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Channel-Aware Distributed Maximum-Likelihood Estimation
Based on One-bit Quantized Sensor Measurements

Student: Yu-Cheng Chen Advisor: Dr. Jwo-Yuh Wu

Institute of Communications Engineering

National Chiao Tung University

Abstract

In this thesis, we study the problem of distributed estimation of an unknown
deterministic parameter via wireless sensor networks (WSNSs) in a noisy environment. While
most recent works focused on a homogeneous sensing field, we consider the general
inhomogeneous case. To conserve the bandwidth resource, each sensor observation is
quantized into a one-bit message, which is then transmitted to the fusion center (FC). In our
study, the communication links between sensors and the FC are imperfect and modeled as
i.i.d. Rayleigh fading channels. Based on one-bit quantized observations transmitted from
local sensors, the maximum-likelihood (ML) fusion rule is adopted at the FC for parameter
estimation. The Cramér—Rao Lower Bound (CRLB) is derived in a closed-form. We then
study the optimal local quantization threshold design via CRLB minimization. Computer

simulations are used to illustrate the performance of the proposed scheme.

Index Terms: Distributed estimation, quantization, Rayleigh fading channels,
maximume-likelihood estimation (MLE), Cramér—Rao Lower Bound (CRLB), wireless sensor
networks (WSNSs)
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(LR TR A § (Normalized Mean Square Error, NMSE)
%R M (\Variance)

i A VA (Bernoulli Distribution)
AR (Envelope)

2

A E (Bandwidth)

T yaE gtk (Mean Estimator)

TR E g (Flat Fading Channel)

C

2ERE S o (Deterministic)

£ 8 ARE ST (Non-Line-of -Sight, NLOS)
I S URTE: A (Complex Channel Gain)

28 feai=z) (Distributed)

7

ik E (Iteration)

FERIL (Multi-path)

i (Logrithm)

H- == (One-bit)

&

7h & e (Convex Function)

sy (Channel)

i ETHELY (On/Off Keying, OOK)

Wi fg et (Channel SNR)

e RS B TR B (Homogeneous Sensing Environment)
Fe 9% (Synchronization)

7

e RS (Newton’s Method)
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g (Energy)

%
g i (Quantize)
£ iv® (Quantizer)
£t E (Quantization Threshold)
«
iz 3t (Estimate)
BRI FR (Observation)
% (Power)
B A7 (Gaussian)
R B (Sensors)
e
e (Invariance Property)
|
W5 DR Sl (Probability Density Function, pdf)
E) 13 (Node)
FEWI TR K (Joint pdf)
fR47 % (Closed-form solution)
(%75 (Decode)
[ (Demodulation)
Ey R (Decoding Error Probability)
Mg ih (Asymptotic)
PR A 4 (Mean Square Error, MSE)
<
& S (Weighting Function)
r
F o Fe P (Simpson’s Rule)
(B b (Sign Estimator, SE)
I KEE: N (Coherent Reception)
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(Phase)

(Fusion Center, FC)

(Prior Probability)
(Fading)

(Instantaneous Channel State Information,
Instantaneous CSI)

(Rayleigh Distribution)

(Maximum-likelihood Estimation, MLE)

(Sub-optimal)

(Parameter)

(Likelihood Function)

(Inhomogeneous Sensing Environment)

(Effective Range)

(Unbiased)
(Wireless Sensor Networks, WSN)

(Concave Function)

(Binary)

(Two-stage Estimator)

(Binary Phase Shift Keying, BPSK)
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G ﬂgfiﬁﬂ%\»fr’ FoEi- ARy BB Ersem (Gaussian Noise) i iF [3] & 82X
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PR AT R 2 AT Bt A R %1@5?13? RBlEBap RG5> T EIZP %
5 EL G A r2ERE S (Determmlstlc) FHO2ZEE D B R ETRE B IEG R
S R AN R BB o Rk R
(Maximum-likelihood Estimation, MLE) o @ # = 022X 5 3472 e bz — & > 7R+
#cig < pF o B39 384 (Mean Square Error) ¢ ibrie st B 397 34 [15] ¢
RGP S R R OT N I RBELE TR BT AP R A S
B0 $>7 f245 15 enb, 2 2% S8 (Likelihood Function) + % %

P [6)= a0 (1-g,0)) " (31)
Mm% &5 % R Sic (Joint Probability Density Function, Joint pdf) &
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P(b10)=1(@@®)" @ -7.0) " (3.2)
i=1
HELH IR IEPHEIEKE > 7 0 41 1og-likelihood function
N N .
L,(0,7,0) & 375,10 (3,(0)) +0 (1= b )In (1 = 4,(0))
i=1 i=1

= S b [q,(0) (1 ey (0 ma) F (= (), (0.7,

=

+ Z (1- @)ln[l —q;(0) (1 - eo<077—i7ai)) — (1= qi(g))eo<077i7ai)] (3.3)

i=1
A A
'}F‘! 1= T:{le...jer} ) Oé:{OZl?.”?OZN}
BlAFrp 380 hk + WARRIET 47 5

éMLE = arg maXe{La 0,7, a)} (3.4)
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(Newton’s Method) -
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22 L(0a) 4o L(0,m0) 28 5 L(0,7.q) - Befes s o

SEEHEE im0V 8 r 35 2@V Z oV F 2 g REFID e
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Ra o 5 RE N AT AT Oy 0 2 B RS L(0,T,0) $00 LF S o S
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3.2 Cramér—Rao Lower Bound (CRLB)

FEITFE- B i’:i i en e iRy o W B iE 20 % B B (Variance of Estimator)
T5 — HErp] o g ird menk x WG s BAEZEP FEEA T AR Sl 7
ﬂ}%}’;’*"ll}\ VA H_;;Lfl_;sz;a@:, ed 2t x AR BIE R 5 2 kM (Unbiased) -
2 H 359 3% F brie (Asymptotic) *t Cramér—Rao lower bound (CRLB) s is » H ¢ i
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01K kit i - B % B € AB1T CRLB Y F]pt » 7 3 CRLB AL 5 # % 10 AR 23t 2 73+
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[%32 3.2] :
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"ité = (3.19);\ F
S AAL Y o SRR TR S
s; =hm;, +v, ,1<i<N
BA Ry R L g, = LR R, = 1y P R R SHTL 0(y,)

Fmy =10y B RRSETS 0 (y,) -

AR AT A

Pr{guess(m; =1) | m; = =1} Pr[m, = —1]+ Pr{guess(m, = —1) [ m, = 1} Pr[m; =1]
=Pr{y, €V, |m; =—-1}Pr[m, = -1+ Pr{y, € ¥, | m; = 1} Pr[m, =1]

=Pr{y, € ¥, |m; = —1}(1—¢,(0)) + Pr{y, ¢ ¥; | m; = 1}¢,(0)

= Pr{y7 €W, |m; =—-1}1—q(0)+ (1—Pr{y, € ¥, [m; =1})q(0)

= Qz ]'_ qZ f¢ 1 dyz qz f¢l yz dyz (Bl)
v, v,
FARBEFWT ] 0 R
U ={(1=q,(0))eos (1) = 4:(O)r(v;) < 0} (B.2)
FlM o B iE - {2 B (Optimal decision rule) &
1 —h.)
1—q.(9) 1 2mo, = _(%2032) ] 2h.y.
. s -5 = exp|—5+ (B.3)
0l0) T4 [ k) o
P2ra, 20°
Botodn a2 Hleringg
1ot [1—¢,(0)
2 —tIln|———~= B.4
v 3 h; n[ q,(0) ] (B4

% 4% & & (Decision threshold) %

th & U_iln[l_—qi(e)] (B.5)
q;

Flpt oo Ao [RGB AR RS A
e, (0,7,a;) = (1 —Qz(g))Pr{yi > th|m, = —1} +q7;(9)Pr{yi <th|m; = 1}

gy 0y gy gy

32



— (- qj<e>>Q[M] + qi(‘”[l - Q[th - ]]

- -
— (-4 f— +Z—1n[%q9§9)] " qiw)Q[ﬁ—i—;—:ln[lTﬁge)H (B.6)
T & ek @ (Channel SNRratio) & o, = 2};
PIf#RG &5 ¥ &7 5
e,(0,7.,0.) = (1— .(0))Q| 20, + 2; 1n[1 ;(qege)] +4.(0)Q [2a, - 2; ln[l ;Zgge)]]
(B.7)
[]

33



ez RIL 32 @P

T 0 RAEEARRERP > RE T Rk

1 1—¢,(0) A 1 1—¢;(0) (C.1)

t, 2 a;, + In Cu = oy — In
2q; q,(0) 20, 4,(0)

PIFRAS 48 -5 7 47 &
e, (0:7i07) = (1= q;(0))Q (1) + 4,(0)Q (u;) (C.2)

L(6.7.0) £ 220 1n(360) 31 =) n(1 - .0)

6,(0) = ¢,(0)(1 - €,(6,7,0,)) + (1 = ¢;(0))e, (6,7, )

¥ % L6,7,0) 2 L0,7,0) A8ls L,0,7,a) - FFfich foo PRicA > B e i

4T

TR SR

N A .
—;(1—@)1_@(9) 50 (C.3)

BE o CEMATRE S

N 1 & 1 0. Y
N 1 9 1 o .. Y
#3040 el a0 [ 7<9>]]
N 1 _ 82 B a _ 2
-y [qz@qu(e) 240 ]



N i o o _ Y
-3 (1_w))[(1—qz<e>>[—wq,,;<e>]—[%q,<e>] ]
R S PN
Yo s W) €9
2 4 0¢,(0)/00 = p,(r,—0) (C.7)
L& Op(r; —0)/00 = p,(1; —0) » De,(0,7;,0;)/ 00 = ¢,(0,7;,;)
Al
0q,(0)/00 = (1 —2e,(0,7;,0,)) pi(T; — 0) + (1 —2¢;(0))¢,(0,7;, ;) (C.8)
(04,(0)/00)" = (1—24,(0)) (¢,(0,7,,0)) + Pl (7, — O)(1— 2¢,(6,7,,))’
+ 2(1—2¢,(0)) p;(1; — )1 — 2¢,(0,7;,,))é, (0,7, ;) (C.9
H e

€,(0,7;,0;) = =pi(T; G)Q(tz)—i_pz( T 9)@(%)

+ (1—¢(0)Q(4) +¢,0)Q(w) (C.10)
’ A — 1 pZ(T 9) _(ti)2
Q)= 000100 =5 T | ey —a @) 2 ] (1
1 p—0)

exp|— (“7?)2] (C.12)

Q(u;) = 0Q(v;)/ 00 = 20,327 | q;(0) (1 — ()

Flpt T daiF
(8@:(9) / 89)2 = p?(ﬂ‘ F 4 9)( (97 Twaz) (1 N QQi(0>> +1- 260(9a Ti7ai>>2 (C.13)

GO, 1;,a;) = Q(ul) — Q(ti)

N 0 T S S U (7% o DS S (O (s
+[ m]zai[a—qi(e» p[ 2] (6) p[ 2 ]]

(C.14)
£ {¢ > Fisher Information I (6,7,«) —E[L 0,7 a)] P AT &
N 1 d .
LOn) =2 )
B % pi(r, —0) (G t9,72,04Z )(1—2¢;(0)) +1—2e,(0,7;, ;) )2
a0 (1—q.(0)+e,(0,7,0,) (1 —e,(0,7;, ;) (1 —2g,(0))
(C.15)

35



7 > 7 1 CRLB B,(0,7,0) 5

1

B,(0,T,a) = {I 0,1 a)}_

N pir = 0)(G0,T 1—2ql(9))+1—2609T ;)

Z s by 1 s by (3

i=1 QZ(Q)( (9)> (97 Tzvaz)(l 0’ Tzﬂaz )

36



e Jad 3.3 E

Bk 518 %32 3.2 eh% % Fisher Information 5

2
N —9 G 0, 1 2 1—2¢ (0
10(9,7',04) — E : p T; ( T; Oz (]Z( ))+ 60( ,Tz,al))

i=1¢;(0)(1— qz(9))+€(97%a)(1 J(6,7,,0,)) (1= 24,(0))°

L 1-a®) of L 1=a)
L M] Q[ﬁ%l il

2

_|_

AR ) 3

ga,<%9TaQ:Q[

1)1 1 1 1 1-q¢0) 1 1 1-¢0)
[ [1%(0) o _5[““2% ") ]]_qxe)exp _E{WEIHTé)]]
A e (0ra) = (L—%W»Q(%+2;£nyééfq+qA@Q&x—2;£n1;z$q
P RHBATRR R E S T A
bR RIS
6. =0, 7 =7 forall 1<i<N (D.1)
18 6
h—1and o, = 0, forall 1 <i< N (D.2)

d LR Bl Bl
1 lnl_qi(e) —_

| - ~ . D.3
G N ()
I 1—q(0)
, In : D.4
@; + %, (0) ~ (D4)
2 Qo) =0 > exp(a;)~0 - R
GO, 1;,a,) ~ 0 (D.5)
e,(0,7;,a,) =~ 0 (D.6)
#-(D.5)% (D.6)F » x32 327 » 7 ¥
N 2
L(70) =S —Pmi=0) (D.7)
om0 = 0= 00)
LHI(0,7) 5 3B F TR RITRB eI & @830 if T 0 Fisher Information
ﬁ’»w%)‘ﬂ??kl? BB ok 20 FF)
N 2
1(6,7) = (=0 (D.8)
6= L=
L]

37



eI TIL 4B
S AT AR A R AR RS S
1. 1—g(0) 1. 1—¢(0)
0,7.,0.) 2 (1—q.(0))Q| 2, 1 ! (0)Q|2a;, ——1 L
(0.7.00) £ (1= (0)Q) 20 + 5 —In—— 5 ]w( >Q[ %~ 2 )

Y o3
5

TP ERIRP > TR

— 4l E.1
2a; q;(0) D

(E.2)

4 (0) = 4,(0)(L=6,(6, 7, ) + (1 — 4,(0))e, (0,7, )

)T (3

4T

& L0r0) 2 L070) AuE L07,0) - 1A fes s > S s

TRy

275 1 q0) o (E3)

38



ﬁz(@[%j—;z(m q_jg)%mr]

#3070 |- >] [1;(9)%@«9)]2]
=§@19)[@<9>§—;@<9> %@(9)]2]

+ ﬁ;m[u—w))[—;—;@(w]—[%@(9)]2]
- TP [%W]Q

¢ s 9q;(0)/00 = p(t; —0) » Op,(7, —0)/ 00 = p,(1; —0) °
& 0e(0,1;,,0;)/00 =¢é,(0,7;,a;)

). 159

2yl
07,(0)/ 90 = (1 —2¢,(0,7,,0,)) p(7; — 0) + (1= 24,(0))€,(0,7,,,)
(03:(0)/90)" = (1 —24,(0))" (¢,(0, ms0,)) + pi(7; — 0) (1= 26,(0, 7))’
+ 2(1 2qz(0)) pi(1; — 0)(1—2¢,(0,7;,c,))é,(0,T;, ;)
H g

&,0,7;,0;) = =pi(1; —0)Q (i) +p,(7; — 0)Q (’&z)
+ (1- %(0))@ (EZ) + %(0)@({]’1)

ST\ A ~ 1 pi(1; —0) _(72)2

Qk) = 0Q(0)/90 = o o —a@)) P 2 ]
i) 2 i, __ 1 pi(7; — 9) ex —(ﬂi)2
Q)= 00Q(4;)/ 00 = 20 om0 (1—a0)) | 2 ]

(93,(6)/ 90) = p (7, — 0)(G(0. 7, 0) (1 — 24,(0)) + 1 — 26, (6,7, )

G(HTO‘ (t) ()

exp

*[‘ J;Tr]zjx [(1 @

39

(E.6)

(E.7)

(E.8)

(E.9)

(E.10)

(E.11)

(E.12)

(E.13)

(E.14)



# 1$ » Fisher Information I,(0,7,«) —E[Lb 0,7 oz)] P ¥ AT &

I,(0,7,a) = 2;1 .

19 A S

p2(r; = 0)(G0,7;,0,) (1 — 24,(0)) +1 - 2¢,(0, 7, 01,) )2
6

N
= E.15
O a0) + aOroa)(—alra)i-2@F
Fpt > 7 1% CRLB B,(0,7,a) 3
B,(0,1,a)) = {Ib 0, a)}71
B iV: pl T, —0 ( 9,7‘2,04 1 2q1(0))—|—1 2e, Q,Tz,al )2
a =1 Q7 ( 0))+eb 0,’7’7,067 (1 eb(07727a1)>( (0))
(E.16)
[]

40



