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Abstract—With the extremely high penetration rate of wireless
broadband devices, the telecommunication industry predicts that
the mobile data traffic will double almost every year for the
next five years with more than two-thirds of the future traffic
being mobile video. This trend clearly indicates that future mo-
bile broadband networks will face the dual challenge of sup-
porting large data volumes while providing reliable service for
delay-sensitive mobile multimedia streams. This explosive demand
for mobile multimedia communications has significantly increased
not only spectrum requirements but also energy consumption.
Energy-efficient communication is becoming a prime concern for
mobile multimedia communications partially due to the fact that
improvements in battery technology occur on a much slower
scale than gains in processing power and energy consumption
of electronic devices. Furthermore, the ever-increasing demand
for wireless services and ubiquitous network access comes at the
expense of a growing carbon footprint for the mobile wireless com-
munication industry. This paper addresses resource allocation to
maximize the energy efficiency of a wireless link under statistical
quality-of-service (QoS) constraints for mobile multimedia traffic.
In the energy-efficiency analysis, both circuit and transmit power
values of mobile devices are taken into account. The joint impact
of statistical QoS constraints, underlying circuit power consump-
tion, transmission power, and spectral bandwidth is considered.
The unique globally optimal power allocation scheme for delay-
sensitive multimedia traffic is characterized. Intuition about
optimal strategies is obtained by looking at both the low-signal-
to-noise-ratio (SNR) regime and the high-SNR regime.

Index Terms—Delay-sensitive traffic, energy efficiency, power
allocation, quality of service (QoS), wireless systems.

I. INTRODUCTION

RARELY have technical innovations changed everyday life
as rapidly and profoundly as mobile wireless communi-
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cation. Over the past two decades, mobile wireless services
have grown from niche market applications to globally avail-
able components of daily life. According to the International
Telecommunication Union [2], the number of mobile wireless
subscriptions globally has surpassed 6.83 billion in year 2013,
a figure that exceeds 96% of the world population.

The driving force behind this rapid development is the
growing importance of wireless connectivity for social and
economic interactions. In February 2013, Cisco [3] predicted
a 66% compound annual growth rate for global mobile data
traffic from 2012 to 2017, indicating an unsettling growth of
13 times by year 2017. Among the traffic types responsible for
this rising demand, mobile video features the highest growth
rate. By year 2017, two-thirds of the world’s mobile data traffic
will be mobile video. Since a significant portion of video
applications are delay sensitive, these statistics and predictions
clearly suggest that future mobile wireless data networks will
face the dual challenge of supporting large traffic volumes
and providing reliable service for delay-sensitive multimedia
applications such as mobile video traffic.

With the evolution toward new multimedia systems and ser-
vices, the expectations of typical users are no longer confined
to plain connectivity. Rather, consumers now expect services to
be delivered promptly and in the high-quality format they are
accustomed to. Meanwhile, audiovisual systems are becoming
more and more complex, and new possibilities of presenting
content are available, including augmented reality and immer-
sive environments. However, for wireless systems, there are
intrinsic characteristics that can impact user experience. For
instance, the time-varying nature of wireless channels can result
in perceivable impairments, originated in the different steps of
the value chain from content production to display techniques.
Altogether, these phenomena influence the quality of service
(QoS) perceived by end users.

Most delay-sensitive multimedia applications have stringent
delay requirements. Due to the time-varying nature of the un-
derlying wireless channel, it is impossible to impose fixed delay
requirements for various real-time multimedia traffic volumes.
Accordingly, the statistical delay-violation probability becomes
an important QoS measure of the underlying delay-sensitive
multimedia traffic. The statistical delay-violation probability is
defined as the probability that the delay experienced by the
traffic exceeds a certain predefined threshold. For example,
in the 3rd Generation Partnership Project (3GPP) Long Term
Evolution (LTE) Advanced standard, the upper bound on the
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delay-violation probability for online gaming is 2% with a
delay threshold set to 50 ms for radio access networks [4].
That is, for online gaming traffic, more than 98% of the data
should experience delay less than 50 ms. Wireless channels are
prone to attenuation, fading, and interference, which negatively
impact packet loss probabilities, queue-length distributions,
and statistical delay-violation probabilities. Accordingly, the
overall performance of wireless systems under statistical delay
constraints becomes very difficult to tackle. As such, design-
ing mobile wireless systems for delay-sensitive multimedia
applications that are subject to statistical delay constraints is
a challenging and pertinent task.

To address the statistical delay requirements of certain mul-
timedia traffic, we adopt a link-layer channel model termed
the effective capacity, which was popularized by Wu and Negi
[5], [6]. An accurate estimate of the effective capacity can
ensure that QoS provisioning of multimedia traffic over a
wireless link can be optimal with respect to the characteristics
of the underlying physical environment. The notion of effective
capacity is based on the maximum constant arrival data rate
that a wireless system can support when subject to a service
requirement θ defined in terms of asymptotic decay rate in the
occupancy of the transmit buffer. Parameter θ reflects the QoS
constraint for particular delay-sensitive multimedia traffic: A
larger θ results in a more stringent QoS constraint. In particular,
when θ approaches zero, i.e., the QoS requirement on the link
vanishes, the effective capacity then converges to the maximum
throughput of the wireless channel. Furthermore, QoS metric θ
is known to be closely related to the statistical delay-violation
probability of a wireless link [7].

In addition to supporting delay-sensitive multimedia applica-
tions, energy efficiency is also becoming increasingly important
for mobile wireless communications. As higher capacity wire-
less links are being created to meet the increasing demand, the
power consumed by wireless infrastructures is rising quickly.
Although processing power and storage capacities of wireless
devices have doubled approximately every 18 months accord-
ing to Moore’s law [8], processor power consumption is also
expanding by 150% every two years [9]. In contrast, the im-
provement in battery technology is much slower, improving a
modest 10% every two years [9], leading to an exponentially
widening gap between the demand for energy and the battery
capacity offered. Furthermore, the prevailing trend of shrinking
device sizes imposes an ergonomic limit on the battery capacity
available. This points to the fact that energy efficiency is be-
coming increasingly important for mobile wireless communica-
tions. With sufficient battery power, wireless communications
can be geared toward peak performance. However, with limited
energy reserves on mobile devices, a well-engineered system
should be able to facilitate energy conservation to minimize
battery drain. Additionally, the ever-increasing demand for
wireless services and ubiquitous network access comes at the
expense of a growing carbon footprint for the mobile com-
munication industry. Estimates suggest that the entire infor-
mation and communication technology sector was responsible
for roughly 2% of global CO2 emissions and about 1.3% of
global CO2 equivalent (CO2e) emissions in 2007 [10]. This
study estimates the corresponding figure for mobile wireless

networks to be 0.4% of the global CO2e emissions in 2020
based on the prediction that the footprint of mobile communi-
cations could almost triple from 2007 to 2020. Thus, reducing
energy consumption of mobile communication networks has an
ecological impact as well.

Recently, there have been many contributions and advances
in energy-efficient communication schemes [11]–[14]. It is
shown in [11] that when the transmission bandwidth ap-
proaches infinity, the minimum received signal energy per
bit for reliable communication over additive white Gaussian
noise channels approaches −1.59 dB. However, this study
does not account for additional circuit power consumed during
transmission. Energy dissipation of both transmitter circuits
and radio-frequency (RF) output is investigated in [12], where
the modulation level is adapted to minimize the energy con-
sumption according to the simulation observations. In [13],
energy-efficient link adaptation is proposed for orthogonal
frequency-division multiplexing frequency-selective channels
where the transmission power and the circuit power of a com-
munication system are both incorporated in the optimization
objective. In [14], energy-efficient proportional fair scheduling
is proposed for downlink multiuser multiple-input–multiple-
output systems to trade off the cell-edge and cell-average
energy efficiency.

In this paper, we address an energy-efficient design for delay-
sensitive multimedia applications over wireless systems based
on the concept of delay-sensitive energy efficiency introduced
in [1]. Unlike in [15] where only transmission power is con-
sidered, we take into account circuit and transmission power
values when designing the energy-efficient power allocation
schemes. The proposed scheme balances the energy consump-
tion of circuit operations and RF to achieve the maximum
energy efficiency of a wireless link, which is defined as the
number of bits transmitted per joule of energy under statistical
QoS constraints for multimedia traffic. We demonstrate the
existence of a unique globally optimal power allocation that
achieves the energy-efficiency capacity and shows the intuition
of the optimal power allocation in both low-SNR regime and
high-SNR regime.

The outline of the paper is as follows. In Section II, we
present the system model and introduce the concept of ef-
fective capacity. The effective capacity is further related to
the perceived QoS constraint of delay-sensitive multimedia
traffic. In Section III, we define the concept of delay-sensitive
energy efficiency. This will form the optimization objective
of the underlying multimedia wireless system. In Section IV,
an optimal power allocation scheme to maximize the delay-
sensitive energy efficiency is characterized. Intuitions about the
optimal power allocation in low- and high-SNR regimes are
also discussed. Numerical evaluation of the proposed strategies
is also included. Section V concludes this paper.

II. SYSTEM MODEL AND EFFECTIVE CAPACITY

Real-time applications such as video conferencing and online
gaming demand low end-to-end delays. Once a delay require-
ment is violated, the corresponding data packet becomes use-
less. For wireless systems, using deterministic delay bounds is
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Fig. 1. Wireless queuing system model.

often impractical due to the fading nature of wireless channels.
As such, we adopt a statistical QoS guarantee where the delay
bound is violated with a very small probability.

Consider the single-user wireless communication system
shown in Fig. 1. At time t, multimedia content arrives in the
transmit buffer at rate a(t) and it is served by the system at rate
r(t). Variable Q(t) denotes the amount of information awaiting
transmission at the source, and Qmax is a certain threshold.
Fig. 1 can be regarded as an abstraction of the radio access link
in a mobile broadband system. In general, the delay of the data
in the radio access network is due to two major components,
i.e., the queuing delay and the coding delay. The coding delay
is related to the code word length, the interleaving process,
and the probability of decoding failure [16]–[18]. In this paper,
we restrict our attention to the queuing delay of a multimedia
communication system, which amounts to the elapsed time that
a packet spends in the communication system before it gets
transmitted to its destination. Suppose that data arrive in the
buffer at rate a(t) = a. At time t, the delay experienced by
the data, which is about to get serviced, i.e., D(t), is related
to the queue length of the buffer Q(t) through Q(t) = aD(t).
For a specified delay bound Dmax (e.g., 50 ms for real-time
video traffic in LTE Advanced systems), a service constraint
may require the delay-violation probability to be no greater than

a certain threshold ε, i.e., Pdelay
Δ
= Pr{D(∞) > Dmax} ≤ ε,

where D(∞) represents the probability distribution of the delay
experienced by packets at steady state.

Theorem 1: Assume that the joint process (Q(t), h(t)),
where h(t) is the channel gain at time t is stationary and
ergodic. When the system is stable

Pr {D(∞) > Dmax} ≤ c
√
Pr {Q(∞) > Qmax} (1)

where c is some positive constant, Q(∞) is the steady-state
queue distribution of the buffer, and Qmax = aDmax.

Proof: See Appendix A. �
For delay-sensitive traffic and a wireless channel, Theorem 1

connects the delay-violation probability to the buffer overflow
probability. Defining the performance metric in terms of queue
length rather than delay leads to a much simpler character-
ization. Under certain conditions on the arrival process and
service process [19], the queue-length process Q(t) converges
in distribution to a random variable Q that satisfies

− lim
Qmax→∞

log Pr{Q ≥ Qmax}
Qmax

= θ

where θ is called the QoS exponent or, alternatively, the
asymptotic decay rate in buffer occupancy. The result indicates

that the probability of the steady-state queue length exceeding
a threshold Qmax decays exponentially fast as Qmax grows
larger. Informally, this relation can be written as

Pbuffer
Δ
= Pr (Q(∞) > Qmax) ≈ e−θQmax (2)

and it holds in an asymptotic sense. For a wireless system where
the value of Qmax is typically large, this approximation of the
buffer overflow probability becomes very accurate. Taking both
(1) and (2) into account, the service constraint will be met
provided that

θ ≥ θ0 = −2 log(ε/c)
aDmax

. (3)

In (3), it is shown that a constraint on statistical delay-violation
probability can be transformed into a requirement θ0 on the
decay rate of buffer occupancy. Accordingly, parameter θ0
plays a critical role in meeting the service requirement of delay-
sensitive traffic. A larger θ0 leads to a faster decay rate of
the delay-violation probability of the multimedia traffic. For
instance, as θ0 approaches zero, it indicates that the traffic can
tolerate arbitrarily long delays. This is usually the case for
passive data traffic. On the other hand, when θ0 tends to infinity,
it suggests that the underlying traffic cannot tolerate any delay,
a situation more aligned to live streams. Altogether, the QoS
constraint on the asymptotic decay rate of buffer occupancy
allows us to analyze data traffic and delay-sensitive traffic in
a unified manner.

QoS exponent θ is closely related to the concept of effective
capacity, which is defined as the maximum constant arrival rate
that a wireless system can support subject to a requirement that
θ ≥ θ0 [5], [6], [20]. Mathematically, the effective capacity can
be formally defined as follows. Let r(t) be the instantaneous
service rate of a wireless link at time t. Let S̃(t) =

∫ t
0 r(τ)d τ

be the service offered by the wireless link in the interval from
0 to t. Suppose that the service process is stationary and the
Gärtner–Ellis limit of S̃(t)

Λ(−θ)= lim
t→∞

1
t
logE

[
e
−θ
∫ t

0
r(τ)dτ

]
= lim

t→∞

1
t
logE

[
e−θS̃(t)

]

exists and is differentiable for all θ > 0. Then, the effective
capacity of the service process is defined by

α(θ) =
−Λ(−θ)

θ
= − lim

t→∞

1
θt

logE
[
e−θS̃(t)

]
. (4)

It can be shown [5], [21] that QoS exponent θ satisfies θ ≥ θ0
whenever the constant arrival rate a fulfills a ≤ α(θ0). In
other words, QoS constraint θ0 will be fulfilled if and only if
a ≤ α(θ0).

Consider a block fading model for the underlying wireless
link. That is, the channel coefficients stay invariant within
a block of duration T and vary independently from block
to block. Under this assumption, an equivalent discrete-time
channel model can be constructed. Assuming that the service
process is stationary and ergodic, let r be a random vari-
able representing the system throughput during one block, the
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Gärtner–Ellis limit of S̃(t), and the effective capacity of (4)
reduce to

Λ(−θ) =
1
T

logE
[
e−θr
]

(5)

α(θ) =
−Λ(−θ)

θ
= − 1

θT
logE

[
e−θr
]
. (6)

Let W denote the spectral bandwidth; we can express the
achievable system throughput during one block as [22]

r = WT log

(
1 +

|h|2PT

σ2Φ

)
(7)

where h is the channel gain of the wireless link, PT is the trans-
mission power, σ2 = N0W is the noise variance, and Φ is the
SNR gap that defines the gap between the channel capacity and
a practical modulation and coding scheme (MCS). The SNR
gap depends on the MCS used and the targeted error probability.
For a coded quadrature amplitude modulation system, the gap
is given by [22]

Φ = 9.8 + ηm − ηc (dB)

where ηm is the system design margin, and ηc is the coding
gain. For Shannon capacity, it can be seen that Φ = 0 dB.

III. DELAY-SENSITIVE ENERGY EFFICIENCY

For energy-efficient communication, it is desirable to maxi-
mize the amount of data sent within a given energy budget [11],
rather than a time constraint. That is, given an amount of energy
Δe to be consumed over a time interval of Δt, i.e., Δe = POΔt
where PO is the overall power consumption, the transmitter
wants to send a maximum amount of data. Equivalently, the
transmitter will have to maximize the energy efficiency as

U =
r ·Δt

Δe
(8)

where r is the achievable system throughput shown in (7). As
discussed in [13] and [23], in addition to radiated power, a
mobile device also dissipates circuit power during transmission.
While the transmit power accounts for the power radiated
during reliable data transmission, the circuit power represents
the average energy consumption of device electronics such as
mixers, filters, and digital-to-analog converters. This portion
of the energy consumption excludes the needs of the power
amplifier, and it is usually independent of the transmission state
[12]. If we denote the circuit power as PC , the overall power
consumption of a mobile device can be expressed as

PO = PC + P (r) (9)

where P (r) is the total transmission power necessary to achieve
rate r. We note that P (r) is related to the transmission power
PT found in (7) through

P (r) =
PT

ξ

where ξ ∈ [0, 1] is the power amplifier efficiency. This latter
quantity depends on the design and implementation of the
transmitter.

Under statistical QoS constraint θ0 and given energy budget
Δe consumed in small duration Δt, we can define the delay-
sensitive energy efficiency for multimedia traffic as

U(θ0) =
α(θ0)Δt

Δe
. (10)

We call function U(θ0) the delay-sensitive energy efficiency,
which represents how much data (bits) can be transmitted
through a unit of energy (in joules) under QoS constraint θ0 for
the underlying multimedia traffic. It can be verified using (10)
that the delay-sensitive energy efficiency depends heavily on
the underlying QoS constraint θ0. This observation is pertinent
because multimedia traffic types can have vastly different QoS
constraints. For example, θ0 can be very large for live tele-
conferencing to reflect the stringent QoS requirements of real-
time traffic. On the other hand, θ0 can be relatively smaller for
streaming video traffic where buffering is acceptable. Taking
(9) into account, we get

Δe = POΔt = (PC + P (r))Δt =

(
PC +

PT

ξ

)
Δt. (11)

This equation assumes that the transmission power of PT does
not change during Δt. For a fixed QoS constraint of θ0 for
multimedia traffic, the energy efficiency of the system can be
then expressed as

U(θ0) =
α(θ0)

PC + PT

ξ

. (12)

Assuming that the transmitter only has the knowledge related
to channel statistics, the optimal power allocation strategy
achieves the maximum steady-state energy efficiency under the
corresponding QoS constraint, i.e.,

P ∗
T = argmax

PT

U(θ0) = argmax
PT

ξα(θ0)

ξPC + PT
. (13)

We note that, if the overall transmission power is fixed, the ob-
jective of maximizing the energy efficiency in (13) is equivalent
to maximizing the effective capacity under the QoS requirement
of θ0. Furthermore, from (13), it is important to note that
although the circuit power is not a design parameter, it indeed
affects the optimal transmission power to maximize the overall
system energy efficiency.

Assume that the underlying wireless link has a Rayleigh
fading profile. Then, the distribution of the channel magnitude
gain |h| in (7) follows the Rayleigh distribution. For a single-
input–single-output wireless system, the effective capacity of
the corresponding wireless system is equal to [7], [24]

α(θ) = W log

(
PT

σ2Φ

)
− 1

θT

×
(
log

(
Γ

(
1 − θWT,

σ2Φ

PT

))
+

σ2Φ

PT

)
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where Γ(z, x) is the upper incomplete gamma function. The
optimal power allocation scheme to maximize the effective
capacity α(θ0) for QoS constraint θ0 under Rayleigh fading
can be found in [24]. As θ0 approaches zero, the traffic over
the wireless system becomes delay insensitive. Accordingly,
the effective capacity converges to the ergodic capacity of the
underlying wireless channel. In this case, the optimal power
allocation scheme becomes the water-filling approach. On the
other hand, when θ0 goes to infinity, the traffic cannot tolerate
any delay. Therefore, the optimal power allocation strategy
converges to a strategy that effectively inverts the channel
gain. Herein, we investigate optimal power allocation and link
adaptation strategies that maximize the delay-sensitive energy
efficiency introduced in (12).

IV. OPTIMAL POWER ALLOCATION FOR

DELAY-SENSITIVE ENERGY EFFICIENCY

Here, we derive the optimal power allocation and link
adaptation strategies for the delay-sensitive energy efficiency
introduced in Section III. More specifically, we demonstrate
that a unique globally optimal power allocation always ex-
ists, and we provide necessary and sufficient conditions for a
power allocation scheme to maximize its delay-sensitive energy
efficiency.

Assuming that the QoS constraint for the underlying multi-
media traffic is θ0 and the transmitter only has the knowledge
related to channel statistics, as shown in (13), the optimal
power allocation scheme for delay-sensitive energy efficiency is
given by

P ∗
T = argmax

PT

ξα(θ0)

ξPC + PT
= argmax

PT

− ξ logE[e−θ0r]

θ0T (ξPC + PT )
.

As shown, increasing the transmission power of PT will in-
crease both the denominator and numerator. Therefore, it is not
immediately clear what is the optimal power allocation strategy.
Let

V (θ0, PT ) = − ξ logE[e−θ0r]

θ0T (ξPC + PT )

where r and PT are related through (7). For any θ > 0, V (θ, x)
defines a mapping from [0, Pmax] to [0,+∞), where Pmax is
the maximum transmission power at the transmitter. Further-
more, V (θ, x) is in fact the achievable energy efficiency of the
multimedia traffic under QoS constraint θ and a transmission
power value of x. Suppose that, for any x ∈ X

Q(θ, x) ≡ {z ∈ X : V (θ, z) ≥ V (θ, x)} ∀θ > 0

denotes the better set of x.
Theorem 2: Let V (θ, x) = μ, it is clear that μ ≥ 0 (energy

efficiency is nonnegative). For any value of μ, the better set
of x, i.e., Q(θ, x), is strictly convex. Furthermore, the energy-
efficiency function V (θ, x) is strictly quasi-concave in x.
Therefore, there exists a unique globally optimal transmission
power value for delay-sensitive energy efficiency in (12).

Proof Sketch: The better set of x, i.e., Q(θ, x), can be
expressed as

Q(θ, x)={z ∈ [0, Pmax] :V (θ, z)≥μ}

=

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩
z ∈ [0, Pmax] :−

ξ logE

[
e
−θWT log

(
1+

|h|2z

σ2Φ

)]

θT (ξPC + z)
≥ μ

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

=

{
z ∈ [0, Pmax] :μ(ξPC + z)θT

+ ξ logE

[
e
−θWT log

(
1+

|h|2z

σ2Φ

)]
≤0

}
. (14)

It is clear that r(z) = WT log(1 + (|h|2z/σ2Φ) is a concave
function of z. Accordingly, −θr(z) is a convex function, and
e−θr(z) is a log-convex function of z. Since log-convexity
is preserved under summation and positive scaling [25],
E[e−θr(z)] is also a log-convex function of z. This implies that
logE[e−θr(z)] is a convex function of z, and thus, Q(θ, x) is
strictly convex for any value of μ. From convex optimization,
we know that V (θ, x) is strictly quasi-concave in x [26] if
Q(θ, x) is strictly convex. For a strictly quasi-concave function,
if a local maximum exists, it is also globally optimal [26].
Hence, a uniquely global optimal power allocation scheme
always exists. �

The local optimal of V (θ, PT ) when θ = θ0 can be obtained
by setting the derivative of V (θ0, PT ) with respect to PT to
zero. That is

d V (θ0, PT )

dPT

∣∣∣∣
PT=P∗

T

= 0.

Since V (θ0, PT ) is quasi-concave in PT , the local optimum
is also the global optimum. The derivative of V (θ0, PT ) with
respect to PT can be expressed as

d V (θ0, PT )

dPT
=

ξ

θ0T

θ0(ξPC + PT )
E[r′e−θ0r]
E[e−θ0r ]

+ logE[e−θ0r]

(ξPC + PT )2

=
ξ

(ξPC + PT )2
(w(θ0, PT )− α(θ0, PT )) (15)

where

w(θ0, PT ) =
(ξPC + PT )E

[
r′e−θ0r

]
TE[e−θ0r]

r′ =
dr

dPT
=

|h|2WT

σ2Φ+ |h|2PT
.

Some interesting observations can be obtained by looking at
(15). It is well known that, for band-limited transmission,
the lowest order modulation should be used to maximize the
energy efficiency of the system [27]. This is not true for the
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case where circuit power is considered. When PC �= 0, it is
clear that w(θ0, 0) > 0 and α(θ0, 0) = 0. This suggests that
d V (θ0, PT )/dPT |PT→0 > 0. Thus, the lowest order modula-
tion/lowest transmission power is not necessarily the optimal
operation strategy in this context. In general, when circuit
power is nonnegligible, the optimal operation regime for en-
ergy efficiency is not the low-transmission-power regime as
predicted by information theory in [11].

Let us further analyze the characteristic of the optimal
power allocation strategy for the delay-sensitive energy effi-
ciency of multimedia traffic. When P ∗

T ∈ [0, Pmax], the optimal
power allocation for the delay-sensitive energy efficiency is the
solution of

w (θ0, P
∗
T ) = α (θ0, P

∗
T ) . (16)

Accordingly, the maximum delay-sensitive energy efficiency
for the wireless system is

V ∗ =
ξα (θ0, P

∗
T )

ξPC + P ∗
T

=
ξE
[
r′e−θ0r

]
TE [e−θ0r]

. (17)

It is important to note that solving (16) for the optimal power
allocation is not straightforward. In general, various search
algorithms such as binary search and gradient search [28] can
be implemented to solve the implicit power allocation function.
In this paper, we will not focus on introducing algorithms
to numerically identify the optimal power allocation strategy;
rather, we identify the characteristics of the optimal power
allocation strategy in both low- and high-SNR regimes to gain
intuitions about optimal delay-sensitive energy efficiency.

A. Low-SNR Regime

At low SNR, the approximation

log

(
1 +

|h|2PT

σ2Φ

)
≈ |h|2PT

σ2Φ

can be applied. Accordingly, the delay-sensitive energy ef-
ficiency of the wireless communication system can be
expressed as

V (θ0, PT ) =
ξ log
(
1 + θ0PTWT

σ2Φ

)
θ0T (ξPC + PT )

.

Taking the first derivative of the delay-sensitive energy effi-
ciency, we get

d V (θ0, PT )

dPT
=

ξ

θ0T (ξPC + PT )

×
(

θ0WT

σ2Φ+ θ0PTWT
−

log
(
1 + θ0PTWT

σ2Φ

)
ξPC + PT

)

Δ
=A(θ0, PT ) (w1(θ0, PT )− w2(θ0, PT ))

Δ
=A(θ0, PT )B(θ0, PT ). (18)

It is shown that when the circuit power is nonnegligible, i.e.,
PC �= 0, B(θ0, 0) > 0. Not surprisingly, this suggests that the
lowest order modulation/lowest transmission power is not the
optimal power allocation scheme. Furthermore, when the cir-
cuit power is negligible, i.e., PC = 0, we have

d V (θ0, PT )

dPT
=

ξ

θ0TPT

×
(

θ0WT

σ2Φ+ θ0PTWT
−

log
(
1 + θ0PTWT

σ2Φ

)
PT

)
.

We can further characterize the derivative of the delay-sensitive
energy efficiency when the transmission power is small, i.e.,

d V (θ0, PT )

dPT

∣∣∣∣
PT→0

= lim
PT→0

ξ

θ0TPT

(
θ0WT

σ2Φ+ θ0PTWT
− θ0WT

σ2Φ

+
θ20PTW

2T 2

2σ4Φ2

)

= lim
PT→0

ξ

(
θ0W

2T

2σ4Φ2
− θ0W

2T

σ2Φ(σ2Φ+ θ0PTWT )

)

= lim
PT→0

ξθ0W
2T

(
θ0PTWT − σ2Φ

2σ4Φ2 (σ2Φ+ θ0PTWT )

)

= −ξθ0W
2T

2σ4Φ2
< 0. (19)

This result suggests that, in the low-SNR regime, the lowest
order modulation/lowest transmission power is the optimal
power allocation strategy for all QoS constraints when the
circuit power is negligible.

In the general case where the circuit power is nonzero, the
optimal power allocation scheme is the solution to

θ0WT

σ2Φ+ θ0P ∗
TWT

=
log
(

1 +
θ0P

∗
TWT

σ2Φ

)
ξPC + P ∗

T

.

The maximum delay-sensitive energy efficiency can be
written as

V ∗ =
ξ log
(

1 +
θ0P

∗
TWT

σ2Φ

)
θ0T (ξPC + P ∗

T )
=

ξW

σ2Φ+ θ0P ∗
TWT

.

Thus, the optimal power allocation can be expressed as

P ∗
T =

ξ

θ0TV ∗ − σ2Φ

θ0WT
. (20)

It is shown in (20) that the optimal power allocation scheme
follows a water-filling structure where the water level is deter-
mined by the optimal delay-sensitive energy efficiency and the
QoS constraint θ0.
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In the case where θ0 is small (delay insensitive traffic), the
delay-sensitive energy efficiency at low SNR becomes

lim
θ0→0

V (θ0, PT ) =
ξPTW

σ2Φ(ξPC + PT )
.

When the circuit power is negligible, the energy efficiency
is independent of the transmission power. This is because,
in the low-SNR regime, the achievable system throughput in
(7) is linear in the transmission power. In the case where the
circuit power is nonnegligible, i.e., PC �= 0, the optimal power
allocation in this case is P ∗

T = Pmax.
On the other hand, in the case where θ0 is nonnegligible, we

can evaluate the change of the delay-sensitive energy efficiency
as a function of QoS constraint θ. To be specific, assume
that P ∗

T is the optimal transmission power that maximizes
V (θ, PT ). That is, B(θ0, P

∗
T ) = 0. Taking the partial derivative

of A(θ, PT )B(θ, PT ) in (18) with respect to θ, we obtain

∂2V (θ, PT )

∂θ∂PT

∣∣∣∣
θ=θ0,PT=P∗

T

=
∂A(θ, PT )B(θ, PT )

∂θ

∣∣∣∣
θ=θ0,PT=P∗

T

=
∂A(θ, PT )

∂θ
B(θ, PT )

∣∣∣∣
θ=θ0,PT=P∗

T

+A(θ, PT )
∂B(θ, PT )

∂θ

∣∣∣∣
θ=θ0,PT=P∗

T

= A(θ, PT )
∂B(θ, PT )

∂θ

∣∣∣∣
θ=θ0,PT=P∗

T

.

It can be verified that ∂B(θ, PT )/∂θ|θ=θ0,PT=P∗
T
< 0, and

therefore, we have

∂2V (θ, PT )

∂θ∂PT

∣∣∣∣
θ=θ0,PT=P∗

T

< 0.

This implies that, in the low-SNR regime, the optimal trans-
mission power for delay-sensitive energy efficiency decreases
as the QoS constraint increases. In fact, this observation can
be also obtained by looking at (20). When the QoS constraint
becomes more stringent, transmission power has to be reduced.
For the case where PC = 0, it is known that the lowest order
modulation/lowest transmission power is the optimal strategy
for θ0 = 0. Hence, as θ0 increases, the optimal transmission
power should be reduced. This suggests that the lowest order
modulation/lowest transmission power is the optimal strategy
for all values of θ0 when PC = 0, which coincides with the
observation we have from (19).

B. High-SNR Regime

At high SNR, the approximation

1 +
|h|2PT

σ2Φ
≈ |h|2PT

σ2Φ

can be applied. Accordingly, the delay-sensitive energy effi-
ciency can be expressed as

V (θ0, PT ) = −
ξ log
∫∞
0

(
zPT

σ2Φ

)−θ0WT
e−zdz

θ0T (ξPC + PT )
. (21)

This implies that the energy efficiency decays to 0 as PT →
∞. The derivative of the achievable system throughput during
a block with respect to PT , r′, can be approximated as

r′ =
dr

dPT
=

|h|2WT

σ2Φ+ |h|2PT
≈ WT

PT
. (22)

Considering both (15) and (22), we have

d V (θ0, PT )

dPT
=

ξ

(ξPC+PT )2
(w(θ0, PT )−α(θ0, PT ))

=
ξ

(ξPC+PT )2

(
W (ξPC+PT )

PT
−α(θ0, PT )

)
.

(23)

Note that (23) can be also obtained by taking the derivative of
(21) with respect to PT . As such, the optimal power allocation
scheme is the solution of

W (ξPC + P ∗
T )

P ∗
T

= α (θ0, P
∗
T ) .

Assume that P ∗
T is the optimal transmission power to maximize

the energy efficiency when PC = 0 (i.e., when circuit power is
negligible) and PC∗

T is the optimal transmission power when
PC �= 0. It is clear that PC∗

T ≥ P ∗
T since α(θ0, P

∗
T ) is a mono-

tonically increasing function of P ∗
T . Furthermore, the difference

between PC∗
T and P ∗

T also depends on the QoS constraint
of the underlying multimedia traffic. Therefore, the circuit
power and the QoS constraint of the underlying multimedia
traffic have a nonnegligible impact on the optimal transmission
power. In (12), we have V ∗ = ξα(θ0, P

∗
T )/ξPC + P ∗

T . Accord-
ingly, the maximum delay-sensitive energy efficiency can be
expressed as

V ∗ =
ξW

P ∗
T

.

This expression indicates that, in the high-SNR regime, the op-
timal energy efficiency is reversely proportional to the optimal
transmission power.

In the case where θ0 is nonnegligible, as in the low-SNR
regime, we can evaluate the change of the delay-sensitive
energy efficiency as a function of QoS constraint θ. Taking the
partial derivative of V (θ, PT ) in (23) with respect to θ, we get

∂2V (θ, PT )

∂θ∂PT
=

−ξ

(ξPC + PT )2
∂α(θ, PT )

∂θ
.

Since α(θ, PT ) is a monotonically decreasing function for
θ > 0 [7], we have ∂2V (θ, PT )/∂θ∂PT ≥ 0. This result sug-
gests that, in the high-SNR regime, the optimal transmission
power for delay-sensitive energy efficiency increases as the
QoS constraint becomes more stringent. Furthermore, since
the optimal energy efficiency is reversely proportional to the
optimal transmission power, the energy efficiency of the system
reduces as the QoS requirement becomes more stringent.
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Fig. 2. Optimal transmission power as a function of QoS constraint θ0.

Fig. 3. Energy efficiency for different power allocation strategies.

C. Performance Evaluation

Here, we evaluate the energy-efficiency performance of
delay-sensitive multimedia traffic under different power allo-
cation strategies. For example, when Pmax = 10 mW, PC =
1 mW, W = 1 MHz, T = 5 ms, N0 = 10−6 W/Hz, Φ = 0,
and ξ = 1, the optimal transmission power to maximize the
delay-sensitive energy efficiency can be found in Fig. 2. As
suggested by the analytical results in Section IV-A, the optimal
transmission power decreases as the QoS constraint increases.
In Fig. 3, we evaluate the energy efficiency of various power al-
location strategies for the same set of system parameters. To be
specific, we compare two power allocation strategies: 1) a fixed
power allocation strategy where we set the power allocation to
a certain level irrespective of the underlying QoS constraint for
the multimedia traffic; 2) an optimal power allocation strategy
where we choose different power allocation rules for different
QoS constraints. The corresponding energy efficiency values of
the two systems are illustrated in Fig. 3. Under fixed power
allocation, we select the power allocation strategy, which is
optimized for θ0 = 0.004. This is the reason why the two

energy-efficiency curves start at the same point at θ0 = 0.004.
Still, as the QoS requirement of the multimedia traffic becomes
more stringent, the transmission power has to be reduced to
optimize the energy efficiency. This is the reason why the
QoS-aware power allocation significantly outperforms the fixed
power allocation strategy for different QoS requirements.

V. CONCLUSION

In this paper, we connect the delay-violation probability
to buffer overflow probability for delay-sensitive multimedia
traffic. Furthermore, we develop the notion of delay-sensitive
energy efficiency for multimedia traffic. Based on this concept,
optimal power allocation is characterized to maximize the
energy efficiency of a wireless system under statistical QoS
constraints. The statistical QoS requirement and the circuit
power play a significant role in the optimal transmission power
allocation strategies for energy-efficient multimedia commu-
nications. In general, in the low-SNR regime, the optimal
transmission power should decrease as the statistical QoS con-
straint increases. However, in the high-SNR regime, the optimal
transmission power should increase when the statistical QoS
requirement becomes more stringent. In both cases, the optimal
transmission power should increase as circuit power becomes
nonnegligible.

APPENDIX A
DELAY-VIOLATION PROBABILITY

Here, we provide a proof for Theorem 1. Suppose that the
joint process of the queue length and channel, i.e., (Q(t), h(t)),
is stationary and ergodic. Then, this process converges in
distribution to a probability law μ. Let D(∞) be a random
variable whose distribution coincides with the delay expe-
rienced by packets at steady state and Dmax be the delay
constraint imposed on the traffic. Similarly, let Q(∞) be a
random variable whose distribution is equal to the queue-length
distribution of the buffer at steady state and Qmax = aDmax be
the delay-violation threshold for the queue. Note that this rela-
tionship holds because of the constant arrival rate in the buffer.
The probability that the queue length at steady state exceeds
Qmax is

Pr {Q(∞) > Qmax} =

∫
R+×H

1{q>Qmax}dμ(q, h)

where 1A is the indicator function of set A.
At time t, the delay D(t) experienced by a packet that is

about to leave the buffer is related to the queue length of the
buffer Q(t) through Q(t) = aD(t). For specific realization of
the system, the empirical probability that a packet transmitted
during time interval [0, T ] exceeds Dmax is given by∫ T

0 1{Q(t)>Qmax}v(t)dt∫ T
0 v(t)dt

where v(t) is the instantaneous departure rate of the system at
time t. Note that when the buffer is nonempty, v(t) is equal
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to r(h(t)), i.e., the instantaneous service rate of the wire-
less channel. Thus, the limiting delay-violation probability is
equal to

lim
T→∞

1
T

∫ T
0 1{Q(t)>Qmax}r (h(t)) dt

1
T

∫ T
0 v(t)dt

= lim
T→∞

1
T

∫ T
0 1{Q(t)>Qmax}r (h(t)) dt

1
T (aT +Q(0)−Q(T ))

.

The stability of the system implies that

lim
T→∞

1
T

(aT +Q(0)−Q(T )) = a.

Since the joint process (Q(t), h(t)) is stationary and ergodic,
we can compute the delay-violation probability using the limit-
ing distribution μ

Pr {D(∞) > Dmax} =
1
a

∫
R+×H

1{q>Qmax}r(h)dμ(q, h).

Accordingly, the delay-violation probability can be bounded as
follows,

Pr {D(∞) > Dmax} =
1
a

∫
R+×H

1{q>Qmax}r(h)dμ(q, h)

≤ 1
a

√√√√ ∫
R+×H

12
{q>Qmax}dμ(q, h)

√√√√ ∫
R+×H

r2(h)dμ(q, h)

=
1
a

√√√√ ∫
R+×H

1{q>Qmax}dμ(q, h)

√√√√ ∫
R+×H

r2(h)dμ(q, h)

=
1
a

√
Pr {Q(∞) > Qmax}

√√√√ ∫
R+×H

r2(h)dμ(q, h)

where the first inequality comes from the Cauchy–Schwarz
inequality, and the second equality comes from the fact that
12
A = 1A. Let ν be the probability law for the marginal dis-

tribution of the channel in steady state, we have

∫
R+×H

r2(h)dμ(q, h) =

∫
H

r2(h)d ν(h).

Therefore

Pr {D ((∞) > Dmax} ≤ c
√
Pr {Q(∞) > Qmax}

where c = (1/a)
√∫

H r2(h)d ν(h) is a constant independent of

the queue distribution.
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