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Introduction

e Multihopping
single hop

O O

multiple hops
O O O O O

— Information passed sequentially hop-by-hop

— Less signal attenuation per shorter hop

— Increased bandwidth (unigue to underwater acoustic channels)
— Increased interference!

— Increased delay due to additional processing at nodes

— In many cases: increased data rates, increased power efficiency, and
improved reliability

e Q: How should we properly design an underwater acoustic
multihop network?
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Prior Art
e Coded multihopping
— Capacity known from cut-set argument
e Non-coded multihopping for general links:
- Nu]merous results: [Desoerb3|, [Posner&Rubin84], [Niesen et. al.
06]. ..
e Delay-reliability tradeoff:
— [Zhang&Mitra07], [Oyman06]
e Spectral-efficiency under spatial reuse:
— [Sikora et. al. 06]
e Multihop link budget analysis for underwater acoustic:
— [Stojanovic06, 07]
e Error rate analysis of cooperative multihopping with spread
spectrum for underwater acoustic:
— [Carbonelli&Mitra06]
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Multihop Transmission System Model

e K-+1 nodes (source, destination, K-1 relays)
— K links

e equi-distant relays (hop distance d)

e Message encoded as packets, each with fixed-length
time duration T

e Decode-and-Forward: each relay node decodes packet
re-encodes message as a new packet

CdeGdeO

source destination

K=4: three relays, three links, five nodes total
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Hop Link Characteristics
e Path loss model: distance and
frequency dependent
K d ==
A(d, f) o< d®a(f)® £
Absorption coefficient vs. frequency =) A
e Noise model: Colored (frequency-
dependent) Gaussian noise
Noise power spectral density (PSD) =)
N(f) "o 20 40 _ 80 50 100
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Multihop Transmission: Spatial Reuse

e Spatial reuse necessitated by half-duplex TX/RX constraint

— |In each time slot, a node can either: transmit, receive, idle,

— can't TX+RX simultaneously

e No spatial reuse, time division multiplexing only:

O O O

Time 1: >
Time 2:
Time 3:
Time 4:

v

e Spatial reuse:

O

O O O

. 1
Time 1: >

Time 2:

v
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Spatial Reuse Factor

e Spatial reuse parameterized by Q
- Q=223 ...

e With spatial reuse factor Q, each relay node transmits

once every Q time slots, on average
— =2 link utilization is 1/Q

e What is optimal Q7

— balance between rate and interference (and collision

avoidance?)
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Multihop Transmission: Scheduling

Further issue: large propagation delay
— Sound speed only 1.5km /sec underwater
— one hop travel time may be several packet durations

— Scheduling necessary to avoiding node collision: node cannot
simultaneously RX/TX (half-duplex)

Example of improper schedule:

Assume propagation delay = packet duration = T (one time slot)

Source Q Relay Q Destinationo
—

time 1: TX— -
=

time 2: TX—» .. —» RX

A —
time 3: / TX—

Cannot be received!
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Multihop Transmission: Scheduling

e C(Considerations for scheduling design
— Link utilization: = small spatial reuse factor

— Interference suppression: > large spatial reuse factor
— Collision avoidance

e (Good design strikes balance

e Proposed scheduling protocol:
— Spatial reuse factor Q
— Interference nodes located at distance:
(Q+1)d, (2Q+1)d, (3Q+1)d, ...
dominant (Q-1)d.[(2Q-1)d, (3Q-1)d, ...
interference ot node

Q=2 TX~> ™ > X >
o O———O O
3d RX 3d

O
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Interference Analysis

e [n an infinitely long multihop network:

— typical node experiences interference-to-noise ratio density

p.a(f) = Y p((GQ+1)d, IS+ > p((GQ —1)d, f)S(f)

i=1 j=1

where p(d, f)is the hop link gain as a function of hop
distance and frequency, and S(f) is the signaling
PSD of each node

e SINR density thus is (& FIS()
14 pg,a(f)S(f)
(d,f) = !
R TCN I C)
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Optimization Problem

e Information rate achieved by signaling PSD:

Rgs(:) = h

/Q >0

og (

due to transmission schedule

with spatial re-use

p(d, f)S(f)

14 pg.a(f)S(f)

e Ideally optimize over Q and S(f)

— optimization over Q involves a discrete search
— fixed Q, a closed form S(f) can be found
— subject to power constraint:

S(f)
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)a

S(f)df =P
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Signaling PSD Optimization

e Signaling PSD S(f) affects achievable rate and thus is optimized
e A convex optimization, solved by water-filling type of strategy

e For fixed Q, optimal PSD is:
1

S(f) = —[o(d, f) + 25
D = o [p(d,f>+ﬁQ,d(f>}{ () + 25galf)

—|—\/p2(d, )+ @4/ Npd, £)pg.qa(f) [P(d, )+ 5Q,d(f)}}

if p(d,f) >0 ;and S(f) = 0 otherwise; multiplier A >0
chosen to satisfy average power constraint

e Overall maximum rate obtained via selecting the optimal spatial
reuse factor Q
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Error Exponents

e Inherent tradeoff in coding theory

— Reliability, measured by probability of decoding error, degrades as rate
approaches capacity

— Asymptotic theoretical characterization captured by error exponents
e Point-to-point channels:

— Describes decay rate of probability of decoding error with increasing
code block length

P. = exp—nE(R)
n = code block length — oo
E(R) = error exponent

e Various bounds on error exponents exist [Gallager68], here focus on
random-coding bounds only

e not focusing on delay issue here (cf. propagation delay or coding
delay)
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# Hops vs. Reliability

14

e Design: fix packet duration, reliability constraint, and target rate

e To meet specifications, must increase # hops

— WUWNETO07 (Zhang & Mitra): considered different channel model, did not

optimize Q (set Q=2) or S(f)

Single-hop
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Numerical Results: Rate Optimization
e Assumptions: practical spreading, moderate shipping activity, calm seas
e Normalized link gain: unity gain at 1km distance
e Large number of hops, focusing on worst-case node interference
e Per-node power constraint P
d = 0.5km d = 2km
R w0 . .

2l
2l
L 25|
et e ;.
T - 151
o 10-
2 5L

S o s e s % % w % : 10 2 % 2

P (d8 1o Pal
e Choice of spatial reuse factor significantly impacts achievable rates
Q = 2 or 3 near optimal for most ranges
e Q = 2: increased interference eventually overweighs increased link utilization
e No noticeable benefit for Q > 3 for ranges considered
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Numerical Results: #Hops vs. Reliability
e Total power budget 40dB :j _ _ _ _
— (uniformly distributed across WIS W S T
nodes) 20 R I R
e Required reliability 0.0001
packet error rate
e Packet duration 0.1sec
e Minimum # hops vs. target rate o T N
e Multihopping crucial for maintaining high rates + high reliability
e Required # hops scales almost linearly with target rate
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Summary

e Analyzed multihopping in underwater acoustic transmission
— Information-theoretic tools utilized
— Design guidelines provided
— Performance tradeoffs revealed
e optimal signal power spectral density
e optimal spatial re-use factor
e minimum number of hops to achieve certain rate/reliability

e Future topics

— Improved scheduling protocols (to appear)

— Realistic link characteristics: multipath, fading, irregular node
topologies, etc.
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Benefits of Multihopping

e End-to-end BER with error propagation (purely physical layer)

e Cooperative communication/MRC

e Significant attenuation (vs. distance) = greater gains

— function of inter-node distance/carrier frequency
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