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Abstract—The rapid penetration of intelligent transporta-
tion systems (ITS) into the conventional transportation in-
frastructure urgently calls for high spectral efficiency high
reliability communication technology for vehicle-to-vehicle and
vehicle-to-infrastructure (V2X) applications. Since orthogonal
frequency division multiplexing (OFDM) is widely considered
as a promising candidate for such applications, in this paper
we propose a novel variation of OFDM for improved spectral
efficiency as well as enhanced reliability in V2X channels with
correlated frequency-selective fading and inevitable Doppler
effects. Our proposed scheme is built upon a recently emerging
technique termed as index modulated (IM-)OFDM. However,
different from the existing localized subcarrier grouping, we
propose interleaved subcarrier grouping. We then carry out
analytical and simulated comparisons to demonstrate the merits
of this new scheme in terms of both the bit error rate (BER)
performance and the maximum achievable rate (MAR) of the
overall system, in V2X channels.

I. INTRODUCTION

V2X communications is envisioned to significantly em-
power the ITS by helping “extend a vehicle’s field of vision.”
A vehicle that sees better on its own makes fewer demands
of its driver, thus greatly enhancing safety and efficiency for
everyone on the road [1], [2]. In the future, it is also expected
that V2X will eventually enable vehicles to be in constant
communication with its surrounding environment at various
scales spanning from neighboring vehicles, traffic control
centers, gas/charging stations, and even the smart cities [3].
Such rapidly growing communication needs pose stringent
and urgent pressure on communication systems with im-
proved spectral efficiency, without sacrificing communication
reliability in the challenging V2X channels that are typically
frequency-selective and subject to inevitable Doppler effects.

On the other hand, the most promising communications
technology for V2X is widely believed to be the OFDM
technique [4]-[6], which is evidenced by the worldwide
adoption of the IEEE802.11p standard [7]. In this paper, we
propose a novel variation of this technique to achieve higher
spectral efficiency without sacrificing the system reliability.

OFDM is an appealing transmission technique, which
can effectively combat the inter-symbol interference caused
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by the frequency-selective fading channels. The basic idea
of OFDM is to divide the system bandwidth into several
subbands such that each of them undergoes frequency flat
fading. In the mean time, an appealing transmission tech-
nique termed as spatial modulation (SM) recently emerged
for its potential of striking an attractive tradeoff between
spatial spectral efficiency and energy efficiency of a wireless
network [8]-[12]. Though SM was originally proposed for
multi-antenna systems [13], [14], the multiple frequency
channels in OFDM can be considered as the frequency-
domain counterpart of the multiple spatial channels in multi-
antenna systems. Hence, the concept of SM was later trans-
planted to OFDM systems [15]-[19].

The first attempt was made in [15], in which the so
called subcarrier-index modulation (SIM-)OFDM was pro-
posed, where the activation or de-activation of each OFDM
subcarrier is used to convey one bit from the transmitter to
the receiver. It is shown in [15] that SIM-OFDM can achieve
up to 4 dB signal-to-noise ratio (SNR) gain over conventional
OFDM for a target bit error rate (BER) under the same
transmit power constraint. However, SIM-OFDM needs an
error-free feed-forward link which is impractical, especially
for highly-variable vehicular channels, and henceforth is
prone to bit error propagation in practice [16]. To solve
these problems, an enhanced SIM-OFDM scheme (ESIM-
OFDM) was proposed in [16]. ESIM-OFDM allows either
one of every two adjacent subcarriers to be active at a time
such that one bit can be conveyed via subcarrier activation.
Therefore, accounting for the N subcarriers, in total N/2
bits can be implicitly conveyed in determining the states
of subcarriers of an OFDM signal. It is revealed in [16]
that ESIM-OFDM has a lower peak-to-average power ratio
(PAPR) and lower BER than conventional OFDM in an
additive white Gaussian noise (AWGN) channel. However,
these advantages of ESIM-OFDM come at the price of
reduced spectral efficiency with respect to SIM-OFDM.

Recently, a more spectrum efficient scheme, termed as
index-modulated (IM-)OFDM was proposed in [17], which
can be regarded as a generalization of ESIM-OFDM. In IM-
OFDM, a subset of subcarriers are activated according to the
incoming information bits and the active subcarriers carry
M-ary phase shift keying/quadrature amplitude modulation
(PSK/QAM) symbols as in conventional OFDM. To ease
the implementation of IM-OFDM, the authors suggested
splitting the OFDM block into subblocks such that subcarrier
activation and symbol modulation can be performed within
each subblock independently. It is shown through theoretical
analysis and simulations that IM-OFDM achieves signifi-
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cantly better uncoded BER performance than conventional
OFDM [19].

Note that different from OFDM, information is carried
by both the active subcarrier indices and the modulated
symbol riding on the active subcarriers. Hence, the selection
of the grouping method can be very critical for the resulted
system performance. In the existing IM-OFDM [19], each
subblock is grouped by adjacent subcarriers in frequency.
However, this approach does not provide any robustness
against correlated frequency-selective fading, and is prone to
Doppler effects which introduce interference among neigh-
boring subcarriers. Both of these features are often present
in V2X channels. Aiming at a design that is more suitable
for V2X applications, in this paper we propose interleaved
grouping, where well-separated subcarriers are designated
into a subblock, and term it as interleaved grouping. The
merit of our proposed IM-OFDM with interleaved grouping
is twofold: improved spectral efficiency, and enhanced error
performance in the presence of correlated frequency-selective
fading and Doppler effects. Via theoretical analysis and
simulated study using realistic V2X channel models, we will
show that our proposed interleaved grouping facilitates a
higher achievable rate than the existing localized grouping
for any given modulation, and that it enhances the system
reliability even in the presence of (severe) Doppler effects.

The rest of this paper is organized as follows. Section
II presents the principle of IM-OFDM. Section III describes
the idea of IM-OFDM with interleaved grouping. The merits
of interleaved grouping over localized grouping are revealed
by theoretical analysis and simulations in Section IV. Finally,
concluding remarks are given in Section V.

II. SYSTEM MODEL
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Fig. 1. Transmitter Structure of IM-OFDM with localized grouping.

Fig. 1 shows the transmitter structure of the proposed
IM-OFDM in [19]. Suppose that there are a total of N
OFDM subcarriers. In IM-OFDM, they are first grouped
into G subblocks, each of which consisting of L = N/G
subcarriers. Then, subcarrier activation and symbol modula-
tion are performed within each subblock independently. More

specifically, m out of L subcarriers are set to be idle while
the remaining (L — m) subcarriers are activated to transmit
(L — m) modulated symbols drawn from M-ary PSK/QAM
constellation, where M is the cardinality of the constellation.
Given L and m, there are C (L, m) combinations of active
subcarrier indices, each of which is chosen equi-probably.
Hence, log, C (L, m) bits can be conveyed via subcarrier
activation. Therefore, in conjunction with the information
bits carried on the (L — m) modulated symbols, IM-OFDM
can convey a total of (log, C (L, m) 4+ (L — m) log, M) bits
per subblock, resulting in a spectral efficiency of the system,
measured in bps/Hz, as
logo C(L,m) (L —m)log, M

_ = . 1
fimM—orDMm 17 17 (D

Denote the subcarrier indices of the g-th (¢ =1,...,QG)
subblock as ®9 = {B,1,...,0,1} It follows that ®' U
U ®F = {1,..., N}. Without loss of generality, assume
that the j-th (j=1,...,C(L,m)) combination of active
subcarrier indices, denoted by Qg , is selected according to
the incoming log, C (L, m) information bits. Note that Q7 C
P9 and |Q§ ‘ = L — m. Also note that the selection can be
implemented via either a look-up table or the combinatorial
method proposed in [19]. Given Qg, the received signal
within the g-th subblock in the frequency domain can be
expressed by

Y, = Hﬂgv'ngvi + Wﬁg,w ﬁg,i € Q?
8 Woyr By &9

where X, ; is the transmitted M -PSK/QAM symbol, Hg,, ; is
the channel coefficient, and Wg_, is the AWGN of variance
Ny, at the 3, ;-th subcarrier, respectively. It is worth noting
that the average transmit power of X ; is P/ (L — m) rather
than P/L as in conventional OFDM with P being the total
transmit power per subblock due to the presence of inactive
subcarriers.

The task of the IM-OFDM receiver is to detect the
active subcarriers and the modulated symbols riding upon
them. Consider the common case where the channel state
information is available at the receiver. Then based on (2),
the optimal ML detector can be derived as

> Y,

lj7 {Xg,i}ﬂ veﬂgl = argmin
g, €805 Xg,iex,JEG)Bg’ieQ]g_

+ Z |Y/Hg,i - Hﬂg,ngai
Bg,ieﬂg

2

2

| 2

3)

where © = {1,...,C(L,m)}, ﬁ? is the complement of
Qf, and x = {z1,...,z} represents the M-PSK/QAM
alphabet of average power P/ (L —m). It is clear that the
computational complexity of the ML detector in (3) is up to
O (M*~™C (L, m)) per subblock since the active subcarrier
indices and the modulated symbols are jointly detected.
To reduce the computational complexity, a log likelihood
ratio (LLR) detector is proposed in [19], whose idea is to
perform the aforementioned detections in a serial manner.
More specifically, the first step is to detect the state of the
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Bg,i-th subcarrier, i.e., either active or inactive, by examining
the LLR value (c.f. [19])

2

Ys .
Asy. =In (L = m) — I (m) + 2
| .
M 1 )
o (;GXP <_No|yﬁg=i ~ Hap o )) - @

Then, the (L — m) subcarriers within the g-th subblock hav-
ing maximum LLR values are determined to be active. If the
collection of their indices match set Qg, then the information

index is demapped to 3 The second step is to demodulate the
received signals associated with the subcarriers determined
to be active in the first step. It can be readily shown that the
computational complexity of the LLR detector is O (LM)
per subblock, which is the same as that of the conventional
OFDM detector.

III. PRINCIPLE OF INTERLEAVED GROUPING

Note that different from conventional OFDM, in IM-
OFDM information is carried on both the active sub-
carrier indices and the modulated symbols riding on the
active subcarriers. Hence, the selection of the group-
ing method can be very critical for the resulted system
performance. In [19] where the IM-OFDM scheme was
originally proposed, the subcarrier grouping is performed
in a localized manner, as shown in Fig. 1. In other
words, neighboring subcarriers are grouped together to give
9 = {L(g—1)+1,L(g—1)+2,...,Lg} with By, =
L(g—1)+1.

For communication channels in ITS that are subject to
unique fading effects and inevitable Doppler, adjacent sub-
carriers often experience correlated fading in frequency and
are subject to the most significant inter-carrier interference
(ICI) caused by Doppler. Hence, the localized grouping in
[19] is expected to suffer from performance degradation,
especially when the coherence bandwidth spans beyond
(L — 1) subcarriers.
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Modulation

Source bit Bit
e .
Splitter

Subcarrier
Activation

M-PSK/QAM
Modulation

Group G

Fig. 2. Transmitter Structure of IM-OFDM with interleaved grouping.

To benefit from the frequency-selective fading, and to
improve the system robustness against Doppler, we propose

to group the subcarriers in an interleaved manner which
results in ®9 = {g,9+G,...,g+ (L —1)G} with g, ; =
g+ (i — 1) G, as depicted in Fig. 2. Note that when inter-
leaved mapping is employed at the transmitter, it should also
be accounted for at the receiver, as indicated in Fig. 3.

It is evident that the interleaved mapping leads to the same
overall system complexity as the localized mapping. How-
ever, since the subcarriers within a group after interleaved
mapping are spaced equally in a distance usually greater
than the coherence bandwidth, they are likely to experi-
ence independent fading statistically. Henceforth, one should
expect improved performance of the interleaved grouping
when compared with the localized grouping as a frequency
diversity gain can be achieved within each subblock. In
the next section, we will examine and demonstrate such
performance advantage in terms of both the achievable data
rate and the BER, via analysis as well as simulations based
on V2X channel models.
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Estimated Bit
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Subcarrier State
Detection
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Fig. 3.

Receiver Structure of IM-OFDM with interleaved grouping.

IV. BENEFITS OF INTERLEAVED GROUPING

We will first analyze the maximum achievable data rates of
IM-OFDM with localized grouping and interleaved grouping
in mathematically tractable Rayleigh fading channels. Then
we will resort to a simulated study to verify the envisioned
BER and data rate benefits of our proposed interleaved
grouping using V2X channel models.

A. The Maximum Achievable Rate

Since the encoding and decoding processes within all
subblocks are independent of each other and the frequency
correlation is the same for each subblock provided that either
localized grouping or interleaved grouping is applied, we will
only focus on one subblock in the following analysis and
omit the subscript g in Q}q for brevity. In addition, we let
Bg,i = 1 for notational simplicity such that all subcarriers
within one subblock will be indexed from {1,...,L}. Note
that with the above agreement, we will refer to the i-th
subcarrier simply as the /3, ;-th subcarrier of OFDM signals
without otherwise specified.

To begin with the analysis, define X, as the active
subcarrier index set, X, as the transmitted signal set,
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Y = [Vi,...,Y7]" as the received signal set, H =
[Hy,...,Hy)", and W = [Wy,...,W.]". Assuming chan-
nel state information at the receiver and ignoring the cyclic
prefix, we can derive the instantaneous mutual information
(MI) of IM-OFDM as

T (X, Xe; YIH) =H (X, X,) — H(X, XY, H) (5)

where H (-) denotes the entropy. Due to the independence
between symbol modulation and subcarrier activation, the
first term at the right hand side of (5) can be calculated as

H (X, X.) = (L —m)logy M + log,C (L, m).  (6)

Towards computing the second term, let us first express it
according to the definition as (7), shown at the top of the
next page, where >_ ., = ng e Z;\i Then, changing
the integral variables in (7) by

P .
W, = { Y—i_Hi\/L,mprj—l(iy ZEQJ
Y;', 1€ ﬁj
we obtain
1
H (X, XY, H) =1 — 1
( | ) Og26+LC(L m)ML,m
C(L,m) C(L,m)
S w3
p(L—m) 7'=1
> HQ(WZ-,H» ®)
p/(L—m) =1

where [E{-} denotes the expectation operation and
Q (W, H;) is given by (9), shown at the top of the next
page.

Having the instantaneous MAR in (5), we are now able
to derive the ergodic MAR of IM-OFDM per subcarrier in
average, i.e., spectral efficiency of the system, by averaging
(5) over the channel as [21]

— L—-—m log,C (L, m
Riv—orpym = TloggM + % — logye
1 C(L,m)
1-—
J=1 pL-m)
C(L,m)
X EW,H 10g2 Z Z H Q WuH
=1 pr(L—m) =1
(10)

where Q (W, H;) is given by (9). Note that the spectral
efficiency of conventional OFDM can be derived easily by
letting m = 0 in (10).

From (10), we calculate the spectral efficiencies achieved
by IM-OFDM with localized grouping and interleaved group-
ing by modeling the frequency responses as complex Gaus-
sian random variables with zero mean and unit variance,
which are highly correlated within each subblock but mutu-
ally independent across subblocks. The results are presented
in Fig. 4 together with the spectral efficiency of conventional
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Fig. 4. Comparison between conventional OFDM and IM-OFDM with
localized grouping and interleaved grouping in terms of spectral efficiency
with parameters chosen as: (1) L =2, m =1, BPSK; (2) L =4, m =1,
QPSK.

OFDM, where the parameters are chosen as: (1) L = 2,
m = 1, with BPSK; and (2) L = 4, m = 1, with QPSK.
With such parameters, IM-OFDM share the same uncoded
transmitted information rate as the conventional OFDM. This
explains why they all saturate at the same spectral efficiency
at very high SNR. As one can observe from Fig. 4, IM-
OFDM with interleaved grouping can achieve an SNR gain
of up to 3 dB when compared to IM-OFDM with localized
grouping. For example, such SNR gain can be observed at
the spectral efficiency value of 0.95 bps/Hz for parameter set
(1) and 1.9 bps/Hz for parameter set (2), respectively.

B. Performance Comparisons

Next, we carry out Monte Carlo simulations to validate
the benefits of the proposed interleaved grouping method
in typical V2X environments. The system parameters are
listed in Table I, which are configured according to IEEE
802.11p that is one of the most promising candidates for
V2X communications [7].

TABLE I
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

1) Channel Model: So far, V2X channels have been ex-
tensively investigated (see e.g., [22]-[30] and the references
therein). In the simulations, we adopt the channel model
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TABLE II

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

proposed in [22] and [23], which typically regarded as a stan-
dard V2X 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 Urban Canyon Oncoming;

Scenario 3: V2V Expressway Same Direction with
Wall;

Scenario 4: Roadside-to-vehicle (R2V) Expressways;
Scenario 5: R2V Urban Canyon Oncoming; and

- Scenario 6: R2V Suburban Street.

The channel parameters for these six scenarios are listed
in Table II. 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.
2) BER Comparisons: In the simulations, the channel es-
timation 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 LLR detector
versus the SNR, which is defined as P/ [(L — m) Ng].
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Fig. 5. BER performance for Scenario 1, Scenario 3, and Scenario 5 with
L =2, m =1, and BPSK modulation.

Fig. 5 compares the uncoded BER of IM-OFDM with
localized grouping and interleaved grouping for L = 2, m =
1, and BPSK modulation. The BER curves of conventional
OFDM are also depicted for reference. Note that IM-OFDM
with localized grouping for L = 2 and m = 1 is exactly
the previous ESIM-OFDM scheme [16]. Also, for a fair
comparison, we set parameters such that both IM-OFDM
and conventional OFDM achieve the same transmitted infor-
mation rate of 1 bps/Hz. As one can see from Fig. 5, unlike
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Fig. 6. BER performance for Scenario 1, Scenario 3, and Scenario 5 with
L =4, m = 2, and BPSK modulation.

conventional OFDM where the performance is irrelevant to
the grouping type, the performance of IM-OFDM highly
depends on the grouping method. With existing localized
grouping, the IM-OFDM performance is even worse than
the conventional OFDM. With our proposed interleaved
grouping, the IM-OFDM outperforms conventional OFDM.

Also, notice that the performance difference between the
two grouping methods starts to emerge even at fairly low
SNR values. As the SNR increases, the performance gap
between the two grouping methods becomes increasingly ob-
vious. At very high SNR, the Doppler-induced ICI becomes
the limiting factor, and thus all curves exhibit error floors.
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 interleaved grouping results
in the most significant performance boost when the Doppler
is relatively small. This is because interleaved grouping
helps mitigate the detrimental Doppler effects by gathering
subcarriers that are much further away than in the localized
grouping. Clearly, this will be the most effective when the
Doppler is moderate and does not propagate to further-apart
subcarriers.

In IM-OFDM, 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. 5, one could use
L = 4, m = 2, and BPSK modulation without affecting
the transmitted information rate. The corresponding results
are shown in Fig. 6. Comparing Figs. 5 and 6, we observe
that the performance of conventional OFDM and IM-OFDM
with localized grouping remains the same, whereas our IM-
OFDM experiences a slight performance degradation with

10 : :
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Fig. 7. BER performance for Scenario 1, Scenario 3, and Scenario 5 with
L =4, m =1, and QPSK modulation.

the new parameter set. This is yet another evidence that
our performance advantage comes precisely from the inter-
subcarrier spacing within the same subgroup, whereas the
inter-subcarrier spacing in the {L = 2, m = 1} case is
slightly larger than the {L =4, m = 2} case.

Fig. 7 shows the comparison results for a spectral effi-
ciency of 2 bps/Hz, where L = 4, m = 1, and QPSK
modulation are assumed. From Fig. 7, we observe similar
phenomenon to Figs. 5 and 6 except for a worse BER
performance due to the adoption of a higher modulation
order.

3) MAR Comparisons: Though the analysis in Section
IV.A shows the advantage of interleaved grouping over
localized grouping in terms of the MAR. However, that
analysis assumes Rayleigh fading. In addition, the presence
of Doppler in V2X channels further complicates the case and
renders an analytical comparison impossible. Here we resort
to a semi-simulated approach for an MAR comparison in
V2X channels.

First notice that the MAR consists of two parts as we
stated in Section IV.A, namely the symbol modulation and
the subcarrier activation. We first consider the case with
subcarrier activation only. Then for each channel realization,
one can get the pairwise symbol-error rate (SER) averaged
over additive noise realizations for IM-OFDM with different
grouping methods respectively. Note that here the symbol
cardinality (e.g., modulation size) equals to C (L, m). Now
consider the case with symbol modulation on top of the
subcarrier activation. But in decoding, we assume that the
indices of activated subcarriers are known. Then we obtain
the pairwise SER for the symbol modulations only, again for
interleaved and co-located subcarrier grouping respectively.
Then use these pairwise SER values in a discrete memoryless
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channel (DMC) model [31], one can obtain the instantaneous
(in the sense of channel realization) MI for the subcarrier
activation part and the symbol modulation part. Combining
these MI values and averaging over sufficient V2X channel
realizations, we obtain the comparison results in Figs. 8-10
for all three different system parameter sets, respectively. It
can be readily observed that, at medium-to-high SNR, our
proposed IM-OFDM with interleaved grouping provides the
highest throughput, validating our analysis in Section IV.A.

V. CONCLUSIONS

In this paper, an interleaved grouping method has been
proposed for IM-OFDM to make it more suitable for V2X
communications. We have shown that our proposed inter-
leaved grouping method outperforms the existing localized
grouping method in V2X channels with frequency-selective
fading and Doppler. The benefits of our IM-OFDM with
interleaved grouping in terms of BER and MAR performance
have been revealed via analytical and simulated comparisons
with respect to conventional OFDM as well as IM-OFDM
with localized grouping.
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Fig. 9. Throughput performance for Scenario 1, Scenario 3, and Scenario
5 with L = 4, m = 2, and BPSK modulation.
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