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Abstract—High mobility of vehicles causes time-frequency
selective fading over physical channels within the Internet of
vehicles (IoV). To improve the resource utilisation efficiency, a
novel transmission strategy, based on dynamic pilot design, is
proposed in this paper to reduce the pilot consumption in doubly
selective channel estimation for the multicast to vehicles running
at different speeds. As the channel coherence time is mainly
influenced by the receiver mobility in the multicast from a base
station to vehicles, we define a multicast block as the channel
coherence time of the slowest vehicle in the multicast group,
where common pilot symbols are shared. Then, the multicast
data destined for different vehicles are loaded into the block
according to their own channel coherence times. To evaluate
the performance and resource utilisation of our dynamic pilot
design, the metrics of overhead rate, spectral efficiency, and
energy efficiency are formulated for the IoV multicast using
multiple-input-multiple-output (MIMO) orthogonal frequency
division multiplexing (OFDM) transmissions. In terms of these
three metrics, illustrative numerical results on the compar-
isons between our dynamic pilot design and the conventional
counterpart are provided, which not only substantiate that the
former outperforms the latter but also present useful tools and
specifications for the pilot design in the IoV multicast using
MIMO-OFDM transmissions over doubly selective channels.

Index Terms—Internet of vehicles (IoV), doubly selective chan-
nel estimation, dynamic pilot design, overhead rate, spectral
efficiency, energy efficiency.

I. INTRODUCTION

The Internet of vehicles (IoV) has been significantly devel-
oped by powerful wireless communication and computation
technologies, which will provide integrated services in support
of smart transport and smart city, through the information
exchange between public networks and vehicles [1], [2].
Concerning the physical-layer design, the major challenge
faced by the IoV is the time-frequency selective fading caused
by the high mobility of vehicles, which results in the resource
utilisation efficiency loss as pilot symbols are continually
needed in the fast-varying channel estimation [3], [4].

To achieve high resource utilisation efficiency while im-
proving the channel estimation performance, how to distribute
pilot symbols and allocate their transmit power have been
investigated, see [5]-[18] and the references therein. In the lit-
erature, the optimal pilot design has been obtained for point-to-
point vehicular communications, which can be readily applied
into multicast services with uniform-speed vehicles. However,
the vehicles usually run at different speeds in practical loV
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multicast services, where the optimal pilot design needs to
be addressed, specifically for ultra-reliable and low-latency
communications [19], [20]. Against this backdrop, we intend
to further improve the resource utilisation efficiency through
dynamic pilot design, which will optimise the deployment of
common pilot symbols in the multicast from a base station to
vehicles running at different speeds.

A. Related Works

For improving the performance of wireless communica-
tions over fading channels, pilot symbol assisted modulation
(PSAM) is a commonly used technique, where known pilot
symbols are inserted periodically within the unknown data. In
this way, authentic channel state information (CSI) can be ob-
tained for coherent signal detection at minimum computational
complexity [5].

The placement of pilot symbols and their power allocation
play a vital role in the channel estimation [6], [7]. In [8],
the pilot design was optimised for maximising the achievable
data rate of block transmissions over time-frequency selective
fading channels. Moreover, recurrent channel estimation meth-
ods [9]-[11] have been proposed based on the optimal design
of segmented data rates. In [12], the design of pilot symbols
was analysed for orthogonal frequency division multiplexing
(OFDM) systems over doubly-selective channels. In [13],
the pilot design for OFDM systems was optimised in the
case of imperfect channel state prediction. In [14], a pilot
contamination elimination scheme was introduced for multi-
antenna aided OFDM systems to reduce the training duration.

Specifically for the high-mobility environment, an iterative
channel estimation approach was developed in [15] using
equispaced pilot symbols for an OFDM system of multiple-
input-multiple-output (MIMO) configuration. Then, a reduced-
complexity maximum a posteriori probability channel esti-
mator with iterative data detection was introduced in [16]
for mobile MIMO-OFDM systems. In [17], an information-
guided pilot design was proposed to improve the spectral
efficiency of OFDM-based vehicular communications. In [18],
a pilot design optimisation method was proposed based on
the Markov decision process for vehicle-to-everything (V2X)
communications to support the IoV applications.

A main challenge faced by V2X communications is the
time-frequency selective fading over physical channels, caused
by the high mobility of vehicles. In [21], both time and
frequency division multiplexed pilots have been considered in
massive MIMO-OFDM systems. In [22], the doubly selective
channel estimation was analysed in large-scale MIMO sys-
tems, where a pilot pattern was introduced by inserting guard



TABLE I
CONTRASTING THE NOVELTY OF OUR WORK TO THE LITERATURE

Contributions This Work | [5] | [6]. [7) | [81-114] [ [17). (18] [ [15). [16). [211-[23] [ [24] [ [32] | [33]-135]

Channel Estimation v v v v v v v
Doubly Selective Channels v v v v v

MIMO Configuration v v v v
Point-to-Point Communications v v v v v v v
High-Mobility Environment v v v v

Multicast Services v v v

Different Speeds in IoV v v

pilots to deal with the inter carrier interference. In [23], a data-
aided doubly selective channel estimation scheme was pro-
posed, where the affine-precoded superimposed pilot design
was exploited for millimetre wave MIMO-OFDM Systems. In
[24], orthogonal time-frequency space modulation is applied
to the IoV, where the embedded pilot design was discussed
for a vehicle moving at a low speed, a high speed, and a very
high speed.

B. Motivation and Novelty

The IoV, established for connecting vehicles and roadside
infrastructures, is facing many challenges owing to the high
mobility of vehicles. One of them is the doubly selective
channel estimation, which requires a high volume of pilot
overhead for estimating a large number of channel coefficients,
specifically in large-scale MIMO systems. On the other hand,
mobile data traffic is anticipated to reach 288EB per month in
2027 [25], which not only requires service providers to reduce
energy consumption for lower carbon emissions but also
inspires them to improve spectral efficiency for higher effective
throughput. From service providers’ perspective, the key to
increased profitability of their businesses is providing high-
volume data services with better quality of service (QoS) and
higher network capacity, in an energy-efficient and spectrum-
efficient manner, since higher resource utilisation efficiency
directly contributes to the cost reduction in the consumption
of energy and spectrum resources.

The services in the IoV can be classified into three types:
broadcast, unicast, and multicast. The term broadcast refers
to the service in which the base station transmits a common
message to multiple vehicles. The term unicast refers to the
service in which the base station transmits an individual
message to each vehicle. The term multicast refers to the
service in which the base station transmits multiple messages
simultaneously through a single packet and each message is
addressed to a single vehicle or certain vehicles [26].

As an efficient approach for boosting the resource utilisation
efficiency, the multicast has been exploited in a wide range
of applications [27]-[31]. Using a common packet to accom-
modate multiple messages destined for multiple vehicles, the
multicast services in the IoV will reduce the energy consump-
tion and improve the spectral efficiency while guaranteeing
the QoS [32]-[34]. In particular, the transparent multicast
transport enables the 5G network to provide a cost-effective
delivery mode for multimedia [35]. However, since there are

multiple vehicles in the multicast group and the vehicles are
likely to run at different speeds, the pilot overhead will have
to consume abundant resources.

Motivated by the aforementioned issues, we propose a novel
pilot design for the IoV multicast to multiple vehicles running
at different speeds, where common pilot symbols are shared
in the multicast group and dynamic design is determined by
various speeds of the vehicles, to significantly reduce the pilot
overhead required in the doubly selective channel estimation.
Specifically, the novelty of our work is compared with related
works of channel estimation and pilot design in Table I at a
glance.

C. Contributions

The attractive features offered by our dynamic pilot design
are summarised below.

1) Pilot Overhead Reduction: Different from the conven-
tional design of pilot patterns determined by a point-to-point
link, we consider the dynamic pilot design in multicast ser-
vices. Since common pilot symbols are shared among multiple
vehicles, the pilot overhead is dramatically reduced.

2) Multicast to Vehicles Running at Different Speeds: The
pilot design, conceived in previous works, for point-to-point
vehicular communications can be utilised in the multicast to
uniform-speed vehicles. In this work, our dynamic pilot design
is optimised for the multicast to vehicles running at different
speeds.

3) Resource Utilisation Efficiency Improvement: As the pilot
overhead is reduced in our dynamic pilot design, the spectral
efficiency will be improved due to higher data rate, and the
energy efficiency will be improved due to higher throughput
at a given power consumption.

The main contribution of this article are highlighted by the
following three aspects.

1) Principle: To improve the resource utilisation efficiency
in the IoV, dynamic pilot design for doubly selective channel
estimation is conceived in multicast services, where common
symbols are shared in a multicast group of the vehicles running
at different speeds, for reducing the pilot overhead.

2) Approach: Our dynamic pilot pattern for doubly selective
channel estimation is optimised based on the various speeds
of the vehicles within the multicast group, where the length
of a multicast block is determined by the channel coherence
time of the slowest vehicle in the multicast group. As such,



the pilot overhead is minimised and the effective throughput
is improved.

3) Evaluation: To verify the validity of our dynamic pilot
design in the IoV multicast, its performance over doubly se-
lective channels is formulated and investigated within MIMO-
OFDM systems in terms of spectral efficiency and energy
efficiency.

D. Structure and Notation

In detailing the above contributions, the remainder of this
work is organized as follows. Section II introduces the basics
of channel estimation in MIMO systems and the point design
for point-to-point doubly selective channels as preliminaries.
Section III proposes our dynamic pilot design for doubly selec-
tive channel estimation in a multicast service to the vehicles
running at different speeds. In contrast to the conventional
design of pilot patterns, Section IV evaluates the performance
of our dynamic pilot design in terms of overhead rate, spectral
efficiency and energy efficiency. Section V concludes the
paper.

Throughout this paper, the following mathematical notations
are used: Boldface uppercase and lowercase letters denote ma-
trices and vectors, respectively. In particular, 0; « 5y denotes the
1x M zero vector and I, denotes the M x M identity matrix.
Moreover, £{-} represents the expectation (mean) operator,
and det(-) returns the determinant of a square matrix. The
transpose, the conjugate transpose, and the modulus operators
are denoted by (-)T, (-)T, and | - |, respectively. The complex
normal distribution with mean p and variance o2 is denoted
by CN (i1, 0%). The greatest integer function is denoted by |- .

In addition, the communication resource units used in this
paper are specified in Table II.

II. PRELIMINARIES
A. Channel Estimation in MIMO Systems

In wireless communications, the PSAM is used for the esti-
mation of CSI and, thus, understand the propagation property
of a link. Consider an (M, N) flat-fading MIMO channel
with M transmit antennas (TAs) and N receive antennas
(RAs), as shown in Fig. 1. The N x M random matrix
H = [Anm] = [hi,ho, -+ ,hy] represents the channel
matrix in a channel realisation, where the N x 1 vector
h,, = [him,P2m, -+ ,hym] T contains the flat-fading channel
coefficients from TA m to all the N RAs. Herein, all the
components in H are assumed independent and identically
distributed (i.i.d.) circularly symmetric complex Gaussian
random variables with zero mean and unit variance, i.e.,
Nom ~CN(0,1), m=1,2,--- M, n=1,2,--- | N.

In practice, the block-fading MIMO channel model is
adopted for channel estimation, where the i.i.d. channel coeffi-
cients in a channel realisation H are sampled from the complex
Gaussian ensemble CA/(0,1) at the start of each block and
remain constant for C' symbols. This process is repeated for
every block in an i.i.d. manner. Within an arbitrary block, the
packet structure of an (M, N) system is illustrated in Fig.
1, where a single pilot symbol b, known at the receiver, is
inserted in the packet to be transmitted at a TA for the purpose
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Fig. 1. The packet structure of an (M, N) system within an arbitrary block.

of channel estimation. To avoid the inter-channel interference,
the M pilot symbols are evenly interspersed with zeros at
the M TAs. More specifically, the zero vectors 01y (,,—1) and
01 (am—m) are allocated before and after the pilot symbol at
TA m € {1,2,---, M}. In this way, the M pilot symbols are
alternatively transmitted from all the TAs. Given a block of
length C' symbols, there are M — 1 zeros plus a single pilot
symbol used as the overhead for channel estimation at each
TA. Thus, the overhead rate is M /C, and the information
symbols to be transmitted from TA m are contained by a
1 x (C — M) vector s,,.

At the receiver, the CSI h,,,, spanning from TA m to all the
N RA:s, is estimated according to the pilot observations, and
then the CSI estimation is used for the coherent detection of
the data s,,,, m=1,2,--- , M.

The observed pilot symbols originating from TA m is
obtained by

Ym = hpb+ wy,, (D

where the N x 1 vectors y,,, and w,, contain the receiver’s
observations of the pilot symbol originating from TA m and
the components of additive white Gaussian noise (AWGN),
respectively.

Using the minimum mean square error (MMSE) estimation,
the CSI h,, is estimated by [6], [7]

- b

m = —— ms 2
where m = 1,2,---, M, and 03, is the AWGN power.
The real CSI h,,, can then be expressed as
h,, = h,, + h,,, 3)

where flm contains the channel estimation errors and its
variance is 0g;yspIa. The factor
9 1
ag =
WMSE = T B o,
is the MMSE, which is reduced with the increase in the power
of a pilot symbol.

“4)

B. Pilot Design for Point-to-Point Doubly Selective Channels

The time-frequency selective fading caused by the high
mobility of vehicles is a main challenge faced by the IoV. In
an (M, N) MIMO system over doubly selective channels, the



TABLE II
DEFINITIONS OF COMMUNICATION RESOURCE UNITS

Unit Description
Block The duration of channel coherence time.
Packet A segment composed of the overhead and data delivered by a single transmit antenna within a block.
Subcarrier | A frequency tone of identical spacing within an OFDM.
Symbol A digitally modulated signal, e.g., a phase shift keying symbol or a quadrature amplitude modulation symbol.
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Fig. 2. Pilot design for point-to-point doubly selective channel estimation.

impulse response of the time-varying channel from TA m to
RA n is denoted by hy,.y, (t; 7), where the delay 7 € [0, Timax]
with 7. for the maximum delay spread caused by the
multipath, m =1,2,--- M, n=1,2,--- | N.

Given the sampling period 75, the @) subcarriers within an
OFDM have equal frequency spacing Af = (1/75)/Q, and
the doubly selective channel estimation needs to capture the
variations of @) frequency bases, with L = |7ax/7Ts] paths
in time domain. As such, the impulse response h,., (t;7) is
expressed as M., (k;1) in discrete time, where ¢t = kT, and
7 = [T,, with the discrete-time index k£ = 1,2,--- and the
multipath index | = 0,1,--- ;L — 1.

In frequency domain, the transfer function of the channel
from TA m to RA n over the qth subcarrier, at the discrete
time k, is obtained by

L—-1
Hy (k3 q) = Z B (k; 1) exp(—j2mlq/Q), (%)
=0
q:(),l,"',Q—:l, k:1727

Without loss of generality, the discrete-time index £ is omitted
hereafter for the sake of simplicity.

If the transmitter is fixed and the receiver is a vehicle
running at speed v, the Doppler spread is

fo =vf./c, (6)

where f, is the central frequency of the carrier and the constant
c = 3 x 108 m/s is the speed of light. Thus, the channel

coherence time is given by

Te=1/fp =c/(vfe), (N

which is a monotonically decreasing function of v.

The packet structure for the doubly selective channel es-
timation in a point-to-point MIMO system having M TAs is
illustrated in Fig. 2. At each TA, a symbol column in the packet
consists of () subcarriers and these ) symbols are converted
into an OFDM waveform in time domain through @Q-point
inverse fast Fourier transform (IFFT).

The block length is equal to the channel coherence time
T.. The estimation of the CSI at each subcarrier, ¢ €
{0,1,---,Q — 1}, from a TA, m € {1,2,---,M}, to the
receiver relies on a single pilot symbol b, which is surrounded
by two 1 x L zero vectors to protect the transmission against
multipath propagation. The L zeros before the pilot symbol
are used to avoid the inter-symbol interference (ISI) to it, and
those after it are used to avoid the ISI from it. Furthermore,
to avoid the inter-channel interference among the M TAs,
the zero vectors Oy (m—1)2r+1) and Oyx(ar—m)2r+1) are
allocated before and after the symbols [01x 1, b, 01x ] at TA
m € {1,2,--- , M }. Following the overhead is the data vector
s,(fi), which contains the data to be transmitted over the qth sub-
carrier at TA m, ¢ € {0,1,---,Q — 1}, m € {1,2,--- ,M}.

For the transmission of unknown information symbols, the
cyclic prefix (CP) or zero padding (ZP) is used as a guard
interval to protect the OFDM waveforms from the ISI. Since
our work is focused on the channel estimation while the CP
or ZP is not used for this purpose, the CP or ZP is regarded
as a part in the data vectors s,(;{), g=0,1,---,Q—-1,m=
1,2,---, M. As such, there are M (2L+1) symbols used as the
overhead, composed of a single pilot symbol and M (2L+1)—
1 zeros, for the channel estimation over a subcarrier at each
TA within a block. Given a block of length |7./7Ts| symbols,
the overhead rate is M (2L +1)/|7./Ts] for the point-to-point
doubly selective channel estimation, and there are |7./7s]| —
M (2L +1) information symbols in each data vector s\, q e
{0,1,---,Q@ -1}, me {1,2,--- ,M}.

Within an arbitrary block, the channel transfer function from
TA m to RA n over the ¢*" subcarrier, H,,,(q), remains
constant. To estimate the CSI H,,,(q), the observation of a
pilot symbol b is expressed as

qZO,l,"' aQ_]-v
where Y,,,,(q) is the pilot symbol received by RA n from TA

m over the ¢'"" subcarrier, and W,,,,(¢) is the accompanying
AWGN, m=1,2,--- ,M,n=1,2,--- ,N.
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Fig. 3. The IoV multicast to vehicles running at different speeds.

Using the MMSE estimation, the estimated channel transfer
function in frequency domain is obtained by

Hym(q) = m>

)]
for the coherent detection of the data transmitted in the MIMO-
OFDM system. The MMSE in the channel estimation is given

by (4).

III. DYNAMIC PILOT DESIGN

Consider the multicast service shown in Fig. 3, where U
vehicles (VEs) in the IoV are running at different speeds and
they are ordered according to their speeds, i.e., VE 1, VE 2,
-+, VE U pertain to v; > v > --- = vy, where v, is the
speed of VE u, u = 1,2,--- ,U. There are M TAs at the
base station. The doubly selective channel estimation at each
vehicle needs to capture the variations of ) frequency bases
in the OFDM and L paths in the time domain.

As shown in (7), the length of a block in the multicast
service is determined by the Doppler spread caused by the
vehicles’ mobilities. The Doppler spread of the u*" vehicle’s
channel, denoted by f,, is calculated using

fu - quc/ca

where f. is the central frequency of the carrier used in the
multicast, and v = 1,2,--- | U.

Obviously, the coherence times of all the U vehicles’
channels in the multicast are ordered as 7y < 72 < --- < 7@,
where 7, = 1/ f,, is the channel coherence time of VE w and it
decreases as the vehicle’s speed v,, increases, u = 1,2,--- ,U.

A straightforward way to design the pilot structure for
a multicast to these vehicles is individually allocating pilot
symbols to each of them based on the coherence time of
each point-to-point channel. More specifically, each vehicle’s
segment is structured in the same way as the block presented
in Fig. 2, and a multicast block is an aggregation of all the
vehicles” segments. In this way, the overhead rate, i.e., the

(10)

Ty
Ta

>
2
% O1xp 01 (m-1)(2L+1) S,(g) séﬁ_z) 53(11) 53(%”) sﬁﬁ) \ \ s
011 Ouxu-nary) | 55y | S5 B s [ / / S
2
| o @ | 52 |82 @ @ [ @ || e
011 01 (M-1)(2L+1) sf’l) 51(,01“) s,(ﬁ_‘) 53(?1) sﬁ) \ \ sl(,',)
Time
3
g
& | | Ouunuen [0ne [R0u | 5D [S88] s |s90] o@ V) @
g
t / /
3
O1xm-1y2r+1) |O1xe [l O1xe s,(,,), sz(',), sgg;l) s;’,z, 54(3,2, / / s,(,a,),,
2
TA M 0=+ |Oxe [ Ot | s | s&2 | s | 58 2 { { S
Open-niaren |9 L1 0| 5@ | s@) s8] @ [ 5 \ )

Time

. Pilot D Zero D VE 1 Data DVE 2 Data DVE 3 Data D VE 4 Data D VE U Data

Fig. 4. Dynamic pilot design for the multicast to vehicles running at different
speeds.

percentage of pilot symbols plus zeros in a given multicast
service, for the doubly selective channel estimation is

UM(2L+1)
Sumi L/ Ta)
where A.,n denotes the overhead rate in the conventional
pilot design for the IoV multicast services with MIMO-OFDM
transmissions over doubly selective channels.

To reduce the overhead, we propose a dynamic pilot design
in the IoV multicast, where common pilot symbols are shared
among the U vehicles and the length of a multicast block
is set to 7y, i.e., the longest coherence time among all the
vehicles’ in multicast group. In this way, the overhead rate for
the doubly selective channel estimation is
M2L+1)

v /Ts)
where Agyn denotes the overhead rate in our dynamic pilot
design for the IoV multicast services with MIMO-OFDM
transmissions over doubly selective channels.

Using our dynamic pilot design for the doubly selec-
tive channel estimation, the packet structure of a multi-
cast block transmitted from the base station is shown in
Fig. 4, where () subcarriers are available. The multicast
block length is equal to the channel coherence time of
VE U, ie., |7./Ts]. At TA m, the common overhead
(01 (m—1)2L+1)5 1%L, b, 01x L, 01 (M1 —m) (224 1)) is shared
among the U vehicles for the channel estimation over each
subcarrier. Afterwards, the data destined for the U vehicles are
loaded into the packet at a TA in sequence. The information
symbols addressed to the fastest vehicle, i.e., running at speed
v1, are located closest to the pilot symbols, i.e., within the
shortest coherence time 7. Subsequently, the information

Acon = 1D

Adyn = 12)



symbols addressed to VE u, whose speed is v,, are located
within the coherence time 7, u = 2,--- ,U — 1. Finally, the
information symbols addressed to the slowest vehicle, i.e., at
speed vy, are located at the end of the packet.

The information symbols destined for each vehicle are
evenly divided into M segments, and each segment is loaded
into the packet at a TA. The segment length of VE w is denoted
by P,. For example, P} = Q +2, P, =2Q — 3, Ps =Q +1,
Py = Q and Py = @ in Fig. 4. The p*" information
symbol in the segment of VE v at TA m is denoted by sq(ff )
m=12--- M,u=1,2--- U, p=1,2,--- , P,.

As such, our dynamic pilot design guarantees that the
channel coefficients of every vehicle remain constant from the
beginning of the block to the end of the vehicle’s information
symbols, which allows every vehicle to utilise the common
pilot symbols for the doubly selective channel estimation and
apply the estimated CSI in its own coherent signal detection.

Given an arbitrary multicast block as shown in Fig. 4, to
estimate the channel transfer function from TA m of the base
station to RA n at VE wu over the qth subcarrier, denoted by
Hf;fn(q), the received pilot symbol in frequency domain is
expressed as

Yi(a) = Hi (@b + Wi (q),
m:]-v?v"'aM, n:1,27"‘7Nu7

(13)

where Y, (¢) and Wi (q) are the observed pilot symbol and
the received AWGN, respectively, over the ¢*? subcarrier from
TA m of the base stationto RAn at VEu,q=0,1,--- ,Q—1,
uw=1,2,--- ,U. The number of RAs at VE u is denoted by
Ny.

Using the MMSE estimation, the estimated CSI from TA
m to RA n over the ¢*" subcarrier at VE u is obtained by

Hﬁ%(f])=7|b|2+0%v,

and the MMSE is given by (4).

(14)

IV. PERFORMANCE EVALUATION

To evaluate the performance and resource utilisation of our
dynamic pilot design, the overhead rate, spectral efficiency and
energy efficiency are formulated as the metrics to investigate
its overhead reduction, achievable data rate and effective
energy consumption, respectively.

A. Packet Structure

The packet structure with our dynamic pilot design is
shown in Fig. 4, which is determined by the range of the
vehicles’ speeds, i.e., [vy,v1]. In practice, all the vehicles
running over a section or a lane of the highway maintain
almost the same speed, as illustrated in Fig. 3. If there are
a huge number of vehicles in the IoV multicast group, the
range of their speeds is partitioned into U non-overlapping
consecutive intervals [vy,vy—1), U = 1,2,---,U, where vy
is an arbitrarily small increment above the highest speed vq
for the practical purpose of QoS guarantee. Thus, the vehicles
are divided into subgroups according to their speeds. More
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Fig. 5. Overhead rates Acon in (11) and Aqyy in (12) versus the number of
vehicles, U, with the highest speed v1 = 150 km/hr.

specifically, the information symbols addressed to the vehicles
running at any speed in [v,, v,—1) are located within the time
slot (7,1, 7], where 79 is the start of the multicast data, i.e.,
the end of the pilot overhead.

For the sake of simplicity, it is assumed that each subgroup
contains a single vehicle in the performance evaluation. Since
the packet structure is specified by the various speeds the
vehicles are running at, which is unrelated to the number
of vehicles in each subgroup, the performance and resource
utilisation efficiency remain the same no matter how many
vehicles are destined for each subgroup, as long as the
information symbols addressed to them can be accommodated
into the specified time slot.

In particular, the comparisons between our dynamic pilot
design and conventional pilot design are investigated in the
IoV multicast with MIMO-OFDM transmissions over doubly
selective channels for U vehicles running at different speeds.
The central frequency of the carrier used in the multicast is
fe = 2.4 GHz [36], and the sampling period is set to Ts =
12.8 us [37]. The various speeds of the U vehicles are set to
vy = v1 — 10(u — 1) km/hr, w = 1,2,--- U, where vy is
the highest speed and vy is the slowest speed among the U
vehicles’. For example, if there are U = 5 vehicles in the loV
multicast and VE 1 is running at v; = 150 km/hr, the other
vehicles are running at vy = 140 km/hr, vs = 130 km/hr,
vg4 = 120 km/hr, and vs = 110 km/hr, respectively.

B. Overhead Rate

The overhead rate is a metric to measure how much com-
munication resource is dedicated to the channel estimation,
for delivering a certain amount of multicast data. This metric
is defined as the ratio of the dedicated resource for channel
estimation to the total resource consumed in a multicast block.

To begin with, the overhead rate of our dynamic pilot
design, Agyn given by (12), and that of the conventional pilot
design, Acon given by (11), are compared in Fig. 5, where
both overhead rates are plotted versus the number of vehicles,



45% ‘ ‘ ‘ ; —
P
M =8 TAs, L =5 Paths_ -~
P

40%

— — — - Conventional Acon, Eq.(11) -

35% |- Dynamic Ay, Eq.(12) g

30%

25%

20%

Overhead Rate, \

15%

10%

5%

0
100 110 120 130 140 150 160 170 180 190 200
Highest Speed, vy [km/hr]

Fig. 6. Overhead rates Acon in (11) and Agyy in (12) versus the highest
speed v1 among the U = 5 vehicles in the multicast services.

U, in the IoV multicast. Herein, the highest speed among
the U vehicles’ is set to v1 = 150 km/hr. As shown in this
figure, both Agyn and Acon get higher with the increase in
the number of time-domain paths, L, or the number of TAs,
M. On the other hand, Aqyn and Ao, get lower with the
increase in the number of vehicles, U. If there is a single
vehicle only, i.e., U = 1, the overhead rate of our dynamic
pilot design is the same as that of conventional pilot design,
which can be observed by comparing (12) and (11) as well.
More specifically, given that U = 1, we have

M(2L +1)
Lm/Ts)

As the number of vehicles, U, increases, the gap between
Acon and Agyn gets larger. In other words, our dynamic pilot
design saves more overhead, i.e., more pilot symbols and
zeros, compared with the conventional pilot design, given more
vehicles in the IoV.

In Fig. 6, the overhead rates Aqyn and Acon are plotted
versus the highest speed v; € [100,200] km/hr in the multicast
services, where U = 5 vehicles are in the IoV. As shown in this
figure, both Aqyn and Acon get higher as v; increases, which
implies that more overhead is needed as the speeds increase
for both the conventional pilot design and the dynamic pilot
design. However, the difference A¢con — Agyn remains almost
the same with the increase in v;. Elaborating a bit further,
the overhead rate difference Acon — Adyn versus the highest
speed v; is depicted in Fig. 7. As shown in this figure, more
overhead is saved by our dynamic pilot design in comparison
to the conventional pilot design, as the number of time-domain
paths, L, or the number of TAs, M, increases.

)\dyn = /\con = (15)

C. Spectral Efficiency

The spectral efficiency is a metric to measure how efficiently
a certain amount of communication resource is utilised in
the multicast, taking into account the overhead for channel
estimation and the accuracy of channel estimation. This metric
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Fig. 7. Overhead difference between our dynamic pilot design and the
conventional pilot design, Acon — >\dyn7 versus the highest speed v; among
the U = 5 vehicles in the multicast services.

is defined as the effective data rate that can be achieved by a
specific communication system using the given resource.

Based on the concept of physical-layer channel capacity
[38], [39], the achievable data rate of the IoV multicast
services in MIMO-OFDM systems with channel estimation
can be calculated using

1O p(1 — o¥puse) 7 it
R=¢&1 = E log, det <1N+HuHu)
Ut ? 1+ pofivse

(16)

in the unit of [bits/sec/Hz], where U is the number of vehicles
in the IoV, and o3pgp is given by (4). Without loss of
generality, over an arbitrary subcarrier, at the given signal-
to-noise power ratio (SNR) p, the estimated CSI of the u'P
vehicle’s (M, N) flat-fading MIMO channel is modelled as
[40], [41]

i, =H, +0;9, (17)

where the N x M matrix ﬂu contains the estimated CSI, and
the N x M matrix H,, is the real channel matrix of VE u €
{1,2,---,U}. The i.i.d. entries of the N x M matrix Q have
the distribution CA/(0, 1). Further, the CSI estimation accuracy
is measured by o = \/oige- More specifically, the CSI
estimation accuracy using our dynamic pilot design, with much
lower overhead, is the same as that of the conventional pilot
design.

Concerning the overhead for channel estimation, the spectral
efficiency of the IoV multicast using our dynamic pilot design
is defined as

Tldyn = (1 — )\dyn)R7 (18)

where A\gyn is given by (12) and R is given by (16).
Similarly, the spectral efficiency of the IoV multicast using
the conventional pilot design is obtained by

Tlcon = (1 - )\COH)Ra (19)

where Ao, 1S given by (11).
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Fig. 8 compares the spectral efficiency of our dynamic pilot
design, 74y achieved by (18), against that of the conventional
pilot design, 7.,, achieved by (19), in the IoV multicast
services for U = 5 vehicles, with M = 8 TAs at the base
station and N = 8 RAs at each vehicle. The highest speed
among the five vehicles’ is v; = 200 km/hr. Herein, two power
allocation schemes are utilised: (i) the transmit power of a pilot
symbol is the same as that of a single information symbol,
i.e., the SNR p = |b]*/o%,, and the MMSE of the channel
estimation ojysp = 1/(1 + p); (ii) the transmit power of a
pilot symbol is five times that of a single information symbol,
ie., 5p=|b]*/o%,, and 03 sg = 1/(1+ 5p). The number of
time-domain paths for each vehicle’s channel is set to L = 3
and 5. As shown in this figure, both 14y, and .o, get higher
with the increase in the SNR. Moreover, both our dynamic
pilot design and the conventional counterpart achieve higher
spectral efficiency in the case of 5p = |b|?/o3,. Elaborating
slightly further, higher transmit power allocated to the pilot
symbols yields smaller MMSE, i.e., higher accuracy of the CSI
estimation, which therefore leads to higher spectral efficiency.
In addition, our dynamic pilot design achieves higher spectral
efficiency than the conventional counterpart. The gap between
Ndyn and 7)oy 18 increased as the number of time-domain paths,
L, increases. The main reason behind this is that the spectral
efficiency difference between our dynamic pilot design and
the conventional counterpart is determined by the overhead
rate difference between them, i.e., Acon — Adyn, Which gets
larger with the growth of L as shown in Fig. 7.

In Fig. 9, the spectral efficiencies 74y, and 7)., are plotted
versus the number of vehicles, U, for two antenna configu-
rations, i.e, M = N = 4 and M = N = 8, where the
highest speed among the U vehicles’ is set to v; = 150
km/hr and 200 km/hr. The number of time-domain paths for
each vehicle’s channel is L = 5, and the transmit power of
a pilot symbol is twice that of a single information symbol,
ie., 2p = |b|?>/o?,, and the MMSE of the channel estimation
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Fig. 9. Spectral efficiency versus the number of vehicles, U, with L = 5
time-domain paths over each vehicle’s channel, given the power allocation
2p = |b2 /0.

o3mse = 1/(1+2p). As shown in this figure, both 74y, and
Neon gt higher with the increase in the number of vehicles, U.
The main reason behind this is that both overhead rates Agy,
and \.,, are reduced as U increases, which has been shown
in Fig. 5. Moreover, the gap between 7qy, and 7con gets larger
as U increases, since the difference Acon — Agyn gets larger
as U increases. Further, both 74y, and 7., are improved as
the highest speed among all vehicles, vy, decreases. This is
because both overhead rates A\gyn and Acon are reduced as vy
decreases, which has been shown in Fig. 6. Besides, comparing
Fig. 9(a) with Fig. 9(b), we may find that both ngyn and 7con
are improved dramatically given more TAs at the base station
and/or more RAs at each vehicle.

D. Energy Efficiency

The energy efficiency is a metric to measure how much
information can be transmitted given a certain power consump-
tion, based on which the power needed to transmit a certain



amount of information can be obtained in a straightforward
way. This metric is defined as the number of information bits
over a unit of power consumption.

More specifically, the energy efficiency of a communication
system is expressed in the unit of [bits/joule] as [42]

CZRe/PTa

where R, is the effective transmission rate in the unit of
[bits/sec], and Pr is the total transmit power in the unit of
[joules/sec].

Using our dynamic pilot design, the energy efficiency of
the ToV multicast services in MIMO-OFDM transmissions is
obtained by

(20)

C _ Qndyn
W Qb2 + Qv /T Ps — QM (2L + 1) P,
(1 —Agyn)R

TPt /TR - ML e 2P
where () is the number of subcarriers available in the IoV
multicast, and Qnayn is the effective transmission rate using
our dynamic pilot design, with 74y, given in (18). The
total transmit power of pilot symbols is Q|b|?> and the total
transmit power of information symbols is Q|7y/Ts|Ps —
QM (2L + 1)P,, with P, denoting the transmit power of a
single information symbol.

Using the conventional pilot design, the energy efficiency
of the ToV multicast services in MIMO-OFDM transmissions
is expressed as

C _ anon
QPP+ QP Y | mu/T.) — QP.UM(2L 4 1)
(1= Aeon)R

= - )

b2+ P> .1 |7/Ts] — P UM(2L + 1)
where Qneon is the effective transmission rate using the
conventional pilot design, with 7.o, given in (19), and the
total transmit power of unknown information symbols is
QP YV |7/Ts) — QP.UM(2L + 1).

Fig. 10 compares the energy efficiency of our dynamic pilot
design, (4yn achieved by (21), against that of the conventional
pilot design, (.on achieved by (22), in the IoV multicast
services for U = 5 vehicles, with M = 8 TAs at the base
station and N = 8 RAs at each vehicle. The highest speed
among the five vehicles’ is v; = 200 km/hr. Herein, two power
allocation schemes are utilised: (i) the transmit power of a pilot
symbol is the same as that of a single information symbol, i.e.,
|b|2 = P, and (ii) the transmit power of a pilot symbol is five
times that of a single information symbol, i.e., |b|> = 5P;.
The number of time-domain paths for each vehicle’s channel
is set to L = 3 and 10. As shown in this figure, the change
in the number of time-domain paths, L, has slight influence
on the energy efficiency, mainly because L determines the
length of zero vectors which, however, does not consume
transmit power. Both (qyn and (con get higher as the SNR
p = P;/0?%, increases. Moreover, the gap between Cdyn and
Ceon 18 increased as the SNR increases. Furthermore, both our
dynamic pilot design and the conventional counterpart achieve
higher energy efficiency in the case of |b|> = 5P,. In other
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Fig. 10. Energy efficiency comparisons between our dynamic pilot design and
conventional pilot design, in the IoV multicast services for U = 5 vehicles,
with the highest speed among the vehicles’ v1 = 200 km/hr and the antenna
configuration M = N = 8.

words, the contribution of higher CSI estimation accuracy
to the throughput exceeds the impact of higher pilot power
consumption.

In Fig. 11, the energy efficiencies (qyn and (con are plotted
versus the number of vehicles, U, for two antenna configura-
tions, i.e., M = N =4 and M = N = &, where the highest
speed among the U vehicles’ is set to v; = 150 km/hr and
200 km/hr. The number of time-domain paths in each vehicle’s
channel is L = 5, and the transmit power of a pilot symbol
is twice that of a single information symbol, i.e., |b|> = 2P;.
As shown in this figure, both {4y, and (con get lower with
the increase in the number of vehicles, U. The main reason
behind this is that the throughput gain cannot compensate the
loss of pilot power consumption as U increases. Moreover, the
gap between 7)qyn and 7)con gets smaller as U increases, mainly
because the impact of pilot power consumption on both energy
efficiencies gets stronger with the increase in U. Different from
the increment in the spectral efficiencies 7qy, and 7)con, both
energy efficiencies (g4yn and (con are reduced as the highest
speed among all vehicles, vy, decreases, which is also because
the throughput gain cannot compensate the loss of pilot power
consumption.

V. CONCLUSION

In this paper, a novel transmission strategy, based on dy-
namic pilot design, was proposed to reduce the pilot consump-
tion and, therefore, improve the resource utilisation efficiency
for doubly selective channel estimation in the IoV multicast
services with MIMO-OFDM transmissions, where the vehicles
are running at different speeds. Using our dynamic pilot
design, a multicast block was defined as the coherence time
of the slowest vehicle in the multicast group, and common
pilot symbols have been shared among all the vehicles in
this multicast block. The multicast information symbols for
different vehicles were loaded into the block according to their
own coherence times.



—7— Cayn, v1 = 200km/hr, p = 20dB
— 57— - Geons v1 = 200km/hr, p = 20dB

Cayns 01 = 150km/hr, p = 20dB
— ©— - Ceon, v1 = 150km/hr, p = 20dB
—k— Cayn, v1 = 200km/hr, p = 10dB
— =k— - Ceon, 1 = 200km/hr, p = 10dB

Cayns v1 = 150km/hr, p = 10dB
, v1 = 150km/hr, p = 10dB

Energy Efficiency, ¢ [bits/P;]

Number of Vehicles, U

(@ M=N=4
0.4
—— Cayn, v1 = 200km/hr, p = 20dB
— K7—= - Ceons v1 = 200km/hr, p = 20dB
Cayns v1 = 150km/hr, p = 20dB

— ©— - Ceon, v1 = 150km/hr, p = 20dB
—%— Cayn, v1 = 200km/hr, p = 10dB

— =k— - Ceon, v1 = 200km/hr, p = 10dB
Cayns 01 = 150km/hr, p = 10dB
— O— - Ceon, v1 = 150km /hr, p = 10dB

Energy Efficiency, ¢ [bits/P;]

1 2 3 4 5 6 7 8 9 10
Number of Vehicles, U

(b) M=N=8
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To evaluate the performance and resource utilisation of our
dynamic pilot design, the metrics of overhead rate, spectral
efficiency, and energy efficiency have been formulated, based
on which our dynamic pilot design was compared with the
conventional counterpart. The comparisons substantiated that
our dynamic pilot design outperforms the conventional pilot
design. In addition, several important insights have been
reached for the pilot design in the IoV multicast services with
MIMO-OFDM transmissions over doubly selective channels.
Specifically, the overhead rate is reduced as the number of
vehicles increases or as the highest speed among the vehicles’
decreases. Meanwhile, the spectral efficiency is improved,
whilst the energy efficiency gets lower.

As shown in Figs. 1, 2, and 4, the pilot symbols pertaining to
all the M TAs are evenly interspersed with zeros to guarantee
there is no inter-channel interference at all in the channel
estimation process. However, the inter-channel interference
is a significant challenge in the data transmission process,

especially using the spatial multiplexing techniques. Further
improvement of the data transmission performance in practical
MIMO-OFDM systems over doubly selective channels is to
be pursued in future research, by exploiting the dynamic pilot
design in channel estimation.
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