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Joint Optimization of Communication and Traffic
Efficiency in Vehicular Networks
Long Zhao, Member, IEEE, Fangfei Wang, Kan Zheng, Senior Member, IEEE, and Taneli
Riihonen, Member, IEEE

Abstract—Consider single-cell downlink vehicular networks,
where a base station (BS) employing massive multiple-input
multiple-output (MIMO) simultaneously transmits information
to multiple vehicles on its covered road. Taking into account
both the traffic and communication performance, the Flow rate
of vehicles to the Power consumption of the BS Ratio (FPR) is
defined as a comprehensive metric to represent the number of
vehicles supported under limited transmit power. The objective
of this paper is to maximize the FPR while guaranteeing the
information rate requirements of the vehicles. We first derive
the average power consumption of the BS with respect to vehicle
density, based on which the FPR is established by using a flow
rate function that quantifies the number of passed vehicles per
time unit in terms of traffic density. Then, the optimal vehicle
density is given in order to maximize the FPR. Simulation results
indicate that the proposed scheme can significantly improve the
power efficiency of the vehicular networks.
Index Terms—Vehicular networks, flow rate, power consumption.

I. I NTRODUCTION
Vehicular networks are the typical applications of ultrareliable low-latency communications (uRLLC) in fifth generation (5G) communications, and have gained much attention
recently. Their objectives are to improve the transportation
efficiency, traffic safety and quality of vehicle information
services. To achieve these objectives, the literature has broadly
investigated the architectures and key technologies of vehicular
networks [1]–[5]. On the other hand, considering the traffic
characteristics, such as flow rate, vehicle density and vehicle
speed, etc., some communication metrics were also studied for
vehicular networks [6]–[10].
Through analyzing the inter-arrival time and speed distributions of vehicles, the connection characteristics and routing
performance were investigated for vehicular networks in [7].
Considering the vehicle density and vehicle speed, the packet
delivery delay in vehicular ad hock networks was derived in
[8]. Taking advantage of both vehicle density and channel state
information (CSI), a joint macro and micro resource allocation
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scheme was proposed in order to improve the latency based on
software-defined vehicular networks in [9], [10]. However, the
relationship between the traffic efficiency and communication
efficiency is an open research area to our knowledge. The existing metrics can not describe the comprehensive performance
of both the traffic and communication networks.
In the single-cell downlink communications, a base station
(BS) employing massive multiple-input multiple-output (MIMO) simultaneously serves multiple vehicles on its covered
road. In order to balance the traffic and communication efficiencies, this paper studies a new metric, i.e., the Flow rate
of vehicles to the Power consumption of the BS Ratio (FPR).
Guaranteeing the transmission rate requirements of all vehicles, the FPR is maximized in this paper. The transmission rate
expression is given assuming a large number of antennas at the
BS and the transmission rate constraints are transformed into
the transmit power constraints. Then, the power consumption
of the BS is analyzed and its average value is derived. Based on
the obtained average power consumption, the tradeoff between
the FPR and the vehicle density is established and, finally, the
optimal FPR is then given by a nested bisection algorithm.
II. S YSTEM M ODEL AND P ROBLEM F ORMULATION
As illustrated in Fig. 1, an M -antenna BS using spatial
multiplexing with bandwidth B transmits information to K(L)
single-antenna vehicles in multiple lanes. The BS is supposed
to cover a road of length L from distance of H. To study the
ultimate theoretical performance that can be achieved by the
system, we assume the following traffic flow model without
considering too many implementation-specific aspects [7]–
[11].
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Fig. 1.

Illustration of single-cell vehicular networks.
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A. Traffic Flow Model
The number of vehicles on the road follows Poisson distribution:
k

(ρL) −ρL
e
, k = 1, 2, . . . ,
(1)
k!
where ρ ≥ 0 denotes the average vehicle density [7]–[9].
The vehicle speeds can be assumed to be independent
and identically distributed (i.i.d.), and the speed vk of the
kth vehicle follows a truncated normal distribution with the
minimum speed vm and maximum speed vM [9], i.e.,
}
{
2
κ (v̄, σv )
(vk − v̄)
, vk ∈ [vm , vM ] , (2)
f (vk ) = √
exp −
2σv2
2πσv
P {K (L) = k} =

where the speed mean v̄ is given by
)
(
ρ
v̄ (ρ) = vF 1 −
, ρ ∈ [0, ρJ ] ,
ρJ

that sk with |sk | = 1 and pk /M are the modulation symbol
and transmit power for the kth vehicle, the received signal of
the kth vehicle is then given by
K(L) √
∑
pi
T
y k = gk
wi si + nk ,
(7)
M
i=1
)
(
where the additive white Gaussian noise nk ∼ CN 0, σ 2 .
∗
According to the channel hardening effect, i.e., ĥT
k ĥk /M →
T ∗
1, and asymptotic channel orthogonality, i.e., ĥk ĥi /M → 0
∗
and eT
k ĥi /M → 0 (i ̸= k), for large M at the BS [13],
the signal-to-interference-and-noise ratio (SINR) of the kth
vehicle can be expressed as
γk =
θ

(3)

with the free flow speed vF and the jamming density ρJ , the
speed variance σv2 is a constant, and the normalization factor
is given by
)
)]−1
[ (
(
vM − v̄
vm − v̄
κ (v̄, σv ) = Φ
−Φ
,
(4)
σv
σv
(
)
∫y
with Φ (y) = −∞ √12π exp −x2 /2 dx.
The flow rate Q of the road is defined as the number
of passed vehicles per second, which represents the traffic
efficiency of the road. It can be calculated by the vehicle
density ρ times the average vehicle speed v̄ (ρ) [11], i.e.,
(
)
ρ2
Q (ρ) = ρv̄ (ρ) = vF ρ −
, ρ ∈ [0, ρJ ] .
(5)
ρJ

K(L)
∑
i=1,̸=k

2
pi |ĥTk ĥ∗
i|
M ||ĥ∗ ||2
i

θpk
2
M ||ĥk ||
K(L)
∑

+ (1 − θ)

i=1

2
pi |eTk ĥ∗
i|
M ||ĥ∗ ||2
i

pk θδk
→
, M ≫ 1,
σ2
and the transmission rate can be approximated by
(
)
pk θδk
rk (pk ) = Blog2 1 +
.
σ2

+

σ2
δk

(8)

(9)

C. Power Consumption Model
Based on [14]–[16], the power consumption pΣ of the BS
contains in practice transmit power pT for power amplifiers
(PAs) and circuit power pC for signal processing (such as
coding, modulation, and RF links), i.e.,
pΣ (ρ) = pT (ρ) + pC (ρ) ,

(10)

where

]
[∑
K(L)
1
pk , and
(11)
E
k=1
ζM
[∑
]
∑K(L)
1
pC (ρ)=E
(ai +M bi ) K i (L)+c
qvk , (12)
pT (ρ)=

B. Communication Model
1) Channel Model: Denote gk = δk hk ∈ CM ×1 as
the channel vector from the kth vehicle to the BS, where
δk ∈ R+ represents the large-scale fading and hk =
T
[hk,1 , hk,2 , · · · , hk,M ] ∼ CN (0, IM ) contains the fast fading
coefficients. The large-scale fading δk = ϕd−α
k ξk , where ϕ is
a constant
√ related to the antenna gain and carrier frequency,
dk = H 2 + lk2 is the distance between the BS and the head
of the kth vehicle (lk denotes the distance between the head of
the kth vehicle and the vertical line of the BS on the road, H
represents the distance between the BS and the road, and the
road width can be ignored compared with H), α denotes the
path-loss exponent, and
to the shadow fading variable
( ξk refers
)
with 10log10 ξk ∼ N 0, σS2 . Considering the minimum mean
square error (MMSE) channel estimation, we can assume that
√
√
(6)
hk = θĥk + 1 − θek ,
1/2

where the estimate ĥk ∼ CN (0, IM ) is independent of the
error ek ∼ CN (0, IM ) of hk , and θ ∈ [0, 1] determines the
estimation accuracy [12].
2) Transmission Model: In massive MIMO systems,
matched-filter (MF) has been proved to be an asymptotically optimal precoder for information transmission [13], i.e.,
wk = ĥ*k /||ĥ*k ||, therefore is adopted in this paper. Assuming

i=0

k=1

with ζ being the efficiency of PAs while ai (i = 0, 1), bi
(i = 0, 1) and c being power consumption coefficients.
D. Problem Formulation
To guarantee traffic safety, the BS should timely transmit
necessary position-related information to each vehicle, such
as the surrounding vehicle information and map information.
Therefore, the rate requirement of each vehicle is proportional
to its speed, i.e., qvk , where q [bit/m] denotes the required
information amount of passing unit road length. Based on (9),
the transmit power at the BS should satisfy rk (pk ) ≥ qvk .
Guaranteeing the information rate requirements of all the
vehicles, one objective of the vehicular networks is to maximize the supported flow rate Q (ρ) and another objective is to
minimize the power consumption of the BS pΣ (ρ). Therefore,
the Flow rate of vehicles to the Power consumption of the BS
Ratio (FPR) is defined for vehicular networks in this paper as
η (ρ) =

Q (ρ)
,
pΣ (ρ)

(13)
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and the considered optimization problem is formulated as
max η (ρ)
s.t. 0 ≤ ρ ≤ ρJ ,
rk (pk ) ≥ qvk , k = 1, 2, . . . , K(L).

(14)
(15)
(16)

In the following sections, we first derive the average power
consumption of the BS, then establish the relationship between
the FPR η and vehicle density ρ, based on which the optimal
vehicle density and FPR are given.

III. AVERAGE P OWER C ONSUMPTION
As shown by (9), rk (pk ) is a monotonically increasing
function of pk only and we can express pk with respect to
rk . Therefore, the constraint (16) can be transformed into
)
σ 2 ( qvk
pk (ρ) ≥ pLk (ρ) =
(17)
2 B −1 ,
θδk
and we have the following results.
Proposition 1: To satisfy the minimum rate requirements
qvk (k = 1, 2, · · · , K (L)) of all vehicles, the average power
consumption of the BS is given by
(
)
pΣ (ρ) = χ0 ρ eχ1 +χ2 ρ − 1 + χ3 ρ + χ4 + cqLQ (ρ) , (18)
where

{ (
)2 } ∫ L/2
( 2
)α/2
1
ln 10
σS
H + lk2
dlk ,
2
10
0
(19)
( 2
)
q ln 2 qσv ln 2
qvF ln 2
χ1 =
− 2vF , χ2 =
,
(20)
2B
B
BρJ
χ3 = (a1 + M b1 ) L, andχ4 = a0 + M b0 .
(21)
2σ 2
χ0 =
exp
ζM θϕ

Proof: We first analyze the average circuit power consumption, then the average transmit power consumption and
finally the total power consumption of the BS.
Based on (1) and (2), we can obtain
E [K (L)] = ρL, and E [vk ] = v̄.

(22)

Then, substituting (5) and (22) into (12) results in
pC (ρ) = a0 + M b0 + (a1 + M b1 ) Lρ + cqLQ (ρ)
= χ4 + χ3 ρ + cqLQ (ρ) .
(23)

vehicle speed distribution in (2), we have
{
( 2
)}
ln 2 qσv ln 2
[ qvk ] κ (v̄, σv ) exp q2B
−
2v̄
B
(
)
E 2 B =
.
qσv2 ln 2
κ v̄ − B , σv

(26)

When v̄ ≫ qσv2 ln 2/B, substituting (3) into (26) gives rise to
{
)
(
}
[ q ]
q ln 2 qσv2 ln 2
qvF ln 2
E 2 B vk ≈ exp
− 2vF +
ρ
2B
B
BρJ
= exp {χ1 + χ2 ρ} .
(27)
Based on (1), the vehicles’ positions are i.i.d. on the road, i.e,
f (lk ) = 1/L. Then, we can obtain




K(L)

K(L)
]
∑ [
∑ [(
]
)
α/2
E
E d−α
=E
E H 2 + lk2
k




k=1

∑+∞

∫

k=1

K(L)
( 2
)α/2 2
(ρL)
=
K (L)
dlk
e−ρL
H + lk2
K(L)=1
L
K
(L)!
0
K(L)−1 ∫ L/2
∑+∞
( 2
)α/2
(ρL)
−ρL
=2ρe
H + lk2
dlk
K(L)=1 [K (L) − 1]! 0
∫ L/2
( 2
)α/2
=2ρ
H + lk2
dlk .
(28)
L/2

0

Hence, the total transmit power of the PAs can be written as
(
)
pT (ρ) = χ0 ρ eχ1 +χ2 ρ − 1 .
(29)
Finally, substituting (23) and (29) into (10) leads to (18).

IV. T RADEOFF B ETWEEN FPR

AND

V EHICLE D ENSITY

Because the FPR is a decreasing function of power consumption, pk (ρ) = pLk (ρ) will maximize the FPR. Then,
substituting (5) and (18) into (13), we can obtain the tradeoff
between the FPR η and the vehicle density ρ, given by
[
]−1
χ0 ρ (eχ1 +χ2 ρ − 1) + χ3 ρ + χ4
η (ρ) =
. (30)
+ cqL
Q (ρ)
Proposition 2: To achieve the optimal FPR η ∗ in the considered vehicular networks, the vehicle density should satisfy
ρ = min{max{ρ̃(η ∗ ), 0}, ρJ },

(31)

∗

where ρ̃(η ) implicitly satisfies

χ1 +χ2 ρ̃
Substituting (17) and δk = ϕd−α
+ (η −1 −cqL)vF (2ρ̃/ρJ −1)=χ0 −χ3 , (32)
k ξk into (11), the power χ0 (1+χ2 ρ̃)e
consumption of the PAs can be rewritten as

 and can be explicitly solved with bi-section search. Likewise,
K(L)
( [ qvk ]
) the optimal FPR η ∗ can also be obtained by bi-section search.
∑ [
]
[
]
σ2
E
.
pT (ρ) =
E d−α
E ξk−1 E 2 B − 1
k
Proof: As (16) has become pk (ρ) = pLk (ρ) to maximize

ζM θϕ 
k=1
the FPR and was used to calculate the power consumption of
(24) PAs, the problem in (14)–(16) is transformed into
{ −1
}
According to the distribution of shadow fading, i.e.,
min
η
(ρ)
s.t. 0 ≤ ρ ≤ ρJ .
(33)
{
}
2
(κ ln ξ)
10
κ 1
f (ρ) = χ0 ρ (eχ1 +χ2 ρ − 1) + χ3 ρ + χ4 , we have
exp −
,κ =
, (25) Defining
fξk (ξ) = √
2
2
ξ 2πσF
2σF
ln 10
d f (ρ) /dρ2 = (2 + χ2 ρ) χ0 χ2 eχ1 +χ2 ρ > 0 so that f (ρ) is
[ (
convex, while Q (ρ) is a concave function of ρ. Based on
[
]
) ]
ln 10 2
we can obtain E ξk−1 = exp 12 σS 10
. According to the [17], if the objective has a convex numerator and a concave
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1.0

denominator, the problem in (33) is equivalent to
(
)
min g (ρ; η) =f (ρ) − η −1 −cqL Q (ρ) s.t. 0≤ρ≤ρJ , (34)

L

0.6

(35)

Given η, the Lagrange function of (34) can be expressed as

Density

and the optimal FPR η satisfies

 > 0, η > η ∗ ,
= 0, η = η ∗ ,
g (ρ; η)

< 0, η < η ∗ .

U

0.8

[vehs/m]

∗

0.4

0.2

L (ρ; λ, µ) = g (ρ; η) + λ (ρ − ρJ ) − µρ,

(36)

χ1 +χ2 ρ
and ∂L((ρ; λ, µ) /∂ρ
− χ0 + χ3 +
) = χ0 (1 + χ2 ρ) e
−1
λ−µ− η − cqL vF (1 − 2ρ/ρJ ). According to the KarushKuhn-Tucker (KKT) conditions [18], we can obtain

0.0
1

(37)

λ (ρ − ρJ ) = 0, µρ = 0.

(38)

3

4

5

6

7

8

9

10

11

12

Iteration Number

Fig. 2.

∂L (ρ; λ, µ) /∂ρ = 0,

2

Convergence of Algorithm 1 (q = 2.5 × 105 bit/m).

V. N UMERICAL R ESULTS AND A NALYSIS
A. Parameter Setup

When 0 < ρ < 1, i.e., λ = µ = 0, we define
(
)
h (ρ) =χ0 (1 + χ2 ρ) eχ1 +χ2 ρ − η −1 − cqL vF (1 − 2ρ/ρJ )
− χ0 + χ3 ,
(39)
and the first-order derivative of
( h (ρ) is given
) by dh (ρ) /dρ =
χ0 χ2 (2 + χ2 ρ) eχ1 +χ2 ρ + 2 η −1 − cqL vF /ρJ > 0. Therefore, h (ρ) is a monotonically increasing function with respect
to the vehicle density ρ and the bisection search method can
be employed to solve (37) with λ = 0 and µ = 0, i.e., (32)
[18]. Further, taking into account (38) with λ ̸= 0 and µ ̸= 0,
the optimal vehicle density should meet (31).
Based on Proposition 2 and (35), the optimal FPR η ∗ can be
obtained by Algorithm 1, which contains two nested loops. The
outer loop finds the optimal FPR and the inner loop calculates
the optimal vehicle density for a given FPR value. Moreover,
the initial values of both η and ρ should constitute ranges such
that ρ∗ ∈ [ρL , ρU ] and η ∗ ∈ [ηL , ηU ]. According to (5), we can
set ρL = 0 and ρU = ρJ . Based on (30), η ≤ 1/ (cqL) and
therefore we set ηU = 1/ (cqL). On the other hand, η −1 (ρ)
is a quasi-convex function, any ρ ∈ [0, ρJ ] can satisfy ηL =
η (ρ) ≤ η ∗ and we set ηL = η(ρJ /2).
Algorithm 1 : Nested Bisection Algorithm for the Optimal FPR
Initialization: ηU = 1/ (cqL), ηL =η (ρJ /2), error tolerance
εη >0.
1: Let η = (ηL + ηU ) /2.
2: Initialize ρL = 0, ρU = ρJ , and error tolerance ερ > 0.
2.1: Let ρ = (ρL + ρU ) /2;
2.2: Calculate h (ρ) based on (39);
2.3: If h (ρ) > 0, let ρU = ρ; Else ρL = ρ;
2.4: If |h (ρ)| < ερ , let ρ = (ρL + ρU ) /2; Else go
to 2.1.
3: Calculate η (ρ) and g (η, ρ) by (30) and (34), respectively.
4: If g (η, ρ) > 0, then ηU = η; Else ηL = η.
5: If ηU −ηL < εη , let η ∗ = (ηL +ηU ) /2; Else go to 1.

In the simulation, the default parameters are given as
follows. The number of antennas at the BS is M = 10000,
the system bandwidth is B = 200 kHz, and the information
requirement of each vehicle per meter is q = 2.5 × 105
bit/m [7], [9], [13]. The distance between the BS and the
road is H
/√= 250 m, the road length covered by the BS is
L = 2H 3, the constant ϕ = 10−3 , the standard variance
of shadow fading σS = 8 dB, the path-loss exponent α = 4,
and the noise power σ 2 = BN with the noise power spectrum
density N = −174 dBm/Hz [9], [19]–[21]. The free flow
speed vF = 35 m/s, the minimum vehicle speed vm = 5 m/s,
the maximum vehicle speed vM = vF , the speed standard
variance σv = 10 m/s, and the jamming density ρJ = 1
vehs/m [7]–[10]. The power efficiency of PAs is η = 0.28,
the power consumption
coefficients
are [a0 , a1 ] = [20, 0.1]
[
]
W, [b0 , b1 ] = 1, 2.6 × 10−8 W, and c = 1.15 × 10−9
W/bit [14]–[16]. “PCSI” and “ECSI” are the abbreviations of
“perfect CSI” and “estimated CSI” in the following figures,
respectively.
B. FPR Results
With q = 2.5 × 105 bit/m, Fig. 2 plots the vehicle density
ρ versus the number of inner iterations for the first outer
iteration of Algorithm 1 under the perfect CSI case, where
ρL , ρU and ρ represent the lower bound, upper bound and
the obtained vehicle density of each inner iteration. With the
increasing number of iterations, the upper bound decreases
and the lower bound increases, and they rapidly converge to a
constant, which verify the convergence of the inner iteration
of Algorithm 1 under the perfect CSI case. Moreover, the
convergence behavior of the outer iteration and the estimated
CSI case are similar to that of the inner iteration.
The FPR versus the flow rate is illustrated in Fig. 3 with
q = 2.5 × 105 bit/m, εη = 10−6 and ερ = 10−10 . Moreover,
the optimal FPR points obtained by Algorithm 1 and the
optimal flow rate points obtained by traditional setup, i.e.,
ρ = ρJ /2 [11], are also given in Fig. 3. With the increasing
vehicle density ρ, both the FPR and flow rate first increase
and then decrease. The optimal FPR points locate on the
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PCSI (

=1)

ECSI (

=0.6)

rate requirements of vehicles. Based on the derived power
consumption of the BS and the flow rate function, the tradeoff
between the FPR and vehicle density is formulated. Then,
the optimal FPR is obtained by a proposed bisection search
algorithm. Results indicate that the proposed scheme can
balance the power consumption and the traffic efficiency.
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tops of the tradeoff curves and outperform the FPR points
corresponding to the optimal flow rates, which validates the
optimality of Algorithm 1. Moreover, the tradeoff under perfect
CSI outperforms that under estimated CSI due to the more
accurate CSI. With εη = 10−6 and ερ = 10−10 , the optimal
FPR (labeled by FPR* in Fig. 4) and the FPR (labeled by
FR* in Fig. 4) under the optimal flow rate (i.e., traditional
setup) as well as their corresponding vehicle densities versus
the information requirement are shown in Fig. 4. With the
increasing information requirement, both the optimal FPR
and vehicle density decrease because more transmit power
is consumed by PAs. The optimal FPR outperforms the FPR
under the optimal flow rate and the FPR under perfect CSI
performs better than that under estimated CSI.
VI. C ONCLUSION
To improve the traffic efficiency and simultaneously reduce
the communication cost of vehicular networks, the objective
of this paper is to find the maximal FPR while satisfying the
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