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ABSTRACT As autonomous driving technology advances, the demand for unmanned mobility applications
continues to grow. However, due to the imperfections in current autonomous driving systems, incidents
still occur, highlighting the challenges of full driverless services. Moreover, the computation of complex
autonomous driving algorithms requires an on-board computing unit, which consumes a large amount of
energy. To address these limitations, tele-operated driving (ToD) has emerged as a promising solution for
enhancing autonomous intelligent transportation systems (ITS). By enabling remote entities, such as remote
users or servers, to control vehicles and manage edge cases in autonomous driving, ToD combines the
benefits of both unmanned mobility and human oversight. To support ToD service, a real-time sensor sharing
system for vehicles is essential, and cellular vehicle-to-everything (C-V2X) communication is suitable for the
required network connectivity. However, most research has not focused on high-volume data transmission,
which is required for sensor sharing systems. Additionally, the energy consumption of C-V2X,which directly
impacts the battery efficiency of electric vehicles (EVs) as an example, has not been thoroughly examined.
In this paper, we propose an evaluation framework for energy consumption analysis of ToD. Based on this
framework, we analyze the energy consumption of vehicle for sensor data transmission over 5G C-V2X
under varying channel conditions and multi-user scenarios. We also investigate the extent to which using
ToD is energy-saving compared to the energy consumption of an on-board high-performance computing
unit. Our findings indicate that the uplink-based sensor sharing system is more energy-efficient than its
sidelink-based counterpart. Additionally, sensor sharing for ToD can save more energy of the battery in the
vehicle compared to relying on the high-performance on-board computing unit.

INDEX TERMS Unmanned mobility applications, tele-operated driving (ToD), sensor sharing, cellular
vehicle-to-everything (C-V2X), energy consumption.

I. INTRODUCTION
Rapid advancement of smart vehicles, driven by various
technological innovations, has significantly contributed to
the development of intelligent transportation systems (ITS).
According to the six levels of driving automation defined
by the Society of Automotive Engineers (SAE), current
technology has advanced to levels 2 and 3 [1]. These levels
of autonomous driving are based on the proportion of the
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workload that the vehicle can handle, rather than the driver.
If the vehicle assumes a greater portion of the driving
workload, it would enhance the convenience of mobility
for users. For example, ITS applications with higher levels
of driving automation can offer unmanned services such as
driverless taxis, unmanned delivery, and more [2], [3]. At this
stage, consumers are increasingly demanding higher levels of
autonomous driving, specifically level 4 and beyond, which
require driverless capabilities [4]. However, current driving
automation technologies still have challenges to support
the desired unmanned mobility applications. For instance,
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an unmanned vehicle from Waymo stopped on a street in
San Francisco, causing a traffic jam because one of its
back doors was not completely closed [5]. Additionally,
a Tesla vehicle running full self-driving software did not
stop at a stop sign [6]. A driverless taxi from Cruise
struck a pedestrian who had already been hit by another
vehicle [7]. These incidents illustrate the incompleteness of
technology related to driverless applications and services.
Besides, high-performance computing units, such as central
processing units (CPUs) and graphics processing units
(GPUs), are required to operate complex algorithms for
automotive services [8]. This demand implies additional
energy consumption by high-performance computing units,
and the extra energy requirements can affect the performance
of electric vehicles due to their battery constraints.

As a result, remote driving services through tele-operated
driving (ToD) are being considered as a potential solution to
address the shortcomings of current autonomous technolo-
gies [9]. Remote users control the vehicle in real-time by
using ToD, allowing them to complement the instability of
autonomous driving. Remote users can intervene in driving
scenarios and prevent incidents arising from corner cases,
which driverless algorithms may struggle to manage [10].
The remote operation of ToD services also implies a reduced
dependence on algorithms. Consequently, ToD suggests a
diminished need for high-performance computing devices
within the vehicle. Additionally, ToD enables the remote exe-
cution of specific driving tasks for non-automated vehicles,
eliminating the need for an on-board driver. Therefore, ToD
can leverage the inherent advantages of unmanned driving
applications, such as freedom from spatial constraints, while
simultaneously supporting desired future driverless services,
including automated factory parking, valet parking, and
remote driving in industrial zones or on public roads [11].
To support ToD services, a real-time sensor data sharing

system between the vehicle and remote entities is a prereq-
uisite. It requires wireless network connectivity, and vehicle-
to-everything (V2X) communication has been considered as
the solution to meet the demand for wireless connections.
V2X comprises twomain technologies: dedicated short range
communication (DSRC) and cellular V2X (C-V2X) [12],
[13]. Since DSRC is an application utilizing IEEE 802.11p
wireless fidelity (Wi-Fi), it has drawbacks such as short
coverage and limited network connectivity, making it an
unsuitable technology for ToD. To reduce the performance
gap between DSRC and C-V2X, IEEE 802.11bd-based V2X
has been proposed. Still, it is unsuitable for ToD due to
the short communication coverage [14], [15]. In contrast,
C-V2X is more suitable for ToD operations because it is
based on general cellular communication technologies such
as 4G long-term evolution (LTE) and 5G new radio (NR). The
inherent characteristics of cellular communications signify
that they possess the appropriate coverage, connectivity, and
data rate for ToD services. Therefore, C-V2X is primarily
considered for the remote connections of ToD applications
[9]. There are two interfaces defined by the 3rd Generation

Partnership Project (3GPP) for V2X: the PC5 interface and
the Uu interface, and both are applicable for providing
real-time sensor sharing systems for ToD services [16]. The
PC5 interface is based on sidelink communication, allowing
direct connections without a base station (BS). It can be uti-
lized for vehicle-to-vehicle (V2V), vehicle-to-infrastructure
(V2I), and vehicle-to-pedestrian (V2P) communications,
among others. By using the C-V2X PC5 interface, the
vehicle can interact with a nearby roadside unit (RSU) and
a tele-operation center for automated parking, for example
[17]. On the other hand, Uu interface is based on uplink and
downlink communications. It can provide remote network
connectivity through a BS via vehicle-to-network (V2N)
communication, which can facilitate connections between
users or remote entities in different regions. Furthermore,
since the uplink and downlink have broader bandwidth than
the sidelink under the current situations, it can achieve higher
data rates and support more users simultaneously.

However, only a limited number of literature related to C-
V2X has considered high-volume data, such as camera sensor
video, even though it is important for ToD applications.
Moreover, previous works have focused on traditional factors
for wireless communications, such as latency, data rate, and
reliability. Consequently, the energy consumption of C-V2X
has not yet been analyzed, despite the fact that the additional
energy consumption for communications is significant for
electric vehicles (EVs) due to battery constraints. The
extra energy consumption implies a degradation of battery
efficiency, which is critical to the performance of EVs.
Therefore, it is essential to analyze the energy consumption
involved in the communication process for sensor data
transmissions to verify the impact of communication on
battery efficiency. To address these demands, we analyzed the
energy consumption associated with streaming camera sensor
video data, which is the representative sensor data for ToD
[11], under various conditions. The specific contributions are
as follows:

• A new framework for analyzing energy consumption,
which jointly reflects various channel conditions, data
size, HARQ retransmissions, and bandwidth, is pro-
posed based on link-level simulations. Utilizing the
proposed framework, an analysis of the energy con-
sumption in the vehicle resulting from the transmission
of camera sensor video using 5GC-V2Xwas conducted,
considering various video image resolutions.

• The tendency of energy consumption depending on
signal-to-noise ratio (SNR) was analyzed considering
various modulation and coding schemes (MCSs) and
hybrid automatic repeat request (HARQ). The results
indicate the effect of transport block size (TBS) and
HARQ retransmissions due to communication errors
on the total energy consumption of the C-V2X sensor
sharing system.

• We considered multi-user scenarios and multi-camera
sensor video transmissions, evaluating the increased
energy consumption resulting from the utilization of
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limited network resources and multi-user interference
due to radio resource contention among multiple users.

• We investigated the energy consumption of sensor
sharing systems in the vehicle for the ToD requirements.
Also, we conducted a comparison with the use of an
on-board unit (OBU). The results demonstrate how
much energy can be saved for ToD compared to
on-board processing of autonomous driving algorithms.

The rest of this paper is organized as follows. We begin
with introducing the related work in section II. In Section III,
the system model of energy consumption for C-V2X sensor
sharing system is described. Section IV describes the
configurations of the communication system, OBU, and EV
for simulation. Section V describes the energy consumption
simulation results. Finally, Section VI concludes the paper.

II. RELATED WORK
For real-time V2X applications, robust communication, low
latency, and reliability are defined as key performance
indicators (KPIs) by 3GPP and 5GAA for ITS [18], [19].
Therefore, previous literature has conducted research on
communication performance of C-V2X based on the defined
KPIs.

Representatively, researchers conducted latency analysis
of the C-V2X system. Coll-Perales et al. proposed an end-
to-end latency model for 5G V2N and vehicle-to-network-
to-vehicle (V2N2V) communications, considering 800-byte
packets, and analyzed it in light of latency requirements for
various advanced V2X services [20]. The work done in [21]
conducted the latency analysis of 5GV2N2V communication
system, considering additional latency in control channels
and retransmission latency due to k-repetitions and HARQ
in shared channels. Choi et al. analyzed end-to-end latency
and the elements of total latency for real-time sensor sharing
system using 4G LTE and 5G NR C-V2X Uu interface,
focusing on single camera video streaming [22]. Fouda et al.
evaluated the C-V2X latency utilizing HARQ based on
semi-persisten scheduling (SPS), taking into account vehicle
density and bandwidth configurations [23]. Clancy et al.
investigated the latency of handovers in 5G C-V2X Uu
interface with consideration of quality-of-service (QoS) [24].
Also, there have been several studies considering reliability

of C-V2X communications. Kim et al. analyzed the effect
of denial-of-service (DoS) attacks on the reliability of LTE-
based C-V2X sidelink [25]. Reyhanoglu et al. evaluated the
reliability of C-V2X mode 4 concerning the packet size
and MCS selection in terms of packet delivery ratio (PDR)
[26]. The research done in [27] developed an enhanced
and optimized media access control (MAC) protocol that
can maintain high-reliability service. Li et al. proposed
an AI-based roadside unit (RSU) planning method for C-
V2X, considering the reliability while using data collected
under real-world conditions [28]. The work done in [29]
suggested a sensing sharing scheme to improve the reliability
of C-V2X considering PDR for cooperative awareness

messages (CAMs) and decentralized environmental noti-
fication message (DENM). Sunuwar et al. investigated
the feasibility of 30 MHz bandwidth for C-V2X services
requirements in terms of reliability and latency across varying
vehicle density and quantities of RSUs [30].

Considering these traditional KPIs, various optimization
frameworks have been proposed for resource allocation,
latency minimization, and capacity enhancement. Cec-
chini et al. proposed a localization-based resource selection
scheme for V2X sidelink [31]. The work done in [32]
formulated an NP-hard resource allocation problem for dense
C-V2X network and proposed a solution to enhance capacity
leveraging the spatial reuse gain. Decarli et al. devised a
V2X sidelink localization algorithm for low-latency and
high-reliability networking required by platooning, which
can also reduce sensor data overhead [33]. Bahonar et al.
proposed a distributed framework for resource allocation
considering V2V pairs [34]. Chen et al. suggests a rein-
forcement learning-based joint resource allocation and user
scheduling method for latency minimization [35]. The work
conducted in [36] security protocol for V2X handover
which shows optimized latency while meeting the security
requirements.

The traditional KPIs mentioned above are important
factors in communication systems, and these existing studies
have mainly focused on them to evaluate the communication
performance of C-V2X. However, it is essential to be
aware of the effect of energy consumption caused by the
communication process, as there are battery constraints on
EVs. The main contribution of this paper is to analyze
the energy consumption associated with the transmission of
sensor video data using the 5G C-V2X PC5 interface and Uu
interface, which are required for ToD. We considered camera
video as the sensor data to stream in real-time because it is
a representative type of sensor for remote driving services.
Also, we constructed the energy consumption model of C-
V2X sensor sharing system and present simulation results
that compare the energy consumption of ToD and OBU
processing.

III. SYSTEM MODEL
In our model, we consider the scenarios in which a vehicle
transmits sensor data for ToD using V2I and V2N, as shown
in Fig. 1. For V2I, we assume that the vehicle transmits
camera sensor video data to a nearby RSU using the 5G
C-V2X PC5 interface. The RSU is directly connected to
a nearby tele-operation center through sidelink, and the
data received by the RSU are sent to the center. For V2N,
we consider the 5G C-V2X Uu interface, which transmits
data to a nearby BS and the BS sends the data to a remote
entity, such as a remote user or cloud server, through the
network. The control decisions of driving tasks are made
by a tele-operation center or a remote entity, and control
commands are transmitted back to the vehicle via C-V2X
after the decisions for unmanned driving services are made.
For comparison, we consider an unmanned vehicle processed
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FIGURE 1. System model for driving operated by OBU and ToD, where ToD is facilitated via C-V2X sidelink or uplink.

by OBU. In this case, both recognition and control decision
processes are entirely performed on the OBU unlike ToD-
based vehicles.

Additionally, to ensure robust communication services,
the vehicle can adjust the MCS based on the channel state.
We assume the vehicle selects the MCS that minimizes end-
to-end transmission latency and the time duration in active
mode for ToD based on channel states, using the formula
in [37] for simplicity. However, our model can be extended
to consider various configurations andmodifications thatmay
affect the MCS. Additionally, we assume that the waveform
for transmission passes through a fading channel, with
zero-mean additive white Gaussian noise (AWGN) added
to the waveform. In the event of an error, it is detected
by the RSU or BS, as the receivers continuously check the
cyclic redundancy check (CRC) bits of the received message
for error detection. Furthermore, since we are considering
HARQ, a negative acknowledgment (NACK) is transmitted to
the vehicle if an error is detected in the received data bits, the
vehicle is prompted to perform a retransmission. Under this
scenario, we analyze the energy consumption of the vehicle
for the transmission of sensor data.

To analyze the total energy consumption for communi-
cation of the vehicle, we consider an energy consumption
model for the radio frequency (RF) transceiver in our analysis
framework. The RF transceiver operates in two modes: active
and inactive. When the RF transceiver is either transmitting
or receiving the radio signal, all its functional blocks are
active, thereby defining the active mode. Otherwise, when
the RF transceiver is in an idle state, without transmitting or
receiving any radio signal, it is considered to be in inactive
mode. To assess the impact of energy consumption on vehicle
performance, we define the networking energy as the total
energy consumed by the RF transceiver to transmit a video

frame using V2X, denoted as EV2X , which is expressed as

EV2X = Esleep + Eon + Etrans, (1)

where Esleep represents the energy consumption when the RF
transceiver is in inactive mode, Eon represents the energy
consumed during signal transmission, and Etrans is the energy
consumption when the transceiver is in transient mode [38].
The energy consumption in transient mode occurs when
transitioning between active mode and inactive mode due to
the inherent properties of transceiver blocks, which can cause
non-ideality, including local oscillator (LO) start-up current,
inrush current, amplifier settling time, and phase-locked loop
(PLL) delay. It is decided as

Etrans = PtransTtrans, (2)

where Ptrans is the power consumption in transient mode,
and Ttrans is the time duration of transient mode. Meanwhile,
Esleep can be determined as

Esleep = PsleepTsleep, (3)

where Psleep and Tsleep are the power level and time duration
of the inactive state of the RF transceiver, respectively.
Similarly, Eon is determined as

Eon = PonTon, (4)

wherePon is the power level when the transceiver is active and
Ton is the time duration of the active state of the transmitter.
The other elements of the energy consumption model are
described in detail as follows.

• The active time duration, Ton, is defined as

Ton = Ttx + Tretrans, (5)

where Ttx is the time duration of initial transmission
and Tretrans is the time for HARQ retransmission [20].
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When the bit size of the video frame exceeds the
transport block size (TBS), it cannot be sent in a single
transmission time interval (TTI) unit. Therefore, the
data are transmitted over several TTI units through
segmentation. Therefore, Ttx can be calculated as

Ttx = ⌈
Nvideo
NTBS

⌉ × tTTI , (6)

where ⌈·⌉ is the ceiling function, Nvideo is the bit size of
each video frame, NTBS is the bit size of TBS, and tTTI
is the TTI duration. Nvideo is determined as

Nvideo =
HWD
Cr

, (7)

where H and W are the height and width of the camera
video frame in the number of pixels,D is the color depth,
and Cr is the data compression ratio. Cr can be decided
as follows,

Cr =
Nvideo,Raw
Nvideo,Comp

, (8)

where Nvideo,Raw is the bit size of raw video before
compression with encoding, and Nvideo,Comp is the
bit size of compressed video after encoding. NTBS is
affected by the modulation order and code rate, and the
detailed process for calculation of NTBS is presented in
[39]. If the code rate is less than 1/4, it can be calculated
as

NTBS = 8C⌈
N ′
info + 24

8C
⌉ − 24, (9)

where C = ⌈(N ′
info + 24)/3816⌉. Otherwise, it can be

determined as

NTBS =


8C⌈

N ′
info + 24

8C
⌉ − 24, if N ′

info > 8424,

8⌈
N ′
info + 24

8
⌉ − 24, otherwise,

(10)

where C = ⌈(N ′
info + 24)/8424⌉. N ′

info is the quantized
intermediate number of information bits, which is
defined as

N ′
info = max

(
3840, 2nround

(
Ninfo − 24

2n

))
, (11)

where round (·) is the round function, and n =

⌊log2 (Ninfo − 24)⌋ − 5 where ⌊·⌋ is the floor function.
Ninfo is the unquantized intermediate variable, which is
presented as

Ninfo = NRERQm, (12)

where NRE is the number of allocated resource elements
(REs) within the slot, R is the code rate, and Qm is the
modulation order. NRE is obtained as

NRE = min(156,N ′
RE )nPRB, (13)

where nPRB is the number of allocated physical resource
blocks (PRBs) for a vehicle, and N ′

RE is the number of
REs allocated within a PRB. N ′

RE is determined as

N ′
RE = NRB

sc N
sh
symbol − NPRB

DMRS − NPRB
oh , (14)

where NRB
sc is the number of subcarriers in a PRB,

N sh
symbol is the number of symbols within the slot,

NPRB
DMRS is the number of REs for dedicated demodulation

reference signals (DM-RS) per PRB, and NPRB
oh is the

overhead decided by higher layer parameters.
• If the receiver sends NACK to the vehicle after detecting
error, the vehicle must send the data again, and this
retransmission occurs with extra time of active mode
for communication. The retransmission time duration,
Tretrans, can be derived as

Tretrans = nretranstTTI , (15)

where nretrans is the number of retransmissions since
each retransmission uses 1 TTI duration.

• The power level of the RF transceiver in active mode,
Pon, is defined as

Pon = PPA + Pothers, (16)

where PPA is the power consumed by the power
amplifier (PA) and Pothers is the power consumed by
other blocks of the RF transceiver, which is illustrated
in Fig. 2. The power consumed by the PA is presented as

PPA = Pt/δ, (17)

where Pt is the power of signal at the digital baseband
and δ is the PA efficiency. Pothers is a combination
of power consumed by a digital-to-analog converter
(DAC), an analog-to-digital converter (ADC), filters,
LOs, mixers, a low-noise amplifier (LNA), etc. There-
fore, it can be determined as

Pothers = PDAC + Petc, (18)

where PDAC is the power consumed by DAC, and Petc
is the power level consumed by other blocks of the RF
transceiver [38].1 To summarize, Eon is derived as

Eon = Ton(Pt/δ + PDAC + Petc). (19)

To compare EV2X with the energy consumption of the
OBU, we consider an on-board CPU as the computation unit
within the vehicle. To calculate the energy used by CPU for
recognition and control decision task, we utilize the energy
consumption model of CPU, ECPU , as follows,

ECPU = PCPU te, (20)

where te is the execution time duration. PCPU is the power
consumption of CPU, which can be presented as,

PCPU = k1f 3 + k0, (21)

1Since we consider the uplink sensor sharing system and sidelink
transmitting system, the power consumed by receiving is fixed for simplicity.
However, it can be easily extended by slightly modifying the formula.
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FIGURE 2. Block diagram of in-vehicle RF transceiver circuit for 5G C-V2X.

TABLE 1. MCS indices and spectral efficiency for NR Sidelink.

TABLE 2. MCS indices and spectral efficiency for NR uplink.

where k1 and k2 are the coefficients decided by CPU
architecture, f is the on-board CPU frequency [40], [41].

IV. SIMULATION CONFIGURATION
In this section, we describe the simulation configuration
used to analyze the energy consumption by the 5G C-V2X
real-time sensor sharing system. We examine the energy
consumption incurred during sensor sharing, taking into
account two interfaces: the 5G C-V2X sidelink and uplink.
The vehicle transmits camera video for sensor sharing to
a nearby RSU and BS. The detailed descriptions of the
configurations are as follows.

A. CONFIGURATIONS OF COMMUNICATION SYSTEM
We assume that the bandwidth is 20 MHz and 100 MHz
for the sidelink, which utilizes time-division duplexing
(TDD), and 100 MHz for the uplink, which employs
frequency-division duplexing (FDD) [42]. The subcarrier
spacing (SCS) and TTI are fixed to 60 kHz and 0.25 ms,
respectively. In addition, it is assumed that the total
bandwidth is fully utilized for the sensor sharing system.
For multi-user access, we assume that the bandwidth is
fairly allocated in an orthogonal manner based on PRBs.
In uplink scenarios, we assume that scheduling is managed
by the BS using the method defined in [43]. Furthermore,
we assume that the sidelink operates based on 5G C-
V2X mode 2, which schedules resources by sensing-based
semi-persistent scheduling (SB-SPS) based on autonomous
resource selection [44].
The power consumed by the PA is set to 23 dBm

(approximately 200 mW), which is the standard power
level for C-V2X transmitters [45]. In addition, the power

FIGURE 3. The empirical power consumption data of CPU based on its
frequency and the fitted function which is matched with the CPU energy
consumption model.

consumption of the circuits for the RF transceiver follows
the values in [38] and [46]. For channel coding, low-density
parity check (LDPC) coding is employed, while quadra-
ture phase shift keying (QPSK) and quadrature amplitude
modulation (QAM) are utilized as the modulation schemes,
both of which are commonly used in 5G communication
systems [47], [48], [49]. Additionally, MCS indices from
Tables 5.1.3.1-1 and 5.1.3.1-2 in [39], as defined by the
3GPP for 5G C-V2X, were utilized for the simulations of
sidelink and uplink, respectively. The MCS indices for the
simulation were selected based on modulation order and
spectral efficiency, with their detailed parameters organized
in Table 1 and Table 2.
For HARQ, we consider chase combining (CC)-HARQ,

as it is generally regarded as more appropriate than incremen-
tal redundancy (IR)-HARQ due to its simpler implementation
and lower latency [50], [51], [52]. In CC-HARQ, the same
messages are transmitted for each retransmission round.
Typically, there is a maximum number of retransmission
rounds for HARQ to prevent network congestion [52].
Therefore, in this simulation, transmission is considered a
failure if an error is detected during the third retransmission.
Also, we assume that NACK messages in the HARQ process
are always sent without error for brevity.

For the fading channel, we consider a Rayleigh fading
channel, which is typically used statistical model for wireless
communication circumstances without line-of-sight (LOS)
between the transceivers. The model used in this simulation
for the Rayleigh fading channel is the clustered delay line
(CDL) channel, as defined by the 3GPP standard and widely
used for link-level simulations of 5G NR communication
systems [53]. For the detailed channel configuration, we uti-
lized the V2X channel for the urban highway environment as
modeled by 3GPP [54]. For the simulations, the transceiver
and fading channel models were built using the 5G Toolbox
and Communications Toolbox in MATLAB R2022b [55],
[56].

B. OTHER CONFIGURATIONS
1) SENSOR VIDEO SHARING SYSTEM
We assume that the vehicle can choose the resolution of
the video to be transmitted, depending on channel states
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TABLE 3. Parameter configuration for simulation.

and user requirements. We consider high definition (HD),
full HD (FHD), quad HD (QHD), ultra HD (UHD), and 8K
UHD (8K) for the resolutions of camera video. The sizes in
pixels for these five resolutions are 1280 by 720 for HD,
1920 by 1080 for FHD, 2560 by 1440 for QHD, 3480 by
2160 for UHD, and 8192 by 4320 for 8K. The video data are
compressed with a fixed encoding format, H.264 Advanced
Video Coding (AVC), which is a widely used standard for
moving video encoding and considered as reference encoding
format for ToD by 5GAA [11], [57], [58], [59]. H.264 AVC
provides superior compression efficiency with manageable
processing complexity compared to its successors, H.265,
H.266 and AOMedia Video 1 (AV1), which offer marginal
performance gains at the expense of substantially increased
algorithmic complexity [60]. Also, the encoding level is fixed
at 6, and the traffic size of the compressed video frame,
Nvideo,Comp, adheres to the maximum data traffic specified
in [58] for simplicity. Besides, the color depth of the camera
sensor video frame is assumed to be 24 bits, and the frame
rate of the video is set at 30 frames per second (fps), which
are necessary for ToD requirements [61], [62].

2) CPU MODEL
We also analyze the difference in energy efficiency between
the sensor sharing system for ToD and on-board CPUs. For
configurations of on-board CPU, we utilized the empirical
power consumption data of the Intel i7-8700K CPU model.
The power consumption data were measured for various
CPU frequencies using the overclock checking tool (OCCT).
Based on the measured power consumption at six CPU
frequencies, we created a fitted function for themeasured data
which is matched with (21), as shown in Fig. 3. Therefore, the
coefficients of the fitted curve, k1 and k0, are approximately
6.668×10−28 W/Hz3 and 12.7652 W, respectively. Also,
in the idle state of the CPU, the clock frequency, fidle, was
measured to be 800 MHz. According to the specification
sheet of the CPU, its base clock frequency, fbase, is 3.7 GHz,

FIGURE 4. The energy consumption per frame for a single user using the
C-V2X sidelink, depending on various SNR values.

and it can speed up to its max frequency, fmax , which is
4.7 GHz [63].

The remaining parameters applied to the simulations are
organized in Table 3.

V. SIMULATION RESULTS AND ANALYSIS
In this section, we analyze the total energy consumption
for camera sensor video data transmission based on the
5G C-V2X communication system. Also, we conduct a
comparison between the energy consumption of sensor
sharing for ToD and that of the OBU.

A. SIDELINK SENSOR SHARING SYSTEM
First, we analyzeEV2X consumed for sensor sharing using the
5G C-V2X sidelink to a nearby RSU. Fig. 4 shows the energy
consumption for sending a single camera sensor data frame,
depending on various SNR values and video resolutions when
a single user transmits the sensor data to an RSU. Lower SNR
values result in higher energy consumption because increased
path loss leads to more communication errors and additional
retransmissions. Also, selecting a lowerMCS index increases
energy consumption by reducing the TBS and prolonging Ttx ,
while higher MCS indices, though faster, are more vulnerable
to errors, leading to more retransmissions. To compare the
results in terms of bandwidth, the same approach can be
applied. When the bandwidth is 20 MHz, as shown in Fig. 4,
the energy consumption is relatively large compared to the
results in Fig. 4b due to the smaller TBS, which results from
the narrower bandwidth.Meanwhile, higher video resolutions
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FIGURE 5. Ton, Tsleep and Ttrans when a single user is transmitting 4 HD
camera videos at 30 fps using C-V2X PC5 interface.

increase energy consumption due to the larger bit size of the
video frames, which implies longer Ton.
To evaluate the energy consumption of ToD, we inves-

tigated the energy used for one hour when the vehicle is
transmitting four camera videos simultaneously at 30 fps
[9]. Fig. 5a presents Ton depending on SNR when the user
transmits 30 frames of four HD videos. At lower SNR levels,
video transmission requires more time, thus Ton also becomes
longer. When the bandwidth is 20 MHz and SNR falls below
15 dB, the transmission time for four videos at 30 frames
exceeds one second, leading to a timeout. In contrast,
no timeout occurs when the bandwidth is 100 MHz, as the
larger bandwidth reduces Ton. Fig. 5b and Fig. 5c illustrate
Ton, Tsleep, and Ttrans as a function of SNR when the user
transmits 30 frames of four HDvideoswithout timeout.When
Ton is longer, then Tsleep becomes shorter because Tsleep is
the remaining time after the video transmission. On the other
hand, Ttrans remains nearly constant, as it depends not on SNR
but on the number of transitions and inherent non-ideality

FIGURE 6. Eon, Esleep, and Etrans depending on SNR when a single user is
transmitting 4 HD camera videos at 30 fps using C-V2X PC5 interface.

FIGURE 7. Ton and EV 2X when multiple single users are sharing the
bandwidth and the user is transmitting 4 HD camera videos at 30 fps
using C-V2X PC5 interface.

of RF transceiver. Fig. 6 illustrates the energy consumption
when the user transmits four HD videos at 30 fps to a
nearby RSU over one hour. Since Pon is greater than Psleep,
a longer Ton results in higher energy consumption. In terms
of bandwidth, energy consumption is higher at 20 MHz
than at 100 MHz due to the impact of bandwidth on TBS.
Meanwhile, Etrans appears almost negligible because Ttrans
is extremely short compared to Ton and Tsleep, even though
Ptrans is not insignificant.
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FIGURE 8. The energy consumption per frame for a single user using the
C-V2X uplink, depending on various SNR values.

FIGURE 9. Ton, Tsleep, and Ttrans when a single user is transmitting 4 HD
camera videos at 30 fps using C-V2X Uu interface and utilizing MCS that
makes Ton minimum.

Fig. 7a and Fig. 7b present Ton as a function of SNR
when multiple users share the fixed 20 MHz and 100 MHz
bandwidth for 5G V2X sidelink, and the user is transmitting
four HD videos at 30 fps and utilizing MCS which makes
the Ton minimum. If the SNR is lower than 30 dB
and the bandwidth is 20 MHz, ToD cannot be supported
when multiple users are occupying the network due to the
occurrence of timeout. Fig. 7c and Fig. 7d illustrate the
minimum energy consumption for ToD as a function of SNR
when multiple users share the fixed 20 MHz and 100 MHz
bandwidth, and the user is transmitting four HD videos
at 30 fps. As the number of users sharing the bandwidth
increases, the total energy consumption for a single user
also increases. This is due to the fact that sharing bandwidth
with more users makes TBS smaller, and a smaller TBS
results in a longer Ton. Additionally, resource allocation for
sidelink mode 2 is based on autonomous scheduling method
for multiple users [44]. This results in increased contention
for radio resource among users and additional interference,
which may lead to a higher error rate and more frequent
retransmissions.

B. UPLINK SENSOR SHARING SYSTEM
Following a similar approach as in the subsection V-A,
we investigate EV2X consumed for sensor data transmission
using the C-V2X uplink to an adjacent BS. Fig. 8 shows
the energy consumption required to transmit a single frame
of camera sensor video, depending on the SNR and video
resolutions, when a single user sends sensor data to the
BS. The trend in energy consumption across SNR, MCS,
and resolution is consistent with the result observed for the

FIGURE 10. Eon, Esleep, and Etrans depending on SNR when a single user
is transmitting 4 HD camera videos at 30 fps using C-V2X Uu interface.

FIGURE 11. Ton and EV 2X as a function of SNR when multiple single
users are sharing the bandwidth and the user is transmitting 4 HD camera
videos at 30 fps using C-V2X Uu interface.

sidelink which is presented in Fig. 4. However, the overall
energy consumption is significantly lower compared to using
the C-V2X sidelink. It is because the C-V2X uplink utilizes
higher spectral efficiency due to the use of different MCS,
resulting in larger TBS and reduced Ton.

Fig. 9 illustrates Ton and Tsleep by SNR when the vehicle
transmits 30 frames of four HD videos. The tendency is
similar to Fig. 5a, but Ton is shorter due to the larger TBS,
resulting in longer Tsleep and no timeout. Fig. 10 shows the
energy consumption when the user transmits four HD videos
at 30 fps over an hour to an adjacent BS. Similarly, the trend
of energy consumption by SNR is similar to Fig. 6, but the
energy consumption is significantly lower compared to the C-
V2X sidelink because of the same reasons mentioned above.

Fig. 11a presents Ton as a function of SNR when multiple
users share 100 MHz bandwidth, and the user is streaming
four HD video at 30 fps. The results show that ToD is
available through 5G C-V2X uplink when up to 15 users
are sharing the bandwidth. Excluding the cases where the
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FIGURE 12. (a) Energy per bit depending on SNR when the number of
vehicles sharing the bandwidth is 1 or 2. (b) Energy per bit depending on
the number of vehicles sharing the bandwidth when the SNR is 15 dB.

FIGURE 13. Energy consumption comparison between ToD and OBU. The
vehicle transmits 4 HD videos at 30 fps over one hour for ToD and the
SNR is 15 dB and the operating frequency of the CPU remains constant
for one hour.

timeout occurs, as shown in Fig. 11b, the energy consumption
increases as the SNR decreases or the number of users
sharing the bandwidth rises, while the amount of increase
remains lower than that of the sidelink, even with a larger
number of users. This also can be attributed to the utilization
of a larger bandwidth and different MCS indices. A larger
bandwidth leads to more PRBs available in the bandwidth,
which allows each user to access more PRBs and a larger
TBS per user. Also, it is influenced by the use of different
MCS, which results in a larger TBS. These two factors
consequently shorten Ttx , and shorter Ttx means smaller Ton,
leading to smaller Eon. Similar to the results presented in
Fig. 7c and Fig. 7d, contention among multiple vehicles
leads to additional retransmissions and increased energy
consumption. However, the magnitude of this increase is
lower than that observed in sidelink communication. This
difference arises because uplink scheduling is centrally
managed byBS, thereby reducing the frequency of contention
among vehicles compared to sidelink communication, which
relies on autonomous resource selection [44].

Fig. 12 presents a comparison of energy per bit between
sidelink and uplink. In Fig. 12a, energy per bit is shown
as a function of SNR. When comparing sidelink cases,
operating with a 100 MHz bandwidth consumes, on average,
approximately 27% of the energy required for a 20 MHz
bandwidth at a given SNR, primarily due to the shorter Ton.
Also, when comparing sidelink and uplink under the same
bandwidth conditions, uplink-based sensor sharing consumes
approximately 85% of the energy consumed for sidelink. It is
due to the TBS and the prevalence of contention, which arises
from differences in scheduling properties. In Fig. 12b, energy
per bit depending on the number of users is illustrated. Ideally,
the same amount of PRB is allocated per vehicle in sidelink
when a single user operates with a 20 MHz bandwidth and
when five users share a 100 MHz bandwidth. However,
resource sharing among multiple users entails contention,
which in turn increases energy consumption. The results
indicate that uplink outperforms sidelink at energy efficiency
due to the use of different MCS. Additionally, uplink exhibits
superior performance in dense radio traffic conditions due to
the BS-based scheduling mechanism.

Fig. 13 presents the energy consumption in the vehicle
when the driving is managed by OBU, ToD using C-V2X
sidelink, and ToD using uplink over one hour and the SNR
is 15 dB. The OBU consumes 46.54 Wh and 81.99 Wh
when it is being operated at fbase and fmax , respectively.
In contrast, using ToD consumes less than 0.51 Wh. These
indicate that employing ToD can save 100∼650 times more
energy compared to using OBU. Moreover, OBU consumes
13.11 Wh for one hour when its operating frequency is fidle,
which means the energy consumption of ToD is at least
25 times more energy-efficient even if the OBU is in the
idle state. In a comparison between sidelink and uplink,
sidelink consumes 1.1∼3.7 times larger power than the uplink
when a single user utilizes the bandwidth. Also, even when
five users share the bandwidth of 100 MHz using uplink,
it consumes less energy than when a single user dominates
the total bandwidth of 20 MHz for sidelink.

VI. CONCLUSION
In this paper, we proposed a framework for analysis
of energy consumption considering various environmental
conditions of wireless communications, and we analyzed
the energy consumption resulting from sensor sharing for
ToD using 5G C-V2X based on the proposed framework.
Our analysis considered various video resolutions under
different conditions, including varying channel states and
multi-user scenarios. The increase in energy consumption
can be attributed to a smaller TBS resulting from lower
MCS indices or bandwidth sharing, both of which compel
the vehicle to consume more energy for initial transmissions
by making the duration of active mode longer. Higher video
resolutions can further increase energy consumption, as larger
data sizes necessitate more TTIs for transmission. In addition,
SNR significantly affects total energy consumption. With
lower SNR, more communication errors occur, leading to an
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increased number of retransmission trials, which results in a
longer time duration of active mode for RF transceiver and
higher energy consumption. Multi-user contention for radio
resources can also increase energy consumption by inducing
additional retransmissions due to interference. Additionally,
the results demonstrate that using the uplink is more energy
efficient than using the sidelink, owing to the differences
in TBS and scheduling properties. Compared to the energy
consumption of the on-board CPU, ToD showed higher
energy efficiency. This suggests that ToD is more effective
than autonomous driving systems operated by the OBU in
reducing additional energy consumption of vehicles required
to support unmanned mobility services. For future work,
we will consider variable transmission power and derive
an energy consumption optimization model under variable
channel conditions and traffic density considering scheduling
methods and security aspects for the C-V2X-based real-time
sensor sharing system.
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