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Modeling Energy Saving Mechanism
for Green Routers

Gi-Ren Liu, Phone Lin , Fellow, IEEE, and Mohamad Khattar Awad , Member, IEEE

Abstract—The rapidly growing energy consumption of the
Internet core network has been a growing concern. In this respect,
we have proposed a distributed and load adaptive energy saving
router (ESR) mechanism to manage the energy consumption of
green routers in our previous work. In this paper, we propose an
analytical model to investigate the performance of ESR. The pro-
posed model captures the distribution of the packet service time,
the buffer size, and the packet loss probability. Under the low
(resp. high) traffic load situation, our numerical results show that
the ESR has the ability to save more than 40% (resp. 9%) energy.
In addition to evaluating the ESR performance in terms of the
energy saving ratio, rerouting probability and average delay, the
models provide manufactures and operators with guidelines for
the deployment of green Internet.

Index Terms—Networks, computer network performance,
energy conservation.

I. INTRODUCTION

THE RECENT innovation of communication, multime-
dia, and Internet of Things (IoT) applications has driven

the bandwidth demand to grow rapidly. The exponentially
growing demand for traffic is expected to traverse through
the core/transport network while driving similar exponentially
growing energy consumption. From 2013 to 2017, a 320%
increase in core network traffic was predicted by a research
from Bell Labs [6]. Given that the energy cost of powering the
U.S. wired network alone was in the range of 0.5−2.5 billion
dollars in 2010, this predicted increase in traffic translates to
billions of dollars increase in energy cost.

The core network is over-provisioned to provide: reliable
service during peak demand periods, and survivability in case

Manuscript received July 6, 2017; revised November 11, 2017 and
December 21, 2017; accepted February 21, 2018. Date of publication February
28, 2018; date of current version August 16, 2018. The work of G.-R. Liu was
supported by the Taiwan Ministry of Science and Technology under Grant
MOST 106-2115-M-006-016-MY2. The work of P. Lin was supported in
part by the Taiwan Ministry of Science and Technology under Grant MOST
106-2923-E-002-005-MY3, Grant MOST 104-2923-E-002-005-MY3, Grant
MOST 103-2221-E-002-249-MY3, and Grant MOST 103-2221-E-002-152-
MY3, in part by the Chunghwa Telecom, and in part by the ICL/ITRI Project
in Taiwan. The work of M. K. Awad is supported by the Kuwait Foundation
for the Advancement of Sciences under Project P314-35EO-01. The associate
editor coordinating the review of this paper and approving it for publication
was V. Prasad. (Corresponding author: Phone Lin.)

G.-R. Liu is with the Department of Mathematics, National Cheng Kung
University, Tainan 70101, Taiwan (e-mail: girenliu@mail.ncku.edu.tw).

P. Lin is with the Department of Computer Science and Information
Engineering, National Taiwan University, Taipei 10617, Taiwan (e-mail:
plin@csie.ntu.edu.tw).

M. K. Awad is with the Department of Computer Engineering, Kuwait
University, Khaldia 72303, Kuwait (e-mail: mohamad@ieee.org).

Digital Object Identifier 10.1109/TGCN.2018.2810445

Fig. 1. The Internet core network.

of link failures. Although over-provisioning is critical for core
networks, dynamically turning off under-utilized links and
turning them back ON as the demand increases has been
shown to be an effective approach for energy reduction. In
this respect, IEEE 802.3az Energy Efficient Ethernet (EEE)
protocol [1] defines an energy management mechanism to
reduce the energy consumption of core networks. Specifically,
the IEEE 802.3az EEE defines a Low Power Idle (LPI) mode
to shut down sub-components of interfaces in a router. These
sub-components include the transmitter (Tx), the receiver (Rx),
and the Rx buffer. In this mode, the Tx buffer remains ON.
In the active mode, both the transmitting part and the receiv-
ing part are powered on. When the Tx is idle, i.e., the Tx
buffer is empty, the interface moves to the LPI mode. While
the interface is being in the LPI mode and a new packet
arrives, the router moves from the LPI mode to the active mode
immediately. Performance studies presented in [5], [7], [9],
and [29] showed that interfaces operating under IEEE 802.3az
EEE oscillate rapidly between the active and sleep modes. For
bursty traffic, this oscillation consumes more energy which
outweights the conserved one in the LPI mode.

To reduce this oscillation overhead, several timer-based
schemes have been proposed [15], [18], [30]. A sleep timer is
implemented such that the interface switches to the LPI mode
for the timer duration and switches back to the active mode
upon its expiry. Packets arriving while the interface is in the
LPI mode are buffered in the Tx buffer. Despite the signifi-
cance of the energy saving achieved by these schemes, packets
become subject to loss due to buffer overflow. Hence, the QoS
performance of the routers significantly degrades.
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As shown in Fig. 1, the emerging core networks consist of
core routers and energy efficient routers, i.e., green routers.
Core routers and green routers are assumed to have the same
basic architecture. The core routers maintain the full connec-
tivity of the Internet and its interfaces are always ON. On
the other hand, the green routers are deployed to provide
more bandwidth when needed, and its interfaces can be turned
ON or OFF. Considering this type of network, we have pro-
posed an Energy Saving Router (ESR) mechanism for green
routers in [24]. Unlike existing schemes where packets arriv-
ing to a full buffer are dropped, ESR rescues these packets by
forwarding them to core routers.

II. RELATED WORKS

The previous studies that focused on the performance eval-
uation for the energy saving schemes for Internet routers are
summarized as follows: The works [5], [7], [16] focused on
the standard IEEE 802.3az EEE. The works [15], [17], [18]
investigated the performance of the burst transmission schemes
for IEEE 802.3az EEE. In [15] and [17], based on the
packet arrival rate, the packet service rate, and a sleep time
with fixed length, the authors studied the energy saving ratio
and the transmission waiting time for the burst transmission
schemes. Herrería-Alonso et al. [15] used the Gupta-Singh
algorithm [23] for the setup of the sleep timer. Herrería-
Alonso et al. [17] adjusted the sleep timer to minimize the
transmission waiting time subject to a given energy con-
sumption. However, the two works [15] and [17] did not
consider the distributions of the packet service time, the buffer
size, and the packet loss probability, which makes the pro-
posed approaches unable to capture the behavior with the
real systems well. Kim et al. [18] assumed the truncated
gamma random variable for the sleep timer to obtain the
maximum values of the transmission waiting time and the
number of buffered packets during the LPI mode. To sum-
marize, the works [15], [17], and [18] studied the tradeoff
between the energy saving ratio and the transmission waiting
time. However, the packet loss probability was not treated.

Apart from using the burst transmission scheme and the
sleep timer to avoid unnecessary transitions between the active
and low power modes, further gains in energy efficiency may
be realized if the total traffic load offered to the bundle of EEE
links is properly allocated [25]. More algorithms about the
design of energy-efficient routers and link aggregation groups
can be referred to [11] and [31] and their reference.

In this paper, we propose analytical models to study the
performance of the ESR mechanism in terms of the energy
saving ratio, the packet-rerouting probability, and the expected
waiting time for a buffered packet. The characteristics of the
proposed analytical model and the contribution of this research
are summarized as follows:

• It models a finite buffer size;
• It assumes general distributions for the packet service

time and sleep timer;
• It considers the forbidden mode in the ESR and evaluates

the rerouting probability;

Fig. 2. The general architecture of two connected routers.

• It models the energy consumption of the buffer and the
transceiver separately.

The rest of the paper is organized as follows. In Section III,
we illustrate the system model and briefly describe the ESR
mechanism. The analytical models are proposed in Section IV.
In Section V, we demonstrate the numerical results based on
our analysis, and have the comparison of the performances of
the ESR and IEEE 802.3az EEE. Section VI concludes this
work.

III. THE ESR MECHANISM

Fig. 2 shows an example for two connected routers [20].
The major components in a router include a routing proces-
sor (Fig. 2 (1)) and a switch fabric (Fig. 2 (2)) consisting of
one or more interfaces (Fig. 2 (3)). An interface consists of
a transmitting part and a receiving part. The transmitting part
consists of a Tx (Fig. 2 (3.1)) and a Tx buffer (Fig. 2 (3.2)),
and the receiving part consists of an Rx (Fig. 2 (3.3)) and
a Rx buffer (Fig. 2 (3.4)). An interface is turned on and off
based on different energy saving mechanisms to be elaborated
later. That is, the Tx and the Tx buffer can be controlled sepa-
rately to be turned on and off. When the Tx of an interface is
turned off, the corresponding receiving part (i.e., the Rx and
Rx buffer) is turned off.

This section describes the ESR mechanism for the green
routers. The details of the implementation of the ESR mech-
anism could be found in [24]. The basic idea of ESR is
elaborated as follows. In ESR, we introduce the forbidden
mode, and an interface can be in one of the three operation
modes: the active mode, the LPI mode, and the forbidden
mode. The execution of the active mode and the LPI mode
in ESR are the same as that in IEEE 802.3az EEE. When
the traffic load to an interface is above a predefined thresh-
old, the interface stays in the active mode (where the Tx, Tx
buffer, the Rx, and Rx buffer are powered on to serve incom-
ing packets). On the other hand, when the traffic load to an
interface is below a predefined threshold, the interface moves
from the active mode to the LPI mode (where the Tx, the Rx,
and the Rx buffer are powered off, but the Tx buffer is pow-
ered on). Packet arrivals during the LPI mode are queued in
the Tx buffer. During the LPI mode, if the Tx buffer is full,
the interface moves from the LPI mode to the forbidden mode
(where the Tx, the Tx buffer, the Rx, and the Rx are pow-
ered off). During the forbidden mode, the router processor is
aware of the shutdown of the interface. When a packet arrives
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Fig. 3. Illustration of the ESR mechanism.

at the interface in the forbidden mode, it will be dispatched
by the routing processor to other interfaces of the router and
the traffic will be routed to the core routers.

Let B be the size of a Tx buffer or an Rx buffer. In many
studies such as [13] and [33], it has been justified that in
a router, the transmitting part and the receiving part consume
most of energy. Suppose that when the Tx and the Rx are pow-
ered on, they consume WT Watts and WR Watts, respectively.
When the buffer (either Tx buffer or Rx buffer) is powered on,
it consumes WB Watts. The values of WT , WR, and WB in the
real systems will be elaborated in the numerical result section.
The power consumption of an interface in the active mode, the
LPI mode, and the forbidden mode are WT +WR +2WB Watts,
WB Watts, and 0 Watts, respectively.

Fig. 3 illustrates the behavior of the ESR mechanism. In a
Tx buffer, the counter m is maintained to count the number
of packets queued in the Tx buffer. The transitions among the
three operation modes are described below.

Transition (1): In the active mode, if a no_packet event
(i.e., the Tx is idle and the Tx buffer is empty, i.e., m = 0) is
detected by the interface, the interface moves from the active
mode to the LPI mode (see Transition (1) in Fig. 3), the sleep
timer with length � is triggered, and the Tx, the Rx, and the
Rx buffer are shut down. Let T(1) be the execution time of
Transition (1), i.e., T(1) is the time period between the time
(when a no_packet event is detected) and the time (when the
shutdown of the Tx, the Rx, and the Rx buffer is done). Any
packet arrival during T(1) is queued in the Tx buffer.

Transitions (2) and (3): The two transitions occur in the
LPI mode. When a timer_expire event (i.e., the sleep timer
expires) is detected, the interface moves from the LPI mode
to the active mode (see Transition (2) in Fig. 3), the sleep
timer stops, and Tx, Rx, and Rx buffer are turned on. Let T(2)

be the execution time of Transition (2), i.e., T(2) is the time
period between the time (when the timer_expire event occurs)
and the time (when the power-on of Tx, Rx, and Rx buffer
is done). Any packet arrival during T(2) is queued in the Tx
buffer.

When a TxBuffer_full event is detected (i.e., m = B), the
interface moves from the LPI mode to the forbidden mode
(see Transition (3) in Fig. 3), and the Tx buffer is shut down.
The packets buffered previously were temporarily stored in
the nonvolatile memory to be transmitted later. Let T(3) be the
execution time for Transition (3), i.e., T(3) is the time period
between the time (when a TxBuffer_full event occurs) and the
time (when the shutdown of the Tx buffer is done). Any packet
arrival during T(3) is dispatched to other interface The alterna-
tive routes are searched by the routing processor according to

routing protocols (e.g., RIP [14], OSPF [26], BGP [28], and
the Multi-Protocol Label Switching), which may cause extra
energy consumption.

Transition (4): The transition occurs in the forbidden mode.
When a timer_expire event (i.e., the sleep timer expires) is
detected, the interface moves from the forbidden mode to the
active mode (see Transition (4) in Fig. 3), the sleep timer stops,
and the Tx, the Tx buffer, the Rx, and the Rx buffer are turned
on. Let T(4) be the execution time of Transition (4), i.e., T(4) is
the time period between the time (when a timer_expire event
occurs) and the time (when the power-on of the Tx, the Tx
buffer, the Rx, and the Rx buffer is done). Any packet arrival
during T(4) is dispatched to other interface.

Note that from the measurement in the study [1], for a 10
GBase-T router, T(1) = 2.88μs, T(2) = T(4) = 4.48μs, and
T(3) ≈ 0μs.

IV. ANALYTICAL MODELS

In this paper, we propose an analytical model for the green
routers with the ESR mechanism. The notation used in this
paper is listed in Table IV. In the ESR mechanism, the low
Internet traffic results in that all green routers more likely move
to the LPI mode, and the Internet traffic will be routed by the
core routers. In this paper, we focus on the green routers.

In our models, we adopt the M/G/1 queueing theory [12]
with multiple vacations, exhaustive service discipline, and
finite buffer size. Since the analysis for real Internet traf-
fic pattern is too complex, in our analysis, we assume that
packet arrivals to the transmitting part of an interface form
a Poisson process with rate λ, whose reasonability can be
referred to [34]. In Section V, this assumption will be relaxed
by considering a more general traffic model, i.e., the gamma-
distributed inter-arrival times. Suppose that the service time S
for Tx to transmit a packet to the corresponding Rx has a gen-
eral distribution with the density function fS(·) and mean 1/μS.
For the stability of M/G/1 queue, we assume that λ < μS. In
this work, the sleep timer duration can have any kind of dis-
tribution, i.e., the length � of the sleep timer has a general
distribution with the density function f�(·) and mean 1/θ . With
the above two assumptions, our analytical model has the flex-
ibility to accommodate different Internet traffic patterns (i.e.,
general packet transmission time) and any kind of practical
sleep timer setups. We derive the following output measures:

• R : the energy saving ratio for an interface (see
Section IV-A);

• P : the probability that a packet arrival is rerouted (i.e.,
the packet arrival is dispatched to other interface) due to
that the Tx buffer is full (see Section IV-B);

• E[W ]: the expected waiting time for a buffered packet,
i.e., the time spent by a packet to wait in the Tx buffer
(see Section IV-C).

A. Energy Saving Ratio R
We observe an interface of a green router for a long time

period [t0, t0 + t], where t → ∞. Consider the timing chart
in Fig. 4. Define a busy period as the time period when the
interface is in the active mode (i.e., the time period between
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Fig. 4. Timing diagram for the busy and idle periods.

the end of Transition (2) or Transition (4) and the start of
Transition (1)). Define a sleeping period as the time period
between time (when the sleep timer is triggered) and the end
of Transition (2) or Transition (4).

Let V denote the length of a sleeping period (i.e., V =
� + T(2) or V = � + T(4)) with the density function fV(·).
Following [1], we set T(2) = T(4) = 4.48μs, and we have

fV(t) = f�(t − 4.48),

where t > 4.48 and E[V] = 1
θ

+ 4.48. Define an idle period
as the time period between two consecutive busy periods. An
idle period may consist of one or more sleeping periods as
shown in Fig. 4.

Let Xi denote the ith busy period and Yi denote the ith idle
period after time t0, where i ≥ 1. Fig. 4 shows an example,
where the time point t0 falls into the first busy period X1. In
this example, there are two packets transmitted during the first
busy period X1 with the service times denoted by S1,1 and S1,2,
respectively, i.e., X1 = S1,1 + S1,2. There are three sleeping
periods in the first idle period Y1, i.e., Y1 = V1,1 +V1,2 +V1,3.

For any time point s ≥ t0, we define the function Z1(s) as

Z1(s) =
⎧
⎨

⎩

1 if the interface is in the active mode at s;
0 if the interface is in the LPI mode, the forbidden

mode, or during Transition (1), (2), or (4) at s.

At time point s+ = lim�→0+(s + �), we define the function
Z2(s) as

Z2(s) =
{

1 if the Tx buffer is on at time s+;
0 if the Tx buffer is off at time s + .

(1)

During [t0, t0 + t], let N(t) be the number of Transition (1)s
that occur during [t0, t0 + t]. Then N(t) ± 1 is equal to the
sum of the numbers of Transition (2)s and Transition (4)s that
occur during [t0, t0 + t]. At time s, if Z1(s) = 0 holds (i.e., the
interface is in the LPI mode, the forbidden mode, or during
Transitions (1), (2) or (4)), then the energy that can be saved
by the ESR mechanism for the Tx, Rx and the Rx buffer can
be expressed as

(WT + WR + WB)

[∫ t0+t

t0
1{Z1(s)=0}ds − N(t)

(
T(1) + T(2)

)
]

.

(2)

For reducing the length of equations, we define Ttra = T(1) +
T(2).

From (1), the energy that can be saved for the Tx buffer
can be expressed as

WB

∫ t0+t

t0
1{Z2(s)=0}ds. (3)

In this paper, we ignore the energy consumption induced
by the state transition of the Tx buffer since the Tx buffer
can be implemented by the nonvolatile memory, e.g., Moneta
RM3000 series memory [2], whose specification shows that
the range of its power consumption is 0.05 ∼ 10μW. From (2)
and (3), we obtain the energy saving ratio R for an interface
in a green router as

R = RTx + RB, (4)

where RTx is the energy saving ratio contributed by the Tx

RTx = WT + WR + WB

WT + WR + 2WB
lim

t→∞
1

t

∫ t0+t

t0
1{Z1(s)=0}ds

− N(t)Ttra, (5)

and RB is the energy saving ratio contributed by the buffer

RB =
(

WB

WT + WR + 2WB

)

lim
t→∞

1

t

∫ t0+t

t0
1{Z2(s)=0}ds. (6)

Proposition 1: Under the ESR mechanism, RTx can be
expressed as

RTx =
(

E[V] − Ttra

E[V]

)(
WT + WR + WB

WT + WR + 2WB

)(
α

α + β

)

,

where

α = 1

μV(1 − nV(0))
and β = 1

p0μS
. (7)

In (7), nV(j), where j ≥ 0, is the probability that there are
j packet arrivals during a sleeping period. Because packet
arrivals form a Poisson process with rate λ,

nV(j) =
∫ ∞

0

(λt)j

j!
e−λtfV(t)dt, j ≥ 0. (8)

p0 is the steady-state probability that there is no packet in the
Tx buffer when a packet transmission is completed.

The proof of Proposition 1 and the derivation of p0 can be
found in Appendix A and Appendix C, respectively.

Proposition 2: The energy saving ratio RB contributed by
the buffer can be expressed as

WB

WT + WR + 2WB

1

α + β

⎧
⎨

⎩

∞∑

j=B

nV(j)

1 − nV(0)

⎫
⎬

⎭

× E
[
V̂k|χ

(
Ṽk

) = B − 1
]
,

where

E
[
V̂k|χ

(
Ṽk

) = B − 1
]

=
BμV(nV(0) − 1) + λ + μV

B−1∑

j=1
nV(j)(B − j)

λμV

(

1 −
B∑

j=0
nV(j)

) .

The proof of Proposition 2 can be found in Appendix B.
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Fig. 5. Timing diagram for the expected waiting time.

B. Rerouting Probability P
This section derives the probability P that a packet is

rerouted to another interface due to the overflow of the Tx
buffer. Assume that P is known. Then the workload for the Tx
is expressed as λ(1−P )

μS
. The number of packets that are served

by the Tx per unit time can be expressed as limt→t
k(t)

t = β
α+β

.
Because the system is in equilibrium, the following equation
holds:

λ(1 − P )

μS
= β

α + β

or

P = 1 −
(μS

λ

)(
β

α + β

)

, (9)

where α and β are given in (7).

C. Expected Waiting Time E[W ]

Suppose that a packet arrives at t∗, where t∗ ∈ [t0, t0+t], and
is queued in the Tx buffer. This section derives the expected
waiting time E[W ] of this packet in the Tx buffer before it
gets service from the Tx.

Consider the last sleeping period Vk,Nk in an arbitrary idle
period Yk during [t0, t0 + t]. As shown in Fig. 5, we consider
three cases to derive the expected waiting time E[W ] for the
packet arrival at t∗:

Case 1 (t∗ ∈ Vk,Nk ): See Fig. 5(a). In this case, the prob-
ability that the packet arrives at the Tx buffer within an idle
period (i.e., t∗ ∈ Yk) given that there are less than B packets
queued in the Tx buffer can be obtained by:

(
1

1 − P

)(
α

α + β

)

=
(

λ

μS

)(
α

β

)

.

Let V̂ denote the time length between t∗ and the end of Vk,Nk ,
and Ṽ = Vk,Nk − V̂ . Let χ(Ṽ) denote the number of packet
arrivals during Ṽ . Then from [21],

Pr [χ(Ṽ) = n] =
(μV

λ

)
⎛

⎝1 −
n∑

j=0

nV(j)

⎞

⎠ (10)

and E[V̂ | χ(Ṽ) = n] can be expressed as

μV(n + 1)(nV(0) − 1) + λ + μV

n∑

j=1
nV(j)(n − j + 1)

λμV

(

1 −
n∑

j=0
nV(j)

) . (11)

Because the packet arriving at t∗ can be queued in the Tx
buffer with size B, we have χ(Ṽ) ≤ B − 1. The waiting time
W for the packet arrival at t∗ includes V̂ and the sum of
service times for the packet arrivals during Ṽ . Let S1, S2,. . . ,
Sχ(Ṽ) denote the service time for the 1st packet arrival, the
2nd packet arrival,. . . , and the χ(Ṽ)th packet arrival during
Ṽ , respectively. Then we obtain E[W 1Case 1] for this case by

E
[
W 1Case 1

]

=
(

λ

μS

)(
α

β

)B−1∑

n=0

E

⎡

⎣V̂ +
χ(Ṽ)∑

i=1

Si

∣
∣
∣χ(Ṽ) = n

⎤

⎦

× Pr
[
χ(Ṽ) = n

]

=
(

λ

μS

)(
α

β

)B−1∑

n=0

(

E[V̂
∣
∣χ(Ṽ) = n] + n

μS

)

× Pr
[
χ(Ṽ) = n

]
. (12)

Case (2 t∗ ∈ S1): See Fig. 5(b). Suppose that there are χ(V)

packet arrivals at the Tx during Vk,Nk , where χ(V) ≤ B. Let S1
be the service time for the 1st packet arrival during Vk,Nk . In
this case, the packet arrives at the Tx buffer during the service
period for the 1st packet arriving during Vk,Nk . From (9), the
probability for this case can be expressed as

p0

(
1

1 − P

)(
β

α + β

)

= p0

(
λ

μS

)

.

Let S̃1 be the length of time between the end of Vk,Nk and t∗,
and Ŝ1 = S1 − S̃1. Suppose that there are χ(̃S1) packet arrivals
during S̃1. Let S

′
1, S

′
2, . . . , S

′
χ(̃S1)

be the service times for the

packet arrivals during S̃1, respectively. Then the waiting time
W for the packet arrival at t∗ includes S̃1 and the service times
S2, . . . , Sχ(V), S

′
1, . . . , S

′
χ(̃S1)

. Similar to the derivation of W
for Case 1, we have

E
[
W 1Case 2

]

= p0
λ

μS

B−1∑

j=1

B−j∑

n=0

[
j + n − 1

μS
+ E

[
Ŝ1 | χ

(
S̃1

) = n
]
]

nY(j)

× Pr
[
χ

(
S̃1

) = n
] + p0

λ

μS

[
B − 1

μS
+ E

[
Ŝ1 | χ

(
S̃1

) = 0
]
]

×
⎛

⎝
∞∑

j=B

nY(j)

⎞

⎠ Pr
[
χ(̃S1) = 0

]
, (13)

where nY(j) is given by (35), and the derivations for
E[̂S1|χ(̃S1) = n] and Pr [χ(̃S1) = n] are similar to that for (10)
and (11), respectively.

Case 3 (t∗ ∈ Sl, l ≥ 2): See Fig. 5(c). For 1 ≤ m ≤ B, let
pm be the probability that there are m packets in the Tx buffer
at the end of the transmission period Sl−1. Let Sl, Sl+1,. . . ,
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Sl+m−1 denote the service times for the m packets, respectively.
The probability (that the packet arrives at the Tx buffer during
a busy period given that there are less than B packets queued
in the Tx buffer) can be expressed as

(
1

1 − P

)(
α

α + β

)

.

Let S̃l be the length of time between the beginning of Sl

and t∗. Suppose that there are χ(̃Sl) packet arrivals during
S̃l. Let S

′
1, S

′
2, . . . , S

′
χ(S̃l)

be the service times for the packet

arrivals during S̃l, respectively. Then the waiting time W
for the packet arrival at t∗ includes S̃l and the service times
Sl+1, . . . , Sl+m−1, S

′
1, . . . , S

′
χ(̃Sl)

. Similar to the derivation for

W for Case 1, we have

E
[
W 1Case 3

] = λ

μS

×
B∑

m=1

B−m∑

n=0

{
m + n − 1

μS
+ E

[
Ŝl | χ

(
S̃l

) = n
]
}

pm

× Pr
[
χ

(
S̃l

) = n
]
, (14)

where the derivations for Pr [χ(̃Sl) = n] and E[̂Sl | χ(̃Sl) = n]
are similar to that for (10) and (11), respectively, and the
derivation for pm (where 1 ≤ m ≤ B) can be found in
Appendix C.

From (12), (13) and (14), the expected value of the waiting

time W can be expressed as E[W ] =
3∑

l=1
E[W 1Case l].

D. Case Studies

In our analytical model, the service time S for each packet
and the length V for the sleep timer are assumed to have
general distributions. In our study, we apply the Gamma dis-
tribution for S and set the sleep timer with a fixed value. The
gamma distribution has been widely used to approximate many
other distributions well in networking researches, e.g., [22].
Furthermore, the fixed sleep timer setup is considered practical
in the real system implementation [15], [17], [19], [27], [32].

Fixed Sleep Timer: If the sleep timer is non-random and
equal to a constant 1/θ > 0, then from (8) the probability
nV(j) that there are j packet arrivals during a sleeping period
can be expressed as

nV(j) = (λ/θ)j

j!
e−λ/θ . (15)

Gamma-Distributed Service Time S: If the service time S for
the Tx to transmit a packet has the gamma distribution with
the shape parameter c and the rate parameter ν (μS = ν/c),
i.e.,

fS(t) = νc


(c)
tc−1e−νt, t ≥ 0, (16)

where 
(·) is a gamma function, then the probability nS(j)
that there are j packet arrivals during a service time S can be
obtained by [22] as follows

nS(j) =
(

c + j − 1

j

)(
ν

ν + λ

)c(
λ

ν + λ

)j

. (17)

TABLE I
VALIDATION OF THE SIMULATION AND ANALYSIS RESULTS

In the gamma distribution, the shape parameter c can be used
to control the skewness. Given the skewness for the distribu-
tion, we can obtain the mean service time by choosing the
scale parameter ν. The gamma distribution has been widely
used to approximate many other distributions [8], [22].

E. Simulation Validation

In this paper, we also develop and implement the simula-
tion model for the ESR. The simulation model is based on
an event-driven approach, which has been widely adopted in
many mobile communications networking studies, e.g., [22].
The details of the simulation model have been described in
Appendix D through a flowchart. The analysis and simulation
results are validated against each other. Table I shows that the
errors between the analytical and simulation results fall within
1%, demonstrating consistent findings from both our analyti-
cal models and simulation experiments. The parameter setups
in Table I will be elaborated later.

V. PERFORMANCE EVALUATION

This section studies the performance of ESR in terms of
the power saving ratio R (= RTx + RB), the probability P
(that a packet is redirected to other interfaces when it arrives
at the Tx), and the expected transmission waiting time E[W ].
We follow the previous works [1] and [13] to set up input
parameters. We also compare the performance of ESR with
that of IEEE 802.3az EEE.

As discussed in [13], Table II lists energy consumption of
different components in an IBM InfiniBand router. In the IBM
InfiniBand router, the switch fabric is with a central buffer and
is implemented in a pipeline shared memory. More than 90%
of power consumption of a router is contributed by the switch
fabric. We set WT+WR+WB

WB
= 9. Following the study [1], we

set a packet with a fixed size of 1, 500 bytes, To simplify
our discussion, we first have the mean value analysis for the
transmission time for a packet, i.e., the transmission time for a
packet has exponential distribution with mean 1/μS = 1.2 μs
(i.e., ν = 1/1.2 and c = 1 in (17)). This assumption will be
released later. The effects of the input parameters are discussed
below:

Effects of B on RTx, RB and R : Fig. 6 plots RTx, RB and R
as functions of the traffic load λ/μS, where we change λ/μS

from 0.1 to 0.99, B is set to 10, 20, 30, and the sleep timer is
fixed to V = 80 μs. The three output measures decrease as B
increases. When the interface is in the active mode, a larger
buffer can accommodate more packet arrivals, which results in
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TABLE II
ENERGY CONSUMPTION OF COMPONENTS IN IBM INFINIBAND ROUTER

Fig. 6. Effects of λ and B on RTx, RB and R .

longer busy periods. Hence, less energy can be saved from the
Tx. When the interface moves to the LPI mode, the Tx buffer is
still on unless it is full and then moves to the forbidden mode.
In other words, with a smaller B setup, it is more likely that a
packet request can not be accepted in the Tx buffer, and will
be forwarded to other interfaces. Thus, we also observe that
less energy can be saved by a larger Tx buffer.

Effects of λ/μS on RTx, RB and R : In Fig. 6, we also study
the effects of the traffic load λ/μS on the three energy saving
ratios. We observe the following phenomena.

Phenomenon 1: Fig. 6(a) shows that the energy saving ratio
RTx decreases as λ/μS increases. With a larger traffic load
λ/μS to the Tx, it is more likely that the interface is in the
active mode and less energy can be saved.

Phenomenon 2: Fig. 6(b) shows that when λ/μS < 0.5
(i.e., the traffic load is not saturated), RB increases as λ/μS

increases. On the other hand, when λ/μS > 0.7 (i.e., the traffic
load is saturated), RB decreases as λ/μS increases.

In ESR, the Tx buffer is still on when the interface moves
to the LPI mode unless the number of packets queued in the
Tx buffer reaches the capacity B, and the interface moves to
the forbidden mode. This more likely occurs when the traffic
load is saturated.

Thus when the traffic load is not saturated (i.e., λ/μS <

0.5), increasing traffic load results in the interface to be more
likely in the forbidden mode, and more energy can be saved
by the Tx buffer.

On the other hand when the traffic load is saturated (i.e.,
when the traffic load λ/μS exceeds the thresholds 0.6, 0.68
and 0.72 for B =10, 20 and 30, respectively), the interface
tends to be in the active mode. When the interface is in the
active mode, we observe RB decreases as λ/μS increases.

Phenomenon 3: Because R = RTx + RB and (WT + WR +
WB)/WB = 9, and RTx is much larger than RB, the effects of
λ/μS on R are dominated by Phenomenon 1. Therefore, we
observe the trend of R in Fig. 6(c) is similar to that of RTx
in Fig. 6(a).

Effects of λ/μS and B on Rerouting Probability P : Fig. 7
studies the effects of traffic load λ/μS and the buffer size B

Fig. 7. Effects of λ and B on P and E[W ].

Fig. 8. Effects of λ and V on RTx, RB and R .

on the rerouting probability P and the expected waiting time
E[W ], where the parameter setup is the same as that in Fig. 6.
With ESR, the packet is rerouted when the interface is in the
forbidden state. Therefore we observe the performance trends
(i.e., the effects of λ/μS and B) for the rerouting probability
P in Fig. 7(a) are the same as that for the RB.

Effects of λ/μS and B on Expected Waiting Time: Fig. 7(b)
shows that with B = 10, E[W ] tends to 40 μs when the
traffic load λ/μS → 0, and E[W ] decreases when the traffic
load λ/μS exceeds 0.3. When the traffic load λ/μS → 0, the
interface is more likely to be in the LPI mode. Packets more
likely arrive in different idle periods. The transmission for the
packets will start until the end of the residual sleeping time
with the expected length V/2 = 40 μs. For higher traffic load
(i.e., λ/μS → 1), for a packet arrival, it is more likely to wait
for the transmission of B buffered packets (including the one
being transmitted). Therefore, when λ/μS → 1, a larger buffer
size results in longer expected waiting time E[W ], which is
smaller than V/2 = 40 μs. Furthermore, the curves E[W ],
B = 10, 20, 30, have an intersection point at λ/μS ≈ 0.45.

Effects of V on RTx, RB and R : Fig. 8 plots RTx, RB and
R as functions of the traffic load λ/μS, where λ/μS changes
from 0.1 to 0.99, B = 20 and V is set to 50, 80, 110 μs.

Fig. 8(a) shows that a larger V results in larger RTx. With
fixed traffic load, for a larger V , the interface will stay in the
LPI mode longer. More packets will arrive during the sleeping



824 IEEE TRANSACTIONS ON GREEN COMMUNICATIONS AND NETWORKING, VOL. 2, NO. 3, SEPTEMBER 2018

Fig. 9. Effects of λ and V on P and E[W ] (units of V: μs).

period, and the interface is more likely to move to the forbid-
den mode, which results in more packets will be forwarded
to other interfaces. Therefore, when the interface switches to
the active mode, the number of packets to be transmitted is
smaller compared to that with smaller V setup. More energy
is saved by rerouting packets.

In contrast to RTx, Fig. 8(b) shows that the Tx buffer can
save more energy when V increases. With a longer V , more
packet will be queued into the Tx buffer, and the interface
is more likely to switch from the LPI mode to the forbidden
mode (i.e., it is turned off).

In this figure, we set R = RTx + RB and (WT + WR +
WB)/WB = 9. The effects of λ/μS on R will be dominated
by the effects of λ/μS on RTx. Therefore, the performance
trends observed in Fig. 8(c) is similar to that in Fig. 8(a).

From the above discussion, we know a larger V will also
result in larger rerouting probability P , that is what we observe
in Fig. 9(a), i.e., R increases as V increases.

Effects of V on Expected Waiting Time: In Fig. 9(b), we
study the effects of the traffic load on the expected waiting
time. When the traffic load λ/μS = 0.1, Fig. 9(b) shows that
the expected waiting time E[W ] approximates to V/2 =25,
40 and 55 μs for V =50, 80 and 110 μs, respectively. When
the traffic load λ/μS = 0.1, a packet more likely arrives when
the interface is in the LPI mode, and the transmission for the
packet will start until the sleep timer (with the expected length
V/2 μs) expires.

When the traffic load λ/μS → 1, the Tx buffer is more
likely to be full, and a packet arrival has to wait for B −
1 transmission time periods (with the expected value (B −
1)/μs = 22.8 < V/2 μs).

For V = 110, by combining the effects of V and the queuing
length in the Tx buffer, Fig. 9(b) shows that E[W ] attains its
maximum when λ/μS ≈ 0.35.

Effects of the Variance of the Transmission Time S: In
Fig. 10, we set the transmission time S with the gamma
distribution with mean 1.2 μs, and the standard deviation
σ = 0.1, 1, 5, 10, respectively. In this figure, we set the buffer
size B = 20 and V = 80 μs. Figs. 10(a)–10(c) show that R ,
P and E[W ] increase when the standard deviation σ of the
transmission time increases.

Tradeoff between R , P and W : Although longer setup of
the sleeping period V can increase the energy saving ratio
R (as shown in Fig. 8(c)), it also increases the rerouting
probability P (as shown in Fig. 9(a)) and the expected waiting

Fig. 10. Effects of λ/μS and σ on R , P and E[W ].

Fig. 11. Tradeoff between R , P and W .

Fig. 12. Comparison between the ESR and the IEEE 802.3az EEE.

time E[W ] (as shown in Fig. 9(b)). There exists tradeoff
between R and P and E[W ].

In Fig. 11(a), the traffic load λ/μS is set to 0.9. Let
Bmin(V) and Bmax(V) denote the minimal and the maxi-
mal elements in the set

{
B | P < 0.3 and E[W ] < 30 μs

}
,

respectively. Fig. 11(a) shows that the ESR still has the ability
to save more than 9% energy under the high traffic load situ-
ation (i.e., λ/μS = 0.9) and the QoS constraints E[W ] < 30
μs and P < 0.3.

In Fig. 11(b), the traffic load λ/μS is set to 0.3. Under the
same constrains E[W ] < 30 μs and P < 0.3, the ESR has
the ability to save more than 70% energy.

Comparison between ESR and IEEE 802.3az EEE: In
Fig. 12, we compare the performance of ESR and IEEE
802.3az EEE in terms of the energy saving ratio, where we ref-
erence the performance results in [17] for IEEE 802.3az EEE.

Fig. 12(a) shows that when the packet traffic load is low
(e.g., λ/μS = 0.3), i.e., no packet is redirected to other routers
(note that in this figure, we set B = 300 to have P = 0),
the ESR can save more energy (i.e., up to 40%) than IEEE
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TABLE III
PERFORMANCE COMPARISON AMONG THE ESR MECHANISM, THE

DYNAMIC SLEEP TIMER (DS) ALGORITHM, THE FRAME TRANSMISSION

(FT) ALGORITHM AND THE BURST TRANSMISSION (BT) ALGORITHM

802.3az EEE. With P ≈ 0, a router serves the same number
of packets under the ESR and the IEEE 802.3az EEE. In other
words, in ESR, the 40% energy is saved from the Tx’s switch-
on overhead. Fig. 12(b) shows that the 20 μs sleep timer
leads to extra transmission waiting time 20 μs with respect
to the IEEE 802.3az EEE approximately. In our previous
work [24], we made a detailed comparison between the ESR
and other energy saving mechanisms. For the readers’ conve-
nience, the comparison is briefly summarized in Table III. The
comparison between other energy saving mechanisms and the
IEEE802.3az EEE standard could also be referred to [3], [4],
and [35].

VI. CONCLUSION

In this paper, we proposed analytical models to evaluate
the performance of energy saving for green routers by con-
sidering an energy saving mechanism, ESR, proposed in our
previous work. Compared to the analytical models in the exist-
ing works, we put characteristics of an interface of green
routers into consideration, including finite buffer size, gen-
eral distributions for the packet service time and sleep timer.
From the simulation experiments, we have two observations.
Firstly, the ESR has the ability to save more than 9% energy
under the high traffic load situation (e.g., λ/μS = 0.9), the
QoS constraints on the transmission delay E[W ] < 30 μs,
and the rerouting rate P < 0.3. Secondly, when the packet
traffic load is low (e.g., λ/μS = 0.3), the ESR can save up to
40% energy consumption from the Tx’s switch-on overhead.
In view of that there exists a tradeoff between the energy sav-
ing ratio and the transmission delay, designing a mechanism
to adapt the sleep timer according to traffic load and perfor-
mance objectives may be considered as a future work. Finally,
our study can provide guidelines for the operators to set up
the ESR mechanism to maintain reasonable transmission delay
and reduce the impact of buffer overflow by properly selecting
the sleep timer duration.

APPENDIX A
PROOF OF PROPOSITION 1

In this section, we derive the energy saving ratio contributed
by the Tx, Rx and Rx buffer. As illustrated in Fig. 4, the Tx,
Rx and Rx buffer are shut down for V−Ttra μs in each sleeping
period V . Thus (5) can be rewritten as

RTx = E[V] − Ttra

E[V]

WT + WR + WB

WT + WR + 2WB

× lim
t→∞

1

t

∫ t0+t

t0
1{Z1(s)=0}ds. (18)

We apply the regenerative process [10] to deal with the limit
in (18). During [t0, t0 + t], suppose that the interface moves

from the active mode to the LPI mode at tI,1x, tI,2, . . . The
interface moves from the LPI mode or the forbidden mode to
the active mode at tII,1, tII,2, . . . Then for k ∈ N, we have

tI,1 = min{s > t0 | Z1(s) = 0},
tII,1 = min{s > tI,1 | Z1(s) = 1},

tI,k+1 = min{s > tII,k | Z1(s) = 0},
and tII,k+1 = min{s > tI,k+1 | Z1(s) = 1}. Define

k(t) = max
{
k | tI,k+1 ≤ t0 + t

}
. (19)

The above equation implies that there are at least k(t) − 1
complete idle periods during the period [t0, t0 + t]. Y1 or
Yk(t)+1 may be incomplete. For example, Yk(t)+1 may start
before t0 + t and end after t0 + t. Because limt→∞Y1/t =
limt→∞Yk(t)+1/t = 0, Y1 and Yk(t)+1 can be ignored.

From (19), we have

1

t

∫ t0+t

t0
1{Z1(s)=0}ds

= 1

t

⎛

⎝

∫ tI,1

t0
+

k(t)∑

k=1

∫ tI,k+1

tI,k
+

∫ t0+t

tI,k(t)+1

⎞

⎠1{Z1(s)=0}ds. (20)

Obviously, tI,1 − t0 ≤ X1. Since λ/μS < 1, we have

lim
t→∞

1

t

∫ tI,1

t0
1{Z1(s)=0}ds = lim

t→∞
tI,1 − t0

t
= 0. (21)

Consider the time period [tI,k(t)+1, t + t0]. From (19), we have
t + t0 − tI,k(t)+1 is less than or equal to the sum of an idle
period and a busy period. Consequently,

lim
t→∞

1

t

∫ t0+t

tI,k(t)+1

1{Z1(s)=0}ds = lim
t→∞

t + t0 − tI,k(t)+1

t
= 0. (22)

By substituting (20)-(22) into (18), RTx equals

E[V] − Ttra

E[V]

WT + WR + WB

WT + WR + 2WB
lim

t→∞
1

t

k(t)∑

k=1

∫ tI,k+1

tI,k
1{Z1(s)=0}ds

=
(

E[V] − Ttra

E[V]

)(
WT + WR + WB

WT + WR + 2WB

)

× lim
t→∞

k(t)

t
lim

t→∞
1

k(t)

k(t)∑

k=1

∫ tI,k+1

tI,k
1{Z1(s)=0}ds, (23)

where limt→∞ 1
k(t)

∑k(t)
k=1

∫ tI,k+1
tI,k

1{Z1(s)=0}ds and

limt→∞ 1
k(t)

∑k(t)
k=1(tII,k − tI,k) are derived as follows.

To simplify the description, for k ≥ 1, we denote α = E[Yk]
and β = E[Xk]. Because {tII,k − tI,k}k∈N are i.i.d. random
variables with mean α, by applying the strong law of large
numbers, we have

lim
t→∞

1

k(t)

k(t)∑

k=1

(
tII,k − tI,k

) = α. (24)

Since
∫ tI,k+1

tI,k
1{Z1(s)=0}ds = tII,k − tI,k, by (24), we have

lim
t→∞

1

k(t)

k(t)∑

k=1

∫ tI,k+1

tI,k
1{Z(s)=0}ds = lim

t→∞
1

k(t)

k(t)∑

k=1

(
tII,k − tI,k

) = α.
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Once there is no packet in the Tx buffer, the interface moves to
the LPI mode. For s > t0, Z1(s) is a renewal process with the
renewal time points at {tI,k}k∈N. The inter-arrival time period,
tI,k+1 − tI,k (where k ≥ 1), consists of an idle period (i.e.,
Yk) and a busy period (i.e., Xk). By applying the elementary
renewal theorem [10], we have

lim
t→∞

k(t)

t
= 1

α + β
. (25)

From the above derivation, (23) is rewritten as

RTx =
(

E[V] − Ttra

E[V]

)(
WT + WR + WB

WT + WR + 2WB

)(
α

α + β

)

. (26)

We derive α and β as follows. Let Nk be the number of the
sleeping periods during [tI,k, tII,k]. Then we have

Pr [Nk ≥ l] = [nV(0)]l−1, for l = 1, 2, . . . ,

and

E[Nk] =
∞∑

l=1

Pr [Nk ≥ l] = 1

1 − nV(0)
. (27)

Because there are Nk sleeping periods during the idle period
Yk = tII,k − tI,k, i.e., tII,k − tI,k = ∑Nk

i=1Vk,i, from Wald’s
equation, we have

α = E[tII,k − tI,k] = E
Nk∑

i=1

Vk,i = E[Nk]E[Vk,1]

= E[Nk]

μV
. (28)

Applying (27) into (28), we have α = 1
μV (1−nV (0))

.

Let Mk be the number of packet transmissions within the
busy period Xk = tI,k+1 − tII,k. Similar to the derivations for
α, we have β = 1/(p0μS), where the steady-state probability
p0 that there is no packet in the Tx buffer when a packet
transmission is completed at the Tx is given in Appendix C.

APPENDIX B
PROOF OF PROPOSITION 2

In this section, we derive the energy saving ratio RB con-
tributed by the Tx buffer. Consider Fig. 4. Suppose that the idle
period Yk consists of Nk sleeping periods. Let a1, a2, . . . be
the packet arrival times during the last sleeping period Vk,Nk

in Yk. Let V̂k be the time length between aB (i.e., the time
when the Bth packet arrives) and the time when the power-on
of all components of the interface is done. During Vk,Nk , if the
number of packet arrivals is less than B, then the Tx buffer is
on (i.e., the interface does not move into the forbidden mode),
which implies V̂k = 0. Otherwise, the interface moves from
the LPI mode to the forbidden mode when the Bth packet
arrives at time aB. After time aB, the Tx buffer is off until the
power on of Tx, Rx and Rx buffer is done. Therefore, during
the time period Vk,Nk , the energy saved by the Tx buffer is
WBV̂k.

During [t0, t0 + t], the length of time period when the
interface is in the forbidden mode can be expressed as

∫ t0+t

t0
1{Z2(s)=0}ds =

k(t)∑

k=1

V̂k (29)

and

lim
t→∞

1

t

∫ t0+t

t0
1{Z2(s)=0}ds = lim

t→∞
k(t)

t
· lim

t→∞
1

k(t)

k(t)∑

k=1

V̂k,

(30)

where k(t) is defined in (19). From (25) and the strong law of
large numbers, (30) can be rewritten as

lim
t→∞

1

t

∫ t0+t

t0
1{Z2(s)=0}ds =

(
1

α + β

)

E[V̂k]. (31)

We derive E[V̂k] as follows.
Given that there are at least B packet arrivals during Vk,Nk .

Let Ṽk = Vk,Nk − V̂k and χ(Ṽk) be the number of packet
arrivals during Ṽk. Then we have χ(Ṽk) = B − 1, and

E
[
V̂k|V̂k > 0

] = E
[
V̂k|χ(Ṽk) = B − 1

]
, (32)

or

E
[
V̂k

] = E
[
V̂k|χ

(
Ṽk

) = B − 1
]

Pr
[
V̂k > 0

]
. (33)

In (33), Pr [V̂k > 0] is the probability that the interface moves
into the forbidden mode during the idle period Yk, which is
derived as follows.

Let Np,k be the number of packet arrivals during Vk,Nk . Then
the probability nY(j) that there are j packet arrivals during Yk

can be expressed as

nY(j) =
∞∑

l=1

Pr
[
Nk = l ∩ Np,k = j

]
. (34)

In (34), Nk = l and Np,k = j imply that during Yk, there is no
packet arrival in the first l − 1 sleeping periods, and there are
j packet arrivals in the lth sleeping period. Therefore, (34) can
be rewritten as

nY(j) =
∞∑

l=1

(nV(0))l−1nV(j) = nV(j)

1 − nV(0)
, (35)

where j ≥ 1. Consequently,

Pr
[
V̂k > 0

] =
∞∑

j=B

nY(j) = [1 − nV(0)]−1
∞∑

j=B

nV(j). (36)

By substituting (36) into (33), we rewrite (33) as

E
[
V̂k

] =
⎧
⎨

⎩
[1 − nV(0)]−1

∞∑

j=B

nV(j)

⎫
⎬

⎭
E
[
V̂k|χ

(
Ṽk

) = B − 1
]
.

(37)

Applying (37) into (31), we have

lim
t→∞

1

t

∫ t0+t

t0
1{Z2(s)=0}ds

=
(

1

α + β

)
⎧
⎨

⎩
[1 − nV(0)]−1

∞∑

j=B

nV(j)

⎫
⎬

⎭

× E
[
V̂k|χ(Ṽk) = B − 1

]
. (38)
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Fig. 13. Time diagram for the derivation of the transition probabilities.

Then, by substituting (38) into (6), we obtain

RB = WB

WT + WR + 2WB

1

α + β

∞∑
j=B

nV(j)

1 − nV(0)

× E
[
V̂k|χ

(
Ṽk

) = B − 1
]
,

where E[V̂k|χ(Ṽk) = B − 1] can be obtained by using the
derivation results in [21] and is equal to

BμV(nV(0) − 1) + λ + μV

B−1∑

j=1
nV(j)(B − j)

λμV [1 −
B∑

j=0
nV(j)]

.

APPENDIX C
DERIVATION OF p0, p1, . . . , pB

In this section, we derive the steady state probability pj

(0 ≤ j ≤ B) that after the transmission of a packet is completed
at the Tx, there are j packets in the Tx buffer. Suppose that
after t0, the packet transmissions are completed at t1, t2, t3, . . .,
respectively. Let Nq(s) be the number of packets in the Tx
buffer at time s, where s > t0. Let vn be the number of pack-
ets queued in the Tx buffer at time tn where n > 0, i.e.,
the state of the buffer at tn is vn = Nq(tn). From [12], we
model the sequence {vn, n ≥ 1} as a Markov chain with state
space {0, 1, 2, 3, . . . , B}. We derive the transition probabilities
Pr [vn+1 = j|vn = h] from state vn = h to state vn+1 = j for
this Markov chain by considering the following cases.

Case A-1 (0 ≤ j ≤ B−2 and h = 0): As shown in Fig. 13(a),
in this case, the interface moves to the LPI mode from the
active mode at time tn. It implies there is an idle period starting
at tn. Since tn+1 is the first time point of the transmission
completion after the idle period, the time period [tn, tn+1] must
be comprised of an idle period and a service period. If there
are j packets queued in the Tx buffer at time tn+1 (where
0 ≤ j ≤ B−2), then there are at most j+1 packet arrivals and
at least one packet arrival during the idle period. Therefore,
for i = 1, 2, . . . , j + 1, if there are i packet arrivals during the
idle period (with probability nY(i)), then vn+1 = j implies that
there are j− i+1 packet arrivals during the first service period
(with probability nS(j − i + 1)) after the idle period. That is,

Pr
[
vn+1 = j|vn = h

] =
j+1∑

i=1

nY(i)nS(j − i + 1).

Case A-2 (0 ≤ j ≤ B − 1 and 1 ≤ h ≤ j + 1): As shown in
Fig. 13(b), vn = h ≥ 1 implies that the interface stays in the
active mode after the transmission completion at time tn, and
[tn, tn+1] is a service period. Given that there are h packets
queued in the Tx buffer at time tn, if are j packets queued
in the Tx buffer at time tn+1, then there are j − h + 1 packet
arrivals during the service period [tn, tn+1] with the probability
nS(j − h + 1). Therefore, in this case,

Pr
[
vn+1 = j|vn = h

] = nS(j − h + 1).

Case A-3 (j = B − 1 and h = 0): Similar to the discussion
in Case A-1, in this case, the time period [tn, tn+1] must be
comprised of an idle period and a service period. If there are
more than B − 1 packet arrivals during the idle period, and
no packet arrival during the following service period, then
there are B − 1 packets queued in the Tx buffer at tn+1. As
shown in Fig. 13(c), the Tx buffer will be turned off when the
Bth packet arrives during the idle period. In other words, all
packets arriving after the Bth packet arrival will be rerouted.
Let nS(0) be the probability that no packet arrival during the
following service period, and nY(B) = ∑∞

i=BnY(i). Therefore,
in this case,

Pr
[
vn+1 = j|vn = h

] = nS(0)

∞∑

i=B

nY(i) +
B−1∑

i=1

nY(i)nS(B − i).

Case A-4 (j = B and h = 0): Similar to the discussion
in Case A-1, in this case, the time period [tn, tn+1] must be
comprised of an idle period and a service period. vn+1 = B
implies that the Tx buffer is full at time tn+1. For 1 ≤ i ≤
B − 1, if there are i packet arrivals during the idle period,
and there are at least B − i + 1 packet arrivals during the
service period with probability nS(B − i + 1) defined below,
then vn+1 = B could occur. Similar to Case 3, vn+1 = B

A =

⎡

⎢
⎢
⎢
⎢
⎣

nY(1)nS(0) nS(0) 0 0 0
nY(1)nS(1) + nY(2)nS(0) nS(1) nS(0) 0 0
nY(1)nS(2) + nY(2)nS(1) + nY(3)nS(0) nS(2) nS(1) nS(0) 0
nY(1)nS(3) + nY(2)nS(2) + nY(3)nS(1) + nY(4)nS(0) nS(3) nS(2) nS(1) nS(0)

nY(1)nS(4) + nY(2)nS(3) + nY(3)nS(2) + nY(4)nS(1) nS(4) nS(3) nS(2) nS(1)

⎤

⎥
⎥
⎥
⎥
⎦

(39)
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TABLE IV
LIST OF SYMBOLS

Fig. 14. Flowchart for the simulation model.

may also occur if the Tx buffer becomes full during the idle
period with probability nY(B), and at least one packet arrival
during the service period with probability nS(1). For j ≥ 1, let
nS(j) = ∑∞

i=jnS(i). Therefore, in this case,

Pr
[
vn+1 = j|vn = h

] = nY(B)nS(1) +
B−1∑

i=1

nY(i)nS(B − i + 1).

Case A-5 (j = B and 1 ≤ h ≤ B): vn ≥ 1 implies that
the interface stays in the active mode after the transmission
completes at tn, and thus [tn, tn+1] is a service period. For 1 ≤
h ≤ B, if there are h packets queued in the Tx buffer at time tn,
and the Tx buffer is full at time tn+1, then there must be at least
B − h + 1 packet arrivals during the service period [tn, tn+1]
(with probability nS(B − h + 1)). Therefore, in this case,

Pr
[
vn+1 = j|vn = h

] = nS(B − h + 1).

Denote the steady-state probability vector p = [p0 p1 · · ·
pB]T . The steady probability pj = limn→∞ Pr [vn = j] where
j = 0, 1, . . . , B, i.e., From the discussion in the five cases, we

obtain the balance equations for the Markov chain {vn, n ∈ N}
as follows: For 1 ≤ j ≤ B − 2,

pj =
j+1∑

i=1

p0nY(i)nS(j − i + 1) +
j+1∑

i=1

pinS(j − i + 1),

pB−1 = p0nY(B)nS(0) +
B−1∑

i=1

p0nY(i)nS(B − i)

+
B∑

i=1

pinS(B − i),

and pB is equal to

p0

[

nY(B)nS(1) +
B−1∑

i=1

nY(i)nS(B − i + 1)

]

+
B∑

i=1

pinS(B − i + 1).

The system above can be written in matrix form p = Ap.
For example, when B = 4, the matrix A is given by (39), as
shown at the bottom of the previous page. The solution p can
be solved by the singular value decomposition (SVD).

APPENDIX D
FLOWCHART FOR THE SIMULATION MODEL

In Fig. 14, we describe the simulation model by a flowchart,
in which we set WT+WR+WB

WT+WR+2WB
= 0.9 and WB

WT+WR+2WB
= 0.1

because more than 90% of power consumption of an IBM
InfiniBand router is contributed by the switch fabric (see
Table II). According to the study [1], we set T(1) = 2.88μs for
the interface switching from the active mode to the LPI mode,
and set T(2) = T(4) = 4.48μs for the interface switching from
the LPI/forbidden modes to the active mode. The buffer size
B and the lengths of the sleep timer, the inter-arrival time,
and the service time are variable parameters. Various setups
and their effects on the output measures have be discussed in
Section V.
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