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Why is energy conservation important? 
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Energy consumption in cellular networks 

 Ecological impact 
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Green House Gas emissions by 
telecom will exceed 500 millions 

tons CO2 by 2020. 

Annual CO2  emission from 
transportation in the US in 2013 
was around 1800 millions tons. 

Sources: [6][7] 



Energy consumption in cellular networks 

 Ecological impact 
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Green House Gas emissions by 
telecoms will exceed 500 millions 

tons CO2 by 2020. 

Global 
warming 

Rising sea 
levels 

Extreme 
weathers 



Energy consumption in cellular networks 

 Economical impact 
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Energy projects by AT&T saved US $84 million in 2014. 

In 2014, the electricity bill of AT&T in 
the US was more than US $1 billion. 

Source: [8] 



Energy consumption in cellular networks 
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Source: [3] 



Energy consumption in base stations 
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Source: [3] 



Base Station (BS) sleeping 
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Traffic load in cellular networks has 
significant fluctuations spatially and 
temporally. 

Some BS can be switched to 
“sleep mode” during low 
traffic hours while nearby 
BSs extend to take care of  
coverage 

Sources: [3][9] 

Presenter
Presentation Notes
Traffic variations on daily and weekly basis.BSs are designed for peak hour traffic.Possible to switch some BSs to sleep mode during low traffic hours to save energy consumption in air conditioning.Remaining active BSs extend to take care of coverage by adjusting the antennas.



Base Station (BS) sleeping 

 Pros: cost-effective 
 Can be implemented on existing network infrastructure 
 No replacement or deployment cost 

 Cons: energy-performance tradeoff 
 Total capacity of the network is reduced  
 Possible performance degradation 

10 



Energy conservation Quality of Service (QoS) 
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Evaluate QoS for each BS sleeping strategy 



Blocking probability = 
 
 
𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜 𝑐𝑐𝑐𝑐𝑐 𝑛𝑜𝑛 𝑐𝑁𝑐𝑐𝑁𝑐𝑐𝑜𝑁𝑐𝑐𝑠 𝑐𝑜𝑁𝑐𝑐𝑁𝑛𝑁𝑐

𝑇𝑜𝑛𝑐𝑐 𝑛𝑁𝑁𝑁𝑁𝑁 𝑜𝑜 𝑐𝑐𝑐𝑐𝑐 𝑖𝑛𝑖𝑛𝑖𝑐𝑛𝑁𝑐
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QoS Metric 



Performance evaluation 

 Evaluation metric: blocking probability 

 Methods: 
 Method Accuracy Speed 

Markov Chain  Highest Computationally 
prohibitive 

Simulation High Slow 

Analytical approximation ? ? 

• Our goal: find an appropriate approximation method 
that is both accurate and computationally feasible. 
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Previous Work 
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Fixed Point Approximation (FPA) 

 Classical approximation method on overflow loss 
systems (1964) 
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Overflow loss systems 
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New calls 
Primary 
server 
group 

Served 

Overflow calls 

Alternative 
server 

group(s) 

Poisson 

F. Kelly (1986) suggested cellular networks with channel borrowing 
capabilities can be modeled as overflow loss systems. 

Served 

Dropped 

Presenter
Presentation Notes
In overflow systems, if new calls are rejected at the first or primary server group they attempt, they become overflow calls are given a second chance to attempt a server in alternative server groups before they are dropped and cleared out of the system. Kelly in 1986 suggested that … And it is also applicable to BS sleeping case, as if the primary BS is sleeping or busy, the call will try to connect to alternative nearby BSs.



Fixed Point Approximation (FPA) 

 Classical approximation method on overflow loss 
systems (1964) 

 F. Kelly (1986) suggested using FPA on cellular networks 
with channel borrowing capabilities 

 Decouples the system into independent Erlang B 
subsystems (Poisson arrivals of calls) 

 Simple and straightforward 
 Running time: ~ 1 second (FPA) vs ~3 hours (Markov Chain 

simulation) 

 Not sufficient accuracy  
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Presentation Notes
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Drawbacks of FPA 

 Poisson error  

 

 

 

 

 

 Independence error: overflow traffic creates statistical 
dependency between the primary BS and the alternative BS 

 

 

 

 

New calls Primary BS Served 

Overflow calls 
(not Poisson) 

Alternative 
BS 

Poisson 
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Underestimate blocking probability!! 



Our Proposal 
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Information 
Exchange 
Surrogate 

Approximation 
for 

Cellular Networks 
(IESA-CN) 
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Presenter
Presentation Notes
Seeing the drawbacks of FPA, we proposed … to combat the two errors in FPA to improve accuracy.



Drawbacks of FPA (and solutions!) 

 Poisson error: overflow traffic is not Poisson even if 
new traffic is Poisson 

 Independence error: overflow traffic creates statistical 
dependency between the primary BS and the alternative 
BS 

 Both errors lead to underestimation  

 Solution: apply an FPA-based method to a surrogate 
with higher blocking probability and a higher 
proportion of new traffic 
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Presenter
Presentation Notes
As I spoke previously, both errors in FPA are related to overflow traffic in the system and lead to underestimation. Therefore, our solution is to apply an FPA-based approximation on a surrogate system, which is close to but has slightly higher blocking probability than the original true system. Also, the surrogate should have a higher proportion of fresh new traffic as the errors are related to overflow traffic. By doing these, we hope to preserve FPA’s simplicity advantage while improving the estimation accuracy.



The IESA framework 
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True Model 

Surrogate Model 

Bl
oc

ki
ng

 P
ro

ba
bi

lit
y 

FPA Estimation 

New estimation Apply 
FPA 

Apply FPA-based 
approximation 

Error of 
EFPA 

Error of new 
Estimation 

Construct 

Presenter
Presentation Notes
The conceptual illustration of the IESA framework is displayed. If we apply FPA directly to the true model, it will underestimate blocking probability. Therefore, we construct a surrogate model from the true model with slightly higher blocking probability, and then apply an FPA-based approximation to the surrogate. The higher blocking probability of the surrogate over the true model will be cancelled out by underestimation by the FPA-based approximation.  As a result, we expect the new estimation is closer to the blocking probability of the true model than the FPA estimation, namely reduce the estimation error.



Call Attributes in the Surrogate 
Model 

23 

I: Primary BS = A 
alternative BSs = {B,C,D,E}  

Δ: overflown path = {A,C,E} 

c(I, Δ, Ω)  
Ω: No. of overflows = 3 

Presenter
Presentation Notes
Therefore, the main challenge is to design a suitable surrogate. In order to better capture the state dependencies, we assign three attributes to each call in the surrogate. The first one is call identity denoted by I. It contains information including the call’s origin (primary BS) and the set of alternative BSs that can be accessed by the call. The second attribute is the overflown path, denoted by delta, means the BSs that the call has been denied access. The last attribute, denoted by omega, is a record of number of overflows, and it is the key of the surrogate model, which I will demonstrate in next few slides.



Normal overflow process 
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cx(Ix, Δx, Ωx)  

Arriving at BS M with no 
vacant channels 

Overflow 

cx(Ix, Δx+M, Ωx+1)  

Presenter
Presentation Notes
The attributes will be updated upon an overflow. Suppose a call cx, with attributes ix, deltax and omegax, arrive at a BS M with no vacant channels. In normal circumstance, it will overflow and update the values of delta and omega.



Information Exchange in IESA 
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cx(Ix, Δx, Ωx)  cy(Iy, Δy, Ωy)  

Arriving at BS M with no 
vacant channels In service in BS M 

∃ Ωy > Ωx 

Exchange 

Presenter
Presentation Notes
However, in order to capture the state dependency, we introduce an information exchange mechanism. Instead of directly overflow as in the true system, it will examine the attributes of the calls in service. If there exist a call y with the third attribute omega y larger than omega x, call x will initiate an information exchange process with call y.



Information Exchange in IESA 
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cx(Ix, Δx, Ωy)  cy(Iy, Δy, Ωx)  

Arriving at BS M with no 
vacant channels In service in BS M 

Overflow 

cx(Ix, Δx+M, Ωy+1)  

Exchange 

∃ Ωy > Ωx 

Presenter
Presentation Notes
That is, x will take the value of omega y and y will take the value of omega x as their new third attribute before x’s overflow. The rationale behind this information exchange is that the value of omega indicates the congestion level of the BSs near M. 



Hierarchical Analysis 
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Ω = 0 

Ω = 1 
 

Ω = 2 

Ω = 3 
 

…… 

Ω = k* 
 

𝐵𝑐𝑜𝑐𝐵𝑖𝑛𝐵 𝑐𝑁𝑜𝑁𝑐𝑁𝑖𝑐𝑖𝑛𝑠 =  
𝑛𝑁𝑁𝑁𝑁𝑁 𝑜𝑜 𝑐𝑐𝑐𝑐𝑐 𝑁𝑐𝑜𝑐𝐵𝑁𝑐 𝑐𝑐𝑐𝑜𝑁𝑐𝑖𝑛𝐵 𝑛𝑜 𝑛𝑡𝑁 𝑁𝑒𝑁𝑐𝑛𝑖𝑜𝑛 𝑁𝑁𝑐𝑜𝑏

𝑛𝑜𝑛𝑐𝑐 𝑛𝑁𝑁𝑁𝑁𝑁 𝑜𝑜 𝑐𝑐𝑐𝑐𝑐 𝑖𝑛𝑖𝑛𝑖𝑐𝑛𝑁𝑐
 

k*: the maximum 
allowed value of Ω in the 

surrogate (pre-set 
parameter) 

nm: number of BSs 
accessible by a call 𝑃𝑘∗(𝑐( ∆ , Ω)) = 

𝟎               𝒊𝒊 Ω <  𝒏𝒎
Ω− |∆|
𝒏𝒎 −|∆| 
𝒌∗ − |∆|
𝒏𝒎 − | ∆|

 𝒊𝒊 Ω ≥  𝒏𝒎
 

Presenter
Presentation Notes
We hope to capture the state dependencies by the values of the attributes. By the value of omega, we reconstruct the original non-hierarchical network into a hierarchical structure. We then apply FPA on each layer where the blocked call will be overflowed to a higher layer as the value of omega increases. The process is continued until layer k*. On the other hand, we introduce a dropping mechanism for the overflow calls. There’s a dropping probability for an overflow call before it has attempted all alternative BSs as in the true model. The dropping probability shown here is related to the value of k*, delta, and omega, notably, it is positively related to the value of omega, meaning that calls with more number of overflows are more likely to be dropped. 



Summary: Information Exchange in IESA 
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Clear certain 
overflow traffic 

before they have 
attempted all 
alternative BSs 

Higher proportion of new 
traffic (less Poisson and 
independent errors) 

Higher blocking probability 
(combat underestimation by 
the FPA) 



VoD system vs. Cellular network 

VoD System Cellular network 

Locality 
effect 

No  
(Requests can overflow to 
any servers)  

Yes  
(Calls are only allowed to 
overflow to nearby BSs) 
 

Mobility 
effect 

No  
(A request stays with one 
server)  

Yes  
(A call may be served by 
multiple BSs) 
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The IESA framework has been applied in Video on Demand (VoD) system. 

We need to adjust the approximation to address the unique features of 
cellular network. 

Presenter
Presentation Notes
The IESA framework has been applied in Video on Demand (VoD) system. However, it can not be directly applied to cellular networks due to coherent differences between these two models.(Two features)Why are the two effects important? The locality effect will lead to more concentrated congestion/state dependency in a small area of the network while the mobility effect will kind of spread the congestion out. Therefore, the system congestion and thus the state dependencies in cellular network are more unpredictable than in the VoD system.



IESA-CN 

 We adjust the value of a parameter (k*) in the original 
IESA framework to address the two unique features of 
cellular networks 
 k* is a constant in the original IESA framework 

 We use machine learning technique to get the optimal 
value of k* 
 MATLAB curve fitting toolbox 
 Independent variables: traffic load and handover rate 
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Numerical Results 
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Model 

 
 
 49-cell wrap-up cellular system 
 Each cell served by a single BS 
 Poisson arrivals of calls 
 Exponential service and sojourn time 
 Each BS is a loss system  
 Calls arriving at a busy or sleeping BSs randomly select a 

neighboring active BS as the alternative BS 
 Simulation results are used as the benchmark to assess the 

accuracy of the approximation methods 
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Model: BS sleeping patterns 

33 

Pattern A: 1/7 sleeping Pattern B: 3/7 sleeping 

Pattern C: 4/7 sleeping Pattern D: 6/7 sleeping 

7-cell clusters in 49-cell model 

BSs in one cluster (the hot 
cluster) are offered higher 
traffic than the others  



Conceptual illustration for IESA-CN 
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 (No BS sleeping case) 

True Model 

Surrogate 
Model 

Bl
oc

ki
ng

 P
ro
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FPA 
estimation 

IESA-CN 
estimation 



Insensitivity to service and sojourn time 
distribution 

35 

Pattern A Pattern B 

Pattern C Pattern D 

Distributions: 
• E: exponential  
• D: deterministic  
• H: hyperexponential 

 
Notations: 
• μ: service time 
• δ: sojourn time 
• σ : variance 

 

2 

The blocking probability is nearly insensitive to the shape of service and 
sojourn time distributions 
 



Optimal value of parameter k* 
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Low traffic without mobility 
optimal k* = 9 

Low traffic with mobility 
optimal k* = 11 

High traffic with mobility 
optimal k* = 24 

When the value of k* increases, the estimation by 
IESA-CN converges to that by FPA. With the 
dropping probability decreasing, the surrogate 
system is closer to the true system 𝑃𝑘∗(𝑐( ∆ , Ω)) = 

𝟎               𝒊𝒊 Ω <  𝒏𝒎
Ω− |∆|
𝒏𝒎 −|∆| 
𝒌∗ − |∆|
𝒏𝒎 − | ∆|

 𝒊𝒊 Ω ≥  𝒏𝒎
 



MATLAB curve fitting toolbox 
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Handover rate 

Offered 
traffic 

k* 



Performance of the approximations 
(offered traffic) 
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Pattern A Pattern B 

Pattern C Pattern D 

In Pattern D, the system is simplified to seven isolated clusters with no 
mutual overflow, therefore, the two approximation results are identical as 
the information exchange mechanism cannot be activated in the surrogate. 



Performance of the approximations 
(asymmetrical traffic) 
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All-on Pattern A 

Pattern B Pattern C 

α: The ratio of offered traffic per BS in the hot cluster to that in the rest of 
the network  



Performance of the approximations 
(handover rate) 
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All-on Pattern A 

Pattern B Pattern C 

IESA-CN is a conservative estimation at most times. 



Running time 
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Method  Pattern Running time 

FPA A 0.97 seconds 

IESA-CN A 107.2 seconds 

MC Simulation A 2.96 hours 

FPA B 0.69 seconds 

IESA-CN B 71.63 seconds 

MC Simulation B 2.95 hours 

FPA C 0.31 seconds 

IESA-CN C 36.29 seconds 

MC Simulation C 2.77 hours 

*MC: Markov Chain 



Conclusions 

 We apply FPA to a cellular network model with BS 
sleeping techniques. 

 We propose IESA-CN, an accurate and computationally 
efficient method for estimating blocking probabilities in 
cellular networks with BS sleeping techniques. 

 

Method Accuracy Speed 

Markov Chain Highest Computationally 
prohibitive 

Simulation High Slow (3 hours) 

FPA Unsatisfactory Very Fast (1 second) 

IESA-CN Very good Fast (< 2 minutes) 
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Our Contribution 



Future Improvement 

 System model 
 Apply to more realistic models, e.g., heterogeneous 

cellular networks 

 Approximation method 
 Optimization of the algorithm 
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Thank you! 
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Call attributes in the surrogate 
system 

 I – Call identity (primary BS of the call, the set of BSs 
that the call has borrowing access to, etc.) 

 Δ – Overflown path (BSs that the call has already 
attempted and overflowed) 

 Ω – Third attribute representing an estimate of the 
number of fully occupied cells in the system, increases 
itself by 1 at every overflow/information exchange 
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Errors of FPA – Poisson Error 

50 



FPA algorithm 51 

Initial values of BS 
blocking probability 

Calculate offered 
load for each BS 

Calculate  blocking 
probability for each BS 

Converge 
or not? 

Network blocking 
probability  

YES 

No 

Erlang B 



Explanation for Blocking 
Probability in IESA 
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𝐵𝑐𝑜𝑐𝐵𝑖𝑛𝐵 𝑐𝑁𝑜𝑁𝑐𝑁𝑖𝑐𝑖𝑛𝑠 =  
𝑛𝑁𝑁𝑁𝑁𝑁 𝑜𝑜 𝑐𝑐𝑐𝑐𝑐 𝑁𝑐𝑜𝑐𝐵𝑁𝑐 𝑐𝑐𝑐𝑜𝑁𝑐𝑖𝑛𝐵 𝑛𝑜 𝑛𝑡𝑁 𝑁𝑒𝑁𝑐𝑛𝑖𝑜𝑛 𝑁𝑁𝑐𝑜𝑏

𝑛𝑜𝑛𝑐𝑐 𝑛𝑁𝑁𝑁𝑁𝑁 𝑜𝑜 𝑐𝑐𝑐𝑐𝑐 𝑖𝑛𝑖𝑛𝑖𝑐𝑛𝑁𝑐
 

1. Ω ≤ k*, |∆| ≤ nm; if  Ω = k or |∆| = 
nm, P = 1. Pk is an increasing function 
of |∆| and Ω given k is constant. 
 
 

2. P is an increasing function of k* 
given |∆| and Ω are constant. (k* is 
a “tuning parameter” to control the 
blocking probability estimation) 

𝑃𝑘∗(𝑐( ∆ , Ω)) = 

𝟎               𝒊𝒊 Ω <  𝒏𝒎
Ω− |∆|
𝒏𝒎 −|∆| 
𝒌∗ − |∆|
𝒏𝒎 − | ∆|

 𝒊𝒊 Ω ≥  𝒏𝒎
 



Machine learning algorithm 53 

Run a set of simulations 
with certain parameters 

Run IESA-CN with different 
values of k* for each setup 

Observe and record optimal 
value of k* in these setups  

Predict (and use) the optimal 
value of k* for other setups 

No 

(training set) 

Use regression to obtain the relationship between 
optimal value of k*, handover rate, and offered traffic 

(test set) 



Additional sets of fixed-point 
equation in IESA-CN 

 Due to mobility (handover) effect in cellular networks 

54 

Service rate 

Handover rate 

Input parameter 
“offered traffic” 
to IESA-CN/FPA 

Blocking probability 
in BS j obtained by 
IESA-CN/FPA 

The set of 
neighbors of 
BS i 

Blocking probability 
after considering 
mobility effect 
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Obtain effective traffic based on 
arrival/handover/service rates and 

blocking probability at each BS 

Calculate blocking probability at each 
BS by FPA/IESA-CN based on effective 

traffic 

Calculate call blocking probability 
based on BS blocking probability and 

handover rate 

Converge? 
No 

Yes 

End 

Initiation 



Asymmetrical value of k* 
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