
N
o

vel A
p

p
ro

ach
es to

 th
e T

im
in

g
 o

f F
F

C
-N

M
R

 exp
erim

en
ts

E
xam

p
le o

f a n
o

vel F
F

C
 acq

u
isitio

n
 seq

u
en

ce
w

h
ich

 can
 b

e easily im
p

lem
en

ted
 o

n
 n

ew
 S

telar b
o

ard
H

ere, the usual pre-polarized F
F

C
 cycle is com

bined w
ith a signal-detection period 

com
posed of three sub-intervals. (A

)
A

 C
P

M
G

 sequence w
ith short echo spacing (e.g., 50 

µs) but a large num
ber of echoes, follow

ed by an F
ID

 starting from
 the top of the last 

echo. (B
)

F
ast acquisition period tailored to catch an F

ID
 com

ponent w
ith

a rapid decay 
and (C

)
a slow

 acquisition period (D
W

2 > D
W

1) to detect the slow
-decaying F

ID
 section. 

T
he sequence is designed to separate various sam

ple m
agnetization com

ponents 
according to their T

2's at B
acq

and T
1's at B

rlx
(it could be also used to m

onitor 
m

agnetization transfer from
 a liquid phase to a solid m

atrix).

In the current context, the salient features are: (a)
lim

ited use of pulserresources, since 
the code for the three inner cycles takes just a few

 pulser
steps, (b

)run-tim
e re-

program
m

ing of filter settings, (c)
possibility of program

m
ing the outer τ-cycle either w

ithin 
the pulser

(possibly using a table of pre-defined values), or resorting to run-tim
e re-

program
m

ing of the single pulser
address w

hose contents vary, (d
)possibility of having 

the data read out by the C
P

U
 and saved elsew

here even w
hile the acquisition is in 

progress (the synchronization betw
een the pulser

and the C
P

U
 is achieved by m

eans of 
program

m
able pulser

interrupts).

T
he com

bination of features (c) and (d) guarantees that there is
no hardw

are lim
it on the 

num
ber of data points to be acquired and/or num

ber of τ-blocks and pulse-phase settings 
even in the im

probable case of reaching the top capacity of the pulser
or of the acquisition 
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S
ystem

  im
p

lem
en

tatio
n

T
o m

eet all these requirem
ents, w

e have adopted a num
ber of 

innovative engineering solutions, centered around the m
odern F

P
G

A
 

based system
-o

n-ch
ip

 (S
O

C
)

concept. W
e also placed all the m

ost 
speed critical  discrete electronic devices in proxim

ity on the sam
e 

board in order to optim
ize R

F
 and sw

itching param
eters. 

T
he heart of the system

 is the pow
erful F

P
G

A
 chip w

ith a clock rate of 
up to 210 M

H
z. A

 sin
g

le ch
ip

system
 provides us w

ith considerable 
tim

ing advantages such as d
irect

sig
n

al d
ig

itizatio
n

 u
p

 to
 90 M

H
z 

and a
co

m
p

lete co
n

tro
l o

f all relevan
t acq

u
isitio

n
 p

aram
eters 

w
ith

tem
p

o
ral reso

lu
tio

n
 o

f 20 n
s.M

oreover, all hardw
are devices 

im
plem

ented w
ithin the chip can

 b
e easily rep

ro
g

ram
m

ed
and 

updated
in orderto m

eet any future requirem
ents.

T
he F

P
G

A
 chip is located on a P

C
I b

o
ard

together w
ith p

u
lser

co
n

tro
lled

A
D

C
, D

A
C

’s, R
F

 atten
u

ato
rs, R

A
M

and relative analog 
and digital circuits.

In order to control slow
er devices such as m

agnetic field w
aveform

 
generators, it w

as found m
ore expedient to use d

ed
icated

 sm
all 

p
u

lse seq
u

en
cers

placed on the corresponding rem
ote device 

board(s) and synchronized by m
eans of the m

ain pulser's
external 

hardw
are-control channels.

T
he F

P
G

A
 chip incorporates:

-Q
u

ad
ratu

re
D

ig
ital D

o
w

n
 C

o
n

verter (phase detector), follow
ed by 

p
u

lser
co

n
tro

lled
 d

ig
ital C

IC
 an

d
 F

IR
 filter b

lo
cks.

-
A

 versatile p
u

lser
co

n
tro

lled
 d

ata accu
m

u
lato

r
w

ith an am
ple 

ch
o

ice o
f accu

m
u

latio
n

 m
o

d
es [2].

-
T

hree independent, p
u

lser-co
n

tro
lled

digital R
F

-generation 
channels.

-
S

afety interlocks and external events controller in
terfaced

 w
ith

 
p

u
lser.

-
P

ulse sequences generator, im
plem

ented as a h
ard-w

ired
 

seq
u

en
ce-tim

in
g

 su
b

-p
ro

cesso
r

w
ith

128 b
its w

id
e “w

o
rd

s”, 
specifically designed to handle all the tasks discussed above as

w
ell 

as  m
any others.

In
tro

d
u

ctio
n

C
om

pared w
ith an H

R
-N

M
R

 spectrom
eter, a F

ast-F
ield-C

ycling N
M

R
 R

elaxom
eter im

poses a num
ber of extra requirem

ents on the tim
ing of 

acquisition sequences [1]. W
ith the ongoing developm

ent of variable-field relaxom
etry field-sw

itching cycles becom
e m

ore sophisticated. It is no 
longer sufficient to use just the classical polarisation, relaxation and acquisition field pulses w

ith constant slew
 rates during sw

itching intervals. 
M

any experim
ents w

ould be carried out in a m
ore precise and versatile w

ay if w
e could use both adiabatic and non adiabatic field

sw
itching or 

be able to profile every m
agnetic field pulse, giving it the best shape for each chosen experim

ent. A
nother peculiarity of F

F
C

-N
M

R
 is the grow

ing 
tendency to investigating all kinds of sam

ples, including liquids, solids and all kinds of heterogeneous and structured m
aterials. T

his m
eans that 

w
e m

ust deal w
ith very different types of F

ID
s, requiring sam

pling rates from
 1kH

z to 10 M
H

z.
C

onsider, for exam
ple, sam

ples w
ith several phases (e.g., a rigid m

atrix, a bulk w
ater phase, and an adsorbed  w

ater layer). T
heir signals can be 

very different in spectral w
idth and in intensity. T

he solid phase usually needs very short dw
ell tim

e and very open filters. A
pplied to the liquid 

phase the sam
e param

eters w
ould lead to an excessive am

ount of correlated data and possibly exceed the capacity data accum
ulation buffers. 

O
ne solution of this dilem

m
a is to optim

ize the experim
ent separately for each sam

ple com
ponent and perform

 as m
any experim

ents as there 
are sam

ple com
ponents w

ith different types of signals.
S

ince this is tim
e consum

ing, w
e have im

plem
ented the possibility to split the m

ulti-segm
ented F

ID
 into tw

o or m
ore tem

poral w
indow

s and apply in 
each of them

 quite different signal-acquisition param
eters (such as the dw

ell tim
e and filter w

idth values). In such a w
ay one can, in fact, 

optim
ize the final S

/N
 ratio of each sam

ple com
ponent [2]. S

om
etim

es it could be convenient  to divide a F
ID

 in m
ultiple logarithm

ically spread 
tem

poral w
indow

s w
ithdraw

ing the necessity of predicting a priory  the sam
ple’s  phases decay.  T

his approach im
plies, how

ever, a run-tim
e 

control of the dw
ell tim

e, filter settings and other receiver param
eters in every w

indow
. 

R
egarding the R

F
 part of F

F
C

 relaxom
eter, w

e expect that there w
ill soon arise the need for a second and even third R

F
 irradiation channel and 

that all such channels w
ill need to be synchronized w

ith the rest of the system
. W

e therefore provide dynam
ically controlled (not just digitally pre-

settable) frequency, phase and am
plitude of all the channels and

thus offer the U
ser additional possibilities such as com

posite,profiled and chirp 
pulses.

P
u

lse seq
u

en
ces g

en
erato

r
T

he pulse generator has  96 o
u

tp
u

t ch
an

n
els  available for hardw

are control  w
hich 

perm
it synchronization of  all the F

P
G

A
 chip devices as w

ell as all other boards and 
external devices.

It supports
u

n
co

n
d

itio
n

al an
d

 co
n

d
itio

n
al ju

m
p

s
to any preprogram

m
ed subroutine and 

ru
n

-tim
e p

ro
g

ram
m

in
g

.  It also supports n
ested

 cycles
to a depth of 7 levels, 

ensuring very co
m

p
act an

d
 fast lo

ad
in

g
 scrip

ts o
f seq

u
en

ces. T
he ru

n
n

in
g

seq
u

en
ces can

 b
e d

yn
am

ically u
p

d
ated

 an
d

 rep
ro

g
ram

m
ed

. T
he sequencer can

 
react in

 so
p

h
isticated

 w
ays to

 ru
n

-tim
e in

tern
al an

d
 extern

al even
ts

such as 
signal overflow

s, safety interlocks and tim
ing triggers.

A
n elem

en
tary p

u
lser

in
terval ran

g
e is 40 n

s to
 85.9 s, w

ith
 a reso

lu
tio

n
 o

f 20 n
s.If 

need be, how
ever, the duration of any logical step in a sequence

can be extended 
practically to infinity by m

eans of the cycling feature.
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