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Abstract—Cell discontinuous transmission (DTX) has been
proposed as a solution to reduce energy consumption of cellular
networks. This paper investigates the impact of network traffic
load on spectral and energy efficiency of cellular networks with
DTX. The SINR distribution as a function of traffic load is
derived firstly. Then sufficient condition for ignoring thermal
noise and simplifying the SINR distribution is investigated.
Based on the simplified SINR distribution, the network spectral
and energy efficiency as functions of network traffic load are
derived. It is shown that the network spectral efficiency increases
monotonically in traffic load, while the optimal network energy
efficiency depends on the ratio of the sleep-mode power consumption to the active-mode power consumption of base stations. If
the ratio is larger than a certain threshold, the network energy
efficiency increases monotonically with network traffic load and
is maximized when the network is fully loaded. Otherwise, the
network energy efficiency firstly increases and then decreases in
network traffic load. The optimal load can be identified with
a binary search algorithm. The power ratio threshold depends
solely on the path loss exponent α, e.g. 56% for α = 4. All
these analytic results are further validated by the numerical
simulations.
Index Terms—Green communication, cell discontinuous transmission, network traffic load, energy efficiency, network spectral
efficiency.

I. I NTRODUCTION
Driven by the increasing usage of smart devices and mobile
applications, the traffic of cellular networks has grown dramatically and this trend would continue in the future. It is forecasted that the global mobile traffic would increase by nearly
tenfold from 2014 to 2019 [1]. Therefore network densification
has been proposed to increase the network capacity by increasing the reuse of radio resources [2]. However, deploying more
base stations (BSs) would lead to soaring energy consumption,
which not only incurs severe environmental problems but also
increases operation cost. It is therefore critical to increase the
energy efficiency of cellular networks.
As indicated in [3], the energy consumption of BSs accounts
for almost 60% of all the energy consumed by cellular
networks. Different approaches have been proposed to reduce
the energy consumption of BSs. One is to develop low-energyconsuming hardware and the other is to operate BSs to traffic
demand. The latter is motivated by the fact that the existing
BSs are deployed and operated to cater for the maximum
traffic demand while the network traffic may vary in time [4].
BSs can be switched into lower energy consumption sleep
mode when there is lower traffic demand to save energy.

According to time scale, there exist two types of traffic
variation. One is the long-term traffic variation, for which the
time scale is at level of hours and the average traffic intensity
varies from hour to hour [5], [6]. The other is the short-term
traffic varation, for which the time scale is at milliseconde
level. Due to burst nature of traffic demand, a BS may have
no traffic request for a short period [7]. Accordingly, BSs can
have two levels of sleep mode: long-term deep sleep mode and
short-term micro sleep mode. It takes long time, i.e. several
minutes, for BSs to switched into deep sleep mode or wake
up from deep sleep mode. Deep-sleep is used to adapt to the
long-term traffic varation. BSs are switched into deep-sleep
mode or waked up according to the variation intensity. On the
other hand, the Orthogonal Frequency-Division Multiplexing
(OFDM) technology provides the possibility for BSs to apply
discontinuous transmission (cell DTX) techinique to adapt
to the short-term traffic variation [7]–[9]. BSs can servce
incoming traffic request in certain slots and then switched into
micro sleep mode during idle slots.
A. Related Works and Motivation
Many research efforts have been devoted to studying BS
sleeping operations. In [5], the authors studied the performance
of a real network and proved the energy saving potential
of dynamic BS on/off operation. The impact of BS on/off
operation frequency on energy savings is investigated in [10]
and it is shown that the daily traffic pattern plays a central
role in the design of dynamic BS operation strategy. In [11], a
theoretical framework for BS energy saving that encompasses
dynamic BS operation and user association is proposed and
the optimal user association and BS sleeping operation is
investigated considering both energy saving and flow-level
delay. In [12], the authors studied the design of energy
efficient cellular networks through the employment of BS sleep
mode strategies as well as small cells, and investigated the
tradeoff issues associated with these techniques. A distributed
switching-on/off based energy saving algorithm is proposed
in [4]. These works mainly focus on BS long-term sleeping
operations that leverage large-scale traffic variation.
On the other side, Cell DTX also receives much attention.
Cell DTX has been long applied in the GSM network [13]
by muting the transmission during the silence periods and it
has been proposed and discussed in the standardization body
of the LTE networks as a candidate to reduce interference
and improve energy efficiency [7]. In [8], the feasibility of
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cell DTX in LTE networks was examined and it is shown
that significant energy saving can be achieved with cell DTX.
In [14], the authors studied the design aspects of cell DTX
to mitigate inter-cell interference, such as the time scale of
DTX operations and whether the DTX operations should be
restricted to small cells only. The energy saving by jointly
considering network deployment and cell DTX was studied
in [15]. These works mainly focused on the power saving
with cell DTX rather than the network energy efficiency. Furthermore, most of these works obtained study results through
numerical simulations for certain specific scenarios and there
is no general analytic expressions for the obtained results.
Multiple models can be used to model and analyze the performance of cellular networks, such as the Wyner model [16]
and the hexagonal grid model [17]. Although the Wyner model
is tractable, it fails to capture the principal characteristics of
the realistic cellular networks [18]. Regarding the grid model,
it becomes intractable when the network size increases. Furthermore, the grid model cannot describe the irregularity of the
practical cellular networks, which is more and more common
due to the increasing deployment of small cells, such as pico
cells and femto cells. In this paper, the cellular network is
modelled as a homogeneous Poisson point process (PPP) and
the tools of statistical geometry [19] are utilized to analyze the
performance of cellular networks. This model could provide
both accurate and tractable results on the network performance
[20]. This approach has been extensively applied to analyze the
performance of cellular networks [20]–[23]. Using stochastic
geometry, the authors developed general models for multi-cell
signal-to-interference-plus-noise ratio (SINR) and compared
the outage predictions to those of the grid model and of
the actual network deployment in [20]. It was shown that
modelling cellular networks with PPP results in a pessimistic
performance evaluation of real cellular networks. In [21],
this work is extended to the heterogeneous networks and the
coverage probability in K-tier heterogeneous cellular networks
is derived. With the help of stochastic geometry, the optimal
BS densities in heterogeneous cellular networks to maximize
the energy efficiency are derived in [22]. In [23], the authors
investigated the impact of BS density and antenna numbers
on the throughput and energy efficiency of small networks
with multi-antenna BSs. All these works mainly focused on
the network deployment aspects and studied the impact of BS
densities. Different from these, we consider the operation of
cellular networks that have been deployed and investigate the
impact of traffic load on the network performance.
B. Contributions
In this paper, we investigate the impact of traffic load on
network performance and endeavor to discover the explicit
relationship between traffic load and spectral and energy
efficiency of cellular networks using cell DTX. The main
contributions of this paper can be summarized as follows:
1) Derive the network SINR distribution while considering
network traffic load. Then we further derive network spectral
and energy efficiency.
2) Present a sufficient condition for a cellular network to be
interference-limited.

3) Analyze the impact of network traffic load on network
spectral and energy efficiency.
4) Run numerical simulations to further confirm the analytic
results.

C. Paper Organization
The rest of the paper is organized as follows. The system
model is described in Section II. In Section III, the extended
traffic-aware SINR distribution model is derived, and the
sufficient condition for networks to be interference-limited
is also investigated. Section IV studies the impact of traffic
load on network spectral and energy efficiency. Then the
numerical results are presented in Section V. Finally Section
VI concludes this paper.

II. S YSTEM M ODEL AND P ERFORMANCE M ETRICS
In this section, we first describe the system model and
the necessary assumptions for the performance analysis. Then
the network traffic load and power consumption model are
explained. In the end, the performance metrics are described.

A. Network Model
We consider the downlink transmission in a network where
both BSs and users are randomly distributed. The network is
assumed to be homogeneous in terms of both traffic demand
and BS distribution. The distribution of BSs is modelled with
an ergodic PPP ΦB with density λB . Note that we consider homogeneous networks and the case of heterogeneous networks
is beyond the scope of this paper. Each user is associated
to its closest BS. Thus the coverage area of each BS can
be modelled using the Poisson Voronoi Tessellation (PVT)
method. Fig. 1 illustrates an example of such a network. All the
BSs are assumed to support DTX. The BS stays in active mode
and transmits when there is any traffic request. Otherwise, it
switches into sleep mode and does not transmit. The universal
frequency reuse is applied and the system bandwidth is W .
The users within each cell equally share the resources in
an orthogonal manner. Only path loss and fast fading are
considered. The link between a BS and a user is modelled
as follows:
Pr = Pt CKr−α h = Pe r−α h,

(1)

where Pr , Pt , C, K, r, and α denote the receive power, the
transmit power, the antenna gain, the path loss constant at unit
distance, the distance between the BS and the user and the
path loss exponent respectively. In order to simplify notations,
the product Pt CK is noted as Pe . The random variable h
models Rayleigh fading, i.g. h ∼ exp(1). Here we assume
that the signals from both the serving BS and the interfering
BSs experience Rayleigh fading. The power control is out of
the scope of this paper and all the active BSs are assumed to
transmit with the same power Pt .
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Figure 1. Distribution of base stations (BS) and user devices (UD) in a cellular
network

With the above assumptions, the SINR of a downlink
transmission from a user located at a distance of r from its
associated BS b0 can be expressed as
Pe r−α h0
−α
2
i∈Φ̃a \b0 Pe ri hi + σ0

SIN R = P

Pe r−α h0
=
,
Ir + σ02

(2)

where
Ir =

X

Pe ri−α hi

(3)

i∈Φ̃a \b0

represents the interference from the sets of active BSs Φ̃a in
the network, σ02 is the thermal noise of the user device and ri
, hi represent the distance from the user to the interfering BS
i and the fast fading of the signal from BS i respectively.
B. Traffic Load Model
We consider packet based traffic request. The arrival of
traffic request is modeled as a homogeneous temperal-spatial
Poisson arrival process with intensity λu (t) packets per second
per square meter. Note that traffic density λu (t) is constant
during a short period, like one hour, but it may vary during
a longer period, like from day time to deep in the night, [5],
[6]. In this paper, we consider network performance during the
period that λu (t) keeps constant and network performance is
stationary.
For a given BS, its load is defined as the percentage of
utilized resources to satisfy its traffic requests. In order to
maximize the available time for the sleep mode of cell DTX,
it is assumed that the BS schedules all the bandwidth to serve
its traffic requests to minimize its time in data transmission
mode. Thus the BS load is modeled as the percentage of time
that the BS is active. It is equivalent to the likelihood that the
BS is active at any given instant. It should be noted that the
more users that a BS serves, the more time it takes for the
BS. Consequently, the BS is more likely to be active at any
given instant. In general, due to the load-coupling among BSs
caused by mutual interference, it is rather complex to identify
an explicit relationship between the number of users served
by a BS and its active probabilities [24].

In this paper, the coverage area sizes of all BSs follow the
same distribution and they are on average the same [25].Furthermore, the traffic intensity is homogeneously distributed
across different areas. Therefore, we assume that all BSs
experience i.i.d traffic demands and the active probabilities
of all BSs at an instant are the same. This active probability
is used to model network traffic load ρ and also serves as
an input to evaluate network performance. It is equivalent to
the percentage of active BSs at a given instant, which can be
easily measured by the network. As each BS independently
decides its operation mode, the distribution of BSs after BS
sleeping can be modelled as a thinned PPP Φ̃a with a new BS
density λa .
The relationship between the density of active BSs λa , the
density of deployed BSs λB and the network load ρ can be
expressed as
λa = ρλB .
(4)
Remark. For a given network topology, which is a realization
of the PPP, the coverage area sizes of different BSs could be
different, which leads to asymmetric traffic demands in each
BS if users select their closest BSs as serving BS. Here, the
active probability of each given BS is approximated with its
expectation. As we focus on the macroscopic performance of
network rather than each BS, this approximation is valid. This
approach has been used and validated with real traffic data
in [26]. Furthermore, in our numerical simulations, each user
selects its closest BS as its serving BS and different BSs may
have asymmetric traffic demands. The simulation results are
very close to the results based on the proposed approximation
of active probability.
C. BS Dynamic DTX Operation and Power Consumption
Model
BSs operate in two different modes: active mode and sleep
mode. The dynamic DTX operations of BSs are illustrated in
Fig. (2). When there is a traffic request, the BSs switch into the
active mode and schedule all bandwidth to serve the traffic to
shorten their active transmission time. Once the traffic request
has been served, the BSs switch into DTX micro-sleep mode.
The higher the load, i.e., resource utilization, of a BS is, the
more time it stays in active mode. The mode switch time of
cell DTX is expected to be very short, e.g., 35µs in [7], [8],
which is much shorter than the length of transmission blocks,
e.g., 1ms, in LTE system. Therefore, we assume that the mode
switch time is negligible and the BSs take no time to switch
between active mode and micro-sleep mode.
The BS power consumption model proposed in [6] is
adopted in this work. In the active mode, the BS power
consumption is modelled as below:
Pa = ξPt + Pc ,

(5)

where Pt and Pc are the transmit power and the circuit power
respectively, and ξ is the inverse of the power amplifier efficiency. In the sleep mode, the BS turns off some components
and consumes a smaller amount of power Ps . Define θ as
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Figure 2. BS dynamic DTX operations

the ratio between the sleep-mode power consumption and the
active-mode power consumption and we have
Ps = θPa .

where (a) follows from the approximation that the average area
throughput is the product of average number of links per area
and the average link throughput and this approximation will
be validated by the simulation results in Section V;(b) follows
from the fact that the average number of active BSs in unit
area is λa and (c) is derived with (4). The unit of the network
spectral efficiency is bps/Hz/m2.
The ergodic average energy efficiency E[ηEE ] is defined as
the average number of bits that can be successfully transmitted
with unit energy [27]–[29]. For a given traffic load ρ, the average network throughput in unit area is E[Tu ] = W E[ηASE ].
Considering the power consumption model described in II-C,
the average energy efficiency E[ηEE ] is given as

(6)

For a traffic load ρ, the average power consumption in unit
area is

E[ηEE ] =

ρW E[ηSE ]
E[Tu ]
=
.
E[Pu ]
Pa (ρ + (1 − ρ)θ)

(11)

The unit of the average energy efficiency is bits/Joule.

E[Pu ] = λa Pa + (λB − λa )Ps = λB Pa (ρ + (1 − ρ)θ). (7)
Remark. If longer mode switch time is considered, like several
to hundreds of milliseconds, the BSs may not switch to microsleep mode if the interval between adjacent packets is shorter
than the mode switch time to avoid delay in mode switching.
In this case, the BSs keep their components on during idle
time and consumes more energy than in the micro-sleep mode.
The derived results on network energy efficiency need to be
modified accordingly. The detailed analysis pf the impact of
mode switching time and the corresponding traffic dynamics
on network energy efficiency is beyond the scope of this paper
and will be our future research.
D. Performance Metrics
The focus of this paper is to analyze the impact of traffic
load on network performance. The ergodic average network
spectral and energy efficiency are used as metrics to evaluate
network performance. Here the ergodic average is the spatial
average in an infinite plan and it accounts for both the random
Rayleigh fading and the random distribution of BSs and
users. According to Shannon-Hartley theorem, the achievable
spectral efficiency ηSE of a given link with SINR γ is defined
as
ηSE = log2 (1 + γ).
(8)
Therefore the ergodic average link spectral efficiency is given
as
E[ηSE ] = E[log2 (1 + γ)],
(9)
where E[x] is the expectation of a random variable x. For a
given traffic ρ, assume there exist N active BSs in a unit area.

III. SINR D ISTRIBUTION
In this section, we fisrt extend the existing model of SINR
distribution by taking traffic load into consideration. Then
the simplification of this extended model is discussed and
a sufficient condition to simplify this model with adequate
accuracy is obtained. Finally the impact of the traffic load on
the SINR distribution is investigated.
A. Closed-form expression of SINR distribution
In [20], the SINR distribution of cellular networks has been
studied by modelling the locations of BSs with homogeneous
PPP. In the work of [20], the BSs are assumed to be always
transmitting regardless of network traffic load. For the networks where the BSs have the capability of DTX, the BSs
could switch into sleep mode when there is no traffic request.
This would undoubtedly reduce the interference suffered by
the users. Following the same approach of [20], the distribution
of SINR as a function of traffic load can be derived as follows.
Proposition 1. For a homogeneous cellular network with cell
DTX, the cumulative density function (CDF) of the downlink
transmission SINR under the traffic load ρ is
P [SIN R ≤ γ] = 1 − πλB

Z

∞

e

2 xα/2
−πλB x(1+ρβ(γ,α))− P1 γσ0
e
dx

0

(12)

where
β(γ, α) = γ 2/α

Z

∞

γ −2/α

1
dy
1 + y α/2

(13)

Proof. See Appendix A.
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B. Sufficient condition for being interference-limited
According to (12), the double-integral needs to be calculated to obtain the CDF of the downlink transmission SINR.
Furthermore, in order to calculate the spectral efficiency,
another more integral is necessary (see IV-A). This leads
to challenging computational complexity. By assuming the
network to be interference-limited and neglecting the impact
of thermal noise, a simplified form of the SINR distribution
can be obtained as follows,
1
.
1 + ρβ(γ, α)

Theorem 1. Define the probabilities obtained with (12) and
(14) as P (γ) and Ps (γ) respectively. For any small positive
number ǫ, 0 ≤ P (γ) − Ps (γ) ≤ ǫ, if the following inequality
is satisfied
(2/α)
γσ02
−ln(ǫ/2) 
.
(15)
λB ≥
π(1 + ρβ(γ, α)) −Pe ln(1 − ǫ/2)
Proof. See Appendix B.

Theorem 1 provides a sufficient condition for a network to
be interference-limited and quantifies the required BS density
for neglecting the impact of thermal noise with acceptable
accuracy. Let’s denote the right side of (15) as λ0 . When the
BS density is larger than λ0 , the loss of simplified CDF Ps (γ)
is below ǫ. It can be easily proved that λ0 is increasing in γ,
α and ǫ, and decreasing in ρ.
The average inter site distance (ISD) of cellular networks
is proportional to the inverse of the square root of BS density
as ISD ≈ √λ1 . According to Theorem 1, the ISD should
B
be small enough to neglect the impact of thermal noise and
the maximum ISD necessary for a network to be interference
limited is decreasing in γ, α and ǫ, and decreasing in ρ. Using
the system parameters in [30], the distribution of SIR and
SINR with different ISDs are simulated and presented in Fig.
3. According to (14), the SIR distribution is independent with
the BS densities. Thus only the CDF of SIR of one BS density
is plotted. From this figure we can see that the CDF of SIR
and the CDFs of SINR with small ISDs (ISD = 100 m, ISD=
316 m and ISD = 1000 m) are the same. The thermal noise
has little impact on the SINR distribution. Even for the large
ISD, 3160 m, the impact is still not so much and there is only
a slight difference between SIR and SINR.
Using the same parameters and applying Theorem 1, Table
I gives the maximum ISD necessary for the networks to be
interference-limited for servral traffic loads. The ISDs in Table
I are still comparable to those of the realistic networks [30].
As λ0 is increasing in SINR γ, for SINRs smaller than 20 dB,
the required ISD can be even larger to assure the accuracy of
simplification.

α=3
758 m
1580 m
2213 m

α = 3.5
242 m
475 m
660 m

α=4
108 m
198 m
272 m

1
0.9

(14)

Neglecting the contribution of thermal noise would unavoidably result in loss of accuracy. In fact, the impact of thermal
noise on SINR distribution relies on several factors, such as
BS transmit power, BS density and path loss exponent. The
loss of accuracy of this simplification can be described with
following theorem.

α = 2.5
4298 m
9392 m
13245 m

Max ISD
ρ = 0.1
ρ = 0.5
ρ=1

0.8
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0.6

CDF

P [SIN R ≤ γ] = 1 −

Table I
M AXIMUM OF REQUIRED ISD FOR THE TOLERABLE LOSS BELOW 1%,
γ = 20dB, Pt = 43dBmW, σ02 = −96dBmW, C = 17dB, K = −35dB
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Figure 3. CDF of SINR with different ISDs, Pt = 43dBmW, σ02 =
−96dBmW, C = 17dB, K = −35dB, α = 3.5 and ρ = 0.6

Based on these observations, we can say that the thermal
noise has impact on SINR distribution only for extremely
large ISDs. As more and more BS are deployed to cater for
the increasing traffic demand the BS densities would become
larger in the future. Therefore, we assume the network to be
interference-limited.
C. Impact of traffic load on SINR distribution
Using Proposition 1 and Theorem 1, we can obtain the
following proposition.
Proposition 2. For interference-limited cellular networks with
cell DTX, the CDF of the downlink SINR is monotonically
increasing with network load ρ.
Proof. According to Proposition 1, the CDF of the downlink
SINR of interference-limited cellular networks with cell DTX
is expressed as (14). Taking the derivative of CDF over ρ gives
∂P [SIN R ≤ γ]
β(γ, α)
.
=
∂ρ
(1 + ρβ(γ, α))2
As β(γ, α) > 0,
proved.

∂P [SIN R≤γ]
∂ρ

(16)

is positive. The proposition is

This proposition indicates that the higher the traffic load is
the worse the link quality of an individual user is.
IV. N ETWORK S PECTRAL AND E NERGY E FFICIENCY
In this section, we investigate the impact of traffic load on
the network spectral and energy efficiency.
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A. Network Spectral Efficiency
In this subsection we investigate the impact of the network
traffic load on the ergodic average network spectral efficiency.
In order to study the ergodic average spectral efficiency of
cellular networks, the following lemma is needed.
Lemma 1. For a positive random variable x with CDF Fx (x)
and probability density function (PDF) fx (x), its expectation
can be calculated as follows,
Z ∞
(1 − Fx (x))dx.
(17)
E[x] =
0

Proof. See Appendix C.

With Lemma 1, the ergodic average spectral efficiency for a
single downlink transmission and the ergodic average network
spectral efficiency for the network are given in the following
proposition.
Proposition 3. For a homogeneous cellular network with cell
DTX, the ergodic average spectral efficiency for a single link
is
Z ∞
1
E[ηSE ] =
dτ,
(18)
1 + ρβ(2τ − 1, α)
0
and the ergodic average network spectral efficiency for the
network is
Z ∞
1
E[ηASE ] = λB ρ
dτ.
(19)
τ − 1, α)
1
+
ρβ(2
0

Proof. According to definition (8), the link spectral efficiency
is positive. Using Lemma 1, the expectation of link spectral
efficiency ηSE is calculated as
Z ∞
E[ηSE ] =
(1 − FηSE (x))dx
Z0 ∞
(20)
=
P [ηSE > x]dx.

Proof. The proposition can be proved by taking the derivatives
of average link and network spectral efficiency over traffic
load. The derivative of average link spectral efficiency over
traffic load is
Z ∞
∂ E[ηSE ]
−β(2τ − 1, α)
dτ < 0.
(22)
=
∂ρ
(1 + ρβ(2τ − 1, α))2
0

Thus the average link spectral efficiency E[ηSE ] decreases
as the network load ρ increases. The derivative of average
network spectral efficiency over traffic load is
Z ∞
λB
∂ E[ηASE ]
dτ > 0.
(23)
=
∂ρ
(1 + ρβ(2τ − 1, α))2
0
Therefore the network spectral efficiency E[ηASE ] is monotonically increasing with the network load ρ. This finishes the
proof.
The impacts of network load on spectral efficiency and
network spectral efficiency are validated by the simulation
results (Fig. 7 and Fig. 8) in section V.
B. Energy Efficiency

In this section we study the impact of traffic load on the
average energy efficiency of cellular networks with cell DTX.
By plugging (18) into (11), the ergodic average energy
efficiency can be easily derived as follows,
E[ηEE ] =

Z

∞
0

Wρ
dτ.
Pa (1 + ρβ(2τ − 1, α))(ρ + (1 − ρ)θ)

The impact of traffic load on the average energy efficiency
can be described with following theorem.
Theorem 2. For cellular networks with cell DTX, the average
energy efficiency is a strictly quasi-concave function of the
network traffic load. If

0

Plugging (8) into (20) gives
Z ∞
E[ηSE ] =
P [log2 (1 + SIN R) > τ ]dτ
Z0 ∞
=
P [SIN R > 2τ − 1]dτ
0
Z ∞
1
(a)
dτ
=
τ − 1, α)
1
+
ρβ(2
0

(21)

where (a) follows from (14).
With the definition in (10), the ergodic average network
spectral efficiency is
Z ∞
1
dτ.
E[ηASE ] = ρλB
1 + ρβ(2τ − 1, α)
0

This finishes the proof of Proposition 3.

With Proposition 3, the impact of traffic load on average
link and network spectral efficiency can be described with
following proposition.
Proposition 4. The average link spectral efficiency is decreasing in traffic load while the average network spectral efficiency
is increasing in traffic load. The average network spectral
efficiency is maximized when the network is fully loaded.

(24)

Ω(α)
Ps
≥
,
Pa
1 + Ω(α)

θ=

the average energy efficiency is monotonically increasing with
network load ρ. Otherwise there exists a unique traffic load ρ∗
that is less than 1 and maximizes the average energy efficiency.
The average energy efficiency increases with traffic load on
[0, ρ∗ ) and decreases with traffic load on (ρ∗ , 1]. ρ∗ is the
solution of the following equation
Z ∞
θ − ρ∗ 2 β(1 − θ)
∗
g(ρ ) =
(25)
dτ = 0.
(1 + ρ∗ β)2
0
And Ω(α) is defined as
R∞
Ω(α) =

β(2τ −1,α)
dτ
0 (1+β(2τ −1,α))2
R∞
1
dτ
0 (1+β(2τ −1,α))2

.

(26)

Proof. See Appendix D.

The relationship between the traffic load and the normalized average energy efficiency for different power ratio θ is
illustrated in Fig. 4. It is clear that for large power ratio
θ, the average energy efficiency is increasing in traffic load.
While for small θ, the average energy efficiency first increases
and then decreases in traffic load. This can be explained by
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E[ηEE ](ρ) is decreasing in power ratio θ. Consider a power
ratio θ0 such that
Z ∞
W E[ηSE ](1)
W
= E[ηEE ](1) =
dτ.
Pa (1 − θ0 )
Pa (1 + β(2τ − 1, α))
0
(28)
W E[ηSE ](ρ)
SE ](1)
If θ > θ0 , then WPE[η
>
E[η
](1),
and
>
EE
Pa (1−θ)
a (1−θ)
E[ηEE ](ρ) holds for all ρ ∈ [0, 1]. The increase of power
consumption is always relatively slower than that of network
throughput and the average energy efficiency always increases
SE ](1)
< E[ηEE ](1),
in traffic load. If θ < θ0 , then WPE[η
a (1−θ)

θ=1

∗
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Figure 4. Distribution of normalized average energy efficiency with traffic
load (Numerical result), α = 4

analysing the relationship between the increase of network
spectral efficiency and the increase of network power consumption as the traffic load increases. According to (7), the
average area network power consumption increases linearly in
traffic load and the increasing rate is λB Pa (1−θ). The smaller
θ is, the larger the increasing rate is. According to (10), the
average area throughput also increases in traffic load. However,
according to (22), the increasing rate λB E[ηSE ] is decreasing
in traffic load as the average link quality deteriorates when
the traffic load increases. The minimum increasing rate of
the average area throughput is attained when the network is
fully loaded, i.e., ρ = 1. At network load ρ0 , the average
area spectral efficiency is E[ηASE ](ρ0 ), the average area
power consumption is E[Pu ](ρ0 ) and the average network
ASE ](ρ0 )
energy efficiency is E[ηEE ](ρ0 ) = W E[η
. If network
E[Pu ](ρ0 )
load increases by ∆ρ, the average area spectral efficiency
increases by ∆ρλB E[ηSE ](ρ0 ) and the average area power
consumption increases by ∆ρλB Pa (1−θ). The corresponding
average network energy efficiency is E[ηEE ](ρ0 + ∆ρ) =
W (E[ηASE ](ρ0 )+∆ρλB E[ηSE ](ρ0 ))
. If
E[Pu ](ρ0 )+∆ρλB Pa (1−θ)
W E[ηSE ](ρ0 )
∆ρλB W E[ηSE ](ρ0 )
=
Pa (1 − θ)
∆ρλB Pa (1 − θ)
W E[ηASE ](ρ0 )
≥
= E[ηEE ](ρ0 ),
E[Pu ](ρ0 )

(27)

then E[ηEE ](ρ0 + ∆ρ) ≥ E[ηEE ](ρ0 ), i.e., the average energy
SE ](ρ0 )
is
efficiency is increasing at ρ0 . For a given θ, W PE[η
a (1−θ)

SE ](1)
minimized at ρ = 1. If WPE[η
≥ E[ηEE ](1), then the
a (1−θ)
average energy efficiency is always increasing on [0, 1] and
SE ](1)
it is maximized at ρ = 1. If WPE[η
< E[ηEE ](1), there
a (1−θ)

must exist ρ∗ ∈ (0, 1) such that
as both

W E[ηSE ](ρ)
Pa (1−θ)

W E[ηSE ](ρ∗ )
Pa (1−θ)

= E[ηEE ](ρ∗ )

and E[ηEE ](ρ) are continuous functions

SE ](0)
of ρ and E[ηEE ](0) = 0 while WPE[η
> 0. In this case,
a (1−θ)
the average energy efficiency increases in load on [0, ρ∗ ) and
decreases in load on (ρ∗ , 1]. It is maximized at ρ = ρ∗ . This
will be further validated by the simulation results in Section
V.
Now let us study the impact of θ on network energy
SE ](ρ)
is increasing in power ration θ while
efficiency. WPE[η
a (1−θ)

SE ](ρ )
and there must exist ρ∗ ∈ (0, 1) such that W PE[η
=
a (1−θ)
∗
E[ηEE ](ρ ). The increase of network throughput is relatively
faster than that of power consumption in low load zone [0, ρ∗ )
but slower in high load zone (ρ∗ , 1]. Consequently, the average
energy efficiency first increases and then decreases in traffic
load. According to (18), E[ηSE ](1) is only determined by the
path loss exponent α. Therefore, θ0 that solves (28) is only
determined by α. This explains why the threshold of power
ratio θ is only determined by the path loss exponent α in
Theorem 2. As larger α leads to higher increasing rate of
network spectral efficiency, the threshold of θ for larger α
is smaller than that of smaller α. By numerically calculating
(26), the threshold is found to be 56.2% for α = 4 and 59.3%
for α = 3.
Optimal traffic load for maximizing energy efficiency: According to Theorem 2, the average energy efficiency is always
Ω(α)
.
maximized when the network is fully loaded if θ > 1+Ω(α)
∗
Otherwise the optimal traffic load ρ is less than 1 and it is
affected by the power ratio θ. The relationship between θ and
the optimal traffic load ρ∗ can be described with the following
proposition.

Ω(α)
Proposition 5. If θ < 1+Ω(α)
, the optimal traffic load ρ∗
for maximizing the average energy efficiency is monotonically
increasing in the power ratio θ.

Proof. See Appendix E.
This proposition indicates that the lower θ is, the lower the
optimal traffic load for maximizing the energy efficiency is.
Ω(α)
, the optimal traffic load ρ∗ is determined
If θ < 1+Ωα
by equation (25). However, there is no explicit expression
of ρ∗ . As indicated in Appendix D, the function g(ρ) is
monotonically decreasing in ρ. As a result, the binary search
method in [31] can be used to find the optimal traffic load
for maximizing the energy efficiency. With this algorithm, the
optimal traffic load ρ∗ for α = 4 is numerically calculated and
illustrated in Fig. 5. It is clear that the optimal traffic load ρ∗
increases in power ratio θ and it becomes 1 when θ ≥ 56%.
V. N UMERICAL R ESULTS
In this section, the above analysis on the performance of
cellular networks with DTX are demonstrated with Monte
Carlo simulations. For the simulations, the BSs and the users
are randomly placed as two independent PPPs. The size of the
simulated area is 100Km2 and the number of BSs is 1000. The
number of users ranges from 100 to 4000 to simulate different
traffic loads. The system bandwidth is 10M Hz. Regarding
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Figure 5. Distribution of optimal traffic load with power ratio, α = 4
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Figure 8. Distribution of average network spectral efficiency under different
network load

the BS power consumption, there exists various simulation
settings in different works [15], [23], [32]. In our simulations,
the power consumption in the active mode is normalized to
be 1 and that in the sleep mode is normalized by the activemode power, ranging from 0.05 to 1. In order to demonstrate
the impact of the radio propagation environment, two path loss
exponents (α = 3 and 4) are simulated. Besides the simulation
results, the performances metrics are also calculated according
to their expressions in Section IV.
Fig. 6 shows how the average SINR changes as the traffic
load increases. Firstly, it is also shown that the simulation
results and the numerical calculation results follow the same
trend, although there is a minor gap between them. The results
tell that the higher the traffic load is, the lower the average
SINR is. This is due to the fact as the traffic load increases,
there will be more active BSs in the network, which brings in
stronger interference. Therefore the average SINR deteriorates.
Comparing the results with different path loss exponents,
we can find that the higher the exponent is, the better the
SINR distribution is. This is due the fact that the relative
fading between the interference signals and the serving signals
is more significant in an environment with larger path loss

exponent. As the link spectral efficiency is a monotonically
increasing function of SINR, the similar results can be found
for the link spectral efficiency (see Fig. 7).
Fig. 8 shows the impact of traffic load on network spectral efficiency. The vertical axis is normalized with the BS
density λB . Unlike SINR and link spectral efficiency, the
network spectral efficiency increases as the network traffic
load increases. The maximum network spectral efficiency can
be achieved when the network is fully loaded. This is resulted
from the fact that as the traffic load increases, in spite of
the deterioration of single link quality, the frequency reuse
factor increases. The later linearly contributes to the increase
of network spectral efficiency and overcomes the loss resulted
from the link quality deterioration.
Fig. 9 illustrates the change of average energy efficiency
as the traffic load increases. The vertical axis is normalized
with the system bandwidth W and the power consumption Pa
of active BSs. The relationship between the average energy
efficiency and the network traffic load is highly influenced by
the ratio θ of the sleep-mode power to the active-mode power.
For small ratios, the energy efficiency would first increase
and then decrease as the traffic load increases. There exists

1536-1276 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2017.2672977, IEEE
Transactions on Wireless Communications

9

This paper considers only homogeneous networks. The
problem would become more complicated in heterogeneous
networks where user association, cell-range expansion and
cross-tier interference management are considered. The performance analysis of cell DTX in heterogeneous networks will
be performed in our future work.

4.5

4

Energy efficiency (W/Pa bits/J)

3.5

3

2.5

VII. ACKNOWLEDGMENT

2
θ=0.05
θ=0.1
θ=0.2
θ=0.3
θ=0.4
θ=0.5
θ=0.7
θ=0.9
θ=1

1.5

1

0.5

0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

The authors would like to thank the China Scholarship
Council for its sponsor of this work. The authors would also
like to thank the anonymous reviewers for their valuable and
constructive comments that contribute to improve the quality
of this paper.

Network traffic load ρ

A PPENDIX A
P ROOF OF P ROPOSITION 1

Figure 9. Distribution of average energy efficiency with traffic load (Simulation result), α = 4
∗

a load ρ that can maximize the energy efficiency. The higher
the ratio is, the higher the optimal load ρ∗ is. While for
large ratios the energy efficiency would increases as the traffic
load increases. The energy efficiency is maximized when the
network is fully loaded. This is consistent with our analytic
result in Section IV-B.
Comparing Fig. 8 and Fig. 9 we can find that when the
power ratio θ is large, both the average network spectral
and energy efficiency increase in traffic load and they are
maximized when the network is fully loaded. However, when
θ is small, the trends of the average network spectral and
energy efficiency are different. The network spectral efficiency
is always increasing in traffic load and is maximized with a
full load while the energy efficiency first increases and then
decreases in traffic load is maximized with a load smaller than
1. The smaller θ is, the larger the discrepancy between the
maximization of the two metrics is.
VI. C ONCLUSION AND F UTURE W ORK
In this paper we have investigated the relationship between
network performance and network traffic load for networks
with cell DTX. The network is analyzed with theories of
stochastic geometry. The SINR distribution as a function of
traffic load is derived firstly and a sufficient condition for
the networks to be interference-limited is presented. Based
on the simplified SINR distribution, analytical expressions
are obtained to describe the impact of the network load on
the performances, including link spectral efficiency, network
spectral and energy efficiency. It is shown that as the network
load increases, the average link spectral efficiency decreases
while the network spectral efficiency increases. The network
energy efficiency is strictly quasi-concave on the network load
and the relative power consumption in the sleep mode plays
a key role. For small sleep-mode power consumption, the
energy efficiency would first increase and then decrease as the
network load increases. If the sleep-mode power consumption is larger than a threshold, the energy efficiency would
monotonically increase as the network load increases, and the
maximum energy efficiency is achieved when the network is
fully loaded.

The proof of this proposition is developed with the same
approach as [20]. The difference is to take the impact of
network load into consideration. Consider a homogeneous
cellular network with load ρ and the density of deployed BSs is
λB . With cell DTX, the sleeping BSs can immediately switch
into active mode when there is a traffic request. Therefore
the density of serving BSs for the users is λB , regardless the
network load ρ. However, the density of the active BSs λa
is tightly related to the network load by by (4). For a given
downlink transmission, the density of interfering BSs is that
of active BSs. As a result, the serving BSs is a PPP ΦB with
density λB while the interfering BSs is a thinned PPP Φ̃a
with density λa . The probability density function (PDF) of
the distance r between a user and its serving BS is
2

fr (r) = 2λB πre−λB πr .

(29)

The CDF of the downlink transmission SINR under network
load ρ is Fγ (γ, ρ) = P [SIN R ≤ γ]. Conditioning on the
distance from the user to the BS r, the CDF Fγ (γ, ρ) can be
expressed as
Fγ (γ, ρ) = Er [P [SIN R ≤ γ|r]]
Z ∞
=
P [SIN R ≤ γ|r]fr (r)dr
0
Z ∞ h
i
2
Pe r −α h0
(a)
≤ γ|r 2λB πre−λB πr dr
=
P
2
I
+
σ
r
0
Z0 ∞ h
i
2
1
=
P h0 ≤
γr α (Ir + σ02 )|r 2λB πre−λB πr dr,
P
e
0
(30)

where (a) follows by replacing the definition of SINR with
(2) and the distribution of r with (29).
Following the assumption that h ∼ exp(1) in sub-section
II-A, the conditioned CDF of SINR on the distance r for the
user to its serving BS can be expressed as
P [h0 ≤

h h
ii
1
1
γr α (Ir + σ02 )|r] = EIr P h0 ≤
γr α (Ir + σ02 )|r, Ir
Pe
Pe
h
i
α
2
1
= EIr 1 − e− Pe γr (Ir +σ0 ) |r, Ir
σ2

=1−e

− P0 γr α
e

LIr (

1
γr α ),
Pe

(31)

where LIr (s) is the Laplace transform of random variable Ir
evaluated as s conditioned on the distance r for the user to
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the serving BS. With the definition of Laplace transform, we
have
LIr (s) = EIr [e−sIr ]
"
(a)

= EΦ̃a ,hi exp(−sPe

= EΦ̃a ,{hi }
(b)

= EΦ̃a
(c)

= EΦ̃a

"
"

"

X

#

hi ri−α )

i∈Φ̃a \b0

Y

#

exp(−sPe hi ri−α )

i∈Φ̃a \b0

Y

Ehi [exp(−sPe hi ri−α )]

Y

1
1 + sPe ri−α

i∈Φ̃a \b0

i∈Φ̃a \b0

(d)

= exp(−2πλa

Z

∞

(1 −

r

#

(32)

#

and
g(x) = e−

x0

1
)xdx),
1 + sPe x−α

(a)

= exp(−πλa r2 β(γ, α)),

β(γ, α) = γ 2/α

∞

γ −2/α

1
dy,
1 + y α/2

2
σ0
α
2
γrα (Ir + σ02 )
|r] = 1 − e− Pe γr −πλa r β(γ,α) . (34)
Pe

Plugging (34) into(30) gives
Z ∞
2
σ0
α
2
2
2πrλB e−λB πr (1 − e− Pe γr −πλa r β(γ,α)) dr
Fγ (γ, ρ) =
0
Z ∞
2
σ0
α/2
(a)
= 1 − πλB
e−λB πx(1+ρβ(γ,α))− Pe γx dx
0

(35)

where (a) is derived by changing r with r = x1/2 and
changing λa with λa = ρλB . This completes the proof.
A PPENDIX B
P ROOF OF T HEOREM 1
Define two functions f (x) and g(x) as
f (x) = e−πλB x(1+ρβ(γ,α)) , x ≥ 0

Z

0
x0

∞

f (x)g(x)dx

x0

0

0

1
g(x0 )(1 − f (x0 ))
=1−
1 + ρβ(γ, α)
1
(1 − g(x0 )(1 − f (x0 )))
1 + ρβ(γ, α)
< 1 − g(x0 )(1 − f (x0 ))
= 1 − g(x0 )(1 − ǫ/2)

P (γ) − Ps (γ) <

Since 1 − (1 − ǫ/2)2 = 1 − 1 + ǫ − 1/4ǫ2 < ǫ, a sufficient
condition for P (γ) − Ps (γ) < ǫ to be true is
g(x0 ) ≥ 1 − ǫ/2
By solving (36) we can get
−Pe ln(1 − ǫ/2) (2/α)
)
x0 ≤ (
γσ02

(a) is derived with a change of variable x = ry 1/2 γ 1/α .
Plugging (33) into (31) gives
P [h0 ≤

f (x)g(x)dx +

f (x)g(x)dx
Z x0
f (x)dx
< 1 − g(x0 )λB π

≤ 1 − λB π

(33)
Z

, x ≥ 0.

Both f (x) and g(x) are continuous functions and they
are monotonically decreasing as x increases. And we have
0 < f (x) ≤ 1 and R0 < g(x) ≤ 1. According to
∞
(12), P (γ) = 1 − λB π 0 f (x)g(x)dx. By neglecting the
contribution
of receiver noise, we have Ps (γ) = 1 −
R∞
1
. Thus we haveP (γ) −
λB π 0 f (x)dx = 1 − 1+ρβ(γ,α)
R∞
Ps (γ) = λB π 0 f (x)(1 − g(x))dx > 0. For a given small
−ln(ǫ/2)
positive number ǫ, there exists x0 = λB π(1+ρβ(γ,α))
that
f (x0 ) = ǫ/2. As a result,
Z ∞
P (γ) = 1 − λB π
f (x)g(x)dx
0
!
Z
Z
= 1 − λB π

where (a) follows from the definition of Ir (3), (b) and (c) are
obtained from the assumption that all the interference signals
experience i.i.d Rayleigh fading with mean 1 and (d) follows
from the probability generating function (PGFL) [19] of the
PPP Φ̃a of the interfering BSs with density λa . This is unlike
the situation that all the BSs are transmitting in [20]. Plugging
s = P1e γrα in (32) gives
Z ∞
1
1
LIr ( γrα ) = exp(−2πλa
)xdx)
(1 −
Pe
1 + γrα x−α
Zr ∞
γ
= exp(−2πλa
xdx)
γ
+
( xr )α
r

where

2 xα/2
γσ0
Pe

(36)

(37)

−ln(ǫ/2)
Insert x0 = λB π(1+ρβ(γ,α))
into (37) and the following
condition is derived
−ln(ǫ/2)
γσ02
λB ≥
(
)(2/α)
π(1 + ρβ(γ, α)) −Pe ln(1 − ǫ/2)
This completes the proof.

A PPENDIX C
P ROOF OF L EMMA 1
For a positive random variable with PDF fx (x), its expectation is defined as
Z ∞
E[x] =
xfx (x)dx.
0
Rx
Consider a function g(y) = 1. We have x = 0 g(y)dy. As a
result,
Z ∞
E[x] =
xfx (x)dx
Z0 ∞ Z x
Z ∞Z ∞
(a)
=
fx (x)dydx =
fx (x)dxdy
Z 0∞ y
Z0 ∞ 0
(b)
(1 − Fx (x))dx,
(1 − Fx (y))dy =
=
0

0
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where (a) follows by changing the order of integration and (b)
is derived by changing y with x. The desired result is derived.
A PPENDIX D
P ROOF OF T HEOREM 2
In order to simplify the notations, we note β(2τ − 1, α) as
β in this proof.
Taking the derivative of E[ηEE ] over ρ, we can get
∂ E[ηEE ]
=
∂ρ

Z

∞
0

W (θ − ρ2 β(1 − θ))
dτ.
Pa (1 + ρβ)2 (θ + ρ(1 − θ))2

This derivative is denoted as f (ρ). Define a function g(ρ) of
ρ as
Z ∞
θ − ρ2 β(1 − θ)
dτ.
g(ρ) =
(1 + ρβ)2
0
We have
f (ρ) = g(ρ)

W
.
Pa (θ + ρ(1 − θ))2

W
As Pa (θ+ρ(1−θ))
2 is strictly positive, the function f (ρ) and
g(ρ) have the same sign. The derivative of g(ρ) over ρ is

∂g
=
∂ρ
=

Z

∞

Z0 ∞
0

−2ρβ(1 − θ)(1 + ρβ) − 2β(θ − ρ2 β(1 − θ))
dτ
(1 + ρβ)3
−2(ρβ(1 − θ) + βθ)
dτ.
(1 + ρβ)3

∂g
As −2(ρβ(1−θ)+βθ)
is negative. Thus
is strictly negative, ∂ρ
(1+ρβ)3
g(ρ) is continuous and monotonically decreasing in ρ. Based
on the fact that ρ ∈ [0, 1], we have
Z ∞
gmax = g(0) =
θdτ,
0

and
gmin = g(1) =

Z

0

∞

θ
dτ −
(1 + β)2

Z

0

∞

β(1 − θ)
dτ.
(1 + β)2

It is clear that gmax is positive.
Now we study the sign of gmin . If gmin is positive, the
following inequality must be true.
θ>

Ω(α)
,
1 + Ω(α)

(38)

where Ω is defined as (26). In this case g(ρ) is positive on
[0, 1]. So is f (ρ). Thus the ergodic average energy efficiency
is increasing in traffic load ρ. If the inequality (38) is false,
1
, we have gmin ≤ 0. As g(ρ)
which means θ ≤ 1 − 1+Ω(α)
is continuous and decreasing in ρ, there exists one unique ρ∗
that makes g(ρ) to be zero. This ρ∗ also makes f (ρ) to be
zero. For ρ ∈ [0, ρ∗ ), f (ρ) > 0 and for ρ ∈ (ρ∗ , 1], f (ρ) < 0.
As a result, the average energy efficiency is increasing on
[0, ρ∗ ) while decreasing on [ρ∗ , 1]. According to the definition
of quasi-concave function, it can be easily derived that the
average energy efficiency is a quasi-concave function of the
traffic load. This completes the proof.

P ROOF

A PPENDIX E
OF P ROPOSITION 5

According to Theorem 2, the optimal traffic load ρ∗ satisfies
Ω(α)
. Therefore we have
the equation (25) if θ < 1+Ω(α)
R ∞ ρ∗ 2 β
0 (1+ρ∗ β)2 dτ
.
θ = R ∞ 1+ρ∗ 2 β
dτ
0 (1+ρ∗ β)2
R ∞ ρ∗ 2 β
R ∞ 1+ρ∗ 2 β
Define A = 0 (1+ρ
dτ and C =
∗ β)2 dτ , B =
0 (1+ρ∗ β)2
R∞
1
A
0 (1+ρ∗ β)2 dτ . Thus we have θ = B . The derivatives of A
and B over ρ∗ are
Z ∞ ∗
∂A
2ρ β(1 + ρ∗ β)2 − 2ρ∗ 2 β 2 (1 + ρ∗ β)
′
A =
=
dτ,
∂ρ∗
(1 + ρ∗ β)4
0
Z ∞ ∗
2ρ β(1 + ρ∗ β)2 − 2(1 + ρ∗ 2 β)β(1 + ρ∗ β)
∂B
′
=
dτ.
B =
∂ρ∗
(1 + ρ∗ β)4
0
Consequently, the derivative of θ over ρ∗ can be derived as

∂θ
BA′ − AB ′
=
∂ρ∗
B2
′
CA + AA′ − AB ′
=
BR2
∞
2β
CA′ + A 0 (1+ρ
∗ β)3 dτ
=
> 0.
B2
Thus θ is a monotonically increasing function of ρ∗ . According
to [33], its inverse function ρ∗ (θ) exist. And the derivative of
ρ∗ (θ) over θ is always positive. As a result, ρ∗ is monotonically increasing in θ. This completes the proof.
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