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Outline 
u  Benefits of Pooling (of computing) 
u  The Communication Theory of the Problem 

ª Computational Outage 
ª Computationally Aware Scheduling 

u  Economics 
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Main Question Addressed in this Talk 

In a wireless network, where should the processing be done?   
a)  Distributed? 
b)  Centralized? 
c)  Something in between? 



Baseband Processing Is Moving Away from the Mast 

u  Traditionally, all processing is 
done locally at the base station 

3 [1]. A. Checko et al, “Cloud RAN for Mobile Networks – A Technology Overview,” IEEE Comm. Surveys & Tutorials, First Quarter 2015. 

u  The trend is to move the base-
band unit (BBU) away from the 
RF (a.k.a. RRH). 



The Baseband Hotel 

u  Distributed deployments have a 
separate BBU for each RRH. 

4 [1]. A. Checko et al, “Cloud RAN for Mobile Networks – A Technology Overview,” IEEE Comm. Surveys & Tutorials, First Quarter 2015. 

u  Centralized approach is to 
consolidate the BBUs into a pool. 



5 

Statistical Multiplexing Gain (a.k.a. Pooling Gain) 

RAN 

RANaaS 

RANaaS Interface RANaaS Hypervisor 

u  Exploitation of temporal and spatial traffic fluctuations 
u  Efficiently use available resources, scale resource according to needs 

(resource pooling, elasticity) 
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Customization Benefits (flexibility) 

RAN 

RANaaS 

RANaaS Interface RANaaS Hypervisor 

u  Optimization based on purpose, deployment, …  
u  Using software implementation rather than configuration (SON) 
u  Flexible software assignment over time and space 



Benefits and Challenges of C-RAN 

u  Benefits 
ª Centralized processing can be 

provisioned for average load 
rather than peak load. 

ª Maintainability, flexibility, and 
upgradability. 

ª Fast coordination among base 
stations (for eICIC, Comp, 
handover, caching) 

u  Challenges 
ª Requires high-speed fronthaul. 
ª  Increases timing pressures. 
ª Virtualization must share 

resources in real time. 

7 



Full vs. Partial Centralization 

u  Rather than doing all L1 processing in the BBU Pool, some of the 
L1 processing can be done at the RRH. 

u  Reduces the load on the fronthaul. 
u  Increases computational load at the RRH. 

8 [1]. A. Checko et al, “Cloud RAN for Mobile Networks – A Technology Overview,” IEEE Comm. Surveys & Tutorials, 1Q 2015.  
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RRH / BBU Functional Split:  Partial Centralization 
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Flexible Functional Split 

Example: Partly centralised  
(inter-cell) RRM 

Example: Joint 
Decoding 



LTE Case Study 

10 [1]. A. Checko et al, “Cloud RAN for Mobile Networks – A Technology Overview,” IEEE Comm. Surveys & Tutorials, 1Q 2015.  



Important Features of the LTE Uplink 

u  Turbo Coded 
ª  Iteratively decoded 

u  Adaptive Modulation and Coding 
ª Base Station commands UE to use one of 27 MCS 
ª Spectral efficiencies range from 0.2 to 5 bits per 

channel use 

u  Hybrid ARQ 
ª Synchronous protocol 
ª ACK must be received within 4 ms 
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Turbo Decoding is Iterative 

u  On the uplink, around 50% of 
compute load is due to turbo 
decoding. 

u  Because a CRC is used to 
halt decoding, the load is 
directly proportional to the 
number of iterations 

u  Operating with a higher SNR 
margin reduces the number 
of iterations 

12 [2]. M.C. Valenti, S. Talarico, and P. Rost, “The role of computational outage in dense cloud-based centralized radio access networks,” in Proc. IEEE Global 
Commun. Conf. (GLOBECOM), (Austin, TX), Dec. 2014. 



Computational Load for Turbo Decoding 

u  The load to decode a given transport block is: 

u  Where: 
ª Load depends on SINR γ and the selected MCS 
ª C is the number of code blocks after segmentation 
ª Kr is the number of information bits in the rth code block 
ª  Ir is the number of decoding iterations for the rth code block 

u  Load is in units of bit-iterations 
ª Relation between bit-iterations and CPU cycles is implementation 

dependent, but fixed for a given architecture 
13 



Computational Outage 

u  If a transport block is not decoded before the deadline, then a 
computational outage occurs 

u  From a systems perspective, a computational outage is no different 
than any other kind of outage (e.g., due to fading or interference) 

u  For a conventional (locally processed / non-pooled) system, a 
computational outage occurs when the following condition occurs 
      C(γ) > Cmax
where Cmax is the maximum number of bit-iterations that can 
be supported within the deadline

u  The computational outage probability is the probability of this 
event
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Scheduling Policy Influences the Load 

u  MRS = max-rate scheduling 
ª Target 10-1 BLER after 8 iterations 

u  CAS = computationally aware scheduling 
u  Target 10-1 BLER after just 2 iterations 

15 [2]. M.C. Valenti, S. Talarico, and P. Rost, “The role of computational outage in dense cloud-based centralized radio access networks,” in Proc. IEEE Global 
Commun. Conf. (GLOBECOM), (Austin, TX), Dec. 2014. 



Conservative Scheduling Helps if Compute Limited 
u  Comparison 

ª Unlimited compute power 
ª Compute limited 

u  Channel model 
ª Block Rayleigh fading 
ª Perfect T-CSI 
ª No interference  

u  Outages can be due to channel 
or compute effects 

u  Outage probability with CAS is 
much lower when compute 
limited 

16 [2]. M.C. Valenti, S. Talarico, and P. Rost, “The role of computational outage in dense cloud-based centralized radio access networks,” in Proc. IEEE Global 
Commun. Conf. (GLOBECOM), (Austin, TX), Dec. 2014. 



Influence on Throughput 

u  Throughput is the rate 
of correct data transfer 

u  Even though CAS has a 
lower peak rate, its 
throughput is better due 
to reduced occurrence 
of computational outage 

17 [2]. M.C. Valenti, S. Talarico, and P. Rost, “The role of computational outage in dense cloud-based centralized radio access networks,” in Proc. IEEE Global 
Commun. Conf. (GLOBECOM), (Austin, TX), Dec. 2014. 



Computational Outage in a C-RAN Environment 

u  Computational resources are shared by the pool 
u  Let Ncloud be the number of RRH serviced by the pool 
u  A computational outage occurs when 

u  where γi is the SINR at the ith RRH and Cmax is the available 
computing per RRH

u  By exploiting the statistical multiplexing gain, it may be 
possible to reduce Cmax --- but by how much?
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Role of Interference 
u  The uplink SINR in a multi-cell network is 

u  Where 
ª Yj is the jth RRH and Xj is the mobile served by it 
ª  gi,j is the fading gain between Xi and Yj 

ª α is the path-loss exponent 
ª  s is partial-power control compensation factor (s=1 for full PC) 
ª  Γ is the SNR at the RRH 
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Local Processing vs. Centralized Processing 

u  Example scenario 
ª N = 129 base stations (actual locations from UK) 
ª Ncloud = 8 in the center are considered 
ª Can be processed centrally (CP) or locally (LP) 

u  Simulation parameters 
ª Mobile devices placed according to a Poisson Point Process (PPP) 
ª Density λ devices per km2 

ª  Just one device serviced per cell (TDMA scheduling) 
ª α = 3.7 and s=0.1
ª Γ = 20 dB
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Sum Throughput as a Function of Compute Power 

u  Fixed density of mobiles 
λ =0.1 per km2  

u  Central Processing always 
outperforms Local 
Processing 

u  CAS scheduling better than 
MRS when compute 
resources are constrained 

21 [2]. M.C. Valenti, S. Talarico, and P. Rost, “The role of computational outage in dense cloud-based centralized radio access networks,” in Proc. IEEE Global 
Commun. Conf. (GLOBECOM), (Austin, TX), Dec. 2014. 



Effect of Mobile Density 

u  Centrally processed 
u  Variable density of 

mobile devices 
u  When constrained, MRS 

degrades with 
increasing user density 

22 [2]. M.C. Valenti, S. Talarico, and P. Rost, “The role of computational outage in dense cloud-based centralized radio access networks,” in Proc. IEEE Global 
Commun. Conf. (GLOBECOM), (Austin, TX), Dec. 2014. 



Towards a Theory for Computational Outage 

u  The complexity of decoding can be modeled statistically 
u  Similar to modeling the channel statistically 
u  By using the statistical model, analytical insight can be obtained 

without resorting to simulation 
23 

[3]. P. Rost, S. Talarico, and M.C. Valenti , “The complexity-rate tradeoff of centralized radio access networks,” IEEE Transactions on Wireless Communications, 
vol. 14, no. 11, pp. 6164-6176, Nov. 2015. 



Outage Complexity 
u  Outage complexity is the amount of 

computing power required to 
achieve a desired computational 
outage probability 

u  Analogous to outage capacity 
u  Useful to plot as a function of the 

cloud group size Ncloud 

u  Can be used to rapidly determine 
compute power needed 

24 
[3]. P. Rost, S. Talarico, and M.C. Valenti , “The complexity-rate tradeoff of centralized radio access networks,” IEEE Transactions on Wireless Communications, 
vol. 14, no. 11, pp. 6164-6176, Nov. 2015. 



Optimal Scheduling 
u  The (max rate) scheduling problem can be formulated as 

where rk is the rate of the kth user, Ck is its offered computational load, and 
Cserver is the total available computing resources 

u  Optimal solution results in a water-filling algorithm 
ª Water level accounts for available computing 

u  A heuristic alternative solution is to simply pick the user with 
highest complexity and back off its rate until the complexity 
constraint is satisfied 

25 



Benefits of Optimal Scheduling 
u  Three approaches 

ª max-rate scheduling (MRS) 
ª scheduling with complexity 

cutoff (SCC) 
ª scheduling with water filling 

(SWF) 
u  Cellular network 

ª 129 actual base stations 
ª λ = 1 device per km2 

u  Variable Ncloud 

u  SCC/SWF robust against 
computational outage 

26 
[4] P. Rost, A. Maeder, M.C. Valenti, and S. Talarico, “Computationally aware sum-rate optimal scheduling for centralized radio access networks,” in Proc. IEEE 
Global Commun. Conf. (GLOBECOM), (San Diego, CA), Dec. 2015. 



Scheduling More Important As Network Densifies 

u  Fix Ncloud = 10 
u  Vary the user density 
u  Computationally aware 

scheduling provides 20% 
higher throughput for 
highly dense networks  

27 
[4] P. Rost, A. Maeder, M.C. Valenti, and S. Talarico, “Computationally aware sum-rate optimal scheduling for centralized radio access networks,” in Proc. IEEE 
Global Commun. Conf. (GLOBECOM), (San Diego, CA), Dec. 2015. 



C-RAN vs. Decentralized RAN --- Economic Perspective 

u  The costs of C-RAN are determined by 
ª Cost per RRH 
ª Cost per BBU server 
ª Cost for fronthaul / backhaul (per km) 

28 
[5]	  P.	  Rost,	  I.	  Berberana,	  A.	  Maeder,	  H.	  Paul,	  V.	  Suryaprakash,	  M.C.	  Valen=,	  D.	  Wubben,	  A.	  Dekorsy,	  and	  G.	  FeBweis,	  “Benefits	  and	  challenges	  of	  virtualiza=on	  in	  5G	  radio	  
access	  networks,”	  IEEE	  Communica-ons	  Magazine,	  vol.	  53,	  no.	  12,	  Communica=ons	  Standards	  Supplement,	  pp.	  75-‐82,	  Dec.	  2015.  



Economic Analysis: An Example 

29 

0 1 2 3 4 5 6 7 8 9 10
2.6

2.7

2.8

2.9

3

3.1

3.2

3.3

3.4

3.5

Data center intensity [per sq-km]

C
A

PE
X

 [M
U

SD
 p

er
 sq

-k
m

]

 

 
DRAN
Full CRAN
Cloud-RAN, 8 iterations
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Concluding remarks 
u  C-RAN is here 

ª Modern base stations separate RRH and BBU 
u  Question is how aggressively will it be used ... 

ª How far to separate the RRH and BBU? 
ª How many BBU’s to put into the pool? 
ª Where to put the functional split between RRH and BBU? 
ª When will this be used as an enabler of eICIC and COMP? 

u  Computational outage is an issue 
ª  Provisioning of computational resources will depend on it 
ª Theoretical framework for computational outage is needed 

u  Computation is a radio resource 
ª  Just like power and frequency 
ª  Schedulers should take it into account 

u  Decisions will largely be based on the economics 
ª Main variable is the cost of the fronthaul 30 



QUESTIONS? 

31 
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