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Features of Ethernet
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market is huge and still grows rapidly power per device increases very fast also

utilization ratio is small (5%~30%)
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EEE Protocol

Time

LPI 

Active

Power

Sleep Wakeup

Departures

Buffer is empty

LPI mode Active

Timer and 

Counter start

     Timer reaches t

or Counter reaches N

Arrivals

 Sleeping strategies:

 𝜏&𝑁 policy: 𝜏 and 𝑁 are finite

 𝜏 policy: 𝑁 → ∞

 𝑁 policy: 𝜏 → ∞

 Go to sleep when idle



Problem

 Tradeoff between power efficiency and delay

 𝑁 and 𝜏 ↑ → LPI Length ↑ → power efficiency ↑

delay ↑

 What are the rules to select 𝑁 and 𝜏?
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New Feature of EEE Queuing Systems

 EEE protocol is an M/G/1 queue with vacations

modulated by arrival process
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Failure of Classical Analytical Method

 Example: classical P-K formula fails to 

describe the mean delay of EEE protocol
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Overview of Our Modeling Approach

Distribution of the number of

arrivals during vacation time

Mean

Vacation Time

Power Efficiency

P-K formula 

of Mean Delay



Arrival Event Tree of Vacation Periods

First arrival 

interval I0 

Counter expires 

during Ts

Counter expires during LPI (n = N)

n = N arrivals during Ts

Timer expires first (n = 1, 2, ..., N-1)

Counter expires first

I0 < Ts

I0   Ts

Event 4

Event 1

Event 2

Event 3

Event 6

Event 5

n = N+1, N+2, ... arrivals 

during Ts

Timer expires first (n = 1, 2, ..., N-1)

Counter expires first (n = N)

Sleep Wakeup

N arrivals

I0

VSL= Ts

>N arrivals

VSL= Ts

N arrivals

I0

VSL

LPI

tI0

VSL

N arrivals

I0

VSL

I0

VSL

t

Sleep Wakeup

Sleep Wakeup

LPISleep Wakeup

LPISleep Wakeup

LPISleep Wakeup

 Six mutually-exclusive events



Distribution ℎ𝑛

 ℎ𝑛 = Pr 𝑛 arrivals during a vacation period 𝑉

𝐻 𝑧 =  

𝑛=0

∞

ℎ𝑛𝑧
𝑛

= 𝑒−𝜆𝑇𝑤 1−𝑧

×   

𝑛=0

𝑁−1

𝑒−𝜆𝑇𝑠 𝜆𝑇𝑠
𝑛

𝑛!
𝑧𝑁 − 𝑧𝑛 −  

𝑛=0

𝑁−2

𝑒−𝜆𝜏 𝜆𝜏 𝑛

𝑛!
𝑧𝑁 − 𝑧𝑛+1



Mean Vacation Time and Mean Cycle Time

 𝐻′ 1 : the mean number of arrivals during vacation

 By Little’s Law, mean vacation time  𝑉

 𝑉 =
𝐻′ 1

𝜆
 Mean cycle time

 𝐶 =
 𝑉

1 − 𝜌



Power Efficiency 𝜂

𝜂 =
average power saved in one cycle by an LPI

averge power of one cycle if EEE is not used

=
 𝑉−𝑇𝑠−𝑇𝑤 × 𝜑ℎ−𝜑𝑙

 𝐶×𝜑ℎ

= 1 −
𝑇𝑤+𝑇𝑠

 𝑉
∙

1−𝜌 × 𝜑ℎ−𝜑𝑙
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Delay Analysis

𝐷 =
𝑅

1−𝜌
+  𝑋, 𝑅: mean residual time

arrival of Fi

service of Fi

residual 

vacation time Ri

service time of all frames 

waiting before Fi

arrival of Fi

service of Fi

residual 

service time Ri

service time of all frames 

waiting before Fi

t

t

(a) Frame Fi arrives during  a vacation period.

(b) Frame Fi arrives during  a busy period. 

...

...

• D. P. Bertsekas, R. G. Gallager, and P. Humblet, Data networks, vol. 2. Prentice-Hall International New Jersey, 1992.



Mean Residual Time

𝑅 = 𝑬 𝑹𝒊 𝝃 = 𝟎 × 𝑃𝑟 𝜉 = 0 + 𝑬 𝑹𝒊 𝝃 = 𝟏 × 𝑃𝑟 𝜉 = 1

= 𝐸 𝑅𝑖 𝜉 = 0 × 1 − 𝜌 + 𝐸 𝑅𝑖 𝜉 = 1 × 𝜌

𝜉 =  
0, if frame arrives during a vacation period
1, if frame arrives during a busy period

𝐸 𝑅𝑖 𝜉 = 1 =
1

2𝜌
𝜆𝑋2: independent of arrival process

𝐸 𝑅𝑖 𝜉 = 0 =?: dependent on arrival process

• D. P. Bertsekas, R. G. Gallager, and P. Humblet, Data networks, vol. 2. Prentice-Hall International New Jersey, 1992.



Residual Vacation Time of Each Arrival

 Given 𝑉𝑛, number of arrivals during residual 

vacation time seen by a frame is determined
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packets

: vacation period terminated with n arrivals

: residual vacation time of jth arrival

jth arrival

: number of arrivals during Rj



Mean Residual Vacation Time

𝐸 𝑅𝑖 𝜉 = 0 =  𝑛=1
∞ 𝐸 𝑅𝑖 𝜉 = 0, frame 𝑖 arrives in a 𝑉𝑛 ∙ 𝑃𝑛

 𝑃𝑛: conditional probability that a frame arrives in a 𝑉𝑛. 

 Applying Little’s Law

𝜆𝐸 𝑅𝑖 𝜉 = 0 =  𝑛=1
∞ 𝜆𝐸 𝑅𝑖 𝜉 = 0, frame 𝑖 arrives in a 𝑉𝑛 ∙ 𝑃𝑛

=  𝑛=1
∞ 𝐸 𝑄𝑖 𝜉 = 0, frame 𝑖 arrives in a 𝑉𝑛 ∙ 𝑃𝑛

=  𝑛=1
∞ 𝑛−1 + 𝑛−2 +⋯+1+0

𝑛
∙

𝑛∙ℎ𝑛

𝐻′ 1

=
𝐻′′ 1

2𝐻′ 1
.



P-K Formula of Mean Delay

 Theorem 1: The mean delay of EEE systems is 

given by:

𝐷 =
𝜆𝑋2

2(1 − 𝜌)
+

𝐻′′ 1

2𝜆𝐻′ 1
+  𝑋

 Classical P-K Formula 

𝐷 =
𝜆𝑋2

2(1 − 𝜌)
+

𝑉2

2 𝑉
+  𝑋

if 𝐻 𝑧 = 𝑉∗ 𝜆 − 𝜆𝑧
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Timer vs. Counter

 𝜂𝜏&𝑁 ≈ 𝜂𝜏 ≈ 𝜂𝑁

 𝐷𝜏&𝑁 = min 𝐷𝜏, 𝐷𝑁

𝐷𝜏&𝑁 = 𝐷𝜏 𝐷𝜏&𝑁 = 𝐷𝑁



Explanation: Wakeup Triggers of 𝜏&𝑁 policy

 𝜏&𝑁 policy can adaptively use 𝜏 and 𝑁 to wake up 

according to instantaneous arrival rate if 𝜏 =
𝑁−1

𝜆
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Rule EEE 1

For a given steady state traffic rate 𝜆, the 

selection of parameters 𝜏 and 𝑁 should comply 

with the following condition: 

𝑁−1

𝜏
= 𝜆. 



Power Efficiency versus Mean Delay

 Excessively large 𝜏 and 𝑁 degrade delay 

performance while marginally enhancing the 

power efficiency
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Rule EEE 2

Based on EEE 1, parameter N can be selected 

according to a given average delay requirement 𝐷
from the expression of 𝐷𝑁

𝐷𝑁 ≈
𝜆𝑋2

2 1−𝜌
+

𝑁+𝜆𝑇𝑤
2−𝑁

2𝜆 𝑁+𝜆𝑇𝑤
+  𝑋



Conclusions 

 Develop a new approach to analyze the 𝑀/𝐺/1
queue with vacations governed by the arrival 

process

 Derive a generalized P-K formula of mean 

delay

 Provide two rules to select appropriate 𝜏 and 𝑁
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