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Abstract—The semantic communication mechanism enables
wireless devices in vehicular networks to communicate more
effectively with the semantic meaning. However, in high-dynamic
vehicular networks, the transmission of semantic information
faces challenges in terms of reliability and stability. To address
these challenges, a long-term robust resource allocation scheme
is proposed under the Device-to-Device (D2D) vehicular (D2D-V)
networks, where multiple performance indicators (user satisfac-
tion, queue stability, and communication delay) are considered.
Due to the sophisticated probabilistic form with consideration of
channel fluctuations, the Bernstein approximation is introduced
to acquire the deterministic constraint more efficiently. The
robust resource allocation problem is proposed and separated
into two independent subproblems by the Lyapunov optimization
method, which includes semantic access control in the application
layer and power control in the physical layer. After that, the
successive convex approximation method and Karush-Kuhn-
Tucher conditions are adopted to solve the subproblems, thereby
proposing a robust resource allocation algorithm. The simulations
reveal the trade-off relationship between user satisfaction, queue
stability, and communication delay, which is on the premise of
meeting the user SINR requirement. Moreover, the simulations
also prove the necessity of considering channel uncertainty in
high-speed mobile vehicular communication scenarios.

Index Terms—Vehicular networks, Semantic communication,
Resource allocation, Lyapunov optimization, D2D technology.

I. INTRODUCTION

To improve traffic efficiency and driving experience for
vehicle users, autonomous driving technology has been widely
studied [1]. In autonomous driving systems, efficient decisions
of vehicles mainly depend on the data collected from their
surroundings ( mainly by taking traffic pictures by cam-
eras) and the information interaction with adjacent vehicles/
roadside infrastructures (wireless communications). Compared
with the perception of surroundings, information interaction
based on the internet of vehicle (IoV) is particularly critical
[2]. However, efficient and reliable vehicular communications
face two major technical challenges [3].

On the one hand, due to the large amount of data collected
by vehicles, the transmission of original data will require
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large bandwidth and cause severe communication overhead,
which is not realistic for current IoV with scarce spectrum
resources. A novel communication mode, semantic commu-
nication mechanism, has been widely studied [4]. With the
improvement of intelligence and informatization, vehicles have
the ability to terminal information calculation. The improve-
ment of terminal ability provides support for semantic com-
munication which extracts the core semantic data and only
transmits the meanings [5]. On the other hand, to facilitate
the direct information interaction between adjacent vehicles,
device-to-device (D2D) technology is widely used in vehicular
networks and facilitates a D2D vehicular (D2D-V) system [6].
However, due to the frequent topology changes caused by
the high mobility of vehicles, the vehicle-to-everything link
is easy to be interrupted. Therefore, the guarantee of Signal
to Interference plus Noise Ratio (SINR) is the key point in a
dynamic environment [7]. Recent studies demonstrated that the
semantic communication mechanism is more robust in a low
SINR environment [8], which increases the communication
qualities of wireless devices. Based on the extracted semantic
data, D2D communications aim to maximize the transmission
efficiency and minimize the semantic errors by transmitting
the meaning of data, rather than traditional bit errors.

Nevertheless, since the semantic data cannot be transmitted
by D2D users instantaneously, it has to be temporarily cached
in the buffer of the application layer. Therefore, cross-layer
resource allocation which joints the application layer and the
physical layer is the most widely used method to control queue
stability and improve system robustness, especially in dynamic
communication environments [9]. As a result, a cross-layer
robust resource allocation framework based on the D2D-V
networks is a promising solution for efficient and reliable
vehicular communications.

II. RELATED WORKS

According to Shannon’s theorem, there is a limit value of
transmission rate in theory, which represents the maximum
communication capacity of the channel. As Shannon argued,
converting a continuous source data requires a channel with
infinite capacity, and the solution is to discretize the signal
within a certain tolerance of information loss [10]. In other
words, traditional communication model based on Shannon’s
theory has limited efficiency. Semantic communication, as a
novel communication mode, has been widely studied in recent
years, which extracts the semantic data and only transmits the
core meanings. Instead of discretizing the continuous source
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signal with a certain loss tolerance, semantic communication
allows transmitting the meaning of the signal, which has
the potential to significantly improve transmission efficiency
(lower channel resource and lossless signal delivery) [11].
Furthermore, the semantic error can be greatly reduced by
transmitting the core meaning of data, which is under the
help of a semantic knowledge library to encode and decode
respectively [12]. However, the existing semantic communica-
tion research does not well consider the process of end-to-end
data exchange, and the ultra-reliable and low-latency semantic
transmission that meets various user qualities of service (QoS)
has not been paid enough attention [13].

Therefore, this paper considers a joint scenario of semantic
communications and D2D technology and studies the com-
munication quality of signal links on the basis of extracted
semantic data. The combination of semantic communications
and D2D technology is full of advantages, i.e., reducing
communication load, realizing end-to-end direct transmission,
reducing transmission errors, and so on. To improve the
network stability, the traditional solutions mainly focus on
the power control in the physical layer [14]. However, the
semantic data cannot be transmitted by D2D users instanta-
neously, it has to be temporarily cached in the buffer of the
application layer, ignoring the access rate of semantic data
in the application layer will lead to an imbalance data queue,
thereby producing uncontrollable network delays. Therefore, a
long-term dynamic cross-layer resource allocation framework
is highlighted and constructed to guarantee the requirements
of QoS and the queue stability in [9]. Lyapunov optimization
method is adopted in this paper, which firstly transforms the
long-term constraints into queue stability conditions and then
transforms the long-term objective functions and the queue
stability conditions into solvable short-term subproblems [15].

Although the Lyapunov optimization method has greater
advantages in long-term performance indexes, it cannot well
depress the problems of co-channel interference. As is stated
in [16], the coexistence of D2D underlay communications
and cellular communication causes serious co-channel inter-
ference, and an effective interference management is crucial.
What makes the problem more complex, more and more
articles confirm that the channel uncertainty cannot be ignored,
especially in the high-speed mobile vehicular communication
scenarios [17], [18]. In this paper, the Gauss-Markov process
is proposed to statistically simulate the imperfect channel
state information (CSI) [19], where the mobile characteristic
of vehicles is highly considered. Furthermore, the chance
constraint is used to describe the interference constraint in
[20], which is in a probability form with uncertain parameters.
To get the closed expression of the interference constraint, the
authors proposed the Bernstein approximation method [21].

Motivated by combining the strengths of semantic commu-
nications and D2D technology, this paper proposes a long-
term robust resource allocation scheme, in which joints access
control of the application layer and robust power control of
the physical layer. Through a series of optimization processes,
this work is committed to realizing more efficient semantic
information transmission.

A. Contributions

The main contributions of this work are shown as follows:
• The combination of semantic communication and a novel

long-term resource allocation scheme is proposed in this
paper to realize effective link transmission, which greatly
improves transmission efficiency and resource utilization.
The proposed scheme achieves the compromise of user
satisfaction, queue stability, and communication delay on
the premise of meeting user SINR requirements.

• Lyapunov optimization method is leveraged to transform
dynamic cross-layer resource allocation problem into a
semantic access control subproblem and a power control
subproblem. Karush-Kuhn-Tucher (KKT) conditions and
Lagrangian function method are used to deal with the
subproblems, respectively. Particularly, the Bernstein ap-
proximation method is adopted to convert the non-convex
power control subproblem into a solvable convex one.

• The mobility characteristics of vehicles are considered,
and an accurate uncertain channel state description is con-
structed by introducing the first-order Markov process. A
robust resource allocation algorithm is proposed to realize
efficient and reliable semantic signal transmission.

The rest of this paper is organized as follows: In Section III,
the system model and a robust resource allocation framework
are established. In Section IV, the resource allocation problem
transformation based on the Lyapunov optimization method is
proposed. We propose a robust resource allocation algorithm
in Section V. Numerical simulation results and conclusion are
shown in Section VI and VII, respectively.

Notation: In this paper, vectors are typed by bold letters.
Some notations shown in Table I.

TABLE I: Notations

K Index set of reused channels K = {1, . . . ,K}
M User index set in a reused channel M={0, 1,. . .,M}
T Index set of time slots T = {0, 1,. . .,T}
Pr{·} Probability function
E{·} Exponential distribution
E{·} Mathematical expectation
RM Euclidean space
RM Set of M -dimensional real vectors
Qm(t) Data queue of CUE and VUEs
Zm(t) Virtual queue of CUE and VUEs
G Channel gain vector
D Source data vector
H Encoded semantic data vector
F Received semantic data vector
D̂ Decoded semantic data vector

III. PROBLEM FORMULATION

A. System Models

Based on Open System Interconnection (OSI) model, the
cross-layer optimization diagram is shown in Fig. 1, where
power control of the physical layer and access control of
semantic data of the application layer are performed to realize
queue stability. Taking the image information as an example,
we apply the end-to-end scene graph generation model with
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Fig. 2 Extracted image semantic data

encoder-decoder architecture to process the source image data
[22]. In the semantic communication mechanism, the collected
source data is represented as D = [d1, d2, . . .], they are further
encoded by semantic encoder and channel encoder. The ex-
tracted semantic data is represented by H = encc(encs(D)),
where encc(·) and encs(·) are the channel encoder and the
semantic encoder, respectively. At the end of receiving devices,
the received signal is represented as F = GH + σ2, where
σ2 is the background noise and G is the channel gain
vector. Furthermore, The decoded semantic data is obtained
by D̂ = decs(decc(F)), where decc(·) is the channel decoder,
and decs(·) is the semantic decoder.

The extraction process of traffic semantic data is shown
in Fig. 2. The D2D-V transmitter uses a semantic encoder
to extract the semantic features from the real-time traffic
images taken by vehicular cameras. These extracted key
features are stored in a form of text and are cached in the
buffer of the application layer. Based on these key features,
vehicles can make rapid and efficient decisions. Meanwhile,
the continuously generated semantic information can also be
used to monitor real-time dynamic traffic environments and
achieve safe and efficient autonomous driving. Furthermore,
the semantic transmission process based on D2D communica-
tion technology is studied. The stability of the data queue is
ensured by controlling the access rate and transmission rate.
On the above basis, multiple indexes of system performance
are optimized.
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Fig. 1 Semantic communication-based cross-layer optimization model

Fig. 3 is the D2D-V communication model in the physical

layer. Based on effective encoding and decoding technology,
this paper focuses on the link transmission process. As shown
in Fig. 3, a macrocell and numerous D2D-V pairs are included
in the D2D-V networks, a vehicle transmitter (VT) and a
vehicle receiver (VR) constitute a D2D-V pair. Each VT and
VR is equipped with a semantic encoder and a semantic
decoder, respectively. Multiple D2D-V pairs communicate di-
rectly by reusing the uplink allocated to CUE without passing
through the base station (BS). When the distance between
two neighbor vehicles exceeds the applicable distance of D2D
communications, the D2D pairs are spontaneously formed.
Cowan’s M3 model can well describe the traffic pattern [23].
Cowan’s M3 model stated that the distances between adjacent
D2D pairs follow a truncated exponential distribution.

Cellular link Interference linkD2D-V link

0

0

1 1 mm

Fig. 3 Physical communication model

To improve the spectrum efficiency of semantic data trans-
mission, a reusing mechanism is adopted where the CUE and
VUEs are the spectrum owner and sharers, respectively. Fig.
3 also shows five kinds of links in a specific reused channel:
CUE-I link between CUE and the BS, D2D-V link, V2I link
between VT and the BS, CUE-V link between CUE and
VR, V2V interference link between VT and VR. Particularly,
the interference link and signal link are distinguished in this
figure. The signal links include the CUE-I link and D2D-V
link. V2I link, CUE-V link, and V2V interference link are
the interference links. As a tricky feature of the vehicular
communication scenarios, these links are regarded as Non-
Line of Sight (NLoS) transmissions. It is believed that there are
always many uncertain environmental factors in the semantic
communication process, such as the obstruction of obstacles,
the high-speed relative movement of communication terminals,

This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TVT.2023.3257770

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Sungkyunkwan University. Downloaded on March 23,2023 at 07:31:08 UTC from IEEE Xplore.  Restrictions apply. 



MANUSCRIPT 4

channel estimation error, and so on [24]. Therefore, channel
uncertainty is inevitable for semantic data transmission, and
the accurate description is shown in subsection B.

In the process of resource allocation, M + 1 transmission
users are considered (i.e., one CUE and M VTs), which are
connected to the BS and M VRs, respectively. At the tth time
slot, Am(t) bits of semantic data is required to transformed by
user m, where m ∈M,M = {0, 1, . . . ,M}. The arrival data
is first stored in a buffer of the mth transmission user before
being sent out. Let Rm(pm(t)) denotes the transmission rate
at time slot t of the physical layer, the queue m formed and is
expressed as Qm(t). In other words, Am(t) and Rm(pm(t))
specify the amount of semantic data that should arrive from
the application layer and be sent out in the physical layer,
respectively.

B. Channel Models

The channel gain between the mth transmitter and the nth
receiver is formulated as

gkm,n = Skm,n(η
k
m,n)

2, m ∈M, n ∈M (1)

where Skm,n and (ηkm,n)
2 denote the large-scale fading and

small-scal fading effects in the channel k, respectively [25],
k ∈ K, K = {0, 1, . . . ,K}. The large-scale slow fading
includes shadow fading and path loss,

Skm,n = Lkm,n(d
k
m,n)

−αm , m ∈M, n ∈M (2)

where Lm,n denotes the shadow fading and d−αm
m,n denotes

the path loss, αm is the path-loss exponent and dm,n is the
communication distance.

The IoV is always in a dynamic communication scenario,
vehicle movement will lead to the Doppler effect, thereby
affecting the channel state. A well-function resource allocation
strategy is inseparable from the capture of imperfect CSI.
Therefore, the first-order Markov process is adopted to accu-
rately simulate the small-scale fading component ηm,n, which
is shown as follows [26]:

η = ϑη̂ + ϵ, (3)

where η and η̂ are the channel responses of the current
and previous time slots, respectively. The coefficient ϑ (0 <
ϑ < 1) quantifies the channel correlation between the two
consecutive time slots. In the probabilistic statistical model
[26], ϵ is formulated by ϑ=J0(2πfdTf ), where J0(·) is the
zero-order Bessel function. Tf is the feedback time interval
of the channel state information. fd=vfc/c is the maximum
Doppler frequency, where v is the relative speed between
users, fc denotes the carrier frequency, and c=3 × 108m/s.
ϵ is the channel discrepancy term, which is independent to η̂
and with the distribution of CN (0, 1−ϑ2).

The small-scale fading in the dynamic channel model is
represented as follows,

(ηkm,n)
2 = (ϑkm,nη̂

k
m,n)

2 + (ϵkm,n)
2, m ∈M, n ∈M. (4)

The dynamic channel model is represented as follows,

gkm,n = Ski,j((ϑ
k
m,nη̂

k
m,n)

2 + (ϵkm,n)
2), m ∈M, n ∈M. (5)

Given that ĝkm,n = Skm,n(ϑ
k
m,nη̂

k
m,n)

2 and g̃km,n =
Skm,n(ϵ

k
m,n)

2, (5) can be changed to

gkm,n = ĝkm,n + g̃km,n, m ∈M, n ∈M, (6)

where ĝkm,n denotes the sampling channel gain of the previous
slots, g̃km,n denotes the error channel gain. ĝkm,n is a constant
that can be measured, and g̃km,n ∼ E( 1

Sk
m,n

(
1−(ϑk

m,n)
2
) ) [25].

When m = n = 0, gkm,n denotes the CUE-I link’s channel
gain in the kth channel; When m = n ̸= 0, gkm,n denotes
the D2D-V links’ channel gain; When m ̸= n, gkm,n denotes
the interference links’ channel gain, gkm,0, gk0,n, gkm,n are the
channel gains of V2I link, CUE-V link, V2V interference link
in the kth uplink channel, respectively.

C. Cross-Layer Resource Allocation Problem Formulation

In this subsection, the cross-layer problem includes access
control in the application layer and power allocation in the
physical layer. Since the semantic data cannot be transmitted
to VR instantaneously, the data has to be temporarily stored
in the queue of the VT. In the time slot t, t ∈ T , the queue
backlogs of the mth VT are represented as

Qm(t+ 1)=max{Qm(t)−Rm(pm(t)), 0}+Am(t), (7)

It is shown that the dynamic data queue is composed of the
transmission rate Rm(pm(t)) and the access extracted seman-
tic rate Am(t). The data transmission process is controlled
by the power control strategy. The data access process is
controlled by the semantic access rate control strategy. There is
no data overflow if the transmission rate Rm(pm(t)) is larger
than or equal to the access rate Am(t) in the data queue Qm(t).

Definition 1: According to the definition of network stability,
the data queue Qm(t) is mean rate stable [27] when

lim
T→∞

E{|Qm(T )|}
T

= 0. (8)

Channel reusing mechanism is assumed to improve spec-
trum efficiency in the physical layer. Under the limited
spectrum resources, effective channel reusing is crucial for
realizing wireless communication. However, the coexistence
communications in the same frequency band will cause serious
co-channel interference, the interference of the mth signal link
is expressed as

Im(t) =
M∑

n=0,n̸=m

pn(t)gn,m, m ∈M, n ∈M, (9)

where p0 is the CUE’s transmission power and I0 is the
interference of CUE-I link. When n ≥ 1, pn denotes the nth
VT’s power. Furthermore, the signal links’ real-time SINR is
formulated as

γm(pm(t)) =
pm(t)gm,m
Im(t) + σ2

, m ∈M, (10)

The deterministic maximum equivalent transmission rate of
VUEs calculated by Shannon’s theorem is

Rm = ω log2(1 + γ̄m(pm(t))), m ∈M. (11)
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where γ̄m=
E{pmgm,m}

E{
∑M

n=0,n̸=m pngn,m}+σ2 =
pmḡm,m∑M

n=0,n̸=m pnḡn,m+σ2 .
The application-layer satisfaction Um is positively related to

the arrival rate. On the premise of maintaining the stability of
the network, the throughput of the network can be expressed
by the access rate of semantic date Am. Therefore, user
satisfaction Um is positively related to the access rate in the
application layer, and we defined Um as a concave function,
which is represented as

Um[Am(t)] = Ωm log2[Am(t)], (12)

where Ωm is a predefined weight parameter of the mth user.
The transmission delay of the data queue at the mth user is

defined as Dm. According to Little′Law, the average delay
is represented as the quotient between the amount of access
data and the transmission rate, which is shown as follows

D̄m(t) =
lim
T→∞

1
T

∑T−1
t=0 E{|Qm(t)|}

lim
T→∞

1
T

∑T−1
t=0 E{|Rm(pm(t))|}

. (13)

The objective function is to optimize the long-term time-
average satisfaction of CUE and VUEs. The cross-layer robust
resource allocation problem is constructed as

P1 : max
Am(t),pm(t)

lim
T→∞

1
T

T−1∑
t=0

E{
M∑
m=0

Um[Am(t)]}

s.t.


C1 : 0 ≤ pm(t) ≤ pm,max, ∀m, t
C2 : 0 ≤ Am(t) ≤ Am,max, ∀m, t
C3 : Qm(t) is mean rate stable, ∀m, t
C4 : Pr {γm(pm(t)) ≥ γm,min} ≥ 1− ε, ∀m, t
C5 : D̄m(t) ≤ Dm,max, ∀m, t

(14)

where C1 is the power constraint, pm,max is the maximal
power. C2 is the constraint of access rate, and Am,max is
the maximum access rate of extracted semantic data. C3
represents the queue stability constraint defined in (8). C4
is the SINR constraint in the physical layer, γm,min is the
SINR threshold, ε denotes the outage probability threshold of
SINR constraint, where ε ∈ (0, 1). C5 represents the long-term
constraint of the delay, and Dm,max is the delay threshold.

In the traditional static communication networks, we do not
advocate expressing probability constraints of the user SINR
in a short time slot by adopting a statistical model. However,
in high-speed dynamic vehicular networks, the mobility char-
acteristics may cause large distance changes, so it is necessary
to constantly update the collected topology changes in the
time slots. Since the adopted channel model includes path loss,
while the communication distance is updated periodically, the
statistical channel model parameters of the corresponding time
slot should also be updated. Therefore, it is reasonable and
necessary to use the short-term probability constraint C4 to
describe the accurate service demands in mobile scenarios.

IV. PROBLEM TRANSFORMATION BASED ON LYAPUNOV
OPTIMIZATION

A. Problem Transformation

By exploiting the virtual queue concept [28], the long-term
delay constraint in problem P1 is converted to queue stability

conditions. The virtual queue of the mth transmission user
associated with delay constraint C5 is shown as follows

Zm(t+ 1)=max{Zm(t)−Rm(pm(t))Dm,max, 0}+Qm(t), (15)

where the queue Zm(t) is not a real data queue, and (15) is
just an equivalent queue that satisfies the constraint C5.

Theorem 1: If Zm(t) is mean rate stable, C5 holds auto-
matically.

Proof: Since the space is limited, the process of the proof
is omitted. The meticulous proof is shown in [29].

According to Theorem 1, problem P1 is rewritten as

P2 : max
Am(t),pm(t)

lim
T→∞

1
T

T−1∑
t=0

E{
M∑
m=0

Um[Am(t)]}

s.t.

{
C1, C2, C4,
C6 : Qm(t), Zm(t) are mean rate stable, ∀m, t.

(16)

B. Lyapunov Optimization
Lyapunov optimization is a powerful method theory to

deal with the long-term resource optimization schemes, which
need less prior information and owns lower computational
complexity [15]. Let M(t)=[Q(t),Z(t)] be the concatenated
vector of the data queue and the virtual queue. Then, the
Lyapunov function is defined as

L(M(t)) = 1
2

M∑
m=0
{Q2

m(t) + Z2
m(t)}. (17)

The Lyapunov drift function is expressed as

△(M(t)) = E{L(M(t+ 1))− L(M(t))|M(t)}, (18)

According to [30], a smaller drift value would have more
conducive to queue stability. We can adjust the final queue
length of the Lyapunov function to optimize the optimal
value of Lyapunov drift, thereby realizing system stability. To
minimize the network delay and maximize user satisfaction,
the drift-minus-reward term is expressed as

△(M(t))− V E{
M∑
m=0

Um[Am(t)]}, (19)

where V is a non-negative control parameter that affects the
tradeoff between queue stability and user satisfaction.

Theorem 2: Define ∆max as the upper bound of the drift-
minus-reward, for all M(t) and V ≥ 0, the maximum value
of the drift-minus-reward term can be obtained by

∆max=
M∑
m=0

E{Qm(t)Am(t)− V Um[Am(t)]|M(t)}

+
M∑
m=0

Zm(t)E{Qm(t)−Rm(pm(t))DQ
m,max|M(t)}

−
M∑
m=0

Qm(t)E{Rm(pm(t))|M(t)}+Θ,

(20)

where Θ is a positive constant that satisfies the following
constraint,

Θ ≥ 1
2

M∑
m=0
{R2

m(pm(t)) +A2
m(t)|M(t)}

+1
2

M∑
m=0
{(Rm(pm(t))DQ

m,max)
2 +Q2

m(t)|M(t)}.
(21)
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Proof: The detailed proof is shown in Appendix A.

C. Joint Access Control and Power Control Optimization
Scheme

Based on Lyapunov optimization theory, the rewritten ob-
jective function is regarded as the tradeoff between “network
stability”, “network delay”, and “user satisfaction”, and the
optimization scheme should satisfy the constraints C1, C2,
and C4. Therefore, the rewritten problem is

P3 : min∆max

s.t. C1, C2, C4.
(22)

Problem P3 is divided into two independent subproblems,
which are the access control subproblem and the power control
subproblem.

1) Access Control Subproblem: The access rate control
subproblem is expressed as

P4 : min
Am(t)

M∑
m=0

Qm(t)Am(t)− V Um[Am(t)]

s.t. C2 : 0 ≤ Am(t) ≤ Am,max, ∀m, t.
(23)

2) Power Control Subproblem: The remaining items in the
objective function are

M∑
m=0

Zm(t)
(
Qm(t)−Rm(pm(t))

)
DQ
m,max

−
M∑
m=0

Qm(t)Rm(pm(t)) + Θ.

(24)

Since the terms Zm(t)Qm(t) and Θ involve no variables,
the optimization objective function in the power control sub-
problem is formulated as

M∑
m=0

(
Zm(t)DQ

m,max+Qm(t)
)
Rm(pm(t)). (25)

Furthermore, the power control subproblem is given as

P5 : max
pm(t)

M∑
m=0

(
Zm(t)DQ

m,max+Qm(t)
)
Rm(pm(t))

s.t.

{
C1 : 0 ≤ pm(t) ≤ pm,max, ∀m, t
C4 : Pr {γm(pm(t)) ≥ γm,min} ≥ 1− ε, ∀m, t

(26)

V. SOLUTIONS TO CROSS-LAYER RESOURCE
OPTIMIZATION PROBLEM

A. Solution to Access Control Subproblem

KKT conditions is adopted to solve the optimization prob-
lem P4. The Lagrangian function of problem P4 is,

Lm(Am(t)) = Qm(t)Am(t)−V Um[Am(t)] (27)

where ν is the Lagrangian multiplier and ν ≥ 0.
The first-order derivative of (27) in terms of Am(t) is

formulated as:
∂Lm(Am(t))
∂Am(t) = Qm(t)− V Ωm

Am(t) ln 2 = 0. (28)

The optimal arrival rate of semantic data is obtained

A∗
m(t) = min{ V Ωm

Qm(t) ln 2 , Am,max}. (29)

B. Transformation of Power Control Subproblem

1) Successive Convex Approximation of the Objective Func-
tion: In the power control subproblem, the function is rewrit-
ten as

M∑
m=0

(Zm(t)DQ
m,max +Qm(t))ω log2(1 + γ̄m(p(t))). (30)

The method of successive convex approximation is adopted
to approximate the objective function by the theory of

log2(1 + x) ≥ 1
ln 2 [X ln(x) + Y ] , (31)

where x > 0, X and Y are two coefficients that should be
definitely settled.

Supposed that the equal form of lower bound approximation
is acquired when x = γ̄m(p(t)),

log2(1 + γ̄m(p(t))) = 1
ln 2 [Xm ln(γ̄m(p(t))) + Ym] . (32)

According to the equality condition, (32) can be converted to,

( x
γ̄m(p(t)) )

Xm ≥ 1+x
1+γ̄m(p(t)) . (33)

For any Xm which meets (33), to obtain the lower-limit
approximation, Xm is a valid coefficient for and less than 1.
If Xm ≥ 1, ( x

γ̄m(p(t)) )
Xm is a concave function, there exists

x > 0 , which will cause that (33) is not valid. It can be
learned that the function y = 1+x

1+γ̄m(p(t)) is a tangent line

for y = ( x
γ̄m(p(t)) )

γ̄m(p(t))
1+γ̄m(p(t)) at x = γ̄m(p(t)). Therefore, it is

concluded that Xm = γ̄m(p(t))
1+γ̄m(p(t)) is the maximum value which

satisfies (33), and Ym = ln(1+γ̄m(p(t)))−Xm ln(γ̄m(p(t))).
To acquire a standard convex objective function, the trans-

formation p̃m(t) = ln pm(t) is introduced, and the standard
convex optimization structure is obtained with respect to
p̃m(t), and the prove process is shown in [31]. The lower
bound of the objective function in problem P5 is obtained

max
pm(t)

M∑
m=0

ω
ln 2 (Zm(t)D

Q
m,max +Qm(t))

·
[
Xmln(γ̄m(ep̃m(t)))+Ym

]
.

(34)

2) Approximation of Probability Constraint: To depress the
uncertain probability constraint (10), the Bernstein approxima-
tion which is a convex approximation method is proposed [25].
The probability constraint is reformulated as

Pr

{
ϕ0(p) +

M∑
m=0

ξmϕm(p) ≤ 0

}
≥ 1− ε, (35)

where p is a deterministic variable vector, {ξm} is a random
variable with marginal distribution {ψm}. With the following
conditions, inequality (35) is potentially satisfied for a given
family of {ξm} distributions,

1) {ϕm(p)} are affine in p;
2) {ξm} are independent of each other;
3) {ψm} is with the bounded support of [-1,1], which is

expressed as −1 ≤ ψm ≤ 1, ∀m = 0, 1, · · ·,M .
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Theorem 3: By Bernstein approximation, the uncertain
probability constraint Pr {γm(pm(t)) ≥ γm,min} ≥ 1 − ε can
be transformed into the l∞-approximate constraint.

σ2+
M∑
n=0

χn,me
p̃n(t)+

√
2 ln(

1

ε
)
M∑
n=0

υn,m ≤ 0. (36)

δn,mβn,me
p̃n(t) ≤

M∑
n′=0

υn′ ,m. (37)

Proof: The detailed proof is shown in Appendix B.
Based on Theorem 3 and the approximated objective func-

tion (34), the power control subproblem P5 can be trans-
formed as,

P6 : max
p̃m(t)

M∑
m=0

ω
ln 2 (Zm(t)D

Q
m,max +Qm(t))

·
[
Xmln(γ̄m(ep̃m(t)))+Ym

]

s.t.


σ2+

M∑
n=0

χn,me
p̃n(t)+

√
2M ln( 1ε )

M∑
n=0

υn,m ≤ 0

δn,mβn,me
p̃n(t) ≤

M∑
n′=0

υn′ ,m

−∞ ≤ p̃n(t) ≤ ln pm,max, ∀m, t

(38)

where the problem P6 is the l∞-approximate power control
subproblem.

C. Solution to the l∞-approximate Power Control Subproblem

Since the problem P6 is a standard convex problem, the
Lagrangian function method is adopted to solve it.

Theorem 4: By solving the Lagrangian function of problem
P6, the iteration for the power control is formulated as

pl∞m (t+ 1) =
[
ln
(
ωXm(t)

ln 2 (Zm(t)D
Q
m,max +Qm(t))

)
−ln

(
ω
ln 2 (Zm(t)D

Q
m,max +Qm(t))

M∑
n ̸=m

Xn(t)
γ̄n(e

p̃)gm,n

ep̃ngn,n

+
M∑
n=0

(ζm(t)χn,m + λn,m(t)
√
Mδn,mβn,m

)]ln pm,max

−∞
,

(39)
where [x]ji=min{max{x, i}, j}. ζm and λn,m denote La-
grangian multipliers, µm ≥ 0 and λn,m ≥ 0, which are shown

λn,m(t+ 1) =

[
λn,m(t)+

Kλ(t)(
√
Mδn,mβn,mep̃n +

M∑
m=0

χn,mep̃n−Ith
√

−2 ln(ε)
)

]+
,

(40)

ζm(t+ 1) =
(
2 ln(ε)

)− 1
2

M∑
n′=0

µn′ ,m(t+ 1), (41)

where Kλ denotes the step-size.
Proof: See Appendix C

D. Robust resource allocation algorithm

We constructed a long-term cross-layer resource allocation
problem (14) and proposed a robust resource allocation algo-
rithm to solve it. Firstly, a series of values are set, including

the maximum number of time slots T , the initial length of
data queue Qm(0), the initial power p̃m(0), and the step size
K. According to (29), we can obtain the optimal arrival rate
of the application layer. Then, update the Lagrange multipliers
λn,m(t+1) of the l∞-approximation. Furthermore, the power
iteration expressions pm(t+1) are shown in (39). At last, the
algorithm based on the Lyapunov optimization framework is
shown as follows.

Algorithm 1 Robust resource allocation algorithm

1: Initialize
• Set T = 100, t← 1.
• Set Qm(0) = 20, p̃m(0) = −8.
• Set Kµ = 0.1, Kλ = 0.1.

2: Initialize λn,m > 0 for the l∞-approximation.
3: while (Am and pm are not converged) and (t < T ) do
4: for ∀t ∈ T do
5: Calculate the optimal arrival rate Am(t) by eq. (29).
6: Update λn,m(t+1) and ζm(t+1) by eq. (40), (41).
7: Calculate the optimal power pm(t+ 1) by eq. (39).
8: end for
9: Set t = t+ 1.

10: end while

VI. SIMULATION AND PERFORMANCE EVALUATION

Numerical simulations are shown here to verify the effec-
tiveness of the robust resource allocation algorithm. First of all,
the extraction process of traffic semantic data is finished and
shown in Fig. 2 of Section III. In this process, the end-to-end
scene graph generation model Relation Transformer for Scene
Graph Generation (RelTR) is adopted, and we regard scene
graph generation as a set prediction problem. The encoder
reasons about the visual feature context and infers a set of
fixed-size triples. Then, the extracted semantic data is trans-
mitted by D2D communications. In the D2D-V networks, a
simplified communication model involving one CUE and four
D2D-V pairs is formulated, which is under the communication
range of the BS. The corresponding parameters of the D2D-V
system are shown in Table II.

Table II. System Parameters.

Parameters Values
SINR threshold (γm,min) 0.9
Delay threshold (Dm,max) 0.1s
Bandwidth (ω) 10 MHz
Outage probability threshold (ε) 0.1
Background noise (δ2) -30 dBm
Control parameter (V ) 75
Weight parameter related to the service (Ωm) 1
Maximum power (pm,max) 0.02 W
Carrier frequency (fc) 2 GHz
Feedback time interval (Tf ) 2 ms
Speed of CUE 0 m/s
Speed of four D2D-V pairs 34, 30, 32, 30 m/s
Shadow fading Lm,n 0.5
Path-loss exponent αm 2

Since the accessed semantic image data is still huge, access
control and power control are combined to control the queue
length and optimize the performance indicators in cross-layer
optimization. Figures 4, 5, 6, 7 and 8 show the dynamic
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Fig. 4 Dynamic convergence of semantic access rates
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Fig. 5 Dynamic convergence of powers

convergence performance of the l∞-approximation robust re-
source allocation algorithm in Algorithm 1. As depicted in
Fig. 4 and 5, the access rates of semantic data and powers
of CUE and VUEs all achieve dynamic convergence within
several steps. Figures 6, 7, and 8 show the dynamic conver-
gence performance of the data queue, the virtual queue, and
the time delay, respectively. The backlogs of the data queue
and the virtual queue also achieve the dynamic convergence
within several steps, and the time delays of all users reach
the ideal values which are less than the delay threshold
Dm,max. Therefore, the results in these figures demonstrate
that the proposed robust resource allocation algorithm of the
l∞-approximation is effective and shows rapid convergence
speed. It is noted that the long-term optimization scheme is
different from traditional short-time ones, dynamic adjustment
of power strategies is necessary to cope with uncertain channel
changes, so the dynamic strategies contribute more robustness
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Fig. 6 Dynamic convergence of the data queue

to the long-term semantic communication system.
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Fig. 7 Dynamic convergence of the virtual queue
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Fig. 8 Dynamic convergence of the time delay

Figures 9 and 10 illustrate the influence of the outage prob-
ability threshold ε on the long-term average sum transmission
rate and time delay. According to Fig. 9, the sum transmission
rate is higher when the outage probability threshold ε increas-
es. A bigger value of ε means that the range of the variable
pm will be expanded, so the optimal power will be searched
in a larger region and committed to improving the objective
function. In this regard, the objective function is positively
correlated with the access rate. When the system is stable,
the input and output also reach a dynamic balance, so the
increase of ε increases the access rate, and further increases
the sum transmission rate. As shown in Fig. 10, the average
time delay of CUE and four VUEs increases with the increase
of ε. This is because the increase of ε brings a greater queue
backlog, even if the transmission rate elevates, the average
time delay will still increase. A comprehensive analysis of
these two indicators in Fig. 9 and 10 can draw a conclusion
that the transmission rate and delay restrict each other in the
D2D-V communication system. The increase in transmission
rate will lead to the loss of delay performance, which further
reflects the importance of system performance compromising.

In this paper, the first-order Gauss-Markov process is used
to describe the channel environment with imperfect CSI, and
the l∞-approximation robust resource allocation algorithm is
proposed. To show the importance of considering channel
uncertainty, we make a comparison with the benchmark [15],
where perfect CSI is assumed. Besides, l1-approximation,
another method to transform the l2-norm structure by ∥z∥2 ≤
∥z∥1 (z ∈ RM ) [25], is also simulated to compared with this
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Fig. 10 Long-term average time delay versus outage probability threshold ε

work. Under the same target probability ε = 0.1, the compar-
ison of the real outage probability is formulated. As shown
in Fig. 11, the real outage probability of l∞-approximation
algorithm is lower than the l1-approximation algorithm, and
much lower than the benchmark [15]. According to C4 in the
P1, it is believed that the lower real outage probability means
a better guarantee of the SINR constraint and the stronger
system robustness. Therefore, this paper can achieve a more
stable signal transmission than the benchmark [15] and the
l1-approximation method [25].
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Fig. 11 Comparison of user real outage probability in different cases

The other performance indicators are also compared, and
they are shown in Fig. 12, 13, and 14. It can be seen by
comparing the l∞-approximation and the l1-approximation
that the l∞-approximation algorithm is outstanding in the
performance of transmission rate and delay.

Moreover, by comparing with the l∞-approximation al-
gorithm, the three figures show that the benchmark [15]
consumes much more transmission powers, but it does not
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Fig. 12 Comparison of user powers in different cases
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Fig. 13 Comparison of user transmission rates in different cases

get an obvious performance improvement. This is because the
perfect CSI is impractical, and users are willing to increase the
transmission rate by excessively increasing its powers. Howev-
er, higher powers also bring more different-levels interference,
and then the transmission rate and delay performances of dif-
ferent users will be affected to varying degrees. Therefore, the
perfect CSI assumption always shows unstable and dissatisfied
performances in the actual communication environment. To
sum up, based on the comprehensive analysis as shown in
Fig. 11, 12, 13, and 14, the l∞-approximation algorithm is
more well-function than the benchmark [15], especially for
the system robustness and power consumption.

To verify the impact of vehicle mobility on sum transmis-
sion rate, different levels of vehicle speeds are simulated in
D2D-V communication scenarios. In this numerical simula-
tion, network topologies are assumed to be the same and the
velocities of all VUEs are identical. Since the moving speed of
CUE is slow, the CUE is assumed to be stationary. The unified
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Fig. 14 Comparison of user delays in different cases
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vehicle velocities are set to 0, 10, 20, and 30 m/s, respectively.
As depicted in Fig. 15, when the vehicle speed increases, the
sum transmission rate decreases in both the l∞-approximation
method of this paper and the l1-approximation method of [25].
It is because that higher speed causes a more serious Doppler
effect, which deteriorates the channel environment and makes
the communication links suffer more co-channel interference.
Therefore, taking the vehicle mobility characteristic into ac-
count is necessary for the accurate description of channel state
and performance improvement.
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Fig. 15 Sum transmission rate versus vehicle speed in different cases

VII. CONCLUSION

In this paper, the extraction process of traffic semantic data
is shown, and then the extracted semantic data is transmitted
by D2D communications. Based on the Lyapunov optimization
theory, this paper designs a long-term dynamic cross-layer
resource allocation framework to realize effective semantic
communications, which includes a semantic access control
scheme and a power control scheme. A robust online resource
allocation algorithm is proposed to achieve real-time optimiza-
tion strategy. Simulation results demonstrated the converged
performances of the proposed algorithms under the uncertain
channel environment. The simulations also validate that the
data queue is stabile, low delay and high-reliability semantic
communications are finished, the user QoS requirements are
guaranteed, especially the system robustness and power con-
sumption outperform the benchmark. To sum up, the proposed
long-term dynamic cross-layer resource allocation algorithm is
well-function in the communication environment with multi-
user interference and channel uncertainty. Moreover, the Lya-
punov control parameter can be adjusted to realize the tradeoff
between user satisfaction maximization, queue stability, and
delay minimization.
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APPENDIX A
Proof: Assumed that A, B, and C are both non-negative

real numbers, it is clearly established that

(max{A−B, 0}+C)2 ≤ A2+B2+C2+2A(C−B). (42)

According to (42), we can obtain

△(M(t)) = E{L(M(t+ 1))− L(M(t))|M(t)}

≤
M∑
m=0

E{Qm(t)Am(t)|M(t)}

+
M∑
m=0

Zm(t)E{Qm(t)−Rm(pm(t))DQ
m,max|M(t)}

−
M∑
m=0

Qm(t)E{Rm(pm(t))|M(t)}+Θ

(43)

where Θ is a positive constant that satisfies:

Θ ≥ 1
2

M∑
m=0
{R2

m(pm(t)) +A2
m(t)|M(t)}

+1
2

M∑
m=0
{(Rm(pm(t))DQ

m,max)
2 +Q2

m(t)|M(t)}.
(44)

Add V E{
M∑
m=0

Um[Am(t)]} to both sides of (43), we can

obtain the formula (20).

APPENDIX B

Proof: The conservative approximation substitution for
(35) is,

inf
ρ>0

[
ϕ0(p) + ρ

N∑
n=0

ιm(ρ−1ϕn(p)) + ρ ln(
1

ε
)

]
≤ 0, (45)

where ιm(y) = max
ψm

ln(
∫
exp(xy)dψm(x)), ρ is the conser-

vative approximate parameter. p = [p1, p2, . . . , pm], which is
the vector of transmission powers.

The transformation process can further perform by using
the upper bound of ιm(y),

ιm(y) ≤ max{o−my, o+my}+
δ2m
2
y2,m = 0, 1, · · ·,M, (46)

where o−m, o
+
m and δm are both constants and determined by

the given families −1≤o−m≤o+m≤1, δm≥0.
When ιm(·) in (46) is substituted with the upper bound, the

convex conservative surrogate of (45) is reformulated as,

ϕ0(p(t)) +
M∑
m=0

max{o−mϕm(p(t)), o+mϕm(p(t))}+√
2 ln( 1ε )

(
M∑
m=0

(δmϕm(p(t)))2
) 1

2

≤ 0.

(47)

The outage probability constraint of the mth signal link
in the optimization problem can be rewritten into a matrix
expression,

Pr
{
(Gm)Tp+ σ2 ≤ 0

}
≥ 1− ε, (48)

where Gm = [g0,m, g1,m, . . . ,− gm,m

γm,min
, . . . , gM,m].

Here, g̃n,m is assumed to be bounded by [an,m, bn,m],
βm,n=

1
2 (bm,n−am,n)̸=0 and ϖn,m= 1

2 (bn,m+an,m) are
constructed to normalize the support ψn,m, which is in the
range of [−1, 1].

ψn,m =
g̃n,m −ϖn,m

βn,m
∈ [−1, 1]. (49)

Let ϕ0(p(t))=σ2+
∑N
i=0(ĝm,n+ϖm,n)pm(t), ϕm(p(t))=

This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TVT.2023.3257770

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Sungkyunkwan University. Downloaded on March 23,2023 at 07:31:08 UTC from IEEE Xplore.  Restrictions apply. 



MANUSCRIPT 11

βm,npm(t), (47) is an equivalent constraint with C4 in P5.
Hence, substituting f0(p) and fm(p) into (47), then it is
reformulated as,

σ2+
M∑
n=0

χn,mpn(t)+
√

2 ln( 1ε )

(
M∑
n=0

(δn,mβn,mpn(t))
2

) 1
2

≤0,

(50)
where χn,m = ĝn,m+ϖn,m + v+mβn,m. In (50), the coupling
power variables bring a high computational difficulty to the
problem solving process. To reduce the computational com-
plexity, according to ∥z∥2 ≤

√
N∥z∥∞ (z ∈ RM ), the l2-

norm structure of (50) is further transformed into the l∞-
approximation problem,

σ2+

M∑
n=0

χn,mpn(t)+

√
2M ln(

1

ε
) max
n∈M

δn,mβn,mpn(t)≤0 (51)

By setting auxiliary variables υ = [υ0,m, υ1,m, . . . , υM,m], the
l∞-approximation constraint (51) can be further reformulated
as the separable constraints (52) and (53).

σ2+
M∑
n=0

χn,mpn(t)+

√
2M ln(

1

ε
)
M∑
n=0

υn,m ≤ 0 (52)

δn,mβn,mpn(t) ≤
M∑
n′=0

υn′ ,m (53)

By the transformation p̃n(t) = ln pn(t), (36) and (37) can be
obtained.

APPENDIX C

Proof: Since P6 is a convex problem, the Lagrangian
function of P6 is shown as follows,

L(p̃m(t) : λn,m, ζm) =
M∑
m=0

ω
ln 2 (Zm(t)D

Q
m,max+Qm(t))

[
Xmln(γ̄m(ep̃m(t)))+Ym

]
−
M∑
m=0

ζm

(
σ2+

M∑
n=0

χn,me
p̃m(t)+

√
2M ln( 1ε )

M∑
n=0

υn,m

)
−
M∑
m=0

M∑
N=0

λn,m

(
δn,mβn,me

p̃m(t) −
M∑
n′=0

υn′ ,m

)
,

(54)

where the lagrangian multipliers λn,m ≥ 0 and ζm ≥ 0,
respectively. Then, the corresponding dual function of the
Lagrangian function is formulated as,

D(λn,m, ζm) = max
−∞≤p̃i≤ln pi,max

L(p̃m(t) : λn,m, ζm)

= max
−∞≤p̃i≤ln pi,max

M∑
m=0

ω
ln 2 (Zm(t)D

Q
m,max+Qm(t))

·
[
Xmln(γ̄m(ep̃m(t)))+Ym

]
−

M∑
m=0

ζmσ
2

−
M∑
m=0

M∑
n=0

(
ζmχn,m + λn,m

√
Mδn,mβn,m

)
ep̃n

+
M∑
m=0

M∑
n=0

(
M∑
n′=0

λn′ ,m − ζm
√
2 ln( 1ε )

)
υn,m.

(55)

Furthermore, the dual problem of (25) is as follows,

min
λn,m>0,ζm>0

D(λn,m, ζm). (56)

The power vector p̃’s iteration function can be obtained by
∂L(p̃m(t):λn,m,ζm)

∂p̃m
= ωXm

ln 2 (Zm(t)D
Q
m,max +Qm(t))

−( ω
ln 2 (Zm(t)D

Q
m,max+Qm(t))

M∑
n̸=m

Xn
γ̄n(e

p̃(t))gm,n

ep̃n(t)gn,n

+
M∑
n=0

ζ
(t)
m χm,n+

M∑
n=0

µ
(t)
m,n(
√
Mσm,nαm,n)e

p̃m =0,

(57)

where gm,n and gn,n are the expectation values of gm,n and
gn,n, respectively; gm,n=E{gm,n} and gn,n=E{gn,n}, m ∈
M and n ∈ M. Besides, γ̄n(ep̃(t)) is the average SINR of
the nth signal link

γ̄n(e
p̃(t)) =

ep̃n(t)gn,n
M∑
m ̸=n

ep̃m(t)gm,n + δ2
. (58)

Let ∂L(p̃m(t):λn,m,ζm)
∂p̃m

= 0, the iteration for the power
control is formulated as (39), and the iterations of the La-
grangian multipliers λn,m and ζm are shown in (40) and (41),
respectively.
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