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Abstract—In this paper, traffic-aware sleeping control (SC) and
power matching (PM) of a single base station (BS) in cellular
networks are studied. The objective is to find the sleeping control
and power matching configurations that achieve the Pareto
optimal tradeoff between total power consumption and average
delay. Two types of sleeping control schemes are considered: The
BS goes to sleep whenever there is no active user, and wakes
up when N users are assembled or after a period of multiple or
single vacation time. We first discuss when to incorporate sleeping
control into power matching energy efficiently. The explicit
relationship between total power consumption and average delay
with varying service rate is analyzed theoretically, indicating that
sacrificing delay cannot always be traded for energy saving, and
we also provide conditions under which the energy-optimal rate
exists. Moreover, the optimal pair of sleeping parameter and
service rate to achieve the optimal energy-delay tradeoff, and
the energy consumption lower bound are also derived. Both the
analytical and simulation results show that tolerable sacrifice
of delay performance can be traded for substantial amount of
energy saving given that careful designs were made according to
our analysis.

Index Terms—Traffic-aware, sleeping control, power matching,
energy-delay tradeoff.

I. INTRODUCTION

W IRELESS cellular networks have been growing
tremendously during the last decade. Due to the popu-

larity of smartphones, the demand for cellular data traffic has
explosively increased, which has triggered a vast expansion
of network infrastructures, resulting in dramatically increased
energy consumption [2]. To deal with the rising energy cost,
a new research area called “green cellular networks” has
emerged to enable an energy-efficient cellular networks [3].

For cellular networks, BSs are the dominant components
consuming 60-80% of the total energy [4]. The author in [5]
shows that we can seize the opportunity to trace the traffic
variation in the temporal and spatial domain and adapt the
radio resource accordingly, and thus a great amount of energy
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can be saved. As one of the most popular and efficient traffic-
oriented energy saving schemes, BS sleeping has been studied
to realize substantial energy saving when the traffic load is
low [4]- [7]. Besides, transmit power adaptation to match the
traffic load during the working period is also an effective way
to avoid the over-provisioning power consumption, because
even a small reduction in the BS transmit power enables
considerable saving in overall energy consumption due to
its influence on the operational power of amplifiers, cooling
systems and so on [8]. In this paper we will focus on how
to make use of these two schemes, BS sleeping control and
power matching, jointly to achieve a good tradeoff between
energy saving and user Quality of Service (QoS).

There has been few work on optimizing these two schemes
jointly. In some classical literature [9]- [11], ideas similar
to the user number or vacation based sleeping design have
been studied, where single server queueing analysis is carried
out. Recently in [12], adopting the Markov Decision Process
(MDP), the authors prove that the optimal sleeping pattern of
serving delay-tolerant jobs for a typical server has a simple
hysteretic structure. On the other hand, traditional power
adaptation schemes mainly focus on combatting channel fad-
ing and controlling interference [13] [14]. However, recently
there have been efforts to introduce the traffic-aware power
and rate adaptation. The authors in [8] study the power-
sharing policies considering the spatial load difference. The
similar power-aware speed scaling technique is also studied in
computer systems [15] [16]. However, the references above are
confined to only one aspect. We combine the sleeping control
and power matching in one optimization problem, aiming
at providing further insight for the energy-delay tradeoffs in
cellular networks.

In our previous work [1], we mainly discuss the optimal
queue-aware and load-aware power adaptation schemes, and
make a preliminary consideration of the joint load-level power
matching and sleeping control design. In this paper, we adopt
an analytical approach towards designing optimal sleeping pa-
rameter and transmit power (and thus service rate) jointly for
energy-delay tradeoffs with non-realtime user requests arrival
at a BS. As pointed out in [17], the tradeoff between energy
and delay usually deviates from the monotonic curve [18] [19]
when practical concerns are considered. Therefore figuring out
when and how to trade tolerable delay for energy is important
for practical system design.

Specifically, with power matching, both user number N-
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Fig. 1. Examples of different sleeping schemes: (a) N-based sleeping control;
(b) V-based sleeping control (multiple vacations); (c) V-based sleeping control
(single vacation).

based and vacation time V-based sleeping schemes are studied:
the BS goes to sleep when the system is empty, and waits
for N users to assemble or waits a period of vacation time
before waking up from sleep. The user request arrivals are
needed to be observed to wake the BS up once N user
requests assemble in the N-based sleeping control. However,
in practice, sleeping for a period of time is preferred due to its
convenience, because there is no need to continuously monitor
user request arrivals. Two kinds of vacation time V-based
sleeping schemes will be analyzed: for the multiple vacation
case, only discontinuous user requests observation is required
to wake the BS up when at least one request is monitored at
the end of each vacation period; for the single vacation case,
no monitoring is needed and the BS just wakes up after a
single period of vacation no matter whether there are users in
the system or not. Fig. 1 shows examples of different sleeping
schemes.

The main contributions of this paper are as follows.

• We optimize the BS sleeping control and power matching
jointly for the optimal energy-delay tradeoff issue with
the aim of providing references to practical green opera-
tion.

• We focus on specifically three joint sleeping control
and power matching schemes under the system cost
(a weighted combination of total power and average
delay) minimization framework, and develop the optimal
sleeping parameter and service rate. To this end, we
inherit the hysteretic sleeping structure from [12] [32].

• For each “sleeping control + power matching” scheme,
we obtain several key results: (i) Under what circum-
stance is the BS sleeping control beneficial for en-
ergy saving, otherwise only the power matching scheme
should be used? This condition greatly depends on
the traffic load, power consumption and sleeping pa-
rameters. (ii) Given the sleeping pattern, what’s the
explicit relationship between total power consumption
and average delay with varying service rate? We find
that the relationship curve is not always monotonic, and
provide the conditions under which the energy optimal
rate exists. (iii) For the optimal energy-delay tradeoff,
as delay increases, we obtain the asymptotic values of
the total power consumption under different traffic load

environments, which are the minimum total power needed
to support the offered traffic load.

• Some directions for the practical operation are suggested:
(i) The “N-based sleeping control + power match-
ing” scheme has the best energy-delay tradeoff relation-
ship; the “V-based sleeping control + power matching”
scheme, especially the single vacation case, is more
practical as it does not need to monitor user requests
during sleeping periods. (ii) Joint optimization brings
substantial energy saving gain in a light-loaded system;
while in a heavy-load system, whether sleeping control
should be incorporated depends jointly on the load and
delay requirement. Power matching has a wider range of
adaptability to the traffic variation while sleeping control
is more energy-efficient when the traffic load is relatively
low.

In this paper we assume Poisson arrivals for the user
requests as most literature did [7] [20] for the simplicity of
analysis. For traffic with more bursty nature, Batch Poisson
process(M [X]/G/1), or Markov modulated Poisson process
(MMPP) can provide better approximations [35]. Also, the
ideal assumption of continuous power/rate adaptation is made,
which is needed to make the analytical model tractable
explicitly, and can be treated as providing the performance
upper bound. The impact of discrete transmission rates on
the tradeoff performance is studied in the simulation. Finally,
assuming the packet error has been guaranteed by the physical
layer technique, the retransmission is not considered.

The rest of this paper is organized as follows: In Section
II we describe the system model. Section III gives the power
matching scheme without sleeping control as a baseline. In
Section IV, with power matching, N-based, multiple vacation
and single vacation V-based sleeping schemes are studied.
Numerical and simulation results are provided in Section V,
and Section VI gives the conclusions.

II. SYSTEM MODEL

We consider a single BS scenario where users arrive ac-
cording to a Poisson process with arrival rate λ. Each user
requires a random amount of downlink service with average
length l bits, e.g., non-realtime file download with average file
size l, and then the user leaves after being served. Assuming
the arrival rate can be well estimated [30], with time varying
traffic intensity in practice, we just need to operate according
to the current arrival rate.

The M/G/1 processor-sharing (PS) model is used here [20]
[21]. Assume that the BS service capacity or service rate is
x bits per second, which adapts to the system traffic load
and is equally shared by all users being served. So the user
departure rate is μ = x/l, and the traffic load at the BS is
ρ = λ/μ = λl/x. The relationship between the service rate x
and the transmit power Pt is

x = B log2(1 + γPt), Pt ∈ [0, Pmax
t ] (1)

where γ = ηg
N0B

, g1 represents the channel gain, B is the
bandwidth, N0 denotes the noise density, and η is a constant

1We first study the basic case: users experience homogeneous channels with
gain g. When heterogeneous channel conditions are considered, the multi-
class PS model can be used, which will be discussed in our future work.
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Fig. 3. The 2-D state transition diagram for the N-based sleeping scheme.

related to bit error rate (BER) requirement when adaptive mod-
ulation and coding is used [22]. Since the service rate x and
the transmit power Pt are directly linked in this way, we use
service rate matching and power matching interchangeably.

We assume the BS has active mode and sleep mode, with
the power consumption PBS as follows [24] [25]:

PBS =

{
Po +ΔPPt, active mode,
Psleep, sleep mode.

(2)

Po and Psleep are the static power consumption in the active
mode and sleep mode respectively, and ΔP is the slope of
the load-dependent power consumption, where the transmit
power Pt adapts to the system traffic load. It is also assumed
that there is a fixed switching energy cost Es for each mode
transition.

The objective is to minimize the system cost, which is a
weighted combination of average total power P tot

Tsleep,x
and

average delay DTsleep,x. Here Tsleep represents the parameter
in the BS sleeping control: For the N-based sleeping control,
Tsleep = N ; for the V-based sleeping control, Tsleep represents
the mean time of each vacation; Tsleep = 0 denotes that there
is no sleeping control. We seek to find the service rate x and
sleeping control parameter Tsleep that minimize

z(Tsleep, x)=P tot
Tsleep,x

+ βDTsleep,x. (3)

The positive weighting factor β indicates the relative impor-
tance of the average delay over the average power which can
be thought of as a Lagrange multiplier on an average delay
constraint [18] [36]. The “delay” we consider in this paper
is the average response time from the user’s service request
arriving at the BS until this request is finished. From the
Little’s Law, we know that the mean delay is directly related
to the average queue length.

III. TRAFFIC-AWARE POWER MATCHING SCHEME

First, we only focus on the power matching scheme without
BS sleeping where the transmit power will be adapted to match

the average traffic load.
With service rate x, the total power consumption is

P tot
0,x = Po +

λl

x

ΔP

γ
(2

x
B − 1), (4)

where λl
x is the busy probability. According to the property of

M/G/1 PS queue [33] and the Little’s Law, the average delay
is

D0,x =
l

x− λl
. (5)

The system cost is then given by

z(Tsleep, x)|Tsleep=0 = Po +
λl

x

ΔP

γ
(2

x
B − 1) +

βl

x− λl
, (6)

where the transmit power is only consumed in the busy period.
By taking dz(Tsleep=0,x)

dx = 0, we obtain

W
[ γβ

eλΔP
(

x

x − λl
)2 − 1

e

]
=

ln 2

B
x− 1. (7)

Note that the convexity of all the objective functions has
been proved in Appendix A. Here the Lambert function W
is adopted. It is the inverse of f(w) = wew and is defined
as [26]

W(z)eW(z) = z, z ∈ C. (8)

The real branch of the Lambert function is W0 : DW0 =
[−e−1,+∞) �→ [−1,+∞) as shown in Fig. 2, and we will
just use W in this paper for the sake of simplicity. By solving
Eq.(7), we obtain the optimal rate x∗(ρ) as a function of the
traffic load. This solution is unique due to the fact that, the left
side of Eq.(7) is a decreasing function of x which approaches
∞ as x → λl and equals to W

(
γβ

eλΔP
− 1

e

)
as x → ∞,

while the right side is an increasing function of x, and equals
to λl ln 2

B − 1 as x → λl and approaches ∞ as x → ∞. As
∂x∗
∂λ > 0, ∂x∗

∂l > 0 and ∂x∗
∂γ > 0, x∗ is an increasing function

of the traffic load and the channel gain. Note that for the
optimized service rate here and in the following discussion,
the corresponding transmit power cannot exceed its maximum
constraint, otherwise, the maximum power Pmax

t will be used.

IV. TRAFFIC-AWARE SLEEPING CONTROL WITH POWER

MATCHING

In this section, we consider the BS sleeping control and
power matching jointly. “N-based sleeping control with power
matching (N SC + PM)”, “multiple vacation based sleeping
control with power matching (MV SC + PM)” and “single
vacation based sleeping control with power matching (SV SC
+ PM)” schemes are analyzed respectively.

A. N-based sleeping control with power matching (N SC +
PM)

Assume the BS goes to sleep when there is no service
request and returns to active mode once N user requests
assemble. Here the control variables are N and service rate
x. Using an extended-Markov-chain shown in Fig. 3 with
departure rate μ = x/l, the static probability distribution is
given below, and the proof is in Appendix B. Here we define
an extended state space {(i, j) : i = 0, j = 0, 1, . . . , N−1; i =
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1, j = 1, 2, . . .} such that if i = 0 then j denotes the number
of users in the system when the BS is in sleep mode, and if
i = 1 then j counts the number of users in the system when
the BS is in active mode.

Pr(i, j)=

⎧⎪⎨
⎪⎩

x−λl
Nx if i=0;
λl
Nx(1− (λlx )

j) if i=1, 1≤j≤N ;
λl
Nx((

λl
x )

j−N − (λlx )
j) if i=1, j>N.

(9)
After some calculation, we obtain the probability in sleep
mode as

N−1∑
j=0

Pr(0, j) = 1− λl

x
, (10)

and the average queue length is

N−1∑
j=0

jPr(0, j) +

∞∑
j=1

jPr(1, j) =
λl

x− λl
+

N − 1

2
. (11)

With the sleeping control, the energy cost for mode transi-
tions has to be dealt with. The sleep period starts when the
system is empty and lasts until N users assemble with the
average assembling time to be N/λ. At the beginning of each
active period there are N users in the system, and thus the
average working time is N

μ−λ . Therefore, the mode transition
frequency Fm, which is defined as the mode transition times
between active mode and sleep mode per unit time, is

Fm =
2

N
λ + N

μ−λ

=
2λ

N
(1− λ

μ
), (12)

and the mode switching energy cost per unit time is EsFm.
Then the total power consumption P tot

N,x under the N-based
sleeping control with service rate x is

P tot
N,x =

λl

x
[Po+

ΔP

γ
(2

x
B−1)]+(1−λl

x
)[Psleep+

2λEs

N
]. (13)

Using the Little’s Law, the average delay DN,x is given by

DN,x =
l

x− λl
+
N − 1

2λ
. (14)

By comparing it with the power matching scheme without
sleeping control in Section III and analyzing the properties of
P tot
N,x[DN,x], we have the following two propositions.
Proposition 1: Compared with the power matching only

scheme, using the “N-based sleeping control + power match-
ing” scheme brings energy saving gain in the total power
consumption only when

λ <
(Po − Psleep)N

2Es
. (15)

Remark: The situation that energy saving gain exists greatly
depends on the relationship between the energy consump-
tion parameter Po−Psleep

Es
, the traffic arrival rate λ and the

sleeping parameter N . Fig. 4 shows whether it is energy-
efficient to incorporate the N-based sleeping control into the
power matching scheme. Above the surface λ=

(Po−Psleep)N
2Es

,
incorporating sleeping control brings energy saving gain.
However, below the surface where sleeping increases energy
cost, sleeping is harmful due to the extra mode switching
cost. Therefore, under this situation, only adopting the power
matching is enough.
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Fig. 4. Whether it is energy efficient to incorporate the N-based sleeping
control into power matching.

Proposition 2: For the “N-based sleeping control + power
matching” scheme, with varying service rate x, we have:
1. P tot

N,x is a monotonically decreasing function of DN,x, if
one of the following conditions is satisfied,

1) λ <
(Po−Psleep)N

2Es
,

l ≥ B

λ ln 2

{
W

[ γ

ΔP e
(Po−Psleep−

2λEs

N
)− 1

e

]
+1

}
.

2) λ ≥ (Po−Psleep)N

2Es
.

2. For P tot
N,x[DN,x], the unique energy-optimal rate x∗

en exists
if the following condition is satisfied,

λ <
(Po−Psleep)N

2Es
,

l <
B

λ ln 2

{
W

[ γ

ΔP e
(Po−Psleep−

2λEs

N
)− 1

e

]
+1

}
.

The corresponding energy-optimal rate is

x∗
en =

B

ln 2

{
W

[ γ

ΔP e
(Po−Psleep−

2λEs

N
)− 1

e

]
+1

}
. (16)

3. In both of the upper two cases, as the average delay
increases, the total power consumption approaches an asymp-
totic value of Po +

ΔP

γ (2
λl
B − 1).

Proof: See Appendix C.
Remark: The properties of P tot

N,x[DN,x] depend on the traffic
parameters λ and l, system bandwidth B, channel condition γ,
sleeping parameter N and the power consumption parameters.
For the case that the energy-optimal service rate exists, only
when x > x∗

en delay can be traded off with energy; otherwise,
increasing delay will only cause bad energy performance.
Interestingly, x∗

en is an increasing function of γ, and thus
transmitting faster when channels are good indeed saves
energy. In addition, transmitting fast is beneficial when the
gap between Po and Psleep is large; otherwise large busy
probability will cause too much static energy consumption.
As the delay increases, the asymptotic limit of the total power
consumption Po+

ΔP

γ (2
λl
B −1) corresponds to the total power

consumption when the system is always in active mode with
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system utilization λl
x approaching 1. Fig. 5 shows one example

of Proposition 2 with N = 1 where for each curve the service
rate x is changing. The upper two curves correspond to the
two monotonic cases respectively, and for the curve the energy
optimal rate exists, we have x∗

en = 69.2Mbps.
After studying the properties of P tot

N,x[DN,x], we are inter-
ested in minimizing the system cost

z(Tsleep, x)|Tsleep=N = P tot
N,x + βDN,x. (17)

Assume (N∗, x∗) is the optimal control pair for a given β,
and P tot

N∗,x∗ and DN∗,x∗ are the corresponding total power
and delay. Then P tot

N∗,x∗ must be the minimum power that the
average delay is less than DN∗,x∗ . Define P tot

N,x
∗
[DN,x] to be

the minimum total power so that the average delay is less
than DN,x, so we have P tot

N,x
∗
[DN∗,x∗ ] = P tot

N∗,x∗ . We refer
to P tot

N,x
∗
[DN,x] as the optimal power-delay curve. Varying

β and finding the optimal control pair for each value can
provide different points on the power-delay curve, which are
also known as Pareto-optimal points [18] [36].

Proposition 3: For the optimal power-delay curve
P tot
N,x

∗
[DN,x], we have the following properties:

1. Given the tradeoff parameter β, the optimal control pair is
denoted by (N∗, x∗), where x∗ is the unique solution of the
following equation

W
[ γ

ΔP e

[ βx2

λ(x−λl)2
+Po−Psleep−

2λEs

N
−ΔP

γ

]]
=

ln 2

B
x−1.

The optimal sleeping parameter N∗ is

N∗= 2λ
[Es

β
(1− λl

x
)
]1/2

. (18)

2. As the average delay increases, P tot
N,x

∗
[DN,x] approaches

an asymptotic value of P ∗
lb where

1) for ρ≥ B
ln 2

{
W

[ γ(Po−Psleep)
ΔP e − 1

e

]
+1

}
,

P ∗
lb = P tot

N→∞,x→λl = Po +
ΔP

γ
(2

λl
B − 1). (19)
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2) for ρ< B
ln 2

{
W

[γ(Po−Psleep)
ΔP e − 1

e

]
+1

}
,

P ∗
lb = P tot

N,x

{
N→∞, x=

B

ln 2

{
W

[γ(Po−Psleep)

ΔP e
− 1

e

]
+1

}}

= Psleep +
λl(Po − Psleep − ΔP

γ ) ln 2

BW
[ γ(Po−Psleep)

ΔP e − 1
e

] . (20)

Proof: See Appendix D.

Remark: Here x∗ and N∗ are obtained by solving
∂z(Tsleep=N,x)

∂x = 0 and ∂z(Tsleep=N,x)
∂N = 0 jointly. First, solve

this equation W
[

γ
ΔP e

[
βx2

λ(x−λl)2+Po−Psleep−
√

βEs

1−λl
x

−ΔP

γ

]]
=

ln 2
B x−1 for the optimal service rate x∗; and then get N∗ with

Eq.(18). It can be observed that N∗ is related to the switching
cost in a square root form, which is similar to the result derived
by Heyman [10] because it turns out that N only affects
the average delay and the switching cost in the objective.
N∗ should be an integer and is chosen from {�N∗	, 
N∗�}
which minimizes z(Tsleep = N, x) due to the convexity of
the objective function. For the optimal tradeoff curve, the
“endpoint” at the right depicts the smallest possible value
of P tot

N,x, without any consideration of DN,x. The asymptotic
limit P ∗

lb is the minimum total power needed to support the
offered traffic load.

In Fig. 6, the dashed lines show the P tot
N,x[DN,x] curves

with varying service rate x. It can be observed that with a
larger N , more energy is saved through the sacrifice of delay
performance. For the solid line, different points correspond to
different values of β. At each point, P tot

N,x
∗ and DN,x

∗ are the
corresponding total power consumption and delay under the
optimal control pair (N∗, x∗). Comparing the optimal tradeoff
curve with the dashed lines shows how the joint optimization
significantly improves the energy-delay performance: It not
only removes undesirable energy-delay pairs which make the
tradeoff line go up but also achieves significant energy savings
(e.g., nearly 50% with average delay to be 5.74 seconds). Note
that the energy-optimal points on the dashed lines are not on
the solid optimal trade-off curve.
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B. Multiple vacation based sleeping control with power
matching (MV SC + PM)

A vacation queue is used to model this situation [27] [34].
Assume that the BS goes to sleep once there is no user request,
and it will be asleep for a period of time, which is treated as
taking a “vacation”. For the multiple vacation case, if the BS
returns from a vacation and finds no user request waiting, it
begins another vacation immediately in this manner until it
finds at least one user request waiting upon returning from a
vacation.

The control variables of this scheme are the average length
of each vacation v and service rate x. The random variable
V is used to represent the length of each vacation, which
is assumed to be independently and identically distributed.
We have its mean, second moment and Laplace-Stieltjes
transform (LST) [34] denoted as E{V } = v, E{V 2}, and
ΓV (z) = E{e−zV }, respectively.

With the concept of the “vacation cycle” [34] comprised of
the consecutive sleep period and active period, Fm is given
by

Fm=
2

v
1−ΓV (λ)+

λv
1−ΓV (λ)

1
μ−λ

=
2(1− λ

μ )(1−ΓV (λ))

v
. (21)

ΓV (λ) is the probability that the BS returns from a vacation
and finds no user waiting, and thus the average number of
vacations in a multiple vacation period is 1

1−ΓV (λ) , and the

sleep period length is v
1−ΓV (λ) . With average λv

1−ΓV (λ) users
waiting to be served at the beginning of each active period, the
average active period length is λv

1−ΓV (λ)
1

μ−λ . Then the mode
switching energy cost per unit time is EsFm.

The fraction of time the BS spends on vacation is

ηv =
Fmv

2(1− ΓV (λ))
= 1− λ

μ
. (22)

Therefore the total power consumption is obtained as
P tot
v,x = (1 − ηv)(Po + ΔPPt) + ηvPsleep + EsFm, which

equals to

P tot
v,x =

λl

x
[Po +

ΔP

γ
(2

x
B − 1)]

+ (1− λl

x
)[Psleep +

2Es(1− ΓV (λ))

v
]. (23)

The average number of users in the system is given in
Eq.(24). Here we assume that the users have an exponentially
distributed service requirement. This is in agreement with
the mean queue length in an M/M/1-FCFS (First Come First
Service) queue where the first two terms come from the
well-known Pollaczek-Khintchine formula [33]. Indeed, in the
case of exponential service requirements, the queue length
distribution for PS and FCFS are the same [34].

Qv =
λ

μ
+

(λμ )
2

1− λ
μ

+
λE{V 2}

2v
. (24)

Using the Little’s Law, the average delay Dv,x is

Dv,x =
l

x− λl
+

E{V 2}
2v

. (25)
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Fig. 7. Whether it is energy efficient to incorporate the multiple vacation
sleeping control into power matching.

Actually only the last one of the multiple consecutive va-
cations contributes to the additional delay caused by the
vacation, so the additional delay is just the expected residual
life time of a vacation, which is E{V 2}

2v .
Similar to Proposition 1, we can get Proposition 4 as

follows.
Proposition 4: Compared with the power matching only

scheme, using the “multiple vacation sleeping control + power
matching” scheme brings energy saving gain in the total power
consumption only when

Po − Psleep

2Es
>

1− ΓV (λ)

v
. (26)

Especially, for the exponentially distributed vacation (EXP),
the condition becomes

v >
2Es

Po − Psleep
− 1

λ
; (27)

while for the deterministically distributed vacation (DET)
where each vacation length is equal to v, the condition is

v >
2Es

Po − Psleep
+

W
[
− 2λEs

Po−Psleep
e
− 2λEs

Po−Psleep
]

λ
. (28)

In both of the upper two cases, the energy-saving region that
has nothing to do with v is

Po − Psleep

2Es
≥ λ. (29)

Proof: See Appendix E.
Remark: Similar to Fig. 4, whether it is energy efficient
to incorporate the multiple vacation sleeping control with
exponential vacation into the power matching scheme is shown
in Fig. 7. Especially, the region on the left of the red plane in
dashed lines corresponds to the situation that λ ≤ Po−Psleep

2Es
.

For the deterministic vacation, a similar figure can be obtained
and it is omitted here.

The properties of P tot
v,x[Dv,x] are analyzed in Proposition 5.

The proof is similar to Proposition 2 and is omitted.
Proposition 5: For the “multiple vacation sleeping control

+ power matching” scheme with varying service rate x, taking
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Fig. 8. The energy-delay tradeoff of the “multiple vacation sleeping control
+ power matching” scheme. λ = 1,l = 2MB.

the exponential vacation as an example, we have:
1. P tot

v,x is a monotonically decreasing function of Dv,x, if one
of the following conditions is satisfied,

1)
1

λ
>

2Es

Po − Psleep
− v,

l ≥ B

λ ln 2

{
W

[ γ

ΔP e
(Po−Psleep−

2λEs

1 + λv
)− 1

e

]
+1

}
.

2)
1

λ
≤ 2Es

Po − Psleep
− v.

2. For P tot
v,x[Dv,x], the unique energy-optimal rate x∗

ev exists
if the following condition is satisfied,

1

λ
>

2Es

Po − Psleep
− v,

l <
B

λ ln 2

{
W

[ γ

ΔP e
(Po−Psleep−

2λEs

1 + λv
)− 1

e

]
+1

}
.

The corresponding energy-optimal rate is

x∗
ev =

B

ln 2

{
W

[ γ

ΔP e
(Po−Psleep−

2λEs

1 + λv
)− 1

e

]
+1

}
. (30)

3. In both of the upper two cases, as the average delay
increases, the total power consumption approaches an asymp-
totic value of Po +

ΔP

γ (2
λl
B − 1).

Then we turn to minimize the system cost

z(Tsleep, x)|Tsleep=v = P tot
v,x + βDv,x. (31)

Assume (v∗, x∗) is the optimal control pair for a given β, and
the Pareto-optimal points on the optimal power-delay curve
P tot
v,x

∗
[Dv,x] can be obtained by varying β similar to the N-

based scheme.
Proposition 6: For the optimal power-delay curve

P tot
v,x

∗
[Dv,x], given the tradeoff parameter β, in the optimal

control pair (v∗, x∗),
1. For the exponentially distributed vacation (EXP), x∗ is the
unique solution of the following equation

W
[ γ

ΔP e

[ βx2

λ(x−λl)2
+Po−Psleep− 2λEs

1 + λv
−ΔP

γ

]]
=

ln 2

B
x−1,

and the optimal sleeping parameter v∗ is

v∗=
[2Es

β
(1 − λl

x
)
]1/2 − 1

λ
. (32)

2. For the deterministically distributed vacation (DET), v∗ is
the unique solution of the following equation

W
[ γ

ΔP e

[ βx2

λ(x−λl)2 +Po−Psleep−2Es(1−e−λv)

v
−ΔP

γ

]]
=
ln 2

B
x−1,

and the optimal service rate x∗ is

x∗=
λl

1− βv2

4Es[1−e−λv(1+λv)]

. (33)

The proof is similar to Proposition 3 and is omitted here.
Fig. 8 provides the curves of P tot

v,x[Dv,x] versus varying service
rates under different vacation parameters in the dashed lines.
The optimal tradeoff curve P tot

v,x
∗
[Dv,x] in the solid line

removes the undesirable energy-delay pairs which make the
P tot
v,x[Dv,x] relationships go up through the joint optimization

of sleeping parameter v and service rate x. Note that the
asymptotic lower bound is the same with the asymptotic limit
of the N-based sleeping control obtained in Proposition 3.

C. Single vacation based sleeping control with power match-
ing (SV SC + PM)

Besides the multiple vacation situation, we study the single
vacation based sleeping control with power matching in this
section. Assume that the BS goes into sleep once there is no
user request, and it will be asleep to take a single vacation.
Then the BS will wake up no matter whether there are user
requests in the system or not at the end of this vacation [34].

The random variable V is used to represent the vacation
duration with its mean to be E{V }=v as in the previous sec-
tion. Similar to the multiple vacation case from the “vacation
cycle”, the mode transition frequency is given by

Fm =
2

v + ΓV (λ)(
1
λ + 1

μ−λ ) +
λv
μ−λ

=
2(1− λ

μ )

v + ΓV (λ)
λ

. (34)

Here the average sleep period length is v. If the BS returns
from the vacation finding no user waiting, it becomes idle
to wait for an arrival. Together with the average λv users
assembled in the single vacation period, the average active
period is ΓV (λ)(

1
λ +

1
μ−λ)+

λv
μ−λ . Then the mode switching

energy cost per unit time to be EsFm.
The fraction of time the BS spends on vacation ηv is

ηv =
vFm

2
=

λv(1 − λ
μ )

λv + ΓV (λ)
. (35)

Different from the N based and multiple vacation sleeping
controls where the BS will always be busy in an active period,
in the single vacation case, if the BS wakes up finding no
users, it will go through an idle period first before entering
into the busy period. Using P̃t to denote the average transmit
power consumption in the active period, it is obtained that

P̃t =
[
ΓV (λ)(1 −

1/λ

2/Fm − v
) + (1− ΓV (λ))

]
Pt, (36)

where the first part of the summation corresponds to the case
that there is no user request in the system when the BS wakes
up from the vacation, and the second part (1− ΓV (λ))Pt

represents the situation that there is at least one user request
waiting when the BS wakes up from the vacation. Therefore
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Fig. 9. Whether it is energy efficient to incorporate the single vacation
sleeping control into power matching.

the total power consumption is given as P tot
v,x = (1−ηv)

[
Po+

ΔP P̃t

]
+ ηvPsleep + EsFm. After some calculation, it is as

follows.

P tot
v,x =

λ2vl
x + ΓV (λ)

λv + ΓV (λ)
Po +

λl

x

[ΔP

γ
(2

x
B − 1)

]

+
λv(1 − λl

x )

λv + ΓV (λ)

[
Psleep +

2Es

v

]
. (37)

The mean number of users in the system is given in Eq.(41).
Similar to Eq.(24), the third term is the result of the vacation.

Qv =
λ

μ
+

(λμ )
2

1− λ
μ

+
λ2E{V 2}

2(λv + ΓV (λ))
. (41)

Using the Little’s Law, the average delay Dv,x is

Dv,x =
l

x− λl
+

λE{V 2}
2(λv + ΓV (λ))

. (42)

Proposition 7: Compared with the power matching only
scheme, using the “single vacation sleeping control + power
matching” scheme brings energy saving gain in the total power
consumption only when

v >
2Es

Po − Psleep
. (43)

Remark: The proof is similar to Proposition 4 and is omitted
here. Whether it is energy efficient to incorporate the single
vacation sleeping control into the power matching scheme is
shown in Fig. 9. It is shown that the plane is parallel with
the coordinate axis of the traffic load, which means that this
has nothing to do with the traffic load situation. The reason
is that, different from the multiple vacation case where the
vacation terminates based on the monitoring of user requests,
in the single vacation case, the termination is unrelated to the
traffic.

Proposition 8: For the “single vacation sleeping control +
power matching” scheme with varying service rate x,

1. P tot
v,x is a monotonically decreasing function of Dv,x, if one

of the following conditions is satisfied,

1) v >
2Es

Po − Psleep
,

l ≥ B

λ ln 2

{
W

[γλv(Po−Psleep− 2Es

v )

ΔP e(λv + ΓV (λ))
− 1

e

]
+1

}
.

2) v ≤ 2Es

Po − Psleep
.

2. For P tot
v,x[Dv,x], the unique energy-optimal rate x∗

ev exists
if the following condition is satisfied,

v >
2Es

Po − Psleep
,

l <
B

λ ln 2

{
W

[γλv(Po−Psleep− 2Es

v )

ΔP e(λv + ΓV (λ))
− 1

e

]
+1

}
.

The corresponding energy-optimal rate is

x∗
ev =

B

ln 2

{
W

[γλv(Po−Psleep− 2Es

v )

ΔP e(λv + ΓV (λ))
− 1

e

]
+1

}
. (44)

3. In both of the upper two cases, as the average delay
increases, the total power consumption approaches an asymp-
totic value of Po +

ΔP

γ (2
λl
B − 1).

The proof is similar to Proposition 2 and is omitted here.
Proposition 9: For the optimal power-delay curve

P tot
v,x

∗
[Dv,x], given the tradeoff parameter β, in the optimal

control pair (v∗, x∗), v∗ is the unique solution of the
following equation

W
[ γ

ΔP e

[ βx2

λ(x−λl)2
+
λv(Po−Psleep− 2Es

v
)

λv+ΓV(λ)
−ΔP

γ

]]
=

ln 2

B
x−1.

1. For the exponentially distributed vacation (EXP), the opti-
mal service rate x∗ is

x∗=λl
[
1− β(λ3v4+2λ2v3+4λv2+2v)

(Po−Psleep)(1+2λv)+2Esλ2v(2+λv)

]−1
. (45)

2. For the deterministically distributed vacation (DET), the
optimal service rate x∗ is

x∗=λl
[
1−

β
2 (λv

2+2v+λv2eλv)

(Po−Psleep)(1+λv)+2Esλ(eλv−1)

]−1
. (46)

Remark: For all the three “sleeping control + power match-
ing” schemes, explicit relationship between the optimal service
rate and the sleeping parameter exists, e.g., Eq.(18) in the
“N SC + PM” scheme, Eq.(32) or Eq.(33) in the “MV SC
+ PM” scheme, and Eq.(45) or Eq.(46) in the “SV SC +
PM” scheme. The optimal control pair for each of them
can be found readily by simple searching algorithms such as
the Newton method. For P tot

v,x
∗
[Dv,x], as the average delay

increases, the analysis result of the asymptotic limit for
both the multiple and single vacation based sleeping controls
is the same as that of the N-based scheme in Proposition
3. As a comparison, the main analysis results of different
schemes are listed in Table I. The “additional delay” represents
the increase in the average delay compared with the power
matching only scheme. Moreover, for a better comparison, the
explicit relationships between the total power consumption and
average delay with varying service rate of different schemes
are also provided: Eq.(38) for the “PM only” scheme, Eq.(39)
for the “N SC + PM” scheme, and Eq.(40) for the “MV SC
+ PM” scheme.
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P tot
0,x [D0,x]=

ΔP /γ

1+ 1
λD0,x

[
2

l
B

(
1

D0,x
+λ

)
−1

]
+Po, (38)

P tot
N,x[DN,x]=

ΔP /γ

1+ 1
λ(DN,x−N−1

2λ )

[
2

l
B

(
1

DN,x−N−1
2λ

+λ
)
−1+

(
Po−Psleep−

2λEs

N

) γ

ΔP

]
+Psleep+

2λEs

N
, (39)

P tot
v,x[Dv,x]=

ΔP /γ

1+ 1

λ(Dv,x− E{V 2}
2v )

[
2

l
B

(
1

Dv,x− E{V 2}
2v

+λ
)
−1+

(
Po−Psleep−

2Es(1−ΓV(λ))

v

) γ

ΔP

]
+Psleep+

2Es(1− ΓV (λ))

v
. (40)

TABLE I
COMPARISON OF DIFFERENT SCHEMES.

Scheme N SC+PM MV SC(exp)+PM MV SC(det)+PM SV SC(exp)+PM SV SC(det)+PM
Additional delay N−1

2λ
v v

2
v

1+1/λv(1+λv)
v

2(1+e−λv/λv)

Energy-saving
Region

Po−Psleep

2Es
> λ

N

Po−Psleep

2Es
> 1−ΓV (λ)

v

Po−Psleep

2Es
> 1

v

Energy-optimal
Service rate

B
ln 2

{
W

[ γ(Po−Psleep−2λEs
N

)

ΔP e
−1

e

]
+1

}
B
ln 2

{
W

[ γ(Po−Psleep−2Es(1−ΓV(λ))

v
)

ΔP e
−1

e

]
+1

}
B
ln 2

{
W

[γ(Po−Psleep−2Es
v

)

ΔP e(1+ΓV(λ)/λv)
−1

e

]
+1

}

Optimal tradeoff
Asymptotic limit If ρ< B

ln 2

{
W

[ γ(Po−Psleep)

ΔP e
− 1

e

]
+1

}
, P ∗

lb = Psleep + λl ln 2
B

(Po−Psleep−ΔP
γ

)

W
[ γ(Po−Psleep)

ΔP e
−1

e

] ; else P ∗
lb = Po + ΔP

γ
(2

λl
B − 1).

V. NUMERICAL AND SIMULATION RESULTS

In this section, first simulations are made to validate our
theoretical analysis, and then comparisons between energy-
delay tradeoffs of different schemes are provided. A single
urban micro-cell scenario is assumed. According to the ITU
test environments [29], the system bandwidth B = 10MHz,
the maximum transmit power Pmax

t =10W, and the path loss
model g=36.7 lgd+33.05 (dB), where we set d=100m in the
simulation. The noise power density N0=−174dBm/Hz, and
η=−1.5/ ln(5ε)=0.283 corresponds to the BER requirement
of ε=10−3 [22]. We take the micro BS energy consumption
parameters Po =100W, ΔP =7, Psleep =30W and set Es =
25J [24].

Users arrive according to a Poisson process, and each
user requests exactly one file whose size is exponentially
distributed with mean l = 2MB from the BS and leaves the
system after being served. The system operates in a time-
slotted fashion, and the BS schedules users in a round robin
way, serving one user in each time slot with its duration set to
be 1 ms. In this paper we assume that the average user arrival
rate can be well estimated [30]. At the beginning of each
simulation, given the arrival rate λ and the tradeoff parameter
β, the optimization is carried out to obtain the corresponding
BS sleeping and transmit power settings according to which
the system will be operated. For each configuration, the system
was simulated for 100 million time slots.

For the energy-delay tradeoff comparisons, the following
four types of schemes will be demonstrated.

1) Pmax
t only: The BS transmits with the maximum power

Pmax
t and there is no sleeping, which is the most common

setting in traditional systems;
2) SC + Pmax

t : Only sleeping control is adopted and there
is no power matching, where the BS transmits with Pmax

t ;
3) PM only: The scheme discussed in Section III;
4) SC + PM: The schemes discussed in Section IV.
The first two schemes are evaluated to provide a perfor-

mance baseline. To the best of our knowledge, these are the
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Fig. 10. Comparison of the optimal tradeoff relationships with both analytical
and simulation results, λ = 1, l = 2MB.

qualified benchmarks because there is no scheme from current
literature focuses on the energy and user-level delay (response
time) tradeoffs and jointly optimizes the power matching and
sleeping control.

As shown in Fig. 10, the solid curves are the results from
our analysis, while the dashed curves are obtained from the
simulation described above. It can be observed that under
different schemes, the analytical results match the simulation
results well. For clarification of scheme comparisons in the
following results, we just plot the simulation results .

Fig. 10 gives the optimal energy-delay tradeoffs of different
“sleeping control + power matching ” schemes. Making a
general comparison, we can observe that the “N-based sleep-
ing control + power matching” scheme has the best energy-
delay tradeoff, while the exponentially distributed “single
vacation sleeping control + power matching” shows the worst
performance among these five schemes. For the vacation
based sleeping control, the deterministic vacation provides
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Fig. 11. Energy-delay tradeoff comparison: Pmax
t only, PM only, N SC +

Pmax
t and N SC + PM.

better energy-delay tradeoff than the exponential vacation.
According to the analysis, with the same service rate, the
multiple vacation case has larger average delay than the single
vacation case, however, after the joint optimization of service
rate and sleeping parameter, the “MV SC + PM” scheme
has better energy-delay performance than the “SV SC + PM”
scheme.

Fig. 11 provides the comparison of the four types of
schemes demonstrated above, in which the N-based sleeping
control is used in the joint optimization. First, the point of
the “Pmax

t only” scheme guarantees the minimum delay,
and it has the maximum total power consumption without
sleeping control. Second, compare the “PM only” and “N SC
+ Pmax

t ” schemes. In active mode, the static power consump-
tion Po =100W, and the load-dependent power consumption
ΔPPt varying in [0, 70]W; in sleep mode, the static power
consumption Psleep = 30W. As shown in Fig. 11(a), when
the traffic load is low, “N SC + Pmax

t ” provides much larger
energy saving gain than the “PM only” scheme; when the
traffic load is increased as in Fig. 11(b), the “PM only” scheme
outperforms “N SC + Pmax

t ” in the energy saving gain due
to the reduced sleeping opportunity and the corresponding
increased influence of the load-dependent power consumption.
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Fig. 12. Energy-delay tradeoff comparison: Pmax
t only, PM only, MV SC

+ Pmax
t and MV SC + PM.

Third, for the joint optimized “N SC + PM” scheme, in
Fig. 11(a), the arrival rate λ = 1, and this falls into the
region that it is energy efficient to incorporate BS sleeping
into the PM. It is shown that the jointly optimized scheme
has the best performance and as much as 50% energy saving
can be achieved; in Fig. 11(b) where the traffic load is
relatively heavy, it no longer outperforms the “PM only”
scheme all the time in the energy-delay tradeoff. For the
asymptotic limit as delay increases with “N SC + PM”,
taking λ = 1 as an example, the power consumption limit
is Psleep+

λl ln 2
B (Po−Psleep−ΔP

γ )/W
[γ(Po−Psleep)

ΔP e − 1
e

]
=46.1W,

which matches well with the simulation result.

In the comparison of the four types of schemes in Fig. 12,
the multiple vacation based sleeping control is adopted, and
results similar to that in Fig. 11 can be obtained.

According to the comparison results in Fig. 11 and Fig. 12,
decision should be made carefully to choose one of them
according to the load and delay requirements: when the
traffic load is low as λ = 1, the joint “SC + PM” scheme
should be used, where as much as 50% energy saving can
be achieved compared with the “PM only” scheme under the
same average delay requirement. When the traffic load is high
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Fig. 13. The optimal energy-delay tradeoffs with “N-based sleeping
control+power matching” with different rate sets.

as λ = 4, with a small average delay requirement, the “PM
only” scheme should be adopted; when relatively longer delay
can be tolerated, the joint “SC + PM” scheme should be used
to save more energy. In brief, the PM has a wider range
of adaptability to the traffic variation while the SC is more
energy-efficient when the traffic load is relatively low.

The impact of discrete transmission rates in practical im-
plementation is shown in Fig. 13. Because of the convexity of
the objective function, after solving the optimal rate under the
continuous assumption, we can choose the one, which has a
less objective function value, in the two discrete rates that are
closet to the optimal value. According to the modulation and
coding set [23], we observe the energy-delay tradeoffs when
3 and 7 discrete transmission rates are adopted respectively.
It can be seen that performance loss exists due to the discrete
rates, and the loss diminishes when more discrete rates are
available.

Finally, the influence of fasting fading is shown in Fig. 14.
We consider the round robin scheduling, and assume that users
experience independent and identically distributed Rayleigh
fading. Different from Eq.(1), the BS service capacity is
provided by averaging over the fast fading variations, and
then the objective function is minimized to find the optimal
control pair of the sleeping parameter and transmit power. It
can be seen that the tradeoff with fading is worse than that in
the case without fading. Because the average received power
is same in two cases, while in the fading case the service
capacity user receives is averaged over a concave power-rate
function, and thus it is less than the case without fading. The
gap is larger in Fig. 14(b) because power/rate variations have
larger influence when the traffic load is high. Note that our
conclusions about different schemes still hold with the impact
of fast fading under these assumptions as shown in Fig. 14(a)
and Fig. 14(b). In fact, when fast fading is considered, the
impact of fast fading is related to the scheduling schemes.
Not only will the transmit power-service capacity relationship
be different, but also the related queueing model may be
varied [20] [28]. What’s more, compared with the energy-
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Fig. 14. Energy-delay tradeoffs of different schemes with and without
Rayleigh fading.

saving gain brought by sleeping control and power matching,
how large the gain from various scheduling schemes, like
channel-aware opportunistic scheduling, will be is still an open
question. However, scheduling is not the focus of this paper
and this will be considered in the future work.

VI. CONCLUSION

In this article, we jointly design the traffic-aware BS sleep-
ing control and power matching schemes for a single BS to
achieve flexible energy-delay tradeoffs. Both N-based and V-
based sleeping control schemes are analyzed. The conditions
for incorporating these different types of sleeping control
into the power matching energy efficiently are obtained. By
exploring the relationship between total power consumption
and average delay of various schemes, we find that sacrificing
delay cannot always be traded for energy saving, and energy-
optimal service rate exists under certain conditions which
greatly depend on the energy consumption and traffic load
parameters. Then the optimal energy-delay tradeoffs are pro-
vided by jointly optimizing the service rate and the sleeping
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parameter. Both the optimal control pair and the asymptotic
limit of total power consumption are derived, which provide
the basis for practical operation and give the power consump-
tion lower bound of the joint schemes respectively. In brief,
power matching has a wider range of adaptability to the traffic
variation while sleeping control is more energy-efficient when
the traffic load is relatively low.

In conclusion, we mention several directions in which this
work can be extended. When users of multiple classes, e.g.
users with different bandwidth requirements, are considered,
the egalitarian processor sharing model can be changed to
a discriminatory one by introducing weights to various user
classes [31]. Moreover, different from the single cell scenario,
in multi-cell scenario, issues of user association or user
handover among different cells become important. Because
these will influence the sleeping probability of different cells
and thus have impact on network level energy-delay tradeoffs.
Also, the inter-cell interferences make the service of users
coupled, which means that the decision of one cell about its
sleep parameter and transmit power will impact decisions of
other cells, so coordination among BSs is needed in the design
to achieve flexible tradeoffs.

APPENDIX A
PROOF OF THE CONVEXITY OF OBJECTIVE FUNCTIONS

Making use of the fact that for t> 0, θ≤ 1, f(t)= t2/2−
t+1−θe−t>0, we have

∂2z(Tsleep, x)
∂x2

=
2λlΔP

γx3
e

x ln 2
B

[1
2
(
x ln 2

B
)2 − x ln 2

B
+ 1

− θe−
x ln 2

B

]
+

2βl

(x− λl)3
> 0,

where θ = 1 for Eq.(6); θ = 1− γ
ΔP

(Po−Psleep− 2λEs

N ) for

Eq.(17); θ=1− γ
ΔP

(Po − Psleep − 2Es(1−Γv(λ))
v ) for Eq.(31);

θ=1− γ
ΔP

(Po−Psleep−2Es

v ) λv
λv+Γv(λ)

for single vacation case.
Satisfying the conditions in Proposition 1, 4 and 7 respectively,
we have θ ≤ 1. Ignoring the integer requirement of N first, we
can also obtain similarly that ∂2z(Tsleep,x)

∂Tsleep
2 > 0 for all schemes

except Tsleep = 0, which are omitted here.

APPENDIX B
PROOF OF EQ.(9) AND EQ.(11)

Combining the following global balance equations with∑N−1
j=0 Pr(0, j)+

∑∞
j=1Pr(1, j)= 1, the distribution in Eq.(9)

will be obtained by solving them jointly.⎧⎪⎪⎪⎨
⎪⎪⎪⎩

λPr(0, j)=μPr(1, 1), j=0, · · · , N−1
(λ+μ)Pr(1, 1)=μPr(1, 2),

(λ+μ)Pr(1, j)=λPr(1, j−1)+μPr(1, j+1), j �=0, 1, N

(λ+μ)Pr(1, N)=λ[Pr(1, N−1)+Pr(0, N−1)]+μPr(1, N+1).

For the average queue length in Eq.(11),
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+
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.

APPENDIX C
PROOF OF PROPOSITION 2

The derivative of P tot
N,x over the service rate x is

dP tot
N,x

dx
=
λlΔP e

γx2

[
e

x ln 2
B −1

(x ln 2
B

− 1
)
+

1

e

− γ

ΔP e

(
Po − Psleep −

2λEs

N

)]
. (48)

1. If λ ≥ (Po−Psleep)N
2Es

, we have
dP tot

N,x

dx > 0. Combined with
dDN,x

dx < 0, P tot
N,x is a monotonically decreasing function of

DN,x.
2. If λ <

(Po−Psleep)N
2Es

, the following equation should be
solved for the extreme points.

e
x ln 2

B −1
(x ln 2

B
− 1

)
=

γ(Po − Psleep − 2λEs

N )

ΔP e
− 1

e
. (49)

Since the left side of Eq.(49) is equal to − 1
e at x = 0 and

monotonically increases for x > 0, it will eventually cross
the value on the right side of this equation just once which is
larger than − 1

e . Let xen denote the unique point that satisfies
Eq.(49) with

xen=
B

ln 2

{
W

[γ(Po − Psleep − 2λEs

N )

ΔP e
− 1

e

]
+ 1

}
. (50)

P tot
N,x monotonically increases for x > xen and monotonically

decreases for x < xen.
To keep stability of the system, x > λl must be satisfied.

1) If l ≥ B
λ ln 2

{
W

(γ(Po−Psleep− 2λEs
N )

ΔP e − 1
e

)
+ 1

}
, we

have xen ≤ λl, and
dP tot

N,x

dx > 0 in (λl,∞), thus P tot
N,x is a

monotonically decreasing function of DN,x.

2) If l < B
λ ln 2

{
W

(γ(Po−Psleep− 2λEs
N )

ΔP e − 1
e

)
+1

}
, we have

xen > λl. P tot
N,x monotonically decreases for x ∈ (λl, xen) and

monotonically increases for x > xen, thus the energy-optimal
service rate x∗

en = xen exists. Therefore, P tot
N,x is a monoton-

ically increasing function of DN,x when x ∈ (λl, xen) and is
a monotonically decreasing function of DN,x for x > xen.

APPENDIX D
PROOF OF PROPOSITION 3

For the power consumption lower bound of the optimal
energy-delay tradeoff curve when ρ< B
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For the equation (51a), the property of the Lambert W
function is adopted. Due to the definition of the Lambert
W function, W(z)eW(z) = z, z ∈ C, we have eW(z) =

z
W(z) , z ∈ C.

APPENDIX E
PROOF OF PROPOSITION 4

For the difference of the total power consumption under the
two schemes, we have

P tot
x − P tot

v,x = (1− λl

x
)(Po − Psleep − 2Es(1− ΓV (λ))

v
). (52)

To obtain the energy-saving gain, the difference has to be
positive, which leads to Eq.(26).

For the exponentially distributed vacation, substituting
ΓV (λ) =

1
1+λv into Eq.(26), Eq.(27) can be obtained readily.

Then taking the right side to be non-positive gives Eq.(29).
For the deterministically distributed vacation, ΓV (λ) =

e−λv. Substituting it into Eq.(26), after some manipulation
we have

(λv − 2λEs

Po − Psleep
)e

λv− 2λEs
Po−Psleep

≥− 2λEs

Po − Psleep
e
− 2λEs

Po−Psleep (53a)

≥− e−1. (53b)

The inequality (53b) holds due to the fact that x ≤ ex−1,
which can be transformed into xe−x ≤ e−1. Then we have

λv − 2λEs

Po − Psleep
≥ W

[
− 2λEs

Po − Psleep
e
− 2λEs

Po−Psleep
]
, (54)

which gives the result of Eq.(28).

v >
2Es
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+
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[
− 2λEs
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e
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Po−Psleep
]

λ

=
2Es
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+
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[
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[
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]]
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(55a)

=
2Es

Po − Psleep
−

2λEs

Po−Psleep

λ
= 0. (55b)

For the equality in (55a), the definition of the Lambert W
function, W(z)eW(z) = z, is adopted, and the condition that
equation (55a) holds is

2λEs

Po − Psleep
≤ 1, (56)

which proves Eq.(29) for the deterministic vacation.
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