
A
rc

hi
te

ct
ur

es
 fo

r E
ne

rg
y-

Aw
ar

e 
Im

pu
ls

e 
U

W
B

 C
om

m
un

ic
at

io
ns

R
au

l B
la

zq
ue

z,
 A

na
nt

ha
P.

 C
ha

nd
ra

ka
sa

n

M
as

sa
ch

us
et

ts
 In

st
itu

te
 o

f 
Te

ch
no

lo
gy



N
ar

ro
w

ba
nd

N
ar

ro
w

ba
nd

U
W

B

U
W

B
0

2
4

6
8

10
12

-8
0

-7
5

-7
0

-6
5

-6
0

-5
5

-5
0

-4
5

-4
0

F
re

qu
en

cy
 (

G
H

z)

UWB EIRP Emission level in dBm/MHz

D
is

ta
nc

e
1m

10
m

10
0m

50
0M

b

50
M

b

5M
b

50
0K

b

W
LA

N

W
ire

le
ss

 
U

SB
 &

M
ul

tim
ed

ia

Lo
ca

tio
ni

ng
/T

ag
gi

ng

fr
eq

tim
e

7.
5G

H
z 

of
 fr

ee
 u

nl
ic

en
se

d 
sp

ec
tr

um

H
ig

h 
D

at
a 

R
at

e
Ex

ce
lle

nt
 M

ul
tip

at
h

R
es

ol
ut

io
n

Lo
w

 In
te

rf
er

en
ce

 to
 o

th
er

 s
ys

te
m

s

U
W

B
 R

ad
io



Po
w

er
 B

ud
ge

t f
or

 a
 U

W
B

 T
ra

ns
ce

iv
er

!
M

B
-O

FD
M

 : 
"

Fr
on

t-e
nd

: 1
17

.5
 m

W
(B

er
ge

rv
oe

te
t a

l. 
IS

SC
C

�0
5)

"
C

lo
ck

 a
nd

 c
ar

rie
r: 

73
.4

4 
m

W
(L

ee
na

er
ts

et
 a

l. 
IS

SC
C

�0
5)

"
D

ig
ita

l B
ac

k-
en

d:
 5

23
 m

W
(L

iu
 e

t a
l. 

IS
SC

C
�0

5)
"

Es
tim

at
ed

 fo
r 9

0n
m

 C
M

O
S 

(M
B

O
A

 W
hi

te
 p

ap
er

):
93

m
W

 T
x,

 1
69

m
W

 R
x

!
Pu

ls
e 

U
W

B
 (D

SS
S)

"
To

ta
l: 

28
0m

W
 

(I
id

a 
et

 a
l. 

IS
SC

C
�0

5)

A
D

C
25

%
C

LK
32

%

B
as

eb
an

d
22

%
R

F 
Fr

on
t-e

nd
20

%

Tr
an

sm
it.

1%

A
D

C
 a

nd
 D

ig
ita

l b
as

eb
an

d
do

m
in

at
e 

th
e 

re
ce

iv
er



0
50

10
0

1
50

20
0

-1

-0
.50

0.
51

n
s

Tr
an

sc
ei

ve
r S

pe
ci

fic
at

io
n

!
10

0 
M

bp
s

!
B

W
m

in
= 

50
0 

M
H

z 
!

Li
m

ita
tio

ns
:

"
In

te
rf

er
er

s (
80

2.
11

a)
"

M
ul

tip
at

h.
58

0 
ps

/d
iv

15
0 

m
V

-1
50

 m
V

E
xt

re
m

e 
N

LO
S

N
LO

S
 4

-1
0m

N
LO

S
 0

-4
m

LO
S

 0
-4

m

D
es

cr
ip

tio
n

14
.3

ns
C

M
3

25
ns

C
M

4

8.
0n

s
C

M
2

5.
3n

s
C

M
1

R
M

S 
D

el
ay



D
ire

ct
 C

on
ve

rs
io

n 
A

rc
hi

te
ct

ur
e

BASEBAND
PROCESSING

Pu
ls

e
G

en
er

at
io

n

AD
C

I

AD
C

Q

TR
A

SM
IT

TE
R

R
EC

EI
VE

R Sa
m

pl
in

g 
R

at
e:

 5
00

 M
sp

s



Sp
ec

ifi
ca

tio
n 

of
 th

e 
A

D
C

4 
bi

ts
 s

uf
fic

ie
nt

 fo
r r

el
ia

bl
e 

U
W

B
 d

et
ec

tio
n

Sc
al

e 
do

w
n 

nu
m

be
r o

f b
its

 to
 s

af
e 

po
w

er

N
oi

se
 L

im
ite

d 
C

as
e

In
te

rf
er

en
ce

 L
im

ite
d 

C
as

e

-1
0

-5
0

5
10

15

10
-4

10
-3

10
-2

10
-1

10
0

SN
R

 (
dB

)

Pe

1 
bi

t
2 

bi
ts

3 
bi

ts
4 

bi
ts

no
 q

ua
nt

iz
at

io
n

-1
0

-5
0

5
10

10
-4

10
-3

10
-2

10
-1

10
0

S
IR

 (d
B

)
Pe

1 
bi

t
2 

bi
ts

3 
bi

ts
4 

bi
ts

no
 q

ua
nt

iz
at

io
n



En
er

gy
 A

w
ar

e 
B

as
eb

an
d

Retiming Block

Freq. Correction

C
or

re
la

to
rs

/R
A

K
E

Series to parallel

C
or

re
la

to
r 1

C
oa

rs
e 

A
cq

ui
si

tio
n

In
iti

al
iz

at
io

n

Th
re

sh
ol

d

Samples from ADC

C
or

re
la

to
r 2

C
or

re
la

to
r P

C
ha

nn
el

 
E

st
im

at
or

Im
pu

ls
e 

re
sp

on
se

B
its P

ro
gr

am
m

ab
le

Fe
at

ur
es

T I
/T

S
↓

M
LS

E
 V

ite
rb

i
E

qu
al

iz
er

A
ut

om
at

ic
 G

ai
n 

C
on

tro
l

To
 R

F 
Fr

on
t-e

nd

P
LL

/D
LL

Le
ng

th
 o

f i
m

pu
ls

e 
re

sp
on

se
`

Tr
ac

ki
ng

N
um

be
r o

f p
ul

se
s 

pe
r b

it

N
um

be
r o

f b
its

Es
tim

at
e 

C
ha

nn
el

 Q
ua

lit
y 
⇒

A
da

pt
 to

 m
in

im
iz

e 
po

w
er

N
um

be
r o

f s
ta

te
s



Pa
ra

lle
lli

za
tio

n

Ti
m

e

!
W

id
er

 in
te

gr
at

io
n 

w
in

do
w

?
2 

sa
m

pl
es

 p
er

 p
ul

se
N

c
pu

ls
es

 p
er

 b
it

C
as

e 
1:

1w
in

do
w

 ⇒
W

id
th

 N
2N

cN
 m

ul
tip

lic
at

io
ns

2N
cN

-1
 a

dd
iti

on
s

C
as

e 
2:

N
 w

in
do

w
s 
⇒

W
id

th
 1

2N
cN

 m
ul

tip
lic

at
io

ns
2N

cN
-N

 a
dd

iti
on

s
N

um
be

r o
f t

ria
ls

 ∝
N

c/D
ut

y 
cy

cl
e



C
or

re
la

to
rs

!
P 

C
or

re
la

to
rs

!
Ea

ch
 c

or
re

la
to

rt
im

e-
sh

ar
ed

 
w

ith
 q

 c
or

re
la

tio
ns

. 

A
dv

an
ta

ge
s

!
Fa

st
er

 p
ac

ke
t a

cq
ui

si
tio

n
!

C
lo

ck
 fr

eq
ue

nc
y

!
D

yn
am

ic
 V

ol
ta

ge
 S

ca
lin

g
Po

w
er

 ∝
(V

D
D
)2

C
o

rr
el

at
o

rs
 A

rc
h

it
ec

tu
re

R
1

R
2

R
q

Sh
ift

 R
eg

is
te

rs
x 1

[n
]

C
or

re
la

tio
n 

1

Series to Parallel

R
1

R
2

R
q

Sh
ift

 R
eg

is
te

rs
x P

[n
]

C
or

re
la

tio
n 

P

G
ol

d
C

od
e

(-1
/+

1)
R

es
et

(0
/1

)
C

lo
ck

x[
m

]x i
[n

]=
x[

Pn
+i

]

C
ha

nn
el

 e
st

im
at

io
n

fo
r f

re
e



C
oa

rs
e 

ac
qu

is
iti

on

0
2

4
6

8
10

0102030405060

P

Percentage of energy saved

 

0
5

10
15

20
25

30
010203040506070

N
u

m
be

r 
of

 p
ul

se
s 

in
te

gr
at

ed

Time to packet synchronization (µ s)

0
5

10
15

20
25

30
051015

Processing gain (dB)

Pa
ra

lle
lli

za
tio

n
Sa

vi
ng

s
Le

ng
th

 o
f c

or
re

la
tio

n 
tr

ad
e-

of
f



0
5

1
0

1
5

20
-0

.50

0.
51

1.
5

Impulse responseR
ak

e 
R

ec
ei

ve
r

C
ha

nn
el

 Im
pu

ls
e 

R
es

po
ns

e 
(w

ith
 m

ul
tip

at
h 

ef
fe

ct
s)

6 
fin

ge
r R

A
K

E
M

et
ho

d 
im

pl
em

en
te

d
V

ar
ia

bl
e 

nu
m

be
r o

f f
in

ge
rs

 b
as

ed
 o

n 
re

la
tiv

e 
am

pl
itu

de
 o

f r
es

po
ns

e.
N

um
be

r o
f f

in
ge

rs
 fi

xe
d

0
5

1
0

1
5

20
-0

.50

0.
51

1.
5

Impulse response

0
5

1
0

1
5

20
-0

.50

0.
51

1.
5

Impulse response



Pr
og

ra
m

m
ab

le
 B

as
eb

an
d

0
0.

2
0

.4
0

.6
0

.8
1

0123456

Th
re

sh
ol

d

Loss (dB)

C
M

1
C

M
2

C
M

3
C

M
4

M
IN

IM
U

M
 P

O
W

ER
 O

F 
EC

H
O

ES

En
er

gy
 ∝

1/
Th

re
sh

ol
d

1
1.

5
2

2
.5

3
3

.5
4

0

0.
51

1.
52

2.
53

3.
54

L
Loss (dB)

C
M

1
C

M
2

C
M

3
C

M
4

N
U

M
B

ER
 O

F 
ST

A
TE

S 
O

F 
M

LS
E 

EQ
.

En
er

gy
 ∝

ex
p(

L)



A
da

pt
in

g 
to

 th
e 

C
ha

nn
el

TR
AD

E 
O

FF
 S

IG
N

AL
 P

R
O

C
ES

SI
N

G
 E

N
ER

G
Y 

W
IT

H
 Q

U
AL

IT
Y 

O
F 

SE
R

VI
C

E

!
D

ig
ita

l b
as

eb
an

d
es

tim
at

es
 c

ha
nn

el
 p

ro
pe

rti
es

:
"

M
ul

tip
at

h
(I

m
pu

ls
e 

R
es

po
ns

e)
"

Si
gn

al
 p

ow
er

!
C

on
tro

ls
 o

ve
r s

ig
na

l p
ro

ce
ss

in
g:

"
N

um
be

r o
f s

ta
te

s o
f e

qu
al

iz
er

.
"

N
um

be
r o

f b
its

 o
f A

D
C

.
"

Th
re

sh
ol

d 
of

 th
e 

ch
an

ne
l.



Fl
ex

ib
le

 D
is

cr
et

e 
Pr

ot
ot

yp
e

Splitter

5.
33

5G
H

z 
P

LL

Splitter

T
un

ed
 T

X
 li

ne
Fo

r 
Q

ua
dr

at
ur

e

P
G

M
 b

oa
rd

X
1G

S
P

S
A

D
C

1G
S

P
S

A
D

C
X

X
5.

33
5G

H
z 

P
LL

P
G

M
 b

oa
rd

P
ul

se
G

en
er

at
or

10
0M

H
z 

T
ek

tr
on

ix
P

at
te

rn
 G

en
er

at
or

Matlab/FPGA

6G
H

z
LN

A
6G

H
z

LN
A

D
ig

it
al

ly
C

on
tr

ol
le

d
V

G
A

D
ig

it
al

ly
C

on
tr

ol
le

d
V

G
A

LP
F

25
0M

H
z

LP
F

25
0M

H
z



Te
st

in
g 

U
si

ng
 th

e 
D

is
cr

et
e 

Pr
ot

ot
yp

e

31
3

1.
5

32
32

.5
3

3
3

3.
5

34

-1
0

00

10
0

tim
e 

( µ
 s

)

Received signal

58
5

8.
5

59
59

.5
6

0
6

0.
5

61

-1
0

00

10
0

tim
e 

( µ
 s

)

Received signal

D
em

on
st

ra
te

d 
10

0M
bp

s 
w

ire
le

ss
 li

nk
, p

ac
ke

ts
 1

00
00

 b
its

 p
ay

lo
ad

N
o 

In
te

rf
er

en
ce

SI
R

 =
 -1

1 
dB



C
on

cl
us

io
ns

!
H

ig
he

r d
at

a 
ra

te
 im

pl
ie

s 
co

m
pl

ex
ity

.

!
P

ar
al

le
lli

za
tio

n
re

du
ce

s 
ac

qu
is

iti
on

 ti
m

e 
an

d 
al

lo
w

s 
po

w
er

 re
du

ct
io

n.
 

!
S

ig
na

l p
ro

ce
ss

in
g 

en
er

gy
 is

 tr
ad

ed
 o

ff 
w

ith
 q

ua
lit

y 
of

 
se

rv
ic

e 
an

d 
da

ta
 ra

te
.

!
A

 d
is

cr
et

e 
pl

at
fo

rm
 w

as
 d

es
ig

ne
d,

 a
ch

ie
vi

ng
 1

00
 

M
bp

s,
 w

ire
le

ss
.


