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Transmission Design for Energy-Efficient Vehicular
Networks with Multiple Delay-limited Applications

Danyan Lan, Chao Wang, Ping Wang, Fuqiang Liu, and Geyong Min

Abstract

Vehicular networking is potentially an effective solution to the problems in today’s transportation system.
However, realizing efficient communications among vehicles with satisfactory reliability and latency requirements
is challenging, especially when diverse applications are taken into consideration. In this paper, we investigate a
cross-layer energy-efficient transmission design for a class of vehicular communication networks, in which two pairs
of vehicle-to-vehicle links non-orthogonally share the available spectrum. Each link desires to deliver two types
of messages that can support different delay-limited applications. The periodically-generated heartbeat messages
should be transmitted subject to a reliability requirement, and the randomly-appeared sensing messages should
be delivered with finite latency. We propose a power control strategy to achieve high energy efficiency, while
ensuring the expected quality-of-service requirements, based on both channel state information in the physical
layer and queue state information in the media access control layer. Simulation results show that our proposed
method notably outperforms conventional methods.
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I. INTRODUCTION

Road safety, traffic efficiency and energy consumption have become the major concerns in modern
road transportation systems. Establishing an intelligent transportation system (ITS) using information and
communication technologies (ICT) has been widely accepted as the key solution to these issues. Equipping
vehicles with advanced sensing and computing devices enables human drivers and artificial intelligence
(AI) driving engines to attain a better understanding of the complex driving environment. Using wireless
communication to connect vehicles and roadside infrastructure further enhances the sensing range and
accuracy of individual vehicles.

For instance, a typical vehicular networking use case is illustrated in Fig. 1. Under the concept of
cooperative adaptive cruise control (CACC), the vehicles VS1 and VD1 form a platoon. The leading
vehicle VS1 can be driven by human or AI, and VD1 intends to closely follow VS1 . If VS1 periodically
sends its status (e.g., speed and location) to VD1 , the following vehicle can attain accurate knowledge
regarding VS1 to direct its driving operations. When VS1 detects certain objects of interest in front of it, it
can also share such information with VD1 to enhance the latter’s sensing range. The coordinated sensing
and maneuvering actions of the platoon allow the vehicles to safely drive with high speed and small inter-
vehicle distance. Hence ITS has been deemed to be a core application scenario of 5G technologies [1].
With the support of strong communication capability, vehicles can even share sensing, computing, storage,
and communication resources to realize the concept of vehicular cloud networks and fulfill advanced tasks
far beyond individual vehicle’s capability [2].

However, enabling high-performance communication in vehicular networks is challenging, due to the
complex signal propagation environment. Different applications pose diverse quality-of-service (QoS)
requirements on delay, accuracy and throughput etc. Efficient and reliable transmission designs are needed,
especially when multiple users coexist and the available resources (e.g., bandwidth and battery) are limited.
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Fig. 1. System model: a vehicular communication network.

Wireless transmission design through power control, rate adaption, and channel assignment have been
studied extensively [3]. Most conventional solutions are based on information theory and consider only the
channel state information (CSI) in the physical (PHY) layer (e.g., [4]). Resources are allocated according
to transmission opportunity, irrespective of urgency [5]. Hence transmissions are unaware of the delay
performance and the resulting latency may be unlimited. To handle this issue, several recent works
[6]–[9] have taken the queue state information (QSI) in the media access control (MAC) layer also
into consideration. This allows a balance between transmission delay and other metrics such as power
consumption and achievable rate. However, when dealing with multiple users, many works apply spectrally
inefficient orthogonal channel sharing in order to avoid interference. More importantly, only one type of
messages are considered. The solutions may not be sufficient in future vehicular networks. [10] investigates
an interference channel where each user has multiple types of messages. The minimum power consumption
is found to guarantee the desired QoS. But small power consumption does not necessarily mean efficient
usage. Energy efficiency, which quantifies the amount of information successfully delivered by one Joule of
energy, is a more important optimization objective in systems with rich information transmission demand
but limited power budget.

In this paper, we intend to address this issue. We consider a two-user non-orthogonal vehicular commu-
nication network in which messages with different QoS requirements are delivered within each vehicle-
to-vehicle (V2V) link: A heartbeat message should be transmitted immediately with high reliability,
and a sensing message should be sent with finite delay. Making use of both CSI and QSI, a delay-
aware cross-layer transmission design that aims to maximize energy efficiency is investigated. Since the
optimization problem has a non-convex fractional objective and time-average constraints, we apply a series
of simplifications, based on the Lyapunov theory, to transform it into a solvable problem. Simulation results
show that our method notably outperforms conventional approaches.

The remainder of the paper is organized as follows. Section II presents the considered system model
and problem formulation. The original problem is transformed to a solvable problem and then solved via
power control in Sections III and IV, respectively. Simulation results are discussed in Section V. Finally,
Section VI concludes the paper.

II. SYSTEM MODEL

We consider a vehicular communication network in which two pairs of independent V2V links share
the same spectrum band under the coordination of the serving base station, as shown in Fig. 1. We
denote the source and destination vehicles of the ith (i ∈ {1, 2}) link by VSi

and VDi
, respectively. The

messages delivered in each link intend to support two different types of delay-limited safety applications.
The first provides VDi

with the real-time status of VSi
. Such information is carried by heartbeat messages
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generated periodically with fixed data rate. The second type of application is sensor data sharing from
VSi

for extending the environment perception capability of VDi
. These messages arrive at VSi

randomly.
Message generation and transmission are conducted in unit time slots. We term the heartbeat messages

type-1 messages. The constant data rate is ri bits/slot. These messages contain real-time information and
should be transmitted immediately to avoid being outdated. To guarantee VDi

to attain sufficient knowledge
of the status of VSi

, a transmission reliability requirement is placed. Use φi[t] = 1 to denote that at time
slot t, VSi

successfully sends the type-1 message to VDi
. Otherwise, φi[t] = 0. It is desired that the time

average of φi[t], i.e., φi = limT→∞
1
T

∑T
t=1 φi[t] is greater than a certain minimum value φmin,i, e.g., 0.9,

for i ∈ {1, 2}.
The sensing messages are termed type-2 messages. For the ith V2V link at time slot t the arrival

data rate (in bits) is ai[t], which is in general modeled by a Poisson-distributed random variable with
parameter λi. Different from type-1 messages, which must be delivered immediately, the type-2 messages
can tolerate some delay. This means they can be temporarily placed in the source queues (denoted by
Q1 and Q2) to wait for proper transmission opportunities, as long as the queuing delay is bounded to be
finite. Let Qi[t] denote the queue length at VSi

and bi[t] denote the rate that the type-2 messages leave
the queue, at time slot t. The queuing dynamics of Qi is

Qi[t+ 1] = max{Qi[t]− bi[t], 0}+ ai[t], i ∈ {1, 2}. (1)

A finite queuing delay implies queues being stable [11].
The V2V communications are conducted in a Nakagami-m block-fading environment. The fading

coefficient between VSj
and VDi

(i, j ∈ {1, 2}) at time slot t is denoted by hij[t], where |hij[t]| ∼
Nakagami(mij,Ωij) with parameters mij and Ωij . hij[t] remains fixed in each time slot, and changes
independently across different slots. Each source VSi

encodes its messages using unit-power capacity-
achieving Gaussian random codes. The received signal at VDi

is

yi[t] = hii[t]
√
pi[t]xi[t] + hij[t]

√
pj[t]xj[t] + ni[t], (2)

where xi[t] and xj[t] denote the desired and interference signals from VSi
and VSj

respectively, and ni[t]
denotes additive white Gaussian noise (AWGN) with power N0. The transmit power of VSi

, denoted by
pi[t], is constrained by a maximum power limit pmax,i. The achievable transmission data rate (in bits/slot)
between VSi

and VDi
at time slot t is

Ri[t] = log2

(
1 +

|hii[t]|2pi[t]
|hij[t]|2pj[t] +N0

)
. (3)

In each time slot, a source has two options to encode its messages (termed encoding actions). It can
divide its data rate into two parts, dedicated to the two messages respectively: the type-1 message is
transmitted with rate ri and type-2 message, bi[t] = Ri[t]− ri. We have φi[t] = 1, which is possible only
when Ri[t] ≥ ri. In addition, VSi

can choose to send only the type-2 message, as long as the type-1
messages’ reliability condition is still satisfied. This means φi[t] = 0 and bi[t] = Ri[t]. We use σi = 1 and
σi = 2 to denote these two encoding actions at VSi

respectively. All source encoding actions are included
in set A = {A = (σ1, σ2)|σ1, σ2 ∈ {1, 2}}.

We aim to find an energy-efficient transmission strategy, such that the V2V links can choose their
encoding actions and transmission powers based on the knowledge of both CSI and QSI, to satisfy the
desired message delivery requirements with maximized energy efficiency η̄. Specifically, η̄ is defined as
the ratio of average data rate to average power consumption:

η̄ ,
R

P
=

∑2
i=1 αiRi∑2
i=1 βipi

, (4)

where the individual time average transmission rate Ri = limT→∞
1
T

∑T
t=1Ri[t], individual time average

power usage pi = limT→∞
1
T

∑T
t=1 pi[t], and the weighting coefficients 0 ≤ α1 ≤ 1, α2 = 1 − α1,

0 ≤ β1 ≤ 1, and β2 = 1− β1 are determined to represent relative importance.
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Therefore, we aim to solve the optimization problem:

maximize : η (5)

s.t.: C1 : φi ≥ φmin,i, i ∈ {1, 2},
C2 : Qi is stable, i ∈ {1, 2},
C3 : 0 ≤ pi[t] ≤ pmax,i, i ∈ {1, 2}.

The constraint C1 represents the high-reliability requirement of the type-1 messages, C2 represents the
finite-delay requirement of the type-2 messages, and C3 represents the sources’ transmit power limits.
Note that an additional condition is that the sources choose their encoding actions from A.

In fact, the above problem may not have any feasible solution, if pmax,1 or pmax,2 is small. Setting
α1 = α2 = 0 leads to a feasibility check problem. In this paper, to make the considered transmission
design meaningful, we assume that pmax,1 and pmax,2 are sufficiently large such that feasible solution exists.
However, even in this case, finding the solution of problem (5) is involved because: i) the objective function
is a non-linear fractional function, and ii) both the objective function and constraints contain time-average
operations. In what follows, we will use a series of steps to transform the original problem (5) into an
optimization problem that can be solved in each individual time slot.

III. OPTIMIZATION PROBLEM TRANSFORMATION

A. Transformation of objective function
We start from the objective function. Use p = [p1[1], p2[1], p1[2], p2[2], · · · ] to denote a power allocation

vector. Let p∗ denote the solution that achieves the optimal value ηopt. Following [12], we have

ηopt =
R(p∗)

P (p∗)
≥ R(p)

P (p)
. (6)

Rearranging this inequality leads to

R(p∗)− ηoptP (p∗) = 0 ≥ R(p)− ηoptP (p).

Conversely, if the optimization objective is given by

R(p)− ηoptP (p), (7)

within the feasibility region, the inequality 0 = R(p+)−ηoptP (p+) ≥ R(p)−ηoptP (p) is satisfied, where
p+ is the optimal solution. Then we obtain

ηopt =
R(p+)

P (p+)
≥ R(p)

P (p)
.

p+ is also the optimal solution of the problem (6). Following [12], the problem (5) can be transformed
to an equivalent optimization problem:

maximize : R(p)− ηoptP (p) (8)
s.t.: C1, C2, C3.

Further, we define a time function η[t], with η[1] = 0 and

η[t] =

∑t−1
τ=1 (α1R1[τ ] + α2R2[τ ])∑t−1
τ=1 (β1p1[τ ] + β2p2[τ ])

. (9)
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Since η[t] depends only on the transmission rates and power consumption in the past time instants, it is
a constant at time slot t. The optimization problem (8) is thus transformed to:

maximize : lim
T→∞

1

T

T∑
t=1

2∑
i=1

(αiRi[t]− βiη[t]pi[t]) (10)

s.t.: C1, C2, C3.

At each time slot, the objective function is no longer a non-linear fractional function. In the next subsection,
we will focus on handling the time average operations.

B. Transformation of time average operations
To remove the time-average operation in the optimization constraint C1, we follow [11] and first

transform it into an equivalent queue stability constraint. Specifically, define virtual reliability queues Y1

and Y2. Use Yi[t] to represent the queue length of Yi at time slot t. Set Yi[1] = 0 and

Yi[t+ 1] = max{Yi[t]− φi[t], 0}+ φmin,i, i ∈ {1, 2}. (11)

The condition that the queues Yi are stable implies limT→∞
1
T

∑T
t=1 φi[t] ≥ φmin,i, i.e. constraint C1. Thus

in (10), C1 and C2 can be combined to form a new constraint

C4 : Qi and Yi are stable, i ∈ {1, 2}.

Next, we apply the Lyapunov optimization theory [11] to further simplify the optimization problem.
Let Ω[t] = {Q1[t], Q2[t], Y1[t], Y2[t]} denote the set of current queue backlogs at time slot t, and define
the quadratic Lyapunov function L(Ω[t]) as a function of Ω[t]:

L(Ω[t]) =
2∑
i=1

(
uiQi[t]

2 + viYi[t]
2) , (12)

in which ui and vi are constant weighting parameters. Further, define the one-slot conditional Lyapunov
drift function as the expected (taken over transmission designs for dealing with random channel variations)
change of the Lyapunov function over one time slot, given the knowledge of current QSI:

∆ (Ω[t]) =E {L(Ω[t+ 1])− L(Ω[t])|Ω[t]} . (13)

A negative value of ∆(Ω[t]) indicates that the sum queue length tends to reduce at the next time slot.
The optimization problem together with queue stability constraint C4 can be transformed into a drift-

plus-penalty expression [11]. In the considered problem, the maximization of (10) subjects to C3 and C4
can be transformed to

maximize :V E

{
2∑
i=1

(αiRi[t]−βiη[t]pi[t])|Ω[t]

}
−∆(Ω[t]) (14)

s.t.: C3.

The positive parameter V can be tuned to reveal the desired optimization tradeoff between achievable
energy efficiency and queue lengths (both actual source queues Qi and virtual queues Yi). Setting a large
value of V means that we tend to put more emphasis on increasing system energy efficiency, with the
cost of small transmission reliability of the type-1 messages (but still greater than the threshold φmin,i)
and large queuing delay of the type-2 messages (but still bounded).

Since ∆(Ω[t]) cannot be expressed explicitly, we use its upper bound to replace ∆(Ω[t]) in the
optimization problem. Substituting the queuing dynamics of Qi and Yi into (13) and considering the
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inequality (max{Q− b, 0}+ c)2 ≤ Q2 + b2 + c2 + 2Qc− 2Qb for Q ≥ 0, b ≥ 0, c ≥ 0, we can show that
∆(Ω[t]) can be upper-bounded as

∆(Ω[t]) ≤E

{
2∑
i=1

ui(b
2
i [t] + a2i [t] + 2Qi[t](ai[t]− bi[t]))

∣∣∣Ω[t]

}

+E

{
2∑
i=1

vi(φ
2
i [t] + φ2

min,i + 2Yi[t](φmin,i − φi[t]))
∣∣∣Ω[t]

}

≤B − 2
2∑
i=1

uiQi[t](E{bi[t]|Ω[t]} − λi)− 2
2∑
i=1

viYi[t](E{φi[t]|Ω[t]} − φmin,i), (15)

where B =
∑2

i=1(ui log2(2
1/ln2+E{|hii[t]|2}pmax,i/N0)+uia

2
max,i+viφ

2
min,i)+vi is a positive constant, and

amax,i is the maximum value of ai[t]. Now we can use the last upper bound in (15) to replace ∆(Ω[t]) in
(14). Notice that the parameters B, λi, φmin,i (i ∈ {1, 2}) are constants. They are irrelevant to our power
control design and can hence be directly discarded.

Finally, we replace the problem of solving optimization with expectations by opportunistically maxi-
mizing the objective function at each individual time slot [11]. To simplify presentation, in the remainder
of the paper, we omit the time index t. The original problem (5) becomes the following form:

maximize : V
2∑
i=1

(αiRi−βiηpi) + 2
2∑
i=1

(uiQibi + viYiφi) (16)

s.t.: 0 ≤ pi[t] ≤ pmax,i, i ∈ {1, 2}.

So far, we have transformed (5) into a problem which can be solved in each individual time slot.
However, finding the solution of (16) is still challenging since different encoding actions in A lead to
different forms of the problem, each of which has a particular non-convex objective function and feasibility
region. To address this issue, in the next section we individually discuss each encoding action. It can be
shown that for each action A ∈ A, the corresponding optimization problem can be approximated by a
solvable concave optimization problem. The overall solution can thus be found by finding the best one
among all encoding actions.

IV. POWER CONTROL DESIGN AT EACH TIME SLOT

As discussed in Section II, there are four encoding actions in A. For each individual action, the
objective function is non-convex due to inter-user interference caused by non-orthogonal transmission.
Let p = [p1, p2] denote the transmit power vector and PA denote the feasibility region when encoding
action A ∈ A is adopted. When the problem is feasible, applying the difference of two convex functions
programming (D.C. programming) [13], we can rewrite the problem (16) as

maximize : γA , fA(p)− gA(p) (17)
s.t.: p ∈ PA,

where γA represents the objective function, and fA(p) and gA(p) are functions determined by the chosen
action A.

According to Taylor’s expansion, gA(p(k)) +∇gA(p(k))T (p−p(k)) is the first-order expansion of gA(p)
at point p(k), where p(k) denotes the optimal solution at the (k − 1)th iteration. Considering its concave
characteristics [14], it is always larger than gA(p). Maximizing −gA(p) is equivalent to minimizing the
upper bound of gA(p). As long as fA(p), gA(p), p ∈ PA can be shown to be concave, the optimization
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problem (17) can be approximated by the following concave optimization problem, and then solved
according to the method in [13]:

maximize : fA(p)−gA(p(k))−∇gA(p(k))T (p−p(k)) (18)
s.t.: p ∈ PA,

Certainly, for an encoding action A, it is possible that due to the random nature of fading and limited
power budgets, the feasibility region PA is an empty set. The problem (16) for this action does not have
feasible solution (but by considering all four actions, the problem is always feasible). If this is the case,
we can directly set p1 = p2 = 0 and set the objective function γA to be a small negative value. In what
follows, we will present fA(p), gA(p), p ∈ PA for each action in A.

A. Encoding action A = (1, 1)

In this case, both sources intend to deliver their type-1 messages. Recall that the type-1 message for VDi

has fixed rate ri. Hence to guarantee successful transmission, we need to have r1 ≤ R1 and r2 ≤ R2. The
remaining part of transmission rate bi = Ri − ri is left for the type-2 message. After some mathematical
manipulations, we can show that in (17) the functions fA(p) and gA(p) are both concave:

fA(p) = (V α1 + 2u1Q1) log2(N0 + |h11|2p1 + |h12|2p2)
+ (V α2 + 2u2Q2) log2(N0 + |h21|2p1 + |h22|2p2)

−
2∑
i=1

[βiV ηpi + 2uiQiri − 2viYi] ,

gA(p) = (V α1 + 2u1Q1) log2(N0 + |h12|2p2)
+ (V α2 + 2u2Q2) log2(N0 + |h21|2p1).

The conditions r1 ≤ R1 and r2 ≤ R2 lead to[
p1
p2

]
�

[
0 |h12|2(2r1−1)

|h11|2
|h21|2(2r2−1)
|h22|2 0

][
p1
p2

]
+

[
(2r1−1)N0

|h11|2
(2r2−1)N0

|h22|2

]
. (19)

To ensure a non-empty feasibility region, the following condition must also satisfy (i.e., the maximum
power budget must be greater than the minimum power needed in (19))

pmax,i ≥
N0 ((2ri − 1)|hji|2/|hii|2 + k)

|hji|2(1− k)
, i 6= j, (20)

where k = (2r1 − 1)(2r2 − 1) |h12|
2|h21|2

|h11|2|h22|2 [4]. Therefore, the feasibility region PA is the union of constraints
(19) and (20), which are both convex. If PA is not empty, (17) can be solved using (18). Otherwise, as
mentioned before, if A leads to an infeasible power control problem, we set p1 = p2 = 0.

B. Encoding action A = (1, 2)

Under this encoding action, only VS1 intends to transmit its type-1 message, which requires R1 ≥ r1.
The type-2 messages can be transmitted in the two V2V links with rates b1 = R1 − r1 and b2 = R2,
respectively. Setting φ1 = 1 and φ2 = 0 in (16), we can attain the following concave functions:

fA(p) = (V α1 + 2u1Q1) log2(N0 + |h11|2p1 + |h12|2p2)
+ (V α2 + 2u2Q2) log2(N0 + |h21|2p1 + |h22|2p2)

− 2u1Q1r1 + 2v1Y1 −
2∑
i=1

βiV ηpi,
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gA(p) = (V α1 + 2u1Q1) log2(N0 + |h12|2p2)
+ (V α2 + 2u2Q2) log2(N0 + |h21|2p1).

The power limit of VS1 must be sufficiently large to ensure the existence of feasible solution. To this
end, we have

(2r1 − 1)|h12|2

|h11|2
p2 +

(2r1 − 1)N0

|h11|2
≤ p1 ≤ pmax,1. (21)

The conditions 0 ≤ p2 ≤ pmax,2 and (21) form the feasibility region PA. Both conditions are concave. The
problem (17) can be solved using (18) if PA is not empty.

C. Encoding action A = (2, 1)

Now only VS2 desires to send its type-1 message. The analysis is similar to the above case. We can
straightforwardly attain fA(p), gA(p), and PA by swapping the indexes 1 and 2 in the results provided
in the above subsection.

D. Encoding action A = (2, 2)

In this case, both sources send only type-2 messages with b1 = R1 and b2 = R2. Setting φ1 = φ2 = 0
in (16) leads to

fA(p) = (V α1 + 2u1Q1) log2(N0 + |h11|2p1 + |h12|2p2)

+ (V α2 + 2u2Q2) log2(N0 + |h21|2p1 + |h22|2p2)−
2∑
i=1

βiV ηpi,

gA(p) = (V α1 + 2u1Q1) log2(N0 + |h12|2p2)
+ (V α2 + 2u2Q2) log2(N0 + |h21|2p1).

The problem is always feasible. The condition C3 defines PA.

E. Control action selection
We have presented the impact of every individual encoding action on the power control design at each

time slot. For action A, the power vector that leads to the optimal value of objective function γA can be
found (a small negative value of γA for infeasible problem). Then one can compare the objective functions
and select the encoding action and power vector that have the highest γA. In other words, at each time
slot t, power control in the considered vehicular communication network is as follows:

p[t] = arg max
A∈A

γA[t]. (22)

In the next section, we will use simulation results to demonstrate the performance of our transmission
design.
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V. PERFORMANCE EVALUATION

We take the application scenario described in Section I as an example. Each pair of source and
destination vehicles form a platoon. The leading vehicle VSi

periodically shares its speed and location
information (type-1 messages), as well as sensing results of certain objects of interest (type-2 messages)
with the following vehicle VDi

. The inter-vehicle distance within each platoon is roughly 10 m. The
platoons are separated by about 80 m, which means that the interfering distance between VS1 and VD2 is
100 m and that between VS2 and VD1 is 80 m.

In our simulations, the Nakagami-m fading parameters mij are set to 2 for all i, j ∈ {1, 2}, and Ωij

is determined by considering V2V path loss PLij = 103.4 + 24.2 log10(dij) [15], where dij denotes
distance. The source power limits are pmax,i = −85 dBm, and the noise power spectral density is −174
dBm/Hz with transmission bandwidth 100 kHz. In this section, we consider a symmetric system, such
that both V2V links have the same performance requirements and transmission parameters. The type-1
messages’ data rates are assumed to be r1 = r2 = 0.5. Their transmission reliability requirements are
φmin,1 = φmin,2 = 90%. The type-2 messages are generated with average rate λ1 = λ2 = 2. The weights
in energy efficiency evaluation are set to α1 = α2 = β1 = β2 = 0.5, u1 = u2 = 1.1, and v1 = v2 = 3. The
system model can be straightforwardly generalized to be asymmetric.

We compare our transmission design with three benchmark approaches. The first performs design using
only CSI (we term it CSI-based design). Specifically, it adopts the power control strategy proposed in [4]
and tries to use the minimum power to guarantee the fixed transmission rates of R1[t] = R2[t] = 2.5 + θ
bits/slot. The powers consumed for supporting 0.5 bits and 2 + θ bits are dedicated respectively to the
type-1 and type-2 messages, where the parameter θ is chosen to counterbalance the impact of channel
outage and to maintain the queue lengths to be similar to our method (if θ = 0, the lengths of queues Qi
will increase with time).

The remaining two benchmark methods take into account both CSI and QSI. The second method is
termed power minimization-based (PM-based) design. It follows the approach presented in [10] and tends
to use the minimum power to guarantee the performance of the two types of messages. The final method
is termed orthogonal transmission-based (OT-based) design, where the two V2V links orthogonally share
the available channel. The maximum transmission data rate between VSi

and VDi
is Ri[t] = 1

2
log2(1 +

2pi[t]|hii[t]|2
N0

) bits/slot. We can follow exactly the same procedure presented earlier to formulate and transform
the optimization problem to maximize energy efficiency (omitted due to page limit). Inter-user interference
is avoided, with the cost of inefficient channel usage (because of the pre-log scaling factor 1

2
).

Fig. 2 shows the achievable energy efficiency comparison of our method (termed EE-based design) with
the above three approaches, when they all attain the similar performance of the two types of messages, as
shown in Fig. 3. Clearly, our method achieves the highest energy efficiency, because it properly utilizes
the knowledge of both CSI and QSI, adopts efficient non-orthogonal channel sharing, and uses energy
efficiency to direct its transmission and power control design. Due to the lack of QSI (i.e., unaware of
delay), the CSI-based design tries to guarantee the QoS requirements of the two types of messages using
a naive fashion. To ensure both types of messages to be transmitted successfully, it demands a very high
data rate at every time slot, even when the channel is weak, the reliability of type-1 message is already
high, and/or the queue length for the type-2 message is already small. This can cause high probability
of channel outage when the power budget is relatively small. Even if pmax,i are sufficiently large, the
method also leads to unnecessarily large reliability of the type-1 messages (see Fig. 3) and low energy
efficiency. The PM-based design intends to minimize the power consumption of the whole system. But
a low power usage does not always mean a high energy efficiency. Finally, the OT-based design suffers
from the inefficient orthogonal transmission, because in the considered system the mutual interference
between the two V2V links is not very large and orthogonally activating the sources is not necessary.
The tradeoff between energy efficiency and message transmission performance in our proposed solution
can be further flexibly balanced by adjusting the parameters V , αi and βi in (4), and ui and vi in (12),
according to application demands.
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Fig. 3. Average reliability of type-1 messages (solid lines) and average queue lengths of type-2 messages (dashed lines).

VI. CONCLUSION

We have proposed a transmission strategy that allocates powers in a class of vehicular communication
networks to achieve high energy efficiency. The networks contain concurrent V2V links, each of which
desires to deliver messages to support different types of delay-limited applications. Both CSI in the PHY
layer and QSI in the MAC layer are used to direct the transmission design so that transmission opportunity
and urgency can be properly balanced. The advantages of the proposed method over serveral conventional
solutions have been verified by simulations. The impact of imperfect CSI and QSI, and distributed decision
making, through e.g., reinforcement learning, are deemed as meaningful future works.
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