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ABSTRACT Orthogonal frequency division multiplexing with index modulation (OFDM-IM) is emerging
as a robust technology, especially valued in vehicular communication scenarios for its resilience. In such
dynamic environments, reliable channel estimation becomes critical to maintain system performance due
to the fast time-varying and double dispersion channel nature. Despite the harsh conditions, OFDM-IM
enhances system performance by leveraging inactive sub-carriers to convey additional information. However,
these idle sub-carriers complicate channel estimation compared to traditional OFDM systems. In response
to these challenges, this paper introduces an enhanced channel estimation scheme tailored for the IEEE
802.11p standard, which supports cooperative intelligent transport systems (C-ITS). Our proposed method,
the enhanced time-domain reliable test frequency-domain interpolation with index pilots (E-TRFI-IP),
strategically places pilots and utilizes the positions of inactive sub-carriers to facilitate accurate detection and
prevent performance degradation from inadequate channel tracking. Additionally, to further improve channel
estimation performance, a comparison threshold methodology for reliable sub-carriers test is introduced by
utilizing the structure of IM and joint interpolation method. Extensive simulation results demonstrate that
E-TRFI-IP significantly surpasses existing channel estimation methods for both OFDM and OFDM-IM in
terms of channel estimation performance. Notably, OFDM-IM systems employing the E-TRFI-IP estimation
scheme also exhibit superior performance in bit error rate (BER) compared to those using conventional
OFDM-IM and other channel estimation techniques.

INDEX TERMS Channel estimation, orthogonal frequency division multiplexing (OFDM), index
modulation (IM), time domain reliable test frequency domain interpolation (TRFI), IEEE 802.11p standard,
vehicular communications.

I. INTRODUCTION

A. INTRODUCTION AND RELATED WORK

To facilitate the deployment of cooperative intelligent
transportation systems (C-ITS), the IEEE 802.11p standard
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has been developed, focusing on the physical layer of wireless
access in vehicular communication environments [1]. Given
the doubly selective nature of such channels, orthogo-
nal frequency division multiplexing (OFDM), despite its
widespread use in 4G/5G communication systems, expe-
riences significant performance degradation due to these
channel conditions [2], [3], [4]. Consequently, OFDM with
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Index Modulation (OFDM-IM), inspired by the principles
of spatial modulation (SM) [5], has been introduced as a
novel alternative for future 6G networks, aiming to address
the inherent limitations of conventional OFDM [6], [7],
[8]. In OFDM-IM systems, part of information is indicated
by the status of sub-carriers and the rest of information
is carried by modulated constellation symbols. Compared
to traditional OFDM, OFDM-IM offers flexible spectral
efficiency, improved peak-to-average power ratio (PAPR)
[9], [10], and greater energy efficiency [11], [12], [13].
Furthermore, the use of inactive sub-carriers in OFDM-IM
enhances its resistance to inter-carrier interference (ICI),
rendering it an appealing choice for vehicular [14], [15] and
high-speed railway (HSR) communications [16], [17].

Despite the notable advantages of OFDM-IM outlined
previously, its practical implementation in vehicular com-
munications encounters several challenges. Unlike tradi-
tional OFDM, OFDM-IM requires the detection of active
sub-carrier indices to demodulate the index bits prior to
the demodulation of constellation symbols. The majority of
existing research assumes perfect channel state information
(CSI) to facilitate this detection process [6], [18]. However,
attaining perfect CSI in real-world scenarios, particularly
in the context of vehicular communications, proves to be
exceedingly challenging.

It is important to note that since OFDM-IM owns
in-active (idle) sub-carriers, conventional channel estimation
schemes for 802.11p in OFDM systems is not workable.
Consequently, several channel estimation methods have been
proposed specifically for OFDM-IM systems [19], [20], [21].
For instance, in [19], a least squares (L.S) channel estimation
approach utilizing some of the inactive sub-carriers for pilot
signals was introduced. Additionally, channel estimation
schemes that employ Zadoff-Chu sequences and the linear
minimum mean squared error (LMMSE) algorithm were
proposed in [20] and [21], respectively. However, these
approaches have not adequately addressed the challenge
of estimation in doubly-selective channels. In [22], the
authors attempted to tackle this issue within OFDM-IM
for vehicular communications by re-using the preambles
of 802.11p and increasing the transmit power of active
sub-carriers. Nevertheless, the corresponding works for
OFDM-IM channel estimation in vehicular communication
environments are still rare. Therefore, further investigation
into robust channel estimation methods for OFDM-IM
systems in such environments is still necessary.

In the domain of IEEE 802.11p-based vehicular commu-
nications, several channel estimation schemes for OFDM
systems have been developed, providing a solid foundation
for corresponding research in OFDM-IM systems. Notable
existing channel estimation schemes for OFDM include
spectral temporal averaging (STA) [23], constructed data
pilot (CDP) [24], and time domain reliable test frequency
domain interpolation (TRFT) [25]. The STA scheme leverages
the temporal and frequency correlations among successive
OFDM symbols to refine the channel estimates for the current
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symbol. The CDP scheme utilizes data sub-carriers as pilots
and the correlation characteristics between each two adjacent
symbols. In this way, the data sub-carriers from previous
OFDM symbols are exploited to estimate the channel of the
current symbol, thereby improving the accuracy of channel
estimation. Nevertheless, recent research has indicated that
the STA and CDP schemes may not sufficiently fulfill
the requirements of advanced vehicle-to-everything (V2X)
applications, in contrast to the more robust TRFI scheme [26].
This highlights the ongoing need for novel channel estimation
strategies that can address the unique challenges posed by
vehicular communication environments.

Drawing inspiration from Zhao et al. [24], the TRFI
scheme utilizes previous received OFDM symbols to equalize
the previous and current channel estimates and compare them
with each other. Based on these comparisons, sub-carriers
are classified into two categories: reliable sub-carriers (RS)
and unreliable sub-carriers (URS). Channel estimates from
reliable locations are then interpolated to the unreliable ones,
thereby enhancing the accuracy of the channel estimation
process. Building upon the conventional TRFI framework,
Han et al. [27] introduced a modified TRFI estimator
tailored for IEEE 802.11p OFDM systems. This enhanced
scheme employs the Euclidean distance between received
signals and constellation points to achieve superior estimation
performance in environments with high signal-to-noise ratios
(SNR). Given its demonstrated efficacy in V2X OFDM
scenarios, the TRFI scheme presents a promising approach
for channel estimation in OFDM-IM systems. Innovatively,
a modified TRFI (M-TRFI) method specifically designed
for IEEE 802.11p OFDM-IM systems was first proposed
by Zhang et al. [22]. The M-TRFI approach re-utilizes
preambles and LS techniques to compensate for missing
information on inactive sub-carriers, significantly improv-
ing estimation performance in vehicular communication
environments.

It is known that since the channels in vehicular com-
munications are usually time-varying, necessitating channel
tracking in most estimation schemes to achieve satisfactory
performance. However, the presence of inactive sub-carriers
in OFDM-IM complicates the channel tracking process
significantly. Direct application of the TRFI scheme to
OFDM-IM could consequently lead to severe performance
degradation. The M-TRFI scheme attempts to solve this
problem by replacing the current channel estimates with
previous ones. This approach manages to deliver estimation
performance comparable to that of conventional OFDM in
scenarios with low to medium SNRs. However, in high SNR
environments, the M-TRFI scheme experiences notable per-
formance declines, particularly in terms of estimation accu-
racy and BER, largely due to the index bits detection errors.

B. CONTRIBUTIONS
In this paper, we propose an enhanced TRFI with index
pilots (E-TRFI-IP) scheme to augment channel estimation
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performance in OFDM-IM systems compliant with the
IEEE 802.11p standard. Contrary to the channel estimation
scheme presented in [22], the E-TRFI-IP leverages the
inactive sub-carriers by inserting a sequence of pre-known
pilots after index modulation. These pilots, termed as index
pilots (IP), are positioned according to the index bits,
converting the originally inactive sub-carriers into IP sub-
carriers. Although these IP sub-carriers do not convey
actual information data, they play a crucial role in channel
tracking and channel estimation. Furthermore, to refine
the channel estimation accuracy, a reliability test based
on Euclidean distance (RTbED) [27] is applied to the
E-TRFI-IP scheme. It is critical to note that the effective-
ness of the RTbED relies on a dynamically determined
threshold, the selection of which influences the overall
performance of the E-TRFI-IP scheme. To identify an optimal
threshold, extensive simulations were conducted across a
variety of vehicular communication scenarios. Additionally,
we have developed specific steps for updating RS within the
E-TRFI-IP framework, tailored to the unique structure of
OFDM-IM. Extensive simulation results demonstrate that
the proposed E-TRFI-IP significantly outperforms existing
channel estimation methods in both OFDM and OFDM-
IM systems, delivering substantial improvements in terms
of normalized mean squared error (NMSE) and BER across
diverse vehicular communication environments.

Compared with the previous works, the main contributions

of this paper can be summarized as follows:

e« A novel E-TRFI-IP channel estimation scheme is
proposed. In this scheme, inactive sub-carriers, as indi-
cated by index bits, are utilized not only to convey
implicit information but also to carry specially designed
pilots. In this way, the proposed E-TRFI-IP scheme
can have more RS, thereby enhancing the ability to
track the channel and improve interpolation accuracy,
which significantly improves the corresponding channel
estimation performance.

o The architecture of OFDM-IM enables the proposed
E-TRFI-IP scheme to utilize a greater number of
pilots compared to existing schemes under the §02.11p
standard. However, in the E-TRFI-IP scheme, pilots
located on inactive sub-carriers may be prone to
mis-detection due to the randomness of index bits
and ambient noise, potentially compromising estimation
performance. To address this challenge, this paper
introduces a novel RS update method that leverages
index pilots to enhance the reliability of RS, thereby
improving the overall accuracy of channel estimation.

« Owing to the different vehicle mobility scenarios, the
threshold parameters for updating RS are not consistent.
Random selection of these thresholds can result in
performance degradation. Consequently, to mitigate
the adverse effects of inaccurate RS determination,
extensive experiments are conducted across a range of
vehicular communication scenarios. These experiments
are designed to precisely calibrate the RS threshold,
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thereby minimizing the potential for performance
loss.

« In addition, since new RS are obtained through the RS
update method, inactive sub-carriers of OFDM-IM may
appear in the extrapolation area of URS. Therefore, for
OFDM-IM systems, only utilizing cubic interpolation
like the conventional TRFI scheme may cause serious
performance degradation. To solve this problem, in this
paper, a joint interpolation and extrapolation method is
presented, which avoids such performance loss.

The remainder of this paper is organized as follows:
Section II describes the system model, including OFDM-IM
and IEEE 802.11p standard specifications. Section III
illustrates existing channel estimation schemes for IEEE
802.11p OFDM-IM systems. In Section IV, the concept of
the proposed E-TRFI-IP scheme is introduced. The compu-
tational analysis is given in Section V. The performance of
the proposed E-TRFI-IP scheme are verified and evaluated
in Section VI through extensive simulation results. The
conclusion is given in Section VIL.

Il. SYSTEM MODEL

In this section, the system model of OFDM-IM is first illus-
trated. Then, the IEEE 802.11p standard specification, frame
structure and transceiver design are presented, respectively.
Finally, the system model for channel estimation is described.

A. OFDM-IM

As an application of the index modulation in frequency
domain, the difference between OFDM-IM and OFDM lies
in that a portion of information is no longer simply mapped
to constellations for transmission. Instead, it utilizes index
sequences to indicate the active or inactive status of sub-
carriers, which helps the system to carry a portion of the
information. For OFDM-IM, the balance between energy
efficiency (EE) and spectrum efficiency (SE) is achieved
by flexibly adjusting the number of blocks, the number of
sub-carriers each sub-block contained, and the quantities of
activated sub-carriers across all sub-carriers. An OFDM-IM
transmitter model is illustrated in Fig.1.

First, m bits B are split into G groups. Each group B,
contains p bits. K sub-carriers are divided into G sub-blocks,
and each contains k available sub-carriers and u active sub-
carriers, thus m = pG and K = kG. p bits in each sub-block
are divided into p; and p» bits, in other words, p = p1 + p».
p1 and py bits can be given by:

p1 = |log,CY|. p2 = ulog;M, (1

where |-] is the floor operation, Cf,’ represents the binomial
coefficient and M is the constellation size.

For OFDM-IM, the mapping operation is not only
performed by means of modulated symbols, but also by the
indices of sub-carriers. The indices of u active sub-carriers are
determined by a selection procedure based on the first p; bits
of the incoming p-bit sequence for conveying additional
information bits. The indices of u active sub-carriers in the
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FIGURE 1. The system model of an OFDM-IM transmitter.

TABLE 1. A look-Up table of index modulation for p; =2, k=4,and u=2.
Index Bits | Indices Sub-blocks
[0, 0] [1,2] ] [S¢(1),5,(2),0,0]
[0,1] [1,3] [S,(1),0,5,(2),0]
[1,0] [2,4] | 10,5,(1),0.5(2)]
[1,1] 3,4] | 10,0,8,(1).5,(2)]

g-th OFDM sub-block can be given by:
(2)

where i, € {1,--- ,k}for]l < g<Gandl <y < u
Furthermore, we represent the mapping of I, corresponding
to each sub-block g in the entire OFDM-IM block as 7.

An example of an index selector is given by Table. 1, where
p1 =2,k =4, and u = 2. For each sub-block, the indices of
active sub-carriers are determined by the first two index bits,
which could be [0, 0], [0, 1], [1, O] and [1, 1]. Then, 2 index
bits indicate the positions of active sub-carriers, which are
denoted as iy ,, . In Table. 1, 4 active sub-carrier combinations
are illustrated, which are i1 = [1,2], iz = [1,3],ig3 =
[2, 4] and i, 4 = [3, 4], respectively, while other sub-carriers
carry no data and their values are usually set to 0.

After index modulation, in order to determine the data
symbols transmitted over the u active sub-carriers, the p, bits
are mapped to M-ary constellations and modulated to the u
active sub-carriers according to the first p; bits. Therefore,
the g-th constellation symbol block can be written as:

S = [S(1), S, (2), ..., Se(w)],

Ig = {ig,lv ig,2a s ig,u}’

(3)
where S,(y) € xy, and x; is the constellations.
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Considering I, and S, for all G sub-blocks, a complete
OFDM-IM sequence in frequency domain can be written as:

X =[X(1),XQ2), ..., X&), “)

where X («) € {0, xs}, fora = 1,2,..., K and ()T denotes
the transpose.

Thereafter, similar to OFDM, the baseband-equivalent
OFDM-IM symbols are generated by applying the inverse fast
Fourier transform (IFFT) operations. At OFDM-IM receiving
side, p; bits need to be recovered at first through maximum
likelihood (ML) or log-likelihood ratio (LLR) detections by
deciding the status of sub-carriers. Then, the rest of p, bits
can be recovered.

B. IEEE 802.11p STANDARD WITH OFDM-IM

IEEE 802.11p [1] standard is proposed and utilized in
Internet of Vehicles (IoV) scenarios, including a number of
enhancements required for C-ITS applications. IEEE 802.11p
provides data exchange principles in vehicles to vehicles
(V2V) and vehicles to infrastructures (V2I) applications.
In order to cope with the rapid time-varying effects and
multi-path delays in high-speed environments, IEEE 802.11p
standard has made modifications in data link layer and
physical layer from the traditional indoor communication
protocols IEEE 802.11a.

Compared with IEEE 802.11a, the frequency bandwidth
of IEEE 802.11p shrinks from 20MHz to 10MHz. Therefore,
in 802.11p, the guard interval (GI) is also doubled. The
GI of this scale can withstand root mean square (RMS)
delay of hundreds of ms to reduce the impact of inter
symbol interference (ISI) caused by multi-path transmissions.
In addition, IEEE 802.11p usually utilizes OFDM with
64 sub-carriers, where 52 of them in the range from -26 to
26 are employed for information transmission. Sub-carriers
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TABLE 2. IEEE 802.11p physical layer specifications.

Parameters Values
Bandwidth 10 MHz
FFT size 64
FFT period 6.4/
Guard interval duration 1.6us
Symbol duration 8us
Total sub-carriers 64
Pilot sub-carriers 4
Data sub-carriers 48
Null sub-carriers 12

LT O
= ** < / | ) Active subcarrier for data
** LA (X, K : ¢ In-active subcarrier for data
R A A AR  an
** 7 N y N
v A=.-l9 **/ Ol ol
7 | = PeppepkphpepkpA ek pA k]
3 | = P e e e e e e
k=+19 ** : /’ ’
pepA DA A A A A A A A k|
** y 7N y y
I.D:»zs ** v
k:;0-26 **/ § Olo 4
Preambles Time(t)

FIGURE 2. IEEE 802.11p sub-carriers arrangement for OFDM-IM.

with index -21, -7, 7, 21 are utilized for pilots, and the
other sub-carriers are used for information transmission.
Table. 2 illustrates the main physical layer parameters of
IEEE 802.11p.

Fig.2 illustrates an IEEE 802.11p sub-carriers arrangement
with OFDM-IM modulation. Compared with its OFDM
counterpart, the corresponding OFDM-IM version has inac-
tive sub-carriers which are usually zeros. However, different
from the null positions specified by the IEEE 802.11p
standard, the inactive sub-carriers in the frame of OFDM-IM
implicitly conveys p; bits information through its position
indices. The receiving side can recover the corresponding
information by detecting these in-active sub-carriers.

A typical diagram of IEEE 802.11p transceiver utilizing
OFDM-IM modulation is given in Fig.3. The generated bits
are scrambled first to introduce a degree of randomness. After
channel encoding and bits interleaving, the interleaved bits
are systematically divided into index bits and constellation
bits for OFDM-IM modulation. The index selector maps the
index bits to a combination of active sub-carriers indices. The
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IEEE 802.11p Transmitter for OFDM-IM
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IEEE 802.11p Receiver for OFDM-IM

FIGURE 3. The diagram of an IEEE 802.11p transceiver.

rest bits are mapped to constellation symbols and placed on
the corresponding activated sub-carriers. The bits mapping
operation is succeeded by the construction of OFDM-IM
symbols for transmission. Pilots and data symbols are
assigned respectively according to the specification of IEEE
802.11p. Then, the frequency domain signals are processed
through IFFT and CP insertion. Ultimately, an IEEE 802.11p
frame can be formed by concatenating the constructed
CP-OFDM-IM symbols with the predefined preambles.

Upon reaching the receiver, preambles serve the purposes
of synchronization and channel estimation. Subsequent steps
involve the removal of CP and FFT. Different from OFDM,
before the channel estimation, OFDM-IM needs to obtain the
indices of active sub-carriers, which are usually implemented
through LLR detections. After, the pilot sub-carriers and
the detected active indices are utilized for channel tracking
and estimation. Then, the equalized data are de-mapped to
retrieve the encoded bits. This is followed by deinterleaving,
decoding, and descrambling operations in order to obtain the
information bits.

C. SIGNAL MODELS FOR CHANNEL ESTIMATION
Assuming perfect synchronization, and ignoring the signal
field, we focus on a frame that consists of two long preambles
at the beginning followed by 7T OFDM-IM data symbols. Let
Aon be the set of non-blank sub-carriers indices in Fig.2 with
size Aop, the input-output relation between the transmitted
and received OFDM-IM block (Aon X T') can be written as:

Y(o, 1] = Hle, 1]1X[e, 1] + N[a, t], o € Agn,  (5)

where Y[a, t], X[a, t], N[a, t] are the transmitted OFDM-
IM symbol, the received signal, and the noise with power
Ny of the a-th sub—garrier in the 7-th OFDM-IM symbol,
respectively. Here, H[c, ¢] represents the time variant fre-
quency response of the channel for all sub-carriers within
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the transmitted frame. Then for simplicity, the transmitted
symbols and the transmitted preambles can be written in
vector form as follows:

yilal = h[alx[a] + n/lal, @ € Aon, (©6)
v [a] = by [alple] + 0 [a], @ € Ao, %)

where x/[«], ﬁ,[a] and p[a] denote the ¢-th transmitted
OFDM-IM symbol, the channel fading coefficients and the
transmitted preamble in the frequency domain, respectively.

IIl. CONVENTIONAL CHANNEL ESTIMATION SCHEMES

In this section, we present a description of conventional chan-
nel estimation schemes for IEEE 802.11p standard. These
schemes utilize the pilot sub-carriers and data sub-carriers of
IEEE 802.11p to jointly perform channel estimation.

A. LS CHANNEL ESTIMATION SCHEME

LS is a classic and basic solution for channel estimation
in IEEE 802.11p systems. For LS scheme, two received
long preambles y(l‘") [] and y(zp) [a] are required to obtain the
channel frequency response (CFR), which can be written as
follows:

o ®) (2]
hysa] = yplelTy; ol [az]p—}[_a? 2 [o]

where pla] denotes the preknown symbols on the

®)

«-th sub-carriers of the long preambles, and his[o] is the
corresponding estimated CFR at the «-th sub-carriers.

LS algorithm only utilizes preambles to obtain channel
estimates and assume the channel is time invariant, which
reduces the estimation complexity. Also, since no data
sub-carriers need to be considered, the LS scheme can be
easily applied to OFDM-IM without significant modifica-
tions [19]. However, due to the time invariant assumption, the
estimation accuracy of LS degrades with the increase of index
bits. Therefore, the conventional LS algorithm cannot satisfy
the requirement of vehicular communication environments.

B. INITIAL CHANNEL ESTIMATION SCHEME

Channel estimation in vehicular communications relies on
the presumption of correlation among consecutive received
symbols. To obtain a better estimation performance, the LS
scheme is firstly conducted. Subsequently, an initial channel
estimation [28] is employed to iteratively refine the estimates
across all received symbols, as articulated in the following
expression:

Yeq, [l = :y&,fllniﬁalo [a] = flLs[d], )
hypitiar,_ [o]
S _ yila]
hInmal, [a] = d,[a]’ (10)

where yeq, [a] denotes the channel equalization value esti-
mated previously for the 7-th OFDM-IM symbol, and d;[«]
is obtained by de-mapping the data sub-carrier yeq, [] to the
nearest constellation point.
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However, for OFDM-IM, since no data is carried on the
inactive sub-carriers, yeq, [¢] can not be correctly de-mapped
to d;[«], which stop the ““initial channel estimation scheme”
from being effectively applied in OFDM-IM systems.

C. TRFI BASED CHANNEL ESTIMATION SCHEMES

In order to alleviate the impact of de-mapping errors when
updating channel estimates, the TRFI channel estimation
scheme [25] is proposed. The main idea of TRFI is based
on the frequency domain interpolation of the constructed
reliable data pilots. The TRFI scheme is based on the results
obtained from (8), (9), and (10), but it only employs the data
sub-carriers within the received OFDM symbol. After obtain-
ing the initial channel estimation fllnma], [a], by making use of
the high temporal correlation between consecutive received
OFDM symbols, the previously received OFDM symbols
are equalized by ﬁlnmalt [e] and flTRFI,, \[a] respectively as
follows:

—1le]
Vi, ol = A
hyyitial, [o]
—1la]
Vi lo] = 22 (11)
hrrr,_, [o]

The de-mapping results d;_,[«] and d;_ [o] can be
obtained by utilizing the corresponding results of (11). Such
de-mapping results are utilized to track and improve the
channel estimate by defining two sub-carriers sets: RS set and
URS set, which can be denoted as Srs and Syrs, respectively.
The TRFI scheme utilizes the channel estimates at Spg to
interpolate the sub-carriers in Syrs based on the reliability
test described in Algorithm 1.

Algorithm 1 TRFI Reliability Test Algorithm
Require: d;_[o] and d]_, [«]
foralla € A, do
SRS <« SRS + o
end for
for all « € A4 do
if d;_l[a] == d;/_l[oc] then

hrrey, (@] = hpigal, [a]
SRS < SRS + o
else
Surs < SURs + o
end if
end for

Output: Sgs and Syrs

Here, A, and Ay denote the indices sets of pilot and
data sub-carriers, respectively. Since the four comb pilots
are known in advance, the corresponding channel estimates
for these sub-carriers are considered as reliable. For the
data sub-carriers, a reliability test is applied, where the
channel estimate at the -th sub-carrier is considered reliable
if d)_,[e] = d]_,[«]. Finally, frequency domain cubic
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interpolation is applied by utilizing the channel estimates at
Srs to recover the corresponding estimates at Syrs. Here,
the interpolation function is denote as cubic interpolation(-).
It is shown that cubic interpolation fits better than the linear
one [25]. For the 7-th OFDM symbol, the TRFI channel
estimates of a-th sub-carrier are given as:

2 hiigial, (], a € Sgs,
hrrry, (o] = .
cubic interpolation(htrry, [Srs]), o € Surs.
(12)

Although the TRFI scheme is effective in OFDM systems,
it cannot achieve channel-tracking in OFDM-IM systems
due to the existence of inactive sub-carriers. Therefore,
an M-TRFI is proposed for IEEE 802.11p OFDM-IM [22]
to achieve the vehicular communication channel estimation
task.

Since yeq, [@] needs to be de-mapped to d;[«] in (10),
which is utilized for initial channel estimate, it is important
to have an accurate d;[«]. In OFDM-IM systems, the active
sub-carriers are required to be de-mapped to the nearest con-
stellation to obtain d;[c]. However, the inactive sub-carriers
are not able to be de-mapped correctly because no data are
carried by these sub-carriers. Therefore in M-TRFI scheme,

if the «-th sub-carrier is inactive, hll\ﬁlgﬁﬂ [o] must be replaced

by the CFR obtained by M-TRFI at the previous time, which
can be written as:

Yt[a]/dt[a], ifa e Ap,
RYLTRA ) = 1 (13)
! r.M-TRFI .
b= e, ifa e Ap,

where A, denotes the indices set of inactive sub-carriers.

M-TRFI utilizes the previous CFR to replace the incorrect
CFR on the inactive sub-carriers. Although this method
achieves the first application of the TRFI algorithm in
OFDM-IM systems, replacing the CFR blindly may bring
serious performance degradation. This is because the dis-
tribution of inactive sub-carriers may be continuous, which
leads to a widening gap between the replaced CFR and the
actual CFR. Therefore, in this paper, an E-TRFI-IP channel
estimation scheme is proposed, which is introduced in the
next section.

IV. THE PROPOSED E-TRFI-IP CHANNEL ESTIMATION
SCHEME

In this section, the concept of IP is described at first. Then, the
proposed E-TRFI-IP channel estimation scheme is presented
by introducing the RS update rule and the corresponding
interpolation method.

First, the positions of IP at the transmitter need to be deter-
mined by the index bits. Then, IP insertion is implemented
after the OFDM block creator, which is illustrated in the
diagram of Fig.4. By detecting and utilizing these IP, the
channel estimation can be achieved. Here, the set of IP is
denoted as Mjp, which size is Mjp. After index modulation
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FIGURE 4. The diagram of IP insertion in IEEE 802.1p OFDM-IM
transceiver.

and IP insertion, p, data bits are mapped according to a
constellation set M., which size is M.

The EE of the proposed OFDM-IM structure can be
represented by the number of bits transmitted per unit
energy consumption. Quantitatively, EE is defined as the
ratio of SE to the power consumed by an OFDM sub-
carrier [29]. In order to compare the EE and SE among
different OFDM based modulations, it is assumed that each
symbol on a sub-carrier has unity power. Therefore, the EE
of the conventional OFDM and the OFDM-IM with M-TRFI
scheme can be written as:

SE _ [log;C¢] + ulog,M
ulk u
where u equals k in OFDM. For the OFDM-IM utiliz-
ing the proposed E-TRFI-IP scheme, compared with the
conventional OFDM-IM, although the corresponding SE is
unchanged, the EE may be compromised due to the IP
insertion. The EE of E-TRFI-IP can be written as:

SE  |log,C}| + ulog,M
w+p3)/k (u+p3)

Eo = bits/Joule, (14)

EEp = bits/Joule,

(15)

where p3 denotes the number of IP in each sub-block. Table. 3
briefly introduces the SE and EE comparison among OFDM,
OFDM-IM with M-TRFI [22] and OFDM-IM with E-TRFI-
IP with variant M. It can be seen that when M is small, the
EE of the OFDM-IM with E-TRFI-IP is the same as that of
OFDM.

In order to effectively detect the index bits, the constel-
lations from Mip and M, should be readily differentiable,

thus Mp N M. = @. For example, if M = 4, M, could be

B A T P

could be {—|—1, —1, +j, —j}, which is shown in Fig.5.

At the receiving side, the indices of in-active sub-carriers
need to be detected based on LLR detection methods.
To reduce the corresponding complexity, inspired by [30],
an LLR-based detector for the proposed E-TRFI-IP scheme
is introduced. For the #-th OFDM-IM symbol, the LLR of the
a-th sub-carrier can be written as:

M,
Z Pr (x;[a] = M (a) |y:[a])
yila] =1n 13;1 . (16)
> Pr(xi[a] = Mip (D) lyile])
b=1

It can be seen from (16) that the «-th sub-carrier
is more likely to be a constellation symbol, if y;[c]
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TABLE 3. Comparison of SE and EE among different channel estimation schemes for k = 4, and u = 2.

Metrics SE(b/s/Hz) EE(b/T)
Schemes M=2|M=4|M=16 | M=2 | M=4 | M=16
OFDM 1 2 4 1 2 4
OFDM-IM 1 1.5 2.5 2 3 5
M-TRFI (OFDM-IM) 1 1.5 2.5 2 3 5
E-TRFI-IP (OFDM-IM) 1 1.5 2.5 1 1.5 2.5
T 1 T . T and L, as:
A IP constellation M
1} A ) s 1 ~ 2
Il QPSK constellation L2 — ln Z CXp (_V ¥ [(X] _ ht [a]MIP (b)’ ) )
0.707 | | || E b=1 0
05} 4 (19)
In order to utilize Jacobian logarithm. Here, take the first term
L1 as an example, while the other term can be calculated i2n
0 - A a similar way. We define §, = —Nlo ‘yt [a] — l;, [a]/\/lc(a)‘ .
Then, §, is utilized to re-write L as:
a5k 1 M. Mc—1)
Sa ) — Sa o Su,
orork 1l . ] ln(Ze )_ln Z e’ 4 e
a=1 a=1
Al A . ln((Mgl)e‘;")
=In|e \ oI + e |, (20)
-l1 -0.:107 -0..5 (.) 0?5 0.7l07 ;

FIGURE 5. An illustration of IP constellation design for AMp and M
with M = 4.

is positive, and more likely to be an IP if y o] is

M
negative. Since > Pr(x/[a]=M:(@) = k/u and

a=1
M
f Pr(x/[¢] = Mip (b)) = (u—k)/u, using Bayes rule,

b=1
(16) can be re-written as:

The further calculation of (20) can be written as [31], [32]:
In (eA n eB) — max {4, B} + In (1 + e—'B—A‘). Q1)

With the assistant of (21), (20) can be written as:

M,
In (Z e‘s") = max 1 In
a=1

(Mc_z)
3a SMc—1) 8
e +e » OM,
a=1

(Mc—-2) s
me—In{ > eda®Mc—1)

M | ) 5 +In|1+e o=
yila] =1n (Z exp <_170 yila] — h,[ot]./\/lc(a)’ ))
a=1 (22)
Mpp 1 . 5
—1In Zexp (—]7 y:[a] — h[a]Mp (b)) ) We note that if M. > 2, further calculations of (22)
b=1 0 will become a recursive procedure. Both L; and L, can be
I kMip 17 obtained through the procedure, and the LLR value y;[«] can
T n((u — k)M, )- a7 be obtained according to Li and L, through (17).

To reduce the algorithm complexity and prevent numerical
overflow, we write L as:

M. )
L =1 -
1 n(;exp( N
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~ 2
vila] - Byl M (@) )) (18)

To demodulate the constellation symbols, the receiver
needs to determine the positions of data sub-carriers by
utilizing the active indices I,. Also, by concatenating I, for
every sub-block, 7 can be obtained, which is not only utilized
for signal demodulation but also play an important role in the
further channel estimation steps.
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After obtaining the positions of in-active sub-carriers
included in Z, the indices set of IP sub-carriers Ajp can
be obtained. Different from the conventional TRFI scheme,
d;[o] can be written as:

argmin(|yeq, [o] — Mc[?), else,
1

P[],
Mipla],

where P[] are the predefined pilots of IEEE 802.11p
standard, which are embedded to the sub-carriers
{-21,-7,7,21}.

As shown in Fig.4, at the transmitting side, the predefined
IP are inserted to the in-active sub-carriers. Therefore, as long
as the positions of in-active sub-carriers are determined,
the corresponding yeq [o] can be de-mapped to Miplal.

dfa] = ifaedy,  (23)

if ¢ € App,

Then, the initial channel estimate fl]niﬁalt [] can be obtained
through (10) and (23).

After having flmmal, [a], the corresponding Sgs and Syrs
can be obtained by (11) and Algorithm 1. We denote the
Srs and Syrs obtained in the initial step that need to
updated as S9¢ and Sys. Then, Yeq,_,lo] and yg,  are
de-mapped to d;_ [«] and d;_, [] according to (23). In the
conventional TRFI scheme for OFDM, RS and URS are
usually not accurate, especially when it applies to OFDM-IM
systems, which significantly degrades the corresponding
estimation performance. There are two reasons that cause
the inaccuracy of Sgs and Syrs, especially for OFDM-IM.

First, the estimated active indices set Z are not always

perfect. Second, flInitial, [a] obtained by incorrect d;[«] is
usually inaccurate, which results in unreliable Sgs and Sygrs.
Therefore, in this paper, a reliability test for Srg is introduced
based on Euclidean distance. Here, the Euclidean distance
between yeq [o] and constellation symbol M[k] can be
written as:

DY[q] = |yeq, [a] — Mcq]

and the corresponding Euclidean distances set can be denoted
as:

27q=]9"'3MC’ (24)

D={D{[g]:1<q=<M}. (25)

Then, in order to increase the reliability of yeq, [«], for the #-th
OFDM-IM symbol, the ratio of the «-th sub-carrier between
the minimum and the second minimum values in D is defined
as:
T — D(tx [6]1] )
Df[g2]
where DY[g1] and DY[g>] are the minimum and the second
minimum distances in D respectively, and therefore 0 <
7% < 1. Moreover, we define SES for an indices set of
IP sub-carriers and pilot sub-carriers, which is considered
reliable in the corresponding Euclidean distance test.
It can be seen from (26) that a small 7, means that the
distance from yeq, [¢] to M.[q1] is closer than the distance

(26)
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from yeq, [a] to Mc[q2]. Then, the corresponding Sgs can
be regarded as reliable. On the contrary, if 7,* approaches 1,
which means yeq, [«] has similar distance between Mclq1]
and Mc[q>], the corresponding Srs derived through 7,*
should be considered unreliable.

Based on 7%, a threshold Ty, can be defined to eliminate
the unreliable Sgrg from Sgs. In the proposed method, the
pilot sub-carriers in SPS are known and reliable. Therefore,
based on Sgs and Spjpg, subset Sl(z)s’ and SI(}RS, without
the corresponding reliable indices in Sgs are defined,
respectively. Then, for all @ in Sgs,, it 7,* < Ty, the a-th sub-
carrier is regarded as reliable, and the corresponding o should
be included in a new set Sllzs- In contrast, if 7,* > Ty, the
a-th sub-carrier in Sgs, is regarded as unreliable. Hence, the
corresponding « should be included in a new set S{IRS. After
considering all sub-carriers in Sgs and SSRS, the updated sets
SI%S and SIZJRS can be obtained through (27):

Sks= {Sllis U SlgS] , Strs = {SlljRS U ngs/} .

27

We note that the value of Ty can affect the channel
estimation performance of the proposed E-TRFI-IP scheme.
If the value of Ty, is too small, the reliability of SI%S may be
compromised because the number of unreliable sub-carriers
in Sgs, that need to be updated to SIIJRS may be insufficient.
However, with a large Ty, the size of SéRS updated from
Sgs, may become larger than that of Sﬁs. It may affect
the interpolation performance, which is the next step of the
proposed channel estimation scheme. Therefore, a trade-off
between Srs update and interpolation performance need to be
made. In this paper, we pick the value of Ty, through Monte
Carlo simulations. The procedure of Srs and Syrs update is
described in Algorithm 2.

Algorithm 2 Sgg and Syrs Update Algorithm

Require: ¢, Ty, yeq,[a], Slgs’ngs and SES
if t = 1 then
0 _c0 Q0 _ o0
SRS, = Sgs: SURS, = Sygs

else
0 _ Q2 0  _ Q2
S}gs, = SRSH’SURS, = SURSH
end if
0 _ 0 _ ob 0 _ c0 P
SRs/ —SRS, Sgs: SURs/—SURs, Sks

for yeq, [a], a € SlgS’ do
Having 7, according to (24) and (26)
if 7 < Ty, then
S}%s <~ S}%s +
else
Sips <— Sirs +@
end if
end for
S}%s, = {Sllzs U SES}’ 'SlszS, = {SIIJRS U S%Rs'}
SI%S = S}%S,’ SLZIRS = S%Rs,

Output: S}%S and S%RS
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We note that, different from the conventional TRFI scheme
designed for OFDM, the step of producing Sgs and SIOJRS is
only implemented when ¢t = 1. When ¢ > 1, Previous SI%SH
and SIZJRSH are utilized in the reliability test. This step is

regarded as the initial calculation of Sgs and SI(}RS'

After Sgs and Syrs update, the frequency domain
interpolation needs to be implemented in order to obtain
the CFRs of the remaining unreliable sub-carriers. In the
conventional TRFI based channel estimation scheme, only
cubic interpolation is applied because there is no Sgrs
and Syrs update step in such schemes. For the proposed
E-TRFI-IP channel estimation scheme, in-active sub-carriers
of OFDM-IM for IP may appear in the extrapolation area of
Surs due to the Srs and Syrs update step. Therefore, taking
these in-active sub-carriers into consideration, solely utilizing
cubic interpolation may result in estimation performance
degradation. Therefore, in this paper, cubic interpolation and
linear extrapolation methods are jointly applied, which is
given in Algorithm 3. We note that the analytical expression
of the optimal extrapolation method is open for future
research.

Algorithm 3 Joint Cubic Interpolation and Extrapolation
Algorithm

.2 Q2 i
Require: ‘S;RS’ SURrs» and2hln1t1a1,
if max(Sfjrg) > max(Sig) then
2.extra 2,extra 2
Surs < Syrs T Max(Sggrs)

end if

if min(SZrg) < min(S3g) then
SR SO iy

end 1

l:HP, [SI%S] = ﬁlnitia],[‘sﬁs] o
flIP, [S[zjll;lster] = cubic interpolatiOn(flIPx [SI%S])
S SEp————"

Output: l~11p,

Here, the extrapolation set of SIZJRS and its complement
are defined as Sfj’g’gm, and Stzfgster, respectively. Then, the
functions max(-) and min(-) represent the maximum and
minimum index in S, respectively. The extrapolation(-) is
defined as the linear extrapolation function. Sg§™ denotes
the indi_ces set for linear extrapolation, which includes Sﬁ"stra
and S%’E‘Ster. For the ¢-th OFDM-IM symbol, the estimated
CFRs of the current a-th OFDM-IM symbol is written in (28).
The diagram of the proposed E-TRFI-IP channel estimation
process is illustrated in Fig.6.

c 2
hinigial, [o], o € g,

2.inter

fllP, @] = § cubic interpolation(ﬁlpt [SI%S])’ a € Sips >

2,extra

extrapolation(hyp, [SRE™D), o € S{jrs

(28)
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V. COMPUTATIONAL COMPLEXITY ANALYSIS

In this section, we investigate the computational complexity
of the proposed channel estimation schemes along with
several existing alternatives. The evaluation of computa-
tional complexity is conducted by quantifying the number
of real-valued operations required—specifically, multiplica-
tions/divisions and summations/subtractions—necessary for
channel estimation in received OFDM-IM symbols. It is
pertinent to note that our analysis pertains to complex-
valued data. Within this context, a single complex-valued
division entails six real-valued multiplications, two real-
valued divisions, two real-valued summations, and one
real-valued subtraction. Additionally, each complex-valued
multiplication is accomplished using four real-valued multi-
plications and three real-valued summations.

The LS estimation is a fundamental technique in which the
received preamble symbols are aggregated through summa-
tion, resulting in a total of 2A,, summations. Subsequently,
the result of this summation is divided by the predefined
preamble, necessitating an additional 2A,, divisions. Thus,
the LS scheme requires a total of 2A,, summations and 2Aq,
divisions, respectively, to complete the estimation process.

The computational complexity of TRFI scheme mainly
relies on the size of URS set. For the conventional TRFI,
M-TRFI, and E-TRFI-IP schemes, the number of URS in

each received symbol are defined as A{RY, AMRIRF!, and
A%‘RT?FI'IP respectively. Based on LS estimation, accord-

ing to (9), (10), and (11), the TRFI scheme requires
4 extra complex-valued divisions. Moreover, TRFI utilizes
the frequency domain interpolation to update the chan-
nel estimates. The cubic interpolation of one sub-carrier
between two RS requires 26 multiplications/divisions and
30 summations/subtractions [28]. Therefore, the computa-
tional complexity of a conventional TRFI scheme is 34Aon +
26Ag§1§1 multiplications/divisions and 14A,, + SOAE%EI
summations/subtractions.

For the M-TRFI scheme, if the active sub-carriers
detection of OFDM-IM is completed, compared with the
conventional TRFI scheme for OFDM, the corresponding
complexity of M-TRFI does not increase. Therefore, the
computational complexity of M-TRFI is also 34A,, +
26 AV IR multiplications/divisions and 14Aqy + 30AMERF!
summations/subtractions.

As shown in Fig.6, the proposed E-TRFI-IP channel
estimation scheme can be analyzed by dividing the scheme
into two parts: the conventional TRFI procedure (part.A)
and the E-TRFI-IP estimation procedure (part.B). It is worth
noting that according to Algorithm 2, the complexity of
part.A is only required to be counted when ¢ = 1. Therefore,
the computational complexity of part.A is 34A,,/7T multi-
plications/divisions and 14A,,/7T summations/subtractions.
The part.B includes Euclidean distance reliability test, the
cubic interpolation, and the linear extrapolation. These
procedures have their own computational complexities. Here,
we define the number of sub-carriers of performing the
Euclidean distance reliability test and linear extrapolation
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FIGURE 6. The diagram of the proposed E-TRFI-IP channel estimation scheme.
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FIGURE 7. Computational complexity for different channel estimation
schemes.

as Agp and Ay, respectively. According to (24) and (26),
the Euclidean distance reliability test employs Agp +
2M Agp real-valued divisions and 4M Agp subtractions.
Similar to the cubic interpolation, the linear extrapolation
of one sub-carrier between two RS requires 8 multiplica-
tions/divisions and 8 summations/subtractions. Therefore, the
total computational complexity of the proposed E-TRFI-
IP scheme is 34/T Aoy + (1 + 2M)Agp + 26AEIRP 4
8Acx multiplications/divisions, and 14/T Ay, + 4M Agp +
SOAE'ggFI‘IP + 8Aex summations/subtractions.

Table.4 shows a detailed summary of the computational
complexities for the studied estimators. In order to have a
good approximation of the number of URS for different esti-
mation schemes, we implement our 10000 times simulations.
A detailed summary for the number of different URS in each
received symbol is given in Table.5.

Fig. 7 shows a bar graph for the required multiplica-
tions/divisions, and summations/subtractions of the studied
estimators. It can be noticed that, due to the initial calcu-
lations of Sgs and SSRS, the proposed E-TRFI-IP reduces
the overall computational complexity by 13% compared
to the conventional TRFI scheme. Moreover, the proposed
scheme even reduces the computational complexity of
summations/subtractions by 89.6%.
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VI. SIMULATION RESULTS

In this section, we present extensive simulation results
for the proposed E-TRFI-IP channel estimation scheme
in different vehicular communication scenarios. The pro-
posed E-TRFI-IP scheme are compared with some existing
schemes, including LS [19], TRFI [27] and M-TRFI [22].
We note that since the TRFI estimation scheme cannot work
in OFDM-IM systems, thus OFDM needs to be applied to
the conventional TRFI when comparing it with the proposed
E-TRFI-IP scheme. The NMSE and BER performance
of these channel estimation schemes is investigated and
evaluated via simulations. Also, the impact of Ty on
NMSE and BER performance in different scenarios is also
considered.

In this section, a G = 16, k = 4, u = 2 OFDM-IM system
with QPSK modulation is considered. The sub-carriers
arrangement follows IEEE 802.11p standard. The value of IP
are all set to 1 for simplicity. The vehicular channel models
employed in this paper is then introduced in this section.
After it, the selection of Ty, is presented. Finally, the NMSE
and BER performance of the proposed E-TRFI-IP channel
estimation scheme is given and evaluated.

A. VEHICULAR CHANNEL MODELS AND MOBILITY
Vehicular channel models have been extensively investi-
gated [33], [34], [35], and realistic vehicular channel models
have been widely used in vehicular communication envi-
ronments [36]. These models are obtained through channel
measurements in the metropolitan of Atlanta, Georgia,
USA. To evaluate the BER and NMSE performance of
the proposed E-TRFI-IP scheme, very high, high, and low
mobility vehicular environments are need to be considered,
respectively. Therefore, in this paper, two vehicular channel
models are chosen: (1) Vehicle-To-Vehicle Expressway Same
Direction with Wall (VTV-SDWW). (2) VTV Urban Canyon
(VTV-UC) [36]. VTV-UC is a channel scenario measured in
Edgewood avenue in downtown Atlanta, where urban canyon
characteristics exist. VITV-SDWW scenario is established on
a highway with center wall between lanes. Based on these
channel models, three scenarios with different speed are
considered as follows:
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TABLE 4. Computation complexity among different channel estimation schemes in terms of real-valued operations.

Estimation Scheme Mul./Div. Sum./Sub.
LS 2A0n 2A0n
TRFI 34A., + 26A0Rs 14A0n + 30ATRS
M-TRFI 34Aon + 26AVRET! 14A0n + 30AY RS
E-TRFI-IP 34/T Aon + (1 + 2M ) App + 26A0Re T + 8Acx | 14/T Agn + 4M Agp + 30ATRs T + 8Acx

TABLE 5. The parameter values utilized in computation complexity
(16QAM, SNR=0-15dB).

Parameter AE};‘;I All\fliTsRF 1 Ag’gém’lp Agp Acx
Values 13.58 7.11 17.85 18.51 | 1.03

o Low mobility vehicular scenario, where the VTV-UC
channel model is employed using V = 52 Kmph, which
is equivalent to Fg = 300 Hz as a maximum Doppler
shift.

o High mobility vehicular scenario, where the VTV-
SDWW channel model with V = 104 Kmph and Fy =
600 Hz is employed.

o Very high mobility scenario, where the VTV-SDWW
channel model is considered with V. = 208 Kmph and
Fgq = 1200 Hz. This scenario is employed to further
evaluate the robustness of the proposed schemes.

B. THE SELECTION OF Ty,

In this subsection, the value of Ty, in different scenarios
are selected by investigating the BER performance variation
caused by using different T;,. In order to conveniently
demonstrate the influence of Ty, we select five SNR values
(0-50dB) at equal intervals, which are 5, 15, 25, 35, 45 as the
reference SNRs.

Fig.8 shows that in low SNR scenarios (SNR<15dB),
by changing the value of Ty, the corresponding BER is
comparatively stable for all scenarios (Fig.8 (a), Fig.8 (b)
and Fig.8 (c)). Nevertheless, it is clear that all scenarios have
their own minimum BER values when SNRs are medium
or high (SNR>15dB). We calculate the average bit error
rate of Ty, at 5 different SNR scenarios, and utilize the Ty,
with the lowest value in the range 0.1 to 0.9 as the optimal
Ty, Simulation results show that in low, high, and very
high mobility vehicular communication scenarios (Fig.8 (a),
Fig.8 (b), and Fig.8 (¢)), T,y = 0.25, 0.2, 0.15 can achieve
the lowest average bit error rate 0.0789, 0.0798, and 0.0829,
respectively.

C. NMSE AND BER PERFORMANCE

In this subsection, we provide and evaluate the NMSE and
BER simulation results of the proposed E-TRFI-IP scheme
in different scenarios utilizing the Ty, values obtained in
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section VI-B. The definition of NMSE is given as follows:

T Ag
NMSE;p = Z Z

t=1 a=1

- 2 2
Bylar] — hip, o]

) (29)

~ 2
hylo]|

where l~1t [e] denotes the real channel coefficient, and ﬁlpl
denotes the estimated channel coefficient from the proposed
E-TRFI-IP.

Fig.9 illustrates the performance of NMSE of the proposed
scheme solely utilizing cubic interpolation and joint cubic
interpolation and linear extrapolation method in low, high and
very high mobility scenarios. Due to the RS update method,
IP may appear in the extrapolation area of URS. Only utiliz-
ing cubic interpolation may result in the NMSE performance
degradation, especially in low SNR (SNR<15dB) scenarios.
In low mobility scenario, at NMSE = 10°, the proposed
joint cubic interpolation and linear extrapolation can achieve
around 8dB performance gain compared to the scheme that
only utilizing cubic interpolation. With the increment of
SNRs, the gap gradually becomes smaller (around 2dB at
NMSE = 1073) due to the low speed in the low mobility
scenario. However, due to the high speed in the very high
mobility scenario, even SNR increases, the amount of IP in
the extrapolation area is still large, which cannot narrow the
corresponding gap. Nevertheless, fig.9 shows that for the very
high mobility scenario, at NMSE = 1072, the proposed joint
cubic interpolation and linear extrapolation can still achieve
around 10dB performance gain compared to its counterpart.

The impact of the number and modulation order of IP
on the NMSE performance is analyzed in Fig.10 within
a high mobility scenario. Reducing the number of IP can
enhance the EE, yet it is shown in Fig.10 that reducing the
number of IP to half (“HALF, IP = 1, QPSK”’) compared
to using all idle sub-carriers for IP (“FULL, IP = 1,
QPSK”) significantly compromises the NMSE performance.
Specifically, the NMSE at 2.4 x 1073 for the full IP
configuration exhibits a performance gain of approximately
22dB over the half IP setting. Despite this degradation, the
performance of the half IP configuration still surpasses that
of the conventional TRFI scheme in OFDM systems. This is
attributed to the fact that when the number of IP continues
to decrease until all IP are replaced by data, the proposed
E-TRFI-IP scheme will degenerate to the conventional TRFI
in OFDM systems. Further, Fig.10 explores the NMSE
performance under varying constellation modulation orders.
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FIGURE 8. The performance of BER by utilizing different Ty, values in
(a) low mobility, (b) high mobility, and (c) very high mobility scenarios.

To mitigate detection errors, the IP value is increased to
2 for the 16QAM modulation scenario. This adjustment
leads to substantial performance improvements in low to
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FIGURE 9. The NMSE performance of the proposed E-TFRI-IP scheme
utilizing cubic interpolation and joint cubic interpolation and linear
extrapolation method in low, high and very high mobility scenarios.
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FIGURE 10. The NMSE performance of the proposed E-TFRI-IP scheme
utilizing “FULL IP=1, QPSK", “FULL IP=1, QPSK"” and “FULL IP=2, 16QAM"
configurations in the very high mobility scenario.

medium SNR conditions (SNR<30 dB). For SNRs of 0 dB,
10 dB, 20 dB, and 30 dB, the performance enhancements
for the ““Full, IP=2, 16QAM” case are approximately 448%,
353%, 107%, and 26% respectively compared to the “FULL,
IP=1, QPSK” scenario. In higher SNR environments
(SNR>30 dB), the performance differential narrows due to
the increased reliability of index bit detection.

The impact of the IP number and modulation order on BER
performance is examined in Fig.11. This analysis follows
observations of channel estimation performance degradation
detailed in Fig.10. Specifically, the configuration of “FULL,
IP=1, QPSK” significantly outperforms the “HALF, IP=1,
QPSK” setting in terms of BER. For instance, at a BER
of 1.5 x 1074, the “FULL, IP=1, QPSK” configuration
exhibits approximately 21 dB higher performance gains
compared to the “HALF, IP=1, QPSK” configuration.
Moreover, due to more accurate channel estimations achieved
in medium to low SNR scenarios, as shown in Fig.10,
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FIGURE 11. The BER performance of the proposed E-TFRI-IP scheme
utilizing “FULL, IP=1, QPSK", “FULL, IP=1, QPSK" and “FULL, IP=2,
16QAM"” configurations in the very high mobility scenario.

the BER performance when using 16QAM modulation is
marginally better than with QPSK. However, at higher SNR
levels, specifically above 25 dB, the BER performance for
the 16QAM configuration starts to deteriorate relative to the
QPSK system. For example, at a BER of 7 x 1073, the system
employing QPSK modulation achieves around 19 dB better
performance than the one using 16QAM.

Fig.12 illustrates the performance comparisons of NMSE
among the proposed E-TRFI-IP scheme and existing channel
estimation schemes, which include LS, TRFI and M-TRFI
schemes. The comparisons are implemented in the low, high,
and very high mobility scenarios, and the threshold values T,
are set to 0.25, 0.2, and 0.15, respectively. It is known that
the proposed E-TRFI-IP scheme requires active sub-carriers
detection before channel estimation, which may cause
performance degradation due to detection errors. Therefore,
we provide an ideal NMSE performance of the proposed
E-TFRI-IP scheme, where all indices are assumed to be
correctly detected, as a performance benchmark (denoted as
“Ideal E-TRFI-IP”’). According to Fig.12, the LS scheme
achieves the worst performance because LS is ineffective
in doubly-selective channels. M-TRFI owns significant
performance improvement compared with the conventional
LS in OFDM-IM. Nevertheless, due to the difficulties in
channel tracking caused by in-active sub-carriers of OFDM-
IM, M-TRFI suffers significant performance degradation,
and becomes worse than that of TRFI in OFDM at medium
to high SNR scenarios (SNR>20dB in the very high mobility
scenario, SNR>25dB in the high mobility scenario, and
SNR>30dB in the low mobility scenario). Thanks to the
IP insertion, RS update process, and modified interpola-
tion method, the proposed E-TRFI-IP scheme significantly
outperforms other existing channel estimation schemes in
high and very high mobility scenarios. For the low mobility
scenario, at BER=2.5 x 107, the proposed E-TRFI-IP
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FIGURE 12. The NMSE performance comparisons among the proposed
E-TRFI-IP scheme and existing channel estimation schemes in: (a) low
mobility, (b) high mobility, and (c) very high mobility scenarios.

scheme can also achieve around 14dB performance gains
compared with the conventional TRFI in OFDM systems.
Moreover, the proposed E-TRFI-IP can achieve a close
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FIGURE 13. The BER performance comparisons of among the proposed
E-TRFI-IP scheme and existing channel estimation schemes in: (a) low
mobility, (a) high mobility, and (c) very high mobility scenarios.

performance to that of “Ideal E-TRFI-IP” by having a more
accurate RS. Also, it can be seen that due to the different
mobility in three vehicular communication scenarios, the
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overall NMSE performance in the low mobility scenario is
the best, followed by that in the high mobility scenario, and
the corresponding NMSE in very high mobility scenario is the
worst.

Fig.13 shows the performance comparison of BER
between among proposed E-TRFI-IP scheme and existing
channel estimation schemes. Also, to facilitate evaluations,
the BER performance of the proposed E-TRFI-IP, where all
positions of IP are assumed to be correctly detected, is also
provided, as a benchmark (denoted as “Ideal E-TRFI-IP”).
The BER comparisons are implemented in the low, high,
and very high mobility scenarios, and the threshold values
Ty, are set to 0.25, 0.2, and 0.15, respectively. We know
that OFDM-IM requires active sub-carriers detection before
symbol demodulation. Therefore, the indices detection errors
increase with the decrement of SNRs, which may cause
performance loss. It is shown in Fig.13 that in low SNRs
scenarios (SNR<14dB), the M-TRFI and the proposed
E-TRFI-IP is slightly inferior to the LS and TRFI (for OFDM
systems) schemes. However, it can be seen from Fig.13
that such gap is very small. With the increment of SNRs,
the BER performance of the proposed E-TRFI-IP scheme
significantly outperforms other existing schemes in different
mobility scenarios. Also, the proposed E-TRFI-IP scheme
can achieve a very close BER performance as that of the
“Ideal E-TRFI-IP” case. In very high mobility scenarios,
at BER=1072, the proposed E-TRFI-IP can achieve around
20dB performance gains compared with the conventional
TRFI scheme. It is also worth noting that due to the different
mobility in three vehicular communication scenarios, the
overall BER performance in the low mobility scenario is the
best, followed by that in the the high mobility scenario, and
the corresponding BER in the very high mobility scenario is
the worst. We can observe that the the conventional TRFI
scheme is severely degraded when the channel becomes
worse, whereas, the proposed E-TRFI-IP scheme reveals
good robustness since compared with OFDM, OFDM-IM
system has stronger anti-interference ability for the doubly
dispersion channel. Therefore, the proposed E-TRFI-IP
scheme is more robust than the conventional TRFI scheme.

VIl. CONCLUSION

This article addresses the problem of channel estimation
for OFDM-IM systems compliant with the IEEE 802.11p
standard in vehicular communication environments. In this
paper, we propose an E-TRFI-IP channel estimation scheme
that incorporates a novel strategy for index pilot insertion,
a reliability test for sub-carriers, and a joint interpolation
method. By utilizing the above modifications and the
distinctive structure of OFDM-IM, the proposed E-TRFI-
IP scheme effectively improves the channel tracking ability
and estimation performance. Additionally, a comparison
threshold for updating reliable sets is introduced, and
the optimal threshold values are determined for various
vehicular communication scenarios. Extensive simulation
results demonstrate that the E-TRFI-IP scheme achieves
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robust performance across low, high, and very high mobility
scenarios with NMSE improvements of up to 14 dB, 25 dB,
and 35 dB, and BER improvements of up to 18 dB,
25 dB, and 30 dB, respectively. Consequently, the proposed
E-TRFI-IP scheme markedly enhances channel estimation for
OFDM-IM systems and outperforms existing conventional
channel estimation methods for both OFDM and OFDM-IM
systems.
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