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Joint cooperative caching 
and power control for UAV‑assisted 
internet of vehicles
Weiguang Wang 1, Yang Liu 1,2, Yusheng Dai 3 & Yixin He 4,5*

In view of the current problems of spectrum resource scarcity, return congestion, and insufficient 
energy utilization in the unmanned aerial vehicle (UAV)-assisted Internet of Vehicles (IoV), this paper 
investigates the cooperative caching and power control, and proposes a joint optimization method 
to improve the overall Energy Efficiency (EE) . In this method, we first propose a communication 
establishment threshold to control the V2V communication distance and serve as a joint optimization 
factor. Then we derive the closed form expressions of offloading ratio and EE of the UAV-assisted IoV, 
and formulate the optimization problem of maximizing EE. Due to the coupling relationship between 
caching strategy and transmission power, it is difficult for us to directly solve the optimization 
problem. Furthermore, we propose an alternating optimization algorithm for solving the optimization 
problem. Finally, the experimental simulation compare the propose joint optimization method 
with other existing optimization methods, and the simulation results prove the effectiveness and 
superiority of the propose joint optimization method.

In recent years, with the increase in the number of motor vehicles and the increase popularity of vehicle applica-
tions, the unmanned aerial vehicle (UAV)-assisted Internet of Vehicles (IoV) has received widespread attention 
in the industry1–5. The UAV-assisted IoV can achieve information exchange between Vehicles and Infrastructure 
(V2I), Vehicle to Vehicle (V2V) and Vehicle to Pedestrian (V2P) through onboard wireless communication 
devices6–8. Mobile edge caching technology can cache content to Cached Vehicles (CV) closer to the RV, which 
can reduce network transmission latency and power consumption, improving resource utilization9. In the UAV-
assisted IoV networking, UAV can provide content awareness and coordination services for vehicles, which can 
increase the efficiency of collaborative caching between vehicles. In addition, when the inter-vehicle caching 
cannot meet the needs of the Requesting Vehicles (RVs), UAV can directly provide services to RVs. Therefore, 
applying mobile edge caching technology to the UAV-assisted IoV network can enable real-time information 
exchange and resource sharing between vehicles, and provide intelligent personalized services according to RVs 
needs10. It can not only minimize the probability of traffic congestion and losses caused by traffic accidents, but 
also provide RVs with various entertainment information, thereby better realizing the intelligence of transporta-
tion systems. Therefore, how to optimize the caching strategy and improve the service time of the UAV-assisted 
IoV network will be an important scientific problem.

Encouraged by the aforementioned scientific problem, many scholars have conducted extensive research 
on the cache-enabled UAV-assisted IoV. Specifically, the authors in literature11 studied the gains achieved by 
proactive caching in Roadside Units (RSUs) where we take into consideration the effect of the vehicle velocity 
on the optimal caching decision. Information about the user demand and mobility is harnessed to cache some 
files in RSUs, which will communicate with vehicles traversing along the visited roads before the actual demand. 
The authors’ main objective is to minimize the total network latency. Zhao et al.12 proposed an effective caching 
scheme in V2V communication scenarios based on the similarity and group nature of user activities to improve 
the content hit ratio. Jiang et al.13 proposed a collaborative content allocation and transmission framework to 
minimize average content download latency. Through interacting with the environment, the vehicle or V2V 
link can learn the optimal policy based on the strategy gradient and make the decision to select the optimal 
sub-band and the transmitted power level. Ndikumana et al.14 studied an active caching scheme based on deep 
learning, using a multi-layer perceptron (MLP) method to predict the popularity of content within the coverage 
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area of mobile edge computing servers, in order to determine the content that needs to be downloaded from 
mobile edge computing servers to vehicles. With the support of long short-term memory neural networks, Ref.15 
designed an active caching scheme based on Q-learning. The above research improves the performance of the 
UAV-assisted IoV by optimizing different indicators, but the optimization of a single indicator has very limited 
effect on improving network performance.

As is well known, there is an interactive relationship between the relevant indicators in the network (such as 
larger transmission power can increase transmission probability, while it also increases power consumption)16. 
Pure optimization of a single indicator, although it improves network performance to a certain extent, cannot 
meet the massive data demand in future communication. Therefore, researchers have begun to explore the 
advantages that comprehensive optimization brings to the UAV-assisted IoV. Yao17 aimed to minimize network 
traffic costs by jointly optimizing content placement and storage allocation in the Internet of Things. The authors 
formulate the joint problem as an integer linear programming (ILP) model with the objective to minimize the 
total network traffic cost. The storage allocation problem and content placement problem are constrained by 
caching storage budgets and cache capacities, respectively. Liang et al.18 studied the spectrum and power alloca-
tion problem in device-to-device-enabled vehicular networks, where CSI of vehicular links is only reported to 
the BS periodically. The authors maximize the sum throughput of all V2I links while guaranteeing the reliability 
of each V2V link with the delayed CSI feedback. Wang et al.19 proposed a collaborative caching strategy for 
content request prediction based on IoV, which pre-caches vehicle request content with a higher probability in 
other vehicles or roadside units to reduce content acquisition delay and improve cache hit ratio. Zhang et al.20 
designed an online vehicle caching strategy based on the EE optimization and vehicle mobility analysis, where the 
interaction between CVs and mobile vehicles are modeled as a two-dimensional Markov process to characterize 
the network availability of mobile vehicles. Although literature17–19 has to some extent improved the performance 
of vehicle networking, they have not achieved the true goal of joint optimization. So the network performance 
of the UAV-assisted IoV may not reach its optimal state. Therefore, we need to comprehensively consider the 
interaction between factors that improve the performance of the UAV-assisted IoV network, in order to solve the 
issues of scarce network spectrum, small battery capacity, privacy security, limited storage space and low resource 
utilization. Table 1 summarizes the research on optimization methods mentioned above. Single optimization 
method is a method for single factor optimization, which is significantly inferior to joint optimization. Staged 
joint optimization is actually a suboptimal optimization method, which separates independent optimization 
factors in order. The joint optimization method is to obtain a pair of optimal factor combinations that maximize 
network performance. However, the joint optimization methods in Refs.16,20 are not applicable to cache-enabled 
UAV-assisted IoV network.

Based on the above background, this paper proposes a joint optimization method to jointly optimize the 
caching strategy and transmission power, in order to comprehensively improve the EE and data offloading per-
formance of the UAV-assisted IoV network. The main contributions of this paper are summarized as follows: 

(1)	 Based on the theory of random geometry, we have theoretically derived the network EE and the data off-
loading ratio of UAV-assisted IoV, and obtained their closed form expressions. In addition, We introduced 
a V2V establishment threshold to strictly set the conditions for the V2V link, and used it as a factor for 
joint optimization of caching strategy and transmission power.

(2)	 According to the results of theoretical derivation, we have formulated an optimization problem for maxi-
mizing the EE of UAV-assisted IoV. We aimed to jointly optimize caching strategies and transmission 
power to comprehensively improve the EE. Therefore, we proposed a joint optimization algorithm to 
iteratively solve the formulated optimization problem. The joint optimization algorithm is based on two 
sub-optimization problems(the cache strategy optimization problem and the transmission power optimiza-
tion problem), which can ensure that the EE converges to the maximum.

(3)	 The network performance of the proposed joint optimization method was compared with TIOM and TUB 
optimization methods using the same parameter simulation, and the results proved the superiority and 
effectiveness of the proposed joint optimization method.

The other sections of this paper are summarized as follows: The “System model of cache-enabled UAV-
assisted IoV” is about network models and content access strategies. The “The theoretical analysis and problem 
formulation” is the theoretical derivation and problem formulation of the UAV-assisted IoV. The “Joint optimi-
zation algorithm” proposes the joint optimization algorithm for caching strategy and transmission power. The 
“Simulation and numerical results” is simulation verification and result analysis. The conclusion of this paper 
is in the “Conclusion”.

Table 1.   Related research based on optimization methods.

Optimization methods References Disadvantages

Single optimization methods 11–14 Limited improvement in network performance

Staged joint optimization methods 17–19 Suboptimal optimization methods

Joint optimization methods 16,20 Not applicable to edge caching strategy
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System model of cache‑enabled UAV‑assisted IoV
This section mainly introduces the network model and content access model for caching-enabled UAV-assisted 
IoV.

The network model
As shown in Fig. 1, we consider a cache-enabled UAV-assisted IoV consisting of UAVs, CVs and RVs, where 
both UAV and CVs are capable of storing content in their local caches. When contents are cached at CVs, V2V 
communications can be utilized for content sharing and delivery among RVs. The cache-enabled UAV-assisted 
IoV model simulates a busy urban area or a multi-road intersection area, where the vehicle position obeys a 
homogeneous poisson point processes (HPPP)21. The density of CVs and RVs can be represented as �p and �r , 
respectively. The vehicles can use device-to-device (D2D) communication technology for local V2V commu-
nication. Each CV adopts the same transmission power Pt . The Base Station (BS) or UAV can detect the status 
information of CVs and RVs to assist V2V communication22. Due to environmental factors, the signal transmis-
sion between the transmitter and receiver will be affected by varying degrees of fading. For large-scale fading, it 
can be calculated as r−α , where r represents the communication distance between vehicles and α represents the 
path loss factor (α ≥ 2) . Due to our consideration of high-rise urban scenes composed of many ground obstacles, 
this paper adopts Rayleigh fading for small-scale fading, which follows a unit mean exponential distribution, i.e. 
G ∼ exp(1) . This assumption has been widely used for vehicular communications23,24.

Let F = [1, 2, . . . , F] represent the content set, where 1-st represents the most popular content and F rep-
resents the least popular content. The number of future content requests is predicted based on the previous fre-
quency of downloads and user interests. Many related studies have shown that the probability of content requests 
follows a Zipf distribution19,25–20. In zipf distribution, the contents are ranked according to the predicted number 
of requests and the popularity of a content is calculated as a ratio where the numerator represents the rank of the 
specific content and the denominator represents all content objects. Therefore, the request probability for content 
can be calculated as pf = f −ε/

∑F
i=1 i

−ε , where ε represents the content popularity factor. The larger the value 
of ε , the more focused the content requested. The ε = 0 means that the content has the same request probability. 
Due to the randomness of content and vehicle location, we consider the set q = {q1, . . . , qf , . . . , qF} as the cach-
ing strategy for CVs. This will be the focus of our work to increase the data offloading ratio of UAV-assisted IoV. 
Each cached vehicle will have its own cache content according to the designated cache strategy q. According to 
the HPPP, we model the CVs’ location distribution as qf �p , which has cached‘ content f.

The content access model
This paper mainly considers two content access modes, namely self-caching and inter-vehicle caching. When 
RVs fail to obtain content through self-caching and inter-vehicle caching, there will be BS or UAV providing 
content support for RVs. 

Figure 1.   The cache-enabled UAV-assisted IoV.
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(1)	 Self − caching : when the required content is cached in a self-caching library, RVs will automatically down-
load the required content through self-caching. This is a special caching method that does not cause energy 
consumption, but is often overlooked.

(2)	 Inter − vehiclecaching : this is a type of cooperative caching, which is also the main research content of 
this paper. In mode inter-vehicle caching, vehicles can share content through V2V communication, thereby 
increasing content cache diversity and data offloading ratio, and reducing redundant transmission.

The theoretical analysis and problem formulation
This section mainly proposes the threshold for establishing V2V communication, and investigates the data 
offloading ratio and EE of UAV-assisted IoV.

Data offloading ratio and EE analysis
Since the CV location of cached the content follow a HPPP with the density qf �p . Therefore, the probabil-
ity density function of CV transmitting content f to RV with the associated distance r can be expressed as 
f = 2πqf �pre

−πqf �pr
227,28. Due to the random distribution of vehicles in the UAV-assisted IoV, their associated 

distances may very far. At this point, if increasing the transmission power to establish V2V communication 
without considering the distance factor, it will increase interference and transmission power consumption, 
reduce the proximity gain of V2V communication. If the transmission power is not increased, it may lead to 
transmission failure. Encouraged by the above investigation, we propose a V2V communication establishment 
threshold θ 

(

Ptr
−α > θ

)

 to control the associated distance, in order to balance the contradictory relationship 
between network data offloading ratio and transmission power consumption. The V2V communication can only 
be established when the average received power of the RV is greater than θ . 

(1)	 The self-caching offloading ratio
	   The self-caching mode retrieves content from the self-caching library, so the data offloading ratio of 

self-caching Qself  is the cache hit ratio, which can be calculated as 

(2)	 The Inter-vehicle caching offloading ratio
	   The Inter-vehicle caching offloading ratio DV2V mainly consists of the cache hit ratio QV2V

f  and the suc-
cessful transmission probability PSV2V , which can be expressed as 

The hit ratio of inter-vehicle caching is defined as the probability that the content f is cached between vehicles 
and successfully perceived within the communication distance r, which can be calculated as

Therefore, the probability of all content in the content set F = [1, 2, . . . , F] being successfully found through 
the inter-vehicle caching can be calculated as

According to Shannon’s theorem, when the RV’s signal-to-interference-and-noise ratio (SINR) γf =
Ptg0f r

−α

I1+N0w
 

exceeds the SINR threshold γ0 , the RV can correctly recover the transmitted content. Here g0,f  represents the 
channel gain between CV and RV, I1 =

∑

i∈�1\⊂p0
Ptgir

−α
i  represents interference caused by active CVs in the 

surrounding area, N0w is the noise power received at RV. However, the successful transmission of cached content 
between vehicles must meet both the SINR threshold and the V2V communication establishment threshold 
conditions. Therefore, the successful transmission probability of Inter-vehicle caching PSV2V can be expressed as

(1)Qself =

F
∑

f=1

pf qf .

(2)DV2V =

F
∑

f=1

pf P
S
V2VQ

V2V
f .

(3)QV2V
f = 1− e−π�pqf r

2
.

(4)QV2V =

F
∑

f=1

pf

(

1− e−π�pqf r
2
)

.

(5)

PSV2V = P
[

Ptr
−α ≥ θ , γf ≥ γ0

]

= P⊖0 < r ≤ z, γf ≥ γ0]

=

∫ z

0
P
(

γf ≥ γ0
)

f (r)dr

(1)
≈

∫ z

0
P
(

g0f ≥ P−1
t r−αI1γ1

)

f (r)dr

(2)
=

∫ z

0
EI1

(

e−P−1
t rαα1γ1

)

f (r)dr
(3)
=

∫ z

0
LI1

(

P−1
t rαγ0

)

f (r)dr,
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where step (1) is a consideration for surrounding interference, step (2) is a consideration for small-scale fading 
g0f ∼ exp(1) and step (3) represents the Laplace transform of I1.

Assuming variable s = P−1
t rαγ0 then the Laplace transform of variable I1 can be calculated as

Furthermore, the successful transmission probability of Inter-vehicle caching PSV2V can be calculated as

where the variable ϕf  represents ϕf = πqf �p + 2π2
�rγ

2/α
0 QV2V csc

(

2πα−1
)

α−1.
The content offloading ratio is defined as the probability that the content is successfully perceived and trans-

mitted to the RV. Through Eqs. (1) and (2), we can calculate the data offloading ratio of UAV-assisted IoV Ph as

We define the EE as the ratio of the number of successfully transmitted content bits per unit time to the total 
required power consumption. Therefore, the EE can be expressed mathematically as EEtotal = �/ECtotal , where 
� = RtPh�p represents the number of successfully transmitted content bits per unit time, ECtotal represents the 
total power consumption. Here, we adopt a linear power consumption model, so the total power consumption 
can be expressed as ECtotal = �p

(

1
µ
Pt + Pc

)

 . Furthermore, we can calculate the EE of UAV-assisted IoV as

The optimization problem formulation
Based on considerations of the network caching strategy and transmission power, we can describe the optimiza-
tion problem of maximizing EE as

Due to the introduction of exponential terms in Eq. (8), the optimization problem Eq. (10) becomes more 
complex. Therefore, we propose a joint optimization method to optimize cache policy and transmission power, 
which is based on two sub-problems: cache strategy optimization and transmission power optimization.

(6)

LI1(s) = E�1,gi

�

e
−s

�

i∈�1\cp0
Ptgir

−α
i

�

= E�1





�

i∈�1\CP0

�

1+ sPtr
−α
i

�−1





= exp

�

−2π�rQ
V2V

� ∞

0

�

1−
1

1+ sPtx−α

�

xdx

�

= exp

�

−2π�rQ
V2V

� ∞

0

�

y
2
α
−1

1+ (sPt)
−1y

�

1

α
dx

�

= exp
�

−2π2
�rQ

V2V (sPt)
2/α csc

�

2πα−1
�

α−1
�

.

(7)

PSV2V = E
[

Pr
(

Ptr
−α ≥ θ , γf ≥ γ0

)]

= 2π�pqf

∫ z

0
e−ϕf r

2
rdr

=
πqf �p

QV2V
f

(

1− e−ϕf z
2

ϕf

)

,

(8)

Ph = Qself +

F
∑

f=1

pf P
S
V2VQ

V2V
f

=

F
∑

f=1

pf

[

qf + πqf �p

(

1− e−ϕf z
2

ϕf

)]

.

(9)

EEtotal =

F
∑

f=1

pf Rtπqf �p

(

1− e−ϕ1,f r
2

ϕ1,f

)

(

µ

Pt + µPc

)

=

F
∑

f=1

π�ppf Rtqfµ
1− e−ϕf r

2

ϕf (Pt + µPc)

(10)

P0 :max
Pt

EEtotal =

F
∑

f=1

π�ppf Rtqfµ
1− e−ϕf r

2

ϕf (Pt + µPc)

subject to 0 ≤ Pt ≤ Pmax
t ,

F
∑

f=1

qf ≤ C, 0 ≤ qf ≤ 1,∀f .

.
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(1)	 The cache strategy optimization problem, which is to optimize and solve the cache strategy under a given 
transmission power. Based on Eq. (8), we can describe the cache strategy optimization problem as

Proposition 1: The objective function Ph is a concave function on interval 0 ≤ qf ≤ 1 , and the cache strategy 
optimization problem P1 is a convex programming problem.

Proof: see Appendix A
	   Therefore, any convex optimization solution is suitable for solving cache strategy optimization problem 

P1. This paper adopts the CVX convex optimization solver for optimal cache strategy q, which can quickly 
converge the original optimization problem to the optimal solution.

(2)	 The transmission power optimization problem, which is to optimize and solve the transmission power 
under a given cache strategy. Therefore, the optimization problem of the EE regarding transmission power 
can be modeled as

For ease of calculation, we simplify the variables in Eq. (10) by assuming ξ(Pt) = ϕf Pt/θ and v = ϕfµPc . 
Therefore, Eq. (10) can be rewritten as

Furthermore, take the first-order derivative of function Ŵf (Pt) =
1−e−ξ(Pt )

ξ (Pt )θ+v  with respect to Pt ≥ 0 , which 
can be expressed as

where the function φf [ξ(Pt)] represents φf [ξ(Pt)] = ξ(Pt)θe
−ξ(Pt ) + (v + θ)e−ξ(Pt ) − θ.

	   We can easily calculate the first-order derivative of function φf [ξ(Pt)] with respect to Pt ≥ 0 as

By analyzing formula Eq. (15), we can conclude that function φf [ξ(Pt)] is a monotonically decreasing 
function. Furthermore, since (ξ(Pt)θ + v)2 is an increasing function, we can conclude that dŴf (Pt)/dPt 
is a monotonically decreasing function. We can easily determine that variable ξ(Pt) → 0 yields function 
φf [ξ(Pt)]

∣

∣

ξ(Pt )→0
= v ≥ 0 , and variable variable ξ(Pt) → ∞ yields function φf [ξ(Pt)]

∣

∣

ξ(Pt )→∞
= −θ ≤ 0 . 

Therefore, the function Ŵf (Pt) monotonically increases and then decreases with respect to 0 < Pt ≤ Pmax . 
The optimal transmission power P∗t  can be obtained by solving Eq. (15).

By analyzing Eq. (16), we can solve for the optimal transmission power through mathematical expression 
φf [ξ(Pt)] = 0 . The calculation result can be expressed as

Based on the above analysis, it can be concluded that the function φf [ξ(Pt)] is a monotonically decreas-
ing function with respect to 0 < Pt ≤ Pmax . So we can easily solve for the optimal transmission power P∗t  
using the bi-section method.

(11)

P1 : max
q

Ph

subject to

F
∑

f=1

qf ≤ C, 0 ≤ qf ≤ 1,∀f .

(12)
P2 :max

Pt
EEtotal =

F
∑

f=1

π�ppf Rtqfµ
1− e−ϕf r

2

ϕf (Pt + µPc)

subject to 0 ≤ Pt ≤ Pmax
t .

.

(13)EEtotal =

F
∑

f=1

π�ppf Rtqfµ

(

1− e−ξ(Pt )
)

ξ(Pt)θ + v
.

(14)

dŴf (Pt)

dPt
=

dŴf (Pt)

dξ(Pt)

dξ(Pt)

dPt

=
ϕf

θ

φf [ξ(Pt)]

(ξ(Pt)θ + v)2

(15)φ′
f [ξ(Pt)] = −ξ(Pt)θe

−ξ(Pt ) − ve−ξ(Pt ) ≤ 0.

(16)

dEEtotal

dPt
= 0

F
∑

f=1

π�ppf Rtqfµ
ϕf

θ

φf [ξ(Pt)]

(ξ(Pt)θ + v)2
= 0

(17)
ξ(Pt)θe

−ξ(Pt ) + (v + θ)e−ξ(Pt ) − θ = 0

v + θ

θ
= eξ(Pt ) − ξ(Pt)
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Joint optimization algorithm
The increase of transmission power can improve the successful transmission probability and the communication 
range, while also leading to the increase of inter-vehicles interference and power consumption. The increase in 
communication range can improve the probability of content being successfully offloaded in the UAV-assisted 
IoV. Taking inspiration from this, we propose a V2V communication establishment threshold θ to control com-
munication distance, while serving as a factor for joint optimization of caching strategy and transmission power. 
In other words, we are attempting to achieve the optimal balance between caching strategy and transmission 
power through joint optimization methods.

Algorithm 1 Joint optimization algorithm

Based on the theoretical analysis in the previous section, we propose a joint optimization algorithm to iteratively 
solve optimization problems P1 and P2. The detailed solution process is shown in Algorithm 1. At the begin-
ning of the joint optimization algorithm, we attempted to use transmission power Pt to calculate the caching 
strategy q . For the tentative transmission powerPt , we have found a optimal caching strategy [q∗]that is better 
than the caching strategy q . Then we found a transmission power Pt∗ for the tentative optimal caching strategy 
[q∗] . Repeat the alternating optimization of the above two steps until the EE is maximized. The line 1 is the initial 
calculation of the cache strategy, the transmission power and the EE. The line 2 is to solve optimization problem 
P1 under a given transmission power. In other words, for the tentative transmission power Pt [t] , find an optimal 
caching strategy q[t + 1] . The line 3 is to solve optimization problem P2 under a given caching strategy, which 
can obtain the optimal transmission power. Repeat calculation line 2-5 until the EE reaches the maximum value, 
and output a set of optimal caching strategies and transmission power. In order to facilitate understanding of the 
algorithm structure, we have provided a flowchart for Algorithm 1. The algorithm flowchart is shown in Fig. 2.

Computational complexity: the complexity analysis of Algorithm 1 is mainly derived from two parts: cache 
strategy optimization and transmission power optimization. The complexity of cache strategy optimization 
can be calculated as [O(F)] , where F is the number of contents to be calculated for each iteration. The optimal 
transmission power is obtained through bi-section search and converges to a solution with a fault tolerance of σ . 
Therefore, the complexity of optimizing transmission power is calculated as [O

(

log2(Pmax/Pt)
)

 , where Pmax repre-
sents the maximum transmission power of the CV. Therefore, the total computational complexity of Algorithm 1 
can be approximated as [

(

O(F)+ O
(

log2(Pmax/Pt)
))

· Tmax , where Tmax is the maximum number of iterations.

Simulation and numerical results
This section verifies the effectiveness of the proposed joint optimization method through simulation experi-
ments. The simulation experiment considers a busy urban area or a multi-road intersection area, where the 
vehicle position obeys a HPPP. In the simulation experiment, we mainly explored the effects of factors such as 
content popularity, association distance and vehicle density on the EE. The parameter settings for the simulation 
experiment are shown in Table 2. In addition, we validated the superiority of the proposed joint optimization 
method (with legend “TPJOM”) compared to the independent optimization method and the uniform-baseline. 
The independent optimization method is a phased joint optimization method (with legend “TIOM”)29, in which 
each factor is independently optimized. By comparing the proposed joint optimization method with TIOM, we 
aim to verify the superiority of EE. The uniform-baseline is a caching method that caches all contents with equal 
probability (with legend “TUB”)30, which serves as the benchmark for simulation experiments.

In Fig. 3, we describe the content distribution of different caching strategies as the Zipf factor changes. Simi-
larly, both TPJOM and TIOM increase the caching probability for content with higher popularity rankings. As 
the Zipf factor ε increased, TPJOM and TIOM also increase the probability of high ranking content. However, 
TIOM only cached the top three ranked contents. TPJOM has a high probability of caching the top ranked con-
tent and a low probability of caching less popular content. Although caching high ranked content can increase 
the network data offloading ratio, which is consistent with the actual network request situation. But from the 
perspective of the network EE, the TPJOM not only considers the network data offloading ratio, but also consid-
ers the diversity of cached content. The TUB cached all content with equal probability.

In Fig. 4, we analyzed the interaction between caching strategy and transmission power on the EE of UAV-
assisted IoV. From Fig. 4a, we can see that as the transmission power changes, the caching strategy also changes. 
The higher transmission power of CV, the more content is cached. In Fig. 4b, the EE of UAV-assisted IoV with 
different caching strategies increases with the increase of transmission power, first reaching the maximum value 
and then rapidly decreasing. Therefore, there exists an optimal transmission power to maximize the EE of UAV-
assisted IoV. The simulation results verify the interaction relationship between cache strategy and transmission 
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power in theoretical analysis. Meanwhile, it also indicates the effectiveness of V2V communication establishment 
threshold θ . Furthermore, we can use θ to control the V2V communication distance and jointly optimize the 
caching strategy and transmission power.

In Fig. 5, we analyzed the convergence of TPJOM and TIOM when transmitting power Pt = −16 dBW and 
popularity parameter ε = 0.6 . The horizontal axis in the figure shows that as the number of iterations t increases, 

Figure 2.   The flowchart of the algorithm.

Table 2.   Simulation parameters.

Parameters Value

Intensity of CVs, �p 0.6 m−2

Intensity of RVs, �r 0.4 m−2

Transmission power of CV, Pt 0.25 W

2V bandwidth, W 20 MHz

Path loss exponent, α 2

Noise power, σ 2 −95 dBm/Hz

Number of contents, F 10 files

Each user cache capacity 1 file

Circuit power consumption, Pc 115.9 mW

Power amplifier efficiency, v 0.1

Zipf parameter, ε 0.6, 1
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the EE of TPJOM and TIOM can quickly approach a fixed value. TPJOM can reach the maximum EE by iterating 
10 times, while TIOM needs to iterate more than 10 times to stabilize the EE. From the vertical axis, we can see 
that the EE curve of TPJOM is significantly better than that of TIOM. Because TPJOM jointly considered the 
impact of V2V establishment threshold and SINR threshold on EE, while TIOM only considered the impact of 
SINR threshold.

In Fig. 6, we investigated the EE of TPJOM, TIOM and TUB varies with the Zipf parameters. From the 
simulation results in Fig. 6, we can see that the EE of TPJOM and TIOM increases rapidly with the increase of 
Zipf parameters. The TUB caches all content with an equal probability, so its EE does not change with changes 
in content popularity. This also indicates that pure caching strategies do not significantly improve network per-
formance, we must design effective caching strategies to significantly improve network performance. In addition, 
the EE curve of TPJOM is better than TIOM. This is because our designed caching strategy takes into account 
cache diversity and adjusts transmission power as the caching strategy changes. Similarly, adjust the content 
caching strategy based on the distance of CV collaboration. Therefore, the improvement of EE in UAV-assisted 
IoV requires comprehensive consider the impact situation and jointly optimize multiple factors.

Figure 7 investigates the variation of EE with CV’s density for different caching strategies. From the graph, 
we can see that the EE of TPJOM and TIOM increases with the increase of CV’s density. Due to TUB caching all 
content with an equal probability, the EE of TUB does not change significantly. At the beginning of the curve, 

Figure 3.   The content caching probability with different Zipf parameters.

Figure 4.   The coupling relationship between caching strategy and transmission power.
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the CV’s density is relatively low. Due to the limitation of association distance by TPJOM, the EE of TPJOM 
is lower than that of TIOM and TUB. When the CV’s density reaches a certain level, the EE of TPJOM will be 
significantly higher than TIOM and TUB. Due to the increase in CV’s density, the probability of RV finding the 
required content in the surrounding area has increased. Due to TIOM only caching the top ranked content, its 
EE gradually tends to balance with the increase of CV’s density. This also indicates that the improvement of EE 
in the UAV-assisted IoV not only needs to consider content popularity, but also the diversity of cached content.

In Fig. 8, we investigated the EE of TPJOM, TIOM and TUB varies with the correlation distance. From the 
simulation results in Fig. 8, we can see that the EE of all caching strategies will sharply increase first and then 
decrease with the increase of correlation distance. The EE curve of TPJOM is significantly better than that of 
TIOM and TUB. This is because the proposed V2V communication establishment threshold θ adjusts the cach-
ing strategy and transmission power to the optimal balance state based on changes in correlation distance. In 
addition, when the correlation distance increases to a certain extent, the EE of all caching strategies will decrease. 
The increase in correlation distance will inevitably lead to an increase in transmission power, which will result 
in an increase in power consumption and interference between vehicles. Furthermore, the effectiveness and 
superiority of the proposed joint optimization method were verified.

Figure 5.   The convergence analysis of algorithms.

Figure 6.   The EE of different caching strategies versus Zipf parameters.
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Conclusion
In this paper, we propose a joint optimization method to maximize the EE of UAV-assisted IoV. Firstly, based 
on the interaction between caching strategy and transmission power on the EE, we proposed a V2V communi-
cation threshold to establish a theoretical relationship between caching strategy and transmission power. And 
we derived expressions for network data offloading ratio and EE. Due to the coupling relationship between 
cache strategy and transmission power, we decouple it into two sub problems: cache strategy optimization and 
transmission power optimization. Then, we proposed a joint optimization algorithm to jointly solve the above 
two sub-problems. Finally, simulation experiments were conducted to compare TPJOM with TIOM and TUB, 
demonstrating the effectiveness of the proposed joint optimization method.

In addition, this paper focuses on considering a busy urban area or a multi-road intersection area where the 
vehicle position obeys a HPPP. If multiple lines are considered, road layout should be further considered. In this 
scenario, the network model should meet the Cox process or doubly stochastic Poisson point process. However, 
the network will become more complicated, which will be our future work. The research on cooperation caching 
for high-speed mobility and privacy security will also be our next focus.

Figure 7.   The EE of different caching strategies versus CV’s density.

Figure 8.   The EE of different caching strategies versus correlation distance.
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Data availability
The datasets generated and/or analysed during the current study are not publicly available due to this manuscript 
does not report data generation or analysis but are available from the corresponding author on reasonable request.

Appendix A
We take the first derivative of function Ph on interval 0 ≤ qf ≤ 1 , which can be calculated as

Furthermore, the second derivative of function on interval 0 ≤ qf ≤ 1 can be expressed as

We take the first derivative of function ϕf − qf ϕ
′
f  with respect to qf  , which can be expressed as −qf ϕ

′′
f ≥ 0 . 

So we can come to conclusion ϕf ≥ qf ϕ
′
f  . Based on conclusion ϕf ≥ qf ϕ

′
f  , we have made an approximation 

to step (1) of Eq. (19). Through Eq. (21), we can determine that the first term in step (1) is a negative term. 
Therefore, we need to determine the positivity and negativity of the second term. Assuming the function 
G
(

qf
)

= 1− ϕ2
f z

2 − eϕf z
2
 , we can obtain G′

(

qf
)

= −2ϕf ϕ
′
f z

2 − ϕf ϕ
′
f z

2eϕf z
2
≤ 0 by taking the first derivative 

of G
(

qf
)

 with respect to qf  . So the function G
(

qf
)

 is a monotonically decreasing function on interval 0 ≤ qf ≤ 1 . 
Furthermore, we can derive the conclusion of G

(

qf
)

≤ G(0) = 0 . Finally, we can conclude that the second 
derivative d2Ph/dq2f ≤ 0 is on the interval 0 ≤ qf ≤ 1 . Therefore, the objective function Ph is a concave function 
on interval 0 ≤ qf ≤ 1 , then the problem is a standard convex optimization problem. The proof of Proposition 
1 is completed.
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