt University, Edinburgh EH14
4AS, UK (e-mail: {q.yao, cheng-xiang.wang}@hw.ac.uk).

This work was jointly supported by the National 973 project (Grant
no. 2013CB336700), the National Natural Science Foundation of China
(Grant no. 61101079), the Science Foundation for the Youth Scholar of
Ministry of Education of China (Grant no. 20110001120129), the State Key
Laboratory of Integrated Services Networks, Xidian University (Grant no.
ISN13-05), the Ministry of Transport of China (Grant no. 2012-364-X03-
104), RCUK for the UK-China Science Bridges Project: R&D on (B)4G
Wireless Mobile Communications, the Key Laboratory of Cognitive Radio
and Information Processing (Guilin University of Electronic Technology), the
Ministry of Education, China (Grant No.: 2013KF01), and the Fundamental
Research Program of Shenzhen City (Grant Nos. JCYJ20120817163755061
and JC201005250067A).

Digital Object Identifier 10.1109/JSAC.2013.SUP.0513039

I. INTRODUCTION

VEHICLE-TO-VEHICLE (V2V) communications play an
important role in vehicular ad hoc networks and in-

telligent transportation systems that aim to minimize traf-
fic accidents, improve traffic efficiency, and enable some
new applications such as mobile infotainment. As a new
emerging communication system, many research challenges
and standardization work have to be addressed before V2V
communication systems are widely developed. The first part
of this paper will concentrate on one of the most important and
fundamental challenges: how to properly characterize V2V
channels? To practically analyze and design V2V systems,
it is necessary to have reliable knowledge of the underlying
propagation channel and the corresponding realistic yet easy-
to-use channel model.

Channel measurements for narrowband and wideband V2V
channels were reported in [1][2]. As mentioned in [29], in
terms of the modeling approach, V2V channel models can
be categorized as geometry-based deterministic models [4],
non-geometrical stochastic models [2], and geometry-based
stochastic models (GBSMs) that can be further classified as
regular-shaped GBSMs (RS-GBSMs) [5]–[11] and irregular-
shaped GBSMs [12]. To preserve the mathematical tractabil-
ity, RS-GBSMs assume that all the effective scatterers are
located on a regular shape (e.g., one/two-ring, ellipse, etc.).
Akki and Haber [5] were the first to propose a RS-GBSM
for isotropic single-input single-output (SISO) V2V Rayleigh
fading channels. In [6], generic RS-GBSM was proposed
with both single- and double-bounced rays for non-isotropic
multiple-input multiple-output (MIMO) V2V Ricean fading
channels. In [7]–[9], we proposed RS-GBSMs that for the
first time have the ability to study the impact of the vehicular
traffic density (VTD) on channel statistics.

However, all the above mentioned RS-GBSMs are narrow-
band V2V channel models. To the best of the authors’ knowl-
edge, only two wideband RS-GBSMs are available in the cur-
rent literature. The first one was proposed in [11] for MIMO
V2V Ricean fading channels. However, the model cannot
describe the channel statistics for different time delays, which
are important for V2V channels [1]. Based on the tapped delay
line (TDL) structure, the second one was proposed in [10]
and can investigate the channel statistics for different time
delays, i.e., per-tap channel statistics. However, this model
simply assumed that the moving scatterers and static scatterers
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have the same Doppler frequency. This unrealistic assumption
under-estimates the dynamics of the Doppler spectrum and
therefore some channel statistics derived in [10] are inaccurate.
Note that this unrealistic assumption has been used in all the
V2V RS-GBSMs [7]–[10] that have the ability to study the
impact of the VTD on channel statistics.

Due to the obvious advantages such as high spectral effi-
ciency and the ability to mitigate frequency-selective multipath
fading and intersymbol interference, orthogonal frequency
division multiplexing (OFDM) technique has been widely used
in many communication systems, including IEEE 802.11p
based V2V communication systems [13]. The performance of
OFDM systems is determined by the specific orthogonal prop-
erties among OFDM subcarriers. The subcarriers’ orthogonal-
ity can be easily destroyed by carrier frequency offset (CFO),
leading to intercarrier interference (ICI). ICI problem becomes
more serious for V2V communication systems because of the
high Doppler frequency caused by the fast movement of the
transmitter (Tx), receiver (Rx), and scatterers. The second part
of this paper will focus on the fundamental issue on the proper
use of OFDM technique in V2V systems: how to simply
and effectively mitigate ICI? To deal with the ICI problem,
several approaches have been proposed [14]–[26]. Among
them, the ICI self-cancellation scheme [17]–[22] and two-path
cancellation scheme [23][24] have been widely accepted due
to their simple and effective ICI mitigation capability.

ICI self-cancellation scheme repeats OFDM symbols with
special mapping operations in one OFDM block. ICI self-
cancellation schemes cannot remain their theoretical ICI mit-
igation performance when they are used in real V2V sys-
tems. This is the main drawback of the implementation of
ICI self-cancellation schemes into real V2V systems. Unlike
ICI self-cancellation schemes, two-path cancellation schemes
transmit the data copies in two concatenated OFDM blocks,
which are referred to as two independent paths. So far the
most promising two-path cancellation schemes are parallel
cancellation (PC) scheme [23] and conjugate cancellation
(CC) scheme [24]. The bottleneck of the implementation of
two-path cancellation schemes into real V2V systems is the
high realization complexity due to its two separate OFDM
transceivers.

More recently, to further improve the performance of the CC
scheme, the authors in [25] added an artificial phase rotation
into the CC scheme to propose a new two-path cancellation
method, namely phase rotated conjugate cancellation (PRCC)
scheme. The phase rotation aided (PRA) method can be
used for any ICI self-cancellation and two-path cancellation
schemes to further improve their ICI mitigation performance.
However, to obtain the accurate phase rotation at the Tx in
real OFDM systems, one needs an extra powerful estimator
and a feedback link, which increase the system complexity
and reduce the real-time system performance. Moreover, the
powerful estimator could have estimation errors that will de-
grade the performance of the PRA method in real applications.
In addition, the PRA method is designed based on a single-
valued frequency offset and thus is not suitable for real V2V
systems, having highly dynamic Doppler spectrum.

Motivated by the aforementioned gap, this paper will pro-
pose a new wideband V2V RS-GBSM and a new type of ICI

cancellation scheme with a new PRA method for real V2V
systems. The main contributions and novelties of this paper
are listed as follows.

1) We propose a new wideband V2V RS-GBSM that cor-
rects the unrealistic assumption widely used in current
V2V RS-GBSMs [7]–[10] by properly describing differ-
ent Doppler frequencies for moving scatterers represent-
ing moving cars and static scatterers representing static
roadside objects. Therefore, the proposed model is the
first RS-GBSM being able to practically investigate the
impact of VTD on channel statistics. From the proposed
model, we further derive the Doppler power spectral den-
sity (PSD). The derived per-tap Doppler PSDs and mea-
surement data in [1] are compared. Excellent agreement
between them demonstrates the utility of the proposed
model.

2) Based on our previous observation on the relationship
between the ICI self-cancellation scheme and two-path
cancellation scheme [26], we propose a new type of ICI
cancellation scheme, namely, precoding based cancella-
tion (PBC) scheme. By taking the advantages of both
the ICI self-cancellation scheme and two-path cancella-
tion scheme, the proposed PBC scheme is the best ICI
cancellation scheme for real V2V systems.

3) A new PRA method is proposed and named as constant
phase rotation aided (CPRA) method. Instead of using
a varying phase rotation at the Tx designed based on a
single-valued frequency offset, which is obtained from
the powerful estimator and feedback link, the proposed
CPRA method uses a constant phase rotation derived
from a given frequency offset range beforehand. In
real V2V systems, the CPRA method shows better ICI
mitigation performance than the PRA method. More
importantly, the implementation of the CPRA method is
extremely simple.

II. A NEW WIDEBAND MIMO V2V RS-GBSM

Let us now consider a wideband MIMO V2V commu-
nication system with MT transmit and MR receive omni-
directional antenna elements. Both the Tx and Rx are moving
with velocities represented by the vector υST and vector υSR,
respectively, and equipped with low elevation antennas. The
proposed RS-GBSM is illustrated in Fig. 1, which is the
combination of a two-ring model and a multiple confocal
ellipses model incorporating LoS, single- and double-bounced
rays. The two-ring model defines two rings of effective scat-
terers, one around the Tx and the other around the Rx. The
multiple confocal ellipses model with the Tx and Rx located
at the foci defines multiple ellipses of effective scatterers and
represents the TDL structure. To make the proposed model
able to investigate the impact of the VTD on channel statistics,
the two-ring model is used to present moving scatterers,
e.g., moving cars around the Tx and Rx, and the multiple
confocal ellipses model is applied to present static scatterers,
e.g., static roadside environment. Unlike previous RS-GBSMs,
the proposed model actually considers the movement of the
moving scatterers by defining the vector υST and vector υSR
to represent the velocity of moving scatterers around the Tx
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Fig. 1. A RS-GBSM combining a two-ring model and a multiple confocal ellipses model with LoS, single- and double-bounced rays for a wideband MIMO
V2V channel.

and Rx, respectively. By considering a real V2V commu-
nication scenario, where the Tx, the Rx, and other moving
cars should move on the same road with either the same or
opposite direction, their movement directions are either along
the x-axis, i.e., υT = υT , υR = υR, υST = υST1 , and
υSR = υSR1 , or along the opposite direction of the x-axis, i.e.,
υT = −υT , υR = −υR, υST = −υST2 , and υSR = −υSR2 .
Therefore, for the more practical investigation of the impact
of the VTD, we further distinguish the moving scatterers as
the positive moving scatterers with velocities υST1 or υSR1

and the negative moving scatterers with velocities -υST2 or
-υSR2 . Suppose there are N1,1 positive moving scatterers
and N1,2 negative moving scatterers around the Tx and N1,3

positive moving scatterers and N1,4 negative moving scatterers
around the Rx. Similarly, suppose Nl,5 static scatterers on the
lth ellipse (i.e., lth tap), where l= 1, 2, ..., L with L being
the total number of ellipses or taps. Note that the n1,ith
(i = 1, 2, ..., 5) effective scatterer is denoted by s(n1,i) in
Fig. 1. As the rays related to positive moving scatterers and
negative moving scatterers in one ring have the same geometry,
only the rays related to s(n1,2) and s(n1,3) are shown in Fig. 1.
The parameters in Fig. 1 are defined in Table I.

The MIMO fading channel can be described by a matrix
H (t)=[hpq (t, τ

′)]MR×MT
of size MR ×MT . According to

the TDL concept, the complex impulse response between the
pth (p=1, ...,MT ) Tx, Tp, and the qth (q=1, ...,MR) Rx,
Rq , can be expressed as hpq (t, τ ′)=

∑L
l=1 clhl,pq (t) δ(τ

′−τ ′l )

where cl represents the gain of the lth tap, hl,pq (t) and
τ ′l denote the complex time-variant tap coefficient and the
discrete propagation delay of the lth tap, respectively. From the
above RS-GBSM and applying the sum-of-sinusoids channel
modeling approach [27]–[30], the complex tap coefficient for
the first tap of the Tp − Rq link is a superposition of the
LoS, single- and double-bounced components, and can be
expressed as

h1,pq (t) = hLoS1,pq (t) +

I1∑
i1=1

h
SBi1
1,pq (t) +

I2∑
i2=1

h
DBi2
1,pq (t) (1)

with

hLoS1,pq(t) =

√
Kpq

Kpq + 1
e−j2πfcτpq

×ej[2π υT
c fct cos(π−φLoS+γT )+2π

υR
c fct cos(φLoS−γR)] (2a)

h
SBi1

1,pq (t)=

√
ηSB1,i1

Kpq + 1

N1,i1∑
n1,i1=1

1√
N1,i1

e
j
(
ψn1,i1

−2πfcτpq,n1,i1

)

×e
j2πfct

c

(
υT
i1

cosφ
(n1,i1

)

T +υR
i1

cosφ
(n1,i1

)

R

)
(2b)

h
DBi2
1,pq (t)=

√
ηDB1,i2

Kpq + 1

N1,σi2
,N1,ςi2∑

n1,σi2
,n1,ςi2

=1

1√
N1,σi2

N1,ςi2

×ej
(
ψn1,σi2

,n1,ςi2
−2πfcτpq,n1,σi2

,n1,ςi2

)
e

j2πfct
c υT

σi2
cosφ

(n1,σi2
)

T
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TABLE I
DEFINITION OF PARAMETERS IN FIG. 1.

D distance between the Tx and Rx
RT , RT radii of the ring around the Tx and Rx, respectively

f half length of the distance between
the two focal points of ellipses

al, bl semi-major axis and semi-minor axis
of the lth ellipse, respectively

υT , υR velocities of the Tx and Rx, respectively,
including a magnitude and a direction

υST , υSR velocities of moving scatterers in the ring around the Tx
and Rx, respectively, including a magnitude and a direction

δT , δR antenna element spacings of the Tx and Rx, respectively
βT , βR orientations of the Tx and Rx antenna arrays in the

x-y plane (relative to the x-axis), respectively

φ
(n1,1)

R , φ
(n1,2)

R AoAs of the wave traveling from an effective scatterer

φ
(nl,3)

R s(n1,1), s(n1,2) , and s(nl,3) toward the Rx, respectively

φ
(n1,1)

T , φ
(n1,2)

T AoDs of the wave that impinges on the effective

φ
(nl,3)

T scatterer s(n1,1) , s(n1,2), and s(nl,3) , respectively.

ξ, ξn1,1 , ξn1,2 distances d(Tp, Rx), d(S(n1,1), Rx), d(Tx, S(n1,2))

ξ
(n1,3)

T , ξ
(n1,3)

R d(Tx, S(n1,3)), d(S(n1,3), Rx), d(Tx,S(n2,3))

ξ
(n2,3)

T , ξ
(n2,3)

R and d(S(n2,3), Rx), respectively

εpn1,g ,εn1,gq ,εpn2,3 distances d(Tp, S
(n1,g)), d(S(n1,g), Rq)

εn2,3q ,εn1,1n1,2 d(Tp, S
(n2,3)), d(S(n2,3), Rq)

εn1,1n2,3 ,εn2,3n1,2 d(S(n1,1), S(n1,2)), d(S(n1,1), S(n2,3))

(g = 1, 2, 3) and d(S(n2,3), S(n1,2)), respectively (g = 1, 2, 3)

×e
j2πfct

c

(
υS
σi2

,ςi2
cosφ

(n1,σi2
n1,ςi2

)

S +υR
ςi2

cosφ
(n1,ςi2

)

R

)
(2c)

where I1 = 5, I2 = 4, σ1 = σ2 = 1, σ3 = σ4 = 2, ς1 = ς3 =
3, ς2 = ς4 = 4, τpq = εpq/c, τpq,n1,i1

=(εpn1,i1
+εn1,i1q

)/c,
τpq,n1,σi2

,n1,ςi2
=(εpn1,σi2

+εn1,σi2
n1,ςi2

+εn1,ςi2
q)/c, and γT and

γR are the moving directions of the Tx and Rx, respectively,
with the value being either 0 or π, i.e., γT (R) = 0 or π.

The parameters υT (R)
1 = υT (R) cos γT (R) − υST1 , υT (R)

3 =

υT (R) cos γT (R) − υSR1 , υT (R)
2 = υT (R) cos γT (R) + υST2 ,

υ
T (R)
4 = υT (R) cos γT (R) + υSR2 , υT (R)

5 = υT (R) cos γT (R),
υS1,3(4) = υST1 ∓υSR1(2)

, and υS2,3(4) = −υST2 ∓υSR1(2)
. The

symbols c and Kpq designate the speed of light and the Ricean
factor, respectively. The complex tap coefficient for other taps
(l′ > 1) of the Tp − Rq link is a superposition of the single-
and double-bounced components, and can be expressed as

hl′,pq (t) = hSB5

l′,pq (t) +

I2∑
i2=1

h
DBi2

l′,pq (t) (3)

with

hSB5

l′,pq(t)=
√
ηSBl′,5

Nl′,5∑
nl′,5=1

1√
Nl′,5

e
j
(
ψn

l′,5−2πfcτpq,nl′,5

)

×e
j2πfct

c

(
υT
5 cosφ

(n
l′,5)

T +υR
5 cosφ

(n
l′,5)

R

)
(4a)

h
DBg1(g2)

l′,pq (t)=

√
ηDBl′,g1(g2)

Kpq + 1

N1,g1(g2),Nl′,5∑
n1,g1(g2),nl′,5=1

1√
N1,g1(g2)Nl′,5

×ej
(
ψn1,g1(g2),nl′,5−2πfcτpq,n1,g1(g2),nl′,5

)

×e j2πfct
c

υT
g1(5) cosφ

(n
1(l′),g1(5)

)

T +υS
g1(g2),5 cosφ

(n1,g1(g2)nl′,5)

S

×e
j2πfct

c

(
υR
5(g2) cosφ

(n
l′(1),5(g2)

)

R

)
(4b)

where τpq,nl′,5 = (εpnl′,5 + εnl′,5q)/c, τpq,n1,g1(g2),nl′,5 =

(εpn1(l′),g1(5)
+ εn1(l′),g1(5)nl′(1),5(g2)

+εnl′(1),5(g2)q)/c, υ
S
1(3),5 =

υST1(R1), υS2(4),5 = −υST2(R2), g1 = 1, 2, and g2 =
3, 4. Energy-related parameters ηSB1,i1

, ηDB1,i2
and ηSBl′,5 ,

ηDBl′,i3
specify how much the single-, double-bounced rays

contribute to the total scattered power of the first tap and
other taps, respectively. Note that these energy-related pa-
rameters satisfy

∑I1
i1=1 ηSB1,i1

+
∑I2
i2=1 ηDB1,i2

= 1 and
ηSBl′,5+

∑I2
i3=1 ηDBl′,i3

=1. The phases ψn1,i1
, ψn1,σi2

,n1,ςi2
,

ψnl′,5 , and ψn1,g1(g2),nl′,5 are independent and identically
distributed (i.i.d.) random variables with uniform distributions
over [−π, π).

As presented in [2], the VTD (either high or low VTD) sig-
nificantly affects statistical properties at all taps of a wideband
V2V channel. By using the two-ring model with the proper
definition of moving velocity to mimic the moving cars and
the multiple confocal ellipses model to depict the stationary
roadside environment, the proposed RS-GBSM can practically
investigate the impact of the VTD on channel statistics.
Considering the real V2V communication environments and
the different contributions of single- and double-bounced rays
for V2V channel statistics, we design different taps of our
model as following.

For the first tap, the single-bounced rays are generated
from the scatterers located on either of the two rings or
the first ellipse, while the double-bounced rays are produced
from the scatterers located on both rings. This means that
the first tap contains a LoS component, a two-ring model
with single- and double-bounced rays, and an ellipse model
with single-bounced rays, as shown in Fig. 2. For a low VTD
(LVTD), the value of Kpq is large since the LoS component
can bear a significant amount of power. Also, the received
scattered power is mainly from waves reflected by the static
scatterers located on the first ellipse. The moving scatterers
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Fig. 2. Geometrical description of the LoS, single- and double-bounced rays for different taps in the proposed wideband MIMO V2V RS-GBSM. SB:
single-bounce; DB: double-bounce; T1: tap 1; T2: tap 2.

located on the two rings are sparse and thus more likely to
be single-bounced, rather than double-bounced. This indicates
that ηSB1,5 >max{ηSB1,i}4i=1>max{ηDB1,i}4i=1. For a high
VTD (HVTD), the value of Kpq is smaller than the one
in the LVTD scenario. Also, due to the large number of
moving cars, the double-bounced rays of the two-ring model
bear more energy than single-bounced rays of the two-ring
and ellipse models, i.e, min{ηDB1,i}4i=1 > max{ηSB1,i}5i=1.
In addition, for the scenario where more cars move along
the x-axis, we have {ηSB1,1 , ηSB1,3}> {ηSB1,2 , ηSB1,4} and
ηDB1,1 > {ηDB1,2 , ηDB1,3} > ηDB1,4 . Similarly, for the sce-
nario where more cars move along the opposite direction of
the x-axis, we have {ηSB1,2 , ηSB1,4}> {ηSB1,1 , ηSB1,3} and
ηDB1,4>{ηDB1,2 , ηDB1,3}>ηDB1,1 .

For other taps, we assume that the single-bounced rays
are generated only from the static scatterers located on the
corresponding ellipse, while the double-bounced rays are
caused by the scatterers from the combined one ring (either
of the two rings) and the corresponding ellipse, as illustrated
in Fig. 2. Note that according to the TDL structure, the
double-bounced rays in one tap must be smaller in dis-
tance than the single-bounced rays on the next ellipse. As
shown in Appendix A, this is valid only if the condition
max{RT , RR}< min{al−al−1} is fulfilled. For many current
V2V channel measurement campaigns, e.g., in [1][2], the
resolution in delay is 100 ns. Then, the above condition can
be modified as max{RT , RR} ≤ 15 m by calculating the

equality 2(al − al−1) = c · τ ′ with c = 3 × 108 m/s and
τ ′ = 100 ns. This indicates that the maximum acceptable
width of the road is 30 m, which is sufficiently large to
cover most roads in reality. In other words, the proposed
wideband model with the specified TDL structure is valid for
different scenarios. For a LVTD, the received scattered power
is mainly from waves reflected by the static scatterers located
on the ellipse. This indicates that ηSBl′,5 >max{ηDBl′,i}4i=1.
For a HVTD, due to the large number of moving cars, the
double-bounced rays from the combined one-ring and ellipse
models bear more energy than the single-bounced rays of
the ellipse model, i.e, min{ηDBl′,i}4i=1>ηSBl′,5 . Moreover,
for the scenario where more cars move along the x-axis, we
have {ηDBl′,1 , ηDBl′,3}>{ηDBl′,2 , ηDBl′,4}. Similarly, for the
scenario where more cars move along the opposite direction
of the x-axis, we have {ηDBl′,2 , ηDBl′,4}>{ηDBl′,1 , ηDBl′,3}.

From Fig. 1, based on the application of the law of cosines
in triangles and the following assumptions min{RT , RR, a−
f} � max{δT , δR} and D�max{RT , RR}, and using the
approximation

√
1 + x ≈ 1 + x/2 for small x, we have

εpq ≈ D−kpδT cosβT − kqδR cos(φLoS − βR)

εp(q)n1,g1(g2)
≈

RT (R) − kp(q)δT (R) cos(φ
(n1,g1(g2))

T (R) − βT (R))

εn1,g1(g2)q(p) ≈
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D∓RT (R) cosφ
(n1,g1(g2))

T (R) −kq(p)δR(T ) cos(φ
(n1,g1(g2))

R(T ) −βR(T ))

εn1,1n1,3(4)
=εn1,2n1,3(4)

≈
D−RT cosφ

(n1,1)
T −RR cos

(
φ
(n1,1)
R −φ(n1,2)

R

)
εn1,g1(g2)nl′,5 =√(

ξ
(l′,5)
T (R)

)2

+R2
T (R)−2ξ(l

′,5)
T (R)RT (R) cos

(
φ
(n1,g1(g2))

T (R) −φ(nl′,5)
T (R)

)
εp(q)nl,5

≈ ξ
(l,5)
T (R)−kp(q)δT (R) cos

(
φ
(nl,5)

T (R)−βT (R)

)
where φLoS ≈π, kp=(MT−2p+1)/2, kq =(MR−2q+1)/2,

ξ
(nl,5)
T =

(
a2l + f2+ 2alf cosφ

(nl,5)
R

)
/
(
al + f cosφ

(nl,5)
R

)
,

and ξ
(nl,5)
R = b2l /

(
al+ f cosφ

(nl,5)
R

)
. Note that the AoD

{φ(n1,i)
T }4i=1, φ

(nl′,5)
T and AoA {φ(n1,i)

R }4i=1, φ
(nl′,5)
R are in-

dependent for double-bounced rays, while they are inter-
dependent for single-bounced rays. By using the results in
[8][31], we can express the relationships between the AoD
and AoA for the single-bounced two-ring model as φ

(n1,1(2))

R ≈
π−ΔT sinφ

(n1,1(2))

T and φ
(n1,3(4))

T ≈ ΔR sinφ
(n1,3(4))

R with
ΔT ≈RT /D and ΔR≈RR/D and for the multiple confocal
ellipses model as φ

(nl,5)
T = arcsin[b2l sinφ

(nl,5)
R /(a2l + f2 +

2alf cosφ
(nl,5)
R )]. Another important angles for the proposed

model are expressed as

φ
(n1,σi2

n1,ςi2
)

S =

arcsin[RT sin(φ
(n1,ςi2

)

T − φ
(n1,σi2

)

T )/di2 ]− φ
(n1,ςi2

)

T

φ
(n1,g1(g2)nl′,5)
S =

arcsin[RT (R) sin(φ
(nl′ ,5)
T (R) − φ

(n1,g1(g2))

T (R) )/d5(6)]− φ
(nl′,5)
T (R)

where di2 = [R2
T + ξ2T − 2RT ξT cos(φ

(n1,ςi2
)

T −φ
(n1,σi2

)

T )]1/2

with ξT ≈ D + RR cosφ
(n1,3(4))

R and d5(6) = [R2
T (R) +

(ξ
(nl′,5)
T (R) )2 − 2RT (R)ξ

(nl′,5)
T (R) cos(φ

(nl′ ,5)
T (R) −φ(n1,g1(g2))

T (R) )]1/2.
Since the derivations of these angels are similar, only the
derivation of φ(n1,1n1,3)

S is given in Appendix B.
Based on the proposed MIMO V2V model, the channel

characteristics in both spatial and temporal domains can be
investigated. However, due to the page limit and considering
the unique temporal characteristics of V2V channels, this
paper focuses on the study of the complicated time variant
properties, i.e., the Doppler PSD, which significantly affect
the subcarrier orthogonality of OFDM systems. Under the
wide-sense stationary uncorrelated-scattering condition and
based on the proposed model in (1) and (3) with setting
δT = δR = 0, the Doppler PSD of channel impulse response
hpq(t, τ

′) of a V2V channel are completely determined by
the Doppler PSD of hl,pq(t) in each tap since different
taps are independent to each other. To simplify expressions,
the subscript {·}pq is omitted henceforth. Therefore, we can
restrict our investigations to the following Doppler PSD as

Shlhl
(fD) =

∞∫
−∞

E [hl (t) h
∗
l(t− τ)] e−j2πfDτdτ (5)

where fD is the Doppler frequency, (·)∗ denotes the com-
plex conjugate operation, and E[·] designates the statistical

expectation operator. Since the LoS, single-, and double-
bounced components are independent of each other, based
on (1) we have the following Doppler PSD for the first
tap Sh1h1(fD) = ShLoS

1 hLoS
1

(fD) +
∑I1
i1=1 Sh

SBi1
1 h

SBi1
1

(fD)+∑I2
i2=1 Sh

DBi2
1 h

DBi2
1

(fD). Whereas for other taps, according to

(3) we have the Doppler PSD as Shl′hl′(fD)=ShSB5
l′ h

SB5
l′

(fD)+∑I2
i2=1 Sh

DBi2
l′ h

DBi2
l′

(fD).

To derive the Doppler PSD, we assume the effective scat-
terers to be infinite, i.e., N1,i1 , Nl′,5 → ∞, and apply the
widely used von Mises distribution to characterize AoAs
and AoDs [32]. In this case, the discrete angles φ

(n1,i1 )

T ,

φ
(nl′,5)
T , φ

(n1,i1 )

R , φ
(nl′,5)
R , φ

(n1,σi2
n1,ςi2

)

S , and φ
(n1,i2nl′,5)
S can

be replaced by continuous random variables φ(1,i1)T , φ(l
′,5)

T ,

φ
(1,i1)
R , φ(l

′,5)
R , φ

(σi2 ,ςi2)

S , and φ
(i2,5)
S , respectively. The von

Mises PDF is defined as f(φ)
Δ
= exp[k cos(φ−μ)]/[2πI0 (k)],

where φ∈ [−π, π), I0(·) is the zeroth-order modified Bessel
function of the first kind, μ∈[−π, π) accounts for the mean
value of the angle φ, and k (k≥0) is a real-valued parameter
that controls the angle spread of the angle φ. In this paper,
for the angle of interest, i.e., the AoDs φ

(n1,1(2))

T ∈ [−π, π)
and AoAs φ

(n1,3(4))

R ∈ [−π, π) for the two-ring model, and
the AoAs φ(nl,5)

R ∈ [−π, π) for the multiple confocal ellipse
model, we use appropriate parameters (μ and k) of the von
Mises PDF as μ(1,1(2))

T and k
(1,1(2))
T , μ(1,3(4))

R and k
(1,3(4))
R ,

and μ(l,5)
R and k(l,5)R , respectively. Applying the corresponding

von Mises distribution, trigonometric transformations, and the

equality
π∫

−π
exp(a sin c + b cos c)dc = 2πI0

(√
a2 + b2

)
and

∞∫
0

I0

(
jα

√
x2+y2

)
cos (βx) dx = cos

(
y
√
α2−β2

)
/
√
α2−β2

[33], we can obtain the Doppler PSD of the LoS, single-,
and double-bounced components as follows.
1) In the case of the LoS component

ShLoS
1 hLoS

1
(fD)=

K

K+1
δ
(
fD−υT

c
fc cos γT+

υR
c
fc cos γR

)
(6)

where δ (·) denotes the Dirac delta function.
2) In terms of the single-bounce two-ring model

S
h
SBg1(g2)
1 h

SBg1(g2)
1

(fD)=
ηSB1,g1(g2)

2e
jQ

SBg1(g2)

T (R)

(K+1) I0

(
k
(1,g1(g2))
T (R)

)

×
cos

[
F
SBg1(g2)

T (R)

√(
Pυ

T (R)
g1(g2)

)2

−
(
E
SBg1(g2)

T (R)

)2
]

√(
P ∗ υT (R)

g1(g2)

)2

−
(
E
SBg1(g2)

T (R)

)2
(7)

where P = 2πfc/c, Q
SBg1(g2)

T (R) =
k
(1,g1(g2))

T (R)
cosμ

(1,g1(g2))

T (R)

jPυ
T (R)

g1(g2)

,

E
SBg1(g2)

T (R) =
k
(1,g1(g2))

T (R)
sinμ

(1,g1(g2))

T (R)

jPυ
T (R)

g1(g2)

, and E
SBg1(g2)

T (R) = 2πfD+

Pυ
R(T )
g1(g2)

.
3) In the case of the single-bounce multiple confocal ellipses
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model

S
h
SB5
l h

SB5
l

(τ) =
ηSBl,5

2πI0

(
k
(l,5)
R

)
U

∞∫
−∞

π∫
−π

e
k
(l,5)
R cos

(
φ
(l,5)
R −μ(l,5)

R

)

×ej
2πfcτ

c

[
υT
5 cosφ

(l,5)
T +υR

5 cosφ
(l,5)
R

]
e−j2πfDτdφ(l,5)R dτ

(8)

where U = K + 1 only appears for the first tap.
4) In terms of the double-bounce component for the first tap,
we have the expression of S

h
DBi2
1 h

DBi2
1

(τ) as (9) on the next
page.
5) In terms of the double-bounce component for other taps, the
expression of S

h
DBg1(g2)

l′ h
DBg1(g2)

l′
(τ) can be shown as (10) on

the next page.
For the Doppler PSD in (5), the range of Doppler fre-

quency is limited by |fD| ≤ [υT +2max{υST1 , υST2}+
2max{υSR1 , υSR2}+υR]fc/c. Finally, the Doppler PSD of
the channel impulse response h(t, τ ′) can be expressed as

Shh (fD) =
L∑
l=1

c2l Shlhl
(fD).

III. PRECODING BASED CANCELLATION SCHEME

A. Two Currently Important ICI Cancellation Methods

In order to mitigate the impact of ICI, several ICI cancel-
lation methods have been proposed. Among them two types
of ICI cancellation methods, i.e., ICI self cancellation and
two-path transmission, have been widely accepted due to their
simplicity and effectiveness in ICI mitigation.

1) ICI Self-Cancellation Method: ICI self-cancellation
method can efficiently combat ICI by employing data rep-
etition within one OFDM symbol interval. As depicted in
Fig. 3 (a), the additional processes for the ICI self-cancellation
method with respect to the normal OFDM procedure are
the ICI self-cancellation module, including the ICI canceling
modulation before the inverse fast Fourier transform (IFFT)
operation at the Tx and the ICI canceling demodulation after
the fast Fourier transform (FFT) operation at the Rx [16].

For the ICI canceling modulation, the input modulated
symbols {X} are first grouped into several transmit blocks
each consisting of N

2 modulated symbols, which are then
mapped onto the N subcarriers using one-to-two mapping
rule:

X̃M{k} =

{
Xk, k = 0, . . . , N2 − 1

O
(
Xk−N

2

)
, k = N

2 , . . . , N − 1
(11)

where {X̃k}N−1
k=0 are the real transmitted symbols on the

OFDM subcarriers, M is a mapping set whose elements are
chosen according to the specific mapping criterion, such as
adjacent mapping, symmetric mapping, and mirror mapping,
and O (x) is defined as the mapping operation which reflects
the relationship between the two symbols with the same
information to be mapped on the subcarrier pair. In ICI self-
cancellation methods, conversion and conjugate relationships
are commonly utilized and can be represented in (11) as
O (x) = −x and O (x) = x∗, respectively. Therefore, there
are six ICI self-cancellation schemes with the combination of

the three mapping criteria and two mapping operations: adja-
cent symbol repetition (ASR) [17], adjacent conjugate symbol
repetition (ACSR) [19], symmetric symbol repetition (SSR)
[20], symmetric conjugate symbol repetition (SCSR) [21],
mirror symbol repetition (MSR), and mirror conjugate symbol
repetition (MCSR) [22]. Taking the mirror mapping criterion
with the conjugate mapping operation, i.e., MCSR scheme, as
an example, we have M = {1, . . . , N2 − 1, ∅, N − 1, . . . , N2 +
1, ∅} with ∅ denoting invalid mapping. Therefore, the final
transmitted symbols in the frequency domain after the ICI
self-cancellation module will be X̃1 = X̃∗

N−1 = X0, X̃2 =

X̃∗
N−2 = X1, . . . , X̃N/2−1 = X̃∗

N/2+1 = XN/2−2, X̃0 =

X̃N/2 = 0 [22].
After the ICI canceling modulation, the received signals on

subcarrier m and its corresponding mapped subcarrier pair
m′ (m′ = m + 1 for the adjacent mapping criterion, m′ =
N − m − 1 for the symmetric mapping criterion, or m′ =
N − m for the mirror mapping criterion) will carry on the
same data symbol. This signal redundancy makes it possible
to further improve the ICI mitigation performance through a
combination technique, which can be realized as

X̂m =

O
(
H∗

M{m+N
2 },M{m+N

2 }YM{m+N
2 }

)
∣∣HM{m},M{m}

∣∣2+∣∣∣HM{m+N
2 },M{m+N

2 }
∣∣∣2+

H∗
M{m},M{m}YM{m}∣∣HM{m},M{m}
∣∣2+∣∣∣HM{m+N

2 },M{m+N
2 }

∣∣∣2 (12)

where Hm,k=
1
N

∑L
l=1 Fl (m− k) e−j

2πlk
N , m=0, . . . , N2 − 1,

Fl (z) =
∑N−1
n=0 h

(n)
l e−j

2πnz
N , and h

(n)
l is the l-th sample of

the time-varying channel impulse response at time instant nTs

N
with Ts denoting the symbol duration.

2) Two-Path Transmission Method: Unlike the ICI self-
cancellation method where the data is repeated within one
OFDM block, the two-path transmission method transmits the
data copies in two concatenated OFDM blocks, which are
usually referred to as two independent paths separated by
time division multiplexing (TDM), as shown in Fig. 3 (b).
Similar to the ICI self-cancellation method, by applying the
combination technique on the received signals from both paths
at the Rx, the ICI generated from one path can be significantly
mitigated by that generated from the other path.

Currently, PC and CC schemes have been known as the
typical two-path cancellation schemes. Taking the CC scheme
as an example, the first path follows the normal OFDM
procedure, while the second path adopts a conjugate of the
normal OFDM signal both before the transmission and after
the reception, as illustrated in Fig. 3(b), without considering
the ejφ and −ejφ modules. Finally, the received signals at the
m-th subcarrier for both paths are combined as (13) by setting
φ = 0, where the effect of noise is ignored. More recently, to
further improve the ICI mitigation performance of CC scheme,
the PRCC scheme has been proposed by using PRA method
that adds an artificial phase rotation of φ for both paths at
the Tx in the CC scheme, as shown in Fig. 3(b). However,
the performance of PRCC scheme is highly dependent on the
accuracy of the chosen phase rotation, which is related to the
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S
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1 h
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k
(1,ςi2)

R
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∞∫
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−π

π∫
−π

e
k
(1,σi2
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T cos

(
φ
(1,σi2

))

T −μ(1,σi2
))

T

)
e−j2πfDτ

e
k
(1,ςi2
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R cos

(
φ
(1,ςi2
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R −μ(1,ςi2
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R

)
e
j 2πfcτ

c
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υT
σi2

cosφ
(n1,σi2
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T +υS
σi2

,ςi2
cosφ

(n1,σi2
n1,ςi2

)

S +υR
ςi2

cosφ
(n1,ςi2

)

R

]
dφ

(1,σi2 )

T dφ
(1,ςi2 )

R dτ (9)

S
h
DBg1(g2)

l′ h
DBg1(g2)

l′
(τ) =

ηDBl′,g1(g2)

4π2I0

(
k
(1(l′),g1(5))
T (R)

)
I0

(
k
(1,g2)
R

)
(K + 1)

∞∫
−∞

π∫
−π

π∫
−π

e
k
(1(l′),g1(5)))

T (R)
cos

(
φ
(1(l′),g1(5)))

T (R)
−μ(1(l′),g1(5)))

T (R)

)
e
k
(1,g2))

R cos
(
φ
(1,g2))

R −μ(1,g2))

R

)
e−j2πfDτ

e
j 2πfcτ

c

[
υT
g1(5) cosφ

(n
1(l′),g1(5)

)

T +υS
g1(g2),5 cosφ

(n1,g1(g2)nl′,5)

S +υR
5(g2) cosφ

(n
l′(1),5(g2)

)

R
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T (R) dφ

(1,g2)
R dτ (10)

Fig. 3. Block diagram of a OFDM transceiver with (a) ICI self-cancellation module, (b) PRCC two-path cancellation module, and (c) PBC with PRA method
module.

real frequency offset experienced at the Rx and thus needs a
precise estimation at the Rx and an error-free feedback link
to the Tx. For example, the phase rotation adopted at the Tx
is derived as φ = −πε̂ (1− 1

N

)
, where ε̂ is the feedback

estimated frequency offset from the Rx in [25]. The PRA
method used in the PRCC scheme aims to make the phases
of the ICI coefficients for the both paths have an opposite
polarity, so that they can cancel out each other when the
combination of the both paths is implemented. Therefore, the
combination of received signals at the m-th subcarrier for both

paths can be expressed as

X̂m =
ejφ|Hm,m|2 + e−jφ|H−m,−m|2

|Hm,m|2 + |H−m,−m|2 Xm+

N−1∑
k=0,k �=m

(
ejφH∗

m,mHm,k + e−jφH−m,−mH∗
−m,−k

)
Xk

|Hm,m|2 + |H−m,−m|2
.

(13)

It has been shown in [25] that due to the application
of the PRA method, the PRCC scheme outperforms most
existing ICI cancellation schemes under an ideal assumption
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that the accurate phase rotation is obtained at the Tx. Note
that the PRA method proposed in the PRCC scheme can
be also applicable to any ICI self-cancellation and two-path
cancellation schemes for further improving their ICI mitigation
performance, although it has not been specified in [25].

B. Precoding Based Cancellation Method

From the previous subsection, it is clear that the essence of
the ICI self-cancellation and two-path transmission schemes
is the proper design of the redundant signals associated with
the combination technique. Specifically, the redundant signals
for ICI self-cancellation schemes are introduced within one
OFDM block, while those for two-path transmission schemes
are in two concatenated OFDM blocks. Compared with the
normal OFDM procedure, the complexity increase of ICI self-
cancellation schemes is marginal. However, when the ICI self-
cancellation schemes are applied into the IEEE 802.11p based
V2V systems, performance degradation will appear as the con-
figuration of the OFDM block, which includes not only data
symbols but also pilot symbols, seriously breaks the mapping
criterion to the data symbols. Fortunately, this problem can
be successfully avoided by the application of the two-path
transmission schemes due to no additional operation within
one OFDM block. The two separate OFDM transceivers,
however, will significantly increase the realization complexity
of two-path transmission schemes and as a consequence limit
the practical use of the two-path transmission schemes. This
motivates us to propose a new type of ICI cancellation method
that owns both the advantages of the ICI self-cancellation
method and two-path cancellation method and meanwhile is
suitable for real V2V systems.

In [26], we have discovered a relationship between ICI self-
cancellation schemes and two-path transmission schemes and
proved that the CC scheme is actually another implementation
manner of the MCSR scheme. Motivated by this, a new type of
ICI cancellation method is proposed where the main additional
operations compared with normal OFDM systems have been
integrated inside the precoding and de-precoding modules, as
shown in Fig. 3(c), without considering the ejφ module and
thus named as PBC scheme. The PBC scheme involves the
redundant signals by properly applying the mapping criterion
and mapping operation in two concatenated OFDM blocks
separated by TDM. For the precoding module, one OFDM
block input {Xk}N−1

k=0 will become two OFDM blocks output

{X(1)

k }N−1
k=0 and {X(2)

k }N−1
k=0 , where the first OFDM block

{X(1)

k }N−1
k=0 is equal to the input OFDM block, i.e., X

(1)

k =

Xk and the second OFDM block {X(2)

k }N−1
k=0 is obtained

by following the mapping rule X
(2)

M{k} = O (Xk). Similar
to (11), M is a mapping set whose elements are chosen
according to the specific mapping criterion, such as adjacent
mapping with M = {1, 2, . . . , N − 1, 0}, symmetric mapping
with M = {N − 1, N − 2, . . . , 0}, and mirror mapping with
M = {0, N − 1, N − 2, . . . , 1}, and O (x) is defined as the
mapping operation which is either conversion operation or
conjugate operation. Therefore, similar to ICI self-cancellation
schemes, in total there are six PBC schemes named as:
precoding based ASR (PB-ASR), PB-ACSR, PB-SSR, PB-
SCSR, PB-MSR, and PB-MCSR. Finally, the combination of

the received signals at the m-th subcarrier for both OFDM
blocks can be derived as

X̂m =
H∗
m,mY

(1)

m +O
{
H∗

M{m},M{m}Y
(2)

M{m}
}

|Hm,m|2 + ∣∣HM{m},M{m}
∣∣2 . (14)

where {Y (1)

m }N−1
m=0 and {Y (2)

m }N−1
m=0, respectively, are the re-

ceived signals corresponding to the transmitted two OFDM
blocks in the frequency domain.

In Appendix C, we prove that the ICI self-cancellation
schemes express the same ICI mitigation performance as the
PBC schemes. However, by properly applying the mapping
criterion and mapping operation into two concatenated OFDM
blocks rather than into one OFDM block as in ICI self-
cancellation schemes, the proposed PBC schemes can be
directly implemented into real V2V systems without exhibit-
ing any performance degradation. Moreover, unlike two-path
concellation schemes that design the two concatenated OFDM
blocks after the IFFT at the Tx and before the FFT at the Rx, as
illustrated in Fig. 3(b), the design of the two OFDM blocks in
the PBC scheme is integrated in the precoding module before
the IFFT at the Tx and the de-precoding module after the
FFT at the Rx, as shown in Fig. 3(c). This indicates that the
precoding and de-precoding operations can be accomplished
via a little software programming effort without modifying
the hardware of present OFDM systems as previous two-path
cancellation schemes have to do. Therefore, by properly taking
the both advantages of ICI self-cancellation schemes and two-
path cancellation schemes, the proposed PBC schemes can be
easily implemented into real V2V systems and have no any
performance degradation.

Similarly, the PRA method can be also used in the PBC
scheme for further improving its ICI mitigation performance
as shown in Fig. 3(c). Based on the proof in Appendix C
and conclusions in [22] [26], it allows us to conclude that
the PB-MCSR with the PRA method, named as phase rotated
PB-MCSR (PRPB-MCSR), has the same performance as the
PRCC scheme. Therefore, the PRPB-MCSR is the best ICI
cancellation scheme for real V2V systems under the ideal
assumption that the accurate phase rotation is available at the
Tx.

IV. CONSTANT PHASE ROTATION METHOD

The key issue on the implementation of the PRA method
is how to obtain the accurate artificial phase rotation at
the Tx. In general, the implementation of the PRA method
needs a powerful frequency offset estimator at the Rx and
an error-free feedback link from the Rx to the Tx, which
will significantly increase the system complexity and reduce
the system real-time performance. Due to the complicated
moving environments of real V2V systems, the frequency
offset caused by Doppler should be a spectrum largely spread
in a wide range rather than a single value. Therefore, a precise
estimation of the frequency offset in real V2V systems will
not only be a serious burden at the Rx but also hardly be
obtained. Moreover, the PRA method is derived based on a
single-valued frequency offset and thus may not be suitable
for real V2V systems.
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The above gap motivates us to propose a CPRA method
where the artificial phase rotation is constant and irrelevant
to the frequency offset. Therefore, the implementation of the
proposed CPRA method is simple and only needs a ejφ

module with a given constant optimal phase rotation φ at the
Tx. More importantly, the constant phase rotation is designed
over a given frequency offsets range rather than based on a
single-valued frequency offset. The CIR is used to design
the CPRA method. Therefore, the basic design rule is that
the CIR of any ICI cancellation scheme with the designed
CPRA method should overwhelm the CIR of the normal
OFDM systems and meanwhile approach the CIR of the ICI
cancellation scheme with the PRA method for any given fixed
frequency offset. By taking the PRPB-MCSR as an example,
this section details the design procedure of the CPRA method.
Considering a single-valued frequency offset Δf = fd where
fd denotes any Doppler shift in the Doppler spectrum of
h
(n)
l , the CIRs of normal OFDM systems and constant phase

rotation PB-MCSR (CPRPB-MCSR) with a phase rotation φ
can be expressed as [26]

COFDM =
sinc2 (ε)

1− sinc2 (ε)
(15)

and

CCPRPB−MCSR =
sinc2 (ε) cos2

(
πε

(
1− 1

N

)
+ φ

)
1
2 + 1

2 sinc (2ε)X−sinc2 (ε)Y
(16)

respectively, where X = cos
(
2πε

(
1− 1

N

)
+ 2φ

)
, Y =

cos2
(
πε

(
1− 1

N

)
+ φ

)
, sinc (x) = sin (πx) /πx, and the

normalized frequency offset ε = ΔfTs. The CIR of the
PRPB-MCSR can be obtained directly from (16) by setting
φ = −πε (1− 1

N

)
as

CPRPB−MCSR =
sinc2 (ε)

1
2 + 1

2 sinc (2ε)− sinc2 (ε)
(17)

which is actually the maximum of (16). Note that for the
PRPB-MCSR, the artificial phase rotation is relevant to the
normalized frequency offset ε.

A. The Range of Feasible Solutions of φ

Dividing the nominator and denominator in (16) by
cos2

(
πε

(
1− 1

N

)
+ φ

)
, it is observed that the only difference

among (15)-(17) lies in the denominator. Therefore, to guar-
antee that the CIR in (16) is larger than that in (15) for a
given frequency offset range ε ∈ [εmin, εmax], where εmin > 0
and εmax ≤ 0.5 are the minimum and maximum normalized
frequency offsets, respectively, we have

ψ (ε, φ) < 1, ψ (ε, φ) =
1 + sinc (2ε) cos

(
2πε

(
1− 1

N

)
+ 2φ

)
2cos2

(
πε

(
1− 1

N

)
+ φ

)
≈ 1+sinc (2ε) cos (2πε+ 2φ)

1+ cos (2πε+ 2φ)
(18)

where ε ∈ [εmin, εmax] and the approximation is derived based
on the reasonable assumption of a large value of N . Cal-
culating the above inequality, we have cos (2πε+ 2φ) (1−
sinc (2ε)) > 0. Resorting to the property sinc (2ε) < 1,
we can obtain feasible solutions of φ over the range as
[−π

4 −πεmin + kπ, π4 −πεmax + kπ] with k being an integer.

Without loss of generality, in the sequel, φ is constrained in
its principal value interval φ ∈ [−π

4 − πεmin,
π
4 − πεmax

]
.

B. Derivation of Optimal φ

Based on the basic design rule, the optimal φ should be
chosen such that the CIR for any ε drawn from the possible
frequency offset range experienced at the Rx approaches the
saturation level, i.e., the CIR of the PRPB-MCSR. Therefore,
if we define a metric D which characterizes the difference
between the CIR of the CPRPB-MCSR and the CIR of the
PRPB-MCSR for a given ε, the optimal φ will be figured out
by minimizing the accumulated differences of CIRs with ε
spreading from εmin to εmax

φopt = min{ρ (φ)}, ρ (φ) =∫ εmax

εmin

D (CCPRPB−MCSR (ε, φ) , CPRPB−MCSR (ε)) dε.

(19)

where D (CCPRPB−MCSR (ε, φ) , CPRPB−MCSR (ε)) =
|CPRPB−MCSR (ε) − CCPRPB−MCSR (ε, φ) |2 is
the square error between these two CIRs and
φ ∈ [−π

4 − πεmin,
π
4 − πεmax

]
. The integration range

[εmin, εmax] should be determined by the transceiver
performance and communication environments as the
former determines the level of phase noise and frequency
mismatch between the received signal and local oscillator,
and the latter determines the level of Doppler spectrum.
The optimal φopt can be readily obtained by minimizing
ρ (φ) through computer numerical calculating. Especially, if
[εmin, εmax] = [0, 0.5], the feasible solutions of φ are reduced
to one element, φ = −π

4 , which actually turns out to be the
optimal phase rotation.

So far, it is clear that the phase rotation of the PRA
method is the optimal one for any given single-valued ε, while
the phase rotation of the CPRA method is the suboptimal
one for any given single-valued ε but is the optimal one
over a given frequency offset range [εmin, εmax]. Since the
Doppler spectrum for real V2V systems in practical results
in a wider spread frequency offset range rather than a single-
valued frequency offset, compared with the PRA method, the
CPRA method should express better performance and more
importantly has very small implementation complexity.

V. SIMULATION RESULTS AND ANALYSIS

Unless otherwise specified, all the channel related param-
eters used in this section are listed in Table II. A real V2V
system following the IEEE 802.11p standard was used with
basic parameters as follows [13]. OFDM subcarrier number is
N = 64, CP length is Lp = 16, both short and long training
preambles consisting of 2 OFDM symbols were transmitted
before data frame for the signal synchronization, frequency
offset estimation, and channel estimation, 4 pilot symbols are
multiplexed with the transmitted data in the frequency domain
for phase tracking. Least squares (LS) estimator is used for
the channel estimation.

Figs. 4 and 5 show the Doppler PSDs of the proposed V2V
model for the first and second taps with different VTDs (low
and high) when the Tx and Rx move in opposite directions
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TABLE II
CHANNEL RELATED PARAMETERS USED IN SIMULATIONS

All scenarios Basic parameters
fc=5.9 GHz, υT=υR=υST1(2)

=υSR1(2)
=105 km/h, D=300 m,

L=4, [a1, a2, a3, a4]=[160, 175, 190, 205] m, RT=RR=7 m,
[c1, c2, c3, c4] = [

√
0.88,

√
0.08,

√
0.03,

√
0.01], {N1,i1}5

i1=1=N2,5=N3,5=N4,5=30

Tx and Rx

LVTD

Rician factor K = 3.786

move in opposite

scenario

environment-related

Two-ring: k(1,1)T =26.4, k(1,2)T =25.6, k(1,3)R =27.2, k(1,4)R =28.9

directions (OD)

parameters

μ
(1,1)
T =7◦ , μ(1,2)

T =133◦ , μ(1,3)
R =172◦ , μ(1,4)

R =52◦

First ellipse: k(1,5)R =6.5, μ(1,5)
R =159◦; Second ellipse: k(2,5)R =7.6, μ(2,5)

R =63◦

Third ellipse: k(3,5)R =8.7, μ(3,5)
R =−136◦; Fourth ellipse: k(4,5)R =9.4, μ(4,5)

R =−43◦

energy-related
First tap: ηDB1,1=ηDB1,2 =ηDB1,3 =ηDB1,4 =0.03

parameters
ηSB1,1= ηSB1,2 = ηSB1,3 = ηSB1,4= 0.002, ηSB1,5= 0.872

Second tap: ηDB2,1 = ηDB2,2 = ηDB2,3 = ηDB2,4 = 0.02, ηSB2,5 = 0.92

Third tap and fourth tap are the same as the second tap.

HVTD

Rician factor K = 0.156

scenario

environment-related
Two-ring: k(1,1)T =4.6, k(1,2)T =5.8, k(1,3)R =5.2, k(1,4)R =4.3

parameters
μ
(1,1)
T =7◦ , μ(1,2)

T =133◦ , μ(1,3)
R =172◦ , μ(1,4)

R =52◦

Other parameters are the same as those of the OD-LVTD scenario.

energy-related
First tap: ηDB1,1 =ηDB1,2 =ηDB1,3=ηDB1,4=0.16

parameters
ηSB1,1=ηSB1,2=ηSB1,3=ηSB1,4=0.08, ηSB1,5=0.04

Second tap: ηDB2,1=ηDB2,2=ηDB2,3=ηDB2,4=0.24, ηSB2,5=0.04

Third tap and fourth tap are the same as the second tap.

Tx and Rx

LVTD

Rician factor K = 2.168

move in the

scenario

environment-related

Two-ring: k(1,1)T =22.6, k(1,2)T =23.4, k(1,3)R =23.6, k(1,4)R =22.9

same direction (SD)

parameters

μ
(1,1)
T =6◦ , μ(1,2)

T =83◦ , μ(1,3)
R =11◦ , μ(1,4)

R =97◦

First ellipse: k(1,5)R =5.6, μ(1,5)
R =69◦; Second ellipse: k(2,5)R =6.3, μ(2,5)

R =123◦

Third ellipse: k(3,5)R =7.4, μ(3,5)
R =−166◦; Fourth ellipse: k(4,5)R =8.2, μ(4,5)

R =−56◦

energy-related
First tap: ηDB1,1 = ηDB1,2= ηDB1,3 = ηDB1,4 = 0.06

parameters
ηSB1,1 = ηSB1,2 = ηSB1,3 = ηSB1,4 = 0.001, ηSB1,5 =0.756

Second tap: ηDB2,1 = ηDB2,2 = ηDB2,3 = ηDB2,4 = 0.01, ηSB2,5 = 0.96

Third tap and fourth tap are the same as the second tap.

HVTD

Rician factor K = 0.156

scenario

environment-related Two-ring related parameters are the same as those of the OD-HVTD scenario.
parameters Other parameters are the same as those of the SD-LVTD scenario.

energy-related parameters Parameters are the same as those of the OD-HVTD scenario

(OD) and same direction (SD), respectively. For comparison
purposes, the measured Doppler PSDs taken from Figs. 4(a)–
(d) in [1] are also plotted in Figs. 4(a), (b) and Figs. 5(a),
(b), respectively. In [1], the measurement campaigns were
performed at a carrier frequency of 5.9 GHz on an expressway
with a LVTD. The distance between the Tx and Rx was
approximately D = 300 m and the directions of movement
were γT =0, γR=π (OD) and γT =γR=0 (SD). Both the
Tx and Rx were equipped with one omnidirectional antenna,
i.e., SISO case. Based on the measured scenarios in [1], we
choose the environment-related parameters for OD and SD
scenarios as shown in Table II. The Ricean factor and energy-
related parameters shown in Table II for OD and SD scenarios
are chosen by considering the constraints of them for different
taps as mentioned in Section II. In order to match the measured
Doppler PSDs reported in [1] for OD-LVTD and SD-LVTD
scenarios, the influence of the LoS component is removed in
Figs. 4 and 5 as addressed in [1]. The excellent agreement
between the theoretical and measured Doppler PSDs confirms
the utility of the proposed wideband model. Unfortunately, to
the best of the authors’ knowledge, no measurement results
(e.g., in [1][2]) were available regarding the impact of the
HVTD (e.g., a traffic jam) on the Doppler PSD. Comparing
the Doppler PSDs with different VTDs in Figs. 4 and 5, we
observe that the V2V channels show highly dynamic Doppler
spectrum and the VTD significantly affects the Doppler PSDs
at different taps in V2V channels. Figs. 4 and 5 also show
that V2V channels have largely spread Doppler PSD and the
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Fig. 4. Normalized Doppler PSDs of the (a) first tap and (b) second tap of
the proposed wideband MIMO V2V channel model with low and high VTDs
when the Tx and Rx move in opposite directions on an expressway.

V2V channel with the HVTD has larger spread and more
distributed Doppler PSD compared with the V2V channels
with the LVTD.

In total, 4 different V2V channels are used in this section,
i.e., SD-LVTD V2V channel, SD-HVTD V2V channel, OD-
LVTD V2V channel, and OD-HVTD V2V channel. By com-
paring the Doppler PSDs in Figs. 4 and 5 with those in Fig. 2
in [10], it is obvious that the Doppler PSD obtained from
the proposed model in this paper expresses higher dynamic
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Fig. 5. Normalized Doppler PSDs of the (a) first tap and (b) second tap of
the proposed wideband MIMO V2V channel model with low and high VTDs
when the Tx and Rx move in the same direction on an expressway.
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Fig. 6. BER performance of the real V2V system based on IEEE 802.11p
standard for different channels.

Doppler spectrum. This indicates that the simple and unre-
alistic assumption widely used in [7]–[10] that assumes the
same Doppler frequency for both moving and static scatterers
actually under-estimates the dynamics of the Doppler spectrum
of real V2V channels.

Fig. 6 shows the BER performance of the real V2V system
without considering pilot symbols for these 4 V2V channels.
Moreover, the BER performance of the static channel whose
parameters are the same as those of the SD-LVTD V2V
channel with υT=υR=υST1(2)

=υSR1(2)
=0 is also illustrated

for a reference. As expected, Fig. 6 illustrates that compared
with the static channel, V2V channels significantly reduce the
performance of the real V2V system due to the largely spread
Doppler caused by fast moving environments. In general, the
OD V2V channel has higher Doppler spectrum than the SD
one and the HVTD V2V channel expresses higher Doppler
spectrum than the LVTD one. Therefore, the BER for the SD-
LVTD V2V channel is the best one, while the BER for the
OD-HVTD V2V channel is the worst one as shown in Fig. 6.

Fig. 7 shows the BER performance of the real V2V system
without considering pilot symbols for OD-LVTD and OD-
HVTD channels when either ICI self-cancellation schemes or
PBC schemes are applied. The symbols in all above cases
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Fig. 7. BER performance of different ICI self-cancellation schemes and PBC
schemes in a real V2V system without considering pilots for OD-LVTD and
OD-HVTD V2V channels.
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Fig. 8. BER performance of (a) SSR ICI self-cancellation scheme and
PB-SSR scheme and (b) MCSR ICI self-cancellation scheme and PB-MCSR
scheme in a real V2V system with different number of pilots for OD-LVTD
and OD-HVTD V2V channels.

are drawn from QPSK constellation. As expected, the BER
performance of ICI self-cancellation schemes is similar to the
one of PBC schemes, which validates the proof in Appendix C.
Moreover, it can be seen from Fig. 7 that the SSR and MCSR
outperform the ASR. This is because that the larger frequency
separation in the subcarrier mapping criterion for the SSR and
MCSR helps collect the additional frequency diversity and
thus enhances their capability in the ICI cancellation.

Fig. 8 shows the performance of the implementation of
both ICI self-cancellation schemes and PBC schemes into
real V2V systems for OD-LVTD and OD-HVTD channels.
The real V2V system without using any ICI cancellation
schemes is also considered for a comparison purpose in
Fig. 8. To guarantee the same spectral efficiency, we use
BPSK modulation for the V2V system without using ICI
cancellation schemes and the QPSK modulation for the V2V
system using ICI cancellation schemes. To show the impact of
pilot symbols, equally-spaced pilot symbols with the number
Np = 4 and Np = 8 are considered. From Fig. 8, it is clear
that the presence of pilot symbols significantly deteriorates
the performance of ICI self-cancellation schemes since the
pilot symbols will break the mapping criterion as explained in



446 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS/SUPPLEMENT, VOL. 31, NO. 9, SEPTEMBER 2013

0 5 10 15 20 25 30
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

SNR (dB)

B
E

R

 

 

 PB−MCSR, OD−HVTD
 PRPB−MCSR, OD−HVTD
CPRPB−MCSR, OD−HVTD
PB−MCSR, OD−LVTD
PRPB−MCSR, OD−LVTD
CPRPB−MCSR, OD−LVTD
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schemes in a real V2V system for OD-LVTD and OD-HVTD V2V channels.

Section III. Moreover, the performance degradation increases
with the increase of the number of pilot symbols. While
the PBC schemes show unchanged performance for different
number of pilot symbols and better performance than ICI self-
cancellation schemes. Note that compared with IEEE 802.11p
standard with 4 pilot symbols in one OFDM block, future
V2V systems need to add more pilot symbols in order to get
more accurate channel estimation. In this case, the advantage
of the proposed PBC schemes for real V2V systems is more
obvious.

Fig. 9 illustrates the BER performance of the real V2V sys-
tem with the PB-MCSR, PRPB-MCSR, and CPRPB-MCSR
schemes for OD-LVTD and OD-HVTD channels. For the
PRPB-MCSR, the phase rotation is obtained by using the
estimated normalized frequency offset ε̂ from the preamble.
While for the CPRPB-MCSR, the constant phase is obtained
based on the normalized frequency offset range [ε̂−�, ε̂+�]
with � = 0.02 in this simulation. As shown in Fig. 9,
the CPRPB-MCSR expresses the best performance, validating
the better performance of the CPRA method over the PRA
one for real V2V systems. Note that the performance gap
between the CPRA and PRA methods becomes wider when
the V2V system has better OFDM spectral efficiency, i.e.,
more subcarriers in one OFDM block. This is because that
in this case, the weight of Doppler spectrum in the generation
of frequency offset becomes larger. Based on the results in
Figs. 8 and 9, it allows us to conclude that the proposed PBC
schemes with the proposed CPRA method are the best ICI
cancellation schemes for real V2V systems.

VI. CONCLUSIONS

This paper has proposed a new wideband MIMO V2V RS-
GBSM, which has the ability to practically investigate the
Doppler spectrum and the impact of the VTD on channel
statistics. From the proposed model, the Doppler PSD has been
derived and analyzed. Numerical results have demonstrated
that the VTD has a great impact on the Doppler PSD.
Also, the Doppler PSD obtained from our model closely
matches the measured data, which validates the utility of the
proposed model. To combat the ICI caused by highly dynamic
Doppler spectrum in real V2V systems, a new type of ICI

cancellation scheme has been proposed combining the advan-
tages of both ICI self-cancelaltion and two-path cancellation
schemes. Therefore, the proposed PBC scheme has lower
implementation complexity than the two-path cancellation
scheme and better performance than the ICI self-cancellation
scheme for real V2V systems. To further improve the PBC
scheme, we have proposed a new PRA method. Numerical
results have shown that compared with the existing PRA
method, the proposed CPRA method has better performance
and significantly less implementation complexity.

APPENDIX

A. DERIVATION OF THE CONDITION MAX{RT , RR} <
MIN{al − al−1} THAT GUARANTEES THE TDL STRUCTURE

OF OUR MODEL

For the first tap, Fig. 2 clearly shows that the longest
distance caused by the double-bounced rays is the link
OT−A−B−OR, which is equal to 2RT+2RR+2f . According to
the TDL structure, the inequality 2RT+2RR+2f<2a2 should
be fulfilled. Considering RT+RR+2f<2a1 (as shown in Fig. 2)
and based on the transitivity of inequalities, we know that if
RT+RR+2a1<2a2 then 2RT+2RR+2f<2a2. Therefore, we
can conclude that the condition RT+RR<2a2−2a1 guarantees
the fulfillment of the TDL structure for the first tap.

For other taps (l′>1), since the derivations of the condition
that guarantees the fulfillment of the TDL structure are the
same, here we only detail the derivation of the condition for
the second tap. From Fig. 2, it is clear that the longest distance
in the second tap caused by the double-bounced rays is either
the link OT−C−S−OR, which is equal to 2RT+2a2, or the link
OT−S−D−OR, which is equal to 2RR+2a2. In terms of the
TDL structure, the inequality max{RT , RR}<{a2−a1} should
be fulfilled. Therefore, we can conclude that the condition
max{RT , RR}<min{al′−al′−1} guarantees the fulfillment of
the TDL structure for other taps.

Since the condition RT+RR < 2a2−2a1 for the first tap
can be rewritten as RT < a2−a1 (if RT ≥RR) and RR <
a2−a1 (if RR ≥ RT ), we can obtain the general condition
max{RT , RR}<min{al−al−1} that guarantees the fulfillment
of the TDL structure of our model.

B. DERIVATION OF THE ANGLE φ
(n1,1n1,3)
S

Considering the triangle (ST , OT , SR) and applying the law
of sines, we have

d(ST −OT )

sin∠OTSRST
=

d(SR − ST )

sin∠SROTST
(20)

where d(ST −OT ) = RT . Applying the law of cosines to the
triangle (OT , SR, OR) with the assumption of D >> RR and
to the triangle (ST , OT , SR), we have d(OT − SR) = ξT ≈
D + RR cosφ

(n1,3(4))

R and d(ST − SR) = d1 = [R2
T + ξ2T −

2RT ξT cos∠SROTST ]1/2, respectively. Based on the basic
geometry knowledge, we have ∠OROTSR = ∠ARSROT =

2π − φ
(n1,3)
T and ∠ARSRRT = ∠SRSTBR = φ

(n1,1n1,3)
S .

Therefore, we can obtain ∠OTSRST = ∠ARSRST −
∠ARSROT = φ

(n1,1n1,3)
S − 2π + φ

(n1,3)
T and ∠SROTST =

∠SROTOR + ∠STOTOR = 2π − φ
(n1,3)
T + φ

(n1,1)
T .
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C. Proof of the Same ICI Mitigation Performance between
PBC Schemes and ICI Self-Cancellation Schemes

Since the proof for different mapping criteria and mapping
operations is similar, this appendix details the proof for the
mirror mapping criterion with conjugate operation, while
others are omitted here for brevity. From (14), the combination
of received signals at the m-th subcarrier for the PB-MCSR

is X̂m =
H∗

m,mY
(1)
m +H∗

−m,−mY
(2)
N−m

|Hm,m|2+|H−m,−m|2 , which can be further
simplified as

X̂m=Xm +

N−1∑
k=0,k �=m

(
H∗
m,mHm,k +H−m,−mH∗

−m,−k
)
X∗
k

|Hm,m|2 + |H−m,−m|2
.

(21)

Comparing the expression of the m-th symbol X̂m for the
MCSR in (14) and (21), it can be readily verified that they
share the same CIR as

CIRMCSR = CIRPB−MCSR =

E
{
|Hm,m|2 + |H−m,−m|2

}
N−1∑

k=0,k �=m
E

{∣∣∣H∗
m,mHm,k +H−m,−mH∗

−m,−k
∣∣∣2} . (22)

Therefore, the MCSR and PB-MCSR have the same ICI
mitigation performance.
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