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The low signal-to-noise ratio (SNR) of nuclear quadrupolar
esonance measurements has motivated research on signal en-
ancement methods, including multipulse sequences that facilitate
ignal averaging, the development of interlaced pulse sequences,
nd super-Q coils. More recently, it has been shown that feedback
an be used to automatically optimize pulse sequence parameters,
aximizing the SNR. This paper extends this work by using

eedback to optimize the offset frequency in the strong off-reso-
ant comb pulse sequence. Analysis and results are presented for
sample of sodium nitrite at both liquid nitrogen and room

emperatures. © 1999 Academic Press

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

1. INTRODUCTION

Nuclear quadrupole resonance (NQR) has been investi
s a nonintrusive means for detecting narcotics and explo
1–5). Unlike conventional techniques such as metal detec
QR detects the explosive material, not its container. Th

ore, NQR enables the detection of minimal metal or c
letely nonmetallic explosive devices.
The low signal-to-noise ratio (SNR) of NQR measurem

resents a challenge in the development of detection sys
everal techniques for improving the SNR have been inv
ated. Coherent addition of the NQR signals generate
ultipulse sequences (6, 7) improves the SNR at the expen
f increasing the detection time. Interlaced pulse seque
ave been developed to lessen the effect of environm
arameters, such as temperature, on the SNR (8). NQR detec

ion systems using high-temperature superconducting coi
lso being investigated. The SNR increases as the squar
f the coil quality factor (Q), even when the bandwidth of t

uned detection circuit is less than the linewidth of the N
ignal (9).
A large catalog of multipulse sequences is available
QR detection experiments. Of particular interest in this p
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s the strong off-resonant comb (SORC) sequence (10). The
ORC sequence has two desirable properties. First, it pro
QR signals whose amplitudes are approximately one-hal
f a fully relaxed free induction decay. Second, the SO
QR signals are generated approximately everyT*2 seconds

hereby providing a large number of signals to be average
nit time.
It is well known that the amplitude of the SORC signa

ensitive to pulse parameters (10, 11). Suboptimal paramete
an decrease the signal intensity by an order of magni
egating any improvement in the SNR obtained from
oherent addition of consecutive SORC signals. The op
arameter values depend on temperature (12), distance be

ween the sample and the coil (1), and composition of th
ubstance to be detected (5).
The sensitivity of the SORC signal to pulse parameters

articular concern in the development of land mine detec
ystems. The optimal parameters will vary depending upo
ype of land mine, its burial depth, and environmental par
ters (5). Although a fixed set of pulse parameters can be

o simplify operation of the detection system, this appro
ields a suboptimal SNR. A method for automatically optim
ng pulse parameters is needed so that the NQR dete
ystem can be used effectively by a nontechnical operato
Several approaches are available for determining the op

ulse parameters to maximize the SNR. One technique
easure the SORC signals for a large set of different pa
ters, then choose the parameters that yield the highest
his approach is undesirable because it is time consum
nother technique is to use a feedback system to automat
ptimize the pulse parameters. This paper demonstrates s

eedback system and shows that the tuned parameter con
apidly to its optimal value.

Feedback has already been demonstrated as a me
ontrolling the state of the nuclear magnetization in NMR (13).
he pulse width optimization of the SORC pulse seque
sing feedback has recently been demonstrated (14). It was
1090-7807/99 $30.00
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140 BLAUCH, SCHIANO, AND GINSBERG
hown that a gradient tuning feedback algorithm can deter
he pulse width that maximizes the SORC signal amplit
his paper demonstrates that a similar algorithm can deter

he offset frequency that maximizes the SORC signal en

2. MATERIALS AND METHODS

The experiments were performed using a 70-g samp
odium nitrite, finely ground to avoid the generation of pie
lectric signals (15). Another approach for reducing spurio
iezoelectric responses, which is well suited to an NQR d

ion system, is to minimize the electric field produced by
earch coil during the application of an RF pulse (16, 17). The
ample of sodium nitrite was packed into a small vial o
hich the probe coil was tightly wound. Experiments w
erformed at both liquid nitrogen (77 K) and room (.294 K)

emperature. All experiments were conducted at then2 transi-
ion in 14N.

The transition frequencyn2 is 3.757 MHz at liquid nitroge
emperature and approximately 3.6 MHz at room tempera

hen immersed in liquid nitrogen the sample is at a con
emperature, making variations inn2, due to temperatur
egligible. In contrast, the room temperature experiments

ect the sample to variations in ambient temperature as w
eating caused by the probe coil. This is significant becau
oom temperature the temperature coefficient of then2 transi-
ion is approximately21.0 kHz/K (18).

The n2 transition is dominated by a single spin–latt
elaxation timeT1l which was measured using the method
rogressive saturation. The spin–spin relaxation timeT2 was
easured using a two-pulse spin-echo decay. At liquid n
en temperature,T1l and T2 are estimated as 34 s and 6 m
espectively. At room temperature, they are estimated as
nd 6 ms, respectively. TheT*2 lineshape parameter was d

ermined from the spin-echo decay. At both liquid nitrogen
oom temperaturesT*2 is estimated as 1 ms.

The experiments were performed using a custom-m
-kW pulsed spectrometer. The system can acquire data

orm calculations, and update pulse parameters in real-
heQ of the probe coil is approximately 200. To avoid ring

n the receiver following the application of an RF pulse, th
s a 240-ms delay between the end of the RF pulse and w
he receiver is turned on. The output of the receiver is pa
hrough an eighth-order Butterworth lowpass filter with a
ff frequency of 10 kHz prior to being sampled at 100 kH

3. THE SORC SEQUENCE

The SORC sequence is a periodic series of identica
ulses with widthtw and periodt. The frequency of the R
ulses is offsetDf Hz above the transition frequencyn2. The
QR signal observed between the RF pulses reaches a s
tate waveform. The NQR signal induced in the probe co
ne
e.
ne
y.
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ixed with the excitation frequencyn2 1 Df, so that the
xpected frequency of the observed signal isDf. As an exam
le, Fig. 1 shows experimental data obtained at liquid nitro

emperature. The data show that the SORC signal is the s
osition of two NQR signals, termed Type I and Type II, t
re the combination of free induction decays and spin-ec
enerated by the pulse sequence. Type I signals immed

ollow RF pulses whereas Type II signals immediately prec
F pulses.
A parametric model that relates the pulse parameters t

ORC signal is needed. Using this model as a guide, a m
s selected to quantify the amplitude of the SORC respo
urthermore, the model aids the development of the co
lgorithm by providing a means for simulating the respons

he closed-loop system. We first identify a model that desc
he steady-state relationship between the offset frequenDf
nd the SORC amplitude. The transient behavior of the S
ignal due to changes inDf is considered in Section 4.1.

.1. Parametric Model

Experimental data indicate that Type I and Type II sig
ave the form of exponentially decaying sinusoids of the s

requency. It is reasonable to expect that the time consta
he exponential envelopes to be approximatelyT*2. The ob-
erved frequency of the SORC signal is sensitive to tem
ure-induced variations of the NQR transition frequency. A
esult, the observed frequencyDf of the sinusoids may diffe
rom the expected offset frequencyDf. For this reason th
bserved frequency is expressed as

Df 5 Df 1 Dfe, [1]

hereDf e is the difference between the observed and expe
ffset frequencies. Based on these considerations, the T
nd Type II signals are represented as

V̂I~t! 5 K Ie
2t/T*2cos@2p~Df 1 Dfe!t 1 u I # [2]

V̂II~t! 5 K IIe
2~t2t!/T*2cos@2p~Df 1 Dfe!t 1 u II #. [3]

FIG. 1. SORC pulse sequence and filtered SORC signal.
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141SORC OFFSET FREQUENCY OPTIMIZATION
ccounting for a DC offsetVDC at the receiver output,
arametric model of the steady-state SORC signal is

V̂~t! 5 V̂I~t! 1 V̂II~t! 1 VDC. [4]

quation [4] is defined in the interval 0# t # t, wheret 5
corresponds to the center of the RF pulse.
The parametersT*2, Df e, K I, K II , u I, u II , and VDC are esti
ated using observed SORC signals for fixed values ofDf, t,
ndtw. The unknown parameters are estimated using the
quares method which minimizes (19)

J~T*2, Dfe, K I, K II , u I, u II , VDC! 5 O
m5L

M

@Vf ~m! 2 V̂f ~m!# 2.

[5]

he observed SORC signalV(t) is passed through an eigh
rder Butterworth lowpass filter with a cutoff frequency of
Hz. The filtered signalVf (t) is sampled at 1/T 5 100 kHz to
roduce the sequenceVf (m) 5 Vf (mT) of length M 2 L 1 1
here m 5 L, L 1 1, . . . , M. Similarly, the estimate
equenceV̂f (m) is obtained by passing the sampled SO
ignal estimateV̂(m) through a discrete-time equivale
ighth-order Butterworth lowpass filter. The firstL 2 1 points
re not recorded because the receiver is gated off durin
ing down time. In order to improve the SNR of the obser
ORC signal, 1000 consecutive SORC signals are averag
roduceVf (m).
As an example, fixing the pulse width and pulse separa

t 10 ms and 1 ms, respectively, the parametersT*2, Df e, K I,
II , u I, u II , andVDC were estimated for values ofDf ranging

rom 0 to 3.0 kHz in 100-Hz steps. Experimental data w
btained at liquid nitrogen temperature. For each value oDf,

he SORC signal reached a steady-state waveform within
ne thousand consecutive SORC signals were then acq
nd averaged to formVf (m). In this experiment,M 2 L 1
5 76 samples of each SORC signal were recorded.
Data obtained for each offset frequency yielded a le

quares estimate of the model parameters. It was found th
stimated values ofT*2, Df e, K I, K II , u I, andVDC did not vary
ubstantially withDf. For this reason, these parameters w
veraged across offset frequencies to obtainT*2 5 0.6 ms
f e 5 130 Hz,K I 5 0.28, K II 5 0.27,u I 5 17°, andVDC 5
0.11 V. The estimate of the remaining parameteru II was
bserved to be a linear function ofDf. In fact, by replacingDf

n terms ofDf using [1], we obtained the relationships

u II 5 22ptDf 1 u I 1 p [6]

5 22pt~Df 1 Dfe! 1 u I 1 p. [7]
st-
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dditionally, we observed that these relationships hold in
endent of the values used fort and tw. Based on this obse
ation, the number of unknown parameters in the param
odel can be reduced by replacingu II with [7] to obtain

V̂~t! 5 K Ie
2t/T*2cos@2p~Df 1 Dfe!t 1 u I # 2 K IIe

2~t2t!/T*2

3 cos@2p~Df 1 Dfe!~t 2 t! 1 u I # 1 VDC. [8]

n this example, both the pulse separationt and the pulse widt
w are fixed. If these parameters are changed, then new
ates ofK I, K II , andu I are required.
The parametric model [8] reveals the necessary condi

or both constructive and destructive interference betw
ype I and Type II SORC signals. Kim et al. (11) observed tha
onstructive interference between these signals occurs w

tDf 5 n 1 1
2, n [ $. . . , 22, 21, 0, 1, 2, . . .%, [9]

nd that the condition for destructive interference is

tDf 5 n, n [ $. . . , 22, 21, 0, 1, 2, . . .%. [10]

eferring to [2] and [3], constructive interference occurs w
I 5 u II 1 2pn. Replacingu II in terms ofDf using [6] gives
9]. Similarly, destructive interference requiresu I 5 u II 1
pn 1 p resulting in [10]. It is important to note, for a fixe
alue of t, that the minimum difference between offset f
uencies resulting in constructive and destructive interfer

s 1/(2t).
The ability of the parametric model to predict the SO

esponse for different values of the offset frequencyDf was
xperimentally verified at both liquid nitrogen and room te
erature using a 10.0-ms pulse width and a 1.0-ms pu
eparation. As in the previous experiment, the SORC s
as allowed to reach steady-state, and the subsequent
ORC signals were averaged to produceVf(m). The averag
ignal was obtained for offset frequencies ranging from 0
.0 kHz in 100-Hz steps. A subset of the collected data

TABLE 1
Parameter Estimates for the Parametric SORC Model Based

n Data Collected for Offset Frequencies Df Ranging from 2.1 to
.0 kHz in 100-Hz Steps

Temperature K I [V] K II [V] VDC [V] u I [deg] T*2 [ms] Df e [Hz]

77 K 0.273 0.261 20.11 15 0.60 135
294 K 0.077 0.073 20.11 232 1.29 2540
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142 BLAUCH, SCHIANO, AND GINSBERG
sed to estimate the model parametersT*2, Df e, K I, K II , u I, VDC.
hese parameters are chosen to minimize

J~T*2, Dfe, K I, K II , u I, u II , VDC!

5 O
i51

10 O
m5L

M

@Vf ~m; Df i! 2 V̂f ~m; Df i!#
2 [11]

or a fixedt and tw, and offset frequenciesDf i 5 2.0 kHz1
00i ranging from 2.1 to 3.0 kHz (19). Table 1 lists the
stimated model parameters at both temperatures.
The estimated value ofT*2 is consistent with that obtaine

rom the linewidth of a single spin-echo. In addition, the ra
f K I at 77 K toK I at 294 K, andK II at 77 K toK II at 294 K
re approximately 3.6. The expected ratios, based on th

hat the magnitude of the NQR signal is inversely proporti
o temperature, is 3.8 (12).

The estimated parameter values based on data obtain
ffset frequencies ranging from 2.1 to 3.0 kHz were use
redict the SORC signals for an offset frequency of 1 kH
oth liquid nitrogen and room temperatures. Figure 2 sh

hat the observed and predicted SORC signals are in
greement.

.2. Signal Metrics

Before developing a feedback algorithm, a measure o
ORC signal intensity must be chosen. The choice of m

FIG. 2. Comparison of observed and predicted SORC si
s

act
l

for
o
t
s
se

e
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an have a significant effect on the performance of the tu
lgorithm. As described earlier, the SORC signal is pa

hrough a Butterworth lowpass filter and sampled to produ
equenceVf (m). Three possible metrics forVf (m) are consid
red: peak-to-peak voltage, midsignal amplitude, and s
nergy.
The peak-to-peak voltage is defined as

Vpp 5 umax
m

$Vf ~m!% 2 min
m

$Vf ~m!%u. [12]

he midsignal amplitude

Vmid 5 UVSM

2 D U [13]

as also been used as a measure of signal intensity (10). The
hird metric is based on the signal energy (4)

Ve 5 O
m5L

M

~Vf ~m! 2 VDC! 2, [14]

hereVDC is the DC offset measured at the filter output in
bsence of an NQR signal.
In order to determine the sensitivity of each of these me

o variations in the offset frequencyDf, the metrics wer

ls forDf 5 1 kHz at (a) liquid nitrogen and (b) room temperature.
gna
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143SORC OFFSET FREQUENCY OPTIMIZATION
pplied to both experimental data obtained at liquid nitro
emperature and SORC signals generated using the para
odel in [8]. The experimental data are the same as those

o generate the parameter estimates in Table 1. Figure 3 s
ach metric normalized by its maximum value over the ra
f offset frequencies. The open circles correspond to m
alues obtained using experimental data, while the cu
orrespond to metric values obtained from the param
odel [8] using the parameters in Table 1.
Regardless of the metric used, Fig. 3 shows that the inte

f the experimental data depends on the offset frequency
yclic variation with respect to the offset frequency is du
he interference between Type I and Type II signals. Da
ig. 3 also show that the parametric model accurately pre

he intensity of the SORC signal as a function of offset
uency for each of the three metrics considered. Becaus
odel parameters are estimated using data with offset fre

ies ranging from 2.1 to 3.0 kHz, it is significant that the mo
uccessfully predicts that the second peak in the signal e
s larger than either the first or third peaks. Furthermore
ocation of extrema predicted by [9] and [10] closely match
xperimental values for the peak-to-peak voltage and s
nergy metrics. Using [9] and the estimated valueDf e 5 135
z, maxima are expected at 0.365, 1.365, and 2.365
imilarly, Eq. [10] predicts minima at 0.865, 1.865, and 2.
Hz.

FIG. 3. Normalized metric intensities as a function of offset frequency
he solid curves are obtained using the parametric model.
n
tric
ed
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Of the three metrics considered, the energy metric exh
he largest sensitivity to variations in the offset frequencyDf.
n comparison, the midsignal amplitude metric is nearly fla
ffset frequencies less than 800 Hz. The extrema of the p

o-peak voltage metric are not as sharp nor as deep as tho
he signal energy metric. Unless otherwise noted, the s
nergy metric will be used to quantify the intensity of
ORC signal.

4. FEEDBACK OPTIMIZATION
OF OFFSET FREQUENCY

It is well known that the amplitude of the SORC sig
epends on the pulse parameterst, tw, andDf (7, 11). In an
arlier paper it was demonstrated that feedback can auto
ally determine the optimal pulse width, in the sense of m
mizing the SORC signal amplitude, for fixed values of of
requency and pulse separation (14). We now consider the tas
f choosing the optimal values of offset frequency and p
eparation for a fixed pulse width.
The dependence of the SORC signal intensity on p

eparation for a fixed offset frequency and pulse widt
onsidered first. A set of experiments was performed at li
itrogen temperature using a 10-ms pulse width and an offs

requency of 4.0 kHz. The pulse separation was varied
.5 to 3.0 ms in 0.025-ms steps. For each pulse separ

a sample of sodium nitrite at 77 K. The open circles show experimental
for
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144 BLAUCH, SCHIANO, AND GINSBERG
000 steady-state SORC signals were filtered and aver
nd the signal energy was calculated as described e
ecause the data window size is proportional to the p
eparation, it is necessary to compare signal intensity in t
f power instead of energy. The signal power metric is

ained by dividing the signal energy metric for each p
eparation by the corresponding data window size.
Figure 4 shows the normalized signal power as a functio

ulse separation. There are two important observations to
rom the data. First, the envelope of the curve increase
maller values of pulse separationt. Second, the envelope
odulated by the interference of Type I and Type II sig
ccording to [9] and [10]. The first observation indicates
e should use the smallest value oft possible. In practice, th
alue is limited by either the ring down time of the probe
r the maximum duty cycle of the transmitter. In addition
void a significant loss in signal intensity, it is necessar
hoose the offset frequency and pulse separation to satis
ondition stated in [9] for constructive interference.
Based on these observations, we chose to fix the

eparation at a small value and automatically tune the o
requency to maximize the SORC signal intensity. This
roach has several advantages. First, in addition to incre

he signal intensity, a small value of pulse separation
ncreases the number of SORC signals available for aver
er unit time. Second, fixing the pulse separation provid
onstant window size for comparison of signal energies. T
y fixing t, the time required to obtain a single averaged SO
ignal is not dependent upon the parameter which is b

FIG. 4. Normalized signal power as a function o
ed,
er.
e
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s
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ptimized. Fourth, Fig. 4 shows that the amplitude of the l
axima varies greatly with pulse separation. In contrast, F

hows that the amplitude of local maxima of signal energy
ot vary significantly with offset frequency. This fact simp
es the design of the control algorithm, which must only
local maxima when varying the offset frequency.
In order to design a feedback algorithm that optimizes

ffset frequency, the transient response of the SORC s
ntensity to variations in the offset frequency must be kno
o far we have only considered a parametric model that re

he steady-state signal intensity to changes in offset frequ
he dynamics of the SORC pulse sequence have bee
ressed earlier (20–22). However, a closed-form express
elating the transient response to changes in the pulse p
ters is not available. The next section uses experimenta

o characterize the transient behavior of the SORC signa

.1. Transient Response

Two experiments were performed to observe the tran
esponse of the SORC signal energy. The first experi
eveals the transient response at the start of the SORC seq
or a fixed offset frequency of 2.50 kHz, while the sec
xperiment shows the transient response caused by a
hange in the offset frequency from 2.55 to 2.50 kHz. Ex
ments were performed at room and liquid nitrogen temp
ures, with the pulse widthtw and pulse separationt fixed at
0.0 ms and 1.0 ms, respectively.

lse separation; open circles show individual data points.
f pu
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145SORC OFFSET FREQUENCY OPTIMIZATION
Individual SORC signals are indexed by the integern, where
5 0 corresponds to the SORC signal following the first

ulse. In the first experiment,Df is fixed at 2.50 kHz and th
ORC signals are recorded starting fromn 5 0 until the
ORC signal energy reaches a steady-state value.
In the second experiment, the offset frequency is fixe

.55 kHz for the firstNd RF pulses. The number of delay pul
d is chosen so that the SORC signal energy reaches a s
tate value during the time intervalNdt. Starting with theNdth
F pulse, the offset frequency is fixed at 2.50 kHz. In
xperiment, SORC signals are recorded forn $ Nd.
The open circles in Fig. 5 show the signal energy of e
easured SORC signal in the first experiment as a functi

ime t 5 nt, wheret is the fixed pulse separation. The d
btained at both temperatures suggest an overdamped tra
esponse in signal energy

V̂e~nt! 5 A0 1 A1e
2nt /t1 1 A2e

2nt /t2 1 · · · , [15]

hereV̂e(nt) is an estimate of the observed signal energ
he nth SORC signal,t i are time constants, andA i are ampli-
udes. The time constantst i describe the rate at which t
ignal energy metric, and hence SORC waveform, appr
teady-state. In contrast, the time constant in the param
odel describes the shape of the steady-state SORC wave
he parameterst i andA i are chosen to minimize

J~t i, Ai! 5 O
n

@Ve~nt! 2 V̂e~nt; t i, Ai!#
2, [16]

hereVe(nt) is the energy of thenth measured SORC sign
he solid curves in Fig. 5 show the estimated signal en

FIG. 5. Transient response of signa
at

dy-
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ient

f

ch
ric
rm.
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ˆ
e(nt) obtained using the time constants in Table 2. At liq
itrogen temperature, more than one time constant is pre

n contrast, at room temperature, only one time consta
bserved. At both temperatures, the dominant time const
bout one-half the spin–lattice relaxation timeT1l .
Next we consider the transient response of the SORC s

o a change in offset frequency. The open circles in Fig. 6 s
he signal energy of the measured SORC signals versut 5
n 2 Nd)t, where the offset frequency is stepped from 2.5
.5 kHz att 5 0. As in the previous experiment, the data w
t to an exponential curve using the least-squares method
stimated signal energyV̂e(nt) based on the time constants
able 2 is indicated by the solid curves in Fig. 6. Note that

ime constants were required to describe the observed
tion for data obtained at liquid nitrogen temperature. In

rast, only one time constant was required when the sampl
t room temperature.
Data for both experiments show that the SORC signa

rgy reaches a steady-state value within approximatelyT1l s.
his observation is consistent with previous results (14). In

erms of the control design, if the feedback algorithm upd

TABLE 2
Estimated Time Constants Observed in the Transient Response

of the SORC Signal Energy

Temperature Experiment Time constants (s)

iquid nitrogen 1 12.5 1.91 0.1
2 7.73 0.20 —

oom 1 0.180 — —
2 0.177 — —

ergy for an offset frequency of 2.50 kHz.
l en
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he offset frequency on the order ofT1l , these results indica
hat the algorithm must take into account the dynamic beh
f the system. On the other hand, if the feedback algor
aries the offset frequency on a time scale larger thanT1l , the
ask of choosingDf simplifies to a static optimization proble

.2. Gradient Algorithm

The selection of an algorithm that automatically adjusts
ffset frequencyDf is guided by several considerations. B
ause a closed-form dynamic model relating changes in
ffset frequency to variations in the SORC signal energ
navailable, the algorithm cannot be model dependent.
lgorithm should not be computationally intensive so that it
e implemented in real-time. Finally, the algorithm sho
ave a minimal number of free design parameters to redu
ensitivity to variations in operating parameters. For exam
n land mine detection applications, the exact tempera
osition of the mine with respect to the probe coil, and
lectrical properties of the soil separating the probe coil
ine are not known a priori.
In light of these considerations, a gradient tuning algori

FIG. 6. Transient response of the signal energy

FIG. 7. SORC pulse sequence f
or
m

e
-
he
is
he
n

its
e,
e,
e
d

ased on the steepest ascent method is used to optimi
ffset frequency. Figure 7 shows the modified SORC sequ
sed to implement the gradient algorithm. The pulse separ
and pulse widthtw are fixed across the entire sequence.

ntegerk indexes segments of the pulse sequence that
xed offset frequencyDf(k). At the start of thekth segment
he firstNd SORC signals are not recorded. During the inte

dt, the energy of successive SORC signals approach a st
tate value. The subsequentNa SORC signals are filtere
ampled, and averaged. The energy of the averaged S
ignal is denoted asVe(k). The interval during the remainin
c SORC signals represents the computational delay req

o determine the offset frequencyDf(k 1 1) for the (k 1 1)th
egment of the pulse sequence.
The optimization objective is to choose the offset freque

f(k) that maximizes the performance index

J~Df~k!! 5 J~k! 5 Ve~k!.

he optimal offset frequency is found using the method

a step change in offset frequency from 2.55 to 2.5 kHz.

radient tuning algorithm experiments.
for
or g
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teepest ascent which is an iterative approach (19). The offse
requency is updated as

Df~k 1 1! 5 Df~k! 1 l¹Df J~k!, [17]

herel is a positive learning factor and¹Df J(k) is the gradien
f the performance index with respect to the offset freque
f. The gradient¹Df J(k) represents the ratio of the change
ignal energy to the change in offset frequency. This gra
an be approximated as

¹DfJ~k! 5
J~k! 2 J~k 2 1!

Df~k! 2 Df~k 2 1!
. [18]

o reduce the sensitivity of the gradient to noise, espec
hen the change in offset frequency is small, the grad
Df J(k) is replaced with

¹Df J~k! 5 G~ J~k! 2 J~k 2 1!!G~Df~k! 2 Df~k 2 1!!,

[19]

here the functionG( x) is defined as

G~ x! 5 H 1 x $ 0
21 x , 0. [20]

FIG. 8. Response of the closed-loop system at liquid nitrogen tem
xperimental data and simulation results are shown by circles and squ
y

nt

ly
nt

he functionG( x) is similar but not equal to the functio
ign(x). For x 5 0 the functionG( x) is equal to one whil
ign(x) is equal to zero. This definition is necessary to en
hat the gradient approximation is bounded. Using the app
mation in [19], the gradient¹Df J(k) can only take values o

1 or 21. As a result, the learning factorl in [17] represent
he step-size by which the offset frequency is changed.
ause the gradient never vanishes,Df(k) can only converge t
he optimal value in a limit cycle whose radius is equal to
tep-sizel.
The choice of the step sizel is important. If the step size

oo large, the offset frequencyDf(k) may not converge. On th
ther hand, if the step size is too small,Df(k) will converge
lowly. Earlier we pointed out that the minimum dista
etween offset frequencies corresponding to constructive
estructive interference is 1/(2t). This observation places
pper bound on the step-size. Through trial and error, it

ound that the step-size ofl 5 0.1/(2t) allows the algorithm t
ocate the optimal offset frequency within approximately
terations.

When the number of delay pulsesNd is sufficiently large s
hat the SORC signal energy reaches a steady-state
efore data is acquired, the parametric model can be us
imulate the response of the closed-loop system. Simul
ata are presented along with experimental results in the
ection.

ature for an initial offset frequency of 2.0 kHz and a delay time ofNdt 5 30 s.
s, respectively.
per
are
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.3. Experimental Results

The ability of the gradient algorithm to maximize the sig
nergy by adjusting the offset frequency was assessed
eries of experiments. In each experiment, the parametert 5
ms,tw 5 20.0ms, Na 5 1000,Nc 5 2, andl 5 0.1/(2t) 5

0 Hz were fixed. The initial offset frequencyDf(0) and the
umber of pulsesNd over which the SORC signal is allowed
each steady-state were varied. The experiments show
ffect of different values ofNd and the initial offset frequenc
f(0) on the performance of the gradient algorithm.
The first two experiments were performed at liquid nitro

emperature. The estimated value ofDf e is approximately equa
o the value shown in Table 1. Choosing the delay timeNdt 5
0 s was sufficient to allow the SORC signal energy to re
steady-state value before data were acquired.
In the first experiment the initial offset frequencyDf(0) is

et to 2.0 kHz. Figure 8 shows experimental results along
omputer simulations of the closed-loop system generate
ng the parametric model. The upper plot in Fig. 8 shows
ignal energyVe while the the lower plot shows the tuni
istory of the offset frequencyDf. Both Ve andDf are plotted
s a function of time. The time between adjacent data poi
Nd 1 Na 1 Nc)t 5 31 s. The experimental and simulat
ata are shown by open circles and squares, respectively
econd experiment is identical to the first, except that the in
ffset frequency is set to 2.8 kHz. Figure 9 shows the ex
ental data and simulation results.

FIG. 9. Response of the closed-loop system at liquid nitrogen tem
xperimental data and simulation results are shown by circles and squ
l
a

the

n

h

th
s-
e

is

he
al
i-

Figures 8 and 9 show that the gradient algorithm tuned
ffset frequency to about 2.3 kHz, in both simulation
xperiment. This is consistent with the result expected

9]. Usingt 5 1 ms and taking into account the estimateDf e 5
35 Hz, constructive interference is expected at offset freq
iesDf 5 0.365, 1.365, and2.365 kHz. The algorithm tune
oth initial offset frequencies to the closest value ofDf yield-

ng constructive interference.
The third experiment is performed at liquid nitrogen temp

ure withNdt 5 2 s, which is more than an order of magnitude
hanT1l. Experimental results obtained for initial offset frequ
ies of 2.0 and 2.8 kHz are shown in Fig. 10. Note that the t
ffset frequency oscillates about its initial value, while SO
ignal energy decays toward zero. This failure is expected be
he gradient ascent algorithm does not take into accoun
ynamics of the SORC sequence. By reducingNdt to a value
uch smaller thanT1l, the SORC signal energy does not rea

teady-state value before data acquisition occurs. Similarly
arametric model is based on the steady-state SORC res
nd so it cannot be used to accurately simulate the behavior
losed-loop system.
The final experiment is conducted at room temperature u
delay timeNdt 5 1.5 s which is about five timesT1l . The

xperimental response of the gradient tuning algorithm
hown in Fig. 11 for an initial offset frequency of 2 kH
ithin six iterations that span 15 s, the gradient algori

uned the offset frequency to maximize the SORC signal en

ature for an initial offset frequency of 2.8 kHz and a delay time ofNdt 5 30 s.
s, respectively.
per
are
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5. DISCUSSION

The ability to automatically optimize pulse parameter
mportant when NQR is used in detection instrumenta

FIG. 10. Response of the closed-loop system at liquid nitrogen temp

FIG. 11. Response of the closed-loop system at room temperat
s
n

perated by nontechnical individuals. We have shown
eedback control provides a means for maximizing signa
rgy through automatic adjustment of offset frequency in

ture for initial offset frequencies of 2.0 and 2.8 kHz, and a delay time ofNdt 5 2 s.

for an initial offset frequency of 2.0 kHz and a delay time ofNdt 5 1.5 s.
era
ure
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ORC pulse sequence. In order to understand how the
requency affects the steady-state SORC signal, and to e
imulation of the gradient tuning algorithm, a parame
odel that relates the offset frequency to the steady-
ORC signal was identified. The parametric model in
ccurately predicts the constructive and destructive inte
nce patterns of the SORC pulse sequence as the offs
uency Df is varied. The offset frequencies that result
xtrema located by [9] and [10] are consistent with previo
eported experimental results (10). When used to compute t
ignal metrics considered in this paper, the parametric m
esults were nearly identical to experimental values.

Regardless of the method used to adjustDf to maximize the
ORC response, a metric of the SORC signal intensi
eeded. Both simulation results and experimental data ind

hat, of the three metrics considered, the signal energy i
ost sensitive to variations in offset frequencyDf.
There are many approaches for choosing the offset

uency that maximizes the SORC signal energy. For exam
ne could use an FFT of the average SORC wavefor
etermine the actual offset frequency. However, for a 1
ulse spacing the frequency resolution of an FFT is 1 kHz

he other hand, the gradient tuning algorithm is able to lo
he optimal offset frequency to within650 Hz. The parametr
odel was successful in simulating the gradient tuning a

ithm as long as the delay timeNdt was sufficiently large t
llow the signal energy to reach a steady-state value.
This paper demonstrated that a gradient tuning algorithm

uccessfully optimize the offset frequency in the SORC
uence. This gradient algorithm has only one free de
arameter, the learning factorl. However, by settingl 5
.1/(2t), the offset frequency approached an optimal v
ithin 10 iterations. This design parameter is chosen inde
ent of the sample temperature,T1l , T2, T*2, and tw.
The insensitivity of the algorithm to variations in sam

emperature is important because the NQR resonant fre
ies are strongly dependent on temperature (23). As an exam
le, in sodium nitrite, the temperature coefficient is appr
ately21 kHz/K (18). Not surprisingly, the value ofDf e was

ound to vary by at least 500 Hz in room temperature exp
ents where the sample temperature was unregulated. D

he large variations inDf e, the gradient tuning algorithm su
essfully located the optimal offset frequencies.
The gradient algorithm requires that the delay timeNdt be

pproximatelyT1l or larger so that the SORC signal ene
eaches a steady-state value before it is used to upda
ffset frequency. When this condition is violated, the tu
ffset frequency no longer converges and the signal ener
ot maximized. At room temperature, whereT1l 5 0.3 s, the
elay timeNdt is smaller than the timeNat used for averaging
nd so the required delay does not impose a significant
enalty.
Combining these results and those obtained by (14), an

utocalibration algorithm can be developed that optimizes
set
ble
c
te
]
r-
fre-

y

el

is
te

he

e-
le,
to
s
n
te

-

an
-
n

e
n-

n-

i-

i-
pite

the
d
is

e

th

he pulse width and the offset frequency to obtain the m
um signal energy. Although it is possible to apply b
ptimization methods back to back, we are currently inv
ating algorithms that simultaneously tune both pulse w
nd offset frequency.
The results presented in this paper were obtained us
aterial that provides a single, narrow NQR line and serv
proof of concept for an autocalibration algorithm. In the c
f explosives, there are multiple, wide lines. For example
DX there are 6 transition frequencies. The lines are sepa
y a minimum of 48 kHz with a maximum linewidth of 460 H
4). In this case there is still sufficient separation between
esonance frequencies to allow the excitation of a single
ition. Therefore, we expect the optimization algorithm
ented in this paper to be applicable to RDX. On the o
and, in TNT there are 12 resonance lines corresponding
istinct nitrogen sites (2). Because the separation betw
djacent lines is only several kilohertz, the tuning algori
ould require modifications if multiple lines are excited.

6. CONCLUSION

This paper presented a parametric model that accur
redicts the steady-state SORC waveform as the offse
uencyDf is varied. A gradient tuning algorithm that autom

cally adjusts the offset frequency to maximize the SO
ignal energy was demonstrated. The gradient tuning algo
ethod affords several advantages. It allows a nontech
perator to automatically calibrate an NQR detection sys
he algorithm does not require a detailed dynamic model

s therefore insensitive to variations in the dominant t
onstants of the NQR signal response. In addition, becaus
lgorithm is not computationally intensive, it can be imp
ented in real-time.
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