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A method for increasing the signal-to-noise ratio (SNR) of
uclear quadrupole resonance (NQR) measurements by automat-

cally adjusting a pulse parameter in real-time is presented. This
pproach is useful in situations where the optimal pulse parame-
ers cannot be chosen beforehand due to lack of knowledge re-
arding the system. For example, NQR provides a means for
etecting explosives by revealing the presence of 14N. In this
articular application, the distance between the search coil and the
xplosive, as well as the temperature of the explosive, is unknown.
s a result, a fixed set of pulse parameters will not yield the largest
NR for all possible search applications. This paper describes a
eedback algorithm that uses measurements of the NQR signal to
utomatically adjust the pulse width in the strong off-resonant
omb sequence to maximize the SNR of the NQR measurement.
xperimental results obtained using a sample of sodium nitrite are
resented. © 1999 Academic Press

Key Words: nuclear quadrupole resonance; strong off-resonant
omb sequence; pulse parameter optimization; feedback control;
radient method.

1. INTRODUCTION

Nuclear quadrupole resonance (NQR) has been investi
s a means for detecting both explosives and narcotic
evealing the presence of14N (1, 2). Although14N is essentially
00% abundant, the small zero-field NQR splitting results

ow signal-to-noise ratio (SNR). As a result, in order to
rease the probability of detection it is necessary to imp
he SNR of NQR measurements.

One method for increasing the SNR is to coherently
onsecutive NQR signals produced by a multipulse sequ
3–5). Examples include the phase-alternated (PAPS) (6), non-
hase-alternated (NPAPS) (6), spin-locked spin echo (SLS
4), and strong off-resonant comb (SORC) (7) pulse sequence
he amplitude of the NQR signal in multipulse sequence
ensitive to pulse sequence parameters such as pulse
ulse separation, and frequency. Because the optimum
arameters are determined by unknown factors such a

ocation of the mine with respect to the search coil and
emperature of the explosive, one cannot obtain the maxi

NR for all regions by using a fixed set of pulse parameters (8). p
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uboptimal pulse parameters can result in a significant lo
NR, thereby decreasing the probability of a successful d

ion.
Although the optimal value of a given pulse paramete

nknown a priori, the range in which it lies can be estima
mith (9) used this fact to develop a sequence that part
vercomes the dependence of the NQR signal amplitud
nvironmental factors such as temperature. The sequenc
everal different sets of pulse parameters which cover the
ontaining the optimal value. The set closest to the opt
alue yields the largest NQR signal. For example, severa
ulses are applied in succession, each with a different
uency and/or pulse width. The spacing between puls
hosen so that the FID from the first pulse decays befor
econd pulse is applied. After allowing the system to r
ack toward thermal equilibrium, the sequence of pulse

hen repeated. The NQR signals following pulses of the s
requency and duration are averaged. The pulses with
requency and duration nearest the optimal values yield
argest NQR signal. By increasing the number of diffe
requencies and/or widths used, it is possible to obtain a se
losely matches the optimal values. On the other hand, the
o acquire multiple NQR signals for averaging places a p
ical limitation on the number of different frequencies a
ulses widths that can be incorporated into the pulse sequ
s a result, this approach has limited ability to account
ariations in environmental parameters.
This paper presents a method for automatically calibrat

ingle pulse parameter. Using measurements of the NQ
ponse between RF pulses, a feedback algorithm adju
ulse parameter so that the SNR of subsequent NQR me
ents is increased. This method will enable a nontech
perator to quickly calibrate a NQR detection system. Be
eginning a search, the operator would place the NQR d

ion system over a buried test mine so that the feed
lgorithm can determine the optimal pulse parameters fo
articular explosive material, depth, size, and environme
onditions (i.e., temperature and soil composition).
The use of feedback to automatically optimize pu
arameters extends beyond the application to NQR. In fact,
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85FEEDBACK OPTIMIZATION IN THE SORC SEQUENCE
pplications of feedback to MRI have already been inv
ated (10 –12). The similarity of NMR and NQR techniqu
uggests that feedback concepts may also be applica
QR. As a first step we developed a simple method
utomatically optimizing the pulse width in the strong o
esonant pulse sequence.

The SORC sequence is a series of off-resonant RF p
eparated by equal spacings that yields a steady-state
eriodic in the pulse repetition period (7, 13). Periodic excita

ion is desirable since it results in a periodic response tha
e averaged to improve the signal-to-noise ratio. Howeve
mplitude of the NQR signal is reduced by repetitive app

ion of RF pulses. The advantage of the SORC sequence
he signals obtained are comparable in magnitude to the
btained from a fully relaxed system.
Figure 1 shows a SORC sequence with pulse widthtw and

ulse spacingt. For small values of pulse spacing, the N
ignal (Type I signal) following thekth pulse can interfer
onstructively with the spin echo (Type II signal) arising p
o the application of the (k 1 1)th pulse. The condition fo
onstructive interference isDft 5 n 1 1

2, where Df is the
ffset from resonance andn is an integer (7). If Dft is an

nteger, destructive interference reduces the signal ampl
dditionally, the SORC signal amplitude is sensitive to
ulse width. This paper demonstrates that measurements
QR signal can be used to automatically adjust the pulse w
o that the SORC signal amplitude is maximized.

FIG. 1. The SORC sequence is a train of RF pulses with widthtw and
pacingt.
FIG. 2. SORC pulse sequence
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2. METHOD AND MATERIALS

The experiments were performed using a 70-g samp
odium nitrite (NaNO2), finely ground to avoid the generati
f piezoelectric signals (14). The sample of sodium nitrite w
acked into a 1-inch-diameter, 4-inch-long glass vial o
hich the probe coil was tightly wound. Experiments w
erformed at room temperature, and the frequency of th
ulses is chosen 3.5 kHz above then2 5 3.600 MHz NQR

ransition of 14N. Except as noted, the pulse separation in
ORC sequence is fixed at 1 ms. Then2 transition is domi
ated by a single spin–lattice relaxation timeT1l of 304 ms
hich is measured using the method of progressive satur
spin–spin relaxation timeT2 of 5.9 ms is measured using

wo-pulse spin-echo decay. The spin-echo signal yield
stimate of 1.1 ms for the lineshape parameterT*2. A 1-kW
ulsed spectrometer specifically designed for implemen

eedback algorithms is used to obtain the NQR measurem
n important feature of this spectrometer is the ability
hange pulse sequence parameters while the experimen
rogress.

3. CONTROL DESIGN

The process of generating an NQR signal using the S
equence can be viewed as a dynamic system whose in
he pulse width and whose output is the peak-to-peak vo
f the SORC signal. The control objective is to find the p
idth that maximizes the steady-state NQR measurement
resent and past measurements of the SORC signal. The
idth of the kth RF pulse is denoted astw(k). Similarly, the
eak-to-peak voltage of the SORC signal measured bet

he kth and k 1 1th RF pulse is denoted asV(k). The
eparationt between consecutive RF pulses and the frequ
f excitation are assumed to be fixed.
In most situations, signal averaging is required to dete
QR signal. A SORC sequence that incorporates both av

ng and feedback optimization of pulse width is shown in
. Between the discrete-time indicesk andk 1 1 there areN 1
used in the control experiments.
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86 SCHIANO ET AL.
RF pulses of fixed widthtw(k) and pulse spacingt. The first
SORC signals following thekth pulse are coadded to pr

uce a single, averaged, SORC response whose peak-to
mplitude is denoted asVavg(k). During the interval 2t follow-

ng the acquisition of theNth SORC signal, the feedba
lgorithm uses the measured signalsVavg(k) andVavg(k 2 1) to
etermine the next pulse widthtw(k 1 1).
Design of the feedback control algorithm must take

onsideration that the signalVavg(k) is obtained by coaddingN
onsecutive SORC responses that are obtained with fixed
idth tw(k). If the periodt(N 1 2) between updates in t
ulse width is three to five times longer than the dominant
onstant of the SORC response to a change in pulse width
he dynamics of the SORC signal are not critical in the de
f the control algorithm. In effect, the design reduces
roblem in static optimization. This situation is advantage

n that uncertainty inT1, T2, and T*2 will not affect the
erformance of the control algorithm. On the other hand, i

ime t(N 1 2) is small compared to the dominant ti
onstant, then the dynamics of the NQR process mus
onsidered in the design of the feedback algorithm. De
fforts to model multipulse NQR sequences (5, 15–17), we are
naware of either a theoretical or an experimental study
escribes the transient response of the SORC signal to a c

n pulse width. Before considering the control design, the i
f SORC dynamics is first addressed.

.1 SORC Response

The steady-state relationship between the amplitude o
ORC response and the pulse widthtw is measured for tw
ifferent pulse separations. The system was allowed to r
teady-state over an interval of 3000 consecutive RF pu
he subsequent 100 SORC signals are coadded to for
verage SORC response. The peak-to-peak voltageV of the
verage SORC signal is used to describe the amplitude o
teady-state SORC signal.
Figure 3 shows the normalized amplitude of the steady-

ORC signal as a function of pulse widthtw for pulse spacing
of 1 and 3 ms, which are chosen to produce constru

nterference between the Type I and II signals. The ampli
s normalized with respect to the peak-to-peak voltage
ully relaxed FID. In order to increase the amplitude of
QR signal and the number of NQR signals available
veraging, the data show that a small pulse spacing is des
n the other hand, decreasing the pulse spacing also inc

he sensitivity of the signal amplitude to the pulse width. T
act demonstrates the need for pulse width optimization.

Qualitative insight to the dynamic behavior of the SO
equence is obtained by recording the transient response
ORC signal to a step change in the pulse width. As
xample, Fig. 4 shows the transient response of the S
ignal when the pulse width is increased from 6 to 12ms. The

ertical scale is normalized so that the SORC amplitude i
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nity for a pulse width of 12ms. In order to improve the SNR
ata from four identical experiments are averaged. The
urve shows the steady-state SORC signal produced b
-ms pulse width. The dotted line shows the SORC si

mmediately following the increase in pulse width, while
ashed–dotted curve shows the SORC signal 500 ms aft
hange in pulse width. The flat line at the beginning of e
urve represents the delay time introduced by a lowpass
n the receiver. The transient response in the SORC wave
ccurs over an interval ofT2, and the system achieves
teady-state response withinT1l seconds. Also note that t

ocations of minima and maxima of the SORC signal rema
xed in the window between pulses despite the change in
idth.

.2 Gradient Method

Motivated by the sensitivity of the SORC amplitude to pu
idth, we designed a feedback control system that adjus
ulse widthtw(k) to maximize the performance index

J~k! 5 1
2Vavg

2 ~k!, [1]

hereVavg(k) represents the peak-to-peak value of the ave
f N SORC signals obtained with a fixed pulse widthtw(k).
he pulse width that maximizes the performance inde

ound using the method of steepest ascent which is an ite
pproach (18). The pulse width is updated using the rule

tw~k 1 1! 5 tw~k! 1 l~k!¹ twJ~k!, [2]

herel is a positive learning factor used to set the con
ence rate, and¹ twJ(k) is the gradient of the performan

FIG. 3. Comparison of the steady-state SORC response as a funct
ulse width,tw for t 5 1 and 3 ms.
isndex with respect to the pulse widthtw (18). This particular
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87FEEDBACK OPTIMIZATION IN THE SORC SEQUENCE
pproach for automatically adjusting the pulse width is ca
he gradient method (19).

The gradient¹ twJ(k) represents the ratio of the change in
eak-to-peak voltage of the average SORC signal to the ch

n pulse width. The low SNR of NQR measurements, e
hen averaging is used, results in poor performance whe
radient is approximated as

¹ twJ~k! 5
Vavg~k! 2 Vavg~k 2 1!

tw~k! 2 tw~k 2 1!
. [3]

nstead, the gradient¹ twJ(k) is replaced by

¹ twJ~k! 5 G~Vavg~k! 2 Vavg~k 2 1!,h!

3 G~tw~k! 2 tw~k 2 1!,0!, [4]

hereG( x, h) is the nonlinear function

G~ x,h! 5 H 1 x . h
0 2h # x # h

21 x , 2h
. [5]

FIG. 4. Transient response of the SORC signal when the pulse width
ulse width of 6ms is indicated by the solid curve. The dotted curve sho
2 ms. The dashed curve represents the SORC signal 500 ms after the
he parameterh is chosen as the value ofVavg when the NQR p
d

ge
n
he

ignal is absent. Based on a comparison of the magnitude
he NQR measurementsVavg(k) andVavg(k 2 1), the algorithm
etermines whether to increment or decrement the pulse
y the learning factorl(k).
The learning factorl(k) controls the rate at which th

lgorithm converges. When the pulse width is far from
ptimal value it is desirable to use a large learning facto

hat few iterations are needed to obtain a pulse width clo
he optimal value. On the other hand, as the optimal val
pproached, a smaller learning factor is desirable so tha
earch algorithm does not oscillate about the optimal value
his reason, two different strategies were used for selectin
earning factor. The first approach uses a fixed learning fa

5 4 ms. The second method uses an initial value ofl(0) 5
ms, and then decrements this value by1

2 ms each iteration. Th
lgorithm stops tuning the pulse width after the learning fa

s decremented to zero.
Initial values for the pulse widthtw(0) and gradient¹ twJ(0)
ust be specified at the start of the experiment. We cho

nitial value for the pulse width that is smaller than the opti
alue in order to conserve magnetization stored along
rincipal axis of the electric field gradient tensor. From Fig

t is known that the steady-state optimal pulse width for a 1

tepped from 6 to 12ms. The steady-state response of the SORC sequence for
the SORC signal immediately following the increase in pulse width fromms to
p change in the pulse width.
is s
ws
ulse spacing is approximately 20ms, and so we chosetw(0) 5
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88 SCHIANO ET AL.
ms. The initial gradient is chosen as¹ twJ(0) 5 11 so tha
w(1) . tw(0).

Each learning method is evaluated forN 5 300 andN 5
6. In the case ofN 5 300, theinterval between updates
ulse width is approximately equal toT1l . WhenN 5 16, the
pdate time is approximately 3T2. Based on the transie
esponse of the SORC sequence shown in Fig. 3, whenN 5
00 we expect the SORC signal to reach a steady-stat

ween updates in pulse width, and as a result, do not antic
hat the peak value ofVavg will exceed the maximum stead
tate value. In contrast, whenN 5 16, we expect a transie
hose amplitude can exceed the maximum steady-state

.3 Experimental Results

Figure 5 shows the normalized responseVavg and tuning
istory of tw for each update strategy whenN 5 16. The
ertical scale is normalized to the peak steady-state res
btained for the optimal pulse width oftw 5 20 ms. The
lgorithm that decrements the learning factor converge
ithin 1 ms of the optimal value. In contrast, the algorit
sing a fixed learning factor produced a pulse width tha
everal microseconds greater than the optimal value.
owever, that in both cases each algorithm produces a st

FIG. 5. Response of the SORC sig
tate value near the maximum steady-state value. The fact tg
e-
te

ue.

se

to

is
te,
dy-

wo different pulse widths can yield nearly the same ste
tate response is evident from Fig. 3, which shows tha
unction describing the steady-state SORC response is fla
he optimal pulse width. Figure 5 reveals that the peak valu

avg exceeded unity for both tuning algorithms. This re
ndicates that the SORC signal did not reach a steady
aveform within the time interval ofN 5 16 pulses.
Figure 6 shows the normalized responseVavg and tuning

istory of tw for each update strategy whenN 5 300. In this
ase both algorithms converge to a pulse width less tha
ptimal value and produce a steady-state value close t
aximum. In contrast to the results obtained forN 5 16, the
eak response does not exceed unity for either control
ithm. This observation is consistent with data shown in Fi
ecause the time interval forN 5 300 pulses corresponds
1l , the SORC signal achieves a steady-state waveform

ween updates in pulse width.

4. DISCUSSION

We have demonstrated a feedback control algorithm
ncreases the SNR of an NQR measurement using the S
equence by automatically adjusting the pulse width. Th

l and tuning history for the caseN 5 16.
hatorithm is based on the gradient method, which determines the
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89FEEDBACK OPTIMIZATION IN THE SORC SEQUENCE
irection in which to adjust the pulse width in order to ma
ize the steady-state response. Despite its simplicity, th
orithm automatically adjusts the pulse width to a near opt
alue within several iterations. The gradient method does
equire either a parametric model of NQR dynamics or e
alues ofTl1, T2, and T*2. In addition, the algorithm uses
elative comparison between the magnitude of consec
QR measurements, thereby reducing the effects of nois
The performance of the control algorithm can be impro

y both decreasing the time required for the algorithm
stimate the optimal pulse width and minimizing the differe
etween the estimated and optimal pulse widths. Using
esign tools, such as optimal or robust control technique
ay be possible to achieve these goals. However, thes
roaches will require a model that describes the dyn
elationship between the pulse widthtw(k) and responseV(k).
sing standard identification techniques such as recursive
quares, we are currently developing a dynamic model
escribes the response of the SORC signal to changes in
idth.
The algorithm presented in this paper only adjusts the p
idth tw(k). It is also possible to optimize other parame
uch as the pulse spacing or the frequency offset from
ance. The task of optimizing the pulse spacing is complic

FIG. 6. Response of the SORC sig
y the fact that the steady-state relationship between SORp
al-
al
ot
ct

ve

d
o
e
er
it

ap-
ic

ast
at
lse

se
s
o-
d

mplitude and pulse spacing is multipeaked (7). An algorithm
or automatically optimizing the offset frequency is curren
eing studied.
In addition to automatically calibrating pulse parameter

n NQR detection system, feedback optimization may pro
ther advantages. Grechishkin developed a method for d

ng the burial depth of land mines. In order to determine
urial depth, the frequency offset which maximizes the am

ude of the SORC signal must be determined (2). Feedbac
ay provide a means for automatically determining the o
al offset frequency and hence an estimate of the mine d

5. CONCLUSION

Feedback control provides a means for automatically ad
ng a pulse parameter to achieve a desired goal. It was
nstrated that measurements of the averaged NQR sign
e used to automatically adjust the pulse width in the SO
equence so that the SNR of the NQR measurement
reased. The feedback algorithm, based on the gra
ethod, does not require knowledge of relaxation times o
mplitude of the RF pulse at the sample location. The us

eedback to automatically adjust a pulse parameter ma
eneficial in applications beyond the one considered in

and tuning history for the caseN 5 300.
Caper.
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