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Abstract— Recent years have witnessed the rapid development
of intelligent transportation systems (ITS), which urgently call
for highly reliable and effective communication technologies for
vehicle-to-vehicle and vehicle-to-infrastructure (V2X) applica-
tions. Orthogonal frequency division multiplexing (OFDM) is
widely believed to be the most promising candidate among these
applications. However, the orthogonality of subcarriers in OFDM
can be easily destroyed by the Doppler-induced inter-carrier
interference (ICI), which is very common in V2X channels. In this
paper, we propose a novel scheme which integrates the ICI self-
cancellation technique into the index modulated (IM-) OFDM
framework. Via careful designs, the proposed scheme can not
only inherit the advantages of IM-OFDM but also suppress the
ICI from active subcarriers. Simulations validate that in V2X
channels, the proposed scheme significantly outperforms existing
IM-OFDM and more importantly shows better performance
than the conventional OFDM with ICI self-cancellation without
sacrificing the spectral efficiency.

I. INTRODUCTION

V2X communications plays an important role in intelligent
transportation systems (ITS) by helping “extend a vehicle
field of vision”, and it is also an indispensable component
in vehicular networking [1]. In smart cities, it is expected that
vehicles can communicate not only with neighboring vehicles,
but also with roadside infrastructures, traffic management
centers, and gas/charging stations, etc. Such rapidly growing
needs urgently call for communication technologies with high
reliability, information availability, fidelity and spectral effi-
ciency [2]. These requirements, together with the high mobility
of vehicles, make the V2X communications very challenging.

OFDM is widely believed to be the most promising
communication technology for vehicle communications [3],
[4], which is evidenced by the worldwide adoption of the
IEEE802.11p [5]. However, the orthogonality between sub-
carriers can be damaged by the Doppler shift, which is very
common in V2X communications. The damage of subcarrier
orthogonality leads to ICI, which will seriously deteriorate the
system performance. Therefore, to ensure the reliability and
effectiveness of V2X communication, it is very necessary to
suppress ICI to an acceptable level. Several ICI countermea-
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sures have been proposed in the literature, including frequency
offset correction [6]—[8], time-domain windowing [9], and ICI
self-cancellation [10], [11]. Among them, ICI self-cancellation
has attracted much more attention due to its simplicity and
effectiveness in ICI reduction [12], [13]. The main idea of ICI
self-cancellation is that a pair of data symbols with opposite
polarity are modulated onto two adjacent subcarriers, thus the
ICI signals generated within adjacent subcarriers can be self-
canceled each other.

The power of ICI is largely scaled with the number of active
subcarriers. It is natural to expect that the ICI level could be
reduced by inactivating some subcarriers. However, this mea-
sure comes at the cost of spectral efficiency because nothing
is transmitted by the idle subcarriers. A recently emerging
technique, called IM-OFDM in this paper, is a candidate
to solve the aforementioned problem due to its potential of
striking an attractive trade off between the number of active
subcarriers and spatial spectral efficiency. It is inspired by
the idea of spatial modulation, which belongs to the multi-
input-multi-output (MIMO) family and is widely accepted
as a candidate for 5G transmission techniques [14]-[16].
Different from conventional OFDM, IM-OFDM renders partial
subcarriers to be idle and selects them randomly according to
spatial modulation. Therefore, in IM-OFDM, the information
is conveyed not only by the M-ary signal constellation as in
conventional OFDM but also by the indices of the inactive
subcarriers. It has been verified that IM-OFDM can achieve
significantly better bit error performance than conventional
OFDM under different channel conditions in the absence of
the frequency offset [17]. The advantages of IM-OFDM have
spawned a great number of further researches. Being aware
that the method proposed in [17] for subcarrier grouping is
suboptimal in the sense of BER performance, we suggested
grouping subcarriers in an interleaved manner instead and
got significant performance improvement [18]. On the other
hand, our analysis from an information-theoretic perspective
verified that the interleaved grouping is optimal for IM-OFDM
in the sense of achievable rate [19]. For above reasons, we will



refer to IM-OFDM as the IM-OFDM system with interleaved
grouping in this paper.

Owing to the fact that partial subcarriers are inactive and
active subcarriers are separated in frequency to some extent,
IM-OFDM is expected to have the potential of ICI suppres-
sion. However, in the presence of Doppler shift, the ICI largely
contributes to the power of the received signals at inactive
subcarriers and in turn misleads the detection of subcarrier
states. The incorrect detection of subcarriers states results in
not only the incorrect estimation of the information bits con-
veyed by the indices of active subcarriers but also the incorrect
demodulation of the M-ary PSK/QAM symbols, making the
ICI suppression potential submerged in the deteriorated system
performance. This may result in IM-OFDM expressing signif-
icantly decreased performance and loses its competitiveness
compared to conventional OFDM with ICI self-cancellation
when applied to V2X communications. Therefore, how to
properly deal with ICI is also a very important issue for IM-
OFDM and still an open research problem.

To fill the aforementioned gap, in this paper, inspired by
the properties of IM-OFDM, we for the first time redesign
ICI self-cancellation and propose a scheme which seizes
both merits of IM-OFDM and ICI self-cancellation [20]. The
developed IM-OFDM with ICI self-cancellation scheme is
simple yet effective and performs a better system performance
than IM-OFDM as well as ICI self-cancellation. To better
demonstrate the idea, we perform the simulations over V2X
channels for 6 different scenarios. It is shown through analysis
that in the proposed scheme, the ICI caused by Doppler shift
can be suppressed to a very low level with the help of ICI
self-cancellation and spatial modulation. Simulations over dif-
ferent scenarios reveal that the proposed scheme significantly
outperforms existing IM-OFDM in the entire SNR region and
OFDM with ICI self-cancellation when BER falls below 1072,
More importantly, the SNR gain over OFDM with ICI self-
cancellation is up to 5 dB.

II. PROPOSED SCHEME

Suppose that there are in total N OFDM subcarriers. In the
proposed scheme, they are divided into G groups, of which
each contains 2L subcarriers. Therefore, N = 2GL. Note
that in the proposed scheme, two adjacent subcarriers are
considered as one subcarrier pair. Thus, each group contains
L subcarrier pairs. Denote the index of the [-th subcarrier
pair within g-th group as f3,;, where ¢ = 1,2,--- ,G and
l=1,2,---, L. In each pair of subcarriers, the index of one
subcarrier is denoted by 5;,1’ and the other ﬁ;,z’ such that
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A. Transmitter structure

Fig. 1 shows the transmitter structure of the proposed
scheme. For each group, only m out of L subcarrier pairs
are set to be active to transmit modulated symbols and the
remaining L — m subcarrier pairs are set to be idle. It is
worth noting that the subcarrier state is determined pair-wise
in the proposed scheme, which means, the two neighboring
subcarriers within one subcarrier pair share the same state.

Therefore, for each group, there will be C (L, m) kinds of
combinations which consist of the indices of active subcarrier
pairs. Thus, py = |log, C(L,m)| bits can be conveyed
by subcarrier activation, where C(-,-) denotes the binomial
coefficient and |-| returns the maximal integer less than the
argument. In each group, the first coming p; bits determine
the index combination of active/inactive subcarrier pairs. The
determination can be implemented via either the look-up table
method or the combinatorial method. Details about how both
methods work can be found in [17]. Denote the determined
index combination for subcarrier group g as I,, which is
comprised of the indices of active subcarrier pairs.

Next, the modulated symbols are drawn from the M -ary
PSK/QAM constellation and then assigned to the active sub-
carrier pairs, where M is the cardinality of the constellation.
Due to the fact that the difference between ICI coefficients of
adjacent subcarriers is very small, the ICI signal is expected to
be self-canceled within adjacent subcarriers. Therefore, a data
pair with opposite polarity, such as (a, —a), is modulated onto
two adjacent subcarrier {f, ;, 32}, where 3, € I,. By this
design following the ICI self-cancellation technique [10], the
ICI generated by /837 ;-th subcarrier is expected to be cancelled
out by that generated by b’;’l-th subcarrier. Since mlog, M
bits can be conveyed by symbol modulation, by taking sub-
carrier activation and M-ary modulation into account, each
subcarrier group conveys |log, C (L, m)| + mlog, M bits.
Thus, the spectral efficiency achieve by the proposed system
- (bPS/H?: ~ |logy C(L,m)]  mlogy M 1

Proposed — 27, 27, . ( )

We consider interleaved grouping for its optimality among
all possible subcarrier grouping methods. Different from the
manner adopted in conventional IM-OFDM, in the proposed
scheme the subcarriers are grouped in pairs. Equal-spaced
subcarrier pairs in frequency are collected to form a group:

{Bi1, 62,1, Ba1, Br2: P22, Baz, -+ Pr,L. P20,
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Denote the transmitted signals in the frequency domain as

x(k), where k = 1,2,..., N. The transmitted signals at all

subcarriers of the proposed system are given by
G

T
G

X= [$(1)’ . 71(N)}T = |: U 8[3!,,17"' , U S,Bg‘L:| ) (2)
g=1 g=1

where sg,, denotes the [, ;-th pair of transmitted signals,
58,, = {35;1,3531[}, and ()7 stands for the transpose oper-
ation. Before transmission, the inverse fast Fourier transform
(IFFT) is applied to (2). Then, a cyclic prefix (CP) is added
to the beginning of the time-domain OFDM symbol.
B. Receiver structure

Fig. 2 shows the receiver structure of the proposed scheme.
At the receiver, the CP of the received signal is first removed
and the application of the FFT is followed. The received signal
at the k-th subcarrier can b?v expressed as:

y(k) = h(k)x(k)C(0) + Y h(i)z(i)C(i — k) + w(k), (3)
i=1,i#k
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Fig. 1. Transmitter structure of the proposed scheme.

where h(k) and w(k) represent the channel frequency response
and the noise at the k-th subcarrier respectively, where k =
1,2,--- | N. The second term at the right-hand side of (3)
represents the ICI, where C'(i — k) is the ICI coefficient, given
by sin (7 (i + € — k))

Nsin (% (i +e—k))

'exp<j7r(N13\§i+8k)>7 “)

Cli—k) =

with € denoting the normalized CFO to the subcarrier spacing.
Denote the f3,;-th received signal pair as rg,, =

{Tﬁl z’rﬁ2z}' The received signals at all subcarriers of the
gt g,
proposed system are given by
G G T
T
Y =G0, = | B, G| -
g=1 g=1
Next, all received signals are grouped in an interleaved

manner similar to the operations performed at the trans-
mitter. That is, all received signals are extracted as:

{Tﬁl,larﬁLw"' s By yT'Ba,1sTBa,2s " 7T5G,L} =
L L

{lul o Y 8., +- Then, the ICI canceling demodula-

tion is executed within each pair of subcarriers, yielding

1
T/ﬁng = i(rﬁ;,l — Tﬁﬁ,l). (6)

In this manner, the residual ICI in the received signals can be
reduced further.

The joint detection of the subcarriers states and the modu-
lated symbols is carried out based on the maximum-likelihood
(ML) criterion. The ML detector considers all possible real-
izations by searching for all possible subcarrier index combi-
nations and signal constellation points to make a joint decision
on the combination of active indices and the constellation
symbols, denoted as I ¢ and Sg respectively. For group g, there
are C (L, m) kinds of index combinations of active subcarriers,
denoted by ®f, where b =1,2,---,C(L,m). Let ®] denote
the complement of ‘1’2- The ML detector can be derived as:
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Fig. 2. Receiver structure of the proposed scheme.
TABLE I
CHANNEL PARAMETERS
Scenario Velocity (km/h) | Doppler Shift (Hz)
Scenario 1 104 1000-1200
Scenario 2 32-48 300
Scenario 3 104 900-1150
Scenario 4 104 600-700
Scenario 5 32-48 400-500
Scenario 6 32-48 300-500

<jg,,§g>=arbgefgin2|r'ﬂgyl - hlﬁg,téﬁwf"'z ’rlﬂg,z |2’ %
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where © = {1,2,--- ,C(L,m)} and $  is the estimated
transmitted signal carried on the (3, ;-th subcarrier pair, which
can be gotten by searching for the closest constellation point
to r’ B, and h'g, , is the channel frequency response at the

3 (hoy, + bz, )
where hﬁ;z and hﬁﬁz represent the channel estimates on the
corresponding subcarriers. Details about the implementation
of the detector are presented in [20].

Remark 1: 1t is clear that the computation of the proposed
detector lies in (6) and (7). Since only N/2 data are to
be demodulated, the contributed computational complexity
by (6) is on the order of O (N). Since (7) has to search
through all possible combinations of active subcarrier indices,
the contributed computational complexity is on the order
of O(C(L,m)) per group. Taking all groups into account,
the total computational complexity of the proposed detector
amounts to O (N + GC (L, m)). Recall that the computational
complexity of the exiting IM-OFDM scheme applying log-
likelihood ratio (LLR) detector is about O (N + GC (L, m))
[17]. Tt can be concluded that the proposed scheme achieves
nearly the same computational complexity as the existing IM-
OFDM scheme.

III. CHANNEL MODEL AND ESTIMATION

Bg,i-th subcarrier pair, defined as h'g, , =

So far, V2X channels have been extensively investigated.
In the simulations, we adopt the channel model proposed in
[22] and [23], which typically regarded as a standard V2X



TABLE II
SYSTEM PARAMETERS

Parameter Value
Signal Bandwidth 10 MHz
Carrier Frequency 5.9 GHz
Number of Total Subcarriers 64
Number of Cyclic Prefix 16
Subcarrier Spacing 156.3 kHz
OFDM Symbol Duration 8 us

channel model dedicated for IEEE 802.11p. The measurement
campaign was carried out in the metropolitan Atlanta, Georgia
area including six scenarios, which are

- Scenario 1: V2V Expressway Oncoming;

- Scenario 2: V2V Expressway Same Direction with Wall;
- Scenario 3: V2V Urban Canyon Oncoming;

- Scenario 4: Roadside-to-vehicle (R2V) Expressway;

- Scenario 5: R2V Urban Canyon Oncoming; and

- Scenario 6: R2V Suburban Street.

The channel parameters for these six scenarios are listed in
Table 1. For brevity, we only present the results under Scenario
1, Scenario 3, and Scenario 5, which cover both V2V and R2V
channels and a wide range of Doppler shifts.

In the simulations, the channel estimation is performed by
the preamble, which is located prior to each OFDM data
symbol and comprises an entire OFDM symbol known by both
the transmitter and the receiver. Then, the channel estimates
are used for the equalization and demodulation of the OFDM
data symbol. We measure the BER achieved by the system
adopting the ML detector versus the SNR, which is defined
as P/ (mNy).

IV. SIMULATION RESULTS AND ANALYSIS

In this section, we carry out Monte Carlo simulation to
validate the benefits of the proposed scheme in typical V2X
environment. The system parameters are listed in Table II,
which are configured according to IEEE 802.11p [5]. The
channel parameters are introduced in section III. -
system parameters are chosen as: 1)
G =8, L =4, m = 3, and QPSK modulation; 2) G = 4,
L = 8, m = 6 and QPSK modulation. For comparison, we
choose

e Sc
@

For a fair comparison, we set parameters such that all schemes

achieve the same spectral efficiency, i.e., 1 bits/Hz.
Fig. 3 shows the performance differences among Schemes

1-3 and the proposed scheme (G = 8, L = 4, m = 3, and
QPSK modulation) under different scenarios. As can be seen,
when SNR is low, Scheme 1 and Scheme 2 perform better than
the IM-OFDM and the proposed scheme. The reason is that
when the SNR is low, the noise largely contributes to the power
of received signals. Consequently, the power of the received
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Fig. 3. BER performance comparison for Scenario 1, Scenario 3, and

Scenario 5 among Schemes 1-3 and the proposed scheme (L = 4, m = 3,
and QPSK modulation).
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Fig. 4. BER performance comparison for Scenario 1, Scenario 3, and

Scenario 5 among Schemes 1-3 and the proposed scheme (L = 8, m = 6
and QPSK modulation).

signal at each inactive subcarrier becomes comparable to that
at each active subcarrier, which also misleads the detection of
subcarrier states. To make the proposed scheme more practical,
when SNR< 10 dB, all pairs of subcarriers in the proposed
scheme can be set as active. In this way, there is no need to do
subcarrier states detection at receiver and the proposed scheme
is equivalent to the OFDM with ICT self-cancellation scheme,
which achieves a better BER performance when SNR is low.

As the SNR increases, it can be seen that IM-OFDM
and proposed scheme outperform conventional OFDM. This
happens because subcarriers in IM-OFDM and the proposed
scheme are grouped in an interleaved manner, as a result,
the effect of correlated frequency-selective fading in V2X
channels is reduced significantly. However, IM-OFDM per-
forms worse than Scheme 2 and exhibits error floor at 25
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dB. It can be understood since that the ICI signals caused by
Doppler shift largely deteriorate the system performance of
IM-OFDM, while the ICI signals can be suppressed due to
the ICI self-cancellation method in Scheme 2. As can be seen
in Fig. 3, when BER falls below 1072, the proposed scheme
performs better than conventional OFDM and IM-OFDM
under different scenarios, and more importantly, even better
than OFDM with ICI self-cancellation. This is as expected
because in the proposed scheme, with the ICI self-cancellation
technique being integrated into the IM-OFDM frame work,
almost N (L — m)/L subcarriers transmit zero energy and
the number of active subcarriers which actually incur ICI
is reduced to (m/L)N. Note that the above-mentioned SNR
threshold, i.e., 10 dB, is meaningful since at it the BER value
is around 102, which is required by most practical systems.

As detailed in Table II, Scenario 1 has the highest Doppler
shift. Correspondingly, the BER error floors are the highest
for all three schemes. However, it is worth mentioning that,
our proposed IM-OFDM with ICT self-cancellation results in
the most significant performance boost when the Doppler is
relatively high. This is because the as the Doppler-induced
ICI becomes dominant, the effect of ICI suppression in the
proposed scheme becomes more obvious with the adoption of
the ICI self-cancellation technique.

In proposed scheme, the change of symbol modulation
size can be offset by the subcarrier activation parameters
to maintain the same transmitted information rate. Hence,
alternative to the parameter set used to generate Fig. 3, one
could use L = 8, m = 6, and QPSK modulation without
affecting the transmitted information rate. The corresponding
results are shown in Fig. 4. From Fig. 4, we observe similar
phenomenon to Fig. 3.

V. CONCLUSIONS

In this paper, we have proposed a novel scheme which
merges the both merits of the ICI self-cancellation technique
and the IM-OFDM technique in ICI reduction for V2X com-
munications. The transceiver structure of the proposed scheme
has been detailed. Through BER simulations, it has been
shown that under the same spectral efficiency the proposed
scheme performs better than IM-OFDM in the entire SNR
region and conventional OFDM with ICI self-cancellation
when BER falls below 1072,
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