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ABSTRACT Vehicle-to-vehicle (V2V) communication enhances safety by allowing moving vehicles to
exchange real-time information. However, due to dynamic environments, V2V links are vulnerable to
blockage due to obstacles. We propose the use of aerial reconfigurable intelligent surface (ARIS) mounted
on an unmanned aerial vehicle (UAV) to enhance V2V communication reliability by reflecting the signal
between moving vehicles. Then we adopt the power consumption models for multirotor UAVs, where three
flight statuses, i.e., forward flight, vertical ascent, and vertical descent, are included into the system model.
The optimization problem is formulated to maximize energy efficiency (EE) by jointly optimizing the three-
dimensional (3D) position of ARIS and the transmit power of the system, while ensuring a minimum data
rate requirement to meet quality-of-service (QoS) constraints. Due to the non-convexity of the formulated
problem, the EE optimization is solved using Dinkelbach’s iterative algorithm and interior point method.
Simulation results demonstrate that the proposed scheme outperforms benchmark methods, with optimized
hybrid ARIS yielding the highest EE compared to passive ARIS scheme.

INDEX TERMS Energy efficiency, ARIS, 3D position, transmit power, V2V communication.

I. INTRODUCTION
Vehicle-to-Everything (V2X) technology has the potential
to enhance transportation safety and efficiency, eventually
unlocking the full potential of connected and autonomous
vehicles (CAVs). Vehicle-to-vehicle (V2V) communica-
tion enhances the safety by allowing CAVs to exchange
real-time information including time-sensitive data from
vehicle sensors, which is crucial in mission-critical and
emergency applications. However, due to the dynamic
vehicular environment, the links can be blocked by obstacles
which hinder the direct line-of-sight (LoS) communication
between vehicles [1]. A potential solution is by introducing
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reconfigurable intelligent surface (RIS), a planar metasurface
composed of numerous reflecting elements. Each element
can independently control the phase shift and amplitude
of the incident signal, allowing it to be reflected toward
a desired receiver [2]. Recent studies have demonstrated
the effectiveness of RIS in vehicular environments, where
LoS links often get disrupted by high mobility and dynamic
obstacles. The authors in [3] proposed transmission protocols
and resource allocation strategies to reduce signaling over-
head and mitigate channel ageing. Similarly, [4] emphasizes
the role of meta-surfaces in supporting the development of
low-latency and energy-efficient vehicular networks.

Previous works proposed terrestrial RIS (TRIS) by placing
them on the building or along the road [2], [5]. TRIS offers
limited coverage, which poses a challenge for V2V cases.
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To support a long stretch of road, multiple TRIS units
are required, along with frequent switching between RIS
panels to maintain continuous connectivity [6]. Thus, TRIS
might not be efficient for V2V applications. Alternatively,
aerial RIS (ARIS) can be employed, where RIS is mounted
on an unmanned aerial vehicle (UAV) that follows the
vehicles to maintain a stable V2V link. The authors in [7]
conducted a preliminary case study to evaluate the potential
of ARIS for V2V and vehicle-to-infrastructure (V2I) in
fifth-generation (5G). They show ARIS offers advantages in
maximizing the achievable rate compared to TRIS.

Up to now, there has been limited literature on ARIS
within V2V context. In [8], a trajectory model was proposed
to ensure LoS communication links for a millimetre Wave
emergency vehicle. A two-stage method is proposed; in the
first stage, the optimal tube path is determined by considering
energy consumption, UAV speed constraints, and the LoS link
using dynamic programming. In stage two, the optimal ARIS
trajectory is determined, and simulation results show the
improvement in terms of energy efficiency and LoS-secured
path of ARIS. The work is extended in [9] by adding a group
of ARISs to sustain reliable LoS links with a group of ground
vehicles. Taking into account energy efficiency, constraints,
and channel gains, a consensus-based coordinating strategy
is employed to make sure all ARISs provide coverage to all
the targetted ground vehicles. Research works in [8] and [9]
focused on fixed ARIS altitude and UAV-to-vehicle (U2V)
link, where from results obtained earlier in [10], a broader
margin of rate is observed when the altitude of ARIS is
optimized as it improves the LoS due to fewer obstacles
observed and better elevation angle.

Additionally, all of the previously listed researches
consider passive ARIS [2], [5], [6], [7], [8], [9], where
the passive reflecting gains are limited and degrade with
increasing distance between the transmitter and receiver due
to the absence of amplification to sustain the channel gains.
Besides, the passive scheme often suffers a double path-
loss effect, especially when ARIS is far from the transmitter
or receiver [11]. The use of hybrid RIS has demonstrated
improvement compared to passive RIS [12]. Hybrid RIS
overcome the limitations of passive RIS, by simultaneously
enabling both reflection and amplification gains. This is
achieved through the integration of reflection-type amplifiers
with a small number of active elements. Compared to fully
active ARIS, hybrid ARIS is the preferred method due
to lower hardware cost and minimal power consumption.
However, to the author’s knowledge, the study on hybrid
ARIS for V2V communication is still an open problem.

The proposed ARIS-aided V2V system is particularly
applicable in practical vehicular environments where com-
munication links are frequently obstructed by large vehicles
or urban infrastructure and where base station (BS) or access
point (AP) coverage may be limited or entirely unavailable.
For example, in urban highways with LoS blockage, UAV-
mounted RIS can dynamically restore and enhance the V2V

link without relying on fixed infrastructure. The system can
be deployed in emergencies or temporary communication
setups. This makes it highly suitable for future intelligent
transportation systems, especially in disrupted environments
or disasters [13]. Therefore, in this work, we propose a
hybrid ARIS for V2V communication systems and formulate
an optimization problem aimed at maximizing the system’s
energy efficiency (EE). Motivated by the above concerns:

1) We consider a V2V communication scenario where
the base station is not accessible due to reasons such as
extreme path loss, severe blockage or malfunctioning and
communication is established using ARIS. Vehicle receives
data from another vehicle, and due to obstacles, there is no or
a weak direct link between them.We propose to maximize the
EE of ARIS to establish and maintain a V2V communication.
The optimization problem is formulated as a function of
transmit power and three-dimensional (3D) position of ARIS
while a practical energy model for multi-rotor UAV is
implemented, which includes three types of flight energy:
horizontal flight, vertical ascent and descent flight of UAV.

2)The formulated optimization problem is fractional and
non-convex. To solve it, we employ the Dinkelbach iterative
algorithm in conjunction with the interior-point method.

3) Simulation results demonstrate that hybrid ARIS
scheme achieves superior EE compared with other schemes.

The remainder of this paper is organized as follows.
Section II presents the system model and problem formu-
lation. In Section III, the proposed algorithms are explained
in detail, and Section IV provides the simulation results and
performance evaluation of the proposed algorithm. Finally,
the paper is concluded in Section V.

II. SYSTEM MODEL
We consider an ARIS assisted V2V communication, which
consists of a vehicle source V1, a vehicle user V2, a RIS
mounted on a rotary-wing UAV as in Fig. 1. It is assumed
that the direct link from V1 to V2 is blocked by obstacles
and ARIS is used to set up virtual LoS link to the vehicles
by reflecting the signal from V1 towards V2. A single
antenna is used for V1 and V2 respectively, while the
RIS comprises of N reflective elements. A 3D Cartesian
coordinate system is assumed, where the coordinates of the
V1, V2, and ARIS can be indicated as (xv1 , 0, 0), (xv2,, 0, 0)
and (xa, ya, za), respectively. Both vehicles and ARIS are
moving at different velocity, αv1, αv2, and αARIS , causing
the relative distance between vehicles to increase as a
function of time. This study considers a single V2V
communication link assisted by an ARIS to establish the
baseline system behavior. However, the system model can
be extended to multiple V2V pairs, each supported by
individual ARIS systems operating over distinct channel
resources (e.g., time slots or orthogonal frequencies). These
groups can function independently without interference,
making the proposed design applicable to scalable vehicular
networks [14].

169038 VOLUME 13, 2025



N. Hashim et al.: Aerial Reconfigurable Intelligent Surface Assisted V2V Communication

FIGURE 1. ARIS-assisted V2V communication in the presence of obstacles.

A. CHANNEL MODEL
In this setup, we have an ARIS with N discrete elements. The
channel from V1 to ARIS is denoted by hsr ∈ CN , where
[hsr]n denotes the n-th component. The channel between
ARIS to V2 is denoted by hrd ∈ CN . We assume that the size
of each element is smaller than the wavelength, thus it scatters
the incoming signal with approximately constant gain in all
directions of interest. The channel gain from V1 to ARIS and
from ARIS to V2 can be defined respectively as [15]:

|hsr, rd |= A
| �sr, rd |

2

d
αsr, rd
j

. (1)

where �sr and �rd are the random variables, which follow
a Rician distribution, independent and identically distributed
(i.i.d). Variable A is the constant coefficient, dj is the
Euclidean distance between vehicle andARISwhere j = 1, 2.
The variables αsr and αrd are the aerial path loss exponents
which are described as:

αsr,rd = αePNLoSsr,rd(θ ) + αo. (2)

where αe and αo are the constant values. Using Al-Hourani’s
channel model [16], the probabilities of LoS (PLoS) and non-
LoS (PNLoS) are calculated as:

PLoSsr,rd(θ ) =
1

1+ a exp (−b[θj − a])
(3)

and

PNLoSsr,rd(θ ) = 1− PLoSsr,rd(θ ). (4)

where a and b are the environmental constants. It is assumed
that each channel subjects to block fading and are mutually
independent, while the transmitter possesses knowledge of
the channel state information (CSI). The coordinates of
each vehicle with respect to ARIS are given by xj and yj,

while z represents the altitude of ARIS. The Euclidean
distance between ARIS and each vehicle is then calculated as:

dj =
√
|xj − yj|2 + z2, j ∈ {1, 2} . (5)

The elevation angle of ARIS for each vehicle is defined as:

θj = arctan
(

z
xj − yj

)
, j ∈ {1, 2} . (6)

B. TRANSMISSION SCHEME
A) PROPOSED HYBRID ARIS
Several transmission schemes are investigated in this section,
including the proposed hybrid ARIS, existing passive ARIS
and existing half-duplex relay. Hybrid ARIS consists of N
discrete elements, including L active and N − L passive
reflecting elements. The signal received at V2 after reflection
from hybrid ARIS is given by [11]:

yh =
√
PhhHrd8hhsrs+

√
PhhHrd9hhsrs+ hHrd9hnr + n. (7)

where Ph denotes the transmit power of V1, nr ∼

CN (0, σ 2
r IN ) and n ∼ CN (0, σ 2) represent the thermal noise

at the active elements and V2, respectively. The matrices
8h and 9h represent the reflective coefficients of passive
and active RIS elements, respectively, defined as 8h =

diag
{
81,....,8N

}
and 9h = diag

{
91,....,9N

}
.

8n =

{
0, n ∈ L
ejθN , otherwise

, (8)

9n =

{
ρnejθN , n ∈ L
0, otherwise

. (9)

The sets L ⊂{1, 2, . . . ,N } represent the indices of the
active RIS elements. It is assumed that all ρn = ρ, which
means all active elements are identical, then the amplification
gain, ρ2 can be calculated as:

ρ2
=

Pris
L
(
Ph| hsr |2 +σ 2

r
) . (10)

where Pris denotes the transmit power of hybrid ARIS and the
equation for Pris can be stated as:

Pris = Ph ∥ 9hhsr ∥2 +σ 2
r ∥ 9h ∥

2 . (11)

Thus, the SNR of the hybrid ARIS can be written as:

γhyb =
Ph
(
(N − L)2 | hsr |2| hrd |2 +ρ2L2 | hsr |2| hrd |2

)
ρ2σ 2

r L | hrd |2 +σ 2 .

(12)

The achievable rate and transmit power of hybrid ARIS
scheme can be calculated as [11] and [17]:

Rhyb = B log2
(
1+ γhyb

)
(13)

and

Ph + Pris = Ptot − NPsw − LPdc − Ps − Pd . (14)

where B represents the system bandwidth, Psw represents
the power consumed by the control circuitry and phase-shift
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switch at RIS elements, and Ptot is the total power consump-
tion of the system. The terms Ps and Pd account for hardware
dissipation power at the source and destination, respectively.
Additional power, Pdc, denotes the power required for
direct current (DC) biasing at each active RIS element in
hybrid ARIS.

B) PASSIVE ARIS
In the passive ARIS system consisting of N passive elements
mounted on UAV, ARIS reflects the incident signals without
any amplification. The reflection matrix of the RIS is
defined as 8 = diag

{
ρnej81 , . . . ., ρnej8N

}
, where ρn is the

amplification factor and 8n is the phase shift of the n-th
RIS reflecting element, with 8n ∈ [0, 2π ). For passive RIS,
ρn = 1 which means no signal amplification occurs. Thus,
the received signals at V2 are summarized as [11]:

yp =
√
Pp hHrd8hsr s+ n. (15)

where Pp denotes the transmit power of V1 in passive
ARIS system. It is assumed that the phase shift is ideal,
allowing all reflected signals to arrive in phase at V2. Thus,
8 = 8sr + 8rd where 8sr and 8rd represent the reflection
components influenced by the V1-to-RIS and RIS-to-V2,
respectively. Based on this, the signal-to-noise ratio (SNR)
and achievable rate of the passive ARIS system can be
expressed as:

γpas =
N 2Pp | hsr |2| hrd |2

σ 2 (16)

and

Rpas = B log2
(
1+ γpas

)
. (17)

The total power consumption of passive RIS system is
given by [18]:

Pp = Ptot − NPsw − Ps − Pd . (18)

C) BASELINE AERIAL RELAY SCHEME
For benchmarking, we also compare with non-ARIS scheme
which is half-duplex (HD) UAV relay scheme, it refers to a
mode where data transmission can occur in both directions,
but not simultaneously. The SNR and achievable rates for
both HD schemes, namely decode and forward (DF) and
amplify and forward (AF) are given respectively in [11]:
DF SNR and achievable rate:

γhddf = min
{
Phd | hsr |2

σ 2
r

,
Phdrel | hrd |2

σ 2

}
(19)

and

Rhddf = B log2 (1+ γhddf) . (20)

AF SNR and achievable rate:

γhdaf =

{
Phd | hsrβhhrd |2

| βhhsr |2 σ 2
r + σ 2

}
(21)

and

Rhdaf = B log2 (1+ γhdaf) . (22)

where Phd represents the transmit power at V1, and Phdrel
corresponds to the transmit power of the HD-DF UAV relay.
The amplification factor βh for HD-AF UAV relay scheme
can be calculated as:

βh =

√
Phdrel

Phd | hsr |2 +σ 2 . (23)

Hence, the transmit power for HD UAV relay scheme is
given by:

Phd + Phdrel = Ptot − Prelay −
1
2
Ps − Pd . (24)

where Prelay is the hardware-dissipated power at UAV relay.
The assumption is made that equal power is allocated to
V1 and ARIS or UAV relay to transmit the signals.

C. UAV ENERGY CONSUMPTION MODEL
The UAV energy consumption model used in this paper was
adopted from [19], where the energy model considered 3D
multi-rotor UAVs in three flight statuses, i.e., forward flight,
vertical descent ascent, and vertical ascent. The UAV energy
consumption model can be represented by the following
equation:

rClEflig(Vu) = Phov +
3
8

√
nδ

√
WρA
CT

s∥Vh∥2

+ Pin

(√1+
∥Vh∥4

4v40
−
∥Vh∥2

2v20

)1/2

− 1


+
n
2
SHρ∥Vh∥3 +

1
2
W∥Vv∥

+ sign(Vv)
n
4
SVρ∥Vv∥3

+

(
W
2
+ sign(Vv)

n
4
SVρ∥Vv∥2

)
×

√(
1+

sign(Vv)SV
A

)
∥Vv∥2 +

2W
nρA

+ (sign(∥Vv∥)− 1)
W
2

√
2W
nρA

. (25)

The variables Phov and Pin represent the hover power and
induced power of UAV, respectively. The induced power is
calculated as:

Pin = (1+ k)
W

3
2

√
2nρA

. (26)

Thus, total flight consumption in equation (25) consists
of three components which are hovering power, power
consumption due to increment in the horizontal motion of
ARIS with horizontal velocity, Vh and the power consumed
during vertical ascent and descent with vertical velocity, Vv.
In this paper, Phov is omitted from the equation since
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ARIS is moving all the time where ARIS velocity is not
equal to zero. Considering the energy produced by ARIS
flight (Eflig) is significantly more than the energy used by
communication (Ecomm), therefore, two weight factors α1
and α2 are introduced in the total energy consumption [20].
Consequently, ARIS weighted overall energy consumption
and EE can be calculated as:

E = α1Ecomm + α2Eflig (27)

and

EE = R/E . (28)

III. ENERGY EFFICIENCY OPTIMIZATION
In this paper, the 3D position and transmit power of the
ARIS are jointly optimized to maximize the system’s energy
efficiency (EE), subject to a minimum rate requirement and
a total power constraint. The corresponding optimization
problem is formulated as:

P1 : max
xa, ya, za,P

R
E

(29)

s.t. C1 : Zmin ≤ Z ≤ Zmax (29a)

C2 : Xmin ≤ X ≤ Xmax (29b)

C3 : VH ≤ VHmax (29c)

C4 : VV ≤ VVmax (29d)

C5 : Ph + NPsw + LPdc + Ps + Pd ≤ Pmax
(29e)

C6 : Pp + NPsw + Ps + Pd ≤ Pmax (29f)

C7: R ≥ Rmin. (29g)

Note that xa, ya, za and P denote the optimization parame-
ters representing the 3D position and transmit power of ARIS,
respectively, where P = Ph + Pris for hybrid ARIS, and
P = Pp for passive ARIS. C1 defines the constraint
for minimum and maximum boundaries for flying ARIS.
As stated in C2, Xmin and Xmax are the minimum and
maximum values for ARIS’s horizontal position in ARIS’s
coverage area while C3 and C4 are ARIS’s velocity limit in
horizontal and vertical directions, respectively. Constraints
C5 and C6 is to ensure that hybrid ARIS’s transmit power,
Ph and passive ARIS’s transmit power, Pp remain within the
maximum allowable threshold power of Pmax, respectively.
Instead of adopting specific QoS metrics as used in [21],
we utilize a more general metric which is the minimum rate
requirement, formulated as constraint C7. This constraint
ensures that the system achieves at least the minimum
data rate, Rmin, thereby fulfilling the QoS requirements of
the communication link. Solving the optimization problem
in (29) directly is difficult because of its fractional structure
and the non-convex nature of the objective function.

A 3D plot is used to examine the relationship between
the objective function and the optimization variables. Fig. 2
shows the 3D surface plot for hybrid ARIS. The 3D
surface plot for hybrid ARIS scheme demonstrates the EE

FIGURE 2. 3D surface plots for hybrid ARIS scheme at Pmax values of
20 dBm, 25 dBm, and 30 dBm.

in bits/Joule as a function of both ARIS’s vertical and
horizontal position within the maximum transmit power.
The plot indicates that there is an optimal operating region
for maximizing EE of hybrid ARIS. The 3D surface plot
shapes are identical for all powers within the range of study.
Thus, for a given transmit power, the EE exhibits
quasiconcavity with respect to the vertical and horizontal
position of ARIS. This feature guarantees the local maximum
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found from the optimization algorithm will also be a global
maximum [22].

The 3D surface plot graph for passive ARIS is illustrated in
Fig. 3. The EE equation is also appeared to be a quasiconcave
function, with at least three optimum points within the
observation time (one optimum point is global while another
two are locals). Thus, in order for the algorithm to accurately
finding the global optimum for each point of distance,
we properly tuned the initial searching point paramaters in
interior point method to exclude the local points so that global
point could be found.

An efficient iterative algorithm for EE maximization,
utilizing the Dinkelbach method [23] is proposed for
addressing the equivalent problem (29), as detailed in
Algorithm 1. It begins by initializing the transmit power
and ARIS’s 3D position and calculating the initial EE, q1.
During each iteration, the optimization problem is tackled
using interior point method by maximizing the difference
between the achievable rate and total power consumption,
R − qkE . Solving this subproblem yields updated power
and 3D position values, which are used to compute a new
EE. The iterations continue until the improvement becomes
negligible which is less than the predefined threshold, ϵ and
the maximum number of iterations is reached. This method
is effective for fractional problems where this approach
guarantees convergence to the optimal solution. The proof
of convergence is omitted due to its similarity with the
one in [23].

IV. NUMERICAL PERFORMANCE COMPARISON
This section analyzes the EE performance of ARIS-assisted
V2V system. We use Monte Carlo simulations and parameter
settings in Table 1 to evaluate system performance. The envi-
ronment parameters are set based on urban area scenarios,
where the effect of Doppler shift is negligible as vehicles
are moving at lower speeds. We set the velocity for V1 and
V2 at 12 ms−1 and 15 ms−1, respectively. V1, V2, and UAV
relay are each equipped with a single antenna. Consequently,
the number of reflecting elements for passive ARIS is set to
256 in the default setup. The hybrid ARIS scheme is outfitted
with only one active element.

In this section, we compare hybrid ARIS scheme
with passive ARIS scheme and aerial relay. The fol-
lowing benchmark schemes are used for performance
comparison:
• non-optimized hybrid ARIS and passive ARIS: In these
schemes, the horizontal position of ARIS is fixed in
the middle position between vehicles while the vertical
position and power are fixed at 10 m and 30 dBm,
respectively.

• half-duplex Amplify and Forward (AF) / Decode and
Forward (DF) relay: Instead of employing ARIS, these
schemes use UAV relay to reflect the signals. We utilize
the same values for ARIS’s positions and power with
non-optimized hybrid ARIS scheme and passive ARIS
to ensure a fair comparison.

FIGURE 3. 3D surface plots for passive ARIS scheme at Pmax values of
20 dBm, 25 dBm, and 30 dBm.

A. ENERGY EFFICIENCY
Fig. 4 illustrates the energy efficiency (in Mbits/Joule) as
a function of the relative distance between V1 and V2,
comparing different schemes at two operating frequencies:
2.3 GHz and 5.9 GHz. For all schemes, EE decreases as

169042 VOLUME 13, 2025
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Algorithm 1 EE Maximization Optimization Algorithm for
Jointly Optimized Transmit Power and ARIS 3D Position
1: Initialization
2: Set iteration index k = 1 and maximum iteration count
Lmax = 100.

3: Set convergent threshold ϵ = 0.00001.
4: Choose an initial point (P(1), x(1)a , z(1)a ) within feasible

bounds.
5: Compute initial EE:

q(1) =
R(P(1), x(1)a , z(1)a )

E(P(1), x(1)a , z(1)a )

Iterative Algorithm
6: repeat
7: Solve the auxiliary problem using interior point

method:

(P(k), x(k)a , z(k)a ) = max
P,xa,za

[
R(P, xa, za)− q(k)E(P, xa, za)

]
Update EE:

q(k+1) =
R(P(k), x(k)a , z(k)a )

E(P(k), x(k)a , z(k)a )

if R(P(k), x(k)a , z(k)a )− q(k)E(P(k), x(k)a , z(k)a ) < ϵ then
8: Stop and return (P∗, x∗a , z

∗
a) = (P(k), x(k)a , z(k)a ), q∗ =

q(k)

9: else k ← k + 1
10: end if
11: until convergence and k = Lmax
12: Output: Optimal 3D ARIS position and transmit power

(P∗, x∗a , z
∗
a), and optimal EE q∗

the distance between the vehicles increases. In general,
hybrid ARIS scheme outperforms passive ARIS and aerial
relay schemes. The slower decline in EE observed in hybrid
ARIS compared to passive ARIS suggests that the benefits
of signal amplification are sustained over longer distances.
The proposed hybrid ARIS, optimized with the proposed
algorithm, shows the highest EE across all distances, where
the algorithm effectively optimized the transmit power and
ARIS’s 3D positions to achieve the best overall EE. Despite
having an intermediate performance, the non-optimized
hybrid ARIS scheme still outperforms passive ARIS, as it
can amplify signals with only a single active element, thereby
enhancing EE. While the proposed optimization improves
the EE of passive ARIS scheme, it remains less efficient
compared to the proposed optimized hybrid ARIS scheme,
as it relies solely on passive elements and is affected by
the double path loss [11]. Furthermore, the EE of passive
ARIS degrade significantly with increasing distance, whereas
the aerial relay scheme maintains better EE over longer
distances, due to its built-in amplifier. Additionally, using
fixed power and fixed UAV position in the half-duplex relay
configurations results in consistently low EE, which proves

TABLE 1. Simulation parameters.

the benefit of the proposed technique. The combination of the
precise placement of ARIS and optimal transmit power leads
to superior performance of the proposed hybrid ARIS. This is
evident from its higher EE values and more gradual decline
with distance in the graph. Furthermore, it can be observed
that operating at a higher frequency (5.9 GHz) incurs more
severe path loss, thereby reducing the overall EE compared
to operation at a lower frequency (2.3 GHz).

Fig. 5 presents the EE for all considered schemes as a
function of the number of passive and active elements. For
all schemes, especially passive ARIS, the EE improves as
the total number of elements increases. It is observed that
schemes with 256 elements (N = 256) yield higher EE
than those with 64 elements (N = 64). Furthermore, the
inclusion of active elements in hybrid ARIS offers the best
performance in EE due to its ability to amplify signals.
An increase in the number of active elements (e.g., when
L increases from 1 to 3) leads to a further enhancement in
the EE performance of hybrid ARIS. The proposed hybrid
ARIS, optimized with the proposed algorithm, demonstrates
superior EE compared to passive ARIS scheme. Even with
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FIGURE 4. Energy efficiency (EE) comparison of all considered schemes at
2.3 GHz and 5.9 GHz.

just a single active element (i.e., L = 1), hybrid ARIS
achieves a remarkable improvement in EE, striking a balance
between performance enhancement and the combined energy
and hardware costs. Although both hybrid ARIS and aerial
relay schemes employ amplification, hybrid ARIS achieves
higher EE due to its lower power requirements. In contrast,
the aerial relay relies on large power budget, resulting in
increased energy consumption [11].

FIGURE 5. EE performance with different numbers of passive and active
elements.

Fig. 6 illustrates the EE performance of the proposed
algorithm compared to baseline hybrid ARIS schemes with
an increasing number of active elements. For both schemes,
the EE initially increases due to enhanced signal amplifica-
tion; however, beyond approximately 400 active elements, the
power consumption of active components begins to dominate,
causing the EE to decline. This degradation occurs due to
the rising power consumption associated with the additional
active hardware, which outweighs the performance gains.
The proposed algorithm outperforms the baseline scheme,

FIGURE 6. EE of hybrid ARIS versus number of active elements.

highlighting its capability to optimally balance the trade-off
between signal rate and power consumption through joint
optimization of transmit power and ARIS 3D position. These
results validate the effectiveness of the proposed method in
improving the EE of ARIS-assisted communication.

The effect of imperfect channel state information (CSI)
under varying levels of statistical CSI error on EE is
illustrated in Fig. 7. In this work, statistical CSI error is
considered, where the CSI estimation error is random and
follows a specific distribution [25], [26]. The estimated
channels are denoted by ĥsr and ĥrd, while 1hsr and 1hrd
represent the corresponding channel estimation errors. The
imperfect CSI model is expressed as hsr = ĥsr + 1hsr and
hrd = ĥrd + 1hrd where 1hsr ∼ CN (0, σ 2

e1 ) and 1hrd ∼
CN (0, σ 2

e2 ) represent the channel estimation error for each
channel which follows the complex Gaussian distribution
with mean 0 and with variances σ 2

e1 and σ 2
e2 , respectively.

Under perfect CSI, the proposed hybrid ARIS scheme
achieves the highest EE performance compared to passive
ARIS. However, when CSI imperfection is introduced, the
EE performance of both schemes degrades. The performance
degradation is small for σe1 = σe2 = 0.01, which represents
the typical channel estimation error variance [27], [28] of
minimum mean square error (MMSE) scheme at high SNR.
However, for σe1 = σe2 = 0.1, which represents the typical
channel estimation error variance of MMSE scheme at low
SNR, the EE decreases further due to more severe channel
estimation error. The result confirms that the proposed
hybrid ARIS scheme demonstrates robustness against CSI
inaccuracies, and it can maintain superior EE performance
compared to passive ARIS scheme even in the presence of
CSI errors.

B. TRAJECTORY
The graph in Fig. 8 shows the optimized trajectories selected
by hybrid and passive ARIS schemes, based on their
respective amplification capabilities and system constraints.
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FIGURE 7. EE comparison under imperfect channel state
information (CSI).

FIGURE 8. Trajectory of hybrid and passive ARIS.

The trajectory for hybrid ARIS starts at a low altitude and
increases, showing a smooth ascent until around 800 m of
x-coordinate, then levels off around 100 m of z-coordinate.
The hybrid ARIS scheme chooses to fly towards the middle
position between V1 and V2 and higher up to 100 m of
altitude to get better LoS and improved communication
links. The hybrid ARIS algorithm suggests a more exten-
sive optimization process in both vertical and horizontal
dimensions, contributing to its superior EE performance.
The trajectory for optimized passive ARIS has a steeper
initial slope and stabilizes at the x-coordinates of 700 m
earlier than hybrid ARIS, then hovers at the same position.
Since passive ARIS relies solely on signal reflection without
amplification, the SNR drops to zero, causing ARIS to hover
at the same position after reaching its maximum altitude.
Fig. 8 validates the effectiveness of the proposed algorithms,
which adapt the trajectory based on the specific capabilities of
each scheme.

C. POWER
Fig. 9 evaluates the efficiency of power allocation strategies
based on the proposed algorithms as a function of the
relative distance from V1 to V2. The proposed hybrid ARIS,
optimized with the proposed algorithm, shows a gradual
increase in power, suggesting that the proposed algorithm
optimizes power usage dynamically. The scheme increases
the power as the distance increases to maintain its EE
and signal quality. This dynamic adjustment contributes to
its higher EE. In contrast, the transmit power for passive
ARIS scheme remains constant at the maximum power limit
(30 dBm) across all distances. This behavior is due to the
limited capability of passive surfaces to compensate for signal
attenuation; as the path loss increases with distance, the
passive ARIS requires maximum allowable transmit power
to satisfy the minimum rate constraints. The ability to adapt
power requirements more precisely due to the existence of an
active element is the main reason why the proposed hybrid
ARIS scheme achieves better overall performance compared
to passive ARIS.

FIGURE 9. Transmit power versus relative distance between V1 and V2.

D. VELOCITY
Fig. 10 illustrates the mobility behavior of both hybrid
and passive ARIS schemes according to the proposed opti-
mization algorithms. It presents the vertical and horizontal
velocities of each ARIS type as a function of the relative
distance between V1 and V2, providing insight into their
dynamic movement strategies. Four different profiles are
illustrated in the graph. The dashed lines represent the
horizontal velocities, while the solid lines are the vertical
velocities of both hybrid and passive ARIS, respectively. The
horizontal velocity for hybrid ARIS is relatively constant and
low throughout the entire distance range, which indicates
a stable horizontal movement without significant changes.
In contrast, for passive ARIS, the horizontal velocity starts
low but increases significantly as the distance increases.
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FIGURE 10. Vertical and horizontal ARIS velocity versus relative distance
between V1 and V2.

Hybrid ARIS does not need to rely as heavily on physical
repositioning to maintain effective communication, as it
can actively boost and manipulate signals. It can enhance
the signal strength and quality even when movement is
minimized. Thus, it can use its energy reserves more for
active signal manipulation rather than for frequent, rapid
movements. The sharp peaks in passive ARIS system’s
horizontal velocities indicate the need for further tuning to
increase the signal reflection. As passive ARIS relies solely
on the physical adjustment of its reflective surface to optimize
the signal, it must align effectively and continually reposition
itself with the changing positions of the vehicles it serves.
On the other hand, the vertical velocities for both hybrid and
passive ARIS start low and stay relatively constant, showing
minor fluctuations and stabilizes to a low value. Both schemes
maintain low vertical velocities to obtain better EE. The
differences in passive and hybrid operational highlights how
each system’s capabilities influence their mobility strategies
and EE in practical scenarios.

E. PACKET ERROR RATE
Fig. 11 illustrates the packet error rate (PER) of the proposed
algorithms as a function of the relative distance between
vehicles. PER serves as an important indicator of assessing
transmission reliability [29], where maintaining a low PER
is essential for achieving reliable throughput. In general,
the reliability of data transmission is evaluated using two
key performance metrics: the bit error rate (BER) and the
PER. Assuming binary phase-shift keying (BPSK) as the
modulation scheme, the BER and PER are evaluated as [29]:

BER = Q
(√

2γ
)

(30)

and

PER = 1− (1− BER)Lb . (31)

where Lb is the number of bits per packet, and Q represents
the tail probability of the standard normal distribution.

FIGURE 11. Packet error rate (PER) versus relative distance between
V1 and V2.

As observed in Fig. 11, the proposed algorithm improves both
passive and hybrid ARIS systems. The proposed optimized
hybrid ARIS scheme outperforms the others by maintaining
a near-zero PER up to approximately 400 m. Similarly, the
proposed passive ARIS demonstrates improved reliability,
achieving error-free communication up to 170 m. In contrast,
conventional passive ARIS experiences a rapid increase
in PER beyond 50 m, indicating limited communication
reliability. Although the conventional hybrid ARIS shows
improvement over optimized passive ARIS, its PER remains
higher than that of the proposed optimized hybrid ARIS,
primarily due to the absence of algorithmic robustness. These
results highlight the effectiveness of the proposed algorithm
in enhancing communication reliability over extended V2V
distances.

V. CONCLUSION
In this paper, we proposed a hybrid ARIS-assisted V2V com-
munication scheme to enhance the EE of the communication
system.We compare hybrid ARIS with passive ARIS scheme
and aerial relay schemes. Through numerical simulations, it is
clear that hybrid ARIS with optimized 3D position and trans-
mit power delivers unparalleled benefits when compared to
passive ARIS, and other benchmark systems in terms of EE.
The active element in hybrid ARIS extends V2V communica-
tion by amplifying signals over longer distances within lower
power budget ensuring reliable connectivity. Even with just
one active element, it outperforms other schemes in terms of
EE. This emphasize the significant roles of optimized hybrid
ARIS in enhancing the performance of V2V communication
networks.
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