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Abstract—This paper designs the vehicle tracking and re-
source allocation in the terahertz (THz) vehicle-to-infrastructure
communications (V2I) networks, where roadside units (RSUs)
equipped with leaky-wave antennas help to estimate the driving
states of multiple vehicles and optimize the transmit power and
bandwidth per vehicle after receiving the vehicles’ feedback.
Different from the conventional phased arrays, the leaky-wave
antenna has the potential of improving the sensing accuracy
with lower system overhead thanks to its unique spatial-spectral
coupling feature. The generalized mobile scenario is studied in
which vehicles drive at time-varying speeds. A novel unscented
Kalman filter (UKF) based solution is proposed to track the
vehicles without requirement of addressing the Doppler effect.
Based on the estimated states of multiple vehicles, a low-
complexity resource allocation method is developed to maximize
the sum rate under user fairness concern. Simulation results
confirm that the proposed tracking solution can evaluate the
propagation angle, vehicle’s states and inter-vehicle distance
accurately, and the tailored resource allocation method strikes
a delicate balance between the sum rate and user fairness in the
multi-vehicle V2I scenario.

Index Terms—Terahertz V2I, leaky-wave antenna, unscented
Kalman filter, resource allocation.

I. INTRODUCTION

Vehicle-to-infrastructure communications (V2I) play an es-
sential role in supporting vehicle-to-everything (V2X) ser-
vices [2] and intelligent transportation systems (ITS) [3–5].
The V2I-aided sensing and communication can assist robust
automated driving with extended sensors [6]. With the devel-
opment of 5G millimeter wave (mmWave) technology, vehicle
positioning via mmWave V2I has been studied in vehicular
networks [7–9]. Since THz transmission is one of 6G potential
technologies [10–12], terahertz (THz) V2I with much wider
channel bandwidths enable higher sensing accuracy and lower-
latency communication than mmWave V2I [10, 13].

In THz systems, selecting an appropriate type of antenna
is crucial [12]. Although phased arrays have been used in 5G
mmWave systems, the implementation of them in the THz
links are confronted with many challenging issues involving
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antenna scale [10, 14], path discovery [15], feed network
design [16] and beam squinting [17], etc. Moreover, extensive
beam training is required for phased arrays in the 5G mmWave
setup, which may result in much higher latency in the THz
systems [11]. Compared to the conventional phased arrays,
easy-to-manufacture leaky-wave antennas are envisioned as a
promising approach to establish cost-effective THz links [16,
18, 19]. The applications of leaky-wave antennas have been
considered in many areas such as THz radar sensing [20, 21]
and THz frequency-division multiplexing communication [22]
etc. One big characteristic of the leaky-wave antenna is that
frequencies are coupled with the propagation angles, which
can be exploited for designing more efficient path discovery
and mobile object tracking [15, 23]. Based on this characteris-
tic, a roadside unit (RSU) equipped with one single leaky-
wave antenna can simultaneously estimate the inter-vehicle
distance in multi-vehicle systems which have the capabilities
of the adaptive cruise control (ACC) and cooperative ACC
(CACC) [5, 24]. In addition, differing from the beam man-
agement in the phased array systems [25], exhaustive beam
scanning is unnecessary in the leaky-wave antenna systems
as demonstrated in [15, 23]. Therefore, the use of leaky-wave
antennas brings the great potential for improving sensing and
communication efficiency in the THz V2I networks.

Channel tracking designs in the mmWave and THz cellular
systems have been investigated in the literature [26–30]. It
is shown in [26] that the extended Kalman filter (EKF)
can be a low-complexity tracking filter in mmWave mobile
environments. Meanwhile, an EKF-based tracking strategy
is proposed to minimize the beam alignment error of the
mmWave systems in [27]. The work of [28] focuses on the
direction of arrival tracking with unscented Kalman filter
(UKF) in the mmWave massive multiple-input multiple-output
(MIMO) cellular systems, where a kinematic model of the
direction of arrival is considered and the rotated spatial support
indexes are the observations. To make fast THz channel
tracking in the linear user motion model, [29] attempts to
estimate the propagation angle with the assistance of the prior
beamspace channel information in the THz massive MIMO
cellular systems with conventional antenna arrays. In [30], a
beam zooming based wideband beam tracking is developed
to simultaneously track multiple user physical directions, and
the beam squinting effect is flexibly controlled, in this way,
the beam training overhead can be significantly reduced. The
application of dual-functional radar-communication (DFRC)
technique in the mmWave V2I networks is considered in [9],
where an EKF based beam tracking scheme is proposed by
addressing the case of vehicle driving at constant speed.

Resource allocation also plays an important role in the THz
systems. In [31], THz bandwidth allocation is studied in the
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point-to-point THz system without addressing the mobility
issues. Recent work [32] considers a random waypoint mobile
model and analyzes the average bit error rate for the random
and distance-aware bandwidth allocation methods in the THz-
based subcarrier index modulation systems. A comprehensive
overview of spectrum and power allocation schemes is pro-
vided in [33], where various designs are investigated in the
THz systems with phased arrays.

Owing to the fact that THz channel tracking and resource
allocation in the V2I networks is still in its infancy, this paper
considers a generalized V2I scenario where vehicles drive at
time-varying speeds, which has not been conducted yet. We
develop a novel vehicle tracking method based on the THz
V2I link with leaky-wave antenna. In such a significantly
non-linear dynamic scenario, the EKF that adopts the first-
order Taylor expansion for linearization [34] can lead to large
estimation errors. The UKF amends the flaw of EKF by using
a deterministic sampling approach while keeping the same
computational complexity as the EKF [35–37]. Therefore, the
main contributions of this paper are concluded as follows:

• In the considered THz V2I network, we design an UKF-
based approach such that an RSU equipped with a sin-
gle leaky-wave antenna can track multiple vehicles and
their inter-vehicle distances. Different from the kinematic
models seen in the existing works, we consider the
generalized V2I networks in which vehicles can drive
at non-linear time-varying speeds. The designed vehicle
tracking method is robust and insensitive to the Doppler
shift compared to the tracking method with conventional
phased arrays, since phase information is not required.
As such, the proposed design has much lower computa-
tional complexity with fast Kalman filter gain calculation,
compared with the existing KF-based schemes.

• After estimating the V2I channel and inter-vehicle dis-
tance, a low-complexity resource allocation method is
developed to maximize the sum rate under user fairness
concern in the V2I networks with multiple vehicles. Dif-
ferent from the existing works, we show that inter-vehicle
distance also has an effect on the bandwidth allocation
in the dynamic V2I networks, due to the spatial-spectral
coupling feature of the leaky-wave antenna.

The rest of this paper is organized as follows. The system
model is described in Section II. The vehicle tracking solution
is designed in Section III, and a user fairness aware resource
allocation is proposed in IV. Section V covers the simulation
results. Finally, some concluding remarks are presented in
Section VI.

Notations: In this paper, sinc (x) = sin (x) /x and
arccot (x) is the inverse of cotangent function; E{·} is the
expectation operator; (·)T is the transpose operator; diag (V)
denotes the diagonal matrix whose diagonal elements are the
entries of a vector V; A−1 is the inverse of the matrix A.

II. SYSTEM DESCRIPTIONS

In the THz V2I network, the RSU equipped with a low-
est transverse-electric (TE1) mode leaky-wave antenna tracks
multiple vehicles located in an arbitrary lane and each vehicle
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Fig. 1. An illustration of vehicle tracking.

has one omnidirectional antenna. Based on [38], the far-field
radiation pattern of TE1 mode leaky-wave antenna can be
calculated as

G (f, θ) = ℓsinc

[
(−jα− k0 (f) cos θ + β (f))

ℓ

2

]
, (1)

where f is the THz frequency, θ is the propagation angle
(0 < θ < 90o), ℓ is the aperture length, j =

√
−1, α is the

attenuation coefficient due to the power absorption in the
structure, k0 (f) = 2πf/c with the speed of light c is the

wavenumber of the free-space, β (f) = k0 (f)

√
1−

(
fco
f

)2

is the phase constant of the TE1 mode based traveling wave,
in which fco = c

2L with the inter-plate distance L is the cutoff
frequency. Given a line-of-sight (LoS) direction θ of a vehicle,
the maximum level of the radiation can be obtained by using
the frequency as follows [39]:

fmax (θ) =
fco
sin θ

, (2)

in other words, the frequency fmax (θ) needs to be chosen
in order to achieve the maximum level of the radiation at
the direction θ. As shown in the following section, such a
spatial-spectral coupling feature for leaky-wave antenna can
be leveraged to improve the efficiency of vehicle tracking, due
to the fact that the vehicles are spatially separated in practice.

Since each vehicle’s states are estimated in the same fashion,
we focus on an arbitrary vehicle for simplicity. As illustrated
in Fig. 1, the geometric properties of a vehicle at the time
n− 1 and n are characterized as

h

sin θn−1 sin θn
=

dn
sin θn−1

=
dn−1

sin θn
=

∆xn
sin∆θn

, (3)

where h is the minimum communication distance and depends
on the absolute antenna elevation difference and perpendicular
distance between a vehicle in a lane and the RSU, θn−1

and θn are the propagation angles, dn and dn−1 are the
communication distances at time n and n − 1, respectively,
∆θn = θn − θn−1, and ∆xn is the moving distance from the
time n− 1 to n, which is calculated as

∆xn = vn−1∆T+
1

2
an−1(∆T)2. (4)

In (4), vn−1 is the vehicle’s velocity at the time n − 1,
∆T is the duration from the time n − 1 to n, an−1 is the
acceleration/decelelation value at the time n − 1, which is
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assumed to be at least constant in a time interval (∆T) 1. We
first derive the dynamics of the angle of departure, based on
(3), we have

dn−1

sin∆θn cos θn−1 + cos∆θn sin θn−1
=

∆xn
sin∆θn

. (5)

After some manipulations, (5) is re-written as

∆θn = arccot

(
dn−1

∆xn sin θn−1
− cot θn−1

)
. (6)

Since dn = ∆xn sin θn−1

sin∆θn
and sin∆θ ≈ ∆θn with small ∆θn,

dn can be approximated as

dn ≈ ∆xn sin θn−1

∆θn
=

∆xn sin θn−1

arccot
(

dn−1

∆xn sin θn−1
− cot θn−1

) .
(7)

In light of (4), (6) and (7), the dynamical model for state
evolution over the time is written as follows:

vn = vn−1 + an−1∆T+ uv,

θn = θn−1 + arccot
(

(sin θn−1)
−1dn−1

vn−1∆T+ 1
2an−1(∆T)2

− cot θn−1

)
+ uθ,

dn =
(vn−1∆T+ 1

2an−1(∆T)2) sin θn−1

arccot
(
dn−1((vn−1∆T+ 1

2an−1(∆T)2) sin θn−1)
−1−cot θn−1

) + ud,

(8)

where uv , uθ and ud are the process noises with zero mean
and their variances are σ2

v , σ2
θ and σ2

d, respectively2. The
considered kinematic model given by (8) is generalized where
vehicles drive at non-linear time-varying speeds.

It has been confirmed in [31] that the THz network with
leaky-wave antennas is noise-limited and co-channel interfer-
ence is negligible. Therefore, the sounding signal received at
a vehicle is given by

y (t) =

√
pG̃ (f (t) , θ (t))~z (t− τn) e

j2πfDoppler(t)t +ϖy (t) .

(9)

In (9), p is the transmit power, G̃ (f (t) , θ (t)) =
ξG (f (t) , θ (t)) is the effective antenna gain in which ξ can be
easily obtained by measuring the effective antenna gain for a
particular leaky-wave antenna structure and known a priori, ~
is the THz channel coefficient, z (t) with E{z (t) zH (t)} = 1
is the sounding signal, τn is the propagation delay, fDoppler (t)
is the Doppler shift at time t, ϖy (t) is the complex additive
white Gaussian noise with zero mean and variance σ2

y , which
is independent of the process noises in (8).

Remark 1: Different from the sensing systems with large
phased arrays where multiple orthogonal narrow beams are
generated to track several vehicles, the leaky-wave antenna’s

1In the realistic networks, the time scale of THz transmissions is much
shorter than the vehicle dynamics. As illustrated in [40], 4.50 m/s2 and −8.41
m/s2 are the typical maximum acceleration and maximum deceleration that
can be reached by a common modern vehicle, respectively. In the simulations,
we consider the time interval ∆T = 20ms, and the variation of speed (maxi-
mum 4.50×0.02 = 0.09m/s or −8.41×0.02 = −0.1682m/s) in such a time
interval is tiny. Therefore, in the THz systems, it is reasonable to piecewise
approximate the distribution function of the vehicle’s acceleration/deceleration
by partitioning it into many segments and the acceleration/deceleration value
is constant in a segment’s time duration.

2Note that these process noises have been assumed to follow Gaussian
distributions in some works such as [9, 26, 27].

spatial-spectral coupling effects (signatures) enable that mul-
tiple vehicles can be identified by exploiting their unique link
directions without a need for beam association. In practice,
the sounding signal can be formed as a moderate “THz rain-
bow” [15], which only needs to consist of signal components
in directions of interest (not all directions), thanks to the
known prior link direction information during the tracking
process.

III. VEHICLE TRACKING DESIGN

In this section, we propose a new design on vehicle tracking
via THz links. In contrast to the traditional phased array
systems where the Doppler effect needs to be stringently
evaluated in order to offer a better estimate of the propagation
angle (namely sensitive to the Doppler effect), the spatial-
spectral coupling feature of the leaky-wave antenna provides
us a better tracking design without requiring the Doppler
shift information. Specifically, based on (9), we observe the
received signal strength (RSS) as

yn = pG̃ (fn, θn) |~|2 +ϖy, (10)

where ϖy ∼ exp (λ) is the exponential random variable with
the parameter λ = 1/σ2

y . Without loss of generality, we replace
ϖy with ϖ̃y = ϖy − σ2

y for facilitating the derivations such
that zero mean is kept. In addition, it is noted that the channel
power gain |~|2 can be extracted from the RSS of a pilot
signal sent by the RSU at the beginning of each coherence
time. To improve the accuracy of the distance measurement,
the propagation delay is also observed as

τn =
dn
c

+ϖτ , (11)

where c is the speed of light, ϖτ is the noise perturbation with
zero mean and its variance σ2

τ . Thus the observation model can
be written as

Ξn = φ (Sn) +ϖn, (12)

where Ξn = [yn, τn]
T is the observation vector, φ (·) is the

mapping function defined by (10) and (11), Sn = [vn, θn, dn]
T

is the state vector and ϖn = [ϖy, ϖτ ]
T are the noise vector.

Likewise, the state evolution model is

Sn = ψ (Sn−1) + un, (13)

where ψ (·) is defined by (8) and un = [uv, uθ, ud]
T .

As indicated from (12) and (13), both the state evolution
model and the observation model are real-valued and highly
non-linear. Although the EKF and UKF have the same order
of computational complexity [36], the UKF can overcome the
approximation issues of the EKF in the non-linear systems.
Therefore, we propose an UKF-based approach to estimate the
states in a recursive manner, which is concluded as follows:

1) Initialization: The initial estimate of the propagation
angle θ̂◦ can be obtained by using the detection scheme
with a leaky-wave antenna in [23] where training is not
required. Since the use of very large THz bandwidths enables
highly accurate observation of the propagation delay3, the

3The evaluation of propagation delay can be achieved in the initial access
or synchronization phase via synchronization or reference signals.
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CΞ̂n|n−1
=w0

(
φ
(
χ0,n|n−1

)
− Ξ̂n|n−1

)(
φ
(
χ0,n|n−1

)
− Ξ̂n|n−1

)T

+

2N∑
i=1

(
φ
(
χi,n|n−1

)
− Ξ̂n|n−1

)(
φ
(
χi,n|n−1

)
− Ξ̂n|n−1

)T

2 (N + ϱ)
+Λϖ, (18)

CŜn|n−1,Ξ̂n|n−1
=w0

(
χ0,n|n−1 − Ŝn|n−1

)(
φ
(
χ0,n|n−1

)
− Ξ̂n|n−1

)T

+

2N∑
i=1

(
χi,n|n−1 − Ŝn|n−1

)(
φ
(
χi,n|n−1

)
− Ξ̂n|n−1

)T

2 (N + ϱ)
, (19)

communication distance is initialized as d̂◦ = cτ◦ according
to (11). The initial speed value v̂◦ can be measured by the
vehicle’s odometer and the acceleration/deceleration value can
be set as an arbitrary constant. Therefore, the initial state

vector is Ŝ◦ = E{S◦} =
[
v̂◦, θ̂◦, d̂◦

]T
and its covariance

CŜ◦
= Λu = diag

([
σ2
v , σ

2
θ , σ

2
d

]T) (Λu is the covariance of
the process noise vector).

2) Statistics evaluation based on unscented transforma-
tion (UT): Unlike the EKF that needs linearized transfor-
mation via Taylor series, the UKF utilizes the UT method
to directly estimate the statistics of a random variable in the
non-linear systems. Specifically, let N denote the dimension
of the state vector Sn (namely N = 3 in this paper), 2N + 1
symmetric sigma vectors around Ŝn−1 are chosen as follows:

χi =


Ŝn−1, i = 0,

Ŝn−1 +
√
N + ϱLn−1 (:, i) , i = 1, · · · , N,

Ŝn−1 −
√
N + ϱLn−1 (:, i−N) , i = N + 1, · · · , 2N,

(14)

where ϱ = ϵ2 (N + ς)−N , here ϵ is a small positive value [36]
and ς is usually set to 3 − N [35], Ln−1 (:,m) is the m-th
column of Ln−1 with Ln−1L

T
n−1 = CŜn−1

. According to UT,
the state vector is predicted to be a weighted combination of
these sigma vectors, which is given by

Ŝn|n−1 =
ϱ

N + ϱ
χ0,n|n−1 +

2N∑
i=1

χi,n|n−1

2 (N + ϱ)
, (15)

where χ0,n|n−1 = ψ (χ0), χi,n|n−1 = ψ (χi). The covariance
of Ŝn|n−1 is calculated as

CŜn|n−1
= w0

(
χ0,n|n−1 − Ŝn|n−1

)(
χ0,n|n−1 − Ŝn|n−1

)T

+
2N∑
i=1

(
χi,n|n−1 − Ŝn|n−1

)(
χi,n|n−1 − Ŝn|n−1

)T

2 (N + ϱ)
+Λu,

(16)

where wo = ϱ
N+ϱ+

(
1− ϵ2 + ϑ

)
with the commonly-seen ϑ =

2. Similarly, the corresponding predicted observation vector is

given by

Ξ̂n|n−1 =
ϱ

N + ϱ
φ
(
χ0,n|n−1

)
+

2N∑
i=1

φ
(
χi,n|n−1

)
2 (N + ϱ)

, (17)

and its covariance is calculated as (18) (at the top of this page),
in which Λϖ = diag

([
σ4
y, σ

2
τ

]T)
. The cross-covariance of

Ŝn|n−1 and Ξ̂n|n−1 is given by (19).
3) Kalman filter gain:

Kn = CŜn|n−1,Ξ̂n|n−1
C−1

Ξ̂n|n−1
. (20)

4) State estimation:

Ŝn = Ŝn|n−1 +Kn

(
Ξn − Ξ̂n|n−1

)
. (21)

5) State covariance:

CŜn
= CŜn|n−1

−KnCΞ̂n|n−1
KT

n . (22)

Remark 2: It is obviously seen that the proposed vehicle
tracking design with leaky-wave antenna is derivative-free.
The size of the real covariance matrix for the predicted
observed variables (only 2× 2 in this design) is less than the
traditional methods with large phased arrays in which Doppler
shift is an important factor and may need to be precisely mea-
sured in practice. Therefore, the inverse of the real covariance
matrix for Kalman filter gain calculation given by (20) can be
computed with a much lower level of complexity.

IV. MULTI-VEHICLE TRANSMISSION DESIGN

In the previous section, each vehicle tracks its state infor-
mation by using the proposed solution and reports them to the
RSU. To improve the V2I transmissions, we seek to answer
how to optimize the radio resources at the RSU after receiving
the state information via vehicle tracking in Section III. In
particular, we highlight that user fairness concern also needs to
be addressed in the considered networks, such that the quality
of service (QoS) difference between vehicles is not significant
and can be flexibly controlled under the rapid fluctuations of
the THz V2I channels.

In the V2I networks with leaky-wave antennas, RSUs also
need to know the inter-vehicle distance. The reasons are
twofold: 1) minimum inter-vehicle distance in a lane should be
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guaranteed to avoid collision, particularly in the ITS systems
with CACC [5]; and 2) the spatial-spectral coupling feature
of the leaky-wave antenna requires appropriate inter-vehicle
distance to avoid the co-channel interference among vehicles,
as indicated from (2). Assuming that there are K vehicles
in a lane and they are served by the same RSU, based on
the vehicles’ feedback, the inter-vehicle distance between the
vehicle k − 1 and its predecessor vehicle k at a channel
coherence time can be obtained as

Dk,k−1 = d̂k−1 cos θ̂k−1 − d̂k cos θ̂k, (23)

where d̂k−1 and d̂k are the vehicles k − 1 and k ’s estimated
communication distances, respectively, θ̂k−1 and θ̂k are the
corresponding estimated propagation angles. Substituting (2)
into (23), (23) can be rewritten as

Dk,k−1 = d̂k−1
β
(
fmax

(
θ̂k−1

))
k0

(
fmax

(
θ̂k−1

)) − d̂k
β
(
fmax

(
θ̂k
))

k0

(
fmax

(
θ̂k
)) .

(24)

It is explicitly shown from (24) that varying inter-vehicle
distances have an effect on the frequency allocation.

The transmission rate of the vehicle k is given by

Rk =
∑
ξ

mk,ξBk,ξ log2

(
1 +

γk,ξ (fk,ξ)

σ̄2

)
, (25)

where mk,ξ is the binary indicator, Bk,ξ is the vehicle k’s ξ-
th strongest subchannel4 bandwidth with the carrier frequency
fk,ξ, γk,ξ (fk,ξ) = qk,ξG̃ (fk,ξ, θk) |~k,ξ|2 is the receive power
spectral density (PSD) with the transmit PSD qk,ξ, and σ̄2 is
the PSD of the noise. Our aim is to maximize the sum rate un-
der the user fairness concern in such a dynamic environment,
the considered problem is formulated as

max
m,B,f ,q

K∑
k=1

Rk (26)

s.t. C1 : mk,ξ ∈ {0, 1}, ∀k,∀ξ,

C2 :
K∑

k=1

mk,ξ = 1, ∀ξ,

C3 :
γk,ξ (fk,ξ)

σ̄2
≥ γ̄th, ∀k,∀ξ,

C4 :
Rk

Rk′
=

rk
rk′

, ∀k ∈ {1, · · · ,K},∀k′ ∈ {1, · · · ,K},

C5 :
K∑

k=1

∑
ξ

mk,ξBk,ξ ≤ Btotal,

C6 :
∩
k,ξ

{
f

∣∣∣∣f ∈
[
fk,ξ −

Bk,ξ

2
, fk,ξ +

Bk,ξ

2

]}
= ∅,

C7 :

∥∥∥∥γk,ξ (fk,ξ − Bk,ξ

2

)
|dB − γk,ξ

(
fk,ξ +

Bk,ξ

2

)
|dB

∥∥∥∥ ≤ ε,

C8 : Dk,k−1 ≥ Dsafety, ∀k,

4Here, a strong subchannel means that given the same transmit power, high
spectral efficiency can be achieved by using such a subchannel.

C9 :
K∑

k=1

∑
ξ

mk,ξBk,ξqk,ξ ≤ qtotal,

C10 : Bk,ξ ≥ 0, qk,ξ ≥ 0, ∀k,∀ξ,

where m = [mk,ξ], B = [Bk,ξ], f = [fk,ξ], q = [qk,ξ]. Con-
straints C1 and C2 guarantee that each subchannel is solely
allocated, in order to avoid the co-channel interference be-
tween vehicles; C3 ensures that the minimum QoS is met with
the threshold γ̄th; C4 describes the rate fairness concern with
the pre-set values {rk}Kk=1, thus the expected Jain’s fairness

index is
(

K∑
k=1

rk

)2

/

(
K

K∑
k=1

r2k

)
and the perceived fairness

expected by the vehicle k is Θ̄k = rk
K∑

k=1

rk/
K∑

k=1

r2k [41];

C5 illustrates the total available bandwidth Btotal; C6 and
C7 define the THz subchannel, namely no overlap between
subchannels and the RSS difference below a small value ε
in the frequencies of a subchannel; C8 indicates the spatial-
spectral coupling effect given a safe distance Dsafety in light
of (24); C9 is the power consumption limitation; C10 ensures
that Bk,ξ and qk,ξ are non-negative values.

Problem (26) is combinatorial and the feasible set is non-
convex, which is challenging to solve in the THz V2I com-
munications with much lower latency. Therefore, we develop
an efficient suboptimal algorithm with low-complexity. To
this end, we first study the subproblem involving subchannel
allocation based on (26), which is as follows:

max
m,B,f

K∑
k=1

Rk (27)

s.t. C1, C2, C3, C4, C5, C6, C7, C8,

Bk,ξ ≥ 0, ∀k,∀ξ.

The optimal solution of problem (27) is hard to find, due to the
fact that the antenna gain of the leaky-wave antenna cannot be
explicitly computed. We realize that each vehicle leverages at
least one subchannel for information transmissions in practice,
namely mk,1 = 1,∀k. Therefore, with the help of algorithm
1 in [31] 5, we can first obtain each vehicle’s strongest
subchannel {B∗

k,1, f
∗
k,1} based on the estimated propagation

angle and the channel power gain at the initial stage. Then,
the transmission rate Rk of each vehicle is calculated and the
vehicle k’s perceived fairness is calculated as [41]

Θk = Rk

K∑
k=1

Rk/
K∑

k=1

R2
k. (28)

To satisfy the user fairness constraint C4, the most discrim-
inated vehicle with the minimum value of {Θk − Θ̄k} is
chosen to add a new subchannel based on algorithm 1 in [31].
Moreover, the newly added subchannel’s frequencies also have
to meet the constraint C8 in light of safe driving and co-
channel interference avoidance, i.e., the value of the guard
band between a vehicle and its neighboring vehicle should

5In [31], subchannel allocation for rate maximization under the constraints
C3 and C5-C7 has been addressed in the point-to-point system with a leaky-
wave antenna.
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always be non-negative, which can be measured by

Bk−1,1:ξ +Bk,1:ξ−

≤ fco

sin θ̂k−1
− d̂kfco√(

d̂k
)2

−
(
d̂k−1 cos θ̂k−1 −Dsafety

)2

(29)

where Bk−1,1:ξ is part of the vehicle k− 1’s frequency band
below fmax

(
θ̂k−1

)
, ξ denotes the number of subchannels

below fmax
(
θ̂k−1

)
, and Bk,1:ξ− is part of the vehicle k’s fre-

quency band above fmax
(
θ̂k
)

(fmax
(
θ̂k−1

)
> fmax

(
θ̂k
)

),

ξ− denotes the number of subchannels above fmax
(
θ̂k
)

,
Bk−1,1:ξ and Bk,1:ξ− are calculated as

Bk−1,1:ξ =
B∗

k−1,1

2
+ fmax

(
θ̂k−1

)
− f∗k−1,1 +

ξ∑
ξ=2

B∗
k−1,ξ,

(30)

Bk,1:ξ− =
B∗

k,1

2
+ f∗k,1 − fmax

(
θ̂k
)
+

ξ−∑
ξ=2

B∗
k,ξ. (31)

The selected subchannel that satisfies (29) is added by the
most discriminated vehicle, then it updates its transmission
rate given by (25) and perceived fairness value given by (28).
As such, the subchannels is iteratively allocated until the Jain’s
fairness index is unchanged (each vehicle’s perceived fairness
is stable), which is summarized as follows:

Stage 1: Given the equal power allocation, each vehicle’s
strongest subchannel {B∗

k,1, f
∗
k,1} (mk,1 = 1, k = 1, · · · ,K)

is determined by using the algorithm 1 in [31], and each
vehicle’s transmission rate and perceived fairness given by (28)
are calculated accordingly.

Stage 2: Repeat
a) Select the most discriminated vehicle that has the
minimum value of {Θk−Θ̄k}. Then, the selected vehicle
adds a new subchannel based on the algorithm 1 in [31],
which also needs to meet the condition (29), otherwise
there is no additional subchannel that can be allocated
to the selected vehicle and it will be excluded from
subchannel allocation in the following iterations;
b) Update the selected vehicle’s transmission rate and
perceived fairness.

Until convergence (Jain’s fairness index becomes sta-
ble), and obtain the corresponding subchannel allocation
{m∗

k,ξ, B
∗
k,ξ, f

∗
k,ξ}.

After fixing the subchannels based on the proposed method,
we proceed to study the subproblem involving power alloca-
tion based on (26), i.e.,

max
q

K∑
k=1

Rk (32)

s.t. C3, C9,

C4 : r1Rk − rkR1 = 0, ∀k = 2, · · · ,K,
qk,ξ ≥ 0, ∀k,∀ξ.

The problem (35) can be referred to as the maximization for
the weighted sum of spectral efficiency mentioned in [42, 43].
However, the issue is that the user fairness constraint C4 has
the difference of convex form. To quickly tackle this issue, we
adopt the convex-concave procedure, which transforms C4 as

r1Rk − rkR1|q1,ξ=qpr1,ξ
− rk

∑
ξ

∂R1

∂q1,ξ
|q1,ξ=qpr1,ξ

(
q1,ξ − qpr1,ξ

)
≥ 0,

(33)

and

rkR1 − r1Rk|qk,ξ=qprk,ξ
− r1

∑
ξ

∂Rk

∂qk,ξ
|qk,ξ=qprk,ξ

(
qk,ξ − qprk,ξ

)
≥ 0,

(34)

where qpr1,ξ is the optimal value at the last iteration. As such,
we solve the problem (35) in an iterative manner, i.e., in each
iteration, we address the problem as follows:

max
q

K∑
k=1

Rk (35)

s.t. C3, C9,

C̃4 : (33), (34), ∀k = 2, · · · ,K,
qk,ξ ≥ 0, ∀k,∀ξ.

Problem (35) is convex and can be efficiently solved by
CVX [44].

Remark 3: Given the rapid fluctuation and ultra-low co-
herence time of the THz V2I channel, we focus on a low-
complexity approach to address the problem (26). Specifically,
the optimal subchannel allocation {m∗

k,ξ, B
∗
k,ξ, f

∗
k,ξ} is deter-

mined by solving (27) under the equal power allocation. Based
on {m∗

k,ξ, B
∗
k,ξ, f

∗
k,ξ}, the corresponding power allocation

{q∗k,ξ} is obtained by solving (35). As such, we obtain the
desired solution {m∗

k,ξ, B
∗
k,ξ, f

∗
k,ξ, q

∗
k,ξ} of the problem (26).

Another benefit of the proposed design is that it is easy to
tune the subchannel number of each vehicle for meeting the
peak-to-average power ratio constraint [45].

The convergence of the proposed resource allocation so-
lution is guaranteed since the subchannel allocation is based
on the vehicle’s perceived fairness order with a complexity
ordered by O (N) and the power allocation corresponds to
the transformed convex problem that can be efficiently solved
by CVX, hence the proposed solution provides an acceptable
complexity.

V. SIMULATION RESULTS

This section provides numerical results to confirm the
efficiency of the proposed tracking design in Section III and
information transmission design with user fairness awareness
in Section IV. In the simulations, the leaky-wave antenna’s
parameters include the aperture length ℓ = 0.045m and
the inter-plate distance L = 3.5mm. The observation time
interval ∆T = 20ms. The vehicle’s acceleration remains
constant within one observation time interval and changes
following the Gaussian distribution with the mean aE and
the variance 9 × 10−4 (namely a ∼ N

(
aE, 9× 10−4

)
) in

the next observation time. The free-space path loss (FSPL)
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model is utilized since it can well predict the channel of LoS
THz link for low range transmissions [10, 46]. The variances
of the process noises in the state evolution model (8) are
σ2
v = 1 × 10−2, σ2

θ = 4 × 10−4 and σ2
d = 2.5 × 10−3,

respectively, and the variances of the noises in the observation
model are σ2

y = 9 × 10−2 and σ2
τ = 4 × 10−20, respectively.

The other simulation parameters are detailed in the following
simulation results.

A. Performance of the Proposed Tracking Solution

In the simulations, the transmit power is p = 30dBm, the
leaky-wave antenna’s attenuation coefficient is α = 90rad/m,
the minimum communication distance between a vehicle and
the RSU is h = 5m. Without loss of generality, we provide
an example of tracking one vehicle. The initial states of
the considered vehicle include the velocity v◦ = 20m/s, the
direction θ◦ = 5◦ and thus the initial communication distance
d◦ = h/ sin θ◦ = 57.36m.
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Fig. 2. Velocity estimates versus true values.

Fig. 2 shows the velocity estimates for different mean values
of the acceleration. The proposed tracking solution can keep an
accurate estimation of the vehicle’s driving speed during the
acceleration phase, and different levels of acceleration have
minimal effect on the velocity tracking. One big reason is that
the proposed tracking solution with the leaky-wave antenna is
non-coherent and the Doppler effects caused by high mobility
can be mitigated.

Fig. 3 shows the propagation angle estimates for different
mean values of the acceleration. The proposed tracking solu-
tion can estimate the propagation angle with high accuracy.
Although the propagation angle changes fast at high speed, its
effect on the tracking performance is limited. We see that the
proposed tracking solution performs well for different levels
of acceleration. The reason is that the leaky-wave antenna’s
spatial-spectral coupling feature enables that the angle can be
well identified by only measuring the RSS.

Fig. 4 shows the V2I communication distance estimates
for different mean values of the acceleration. Based on our
tracking design, the V2I communication distance is well
evaluated. Again, we see that different levels of acceleration

20 400 800 1200 1600 2000 2300
Time (ms)

5

25

45

65

85
90

A
ng

le
 (

de
gr

ee
)

Proposed tracking solution
True values

1900 1902
22.8

23

23.2
a

E
=5m/s2

a
E

=2m/s2

Fig. 3. Propagation angle estimates versus true values.
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Fig. 4. V2I communication distance estimates versus true values.

have negligible effects on the communication distance tracking
performance, thanks to our non-coherent tracking design with
THz transmission in a nano-second time scale.

B. Comparisons with Cramer-Rao Lower Bound (CRLB)

In this subsection, we investigate the performance behaviors
of the proposed tracking solution and Cramer-Rao lower bound
(CRLB) in terms of the root mean square error (RMSE), to
further demonstrate the efficiency of our tracking design. It is
known that CRLB is the lower bound on the mean square error
(MSE) of any unbiased estimator and can be easily obtained
by following the approach mentioned in [34, Appendix 3B].
In the simulations, the root of the CRLB is the benchmark, the
acceleration’s mean is assumed to be aE = 5m/s2 and other
basic simulation parameters are the same as those mentioned
in subsection V-A.

Fig. 5(a) shows the RMSE of the estimated velocity
achieved by the proposed tracking solution and the CRLB.
We first see that slightly increasing the leaky-wave antenna’s
attenuation coefficient can reduce the estimation error. The
reason is that the receive signal power is enhanced and thus the
adverse effect of the noise in the RSS observation becomes less
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Fig. 5. The root mean square error (RMSE) for estimating the velocity.

severe. Although the CRLB gives the lowest level of RMSE in
this case, the proposed tracking solution still performs a much
lower level of RMSE when noting that the vehicle’s initial
velocity is v◦ = 20m/s and its velocity can be above v◦ =
30m/s after acceleration as seen in Fig. 2. The performance
gap between the proposed tracking solution and the CRLB
increases over the time. This is because that the proposed
tracking design relies on the prior state information, but the
vehicle’s states change much faster between two consecutive
observations when its velocity is higher, which makes the
state and observation predictions less accurate based on the
prior state information. To improve the estimation accuracy
in the scenario with significantly high mobility, increasing
tracking frequency (shorter observation time interval) may be
required, however, the tradeoff between tracking frequency
and system overhead needs to be balanced in practice. The
proposed tracking solution substantially outperforms the EKF-
based counterpart shown in Fig. 5(b) since the system is highly
non-linear.

Fig. 6(a) shows the RMSE of the estimated propagation
angle achieved by the proposed tracking solution and the
CRLB. By exploiting the leaky-wave antenna’s spatial-spectral
coupling effects, the performance of our tracking design is
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Fig. 6. The root mean square error (RMSE) for estimating the propagation
angle.

close to the CRLB when the vehicle’s velocity is below a
critical value. Another reason is that the Doppler effect caused
by mobility is irrelevant to the estimation in our tracking
solution since the Doppler shift observation is unnecessary.
The estimation error decreases when slightly increasing the
leaky-wave antenna’s attenuation coefficient because of the
stronger received signal power. As mentioned before, higher
mobility leads to the rapid variations of the vehicle’s states,
which deteriorate the state and observation predictions. It is
shown in Fig. 6(b) that the EKF-based solution is much more
sensitive to the high mobility and has larger RMSE than our
tracking solution.

Fig. 7(a) shows the RMSE of the estimated V2I commu-
nication distance achieved by the proposed tracking solution
and the CRLB. The performance gap between the proposed
tracking solution and the CRLB is marginal. Again, we see
that slightly increasing the leaky-wave antenna’s attenuation
coefficient improves the estimation accuracy. As seen in
Fig. 7(b), the EKF-based solution has less estimation accuracy
compared with the proposed tracking solution.
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communication distance.
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Fig. 8. An illustration of three vehicles connected to the RSU.

C. Transmission Design with User Fairness Awareness

In this subsection, we investigate the performance of the
proposed transmission design with user fairness awareness in
the multi-vehicle scenarios. The RSS-based subchannel allo-
cation with equal transmit PSD is considered as the baseline
algorithm, where a vehicle is selected to use a subchannel
if it has the highest RSS in this subchannel, and thus more
subchannels are allocated to the vehicles with better channel
conditions and larger antenna gains. In the simulations, we

TABLE I
SIMULATION PARAMETERS

Equal transmit PSD q = −71.76dBm/Hz
Noise’s PSD σ̄2 = −174dBm/Hz
Threshold for the minimum QoS γ̄th = −7.5dB
RSS gap in the frequencies of a subchannel below ε ε = 0.1dB
Total transmit power qtotal = q ∗Btotal

consider that the RSU is connected to three vehicles located
in the same lane as shown in Fig. 8, where vehicle 1’s
initial states include the velocity v1,◦ = 20m/s, the direction
θ1,◦ = 6.2◦ and the mean of its acceleration a1,E = 4.5m/s2;
vehicle 2’s initial states include the velocity v2,◦ = 20m/s,
the direction θ2,◦ = 5.6◦ and the mean of its acceleration
a2,E = 4m/s2; and vehicle 3’s initial states include the velocity
v3,◦ = 20m/s, the direction θ3,◦ = 5◦ and the mean of
its acceleration a3,E = 3.5m/s2. The leaky-wave antenna’s
attenuation coefficient is α = 90rad/m and other parameters
are shown in Table I.
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Fig. 9. The root mean square error (RMSE) for estimating the inter-vehicle
distance with the transmit power p = 30dBm and h = 5m.

Fig. 9 shows the root mean square error (RMSE) for
estimating the inter-vehicle distance. The inter-vehicle distance
needs to be well estimated because it not only plays a key role
in the ITS systems [5] but also has an impact on the frequency
allocation as indicated from (24). It is seen that by using our
tracking design, the estimation error is minimal and increases
slowly during the acceleration phase. Since vehicle 1 and
vehicle 2 move faster than vehicle 3, the error of estimating
the distance between vehicle 1 and vehicle 2 is larger than
that between vehicle 2 and vehicle 3, and the error is further
enlarged by estimating the longer distance between vehicle 1
and vehicle 3.

Fig. 10 shows the performance for the average sum rate
and Jain’s fairness index versus the minimum communication
distance with different expected values of the Jain’s fair-
ness index. In Fig. 10(a), we see that the proposed solution
outperforms the RSS-based subchannel allocation with equal
transmit PSD and the performance gap increases when the
minimum communication distance grows large. The perfor-
mance gap is not significant when the minimum communica-
tion distance is very small (e.g., 3m in Fig. 10), due to the fact
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Fig. 10. The performance for average sum rate and Jain’s fairness index
versus the minimum communication distance with the total available band-
width Btotal = 15GHz, safe distance Dsafety = 5m and other simulation
parameters in Table I.

that the vehicles closest to the RSU play a dominate role in the
average sum rate. Since vehicle 1 and vehicle 2 are closer to
the RSU than vehicle 3 (better channel conditions), the average
sum rate is improved as more subchannels and transmit power
are allocated to the vehicle 1 and vehicle 26. The performance
gap becomes insignificant for different pre-set Jain’s fairness
index values when the minimum communication distance is
large because there are not many available radio resources
that can meet the QoS requirement; In Fig. 10(b), we see that
the expected Jain’s fairness index can be fulfilled by using our
solution, and the baseline algorithm achieves the lowest level
of Jain’s fairness index since most of subchannels are allocated
to the vehicles with better channel conditions. Moreover, it is
shown that there is indeed a tradeoff between the average sum
rate and user fairness, i.e., higher average sum rate results in
the loss of user fairness7. An interesting phenomenon for the
baseline algorithm is that Jain’s fairness index is improved

6In the simulation results, larger rk means that the k-th user requires higher
transmission rate, namely more radio resources.

7In the simulation results, larger rk means that the k-th user requires more
radio resources, but reduces the Jain’s fairness index.

when increasing the minimum communication distance, due
to the decreasing transmission rate gap between vehicles.
Therefore, it is confirmed from Figs. 10(a) and 10(b) that
the proposed solution is highly efficient and can well strike
a balance between the average sum rate and user fairness for
different values of the minimum communication distance.
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Fig. 11. The performance for average sum rate and Jain’s fairness index
versus the safe distance between vehicles with the total available bandwidth
Btotal = 10GHz, h = 5m and other simulation parameters in Table I.

Fig. 11 shows the performance for the average sum rate and
Jain’s fairness index versus the safe distance with different
expected values of the Jain’s fairness index. In Fig. 11(a),
the proposed solution achieves higher average sum rate than
the baseline algorithm. The average sum rate is enhanced
when increasing the safe distance, due to the fact that more
non-overlapping bandwidths between vehicles can be used as
indicated in (29), which also explains that the average sum
rate is greatly improved by allocating more radio resources
to the vehicle 1 and vehicle 2; In Fig. 11(b), we see that
by using the proposed solution, the expected Jain’s fairness
index is guaranteed for different safe distance values and the
baseline algorithm keeps a much lower level of user fairness.
Therefore, Figs. 11(a) and 11(b) demonstrate the efficiency
of the proposed solution, which can well strike a balance
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between the average sum rate and user fairness for different
safe distance values.

Fig. 12 shows the performance for the average sum rate
and Jain’s fairness index versus the total available bandwidth
with different expected values of the Jain’s fairness index. In
Fig. 12(a), it is obviously seen that the proposed solution
performs better than the baseline algorithm and increasing
the total available bandwidth brings in a large increase in the
average sum rate. When the total available bandwidth is large
enough (above 16 GHz in this figure), the average sum rate
can increase more rapidly if more bandwidths are allocated to
the vehicle 1 and vehicle 2 with better channel conditions
(e.g., r1; r2; r3 = 2; 6; 1 in this figure); In Fig. 12(b), the
proposed solution can ensure that the expected user fairness
is kept and achieves higher level of user fairness than the
baseline algorithm. Lowering the rate gap can improve the user
fairness, which needs to be appropriately determined in prac-
tice. It is noted that increasing the total available bandwidth
significantly harms the performance of the baseline algorithm,
because more bandwidths are allocated to the vehicles with
better channel conditions. Therefore, Figs. 12(a) and 12(b)
demonstrate the efficiency of the proposed solution, which can
well strike a balance between the average sum rate and user
fairness for different values of the total available bandwidth.

VI. CONCLUSIONS AND FUTURE WORK

In the multi-vehicle THz V2I networks, vehicle tracking
and transmission design play a key role in the intelligent V2X
communications. With the assistance of the angle-frequency
coupling of leaky-wave antenna, we designed an UKF-based
tracking solution to estimate the vehicle’s velocity, direc-
tion and communication distance. Different from the existing
methods, our design did not require the measurements of
the Doppler shift. The simulation results have confirmed the
efficiency of the proposed tracking solution and shown that
our performance with moderate tracking frequency is close to
the CRLB when the vehicle’s velocity is not significantly high.
Then, we concentrated on addressing the issue of user fairness
when allocating the radio resources in the highly dynamic
THz V2I networks, which has not been investigated before.
Considering the fact that the computational complexity cannot
be high in the THz communications with ultra-low latency,
we proposed a low-complexity approach to maximize the
sum rate while guaranteeing the user fairness through proper
subchannel and power allocation. The simulation results have
confirmed that the proposed subchannel and power allocation
method can achieve higher sum rate without the loss of the
desired user fairness.

This paper has demonstrated the benefits of using leaky-
wave antennas in the multi-vehicle THz V2I networks, how-
ever, more research attention needs to be paid to considering
various scenarios. As mentioned before, the tracking frequency
should be appropriately selected to support significantly high
mobility without adding much system overhead and some
adaptive approaches may also be feasible. Although the imple-
mentation of conventional phased arrays in the THz V2I sys-
tems is challenging [25], appropriate performance comparisons
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Fig. 12. The performance for average sum rate and Jain’s fairness index
versus the total available bandwidth with h = 5m, safe distance Dsafety =
5m and other simulation parameters in Table I.

between the leaky-wave antenna and conventional phased
arrays in such mobile scenarios need to be studied. Moreover,
building the efficient multi-face leaky-wave antenna structure
is an intuitive engineering work to achieve the required propa-
gation angle coverage for a specific THz frequency bandwidth,
and selecting the optimal cutoff frequency for the TE1 mode
leaky-wave antenna may also further improve the propagation
angle coverage. Furthermore, the V2I-based tracking design
for the ITS systems such as CACC is an important area that
warrants further study.
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