Lucent Technologies 6
Bell Labs Innovations o

Results on Network Capacity in M esh
Networ ks

Thyaga Nandagopal
(with Murali Kodialam)
High Speed Networks Research Dept.
Bell Labs, Lucent Technologies



gstem Architeg:ture_

Lucent Technologies |

Bell Labs Innovations

% Fixed nodes

£ Multi-hop

£ Multiple orthogonal channels

4 Channel conditions — largely
static

€ Multiple radios at each node
€ Simultaneously active

£ Full duplex

¢ Interference possible



Background N 6

Bell Labs Innovations

& [Kyasanuros] Capac ty of an node multi-hop network can vary

from loglogn n
g (290 tog
nlogn Iogn

— Depending on ratio of number of channels and interfaces

¢ [kyasanuros] When ratio isless than O(log n), then one achieves
maximum capacity

4 [kyasanuros] Provides algorithm based on power control

¢ Take agiven instance of a network with n nodes
¢ |sthe above verifiable for any randomly chosen instance?

4 To consider: Limited number of channels, number of radios
per node and interference

4 Can we put numbers on the constants in the O( ) notation?
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¢ Each node randomly selects a destination in the network

% All nodes try to send as much data as they can to their
destination

4 Maximize the minimum sent
— Network Capacity as defined in [Gupta00]

4 A radio can be assigned to any channel in agiven slot
4 Radios are capable of fast switching
4 Multi-path routing feasible

& Protocol interference model: At most one transmitter in the
nelghborhood of any receiver (and transmitter)

¢ Capacity of alink over aparticular channel is constant (for
a channel scheduling period)
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¢ Use constraint characterization to provide optimization
model [ M obicomO5]

£ Apply optimization to current problem
— Get upper bounds for capacity

¢ Define an algorithm for obtaining a practical schedule

— Givesalower bound

4 Run this over alarge number of instances
4 Provide constants for the O( ) bounds

— Hopefully, serve as guidelines for network designers



Wireless Optimization
Framework



Constraints

€ A nodev has k(v) radios and network has C channels

% Let f(e) beflow and c(e) be the capacity of link e on channdl |
% g(e)=f; (e)/c(e) isthe utilization of link e

€ Utilization of alink over aparticular channel isat most 1

& Utilization of all linksincident on anode vV isat most A(V)

€ Link utilization limited by number of orthogonal channels C
— Can aso be limited to alink-specific quantity, 7(e)

% Interference constraints, specific to each channel

— Protocol interference constraints to model effects of MAC protocol
— E.g. 802.11: no node in the neighborhood of atransmitter/receiver must be active



| nter ference Constraint

€ For each pair of interfering neighbors (i.e. alink),
— Both nodes must either talk to each other, or
— Only one node must be talking to some other node, or
— Both nodes are silent

o

& For each link AB, tota utilization of all links incident on A,B must
be at most 1.

¢ Captures protocol interference accurately if utilization is binary
€ Not sufficient iIf we relax them to continuous variables
£ But will provide an upper bound to optimization problem




Optimization

¢ Four sets of constraints
1. Edge capacity constraint: flow cannot exceed capacity
2. Flow conservation at nodes: flow in = flow out
3. Wireless constraints: node, link, interference
4. Objective-specific constraints
¢ Capacity Objective
— Desired rate = 1 for each source-destination pair
— End-to-end rate(s) = / * desired rate(s)
— Maximize /

4 Get upper bound




Channd Assignment and
Scheduling
(Lower Bounds)



Basic Idea

4 Assign channelsto links

€ Multiple channels can be simultaneoudly active on asingle link
— Assuming radios are available at both ends of the link

¢ Assignment and scheduling problems are NP-hard

4 Use the LP solution (upper bound) from optimization problem as
the flow values for scheduling and channel assignment



Channel Assignment

4 Dynamic assignment lets channel assignment change every T
slots

If T= 1, then most flexible, for maximizing capacity

4 Algorithm: In each time dot,

N o ok wbdpE

Pick link with highest remaining demand
Check if any channels can be assigned to link (subject to wireless constraints)
If any, pick the channel with highest (predicted) capacity
Assign that (single) channel to the link — one channel in one iteration
Reduce demand correspondingly
Repeat until no channels can be assigned to any links
Go to next timeslot



Evaluation Results

4 Multiple random graphs
€ Vary number of nodes (N < 120)

¢ Results are dependent on the ratio of number of channelsto
Interfaces

4 No clear preference for path lengths

— Could change with the use of multi-rate coding



Upper Bound vs. C/k

» Capacity is highest up to a certain threshold of C/k
e It decreases for higher ratios



Upper Bound vs. C/k (contd.)
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* More experiments needed for much larger number of channels
* Not clear if larger ratios are practical or feasible



Per-Channel Capacity

» Theflat region, up to O(log n), isvery small

« Capacity is constant when i £ '”4” ,forn> 50

e For smaller n, theratioisaround 1.3



Dynamic Algorithm Performance

* The lower bound iswithin afactor of 0.8 of the upper bound
» Achieves a close approximation of network capacity
 Very tight performance (at least in all ssimulations)
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¢ 802.11a networks — 13 orthogonal channels

— Need at least 10 radios per node for a reasonable sized network to maximize
network capacity

¢ 802.11b networks — 3 orthogonal channels
— Need 3 radios per node to make full use of network capacity

€ Multi-path routing is key to achieving network capacity

— Single-path routes can lead to very poor performance at low C/k ratios

£ When traffic load islight, afewer number of radios suffice to
transport data over a given number of channels

€ Achieving capacity is still possible, at |east in a centralized
scheme, if fast channel switching is enabled
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