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Abstract—Adaptive modulation and coding (AMC) has been
widely used to improve the spectral efficiency. In this paper, we
take a different look at it from energy saving point of view.
Specifically, we analyze the queuing behavior of AMC systems
jointly with sleep mode where the wake-up process incurs time
and energy cost. We formulate the optimization problem by
jointly considering energy-efficiency, queuing delay and packet
loss rate, and find the solution with cross-layer adjustment of
the transmit power and the sleep threshold. Numerical results
show that at low traffic range, when the power consumption of
idle (no data transmission) mode is un-negligible, introducing
sleep mode to the AMC system significantly improves the energy
efficiency compared with non-sleep system. To achieve the energyefficiency gain, the system tends to use higher-order modulation
by increasing transmit power, which also reduces the number of
dropped packets.

I. I NTRODUCTION
Nowadays, reduction of energy consumption has become a
key problem from both environmental and economic perspective. The rapid development of information and communication technology (ICT) not only greatly improves the capacity
of wireless networks, but also leads to a large amount of
energy consumption. However, because of traffic variation and
channel fading, network capacity is usually not fully utilized
so that the energy consumption required to support the peak
capacity is wasted. Therefore, algorithms to improve energy
efficiency with respect to certain Quality of Service (QoS) are
urgently required.
Adaptive modulation and coding (AMC) has been widely
used to enhance the spectral efficiency by matching transmission parameters to time-varying channel conditions [1]
[2]. On the other hand, AMC also provides opportunity for
energy-efficiency enhancement by increasing transmit power
to support higher data rate, which improves the time ratio of
putting devices into sleep mode. Ref. [3] studies the modulation optimization problem by taking both transmit energy
and processing circuit energy into account. Although random
traffic and finite buffer is not included since it considers the
wireless sensor networks with periodical data transmission, the
result gives an insight on the tradeoff between the energy consumption for higher-order modulation and the energy saving
from sleep. Consequently, jointly considering AMC and sleep
schemes can lead to energy-efficient network protocol design.
Although introducing sleep mode can dramatically reduce
the energy consumption [4] [5], it is facing various challenges

such as the additional time and energy cost of switching
between sleep mode and active mode, queuing delay and buffer
overflow. Therefore, related work in literature has focused on
these problems to optimize the sleep policy. Queuing analysis
of sleep policies with switching delay and energy cost is
presented in [6] and [7] assuming infinite buffer length. Very
recently, Ref. [8] formulates the sleep problem as a Markov
decision process (MDP) problem considering the switching
energy cost and the queuing delay penalty, and finds that the
optimal sleep policy has a simple double-threshold structure.
Most of the existing sleeping schemes assume that the server
consumes the same power in active mode, which corresponds
to a fixed transmission power and modulation and coding
scheme. However, since the wireless channel is time-varying
and sometimes suffers from deep fading, fixed transmission
scheme is neither spectral efficient nor energy efficient.
In this paper, we study the queuing behavior of AMC
systems jointly with sleep mode under the condition of random
traffic and finite buffer length. The optimization problem
is formulated to minimize the cost that combines energy
consumption and queuing delay, under the transmit power
and the packet loss rate constraints. We analyze the energy
consumption per packet, the average delay and the packet loss
rate, and propose a cross-layer optimization algorithm by adjusting the transmit power and the sleep threshold. It is shown
from the numerical results that when the power consumption
in idle frame with no data transmission is comparable with
that of active frame, higher-order modulation combined with
sleeping schemes substantially improves the energy efficiency,
and noticeable energy-efficiency gain of AMC with sleep is
obtained compared with non-sleep schemes.
The rest of this paper is organized as follows. We introduce
the system mode in Section II. In Section III, queuing analysis,
performance metrics calculation and cross-layer design are
presented. Numerical results are provided in Section IV.
Finally, Section V concludes the paper.
II. S YSTEM M ODEL
We consider a wireless communication link with a singletransmit and a single-receive antenna. Assume the transmitter
has a finite buffer of size K and works in two modes, active
and sleep. It goes to sleep as long as the buffer is empty and
starts the wake-up process when the queue length exceeds a
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threshold L. Assume the wake-up process is both time and
energy consuming. In active mode, we deal with frame by
frame transmissions at the physical layer, where each frame
has a fixed duration (Tf seconds). The buffered packets are
merged into each frame through modulation and coding. As
a consequence, the number of packets per frame depends on
the selected modulation and coding scheme. At the receiver
side, the modulation-coding pairs are determined by the AMC
selector according to the estimated channel state information
(CSI) and sent back to the transmitter. When the transceiver
is active, AMC is performed to maximize the data rate by
adjusting transmission parameters to the available CSI, while
maintaining a target packet error (caused by packet reception
error) rate Pe . Let N denote the total number of transmission
modes available. The entire SNR range is divided into N +1
nonoverlapping consecutive intervals, with boundary points
+1
denoted by {γn }N
n=0 . Specifically, mode n is chosen when
γ ∈ [γn , γn+1 ). Data rate for the mode n = 0 is R0 = 0
(bits/symbol) to avoid deep channel fades. The packet error
rate (PER) is approximated as [2]

1,
if 0 < γ < γpn ,
(1)
PERn (γ) ≈
an exp(−gn γ), if γ ≥ γpn ,
where n is the mode index and γ is the received signal-tonoise ratio (SNR), which is assumed Gamma distributed [9]
with mean γ̄ = Pt Gβd−κ /N0 , where Pt is the transmit power,
G is the antenna power gain, d is the transmit distance, β is
the pathloss constant, κ is the pathloss exponent, and N0 is
the noise power. The transmission modes are adopted from
the HIPERLAN/2 or the IEEE 802.11a standards [10], and
the parameters an , gn and γpn are obtained by fitting with
packet length Nb = 1080. The average PER of AMC can be
calculated as [2]
N
Rn Pr(n)PERn
,
(2)
PER = n=1
N
n=1 Rn Pr(n)
where Pr(n) denotes the probability with which mode n is
chosen and PERn denotes the average PER of mode n. The
closed-form of Pr(n) and PERn can be found in [2]. Then
+1
the boundary points {γn }N
n=0 are selected so that PERn = Pe
for each mode n, which naturally leads to PER = Pe . The
scheme to determine the boundaries are detailed in [2].
The channel is assumed frequency flat and suffers block
fading, i.e., it remains constant in each frame, but is variable
from frame to frame. Therefore, AMC is adjusted frame by
frame. A finite state Markov chain (FSMC) channel model is
adopted as in [11]. The SNR region [γn , γn+1 ) corresponding
to transmission mode n constitutes the channel state indexed
by n. Denote Pc as the (N + 1) × (N + 1) state transition
matrix. We assume slow fading so that transition happens
only between adjacent states, i.e., Pi,j = 0, |i − j| ≥ 2. The
expression of the non-zero elements Pi,j is described in [11].
The power consumption is modeled as follows. The system
in sleep mode consumes Ps to maintain the basic operation
such as backhaul connection and queue data storage. When
the server is in wake-up process, the power consumption is
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Pw . In active mode, the power consumption is a function
of modulation and coding mode n and transmit power Pt ,
denoted as Pn (Pt ). Define Pr(s) as the time ratio of sleep
mode, Pr(w) as the time ratio of wake-up process, Pr(n) as
the time ratio of modulation and coding mode n in active
mode, and N̄p as the average number of packets transmitted in
each frame. Then the average energy consumption per packet

Tf
(Pr(s)Ps + Pr(w)Pw +
Pr(n)Pn (Pt )). (3)
Ep =
N̄p
n
The objective of AMC strategy with sleep is to minimize
the energy consumption plus weighted average delay of each
packet while guaranteeing a target packet loss (including
both packet reception error and buffer overflow) rate. The
optimization problem can be modeled as
min Ep + ω W̄ ,
s.t. Pl ≤ Plmax ,
Pt ≤ Ptmax ,

(4)

where W̄ is the average queuing delay, ω is the weight factor
of delay, Pl denotes the packet loss rate with constraint Plmax ,
and Ptmax is the transmit power budget. The parameter ω captures the tradeoff between energy and delay, which indicates
the application’s sensitivity to the delay. The problem can be
optimized by adjusting the wake-up threshold L that trades off
between the queuing delay and the sleep time ratio, and the
transmit power Pt the influences both AMC boundaries and
energy consumption. We derive the performance metrics in (4)
according to the queuing analysis presented in the following.
III. P ERFORMANCE A NALYSIS
A. Queuing Analysis
In this section, we model and analyze the queuing arrival
process, the service process and the queue state transition. The
system time diagram is shown in Fig. 1, where each time-unit
t represents a frame duration. During t, At packets arrive in
the queue. The queue state Qt is described as the number
of packets in the queue at the end of each time-unit, and the
server state Ct is described as the maximum number of packets
that can be transmitted per time-unit.
1) Arrival Process: The process At is stationary with mean
E{At } = λTf , where λ denotes the number of packets arrived
per second, and independent of the queue state as well as the
service process. We assume that At is Poisson distributed
(λTf )a exp(−λTf )
,
a!
where At ∈ A := {0, 1, · · · , ∞}.
P (At = a) =

(5)
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2) Service Process: When the server is active, the service
process is dynamic with a variable number of packets transmitted per time unit due to AMC scheme. Corresponding to
each transmission mode n, let cn (packets/time-unit) denote
the number of packets transmitted per time-unit. Then we have
Ct ∈ C,

C := {c0 , c1 , . . . , cN }

(6)

where cn = bRn takes non-negative integer values, and b
depends on the system resource allocated per user. Since the
AMC mode n is chosen when the channel enters the state n,
and the server works in state cn , the service process in active
state is also modeled as a FSMC with state transition matrix
the same as Pc .
When the server goes to sleep, the service rate remains 0
until the wake-up process is finished. Note that although the
energy consumption of sleep mode and wake-up process is
different, the service rate keeps the same. Therefore, we denote
c−1 = 0 as the server in sleep mode or wake-up process to
reduce the number of server states. While the two states are
distinguished by the queue length Qt , i.e., if Qt < L, the
server is in sleep mode, otherwise it is in wake-up process. To
sum up, the set of server states is

(7)
Ct ∈ C  . C  := C {c−1 } = {c−1 , c0 , . . . , cN }
Denote w as the wake-up time of the server. In the slotted
system, w is assumed a positive multiple of the frame duration.
In current work, w is initially assumed geometric distributed
to make use of the memoryless property, i.e. Pw (w = kTf ) =
(1 − pw )pk−1
w , k ≥ 1. Actually, any random distributions or
fixed wake-up time depending on real system settings can be
analyzed without much difficulty, which is left for future work.
3) Queue State Transition: Recall that Qt denotes the
queue state (the number of packets in the queue) at the end of
time-unit t and Qt ∈ Q := {0, 1, 2, . . . , K}. We assume the
packets in the queue are moved out first at the beginning of
time-unit t based on the server state Ct . As a result, the number
of free slots in the queue is Ft = K − max{0, Qt−1 − Ct }.
Then, arriving packets are placed in the queue throughout
time-unit t. Because of the finite buffer, packets will be
dropped when the queue is full, i.e., if At > Ft , At − Ft
packets are dropped. So the queue state transition can be
summarized as follows:
Qt = min{K, max{0, Qt−1 − Ct } + At }.

(8)

Since At is independent of Qt−1 and Ct , we need only
analyze the transition of joint state pair (Qt−1 , Ct ). Since the
server goes to sleep as long as the queue is empty, the state
pairs (0, cn )n≥0 do not exist. Hence the joint state pair set
is QC = Q × C  \ {(0, cn )}N
n=0 . Let P(q,c)(p,d) denote the
transition probability from (Qt−1 = q, Ct = c) to (Qt =
p, Ct+1 = d), where (q, c) ∈ QC and (p, d) ∈ QC. Then the
state transition probability matrix is organized in a block form
P = [Aq,p ] , 0 ≤ p, q ≤ K

(9)

where

⎧
P(0,c−1 )(0,c−1 ) ,
if p = 0, q = 0
⎪
⎪
⎨ P
,
if p > 0, q = 0
,
0
(0,c−1 )(p,c−1 )
1×(N +1)
Aq,p =
P
,
if p = 0, q > 0
(q,c)(0,c−1 ) c∈C 
⎪
⎪
⎩
P(q,c)(p,d) c,d∈C  ,
else
(10)
where P(q,c)(0,c−1 ) c∈C  = P(q,c−1 )(0,c−1 ) , P(q,c0 )(0,c−1 ) ,
T

. . . , P(q,cN )(0,c−1 )
is an (N + 2) × 1 vector where (·)T
denotes the transpose of a vector, and P(q,c)(p,d) c,d∈C  is an
(N +2)×(N +2) matrix. We next calculate the state transition
probability as
P(q,c)(p,d) =
⎧
P (Qt = p|Qt−1 = q, Ct = 0),
⎪
⎪
⎪
⎪
if q < L, c = c−1 , d = c−1
⎪
⎪
⎪
⎪
P
(Q
=
p|Q
=
q,
C
⎪
t
t−1
t = 0)Pw (w > Tf ),
⎪
⎪
⎪
if q ≥ L, c = c−1 , d = c−1
⎪
⎪
⎪
⎪
⎨ P (Qt = p|Qt−1 = q, Ct = 0)Pw (w = Tf )P (Ct+1 = d),
if q ≥ L, c = c−1 , d ∈ C
⎪
⎪
=
0|Q
=
q,
C
P
(Q
⎪
t
t−1
t = c),
⎪
⎪
⎪
if p = 0, q > 0, c ∈ C, d = c−1
⎪
⎪
⎪
⎪
P
(C
=
d|C
=
c)P
(Q
⎪
t+1
t
t = p|Qt−1 = q, Ct = c),
⎪
⎪
⎪
if
p > 0, q > 0, c ∈ C, d ∈ C
⎪
⎪
⎩
0,
else
(11)

where the transition probability P (Ct+1 = d|Ct = c) can be
found from the entries of Pc , and the stationary distribution
P (Ct+1 = d) is obtained by solving πc = πc Pc and πc e = 1,
where e is an (N + 1) × 1 vector with all elements equaling
to 1. Here we make the following approximation that when
the server finishes wake-up process and enters active mode, the
channel state is randomly generated according to the stationary
distribution. Based on (8), it is easy to verify that
P (Qt = p|Qt−1 = q, Ct = c) =

P (A
0≤p<K
t = p − max{0, q − c}),
1 − 0≤p<K P (Qt = p|Qt−1 = q, Ct = c). p = K
(12)
It can be proved (similar to the Appendix of [2]) that the
stationary distribution π = [π(0,c−1 ) , π(1,c−1 ) , . . . , π(1,cN ) , . . . ,
π(K,c−1 ) , . . . , π(K,cN ) ] exists and is unique, where π(q,c) :=
limt→∞ P (Qt−1 = q, Ct = c). Based on the stationary distribution π, one can calculate the average number of transmitted
packets per frame, the average delay and the packet loss rate
for performance evaluation.
B. System Performance
1) Energy Consumption per Packet: Define (Q, C) :=
analytical results of Seclimt→∞ (Qt−1 , Ct ). Based on the 
tion
III-A3,
we
have
Pr(s)
=
q<L π(q,c−1 ) , Pr(w) =


π
and
Pr(n)
=
π
q≥L (q,c−1 )
q>0 (q,cn ) , n = 0, . . . , N .
The average number of packets transmitted in each frame
is calculated as follows. Notice that when Qt−1 < Ct , no
sufficient packets are available for transmission. Hence the
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number of transmitted packets in the frame of state (Q =
q, C = c) is Np = min{q, c}. Consequently,

min{q, c}π(q,c) .
(13)
N̄p =
q>0,c∈C

TABLE I
O PTIMAL VALUE OF S LEEP T HRESHOLD
λTf (packets/frame)
Optimal L
λTf (packets/frame)
Optimal L

0.5
8
3.5
15

1
14
4
9

1.5
18
4.5
6

2
20
5
1

2.5
21
5.5
1

3
20
6
1

Then the energy consumption per packet is calculated as (3).
2) Delay: According to Little’s Law [12], we have
W̄ =

Q̄
,
(1 − Pd )λTf

(14)


where Q̄ = q∈Q,c∈C  qπ(q,c) is the average queue length and
Pd is the packet dropping (overflow or blocking) rate which
is detailed in the following subsection.
3) Packet Loss Rate: The number of packets dropped
at time t can be expressed as Dt = max{0, At − K +
max{0, Qt−1 − Ct }}. Since At and state pair (Qt−1 , Ct )
are both stationary, the ensemble-average number of packets
dropped per time-unit can then be calculated as

max{0, a − K + max{0, q − c}}
D̄ =

by exhaustive search since L is finite. In the next section, we
present numerical results based on our analytical results and
also adopt Monte-Carlo simulations to validate our analysis.
IV. N UMERICAL R ESULTS

We test the performance in single cell downlink scenario.
Assume the buffer length K = 50, the frame length Tf = 2
ms, the target packet error rate Pe = 1 × 10−3 , b = 2 and the
geometric distribution parameter pw = 36.8% for all the test.
The link parameters are set according to ITU micro-cell test
environment [14]. The maximum transmit power is Ptmax =
41 dBm. The antenna power gain is assumed G = 9 dB. The
pathloss
model is P LdB (dkm ) = 33.05 + 36.7log10 (dkm ). We
a∈A,q∈Q,c∈C 
choose d = 30 m as the transmit distance. The noise power
·P (A = a) · π(q,c) . (15) N is calculated by setting the reference SNR at distance 100
0
m to be 5 dB with maximum transmit power. The target packet
Based on (15), the packet dropping rate is given by
loss rate is Plmax = 1 × 10−2 .
T
D̄
t=1 Dt
We adopt the typical BS structure from Ref. [15] which
Pd = lim T
=
,
(16)
T →∞
λTf
consists of a power supplier, a central controller, a cooling
t=1 At
where the second equality is verified in the Appendix of [2]. equipment and 12 transmit blocks. Assume the power supplier
and the central controller is always powered on, and the
Then the average packet loss rate Pl can be computed as
cooling power consumption is proportional to the number of
Pl = 1 − (1 − Pd )(1 − Pe ).
(17) active transmit blocks. In wake-up process and active mode
with rate R0 = 0, the transmit block consumes the same
C. Cross-Layer Design
power as idle control. When the server is active with nonGiven Pe , λ, and the channel condition parameters, the zero data rate, additional power consumption comes from the
problem (4) can be optimized by adjusting Pt at the physical converter, the duplexer, the combiner and the power amplifier
layer and L at the link layer. It can be verified that given (PA) P
amp = ξ/ηPt , where η is the drain efficiency and
L, the packet loss rate is a nonincreasing function of Pt and ξ is the modulation-dependent peak-to-average ratio (PAR).
the cost function in (4) has a single optimal point. Hence a Based on the assumptions and the power budget in [15], we
simple cross-layer approach is proposed to numerically find obtain for each transmit block, P ≈ 75 W, P = P ≈ 165
s
w
0
the optimal Pt and L and is detailed as follows.
≈ 215 + ξ/ηPt W, n = 1, . . . , N, where ξ =
W,√Pn (Pt ) √
3( M − 1/ M + 1) for M -QAM modulation and η = 0.35.
Step 1 Set L = {1, . . . , K}.
In
the initial phase ω = 5 × 10−3 J/frame, which means that
Step 2 For L = 1 to K
−3
Find Ptmin (L) so that Pl ≤ Plmax for all Pt ≥ delaying a packet an entire frame can save 5 × 10 J.
The variation of optimal L along with the arrival rate is
Ptmin (L).
listed in Table I. It is shown to be a concave function of
If Ptmin (L) > Ptmax , set L = L \ {L},
the arrival rate. At low traffic range, L is set to be small
else, find the optimal Pt (L) as
to minimize the queuing delay. At high traffic range on the
Pt (L) = arg
min
Ep + ω W̄ . (18) other hand, small L is selected mainly to help reduce packet
Ptmin (L)≤Pt ≤Ptmax
dropping. While in between, the system selects large L so that
opt
opt
max
the time ratio of sleeping is maximized. In other words, the
Step 3 If L = ∅, set (Pt , L ) = (Pt , 1),
energy consumption is minimized.
else, find the optimal (Pt , L) as
Fig. 2 depicts the energy consumption per packet versus
(Ptopt , Lopt ) = arg min Ep + ω W̄ .
(19) packet arrival rate. AMC w/ sleep denotes the proposed AMC
(Pt (L),L):
L∈L
system with sleep mode. AMC w/o sleep is the traditional
To enhance the searching speed, Ptmin (L) can be found scheme [2] in which the transmit block is always active, and
using binary search, and the optimization (18) can be done only the transmit power is optimized. It is shown that AMC
by the golden section method [13]. While (19) can be solved w/ sleep achieves high energy efficiency at low traffic range
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order modulation is preferable. Also, energy-efficiency gain
is much more remarkable at low traffic range. Future work
includes the analysis of different wake-up settings. Extending
the results to multi-cell scenario is also a valuable direction.
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(46.7% gain achieved when λTf = 0.5 packets/frame). But
the gain diminishes as the traffic becomes higher. The reason
can be found in Fig. 3. At low traffic range, AMC w/ sleep,
which uses higher transmit power than that without sleep (ex.
37 dBm for AMC w/ sleep and 32 dBm for AMC w/o sleep
when λTf = 2 packets/frame), has more chance to transmit
at high data rate. Consequently, the packets in the buffer are
moved out quickly and the transmit block has more time to
sleep, which greatly reduces the unnecessary server idle power
consumption. At high traffic region, the transmit block can
barely go to sleep mode even if we use the maximum transmit
power, which results in the similar performance.
In Fig. 4, surprisingly, the packet loss rate of AMC with
sleep is also lower than that of AMC without sleep when
the traffic load is low. In fact, it is a natural outcome since
the buffered packets are moved out very quickly with higher
data rate, and hence fewer packets are dropped. But when
the arrival rate is large (λTf > 4.5 packets/frame), even the
maximum transmit power cannot support a required service
rate, which causes heavy buffer overflow. And the packet loss
rate performance is almost the same as the additional overflow
brought by the short time sleep (L = 1) is negligible.
V. C ONCLUSION
In this paper, we have proposed a queuing analysis of
AMC systems jointly with sleep mode. Based on the queuing
analysis, a cross-layer algorithm that minimize the energy
consumption combined with queuing delay is proposed. According to the numerical results, in a typical BS system with
sleep mode where idle mode consumes a lot of power, higher-
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