












2 4 6 8 10 12 14 16
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Bit Width

Po
w

er
 (n

or
m

al
iz

ed
)

Power vs. Resolution for AR(1) Process

a1 = 0.000000
a1 = 0.800000
a1 = 0.990000
a1 = 0.999900
a1 = 0.999999



































0

5

10

15

0
5

10
15

0

5

10

15

20

Bc

LMS increase in MSE

Bd

In
cr

ea
se

 in
  M

SE

0 2 4 6 8 10 12 14
0

2

4

6

8

10

12

14

Bc

B d

LMS increase in MSE

BT = 14





0 1000 2000 3000 4000 5000
10!10

10!8

10!6

10!4

10!2

100

Iteration Number, k

M
SE

Finite Precision LMS with Slowdown

Bc = Bd = 10    
Infinite Precision
!’slow       
!’floor      









0 500 1000 1500 2000

10!8

10!7

10!6

Bd = 11, Bc = 13

Iteration Number, k

M
SE

Finite Precision LMS Learning Curves

Bd = 12, Bc = 14

Bd = 13, Bc = 15

!k Experimental
! Theoretical   



10 15 20 25 30
0.3

0.35

0.4

0.45

0.5

0.55
Bit Allocation vs. BT

BT

"*     
"slow



1 1.5 2 2.5 3 3.5
0.3

0.35

0.4

0.45

0.5

0.55

0.6

PT (Watts)

Bi
t A

llo
ca

tio
n 

Fa
ct

or

Bit Allocation vs. PT

" = "**   
" = "slow 
Bc = Bd + # + 2
" = 1/3         

1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
10!7

10!6

10!5

10!4

10!3

PT (Watts)

M
SE

, !

MSE vs. PT with Various Allocations

" = "slow 
Bc = Bd + # + 2
" = 1/3         



10 15 20 25 30
0.3

0.35

0.4

0.45

0.5

0.55
Bit Allocation vs. BT

BT

"*     
"slow

15 20 25 30 35 40 45 50 55
0.3

0.35

0.4

0.45

0.5

0.55

0.6

PT (Watts)

Bi
t A

llo
ca

tio
n 

Fa
ct

or

Bit Allocation vs. PT

" = "**  
" = "slow
" = 1/3        



25 30 35 40 45 50
10!6

10!5

10!4

10!3

10!2

PT (Watts)

M
SE

, !

MSE vs. PT with Various Allocations

" = "**  
" = "slow
" = 1/3        

























































0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

$

1!
%

ROC Curves for n=1 and n=2

n=1

n=2

without quantization
with quantization   



!5 0 5
!5

!4

!3

!2

!1

0

1

2

3

4

5

x(1)

x(2
)

Product Quantizer Cells and Neyman!Pearson Decision Regions



































0 0.1 0.2 0.3 0.4 0.5
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

L0

L 1

L1 vs. L0 for Gaussian Hypotheses

Without quantization                           
Quantized with 10!cell uniform scalar quantizer













!6 !4 !2 0 2 4 6
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

x

Source Densities and &(x)

q0(x) 
q1(x) 
&(x)



!6 !4 !2 0 2 4 6
0

0.05

0.1

0.15

0.2

0.25

x

Optimal Point Densities

ROC!optimal           
Discrimination!optimal
Estimation!optimal    



0 1 2 3 4 5
0

1

2

3

4

5

6

7

8

L0

L 1

L1 vs. L0 Curves with Optimal Quantizers

No quantization                 
ROC!optimal quantizer           
Discrimination!optimal quantizer
Estimation!optimal quantizer    



0 0.005 0.01 0.015 0.02
0.98

0.982

0.984

0.986

0.988

0.99

0.992

0.994

0.996

0.998

1

$

1 
! 
%

ROC Curves with Optimal Quantizers

No quantization                 
ROC!optimal quantizer           
Discrimination!optimal quantizer
Estimation!optimal quantizer    

0 0.2 0.4 0.6 0.8 1
10!2

10!1

100

101

Pr(H0)

M
SE

MSE with Optimal Quantizers

ROC!optimal quantizer           
Discrimination!optimal quantizer
Estimation!optimal quantizer    







!4 !2 0 2 4 6 8 10 12
0

0.05

0.1

0.15

0.2

0.25

0.3

x

ROC!Optimal and Chernoff!Info!Optimal Point Densities

ROC!optimal          
Chernoff!info!optimal

0 5 10 15 20
0

2

4

6

8

10

12

14

16

18

20

L0

L 1

L1 vs. L0 with ROC!Optimal and Chernoff!Info!Optimal Quantizers

No quantization                
ROC!optimal quantizer          
Chernoff!info!optimal quantizer



!6 !4 !2 0 2 4 6

!6

!4

!2

0

2

4

6

x1

x 2

Source Densities

q0

q1



!5 0 5

!6

!4

!2

0

2

4

6

&(x)

(a)
!5 0 5

!6

!4

!2

0

2

4

6

Log!Likelihood Ratio

(b)

!10
0

10

!10

0

10
31

31.5

32

32.5

33

Discriminability || ' ((x) ||2

!5 0 5

!6

!4

!2

0

2

4

6

ROC!Optimal Point Density

(d)

!5 0 5

!6

!4

!2

0

2

4

6

Discrimination!Optimal Point Density

(e)
!5 0 5

!6

!4

!2

0

2

4

6

Estimation!Optimal Point Density

(f)

(c)



!5 0 5
!5

!4

!3

!2

!1

0

1

2

3

4

5

x1

x 2

ROC!Optimal VQ



!5 0 5
!5

!4

!3

!2

!1

0

1

2

3

4

5

x1

x 2

Discrimination!Optimal VQ

!5 0 5
!5

!4

!3

!2

!1

0

1

2

3

4

5

x1

x 2

Estimation!Optimal VQ



0 2 4 6 8 10
0

2

4

6

8

10

12

14

16

L0

L 1

L1 vs. L0 Curves with Optimal Quantizers

No quantization                 
ROC!optimal quantizer           
Discrimination!optimal quantizer
Estimation!optimal quantizer    



!5 0 5
!5

!4

!3

!2

!1

0

1

2

3

4

5

x1

x 2

LLR VQ

0 2 4 6 8 10 12 14 16
0

2

4

6

8

10

12

14

16

L0

L 1

L1 vs. L0 Curves with Optimal Quantizers

ROC!optimal small!cell quantizer
ROC!optimal LLR quantizer       





!5 0 5
!5

!4

!3

!2

!1

0

1

2

3

4

5

x1

x 2

Mixed VQ

0 0.2 0.4 0.6 0.8 1
34

36

38

40

Ar
ea

 u
nd

er
 L

1 v
s.

 L
0

Performance with Mixed Objective Function

"

0 0.2 0.4 0.6 0.8 1
0.1

0.12

0.14

0.16

0.18

"

M
SE



!6 !4 !2 0 2 4 6

!6

!4

!2

0

2

4

6

x1

x 2

Source Densities

q0

q1



!5 0 5

!6

!4

!2

0

2

4

6

&(x)

(a)

maximum

!5 0 5

!6

!4

!2

0

2

4

6

Log!Likelihood Ratio

(b)

!5 0 5

!6

!4

!2

0

2

4

6

(c)

Discriminability || ' ((x) ||2

minimum

!5 0 5

!6

!4

!2

0

2

4

6

ROC!Optimal Point Density

(d)

maximum

!5 0 5

!6

!4

!2

0

2

4

6

Discrimination!Optimal Point Density

(e)

maxima

!5 0 5

!6

!4

!2

0

2

4

6

Estimation!Optimal Point Density

(f)

maxima



!6 !4 !2 0 2 4 6

!6

!4

!2

0

2

4

6

x1

x 2

ROC!Optimal VQ

!6 !4 !2 0 2 4 6

!6

!4

!2

0

2

4

6

x1

x 2

Discrimination!Optimal VQ



!6 !4 !2 0 2 4 6

!6

!4

!2

0

2

4

6

x1

x 2

Estimation!Optimal VQ

0 1 2 3 4 5 6 7 8
0

1

2

3

4

5

6

7

L0

L 1

L1 vs. L0 Curves with Optimal Quantizers

No quantization                 
ROC!optimal quantizer           
Discrimination!optimal quantizer
Estimation!optimal quantizer    





!0.5 0 0.5
0

0.5

1

1.5

2

Source Densities

(a)

q0
q1

!0.5 0 0.5
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

&(x)

(b)

!0.5 0 0.5
0

10

20

30

40

50
' ((x)

(c)
!0.5 0 0.5
0

1

2

3

4

5
Point Density )(x)

(d)







0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

L0

L 1

L1 vs. L0 with Point Densities )o and )&

No quantization                  
ROC!optimal point density )o

Point density )&       

!0.5 0 0.5
!6

!4

!2

0

2

4

6

x

(
(x

)

Log!Likelihood Ratio ((x)





!1 0 1
0

0.2

0.4

0.6

0.8

1

Source Densities

(a)

q0

q1

!1 0 1
0

0.01

0.02

0.03

0.04

0.05

&(x)

(b)

!1 0 1
!50

0

50
' ((x)

(c)
!1 0 1
0

5

10

15

20

25

30
Point Density )(x)

(d)















k

xk+1

xk

xk+1

x

2 2
*3

2

*

3

k

x

*

- 1
2
*3

2
*31 -

x

k+1

*

*

UT
S











0 5 10 15 20 25 30
0

1

2

3

4

5

6

BT

P T (W
at

ts
)

PT vs. BT

Table Lookup   
Partial Product






























































