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Abstract—Vehicle-to-Everything (V2X) communications are
revolutionizing the connectivity of transportation systems sup-
porting safe and efficient road mobility. To meet the growing
bandwidth eagerness of V2X services, millimeter-wave (e.g.,
5G new radio over spectrum 26.50 - 48.20 GHz) and sub-
THz (e.g., 120 GHz) frequencies are being investigated for the
large available spectrum. Communication at these frequencies
requires beam-type connectivity as a solution for the severe
path loss attenuation. However, beams can be blocked, with
negative consequences for communication reliability. Blockage
prediction is necessary and challenging when the blocker is
dynamic in high mobility scenarios such as Vehicle-to-Vehicle
(V2V). This paper presents an analytical model to derive the
unconditional probability of blockage in a highway multi-lane
scenario. The proposed model accounts for the traffic density, the
3D dimensions of the vehicles, and the position of the antennas.
Moreover, by setting the communication parameters and a target
quality of service, it is possible to predict the signal-to-noise ratio
distribution and the service probability, which can be used for
resource scheduling. Exhaustive numerical results confirm the
validity of the proposed model.

Index Terms—V2V communication, dynamic blockage,
millimeter-waves, sidelink

I. INTRODUCTION

Recent advances in Vehicle-to-Everything (V2X) communi-
cations accelerated the evolution of intelligent transportation
systems towards a safe and efficient traffic management [1].
Currently deployed V2X technologies operates at sub-6 GHz
frequencies [2] and can meet the requirements of basic V2X
services due to the limited available bandwidth. Future 6G
V2X is foreseen to support a wide range of services [3]
exploring high frequencies in the Millimeter Wave (mmWave)
or even sub-THz bandwidths [4]. However, the wireless
propagation at these frequencies is subject to severe path-
loss attenuation. Collimated communication and beamforming
technology is a viable solution to increase the communication
range, but mmWave/sub-THz beams are subject to frequent
blockage, which in vehicular scenarios such as Vehicle-to-
Vehicle (V2V) links, represents the killing issue. According
to the Third Generation Partnership Project (3GPP) [5], there
are four main propagation conditions: (i) Line-of-Sight (LoS);
(ii) blockage due to a building (NLoSb); (iii) blockage due to
foliage (NLoSf) and (iv) blockage due to vehicles (NLoSv). In
this setting, blockage modeling and prediction are essential for
the proper design of robust V2X systems to enable the critical
requirements of ultra-high reliability and ultra-low latency.

Blockage impact on V2X communication has been receiving
increasing attention in the recent literature. In [6], V2V chan-
nel measurements in urban and highway roads considering
different frequency bands in the presence of vehicle blockage
were experimentally analyzed. At 30 GHz, the blockage from
a vehicle causes a power loss ranging from 10 to 20 dB [7],
depending on the transmitting vehicle (TxV) and receiving
vehicle (RxV) position, and it increases by 5.5 − 17 dB
when multiple vehicles are simultaneously blocking the LoS.
Moreover, based on an extensive measurement campaign [8],
the 3GPP suggests modeling the vehicle blockage loss as a
lognormal random variable added to the path loss, while in
[9] the a-priori probabilities of LoS and NLoSv are derived
without considering the traffic density. The authors in [10]
extended the 3GPP model including the NLoSb condition and
three traffic density levels, i.e., low, medium, and high. A
further extension of the previous works is in [11], considering
the empirical blockage probabilities in highway and urban
scenarios. However, the number of blocking vehicles and the
variability of their shapes, particularly of the height, is not
considered. The authors of [12] derived the end-to-end outage
probability assuming the presence of a single blocking vehicle
with a height modelled as a Gaussian distribution. However,
the case of multiple vehicles simultaneously blocking the LoS
has never been considered, including the contribution of the
NLoSv to the communication link.

This paper addresses this gap in the literature by presenting
an analytical model of SNR distribution and the service
probability in highway V2V scenarios considering the impact
of (i) multiple blocking vehicles, (ii) random vehicles’ height,
and (iii) traffic density. The path-loss and blockage models are
based on the 3GPP recommendations, and the vehicular traffic
is obtained by extending the work in [13], [14], where the
traffic distribution is represented by a Poisson Point Process
(PPP). This analytical tool can be useful in designing solutions
for reliable and robust V2X networks and for resource schedul-
ing to mitigate the blockage effects. The presented models
are validated through extensive numerical simulations with
vehicular traffic generator under various traffic conditions.

The remainder of this paper is organized as follows: Sec-
tion II presents the system model and SNR derivation. The
proposed vehicle blockage is derived in Section III, while
Section IV shows the numerical validation. Finally, closing
remarks are discussed in Section V.
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Fig. 1: A linear highway scenario for sidelink V2V communications.

II. SYSTEM MODEL

The considered scenario is a multi-lane highway road
segment, depicted in Fig. 1, where vehicles are randomly
distributed with density ρ [veh/m]. Vehicles are equipped with
a mmWave/sub-THz V2V communication interface mounted
either on the rooftop or on the frontal/rear bumper [9], and are
assumed to have a box-shaped occupation of size wv×lv×hv ,
as shown in Fig. 1.

For an arbitrary V2V link between a transmitting vehicle
(TxV) and a receiving vehicle (RxV), the propagation path-
loss (in dB) is [9]

PL(k) = 32.4 + 20 log10(dtr) + 20 log10(fc)︸ ︷︷ ︸
µLoS

+A(k) + χ

(1)

where dtr is the distance between the TxV and RxV, fc is
the carrier frequency (in GHz), χ ∼ N (0, σ2

sh) represents
the lognormal distributed shadowing component, and A(k) ∼
N (µ(k), σ2(k)) accounts for an additional attenuation due to
blockage from k vehicles. Assuming independence between
the shadowing component and the blockage component, we
can write the path-loss as

PL(k) ∼ N

µLoS + µ(k)︸ ︷︷ ︸
µPL(k)

, σ2
sh + σ2(k)︸ ︷︷ ︸
σ2
PL(k)

 (2)

where µLoS is the deterministic term in (1).
The signal-to-noise ratio (SNR) γ(k) (in dB) is

γ(k) = Pt +Gt +Gr − PL(k)− Pn (3)

where Pt is the transmitted power in dB, Gt and Gr are the
TxV and RxV array gains in dB, respectively, Pn is the noise
power in dB. The SNR distribution for distance dtr and for k
vehicle blockers at the LoS V2V link is

fγ(k)(γ|dtr) =
1√

2πσ2
PL(k)

exp

{
− (γ − µγ(k))2

2σ2
PL(k)

}
(4)

with mean value µγ(k) = Pt +Gt +Gr − µPL(k)− Pn and
variance σ2

PL(k), both dependent on the propagation condition
between TxV and RxV.

III. VEHICULAR BLOCKAGE MODELLING

From the electromagnetic perspective, the LoS propagation
is affected when one (or more) blocking vehicle obstructs the
first Fresnel ellipsoid. Let’s assume the height of each vehicle
as a Gaussian random variable hv ∼ N (µv, σ

2
v) [15] and a

single blocker B at distance dtb from TxV and dbr from RxV
(along the LoS line), as depicted in Figure 2. We can use
the knife edge theory on link propagation [16] to express the
effective height of the first Fresnel ellipsoid at the blocker
position as

h̃ = (hr − ht)
dtb
dtr

+ ht − 0.6 r̃ (5)

where ht and hr are the heights of the TxV and RxV,
respectively and r̃ is the radius of the first Fresnel ellipsoid at
relative distance dtb and dbr

r̃ =

√
λc

dtbdbr
dtb + dbr

. (6)

with λc being the carrier wavelength. For the propagation at
mmWave frequencies (30 − 300 GHz), the term r̃ might be
meaningful in (5). For a V2V system operating in 5G NR FR2
bands (28 GHz) and a maximum TxV-RxV distance dtr =
200 m, r̃ ≈ 1 m and therefore must be taken into account.
Differently, for sub-THz systems (> 100 GHz) and shorter
distances (< 50 m), r̃ can be reasonably neglected. Hence,
the Fresnel ellipsoid height is, in general,

h̃ = hr
dtb
dtr

+ ht
dbr
dtr
− 0.6 r̃ ∼ N

(
µ̃, σ̃2

)
(7)

with mean µ̃ = µv − 0.6 r̃ and variance σ̃2 = σ2
v , assuming

the independence between the TxV and RxV heights ht and
hr. Thus, a blockage occurs when the random blocker height
hb ∼ N (µb, σ

2
b ) is larger than h̃, i.e., heff = hb − h̃ > 0.

The probability of having a blockage given the presence of a
vehicle B between the TxV and RxV can be computed as:

P (NLoSv|dtr,B) = Q

(
heff − µeff

σeff

)
(8)

where µeff = µb − µ̃, σ2
eff = σ2

b + σ̃2, and Q(x) is the
Gaussian Q-function.

The probability of having k ≥ 0 blockers depends on the
distribution of vehicles in the scenario and on the distance

ℎ!ℎ"

𝑑!#𝑑#"

𝑇𝑥𝑉𝑅𝑥𝑉 ℬ
𝑑!"

�̃�
ℎ#

Fig. 2: First Fresnel Ellipsoid blockage characterization considering
the height of the vehicles
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(a) Same lane

(b) Different lanes

Fig. 3: Proposed vehicle blockage modelling approaches: (a) both
TxV and RxV locate at the same lane; (b) TxV and RxV in different
lanes.

dtr between TxV and RxV. To ease the analytical derivation,
we first determine the probability of having k blockers within
a given distance dtr, and subsequently, we will remove this
constraint obtaining the unconstrained SNR distribution.

In a M -lane highway V2V scenario, the probability of
having a vehicle on any arbitrary lane is 1/M . Therefore, the
probability of having both TxV and RxV on the same lane is
M(1/M2) = 1/M , while the probability of having them on
different lanes is 1− (1/M). In the two cases, the maximum
number of k blockers is different.

A. TxV and RxV on the Same Lane

When the TxV and RxV are on the same lane, as shown in
Figure 3a, the maximum number of blockers, for example in a
traffic jam, is Ns = bdeff/dac, where the size of the vehicle
occupancy is

da = lv + ds, (9)

that is the effective length of the vehicle incorporating a
safety distance ds, while deff = dtr − lv is the effective
distance between TxV and RxV. Dividing the lane into Ns
vehicle occupancy slots of size da, the probability of having
a simultaneous blockage by k vehicles is thus given by the
probability of having k occupied slots out of Ns, that is given
by the Bernoulli probability

PSL
(

NLoSv(k)|dtr
)

=

(
Ns
k

)
Pka (1− Pa)Ns−k (10)

where Pa is the probability that a single slot is occupied by
a blocker. This latter term is

Pa = P (NLoSv|da,B) P (B) = Q

(
heff − µeff

σeff

)
Γ e−Γ,

(11)

assuming that vehicles on a lane are distributed according to
a linear Point Poisson Process (PPP) as in [13] [14], with
Γ = ρ da.

B. TxV and RxV on Different Lanes

Assuming the TxV and RxV are on two distinct lanes, the
blocking vehicles can occupy the same lane as the TxV and/or
RxV or different lanes for M > 2, as shown in Figure 3b.
Similar to the previous setup, we divide the area between TxV
and RxV into M̃ possible occupancy slots (where M̃ denotes
the amount of spanned lanes by the V2V link) that, if occupied
by a vehicle, could block the LoS. The size of the occupancy
slots determines the blockage probability, and we can identify
two types, i.e., blockage from the same lane of the TxV or RxV
and different lanes. The sizes can be derived geometrically,
that for the first type is

db =
wv
√
d2
tr −∆y2

2∆y
(12)

and for the second type is

dc =
wv
√
d2
tr −∆y2

∆y
+ lv (13)

where ∆y = nW is the lateral displacement among the lanes.
The probability of having a blockage in occupancy slot type
b and c, namely Pb and Pc, respectively, can be computed as
in (11), with Γ = ρdb and Γ = ρdc. Since db and dc depend
on nW for n > 1 (for n = 0, the TxV and RxV are on the
same lane), we need to consider all possible displacements
separately, i.e., n = 1, ...,M − 1. For n = 1, the maximum
number of blocking slots is M̃ = 2 with an occupancy slot size
computed as in (12). The probability of having k blockers out
of 2 can be computed using the Bernoulli probability (10). For
n > 1, the maximum number of blocking slots is M̃ = n+ 1.
In this case, we have two slots’ types with sizes computed as
in (12) and (13). The probability of having k blockers out of
n+ 1 is obtained by Poisson Binomial

P(K = k) =
∑
A∈Qk

∏
i∈A
Pi
∏
j∈Ac

(1− Pj) (14)

where Qk is the set of all k slots that can be selected from
{1, . . . , n + 1} and Ac is the complement of A, i.e., Ac =
{1, . . . , n+1} 6∈ A. For example, when n = 2 and k = 2, then
Q2 = {{1, 2}, {2, 3}, {1, 3}}. The number of combination in
Qk is given by the binomial coefficient(

n+ 1
k

)
=

(n+ 1)!

(n− k + 1)!k!
(15)
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PDL
(

NLoSv(k)|dtr
)

=
2(M − 1)

M2

(
n+ 1
k

)
Pkb (1− Pb)n+1−k +

M−1∑
n=2

2(M − n)

M2

∑
A∈Qk

∏
i∈A
Pi
∏
j∈Ac

(1− Pj) (18)

P
(

NLoSv(k)|dtr
)

= PDL
(

NLoSv(k)|dtr
)

+
1

M
PSL

(
NLoSv(k)|dtr

)
(19)

To combine all the cases for different n, we need to compute
the probability of having TxV and RxV with lateral displace-
ment nW , that is

P (∆y = nW ) = 2
M − n
M2

(16)

assuming that the probability of having a vehicle on an
arbitrary lane is 1/M .
Remark: by considering all possible combination of n =
{1, . . . ,M − 1}, the aggregated can be written as

2

M2
+

M−1∑
n=1

n =
M − 1

M
(17)

knowing that
∑m
i=1 i = m(m+1)/2. By considering the same

lane setup, i.e., n = 0, the sum of the probabilities of all events
equals 1.

The probability of having k simultaneous vehicle blockers
when TxV and RxV are on different lanes is derived in (18),
while the overall blockage probability constrained on having
TxV and RxV at a distance dtr is in (19).

To obtain the unconstrained probability of blockage, the
probability density function fD(d) of the distance dtr =√

(xr − xt)2 + (yr − yt)2 is required. fD(d) has been widely
studied in geometric probability [17] and can be derived as in
[18], assuming that xr ∼ xt ∼ U{0, D} with D the maximum
length of the considered highway scenario, and that yt and yr
are discrete uniform random variables with p(y) = 1/M .

C. Signal-to-Noise Ratio Distribution

The SNR probability density function fγ(k)(γ|dtr) in (4)
is Gaussian distributed with µγ(k) and σ2

γ(k) that depend on
the number of blocking vehicles k. The unconstrained SNR
distribution results in a Gaussian mixture, representing the
different propagation conditions:

fγ(γ|dtr) =P(LoS|dtr) fγ(0)(γ|dtr)

+

B∑
k=1

P(NLoSv(k)|dtr) fγ(k)(γ|dtr)
(20)

where P(LoS|dtr) = 1 −
∑
k P(NLoSv(k)|dtr) is the LoS

probability, and B = max(Ns,M) is the maximum possible
number of blockers.

IV. NUMERICAL SIMULATIONS

This section presents the numerical validation of the pro-
posed analytical framework. In particular, we derive the SNR
distribution in (20) considering different scenario setups, and

TABLE I: Parameter Setups

Parameter Symbol Value
Transmit power Pt 0 dBm
Transmit antenna gain Gt 10 dB
Receive antenna gain Gr 10 dB
Noise Power Pn −85 dBm
Vehicle length, width [lv , wv ] [5, 1.8] m
Vehicle height mean and std. dev. µh,v , σh,v [1.5, 0.08] m
Min. inter-vehicle safety distance ds 2.5 m
Scenario length D 200 m
Number of lanes M 3

we analyze the communication performances in terms of
service probability:

PS = P(γ ≥ γth) =P(LoS|dtr)Fγ(0)(γth)

+

B∑
k=1

P(NLoSv(k)|dtr)Fγ(k)(γth)
(21)

where Fγ(k)(γth) is the normal cumulative distribution func-
tion. Unless otherwise specified, the simulation parameters in
Table I are used. These parameters are selected based on the
3GPP recommendation in [9], and similarly for the antenna
configuration, as depicted in Figure 4.

Exhaustive Monte Carlo simulations are carried out to
validate the proposed analytical model. Figure 5 (a) depicts
the blockage probability varying the distance dtr between TxV
and RxV and considering two traffic densities, namely ρ = 10,
and 50 veh/Km. This result shows that for high distances, the
blockage probability attains around 50% and 90% in low and
high traffic densities, respectively. This can also be observed
in Figure 5 (b), where, for the same scenario, the average
number of blockers is reported. The proposed model is used
to predict the communication performances by deriving the
SNR distribution in (4) and the service probability in (21).
Figure 6 shows the predicted SNR distribution under various
traffic densities and distances. In particular, for the considered

ℎ!ℎ"

𝑑"# 𝑑#!

𝑑"!

First Fresnel Ellipsoid
ℎ# #ℎ

TxV RxV

Rooftop antenna Bumper antenna

ℎ!
ℎ!

Fig. 4: Rooftop vs bumper antenna configuration according to 3GPP
[9]
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Fig. 5: Blockage probability and average number of vehicle blockers
varying the TxV and RxV inter-distance dtr: (a) Blockage probabil-
ity; (b) average number of blockers.

setting, we observe that the average SNR in Figure 6 (a) is
below 0 dB for high traffic density due to the higher blockage
probability. Figure 6 (b) depicts the predicted SNR distribution
when considering the antenna mounted on the rooftop and
the bumper in the same scenario. As expected, the antennas
on the bumper experience a loss of approximately 4.2 dB in
SNR. This result suggests considering rooftop antenna design
for better communication performances as it shows more
robustness against blockage.

The predicted SNR distribution can be used to derive the
service probability using (21) for a given QoS, i.e., SNR
threshold γth. Figure 7 depicts the service probability varying
both traffic density rho and distance dtr for an SNR threshold
γth = 0 dB. Even at low density, we have a poor service
probability; therefore, direct V2V communication can support
data rate demanding applications only for a limited range. This
trend is more severe when the antennas are mounted on the
bumper, as shown in Figure 8 (a), and when increasing the
QoS, as shown in Figure 6 (b).

The analytical tools presented in this paper can be valu-
able in designing solutions that increase the reliability and
robustness of future V2X networks, for example, scheduling
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Fig. 6: SNR distribution fitted with Monte Carlo simulations, con-
ditioned to distance dtr for both TxV and RxV in the same lane:
(a) different distance dtr and density ρ, and (b) different antenna
configurations (i.e., rooftop and bumper antenna setups).

Fig. 7: Service probability constrained by an inter-vehicle distance
dtr under different traffic densities based on the derived SNR in (20)
constrained by γth = 0 dB.

resources for relaying from other vehicles or roadside units to
mitigate the blockage effect.
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Fig. 8: Service probability evaluation (dtr = 50 m) varying with (a)
density ρ for cases of TxV and RxV in the same lane and neighbour
lanes (γth = 0 dB); (b) SNR threshold γth constrained by different
service categories.

V. CONCLUSION

In 5G/6G beam-based V2V communications operating at
mmWave/sub-THz frequencies, the dynamic LOS link block-
age due to obstructing vehicles is the dominant source of
SNR loss, hindering the development of advanced safety-
critical services in the context of autonomous driving. The
vehicle-induced blockage depends on the number of potential
vehicles blocking the LOS link as well as on their sizes. This
paper proposes a novel analytical blockage modelling method,
deriving a closed-form SNR distribution that takes into account
the traffic density, the random 3D occupancy region of each ve-
hicle, a minimum inter-vehicle safety distance, and separately
accounts for the case in which TxV and RxV are located on
the same lane or on different lanes. Moreover, as indicated by
3GPP, we account for both rooftop and bumper antenna place-
ments. Numerical simulations validate the proposed analytical
model, showing a good match between the analytical and
the simulated SNR in all conditions. The presented analytical
model is proved to be a tool for predicting the performance
of V2V networks under blockage from dynamic objects such
as surrounding vehicles. A significant service probability loss

is observed when TxV and RxV are located on the same lane,
and when the antenna arrays are mounted on the bumper,
suggesting the usage of a rooftop-mounted antenna equipment.
The results also show that V2V communication at mmW/sub-
THz can only support short-range applications, while other
solutions, e.g., relaying from other vehicles, are needed to
increase the range without outages.
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