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Abstract—Timely and reliable information sharing among
autonomous vehicles (AVs) provides a promising approach
for reducing traffic congestion and improving traffic efficiency in
future intelligent transportation systems. In this paper, we consider
millimeter-wave (mmWave) based multi-hop vehicle-to-vehicle
(V2V) communications to facilitate ultra-reliable low-latency
information sharing among AVs. We propose a novel framework
for performance analysis and design of relay selection schemes
in mmWave multi-hop V2V communications, while taking into
account the mmWave signal propagation characteristics, road
topology, and traffic conditions. In particular, considering the
minimum tracking distance requirement of road traffic, the
headway, i.e., the distance between adjacent AVs, is modeled
as shifted-exponential distribution. Moreover, we model the
communication path losses using the Manhattan distance metric
in the taxicab geometry, which can more accurately capture the
characteristics of mmWave signal propagation in urban grid
roads than conventional Euclidean distance geometry. Based on
the proposed model, we investigate the latency and reliability of
mmWave multi-hop V2V communications for three widely adopted
relay selection schemes, i.e., random with forward progress (RFP),
most forward with fixed radius (MFR), and nearest with forward
progress (NFP), respectively. Furthermore, we propose a novel
relay selection scheme for joint optimization of the single-hop
forward progress (FP) and single-hop latency according to the AVs’
instantaneous locations and an estimate of the residual multi-hop
latency. Simulation results show that, by balancing the current
single-hop latency and the residual multi-hop latency for the multi-
hop V2V network, the proposed relay selection scheme significantly
outperforms the MFR, NFP and RFP in both multi-hop transmis-
sion latency and reliability of mmWave V2V communications.

Index Terms—Latency, reliability, autonomous vehicles (AVs),
multi-hop vehicle-to-vehicle (V2V) communications, millimeter-
wave (mmWave), relay selections.
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I. INTRODUCTION

M ILLIMETER-WAVE (mmWave) is a key technology to
meet the communication demands of autonomous vehi-

cles (AVs) in the fifth-generation (5G) mobile communication
systems and beyond [1], [2]. In particular, the large bandwidth of
mmWave signals can be exploited to facilitate ultra-reliable low-
latency vehicle-to-vehicle (V2V) communications. This pro-
vides a promising approach for sharing environment information
among AVs to reduce traffic congestion and to improve the effi-
ciency of future intelligent transportation systems. However, the
mmWave signals have only a limited transmission range, which
may hinder direct communications among the AVs, especially if
the AVs are located far apart. Therefore, multi-hop V2V commu-
nication in the mmWave spectrum is usually preferred for AVs
as it can enhance mmWave signal propagation with minimum
or without aid of mobile communication infrastructures [3], [4].
In this case, intelligent selection of the relaying AVs is crucial
to facilitate timely and reliable V2V message transmission.

The performance of mmWave multi-hop V2V communication
in urban scenarios depends critically on the mmWave signal
propagation characteristics, road topology, time-varying traffic
loads, as well as the spatial distributions of vehicles, which can
be intricate to analyze. For example, due to excess blockages
from buildings and pedestrians on both sides of urban roads, the
energy of mmWave signals would propagate mainly along the
roads. Consequently, the propagation paths of mmWave signals
will depend critically on the topology of the urban roads, which
does not fit the conventional Euclidean geometry.1 Moreover, the
communication distances between source and relay/destination
AVs as well as the locations of potential interfering AVs may
vary significantly over time due to the moving AVs, the unpre-
dictable traffic loads, and the adopted relay selection criteria. As
a result, communication latency and reliability may fluctuate in-
termittently. To tackle these challenges, a unified framework for
modeling and analyzing the latency and reliability of mmWave
multi-hop V2V communications is needed, particularly in real-
life urban scenarios.

Several works have analyzed the performance of multi-hop
V2V communications in the sub-6 GHz cellular spectrum [5]–
[8]. In [5], S. Li et al. proposed a novel link quality indicator

1For example, AVs are located and transported only within confined areas or
strips according to the road layout rather than in the whole Euclidean plane. In
this case, the Euclidean distance would be inadequate for modeling the tracking
distance between the AVs.
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to evaluate the latency and reliability of message transmission
over interference-free wireless V2V links. The results in [5]
revealed that, for given vehicle density, there exists an opti-
mal communication distance in each hop that maximizes the
performance of the source-to-destination link. Considering a
multi-lane highway scenario in [6], multi-hop V2V communi-
cations employing carrier-sense multiple access (CSMA) were
investigated for several packet forwarding schemes, where an
interesting trade-off between the single-hop forward progress
(FP), i.e., the distance that a packet has traveled towards its final
destination, and the success probability of message transmission
was unveiled. In [7], the authors investigated the performance
of message broadcast over multi-hop V2V links, where the
impact of single-hop link distance and vehicle density on the
communication latency was evaluated. By modeling the vehicle
locations on orthogonal streets as a Poisson point process (PPP),
Jeyaraj et al. investigated interfering V2V transmissions in urban
cities and derived the closed-form expression for the successful
transmission probability between adjacent vehicles [8]. The
results in [8] revealed that the performance of the considered
V2V communications is severely limited in the presence of
interfering vehicles on the same street.

On the other hand, the application of mmWave for improving
the performance of V2V communications has recently been
investigated in [9]–[12]. In [9], by modeling the streets using
a line process, Ozpolat et al. analyzed the network coverage for
urban mmWave vehicular ad hoc networks. It was shown in [9]
that mmWave links can enable reliable V2V communications
even in the heavy traffic scenario. Based on the stochastic ge-
ometry theory, the line-of-sight (LoS) and non-LoS interference
caused by vehicles on the side lanes were evaluated for mmWave
V2V communications in highways and urban road environments
[10]. The results in [10] showed that the interference power
strongly depends on the directivity of mmWave antennas. In
[11], distributed vehicle association and beam alignment for
mmWave V2V networks were investigated using matching the-
ory and swarm intelligence. The authors of [11] further proposed
a cross-layer link scheduling scheme for minimizing the trans-
mission latency of mmWave V2V networks. In [12], Wu et al.
proposed a novel information-centric networking (ICN) protocol
and a decentralized vehicle association algorithm to achieve low-
latency content dissemination in mmWave vehicular networks.
By enabling vehicles to cache contents at the network edge, the
authors in [12] showed that the content retrieval latency can be
significantly reduced.

To further improve the performance of multi-hop V2V com-
munications, several relay selection schemes have been pro-
posed in the literature [13]–[16]. In [13], Feteiha et al. proposed a
novel multi-hop transmission scheme for V2V communication
in a highway scenario, where the relaying vehicle that maxi-
mizes the receiving signal-to-noise ratio (SNR) is selected per
transmission hop. Considering multi-hop MIMO transmissions,
relay selection for maximization of the receiving SNR was
investigated for a two-lane vehicular network in [14]. Simulation
results in [14] showed that the proposed relay selection scheme
achieves large performance gains at the expense of increased
computational complexity. In [15], two relay vehicle selection

schemes were proposed for V2V communication in a dense
multi-lane highway scenario. The authors of [15] analysed the
outage probability and the throughput of the proposed schemes
assuming Nakagami-m fading channels. In [16], Sun et al.
proposed a routing scheme for vehicular ad hoc networks, which
can exploit parked vehicles to improve link quality and reduce
packet delivery latency.

The aforementioned works [5]–[9] have modeled the loca-
tions of AVs along the roads as a one-dimensional (1D) PPP.
Thereby, the headway, i.e., the distance between adjacent AVs,
follows an exponential distribution, which allows the AVs to
drive close to each other with a non-negligible probability.
In real-life scenarios, however, a minimum tracking distance
between adjacent AVs is mandatory for ensuring driving safety
but fails to be captured by the 1D PPP model. Moreover, the
aforementioned works [9]–[16] have modeled the signal prop-
agation distances using the Euclidean distance between AVs.
This can be quite inaccurate for analyzing urban scenarios,
where the mmWave signals may not penetrate the buildings
located alongside the roads but mainly propagate along the
urban roads. In this case, the propagation distance of mmWave
signals is more accurately estimated by the total length of the
urban roads that they have traversed than the Euclidean distance
[17]. Due to these limitations, the existing models may lead to
inaccurate performance analyses and inefficient relay selection
designs for mmWave multi-hop V2V communications in urban
scenarios.

To bridge the knowledge gaps, in this paper, we consider a
novel framework of stochastic geometry for modeling mmWave
multi-hop V2V communications in urban roads and for de-
signing the relay selection scheme. We note that the stochastic
geometry framework has been shown as a tractable and promis-
ing tool for modeling and performance analysis of large-scale
cellular networks [18] and V2V networks [19]; therefore, it is
adopted in this paper. In particular, we model the headway using
shifted-exponential distribution (SED), which is an exponential
distribution with its support shifted by a constant. The SED based
headway model not only captures the characteristic of free traffic
flows on urban roads, but also ensures a minimum tracking
distance between adjacent AVs on the same road subject to
driving safety requirement. Moreover, considering urban roads
of typical grid topology, the propagation distance of mmWave
signals is modeled using the Manhattan distance between AVs.
Thereby, the performance analysis has to be newly considered
in the taxicab geometry, which differs significantly from the
conventional Euclidean distance based analysis. However, due
to statistical modeling of the AVs’ locations, the network per-
formance obtained using stochastic geometry may not facilitate
accurate decisions for an individual AV. To tackle this issue, we
further propose a relay selection scheme for each AV, which aims
to minimize the multi-hop latency according to the instantaneous
locations of AVs sensed within the transmission range of each
host AV and the potential latency of residual hops. To facili-
tate convenient performance analysis and optimization in the
considered taxicab geometry, we only investigate interference-
free mmWave multi-hop V2V communications throughout this
paper. Nevertheless, the adoption of interference-free versus
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TABLE I
LIST OF KEY NOTATIONS

interfering V2V communications is still much debated and one
may refer to [5], [6], [8], [10], for more intriguing discussions.

The contributions of this paper are summarized as follows:
1) We propose a novel framework of stochastic taxicab geom-

etry for modeling interference-free mmWave multi-hop
V2V communication networks, where the headway is
modeled as SED to ensure the minimum tracking dis-
tance between adjacent AVs. Moreover, the propagation
distance of mmWave signal between AVs is characterized
using the Manhattan distance between AVs.

2) Based on the proposed framework, we analyze the latency
and reliability of message transmission in the considered
mmWave multi-hop V2V networks for three commonly
adopted forwarding schemes, i.e., random with forward
progress (RFP), most forward with fixed radius (MFR)
and nearest with forward progress (NFP), which select a
random AV, the AV with the largest FP, and the AV with the
smallest FP within the effective communication range for
message forwarding, respectively. Analytical expressions
for characterizing the performance of mmWave multi-hop
V2V communications are provided.

3) We further propose a novel relay selection scheme based
on the joint optimization of single-hop FP and single-hop
latency. Simulation results show that the proposed relay
scheme outperforms the RFP, MFR and NFP schemes in
both multi-hop transmission latency and reliability of the
message.

The remainder of this paper is organized as follows. The
system model of mmWave multi-hop V2V communications in
urban scenarios is presented in Section II. In Section III, based
on the SED headway, we analyze the latency and reliability
of message transmission over multi-hop V2V links for RFP,
MFR and NFP schemes, respectively. By joint optimization of

Fig. 1. Network model for mmWave multi-hop V2V communications on urban
roads of grid topology.

single-hop FP and latency, the proposed relay selection scheme
is introduced in Section IV. Section V presents the simulation
results and, finally, Section VI concludes the paper. The key
notations used in this paper are summarized in Table I.

II. SYSTEM MODEL

In this section, we present the system model for mmWave
multi-hop V2V communications on urban roads.

A. Network Model

We consider an mmWave V2V communication network in the
urban scenario as shown in Fig. 1 [20]. The urban roads have
a typical grid topology as in e.g. metropolitan cities, where the
horizontal and the vertical roads intersect into line segments of
lengths dx and dy , respectively. We assume that the widths of the
roads are negligible compared to dx and dy , for which they have

Authorized licensed use limited to: XIDIAN UNIVERSITY. Downloaded on December 25,2020 at 11:06:15 UTC from IEEE Xplore.  Restrictions apply. 



9810 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 69, NO. 9, SEPTEMBER 2020

negligible impact on the performance of V2V communications2

and, hence, are ignored in the system model.
For purpose of performance analysis, we assume at the mo-

ment that the AVs on the urban roads are spatially randomly
distributed. However, this assumption will be removed in Sec-
tion IV when we consider the design of the relay selection
algorithm. As adjacent moving AVs have to respect a minimum
tracking distance to avoid traffic accidents caused by e.g. crash
and rear-end collision, 1D PPP is inaccurate for modeling the
positions of AVs in the considered network. In the following,
we propose an SED headway model to characterize the spa-
tial distributions of AVs. Thereby, the headway comprises two
components, i.e., Dadj = ds +W [21], where ds is a constant
and denotes the minimum tracking distance between adjacent
AVs on the same road subject to driving safety requirement.
W is a random variable and follows an exponential distribution
with mean 1

μ . Consequently, the cumulative distribution function
(CDF) of Dadj is given by

FDadj
(dadj) =

{
0, for dadj < ds,
1 − e−μ(dadj−ds), for dadj � ds.

(1)

The mean value of Dadj is given as E(Dadj) = 1/λ, where
λ = μ/(1 + μds) captures the average road traffic load in the
considered vehicular network after taking μ and ds into account.
We note that the proposed SED headway model is more general
than the 1D PPP and reduces to the latter when ds = 0.

As shown in Fig. 1, a typical AV located at the crossroad,
denoted as Vt, needs to send a message about e.g. traffic infor-
mation, road condition, etc., to AV Vd, which is located at an
Euclidean distance of d0 away from Vt, while Vt keeps driving
through the crossroad. The AVs are equipped with mmWave
transceivers and employ transmit power Ptx. Due to excess
blockages on both sides of the urban roads, the mmWave signals
are assumed to propagate only along the grid roads. Moreover,
the effective communication range of the AVs is limited to
be within dt, where dt < d0 as mmWave signals are prone
to attenuation. Taking into account the grid topology of the
considered urban roads, the effective communication range of
each AV is given by the square centered at the AV, which has
sides of length

√
2dt and is oriented at 45o to each coordinate

axis as shown in Fig. 1. As each point on this square has a
Manhattan distance of dt to the center, it is also referred to as
a taxicab circle of radius dt in the taxicab geometry [22]. The
AVs located within the effective communication range of Vt can
initiate communications with Vt directly, whereas the other AVs
have to communicate with Vt through the help of relays.

For a timely and reliable transmission of the message from
Vt to Vd, the relay AVs are judiciously selected between Vt
and Vd [23]. Moreover, after an AV is selected for message
forwarding, only the transmission from the current AV to the
selected relay AV is allowed within the effective communication
range, i.e., the other AVs within the effective communication
range of the selected relay AV remain silent. This can be achieved
using e.g. carrier-sense multiple access with collision avoidance

2Otherwise, the widths of the roads can be taken into account in dx and dy .

(CSMA/CA) [24, Ch. 14.3.3]. In particular, each AV senses the
channel before accessing it and would back off from transmitting
any packet over a busy channel. Once the channel becomes
available, a potential transmitting AV requests for data packet
transmission by sending a short request-to-send (RTS) packet.
The potential receiver has to respond a clear-to-send (CTS)
packet to acknowledge the start of data packet transmission
that follows. To avoid collisions, the AVs overhearing the RTS
or CTS packet, i.e., those locating within the communication
range of the transmitting AV and the receiving AV, remain silent
during the expected packet duration. As such, each AV would
not be interfered by other AVs located within its communication
range. Similar techniques have also been considered in [25]–[27]
to mitigate interference. The selected relay AV decodes the
received message and forwards it to the next-hop AV.3 This
process continues until the destined AV is finally reached. We
note that, interference-free transmission is desirable particularly
for avoiding strong LoS interference from AVs located on the
same road as the transmitting AV [8]. However, it may come at
a price of increased latency and overhead.4

B. Antenna Pattern and Channel Model

Each AV is equipped with an mmWave antenna array and
employs directional beamforming to enhance mmWave signal
propagation. For maximizing the directivity gains of mmWave
antennas, the beam alignment is performed at both the trans-
mitter and the receiver, as will be detailed in Section II-C.
The generated directional antenna pattern after beam alignment
is approximated by an ideal sector model in the horizontal
plane [29]. In particular, denote the single-hop link between
transmitter Vi and next-hop receiver Vj as li,j . The directivity
gains g℘i,j , ℘ ∈ {tx, rx}, of the transmitting and receiving AVs
over link li,j after beam alignment are given as

g℘i,j =

{
G�, if

∣∣β℘
i,j

∣∣ � ϕ℘
i,j/2,

g�, otherwise,
(2)

where gtxi,j and grxi,j denote the transmission and reception di-
rectivity gains, respectively. G� and g� are the main-lobe and
side-lobe antenna gains, respectively. Finally, β℘

i,j models the
tolerable alignment error in the antenna steering directions of
transmitter Vi and receiver Vj , and ϕ℘

i,j is the beamwidth.
To characterize the mmWave signal propagation in the con-

sidered network, we adopt the 72 GHz mmWave channel model
as in [30]. Thereby, the channel gain in decibels, gc

i,j [dB](•), of
a typical single-hop link li,j is given as

gc
i,j [dB] (DM,i,j) = −69.6 − 10αlog10 (DM,i,j)− ρ, (3)

where ρ ∼ N(0, σ2) models the shadowing attenuation in deci-
bels with standard deviation σ. Moreover, α and DM,i,j are the

3In this article, we only consider decode-and-forward relaying [28], whereas
the proposed modeling and performance analysis framework can be extended to
other relaying schemes as well.

4It was evaluated in [26] that, by properly configuring the backoff time
window, the latency incurred by CSMA/CA can be lowered to 56 μs. As this
latency is negligible compared with the duration of data packet transmission,
which usually takes several milliseconds, cf. Sec. V, its impact on the system
performance is ignored in this article.
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Fig. 2. Frame structure for beam alignment and data transmission in the
considered mmWave V2V communication network.

path loss exponent and the propagation distance of mmWave
signals between Vi and Vj , respectively. For mmWave V2V
communications in grid urban roads, DM,i,j is more properly
captured by the Manhattan distance between Vi and Vj than the
Euclidean distance. In particular, given the Cartesian coordi-
nates Vi(xi, yi) and Vj(xj , yj), we have DM,i,j = |xi − xj |+
|yi − yj |, i.e., the sum of lengths by projecting line segment
ViVj onto the horizontal and vertical roads [31]. For the AVs
with spatially random locations, DM,i,j is a random variable.

C. Latency and Reliability of mmWave Multi-Hop V2V
Communications

Although multi-hop V2V communications can reduce the
propagation loss of mmWave signals and enhance the reliability
of message transmission between AVsVt andVd, it may penalize
the overall transmission latency due to the increased number of
communication hops [28]. Therefore, for the mmWave multi-
hop V2V network, a comprehensive analysis of the latency and
reliability taking into account the road and network topologies,
mmWave signal propagation characteristics, and the adopted
relay selection protocols is crucial, which will be discussed
herein and in Section III.

1) Latency Analysis: Let PS be the packet size of the mes-
sage. Due to the large data rate enabled by mmWave V2V
communications and the relatively small size of PS , the latency
incurred for completing a packet transmission is usually within
tens of milliseconds, cf. Section V. Meanwhile, the speed of
a mobile AV is typically in the range of 0∼40 km/h on urban
roads [32]. This implies that, during each packet transmission,
the changes in the AVs locations are only within decimeters5

such that the path loss of the multi-hop links remains almost
unchanged. Therefore, the impact of AV mobility on the per-
formance of each packet transmission is negligible. For conve-
nience of mathematical modeling, we assume that the positions
of the AVs remain the same during a packet transmission.

We consider the frame structure as shown in Fig. 2, where the
packet transmission of duration tt comprises a beam alignment
phase of duration τ and a data transmission phase of duration
tt − τ . We adopt a two-stage beam alignment as proposed in

5For packet sizes given in Section V, our simulation results show that the
multi-hop latency required for both 72 GHz mmWave band and 5.9 GHz band
transmissions are usually within 30 milliseconds. This implies that, during a
packet transmission, the AV moves by at most 40 × 1000 ÷ 3600 × 0.03 ≈
0.33 m.

[33]. In the first stage, sector-level alignment is achieved through
a sequence of pilot transmissions, where the best sectors for the
transmitter and the receiver are detected using an iterative trial-
and-error approach. In the second stage, a fine-granularity beam-
level sweep search is performed within the detected sectors to
achieve beam-level alignment of the mmWave antennas.

In general, the latency incurred by the sector-level alignment
is negligible compared with that by beam-level alignment [34].
Assuming that an exhausted iterative search has been adopted
for beam-level alignment, the overall alignment latency in link
li,j is estimated as [34]

τ =
ψtx
i,jψ

rx
i,j

ϕtx
i,jϕ

rx
i,j

tp, (4)

where ψtx
i,j and ψrx

i,j are the sector-level beamwidths of transmit-
ter Vi and receiver Vj per iteration, respectively. ϕtx

i,j and ϕrx
i,j

are the beam-level beamwidths of transmitter Vi and receiver
Vj per iteration, respectively. tp is the duration of one pilot
transmission and tp � τ . Data transmission from transmitter
Vi to receiver Vj is initiated after the beam alignment on link
li,j has been completed. During data transmission, the effective
data rate achievable on the typical single-hop link li,j is

Ri,j =

(
1 − τ

tt

)
Blog2 (1 + SNRi,j) , (5)

where SNRi,j is the SNR of link li,j ,

SNRi,j =
Ptxg

tx
i,jg

c
i,jg

rx
i,j

N0B
. (6)

Herein, N0 is the noise power spectral density and B is the
bandwidth of the mmWave signal. In this paper, we consider
perfect beam alignment, i.e., |β℘

i,j | � ϕ℘
i,j/2 holds. According to

(2), the antenna gains of Vi and Vj are given byG�. Substituting
(3) into (6), the SNR of li,j in decibels is a random variable given
as

SNRi,j [dB]

= Ptx[dBm]−N0[dBm/Hz]− 10log10 (B [Hz])

+ 2G�[dB]− 10αlog10 (DM,i,j)− 69.6 − ρ. (7)

The analysis of the typical single-hop link can be extended to
other links in a straightforward manner [27], [35]. Hence, with
a slight abuse of notations, the subscripts i and j in (2)–(7) will
be dropped in the following analysis [36]. For example, SNRi,j

is rewritten as SNR. Then, the CDF of SNR in a single-hop link
is derived as

FSNR (γ) = P {SNR � γ}
= P {u− 10αlog10 (DM )− ρ � γ [dB]}
(a)
=

1
2
− 1

2
E [W (γ,DM )]

=
1
2
− 1

2

∫ +∞

0
W (γ, dM ) fDM

(dM ) ddM , (8)

Authorized licensed use limited to: XIDIAN UNIVERSITY. Downloaded on December 25,2020 at 11:06:15 UTC from IEEE Xplore.  Restrictions apply. 



9812 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 69, NO. 9, SEPTEMBER 2020

with

W (γ,DM ) = erf

[
u− 10log10γ − 10αlog10 (DM )√

2σ

]
, (9)

where u = Ptx[dBm]−N0[dBm/Hz]− 10log10(B[Hz]) +
2G�[dB]− 69.6 is a scalar, E{•} is the expectation operator,
erf[•] is the error function [5], and fDM

(•) is the probability
density function (PDF) of DM . Note that, in (8), (a) is due to
ρ ∼ N(0, σ2).

The data transmission latency Tone(•) incurred over the typ-
ical single-hop link is given as

Tone (SNR) =
PS

R
=

PS(
1 − τ

tt

)
Blog2 (1 + SNR)

. (10)

For multi-hop V2V communications, the overall transmission
latency, which depends on both the transmission latency and
the processing latency in each hop, is a random variable and a
detailed modeling is prohibitive. For a tractable analysis, in this
paper, we estimate the average transmission latency in the V2V
multi-hop links, referred to as the multi-hop latency hereinafter,
by

Tmul = E(K)E (Tone) + [E(K)− 1] tpro, (11)

where E(K) is the average hop count required to complete the
message transmission from Vt to Vd, and tpro is the latency
incurred for processing the mmWave signal at each relay AV.
LetZ be the FP of a typical single-hop link, which measures the
distance traveled towards its final destination in the considered
single hop [6]. According to [37], we can estimate the average
hop count of the V2V multi-hop links by

E(K) ≈ d0/E(Z). (12)

Substituting (10) and (12) into (11), the multi-hop latency is
given as

Tmul =
d0

E(Z)

∫ +∞

0

PS(
1 − τ

tt

)
Blog2 (1 + γ)

dFSNR (γ)

+

[
d0

E(Z)
− 1

]
tpro. (13)

2) Reliability Analysis: The transmission reliability of the
typical single-hop link is defined as

Pone = P (SNR � ε) = 1 − FSNR (ε) , (14)

which characterizes the likelihood that the SNR of the typical
single-hop link exceeds a given threshold ε required for reliable
packet decoding/reception at the receiving AVs [38]. Moreover,
the transmission reliability of the multi-hop V2V links, referred
to as the multi-hop reliability hereinafter, is given as

Pmul = PE(K)
one = [1 − FSNR (ε)]E(K). (15)

We note that both the CDF of SNR, FSNR(ε), and the average
single-hop latency, E(Tone), decrease with the average hop
count, E(K), which depends on the adopted relay selection
scheme. Therefore, the overall impact of FSNR(ε) and E(Tone)
on Tmul and Pmul has to be evaluated specifically for different
relay selection schemes.

Fig. 3. Single-hop FP under RFP relay selection scheme.

III. PERFORMANCE ANALYSIS OF EXISTING V2V RELAY

SELECTION SCHEMES WITH SED HEADWAY

Based on the SED headway and the mmWave propagation
models, in this section, we analyze the performance of several
existing relay selection schemes in the mmWave multi-hop V2V
network. We consider the well-known MFR, NFP and RFP
schemes [6], [39], whereby the AV with the largest FP, the AV
with the smallest FP, and a random AV within the effective
communication range is chosen as the relay AV, respectively.
These relay selection schemes generate different FPs in each
hop, which further impact the required hop count, latency and
reliability of mmWave multi-hop V2V communications. The
performance of these schemes is evaluated to uncover the intri-
cate couplings between latency, reliability and FP. Furthermore,
the performance analysis provides a basis for intelligent relay
selection design in Section IV.

Lemma 1: Let d(E) and S(E) be the road length and the area
covered by a taxicab circle E, we have d(E) ≈ ηS(E), where
η = 1

dx
+ 1

dy
.

Proof: Please refer to Appendix A. �
We note that Lemma 1 is consistent with the measurement

result in [40], where the road length covered by an arbitrary
region in a large geography is also shown to be proportional to the
area of the region. Lemma 1 provides the basis for performance
analysis throughout this section.

A Cartesian coordinate system as shown in Fig. 3 is created
for the purpose of analysis, where the origin (0, 0) coincides
with AV Vt. Without loss of generality, we assume that AV Vd
is located at (− d0√

2
, d0√

2
). Line segment VtVd and the horizontal

axis form an angle of 135o.

A. RFP Relay Selection Scheme

We first consider the RFP relay selection scheme, which is
the simplest among the considered schemes. The single-hop
FP under RFP relay selection scheme is given by ZR, i.e.,
the projection of line segment VrVt along VdVt for relay AV
located at Vr, cf. Fig. 3. Let A and B denote the shaded and the
colored (green) regions, respectively. By employing the RFP
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scheme [39], an AV within region A ∪ B is randomly selected
for message forwarding provided ZR > 0.

1) Average Hop Count Under RFP Relay Selection Scheme:
Let l0 be the intersection of line segment VtVd and region
A ∪ B, which also results in a line segment. Since the relay
AV is randomly selected within region A ∪ B, ZR is uniformly
distributed in l0 under RFP. Therefore, the CDF of the single-hop
FP under RFP can be obtained as FZR

(zR) =
√

2zR
dt

, where

0 � zR � dt√
2
. Correspondingly, the probability density function

(PDF) of the single-hop FP under RFP is

fZR
(zR) =

dFZR
(zR)

dzR
=

√
2
dt
,0 � zR � dt√

2
. (16)

Substituting (20) into (12), the hop count under RFP is derived
as

E (KR) =
d0

E (ZR)

=
d0∫ dt√

2
0 zRfZR

(zR) dzR

=
2
√

2d0

dt
. (17)

2) Multi-Hop Latency and Reliability Under RFP Relay
Selection Scheme:

Lemma 2: the PDF of the Manhattan distance between Vt
and the selected relay AV under RFP is given by

fDMR
(dMR

) =
2dMR

d2
t

,0 � dMR
� dt. (18)

Proof: Please refer to Appendix B. �
Substituting (18) into (8), the CDF of SNR in the single-hop

link under RFP is obtained as

FSNRR
(γR) =

1
2
− 1

2

∫ dt

0
W (γR, dMR

)
2dMR

d2
t

ddMR
. (19)

Finally, substituting (17) and (19) into (13), the multi-
hop latency under RFP can be derived as TmulR =
2
√

2d0
dt

∫ +∞
0 Tone(γR)dFSNRR

(γR) + ( 2
√

2d0
dt

− 1)tpro.
Based on (17) and (19), the multi-hop reliability under RFP

is derived as

PmulR = [1 − FSNRR
(ε)]

E(KR)

=

[
1
2
+

1
2

∫ dt

0
W (ε, dMR

)
2dMR

d2
t

ddMR

] 2
√

2d0
dt

. (20)

B. MFR and NFP Relay Selection Schemes

Next, we consider the MFR and NFP relay selection schemes.
As illustrated in Fig. 4, Zx denotes the single-hop FP under
relay selection scheme x, where subscript x ∈ {F,N} refers to
the MFR and NFP schemes, respectively. Moreover, denote the
shaded and the colored (yellow) regions by C and D, respectively.
For the MFR (NFP) scheme, the AV generating the largest
(smallest) FP among all AVs within the effective communication
range of Vt, which is located in the second quadrant, i.e., within
region C ∪ D, and can be reached from Vt via a single-hop
communication link, will be selected for message forwarding.

Fig. 4. Single-hop FP under MFR and NFP relay selection schemes.

We note that, the MFR (NFP) scheme in [6] and [39] only
constrains the candidate relay AVs to be within the effective
communication range of Vt and having positive FP, rather than
within C ∪ D. However, this may cause a large number of hops
before or even without reaching the destined AV Vd. Different
from [6] and [39], this problem is avoided herein.

1) Average Hop Count Under MFR Relay Selection Scheme:

Lemma 3: If 0 � ds � 1
4ηd

2
t , the PDF of the single-hop FP

under MFR is given as

fZF
(zF ) =⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

2μηzF e
μ(ds+ηz2

F )

e
μηd2

t
2 −edsμ

, for
√

ds

η < zF �
√

1
2d

2
t − ds

η ,

2μηzF e
−μ(ηz2

F
−ds)

1−e
−μ

(
ηd2

t
2 −ds

) , for
√

1
2d

2
t − ds

η < zF � dt√
2
.

(21)

Moreover, if 1
4ηd

2
t � ds <

1
2ηd

2
t , we have

fZF
(zF ) =

2μηzF e
−μ(ηz2

F
−ds)

1−e
−μ

(
ηd2

t
2 −ds

) , for
√

ds

η < zF � dt√
2
. (22)

Proof: Please refer to Appendix C. �
When 0 � ds � 1

4ηd
2
t , the average hop count required by

MFR is derived by substituting (21) and (22) into (12),

E (KF ) =
d0

E (ZF )

=
d0[∫√

1
2 d

2
t− ds

η√
ds
η

zF
2μηzF e

μ(ds+ηz2
F )

e
μηd2

t
2 −edsμ

dzF

+
∫ dt√

2√
1
2 d

2
t− ds

η

zF
2μηzF e

−μ(ηz2
F

−ds)

1−e
−μ

(
ηd2

t
2 −ds

) dzF

⎤
⎦ .

(23)
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Similarly, when 1
4ηd

2
t � ds <

1
2ηd

2
t , we have

E (KF ) =
d0

E (ZF )

=
d0∫ dt√

2√
ds
η

zF
2μηzF e

−μ(ηz2
F

−ds)

1−e
−μ

(
ηd2

t
2 −ds

) dzF

. (24)

2) Multi-Hop Latency and Reliability Under MFR Relay
Selection Scheme: According to Fig. 4, the Manhattan distance
between the source AV and the relaying AV under MFR is
DMF

=
√

2ZF . Based on Lemma 3, the PDF of the Manhattan
distance between the source AV and the relay AV under MFR is
given as

fDMF
(dMF

) =
1√
2
fZF

(
dMF√

2

)
. (25)

Consequently, if 0 � ds � 1
4ηd

2
t , the CDF of SNR in the

single-hop link under MFR is given as

FSNRF
(γF ) =

1
2
− 1

2

×
⎧⎨
⎩
∫ √

d2
t− 2ds

η

√
2ds
η

W (γF , dMF
)
μηdMF

e
μ
(
ds+ηd2

MF
/2

)

eμηd
2
t/2 − edsμ

ddMF

+

∫ dt

√
d2
t− 2ds

η

W (γF , dMF
)
μηdMF

e
μ
(
ds−ηd2

MF
/2

)

1 − eμ(ds−ηd2
t/2)

ddMF

⎫⎬
⎭ .

(26)

On the other hand, if 1
4ηd

2
t � ds <

1
2ηd

2
t , we have

FSNRF
(γF ) =

1
2
− 1

2

×
∫ dt

√
2ds
η

W (γF , dMF
)
μηdMF

e
−μ

(
ηd2

MF
/2−ds

)

1 − e−μ(ηd2
t/2−ds)

ddMF
. (27)

Finally, substituting (25)–(27) into (13), the multi-
hop latency under MFR is derived as TmulF =

E(KF )
∫ +∞

0 Tone(γF )dFSNRF
(γF ) + [E(KF )− 1]tpro.

Based on (23)–(27), the multi-hop reliability under MFR is
derived as

PmulF = [1 − FSNRF
(ε)]

E(KF )
. (28)

3) Average Hop Count Under NFP Relay Selection Scheme:

Lemma 4: The PDF of the single-hop FP under NFP is given
by

fZN
(zN ) = 2μηzNe

−μ(ηz2
N

−ds)

1−e
−μ(ηd2

t
/2−ds)

, for
√

ds

η � zN � dt√
2
. (29)

Proof: Please refer to Appendix D. �
Substituting (29) into (12), the average hop count under NFP

is derived as

E (KN ) =
d0

E (ZN )

=
d0∫ dt√

2√
ds
η

zN
2μηzNe

−μ(ηz2
N

−ds)

1−e
−μ(ηd2

t
/2−ds)

dzN

. (30)

4) Multi-Hop Latency and Reliability Under NFP Relay
Selection Scheme: Similar to MFR, the Manhattan distance
between the source AV and the relay AV under NFP sat-
isfies DMN

=
√

2ZN . Following the same approach as in
Section III-B-(2), the multi-hop latency under NFP can be
expressed as TmulN = E(KN )

∫ +∞
0 Tone(γN )dFSNRN

(γN ) +
[E(KN )− 1]tpro, where the CDF of SNR in the single-hop link
under NFP is given as

FSNRN
(γN ) =

1
2
− 1

2

×
∫ dt

√
2ds
η

W (γN , dMN
)
μηdMN

e
−μ

(
ηd2

MN
/2−ds

)

1 − e−μ(ηd2
t/2−ds)

ddMN
.

(31)

Based on (30) and (31), the multi-hop reliability under NFP
is derived as

PmulN = [1 − FSNRN
(ε)]

E(KN )
. (32)

IV. PROPOSED V2V RELAY SELECTION SCHEME AND

PERFORMANCE ANALYSIS

The relay selection schemes investigated in Section III only
consider the single-hop FP for low computational complexity,
while the impact on multi-hop latency is ignored. Consequently,
these relay selection schemes may suffer from high multi-hop
latency. To mitigate this problem, in this section, a novel V2V
relay selection scheme based on joint optimization of single-hop
FP and latency is proposed for low-latency message transmis-
sion in V2V multi-hop links while guaranteeing the multi-hop
reliability.

A. Optimization Problem Formulation

As the statistical modeling of AVs’ locations in Section II
may not facilitate accurate decisions for message forwarding at
an individual AV [41], throughout this section, we consider AVs’
instantaneous locations for the algorithm design. In particular, let
Φi denote the set of AVs located within the effective communi-
cation range of a host AV, Vi, and having positive FP towards the
destination AV. We assume that AV Vi knows only the locations
of the AVs in Φi and the destination AV, other than the locations
of remote AVs existing beyond its transmission range. Based on
this location information, AV Vi selects the next relay AV from
set Φi to continue the message forwarding. As such, each relay
AV forwards the messages on a best-effort basis until reaching
the destination AV. The optimization problem aims to minimize
the multi-hop latency while ensuring the SNR of each single-hop
link averaged over shadowing to be at least ε0, which can be
formulated as

min
Vi+1∈Φi

Tmul

s.t. E (SNR) � ε0,
(33)

where the expectation E{•} is taken over shadowing. Since the
transmission reliability of each single-hop link is defined as the
likelihood that the SNR of each single-hop link exceeds a given
threshold ε, the constraint in (33) guarantees reliable multi-hop
transmission on average when ε0 � ε.
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Algorithm 1: Proposed Relay Selection Scheme.
Begin:
1: Initialize the locations of all AVs and SNR threshold

ε0, set Φp = ∅, identify the source AV Vt and the
destination AV Vd, and set Q = Qmax, TmulO = 0 and
Vr = Vt;

2: while (Vr 
= Vd)&&(Vd is not within the effective
communication range of Vr) do

3: Calculate the Euclidean distance Di between Vr and
Vd;

4: Get the set Φ′
r = {V1, V2, . . . , V|Φ′

r |} of all AVs
satisfying E(SNR) � ε0 and FP > 0 within the
effective communication range of Vr;

5: for j = 1:1: |Φ′
r| do

6: Calculate the single-hop FP and single-hop latency
generated by message transmission from Vr to Vj ;

7: if Di

Zj
× Tj + (Di

Zj
− 1)× tpro � Q then

8: Q = Di

Zj
× Tj + (Di

Zj
− 1)× tpro, Vtemp = Vj ,

Ttemp = Tj ;
9: TmulO = TmulO + Ttemp, Vr = Vtemp;

10: if Vr 
= Vd then
11: Add Vr to set Φp;
12: TmulO = TmulO + tpro;
13: Calculate the message transmission latency Tlast from

Vr to Vd;
14: TmulO = TmulO + Tlast;
15: Φp is the set of selected relay AVs under PRS, and the

multi-hop latency is TmulO .

This problem is non-convex due to the non-convex objective
and constraint functions as well as the discrete set Φi, which
is generally NP-hard. To strike a balance between performance
and computational complexity, in the following, we propose a
suboptimal scheme to solve this problem.

B. Proposed Relay Selection Scheme

As shown in Fig. 5, given the current transmitter Vi, the
proposed relay selection (PRS) scheme selects the relaying AV
Vi+1 that minimizes the multi-hop latency according to the
following selection criterion

Vi+1 = argmin
Vj∈Φ′

i

[
Di

Zj
× Tj +

(
Di

Zj
− 1

)
× tpro

]
. (34)

Herein, motivated by the performance analysis in Section III, the
objective function is defined as the residual multi-hop latency
required for completing the message transmission to destined
AV Vd. Φ′

i ⊆ Φi is a set of AVs that satisfy the constraint
E(SNR) � ε0.Di is the distance between the current transmitter
Vi and the destination AV Vd. Finally, Zj and Tj are the single-
hop FP and the single-hop latency when Vj is selected as the
relay AV, respectively, whereby Di

Zj
gives the average residual

hop count. Algorithm 1 depicts the PRS scheme in detail. We
note that the proposed relay selection scheme takes into account
both the instantaneous location information of AVs in Φ′

i and

Fig. 5. Proposed V2V relay selection scheme based on joint optimization of
single-hop FP and latency.

the potential latency over residual hops for minimization of the
multi-hop latency.

C. Multi-Hop Latency Analysis

Theorem 1: With the PRS scheme, the minimum multi-hop
latency required for message transmission from Vt to Vd is given
by

TmulO =

∫ +∞

0
ζdFTmulO

(ζ) , (35)

with FTmulO
(ζ) given by (36), shown at the bottom of the next

page.
Proof: Please refer to Appendix E. �

V. SIMULATION RESULTS

In this section, we evaluate the multi-hop latency and reliabil-
ity performance for the considered V2V relay selection schemes
via Monte Carlo simulations. Unless specified, otherwise the
simulation parameters are set according to Table II.

Fig. 6(a) and (b) show the multi-hop latency and reliability as
functions of the effective communication range of the AVs, dt,
for different V2V relay selection schemes. We observe from
Fig. 6(a) and (b) that, for MFR, RFP and PRS with small
dts, the performance improves by increasing dt, leading to
reduced multi-hop latency and increased multi-hop reliability.
This is because, for small communication ranges, the single-hop
transmission latency is low while the single-hop transmission
reliability is close to one. In this case, for MFR, RFP and
PRS, increasing dt enables AVs with a larger single-hop FP
to be selected for message relaying, which reduces the number
of hops required for completing the message forwarding and
improves both multi-hop latency and reliability. However, when
dt becomes large, the performance of MFR and RFP deteriorates
quickly as dt increases. This is because, despite of a reduced
number of required communication hops, the latency and the
reliability of each single-hop transmission degrade drastically
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TABLE II
SIMULATION PARAMETERS

Fig. 6. (a) Multi-hop latency (in linear scale) and (b) multi-hop reliability
(in logarithmic scale) versus effective communication range of the AVs for the
considered V2V relay selection schemes (μ = 0.4, α = 3.2, ds = 4 m).

and compromise the performance of overall multi-hop commu-
nications. Similarly, due to the performance bottleneck caused
by communication hops of large FPs, MFR is even outperformed
by RFP in the large dt regime. In contrast, for PRS, both the
multi-hop latency and reliability saturate when dt becomes
large, e.g., when dt exceeds 100 m for the considered simulation
setup. This is because, for the PRS scheme, the relay AV selected
in each hop has to guarantee a minimum average signal-to-noise
ratio (SNR) such that E(SNR) � ε0, cf. (33). Given the simula-
tion parameters in Table II, the set of AV candidates satisfying
the SNR requirement are always limited to the taxicab circle
with radius of 100 meters, whereby increasing dt cannot further
improve the performance of the proposed PRS scheme.

From Fig. 6(a) and (b) we also observe that the multi-hop
latency and reliability under NFP rarely change with the effective
communication range of the AVs for all considered dts. This is
because the NFP always selects the AV closest to the current
transmitter as the relay AV for message forwarding. Moreover,
although the MFR and RFP schemes outperform NFP in both
multi-hop latency and reliability when dt is small, the NFP
scheme excels in multi-hop reliability when dt becomes large.
Nevertheless, by jointly exploiting the location information of
AVs within the transmission range of each hop and the stochastic
geometry based latency analysis for the multi-hop V2V network,
the proposed PRS scheme outperforms the MFR, NFP and RFP
in both multi-hop latency and reliability, except for small dts.
In the latter case, the PRS scheme may select communication
hops with small FPs for minimization of the multi-hop latency,
whereas the increased number of hops slightly lowers its multi-
hop reliability.

Fig. 7(a) and (b) evaluate the multi-hop latency and reliability
as functions of the path loss exponent for the considered V2V
relay selection schemes. From Fig. 7(a) and (b) we observe that

FTmulO
(ζ) = 1 −

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1 −
+∞∫

2

PS

B(1− τ
tt
)
(

dt(ζ+tpro)√
2d0

−tpro

)
−1

{
1 −

√
2d0 [Tone (γR) + tpro]

dt (ζ + tpro)

}
fSNRR

(γR) dγ

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

λη

[
min

(
dt,10

u−ε0
10α

)]2

(36)

Authorized licensed use limited to: XIDIAN UNIVERSITY. Downloaded on December 25,2020 at 11:06:15 UTC from IEEE Xplore.  Restrictions apply. 



LI et al.: LATENCY AND RELIABILITY OF MMWAVE MULTI-HOP V2V COMMUNICATIONS UNDER RELAY SELECTIONS 9817

Fig. 7. (a) Multi-hop latency (in linear scale) and (b) multi-hop reliability
(in logarithmic scale) versus path loss exponent for the considered V2V relay
selection schemes (μ = 0.2, dt = 100 m, ds = 4 m).

the multi-hop latency increases with the path loss exponent,
whereas the multi-hop reliability decreases with the path loss
exponent. This is because, as the path loss exponent increases,
the path loss of mmWave signals in the single-hop link en-
larges. This degrades the SNR of the single-hop link, leading to
increased multi-hop latency and reduced multi-hop reliability.
From Fig. 7(a) and (b) we also observe that the proposed PRS
scheme outperforms the MFR, NFP and RFP in multi-hop
latency and reliability for the considered path loss exponent
values.

Fig. 8 shows the multi-hop latency as a function of the mini-
mum tracking distance between adjacent AVs for the considered
V2V relay selection schemes. From Fig. 8, we observe that,
for MFR, RFP and PRS, the multi-hop latency only decreases
slowly with the minimum tracking distance between adjacent
AVs, ds. In contrast, the multi-hop latency under NFP decreases
significantly as ds increases. This is because, compared with
NFP, the AV selected by MFR, RFP and PRS for message
forwarding is usually located farther away from the current
transmitting AV. That is, the distance between the selected relay
AV and current transmitting AV under MFR, RFP and PRS is
usually larger than ds. Consequently, the number of hops re-
quired by MFR, RFP and PRS do not vary much as ds increases.

Fig. 8. Multi-hop latency versus minimum tracking distance between adjacent
AVs for the considered V2V relay selection schemes (μ = 0.08, α = 3.3, dt =
100 m, G� = 10 dB).

Fig. 9. Multi-hop latency ratio versus the bandwidth ratio for RFP and PRS
schemes under different path loss exponents (The bandwidth of the 5.9 GHz
signals is fixed as 10 MHz, G� = 10 dB).

However, by employing NFP, i.e., by selecting the AV closest
to the current transmitting AV for message forwarding, the hop
count decreases significantly as ds increases. This leads to a
faster decrease of the multi-hop latency by employing NFP than
by MFR, RFP and PRS. This result implies that, for modeling
the V2V multi-hop network under NFP, the minimum tracking
distance between adjacent AVs is a non-negligible factor.

Finally, Fig. 9 shows the multi-hop latency ratio as a function
of the bandwidth ratio for RFP and PRS schemes under different
path loss exponents. Herein, we define the multi-hop latency
ratio as the ratio of the multi-hop latency incurred by 72 GHz
mmWave transmission to that incurred by 5.9 GHz transmission.
Likewise, we define the bandwidth ratio as B/B′, i.e., the ratio
of mmWave signals’ bandwidth to 5.9 GHz signals’ bandwidth.
In Fig. 9, we consider sending rapid bursts of 1400 byte-sized
packets in the 5.9 GHz band, where B′ is fixed as 10 MHz,
and sending rapid bursts of 24 000 bit-sized packets in the
72 GHz band with B varying accordingly. From Fig. 9 we
observe that the multi-hop latency ratio decreases monotonically
with the bandwidth ratio. This is because the mmWave signals
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are allocated a larger bandwidth, which increases the effective
data rate achievable on each single-hop link and decreases the
multi-hop latency. We also observe that, when the bandwidth
ratio is between 1 and 3, the 5.9 GHz transmission has a lower
multi-hop latency than the 72 GHz mmWave transmission. How-
ever, when the bandwidth ratio exceeds 3, the multi-hop latency
of 72 GHz mmWave transmission is already much lower than
that of 5.9 GHz transmission. These results imply that, in the
small bandwidth ratio regime, the multi-hop latency is mainly
determined by the path loss associated with signal propagation.
However, in the large bandwidth regime, the impact of prop-
agation path loss on multi-hop latency becomes negligible. In
the latter case, the large bandwidth of mmWave signals and the
resulting abundant degrees of freedom for V2V communications
can significantly increase the effective data rate achievable on
each single-hop link and reduce the multi-hop latency.

VI. CONCLUSION

In this article, the latency and reliability of message trans-
mission for AVs in urban scenarios are investigated assuming
mmWave multi-hop V2V communications. The SED has been
proposed to model the headway of urban grid roads while
ensuring a minimum tracking distance between adjacent AVs.
Moreover, Manhattan distance is adopted to accurately char-
acterize the mmWave signal propagation distance for urban
roads of grid topology. Based on the SED headway model,
the multi-hop latency and reliability of V2V message trans-
mission are analyzed for RFP, MFR and NFP, respectively. To
improve the performance of message transmission in mmWave
V2V multi-hop links, a novel relay selection scheme based
on joint optimization of single-hop FP and latency is further
proposed. Simulation results show that, by exploiting the loca-
tion information of AVs within the transmission range of each
hop and the residual latency estimate for the multi-hop V2V
network, the proposed relay selection scheme outperforms the
RFP, MFR and NFP in both multi-hop transmission latency
and reliability. In this paper, we have considered only single
packet transmission over interference-free mmWave multi-hop
V2V communication links. A comparison of the latency and
reliability for interference-free and interfering transmissions of
large number of packets may be an interesting topic for future
research. In this case, the AVs’ mobility may notably affect the
system performance, which should be carefully evaluated.

APPENDIX A
PROOF OF LEMMA 1

Assume that the taxicab circle E has radius dt and hence,
an area S(E) = 2d2

t . The vertical road length covered by E is
derived as

dv (E) = 2dt + 4

 dt
dx �∑
n=1

(dt − ndx)

= 2dt + 2

⌊
dt
dx

⌋ [
2dt − dx

(
1 +

⌊
dt
dx

⌋)]
. (37)

Similarly, the horizontal road length covered by E is given as

dh (E) = 2dt + 2

⌊
dt
dy

⌋ [
2dt − dy

(
1 +

⌊
dt
dy

⌋)]
. (38)

Therefore, the total road length covered by E is given as

d (E) = dv (E) + dh (E)

(b)≈
(

1
dx

+
1
dy

)
2d2

t

= ηS (E) , (39)

where (b) follows from the approximations
⌊

dt

dx

⌋
≈ dt

dx
and⌊

dt

dy

⌋
≈ dt

dy
.

APPENDIX B
PROOF OF LEMMA 2

The proof follows a similar approach as in [39]. In particular,
by employing RFP, the CDF of the Manhattan distance between
the source AV and the relaying AV is given as

FDMR
(dMR

) =
d (B)

d (A ∪ B)

=
ηS (B)

ηS (A ∪ B)

=
S (B)

S (A ∪ B)
=
d2
MR

d2
t

, (40)

where 0 � dMR
� dt. Finally, the PDF of the single-hop FP

under RFP in (18) is obtained by taking the derivative of
FDMR

(dMR
) with respect to dMR

.

APPENDIX C
PROOF OF LEMMA 3

Let Vt+ be the event that at least one AV exists in the
effective communication range of AV Vt and having positive FP.
Moreover, Φ(A) denotes the set of AVs located within region A
and |Φ(A)| is the cardinality of set Φ(A). Then, event Vt+ can
take place with a probability given by

P (Vt+) = P {|Φ(C ∪ D)| � 1}
= P {Dadj � d (C ∪ D)}
= FDadj

{η [S (C) + S (D)]} . (41)

Moreover, when P(Vt+) > 0, the CDF of the single-hop FP
under MFR is given by

FZF
(zF ) = P {ZF � zF |Vt+}

(c)
=

P {|Φ(C)| = 0}P {|Φ(D)| � 1}
P {Vt+}

=
P (Dadj > d (C))P (Dadj � d (D))

P {Vt+}

=

{
1 − FDadj

[ηS (C)]
}
FDadj

[ηS (D)]

FDadj
{η [S (C) + S (D)]} , (42)
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where (c) is due to the fact that ZF is the maximum FP within
region C ∪ D, and hence, there is no vehicle in region C but at
least one vehicle in region D.

Note that S(C) + S(D) = 1
2d

2
t , S(D) = z2

F , and S(C) =
1
2d

2
t − z2

F . We have 0 � zF � dt√
2
, since S(C) � 0, and 0 �

ds <
1
2ηd

2
t , since Dadj � ds.

If 0 � ds � 1
4ηd

2
t , we have

√
ds

η �
√

1
2d

2
t − ds

η and

FZF
(zF ) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

0, 0 � zF �
√

ds

η ,

e2dsμ−e
μ(ηz2

F
+ds)

edsμ−e
μηd2

t
2

,
√

ds

η < zF �
√

d2
t

2 − ds

η ,

1−e
μ(ds−ηz2

F )

1−e
μ(ds−ηd2

t
/2)
,

√
d2
t

2 − ds

η < zF � dt√
2
,

1, zF > dt√
2
.

(43)

If 1
4ηd

2
t � ds <

1
2ηd

2
t , we have

√
1
2d

2
t − ds

η �
√

ds

η and

FZF
(zF ) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0, 0 � zF �
√

ds

η ,

1−e
−μ(ηz2

F
−ds)

1−e
−μ(ηd2

t
/2−ds)

,
√

ds

η < zF � dt√
2
,

1, zF > dt√
2
.

(44)

Note that the piecewise nature of FZF
(zF ) follows that of

FDadj
(dadj), when ds > 0 is taken into account.

Finally, taking the derivative of FZF
(zF ) with respect to zF ,

the PDF of the single-hop FP under MFR is thus given by (21)
and (22).

APPENDIX D
PROOF OF LEMMA 4

The proof follows the same approach as in Appendix C. In
particular, by employing the NFP, the probability that at least
one AV exists in the effective communication range of AV Vt
and having positive FP is also given by (41). Therefore, the CDF
of the single-hop FP under NFP is derived as

FZN
(zN ) = P {ZN � zN |Vt+}

=
1 − P {ZN > zN and Vt+}

P {Vt+}

=
FDadj

[ηS (D)]

FDadj
{η [S (C) + S (D)]}

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0, for 0 � zN �
√

ds

η ,

1−e
−μ(ηz2

N
−ds)

1−e
−μ(ηd2

t
/2−ds)

, for
√

ds

η < zN � dt√
2
,

1, for zN > dt√
2
.

(45)

Finally, the PDF of the single-hop FP under NFP in (29)
is obtained by taking the derivative of FZN

(zN ) with respect
to zN .

APPENDIX E
PROOF OF THEOREM 1

For the PRS scheme, E(SNR) � ε0 must be guaranteed in
each hop. SubstitutingE(SNR) � ε0 into (7), we can obtain that
DM � 10

u−ε0
10α . Therefore, the relay selection region in each hop

is a taxicab circle with the current transmitter as its center and
min(dt, 10

u−ε0
10α ) as its radius. The average number of AVs within

the relay selection region is E(N) = λη[min(dt, 10
u−ε0
10α )]2.

Let T1, T2, ..., TN be the multi-hop latencies corresponding
to the AVs within the relay selection region. T1, T2, ..., TN are
identically distributed as the multi-hop latency under RFP. Let
Topt_1 � Topt_2 � · · · � Topt_N be the non-decreasing sorting
of these latencies, where TmulO = Topt_1 is the multi-hop la-
tency by employing PRS. According to the theory of order
statistics [50], the CDF of TmulO is given as

FTmulO
(ζ) ≈ 1 −

[
1 − FTmulR

(ζ)
]E(N)

, (46)

where the CDF of the multi-hop latency under RFP can be
derived as

FTmulR
(ζ) = P (TmulR � ζ)

= P

(
d0

ZR
Tone (γR) +

(
d0

ZR
− 1

)
tpro � ζ

)

=

∫∫
d0
ZR

Tone(γR)+
(

d0
ZR

−1
)
tpro�ζ

f (ZR, γR) dZRdγR

=

∫ +∞

2

PS

B(1− τ
tt
)
(

dt(ζ+tpro)√
2d0

−tpro

)
−1

fSNRR
(γR)

×
∫ dt√

2

d0
ζ+tpro

[Tone(γR)+tpro]

f (ZR)dZRdγR

=

∫ +∞

2

PS

(B−Bτ
tt
)
(

dt(ζ+tpro)√
2d0

−tpro

)
−1

{
1 −

√
2d0

dt (ζ + tpro)

× [Tone (γR) + tpro]} fSNRR
(γR) dγR. (47)

Finally, by substituting (47) into (46), the multi-hop latency
under the proposed PRS is given in (35).
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