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> Sparse Signal Transmission via Lossy Link Using
Compressive Sensing
> Sensors, accept

> DoA Estimation from compressed Wireless Array Data

via Joint Sparse Representation
> [EEE Trans on Signal Processing (IEEE TSP) , in second review
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Wireless, Ad Hoc Sensor Network

Smart sensors
Transducers

Power

On-board processor, storage
Wireless transceivers
Ad hoc network

- No predefined, fixed network
configuration

- Transmit, receive, and relay
information

Wireless communication

- Radio, infrared, optical, and other
modalities

Vision

- Smart environment:
* Monitoring
« Control, interaction

- Large number of low cost
sensor nodes deploy-n-play,
self-configuration to form
network, Collaborative in-situ
information processing

Applications

- Environmental monitoring

- Civil structure/earth quake
monitoring

- Premises security
- Machine instrument diagnosis
- Health care



Mica Sensor Node

Left: Mica II sensor node 2.0x1.5x0.5 cu. In.

Right: weather board with temperature,
thermopile (passive IR), humidity, light,
acclerometer sensors, connected to Mica
IT node

Single channel, 916 Mhz radio
for bi-directional radio @40kps

4MHz micro-controller
512KB flash RAM

2 AA batteries (~2.5Ah), DC
boost converter (maintain
voltage)

Sensors are pre-calibrated
(+1-3%) and interchangeable




Habitat and the Bird
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Habitat to be monitored (up, yellow: microphone
Red: camera) and the Leach’s storm petrel (right)

% Department of Electrical
and Computer Engineering



Zhellana Univarsity

The inside wall of drainpipe

Sensor nodes Pollution monitoring
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Great Duck Island Monitoring Project
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Military Surveillance

Leo Sat
Data Link
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 Low-power Networking worldwide user

Medical instrument
internetworking

networking
/ & e 4
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signal processing
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Other Applications
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Existing problems T
PRR R

106

Resource-constrained WSNs (I0T) ... :
Constrained Power " . s

Constrained Computation Capablllty %
Distance between sender and receive

(P8)
Low power wireless communication _,_ __.___ . -

Larger volume data to transmit (Nyquist Samplmg)
Unreliable communication due to lossy link /

£\

Waste aMn-proper utilization of WSN
*Error-eorrection (Channel coding and ARQ)W
«Communication bandwidth waste due to no use of lossy li
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Part] —Background and Motivation

e|Introduction of compressed sensing ,
Many signals can be compressed in some basis (Fourier .etc.)

Ubiquity of sparse signal in WSNs

N

pixels lafl(rgf N
wavelet
coefficients

M"” I,', '| ‘ru,ﬂ‘l"ll' ‘ K< N

a]c\{)ustic ", ,“. "‘l" "\ ’m ‘ l ::argg

signal "'"l"'l'\||”'ll"'-"|"'|." ‘ ‘Fourier

samples = || ! |  coefficients
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Sparse Signal Transmission
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Part] —Background and Motivation

Compressive sensing fundamentals
Sparsity representation

f=Wx f,x€ER" | x|,=k<<N
Projection matrix construction

y = (I)f (I)‘Px yER M << N

> o

- e
I E- Ili_- o -l
F- O
Data is local, measurements are global!
Reconstruction algorithm
x=argminl||x||, szt PWPx=y

15

M = cklogn
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Existing problems and opportunity

Resource-constrained WSNs
»Constrained Power Meeesssssscccsosss N T LR L LECRT Ry
Constrained Computation

IAR
o

-l e eeee
40 5(

n Distance between sender and receiver
Efficient use of lossy link
Expand communication range

CS-based wireless communication systems in WSNs
Smaller volume data (Compressive Sampling)  —

*EffieterttUse of lossy link without experrsi
«_ channel coding and ARQ
W _

*Shift the burden to Receiver

~ M << N
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Part] —Background and Motivation

Existing problems

Resource-constrained WSNs
*Constrained Power
Constrained Computation capability

£\ - Promote Efficiency. lifetime

\ U4 of resource-constrained loT

CS-based wireless communication systems in WSNs

*Smaller volume data (Compressive Sampling)

Efficient use of lossy link without expensive channel coding and
*High cost of high speed sample

Shift the burden to Receiver
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Sparse Signal Transmisstem .. ., ...

s o '
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Dimension reduction ‘\

Random data loss

.'i;.-....' R e cee .
Random R
compressive sampling sifsissiinniiiasiiiin
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Sparse Signal Transmission

Easy-to-implement projection matrix
o, /) Lif j=J(@)=N
L, J])= :
0 otherwise

Random
compressive sampling

[ is the row of projection matrix @ , also the received

packet sequence number . J(j) is the original sequence

number in f
19
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Sparse Signal Transmission

eEasy-to-implement projection matrix

o (1if j=J(i)< N  Partial Fourier
D(1, j) =- . Basis
0 otherwise /

Random ..:i:::i:it::::: .

_ _ R T

compressive sampling J=f HgA T
¥

Y X
J is the row of projection matrix ¢ , also the received
acket sequence number. J (i) is the original sequence

umber in f 20
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Sparse Signal Transmission

CS effect on wireless link

) RN U Lt KT R ITRRLRY
Original signal §°5” : ‘o ' .. ' . ';l!!
x=(xl,x2,...,xN) o . .:;:.
Reconstructed signal % 10 20 D.;i% - *30 0 %0
x p—rd (xl ,xz ,"‘,xN ) Mocecssssssss ooooo'oooo‘:‘ ;:o o‘.:;' e 00 oo’..a.;'
Reconstruction error € o3}
% 10 20 *30 *30 %0 """ 80
Distance
. Expand communication range
[AR
Information acquisition rate
threshold
TAR 1 0<e<threshold denotes the application’s need for
- sighal recovery error
0 e > threshold S Q. 2
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Sparse Signal Transmission

(S effect on sparse signal transmission

- '4"]-

a) Reconstruction comparison with single (b) Reconstruction comparison with single (¢) Reconstruction comparison with sin

—aw

ransmission PRR=0.1 transmission PRR=0.38 transmission PRR=0.65
Error . CS
B 3 trans
140
Experimental parameter and results 105
70
PRR | CS/M  CS/Error(%) 3 trans/M | 3 trans/Error(%) 35
0 -
0.1 60 14.83 161 137.35 0.65 0.38 0.1
038 228 13.7 455 35.72 / PRR
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Packet length control

Data packet structure of IEEE 802.15.4

Longer packet tradeoff  Ohorter packet

overhead ‘ u error rate

Packet length control is an casy-implement and efficient method to promote
communication performance.

v
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Packet length control

Data packet structure of IEEE 802.15.4

o L= length of payload

« (= Length of overhead (MHR and MFR)

« BER= Probability of channel bit error; a function
of transmitter’s power and path loss

o F'= Normalized data transmission efficiency

L+0O
L« (1—BER)""
L+ 0O
Lettieri P, Srivastava M B, Adaptive frame length control for improving wireless
link throughput, range, and energy efficiency, Seventeenth Annual Joint

Conference of the IEEE Computer and Communications Societies (INFOCOM’98)2, pp.
564-571, 1998. .
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Packet length control under traditional method

o Lx(1- BER)"*¢

— BER= 1006
— BER=100-5
0.9| == BER=10e-4
e BER®5" 1004
—— BER=100-3
08 BER=5'10¢-3
w— BER=100-2
— BER®S5*108-2
w— BER=10e=1

T T 1 T T L+()

Efficientcy

200 300 400 500 600 700 800 %0 1000
Payload length/ bits

Data transmission efficiency vs payload length under
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Packet length control under CS

transmission efficiency

- Lx(1-BER)""

—> E I+0

Signal transmission efficiency 0

How to measure signal transmission
efficiency?

error < -

Objective min ||z — Z|[-

Subject to y = (Z1, T2...ZN)
original signal X = (21, Z9...TN)
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Packet length control under CS

Packet length vs recovery error vs mutual coherence
A" Al }
[|Aql]][A]]

which represents the worst case coherence between any two
columns (atoms) of equivalent matrix

A=V

-~

Gram matrix G = AT A, where A is column-normalized version of A

((A) = max {

i#j,1<i,j<N

p(A) = max g
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Packet length effect on

O 1 byte payload
0.5 (Random sampling)
E w3 8 bytes payload
08} —o— 32 bytes payload
' =g 84 bytes payload
w 06}
8 r
O 0.5}
©
= 04}
o
v 0.3}
S - -
= 0.2} . v " ~
3 L . . .\
= oif 0 . . g
- L
0 L 1 1 1 1 L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
M/N
A

Packet length ‘ Mutual coherence

A

M/N ‘ Packet length effect on mutual coherence
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Packet length effect on

p12

A A

Packet length ‘ Mutual coherence

M/N ‘ Packet length effect on mutual coherence

v
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Packet length effect (BER) on mutual coherence

B
Packet length ? BER

PRR

= 1bytes payload
== Gytes payload
-o- Rbytes payload
i Bdbytes payload
e 128by108 payload

Mutual coherence

B ™
— > A S

1 2 3 “ 5 6

Bit error rate (BER) ‘10"

- (0

P prr — (1 — Pe)L 2 M threshold
N

where
Mthreshold = CK log(N / K)

L —
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Packet length control

Performance improvement

Larger packet length leads to under relative good wireless
situation

High transmission efficiency ?
@)

Larger packet length leads to
Larger bursty packet loss and Larger mutual coherence

Shorter packet length leads to
random packet loss and smaller mutual coherence

How to eliminate packet length effect
to use larger length to gain efficiency

31
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Performance improvement

Data interleaving

Transmits data bits in a different order than the order in
which the data bits are originally transmitted

123456738

I [ [ ]

31572864 123456738

SN EEEEpTESENEYE
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Performance improvement through data interleaving

A ' i ‘ ' =O== 1 byte payload

o 5\ \\\ RCS ( dotted line with marker) =L} = 8 bytes payload
~ ~ -0 = 32 bytes payload

=¥ = 64 bytes payload

wed = 128 bytes payload

Mutual coherence

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
M/N

33

Department of Control Science and Engineering, Zhejiang University, m



Interleaving length effect

0.9

welQ== 1byte payload
weflJ== 8bytes payload

coherence thres holdwith

08F - K=5 Length=64bytes  coherence thresholdwith | wef)e= 32bytes payload
. . K=5 Length=32bytes wip= Bdbytes payload
4 e —ry = = = welde== 128bytes payload
§ 064 A A -
= coherence thresholdwith A .
% 05l K=5 Length=128bytes )
.g coherence threshold with K=5 Length=8bytes
b L e A ' Y
. coherence threshold with K=5 Length=1bytes
VK] — - o . NN N -
» *
0.2} - A
® e — :\
® ® o * ® »
01 PR | 1 2 z L 1 PR S T | z 1 1 1 1 PR T
10' 10° 10°
interleaving length 34
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Simulation Results

Performance comparison(data efficiency and IAR)

Varying Error threshold
Varying BER 1

—— data efficientcy BER=0.001

= == = data eficientcy BER=0.005

we== AR(threshold=0.3 or 0.001) BER=0.001
----- IAR(threshold=0.3) BER=0.005

w0 = AR(threshold=0.001) BER=0.005

data transmission efficiency

payload length\ bits
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improvement

Varying Error threshold
BER=0.005

weO= RCS threshold=0.3

wef== RCS threshold=0.001

== == = RCS interleaving threshold=0.3
== == = RCS interleaving threshold=0.001

0.9

0.7

0.6

0.5}

IAR

0.4}

0.3}

0.2}

0.1F
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Performance comparison (varying application/sparsity)

Varying Error
threshold
Varying
sparsity

08}
0.7F
06}

05}

IAR

04

03F

02}

0.1F

09}

-----------------

O RCS+intereavin
K=10 thnashold=go.3
o RCS+interleaving
K=10 threshold=0.001
o RCS+interleavin
K=5 threshold=og.3
- CS*intereaving
K=5 threshold=0.001

0
0

1
100

1 £ = = =
200 300 00 50 1000
Payload length/ bits
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Performance Promotion

Broaden Communication range

4

—O— PRR
== orror with CS
35 +m with interpolation

-0 PRR
e AR with CS
= AR with interpolation

o 1 AN y- v -
0 0 5 1w v Y5 Vv
Destance

Pded™ v - e

(a) PRR and Recovery error comparison with varying (b) PRR and IAR comparison with varying transmitting
transmitting distance distance
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Packet length effect and interleaving improvement

1 T T
0.9}
0.8}
0.7}
0.6}
0.5}
0.4}
0.3
=O=— AR with CS payload=4bytes
0.2| === IAR with CS payload=32bytes
= O = IAR with CS+intérleaving payload=4bytes
0.1 = E1 = IAR with CS+interleaving payload=32bytes
0
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Part2

WSAN DoA Estimation from compressed
Array Data via Joint Sparse Representation

40
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Motivation - Target monitoring on sensor array

Low latitude detection  City monitoring

| Gunfire positioning Border warning
epartment of Control Science and Engineering, Zhejiang University, China




Motivation - Bottleneck for wireless sensor array

- Challenged on Wireless Platform

Data Transmission

> Wireless sensor network can support long time monitoring with no
more than 1000 Hz sampling rate for IEEE 802.15.4 protocol

Power Consumption

> The development of the battery capacity is limited

Local computation capacity

> Local computation capacity is limited under power constraint

Cost

> Implementation for large number of sensor is not affordable
42
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Motivation - Solution to challenges

. A Compressive Sensing based array sensor
network for target monitoring

—  Compressed Sampling 1s introduced
—  Fusion center with strong computational capacity

,::;z;;a) )))))) b

A i S S i

————————————
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Background: Sparse representation

. Spectrum sparsity for time domain signal

Automobile engine Heavy vehicle

44
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Backgrounds: Compressive Sensing

. Efficient implementation of CS in sensor node

= +€= +€

min [X], sty <o

45
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Backgrounds: Array processing

Array Signal Model & Processing

(| [‘. [“ e'

q=1
Q .

Vi(wk.t) =Y e~ Sy(wr.t) + Vj(wr, t)
q=1

X (wi,t) = [X1(wk, 1), Xo(wk, 1), ...,. X J(wr, )]

Q
_,. wkt Z .J.,Lg ..u]\ t)+‘(wk t)

46
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Backgrounds: Sparse representation

Sparse representation in angle domain

Source 2 .
e '
Source 1 | Source 3
® 6 =4, |
TS
H v 01
\ . 7’
|
l‘ I
X .
‘Ol
\
()\ - I‘I /,0!»:
| /’
(): Se e - . - ’,-"()l [
\\__ | /’ ’d’—
()l -\_\- -~ - -~ [I p ’/ - - _,—-"—-"()[
\__\— \\\ -~ \‘ p ,: - - Cmm—-—— ’
O O.‘-“::Ssi\ggzl‘——-“o' O
Sensor 1 Sensor 2 Sensor 3 Sensor 4 Sensor 5

Only small number of active sources in the angle domain
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Backgrounds: Array processing

Sparsity based array processing

Partition the bearing angle space (say, 0 to 180) into L bins:

1
Source 2 .
l
Source 1 ' Source 3
® 6, =4 | ®
\
\ [ 0
0 \ a h
Y \
\ l
\
! I
\
N | | -0,
\
o, - ‘II -0,
\\ 1 /'
0 --- ~ s --6,
~:\\ //,::
Y
O O %— O O
or3 Sensor 4 Sensor 5

[\/]c

X (wg., t) a(wk,0p)Sq(wk,t) + V(wk, t) - X(wg.t) = A(wg)S(wi, t) + V(wg, t)
g=1
min ||S(w,. t)|l1 st || X (wk. t) — A(wi)S(wk. t)||* < N2
Alw,) = [a(w,,0y),a(w,,02),..., a(w,,0r)]
”(@U'rw Hq) — [1 p —iwrdsin(0q)/c (,—iw,.(J—l)dsin(Oq)/c]T
S(wy) = [s(wy, 1), s(wr,2),...,: L))" 48
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Framework

Combination of CS and array processing

Compressive Sensing Joint Sparse Representation based DoA
Target

analeg - digieal
w M e - Rindom mquene ‘ul‘

f La..zu.n.f—- traiaion
. A VAR %0
p— » .
@* O e e TIA
. e . .

s [ baoan b e :
AV ST S )
I e | [
| “, Sensor | e [
&, Somgel ole . e, .. . ,”\',.'!
g e et “, Seery” Wireless [\
8, —_— g S Communication |
. - ribr I i gl i R SR e
| vy(m) | S(ex) . n—
) Fusion J
[ ys(n) | , . . Say)
17 -=[.i((~.l_) DS, A@)Df, - Aloy)® j.\-] o Center
Ly, (m) ] S(en,) |

Compressed sampling Signal recovery/data Array o
/data compression = decompression — processing == Localization

Compressed b DoA reconstruction mmmmm) | Localization
sampling 49
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Problem Formulation:

Joint Compressive Sensing

Combining all J sensor measurements at the fusion center,
one may write:

%(f) F]. th(f) 'I'tl(f)
Yo(1) B F, Xz(f) N V(1)
(1) i F, 1L X, (t) v;(1)

N\ — —— — —  e— —
Y (t) F X (t) V(t)

50
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Problem Formulation:

Joint Array Processing

Dividing the frequency band into N narrow-band, non-
overlapping frequency bins, one may derive a joint sparse
representation of the sensor measurements as

X(wet) | [ Awy) S(wnt)
X(ws 1) B A(wo) S(wo, 1)
X(wwt)| | AWN)] S (wp t)
\q,—/ \—,—/\qf—/
X (w.t) A S(t)

51
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Problem Formulation:

yi(t) ] F, [ X, (t) ut) ] [X(w.t) Alw) S(wyt)
U5 (1) - F. X,(t) . Vy(t) X (wa t) B A(ws) S(wat)
(1) Fllxn] lon] [Xww Alwn)] [S(wy. )
v d N v J‘ﬂ N v d h v d h v . Vv o
Y(t) F X(t) v (t) X (w.t) A S(t)

X (t) ) X (w,t) unvec . x (X (w. t)) = unveey 5 (X (¢))7

A

X(t) = HX (w, )
Y(t)=FX(t)+V(t) = FHX (w,t) + V(t) = FHAS(t) + V(t) = ©S(t) + V(¢t)

A : L T N
min ||S(t)||la1 st |V () —OS(t)|a < J62  15Wlza =1 30 3 Sifwn.!

i=]1t=1n=1

52
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Algorithm 1 Two step framework of joint reconstruction
Input:

The set of joint random samples in T snapshots, Y (t).¢ € {1,2,--- T}
The measurement matrix for each sensor, ®;,7 € 1,2,--- | J;

Output:
DoA indicative vector, Sp;

I: Estimate the noise level by random sampling in resource free scenario, 4% = L norm(Y (t))2/T:

i

Estlmate the suppon of source signal, Supp(X) X =[X1,X2,--- ,XJ] by solvmg
min z E 2 Xj(n,t)? s.t. IY (t) — FX(t)|]2 <TJs%,t=1,2,---,T

3: Construct the Pruned joint reconstruction matrix, ©;

=[8[n] Ofrz]---O[ri]], i € Supp(X)
4: Solve the pmned reconstruction problem;

min Z Z Y si(wet)? st ||YV(t) - OS(t)|2 <TJI8t=1,2,--.,T;
= re.Supp[X)

5: Return Sp: Sp(l) = Z Y si(we. t)?
t=1pecSupp(X)

53
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Reconstruction Analysis

Mutual coherence analysis for array manifold matrix:

Theorem 1. Assume J sensor nodes form a uniformly spaced linear array with distance between successive sensor
nodes equal to d. Also, let \ be the wave length of the acoustic signal. If d < \/2 and the bearing angle difference
between two sources A@ > 2 | arcsin(\/2Jd cos(8,)) |, then the coherence of the array manifold satisfies:

1 2

fa S F T ez | (23)
here we define 6, is the average angle value of two sources.
1 [ Il

o ' flg = }:l;llrfjl)Z“v.\:p(—:'jwdp((l),"v)l
g . _ l‘l - vxp{—i..l.udp((?)’."'f“): < 1] | 3 |
20 J| 1 =exp(=iwdp(0)/c) | = J |1 = exp(=iwdp(f)/c)

0.2

Af > 2 | arcsin(A/Jdcos(6,)) |
Angle partition number: L = = /(|arcsin(A/Jd)])
54

L —
Department of Control Science and Engineering, Zhejiang University, China



CRB analysis

CRB(\) = F~ YA,

F =2Re[H"R;'H)] = (2/6*)Re[H" H]

R Q
Y =G(A) =) {D>_ alwr,0,)S(wr,q)] @ F(x, f.)}
=1 gqg=1

oG G oG
H = (557, 55T af,?‘]
G & . . .
50 — Z{[S(w;r)u(w,r.()) ® a(wy,,0)] @ F(*,7)}, u(wy,) = da(wy,,0)/00
r=1
le: le: le: le G
_— = . , = = a(w,.0) @ F(*,r
95T = \85(wy) 05(wyy) " BS(ayy) 08(wy,)  “Wr ) @ F(x.1)
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CRB analysis

CRB of CSJSR:

o . . -1
CRBO) = % (S SHwn)(oMu? - 22 - £00=70))

CRB of traditional wideband array processing:

1

CRB,())——Ro(ZS wrwa—Z”S )
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Simulation & Experiment
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L1-SVD: broadband version of L1-SVD DoA estimator

COBE : Compressive Bearing Estimation with Reference Sensor
CSJSR-DoA: Compressive Sensing based Direct DoA estimation
CSA-DoA: Compressive Sensing array DoA estimation
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Simulation & Experiment

DoA reconstruction under different data reduction level
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Simulation & Experiment

DoA comparison under same data volume:
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Simulation & Experiment

Angular separation comparison

X 1
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(a) Spaual spectrum of different angular distance (b) Biases of different angular distance
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Simulation & Experiment

. CRB analysis under different J,M and SNR
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Simulation & Experiment

. CRB VS simulation results under different
measurement number
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Simulation & Experiment

System overview

. Microphones
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Simulation & Experiment

System 1mplementation
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Simulation & Experiment
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