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Abstract—Vehicle-to-everything communication (V2X) is re-
garded as key component in future vehicular networks and
intelligent transportation systems (ITS). V2X features are promis-
ing in terms of improving traffic safety, degrading accident
rates and offering a new level of comfort for drivers. Mixing
the evolution of V2X with the introduction of terahertz (THz)
band communication will be envisioned as a salient paradigm to
fulfill the rapid development in wireless communication. THz
communication promises extensive bandwidth and high-speed
communication links among dynamic nodes. In this respect,
this paper presents a downlink heterogeneous THz network
with Small Cell Base Station (SCBS), Vehicle User Equipments
(VUEs), Cellular User Equipment (CUE) and Roadside Unit
(RSU). We investigate the optimal power allocation and the signal
to interference noise ratio (SINR) for both VUE and CUE. We
aim at maximizing the rate for the VUE while satisfying the
Quality of Service (QoS) for the CUE. We derive a closed-form
expression for the optimal power. Based on the optimal power
allocation, we express the overall capacity and study the effect
of nodes’ location. The numerical results show the effectiveness
of THz communication in terms of data rates as well as the
performance degradation due to vehicle speed in terms of bit
error rate (BER). Moreover, we show how crucial the Direct Link
(DL) presence is between the VUEs and compare the optimal
power allocation to the equal allocation.

Index Terms—Cooperative communication, DF, HetNet, MRC,
Power optimization, Terahertz (THz), V2X.

I. INTRODUCTION

To meet the vast growth in both the amount of data broad-
band traffic due to the increased number of users and the need
for better services quality, network densification will be a key
enabler to increase the network capacity. Moving from macro-
cellular networks to small cells to ultra-dense networks and
Heterogeneous Networks (HetNets) [1], supporting 1000-fold
higher throughput; boosting the network performance [2].

Over the last few years, wireless data traffic has drastically
increased due to the ever increasing demands for high band-
width connectivity and emerging class of real-time, interactive
applications. Nearly twelve percent of global mobile traffic
will be on 5G cellular connectivity by 2022 [3] and smart-
phones will surpass 90% of mobile data traffic by the same
year [4]. To meet this tremendous demands of this data deluge,
the main objectives for future networks are [5]: 1) support
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massive amounts of connected devices, 2) extremely high data
rates per device (from multiple Gbps up to several Tbps), 3)
massive data rates per area, and 4) ultra-reliable transmission
to support various critical applications, such as cooperative
diversity.

Searching the spectrum below 6 GHz (sub-6 GHz), it is
congested and in use by existing mobile networks, broadcast-
ing, satellite communications, and WiFi [6]. Moreover, for
mmWave communication systems, such as those at 60 GHz,
they can only support data rates in the order of 10 Gbps within
one meter which is still two orders of magnitude below the
expected requirements' [7].

In its turn, THz band communication is envisioned as
a key wireless technology to satisfy these objectives, by
alleviating the spectrum scarcity and capacity limitations of
current wireless systems, and enabling various of long-awaited
applications in diverse fields with its high throughput and low
latency. The idea of introducing THz band is also a promising
candidate to offload traffic from the cellular band and offer
better services for short range communicating nodes. Not
only does the THz band offer large bandwidth, but it will
also allow very high data rates. The THz band is between
the microwaves and infrared and it spans the frequencies
between 0.1 THz and 10 THz. This band is prominent for
vehicular communication since it can support rates up to 1
Tbps in small coverage distance (< 50 m), whereas mmWave
has achievable rate greater than 1 Gbps within a range of
(< 300 m). Although there are some challenges faced in
THz band such as poor propagation characteristics, blockage,
absorption loss and spreading loss, researchers have shown
that these issues are beneficial in mitigating interference and
exhibiting dense deployment of small cells which result in
more frequency reuse and increased data security due to higher
directionality requirement [8].

According to the US Department of Transportation, vehicle
communication can save up to 1,083 lives each year in respect
to crashes at intersection and eliminate up to 592,000 accidents
involving vehicles [9]. Vehicles will be an integral part of the
modern era of communications, having potential to provide
ubiquitous connectivity, bring down the number of vehicle
crashes, assist in better traffic management, enable variety

I Targeting the data rates offered in THz band which is 1 Tbps.



of applications for road safety and passengers’ infotainment,
and offer ultra-reliable and low-latency transmissions [10].
Therefore, with the promising side of THz band, many re-
searchers want to shed light on the communication capabilities
in vehicles and transportation infrastructures based on vehicle-
to-everything (V2X) communications.

A. Related Work

THz communication is expected to play a pivotal role in
the upcoming generations of vehicular networks. Therefore,
resource management and power optimization have to be
studied carefully. The authors in [11] aimed to manage the
radio resources while meeting the requirments of VUE and
maximizing the sum rate of the CUE. However, they ignored
the Doppler effect that has a significant influence on the small-
scale fading. Taking into consideration the Doppler effect
to represent an accurate model, the authors in [12] focused
on maximizing the capacity of VUE while guaranteeing the
needs for CUEs, but they used the cellular frequency band.
Similarly, the authors in [10] assessed the existing IEEE
802.11p standard and identified the 4G LTE -capabilities
that are most promising if the perspective of 5G-enabled
vehicular communications is adopted. V2X communication
technologies evolution and an in-depth technical comparison
between 802.11 V2X and cellular V2X was made by authors
in [13]. The authors in [14] investigated the impact of weather
conditions on mmWave communication and made a study
to reveal new insights on mmWave-based V2V communica-
tion. The authors in [15] motivated the use of mmWave in
V2X communications for its sufficient link quality providing
gigabit-per-second data rates with reduced control overhead.
In [16], the authors introduced an optimal blind interference
alignment scheme for inband vehicular networks, trying to
improve the sum rate performance in the finite signal to noise
ratio (SNR) regime. With the aim to support both high data rate
and extended coverage, the authors in [17] proposed a hybrid
IoT network that can dynamically switch between mmWave
and THz links to ensure reliable and ultra-fast data connection.
Also, a closed-form expression of the interference in THz
networks was derived and the coverage probability of THz was
evaluated. The authors in [18] proposed an Unmanned Aerial
Vehicle (UAV) assisted mobile communication system in THz
band with the aim of minimizing the outage probability for
optimized power allocation. However, they did not consider
the existence of DL communication or even compare the
performance with and without the DL and they ignored the
mobility. Considering a heterogeneous network environment,
the authors in [19] addressed the joint power control and
spectrum sharing resources problem for V2X communications
based on Long Term Evolution unlicensed (LTE-U) spectrum.
Besides, their objective was to maximize the total throughput
of CUEs and VUEs while guaranteeing the QoS demands of
VUEs. Moreover, the authors in [20] aggregated both the LTE-
V and 5G new radio (NR) V2X technology to manage various
radio resources to satisfy different user’s QoS in heterogeneous
vehicle networks.

B. Contributions

To the best of our knowledge, there is no in-depth study for
the power optimization in a heterogeneous vehicular network
with cellular network in THz band. The main contributions of
this paper can be summarized as follows:

« We presented a heterogeneous network with VUEs, RSU
and CUEs operating in the THz band and a SCBS
which assists the short range communication while being
connected to a Macro Cell Base Station (MCBS) in the
cellular band. The model used illustrates the V2V and
V2I communication groups.

e The QoS for the CUE is guaranteed by considering a
certain threshold that should be met even after introducing
the VUEs in the same frequency band.

¢ Depending on the location of the VUE transmitter and
the CUE, we studied the power allocation for the system.
Also, the overall system capacity is evaluated.

« We obtained the optimum power for the VUE, RSU and
SCBS that maximizes the rate of the VUE and offered a
closed-form expressions.

II. SYSTEM AND CHANNEL MODELS
A. System Model

Consider a downlink heterogeneous THz network with a
MCBS for wide-area coverage and a SCBS which is placed
at the center of a small cell with a certain radius coverage as
shown in Fig. 1. The MCBS uses cellular network frequency
band in order to offer wider coverage and serve the far
away nodes. On the other hand, the SCBS works in the THz
frequency band offering higher-speed services with higher
capacity than cellular band but with smaller coverage range.
Accordingly, the cross-tier interference can be ignored due
to the usage of different bands. In addition, the intra-tier
interference between SCBSs in other cells can be neglected
due the to huge losses in THz channel characteristics.

The model considers two groups, V2V and V2I. V2V group
is presented as two vehicle users aiming to share information
together, where VUE); is the vehicle transmitter (Tx) and
VU E}, is the vehicle receiver (Rx). Both vehicles are moving
with the same speed and in the same direction. For the V2I
group, there is a roadside unit (RSU) that carries out its main
duty as a decode and forward (DF) relay providing ultra-
broadband connectivity.

Moreover, in this single cell, multi-user downlink scenario,
the two VUEs are communicating together through the inter-
mediate RSU and directly since the line of sight (LOS) is
applicable. The THz frequency band is used for the VUEs,
RSU and CUE. Also, the CUE is served by the SCBS. The
SCBS is connected to the MCBS through a cellular frequency
band.

A receive diversity system is adopted where the VU E}, is
able to receive its signal through the direct link (from VUE;
to VUE}) and from the RSU. Maximal Ratio Combining
(MRC) technique is chosen to offer high performance with
simultaneous received signals processing.
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Fig. 1: Downlink HetNet vehicular network in THz band.

This model is close to an urban environment with houses
closer to the curb and other significant factors that may block
the LOS between the Tx and Rx. The inter-site distance
between a Tx and a Rx in this model is preferred not to
exceed 50 m since it was found in [21] that at distances equal
to 50 m, the maximum transmittance possible is 55% and
that can be observed at a certain frequency of 0.8474 THz.
For that reason, we considered using this frequency to gain
the maximum transmittance possible in case of longer ranges.
Also, the bandwidth available at that frequency is around 142
GHz [5].

B. THz Radio Channel Model

The propagation channel can be categorized by a combina-
tion of three main effects: path loss, shadowing loss and fading
loss. The large scale propagation model is characterized by the
first two effects, while the third effect is connected with the
small scale propagation model.

Path loss includes the propagation losses which are classi-
fied as the sum of two individual losses, namely, the typical
spread loss and the absorption loss due to the molecular ab-
sorption, that is mainly caused by the water vapour molecules
in the atmosphere.

The large-scale fading is given by the effective omnidirec-
tional path loss PL.¢s which combines the path loss and the
shadow fading (SF) [22], [23], [24]. This PL.yy is given by:

Amfe

PLcs¢(d)[dB] = 20log,, (c) + 107 1ogo(d)

+10k(f)dlog,ye + X(0,0)

D

where n is the path loss exponent (PLE), c is the speed of
light, x(f) is frequency-dependent absorption coefficient and
X is the log-normal random SF variable with zero mean and
standard deviation o.

BS

Due to the mobility in the model, the phase (V) consists
of the distance-dependent phase change () and the velocity-
induced Doppler shift (Jp) which influences the small scale
fading. This phase is given by:

U=w+dp 2
U =27 (f. -7+ fp - At) (2a)
U= 2r (fcr e RO '§08(¢) At) (2b)

where A = ¢/f. is the wavelength, ¢ = 3 x 108 m/s is the
speed of light, vp, is the user speed and fp is the Doppler
frequency which is positive when the user is moving towards
the source and negative when moving away from it.

For short inter-site distance of THz communicating nodes,
the communication relies heavily on the availability of LOS
links due to poor propagation characteristics of the non line
of sight (NLOS) links [8]. The probability of having a LOS
connectivity is high according to (3) [23].

2
Probros(d) = [min (il?, 1) (1 — e‘%) + 6—7(11} ~1
3)

Hence, the THz channel model can be expressed as:

1
VPLess(d)

where PL.s¢(d) is given by (1).

b= . ej27r\I/ 4)

III. SINR EVALUATION

With a direct LOS connection between the two VUEs, a
RSU that carry out DF relaying protocol and a SCBS serving
the CUE, the SINR at different nodes will be evaluated in this
section. Starting with the SINR at the CUE, it is given as:

Pscps - |hscs,cuE ?

YCUE =
Prsy - |hRSU,CUE|2 + Pyug, - VWUE,i,CUE\2 + gz

where hSCBS,CUEa hRSU,CUE and hVUE,-,CUE are the THz
channels from SCBS to CUE, from RSU to CUE and from
VUE,; to CUE, respectively. Moreover, Pscps is the power
of the SCBS, Prgsy is the power for the RSU and Py yg, is
the power of VU E;. The additive noise variance at the CUE
is denoted by o2,

The SINR for the CUE must be greater than a certain
threshold T'y,;,. The threshold is chosen to satisfy the QoS
of the CUE so that:

(6)

’?CUE > Fmin

Thus, the power of the SCBS can be written as:
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Since the RSU uses DF relaying protocol, the signal re-
ceived at RSU and VU E}, for the two links (from VUE; to
RSU and from RSU to VU E},) can be written respectively as:

_ Pyyg, - |hVUEi,RSU|2
- -

®)

1

. Prsu-lhmsvvus|’
V2

€))

- 2
Pscps - |hses,vuE,|” + o2

where hyyg, rsu is the channel from VUE; to RSU,
hrsuvuE, 1s the channel from the RSU to VUE, and
hsces,vuE, is the channel from SCBS to VUE}.

The usage of THz band has an influence on the formulation
of SINR expressions. This can be noticed in (8) where there
is no interference from the SCBS on the RSU due to the poor
propagation characteristics and short coverage ranges of THz
links.

By comparing the expressions of 4; and 4, it can be noticed
that 45 is lower than #; since there is an interference from
the SCBS on VUE}, and the channel gain hgcpsvuE, 1S
high due to the close separation between SCBS and VU Ej.
Besides, the channel gains hyyg, rsu and hrsuvurg, are
almost equal and the power of SCBS is high for the threshold
chosen to fulfil the CUE’s QoS. Therefore, 4 is always lower
and the DF relayed link can be now written as:

WuE, = min (31,52) = 32 (10)

Substituting the equality of (7) in (10) gives the expression

for Ayu g, as:

WUE, = , ,
Prsv - |hrsuvue,|” - |hsces,cuE]

{ Prsu - |hsopsyue’ - |hrsv.cus)’ 'Fmin>
+(Pvug, - |hVUEi,CUE|2 . |hSCBS,VUEk|2 Trin

+ |hSCBS,VUEk|2 “I'iin - 02) + ( hscps.cus)’ '02) }
(I1)

As shown in Fig. 1, there is no obstruction between VU E;
and VU E},. Accordingly, the direct LOS component is present
and the SINR for this DL can be expressed as:

Pyyg, - |hWwuE, vuE, |2

WhE, = (12)

2
hscpsvug,|” + 02

Pscps -

Substituting the equality of (7) in (12), the direct link can
be rewritten as:

DL _
WUE, = ) )
Pyug, - |hvue,VUEL|” - |hscrs,cusl

{ Prsu - |hsessvue|” - |brsucuel® 'Fmin)
+(Pvug, - |hVUEi,CUE|2 . |hSCBS,VUE‘k|2 I'imin

+ (|hsessvum|® - Tmin - 02) + (

2 2
hscBs,cur| 'U)

(}3)

The receiving vehicle (VUE}) uses MRC to combine
the received data from the RSU and from VUE; for joint
decoding. Hence, the instantaneous SINR at VUE}, is given
by:

o, =WUuE, + 1Wis, (14)

MRC

where 4y, is the SINR for the relayed link and vP5 s
the SINR for the DL between VUE; and VUE,. '

For the system model shown in Fig. 1, the overall system
data rate can be expressed as:

Riot = Rocve + Rvug, (15)

MRC

where Roy g is the data rate for the CUE and Ry g, is the

rate for VU E}. From (14), it is noticed that theMnI:)crmalized
data rate at VU E), can be described as:

Ryuk, = Rvue, + RUUs, (16)

MRC

where Ryug,

= logy(1 + jvum,) and Ryfp =
log, (1 + 7\9(513,}

IV. OPTIMIZATION PROBLEM DERIVATION

While satisfying the SINR threshold for the CUE, we need
to optimize the powers for the RSU, VU E; and SCBS which
are constrained to:

Pscps + Prsu + Pvue, = Puax (17)
where Pys4x is the max power budget for the system.

The optimization problem targets the maximization of the
VUE) data rate in (16), which can be mathematically de-
scribed after applying the logarithmic property: log, u +
log, v = log, (uv) as:

maximize {log, [(1+4vue,)  (1+Whe)]}  (18)

Prsu,PvuEg;



s.t: {PRSU . (1 +

|hrsu,cuE * - Drnin
|hscps,cuE ?

h d 2. I'min
+PVUE7; 1+ | VUE“CUE| ) }
|hscBs,cuEl
0% I'min
= Prax =2
|h’SCBS,CUE‘

(18a)

Pscps >0, Prsy > 0, Pyyg, >0 (18b)
,AYCUE Z 1—‘min (]80)

It is noted that (18a) is obtained by substituting the equality
of (7) in (17). We use Lagrangian method to solve the opti-
mization. Introducing the non-negative Lagrange multiplier A,
we can write the Lagrangian function (F') associated with the
problem in (18), after relaxing the power constraint (18a) as:

F =log, [1+A4vuEe,) 1+ 7\95&-)]

TABLE I: System Parameters

Parameters Values
Carrier frequency fc 0.8474 THz
Bandwidth (BW) 2 GHz
Min SINR Threshold for CUE (I'y,in) 10 dB
Shadow fading X (u, o) (0,7) dB
Vehicle User Speed (vrx ) (Urban) 30 Km/h
Noise Spectral Density -174 dBm/Hz
Small BS cell radius 20m
Path-loss exponent n. [25] 2
Pyrax 10 W
Noise variance o2 -10 dBm

From (18a) and (20), the power of the transmitti%g vehicle
P, .

P,
(Pvug;) can be described as: Pyyp, = — — 2" RSU

T
which can be then substituted in (24) and simplified to reach:

bl

N-Piqy+M-Prsy +W =0 (25)

19
—A[Z - Prsu +T - Pyug, — P (19)
where,
where,
h % Twin B 72
Z:1+|RSU,CUE\ : N:ACEZ
|hscBs,cuEl T
o1 vus.cusl Tun " M=|(A-B-C-P)~(E-B*-P)~(E-B-A-F)
lhscps.cusl’ (20) _(E-B-C-Z-P N A-C2.Z-P
02 : I-_‘min T T
Py =Pyax ——— 2.E-B-C-Z-P, 2-A-C*.Z-P,
|hscps,cuEl + _
T T
2-A-C-E-Z-P,
To get the optimal power, i.e., Prsy and Pyyg,, we take - T ‘Y+(E-B-D-2)
the partial derivative of F' with respect to each power and —(2-A-D-C-Z2)—(2-A-D-E-2)
equate to zero as shown at the top of the next page in (21) E-D.C-72
and (22). +( T )+(A-B~D-T)
Solving (21) and (22) for A, then multiplying both sides by
Q = (B Pgrsu + C - Pyyg, + D) and simplifying, we get: —~(2-E-B-D-Z)+(4-D-C- Z)}
W A.C?.P? _ E-B-C-P? n A-C-E-P?
B T T T

{(Pasu - Pvug)-[(A-B-C-T)+ (47 )
—(E-T-B2)—(E.B~T-A)—(E-B-C.Z)]}

+{(P3UE1_)- [(A-T-02)+(A-C.T.E)
_(E.B.C.T)H

—{(P,%SU). {(E.Z-BQ)JF(A.B.E.Z)
—(A-B-C-Z)}}

+{(PVUE,i)~ [(2-A-D-C-T)+(A~D-T-E)

{

—(E-B-D-P)+(2-A-D-C-P)+(A-D-E-P)
—(W>+(A-D2~T)—(E~D2~Z)

T
(26)
The solution for this quadratic equation to get the optimal
power for the RSU is expressed as:

—E+E2 49 x
21

Finally, we can get the optimal powers for VUFE; and
SCBS from (17) and (18a) while satisfying (18b).

Phoy = 27)
f(E-D«C’-Z)f(E-B~T~D)}}

+{(Prsv) - [(4-B-D-T)+(4-D-C2)
—(A-E-D-Z)—(z-E-B-D-Z)]}

+[(A-T-D2)—(E-Z~D2)} —0

V. NUMERICAL RESULTS AND DISCUSSION

In this section, the performance of the system is measured
in terms of data rate and BER. The system is simulated and
data is transmitted from VUE,; and detected at VUE} in
presence of the interference from SCBS. Then the BER of
the detected data is evaluated. The effect of different factors

(24)
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2 2
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Fig. 2: Power allocation for different CUE location.

such as speed and node location on the system performance
and power allocation is studied. The parameters used in the
simulations are shown in Table I.

Fig. 2 shows the power versus the location of the CUE
relative to other nodes. The coordinate of the SCBS is at
(39,19). Therefore, it can be seen that the minimum power
for the downlink transmission by the SCBS is at x-position
= 39. The reason for this is that the CUE is at the nearest
location to the SCBS, thus the minimum power is allocated
for the SCBS to satisfy the CUE’s QoS. The rest of power
is allocated to the RSU and the VUE;. In this case, more
power is allocated to RSU because it is closer to the VU E},
than VU E;. Moreover, the results show that when the CUE
is positioned at 48.5 (9.5m away from the SCBS along x-
position), the power is allocated as follows: Pyyg, = 34.93

SINR Threshold of CUE(dB)
Fig. 3: System overall rate for different CUE T',,,;,.

dBm, Prsy = 11.55 dBm and Pscps = 38.37 dBm. The
Prsy decreases after 48.5m because the CUE starts to get
closer to the RSU that interferes on it degrading its QoS. Thus,
it is better to allocate more power to VU E; than RSU.

Fig. 3 represents the system overall rate using the optimal
power allocation obtained in section IV versus the SINR
threshold of the CUE. Equal power allocation is included for
comparison. In equal power allocation, the power budget is
distributed equally among the SCBS, RSU, and VUF;. The
figure shows that the optimal power allocation enhanced the
system overall rate by around 131 % when compared to the
equal power allocation scheme. The overall rate decreases as
the threshold increases because it becomes hard for the CUE
to satisfy its SINR requirements. Accordingly, the VU E; and
RSU are required to transmit their information with a low

]}—(XZ) ~ 0
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Fig. 5: Speed effect on the bit error rate in case of no direct
link between VUE; and VU E}.

power. Therefore, the rate of VU E}, decreases; reducing the
overall system rate.

Fig. 4 shows the power allocation versus the radial distance
from VUE; to VUFE). When the distance between the two
vehicles is 1m, the power needed for both the VU E; and RSU
is the minimum and most of the power is allocated to the
SCBS. Among all points for different power allocations, the
threshold T',,,;,, is satisfied for the CUE. When the separation
between the two VUEs is 10m, the power is allocated as
follows: PVUEi =10.80 dBm, PRSU =31.86 dBm and PSCBS
= 39.27 dBm.

Fig. 5 and Fig. 6 are plotted for the case if there is no
direct link between the VU F; and VU E}, due to intermediate
obstruction or blockage. Consequently, VUFE) receives its
information only through the RSU.
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Fig. 6: Data rate at VU E}, with and without DL from VUE;.

In Fig. 5, we study the effect of changing the speed of
the vehicles. The graph illustrates the BER versus the SINR
at the VU E),. The system is simulated by generating a signal
with BPSK modulation. The signal is then transmitted over
the THz channel. The AWGN and the interference are added
to the transmitted signal. On the receiving side, we examined
the detected bits to evaluate the error occurred. The results
show that the BER decreases as the SINR increases and the
increase in vehicle’s speed degrades the quality of the received
signal due to Doppler effect that affects the channel causing
channel fading. For example, at SINR of 2 dB, the BER gets
worse by around 77% if the speed increases from 10 km/h to
90 km/h.

Finally, Fig. 6 compares between the data rate at VU Ej
with and without direct link between the VUE; and VU E},.
Both data rates are plotted versus the location of the CUE.
As mentioned before, the SCBS is coordinated at (39,19), so
when the CUE is located at (39,22), the minimum power is
allocated to the SCBS and most of the power budget is given to
the RSU and VU E; that are serving the VU E},. Therefore, the
curve has peak rates at x-coordinate of 39. The rate with DL
surpasses the rate without DL by around sixfold increase.

VI. CONCLUSIONS

In this paper, we presented a heterogeneous downlink net-
work with VUEs, communicating together through the DL,
and RSU in the presence of CUE. The communication is
carried in the THz frequency band. We maximized the rate
for the VUE while maintaining the requirments for the CUE.
Power optimization problem is derived and a closed form
expression is expressed. Numerical results were presented to
show the importance of power allocation and its effect on the
system overall rate. Besides, it showed the relation between
BER and vehicle speed, the effect of distance on the power
allocation and the significance of the direct link. Finally, THz



communication shall be considered as a new frontier for future
vehicular networks.
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