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Outline

e Introduction and motivation

e Multihop transmission protocol

e Interplay

— rate, delay, and number of hops

e Numerical results

e Conclusions
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Multihop Networking

single hop

multiple hops

O O O O O

Fundamental questions:
e How does multihopping benefit information transmission?

e How do we properly exploit the benefits?

e How do the channel characteristics (underwater) impact results?
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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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What is Missing?

e Inter-hop interference

e Delay vs. source burstiness [Chen & Mitra OCEANS 07]
— packet scheduling for multihopped underwater networks

— scheduling incorporates interference mitigation

e Half-duplex transceivers

— Hops need to be scheduled to mitigate interference, and to satisfy the
half-duplex constraint [Sikora et al 06]

e Delay vs. reliability

— Coding for intermediate hops needs to be adjusted to
trade delay for reliability
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Delay vs. Reliability

e Coding at nodes possible and useful
e Processing at a node has a cost (delay)

e Single hop © O

— Low delay
— End-to-end effective SNR low due to propagation

e Multihop O O O O O
— Possibly larger delay (multiple hops/processing)
— Higher SNR per hop

e How to capture reliability-delay tradeoff?
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Related Work

e (ascaded line networks

— [Desoer53, Silvermanbb, ..., Niesen et al05, ...]

e Multiple Relay Session (ISITO7)

e Resource orthogonalization = optimal numbers of hops [Sikora et

al06)]

e Achievable multihop end-to-end error exponent:

— Decode-and-forward 4+ Orthogonal time-division hop scheduling
[Oyman06]
— Concatenated coding, Pass-or-decode strategies [Zhang & MitraQ7]
e Improved delay-reliability tradeoff
e Full-duplex transceivers
e No inter-hop interference
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Error Exponents

e Assume coded communication

— code block length relates to coding “delay”

— longer code block length increases reliability at expense of delay
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 the only delay that matters (propagation delay)
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New Twists for Underwater Multihop

e delay # code length!

— need to consider end-to-end delay

e Propagation delay is important!
— speed of sound in water slow
— propagation delay >> coding delay
— how to incorporate into framework?

e Channel effects
— rapid signal attenuation (distance/frequency)
— frequency selective channels

— non-white noise

USC Communication Sciences Institute moomorrimomo oo 000 ofilo o Tri0mor T 1100

0]1(0]11 1|0



0/1]0 0/1 1 1[0[1]0j1 1 1|0[1]00{1[0/111[000[11]00f1[0/1111]0/1/0000000[1[00[111]|0[1]0/111][0[1]00(1]0[]111]00

9
Approximate Link Model
e "Flat" channel
— flat around 3 dB bandwidth
— SINR from 3 dB bandwidth
— AWGN (true is colored 1/f) approximate channel
e Overall link error exponent o
random coding exponent 60
— conservative i
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Shallow-Water Multipath Model

e Cannot ignore intersymbol interference (ISI) induced by multipath
— characterize through determination of delay spread via geometry
— consider LOS and bottom reflected path only (largest delay path)

— shallow water assumption 77 >> h

surface

bottom

e Delay spread determines guard intervals for ISl avoidance
— delay spread, A , iIs a function of the inter-node distance
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Multihop Transmission

e Source-destination d km apart

e Regular K-hop network: K relay nodes uniformly located between S
and D

e Hop characteristics identical, determined by length: d /K km

surface
source relay relay destination
\ /\ /ﬂ\ N

e for fixed d, fixed, h as K increases, relative delay spread increases
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Multihop System Assumptions

e Half-duplex transceivers
e Information flows through hop by hop
e All relay nodes decode-and-forward

e Fixed code length of duration T¢ sec
— Determined by higher-layer protocols

— Implementation complexity: longer codes harder to encode/decode

— Much smaller than propagation delay

e End-to-end propagation delay %sec

e Per-hop propagation delay Tp KL
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Hop Scheduling

Properly choose code length P = g odd
Tc _I_ )\K
for all slots: half nodes TX, half nodes RX

Example: If the ratio is 1, 2-hop with only one relay
— Message sent by source in time slots 0, 2, 4, ...
— Arrives at relay in time slots 1, 3, 5, ...

— So relay can send in time slots 2, 4, ..., without violating half-duplex
constraint

Time resource fully utilized by exploiting propagation delay
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Inter-Hop Interference

e Simultaneous
transmissions can interfere
with each other

e signal power attenuates
exponentially fast with
distance

60 10 km

e for typical network o
parameters, interference T R T R R TR TR

can be ignored £ (kHZ)
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Interplay among Rate, Delay, and Hops

e to achieve end-to-end rate R

need R/ 1= 2R(1 4+ Mg /7¢)

e End-to-end delay dominated by propagation delay

e from union bound to achieve end-to-end Fe need Fe per hop
e Asymptotically tight for reasonably long code lengths
e Decay rate of end-to-end error rate versus end-to-end delay:

~ B(R)=E4(R)ZC
K

— log Pk
T d

T

— increasing K, improves reliability
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Benefits of Hopping

+ K >;§¢ > (per hop SNR, W) t— E4(R) ?
K

unique to underwater
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Numerical Results

e S-D distance d=9 km
— = per-hop propagation delay = 6/K s

e node to ocean bottom depth h =/90m
— =2 multipath delay spread small for K < 10

e 1000 channel symbols/s for 10kHz BW
— code length 0.05s

propagation delay dominates

e As K=1-> 10
— per-hop BW 8kHz - 26 kHz (x 3)
— per-hop SNR -100dB - -75 dB (25dB gain)
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Numerical Results
Total Tx power 120dBre i Pa, equally allocated
among K hops
E(R). Y
Significantly
boosted i
rellablllty_delay % 02 0.4 0.6 0.8 1 1.2 1.4 16 1.8
Tcradeof.f by Rate (kbpS)
increasing K!
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Conclusions

e Preliminary analysis of delay-reliability tradeoff for multihop
underwater acoustic networks

e Impact of the key feature of long propagation delay
— also included ISI avoidance/guard bands
— distance dependent bandwidth
— unlike wireline/radio/optical channels

e Multihopping boosts the delay-reliability tradeoff considerably

e Need better system model to incorporate more details: coding
delay, processing delay, etc.
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