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ABSTRACT polymorphic form. For signals containing only one polymor-
Nuclear quadrupole resonance (NQR) is a radio frequendghic form, the hybrid detector simplifies to the so-called-Fr
(RF) technique that detects compounds in the solid state arfthency selective Echo Train Approximate Maximum Likeli-
is able to distinguish between different polymorphic fomhis hood (FETAML) detector introduced in [6].
certain compounds. For example, a typical sample of trini-
trotoluene (TNT) will contain at least two polymorphic fasm 2. DATA MODEL
with rather different NQR properties. In this paper, we pro- . :
pose a frequency selective hybrid detector that explogs thAsldesaned In ES]' th“ﬁqth l\:jQIIF SChO' produced by thgh
presence of such polymorphic forms. The presented detectBP'YMOrpN, can be well moadelied as
offers both improved probability of detection, as compdoed 4o
recently proposed detectors, and allows for an estimation o  (p) (t) = e_(t+mu)n1£p)(r)a<p)e*ﬁ;£p)|t*tsp‘+i&}5p)(1’)t )
the relative proportions of the multiple polymorphic forms Y B Z k ’

K=1

1. INTRODUCTION wheret =tp,...,tn_1 is the echo sampling time, not neces-

Nuclear quadrupole resonance (NQR) is a solid state, puls Sémly being consecutive instances, but typically start

radio frequency (RF) technique that can be used to detect si nﬁ ?hff?!?vr;;c;stgrigeszc:n“ﬁge(gf?;\,rvfﬁen a:ar:%?ts?:]lqorrigulse
Eals from qSUO%?ru]Pt%Iar nqcl((ja_l, ?L?qugem(en&mst |s(;u|\t/|i||gtle ity, we will hereafter assumg a uniform s%mpling stz?rting at
y roughly 50% of the periodic table. Unlike an v X
NQR does not require a large static magnetic field to split thé®” but note that the det_ectors may be generalised to als_o allow
energy levels of the nucleus [1], making it attractive asmno [0f non-uniform sampling. Furthermomy=0,...,M—1is
invasive technique, for instance, in the detection of hidde the €cho numbetsp, often called theau spacing, is the time
narcotics, such as cocaine and heroine, and explosives, e.§etween the centre of the refocusing péilaed the echo cen-
for landmine detection [2]. Many chemical compounds formtre; u = 2t is the echo spacingJép> and Bép) denote, for
different crystalline structures known as polymorphiatisr  the pth polymorph, the (complex) amplitude and sinusoidal
or polymorphs. Unambiguous detection and quantificatiomlamping constant of thkth NQR frequency, respectively.
of these forms is important in several applications. For ing,thermore qup)(T) and ’7<p>(T) are the frequency shift-
stance, the varying intermolecular interactions among-pol ing and the écho train darrlfping shifting functions of kife
_morphs_, can give rise to different pharm_aceutlcal propuertleNQR frequency component of thath polymorph, respec-
in medical drugs [3]. Another example is TNT, @ commONely hoth of which generally depend on the (unknown)
explosive in landmines, which exists in mainly two polymor- e mperaturet, of the examined sample. An important point
phic forms, monoclinic and orthorhombic. Typically, it i§ o to note is that the number of damped sinusoiti®), as well

significant interest to either determine the relative giyant by . - .
the existing polymorphs, or to exploit the combined signalsas the frequency shifting function and the echo train dampin

from all contained polymorphs to improve on the probabil-shifting function for each spectral line)” (1) andn,P (1),
ity of detection (for a given false alarm), facilitating sfar ~ may be assumed to Haown, whereasaiim as well as the
and safer detection. Recently, we proposed various desectaemperature of the examined sampte are unknown. Fur-
detoctors, which Gan only rély o resonant Ines from ondnermore, the damping constarfi?,are essentially known

' y rely or a given sample, but as variations may exist between sam-

polymorph, will suffer if other polymorphs are also present - ; ; )
Herein, we present a hybrid detector which accounts for sngIeS’ we will here allow for an uncertainty also in these con

nals from multiple polymorphs and allows for estimates ofstants, modelling3”’ as unknown. For NQR signals of
the proportions of these polymorphs. The algorithm conmany samples, such as for TNT, the frequency shifting func-
structs a detection variable from a frequency selectiva dattion at likely temperatures of the sample can be well mod-

set, allowing for significant robustness in case of typicall €lled as [2,7]

present residual RF interference (RFI). Evaluation of the a w‘ip)(r) = af(p) — bl((p)r, (2)
gorithm using measured NQR signals indicate that the pre-
sented technique offers a significantly improved probihbili  *Accounting for the dead time is equivalent to accounting foarge

of accurate detection for samples containing more than onf@ntribution to the first order phase correction in the NQBcsmum.
2The term refocusing pulse refers to the pulse, for examplepinlsed-
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whereal”’ andb(”, fork=1,...,d(®, are given constants. (- [ M) T (14)
Often, the relative ratio between the signal amplitudegis a 1 d(P)
curately known for a given examined sample and experimen- ll/f(p) _ Kl(<p>e—n|£">(r)mu (15)

tal set-up. To exploit this knowledge, we will Iet&m =

pKlip), wherep and Klim denote the common scaling con- with (-)T and® denoting the transpose and Schur-Hadamard

stant due to the signal power and the a priori known relativéelementwise) product, respectively. As is well known, the

(complex) scalings between tdé®) signal components, re- maximum likelihood estimator is found as (see, e.g., [8])
spectively. Herein, we are interested in examining samples A . 2

possibly containing multiple polymorphic forms. As a re- 6 =argmin| ynw —Qgy |, (16)
sult, we extend the data model in (1) to consist of the NQR

response fronf® polymorphs, writing the observed data as  where| U|%, = U*W~1U, and

mlt) = 5 Vs (0w, ) o=[p vyt Y . ™). @
p=1

wherey, denotes the proportion of theth polymorph, and wherey = [yi,..., ], andB® = [Blw?’ o vﬁéfp)ﬂ' Further, _
w(t) is an additivecoloured noise. A further discussion on Rw = E{wnuwy{),} denotes the noise covariance matrix,
the colour of the additive noise can be found in [4]. It shouldwhereE{-} and(-)* denote the expectation and the conjugate
be stressed that the frequency shifting functions for diffe transpose, respectively. A, is typically unknown, one is
ent crystalline structures are, in general, different. \Wen  normally forced to use an estimate Bfy, sayRy, in (16).
that (3) will be equally true for samples containing two or Such an estimate can be formed in various ways; herein, we
more different quadrupolar nuclei whose resonance frequerpropose using a low-order approximative noise model that is
cies happen to lie within the measured frequency range.  derived from real noise data [4]. We note that one may form
a whitened version of the data using an inverse filtering op-

3 THE FHETAML DETECTOR eration. As filtering a (damped) sinusoidal signal through a
' n-tap linear filter will yield a scaled and phase shifted ver-
Let sion of the signal, the resulting whitened signgyj,,, can be
T expressed as .
yam=[¥(0) ... y\(M-1) | =Qgy+wnm, (4) zim = Q8y + e (18)
whereyy (M) = [Ym(to), .., ym(tn—1)]T is themth echo of the where .theNM. x 1 \(ectorg,;,M isa zero-mean complex white
echo trainwyy is defined similar toyny exceptwy(m) =  Gaussian noise with variancg, with N = N —n, and
[W(to +mu),...,w(tn—1+mu)]", Q is an NM-by-P matrix ~ = =
(where each column represents a different polymorph) de- Q = [vec[=] ... vec[=p] ] (19)
fined by Ep — A:p;(p)Q(p)7 (20)
Q = [ VeC[Eﬂ .. VEC[EP] ] (5) < (p) . ®
— whereA is formed from the lasi rows of A , and
zp, = A(rf’;(p) QP (6) rpP rpP
T ~ ~ ~
gy = [Pn ... pw ], ) Q<'°>:[wgp> R (21)
where the operation vEX| stacks the columns of matriX where
on top of each other, and for t olymorph -
p fpeh poly p [Wsﬁ)}k: Rl((p)e*”lip)mm“, 22)
(P _
Argm = Br OSgm ® it ], denoting thekth index, and
[ ... gP
o dPlto o | «Pc(AP)  Forinitial [ty —fo| rows
Sgm = B : ©  R’=1 i . (23)
B | . S(p). k'C(AP) Otherwise
L IN-1 o d(p>7tN—l
) I ] 10 where |x| denotes the integer part &f fp = to +n, )\k(p) =
« - € (10) P (0487 —nP(0) 50 _ Gef® (0-aP - (o)
F oo L b é kM andA,” =¢€ kMU Fur-
o pl pd(P) thermore,C(A.”) denotes the AR prewhitening filter, de-
B = : : (11) fined as .
tN— tN— —
| Gr o Coam Ca)=S az (24)
K=0
ioolP (P
fpk = €% 0@ (12)  with n denoting the order of the filter (see [4] for further de-
QP — W) WP (13) tails on this model and how to evaluate the AR coefficients).
0 e M-1
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We stress that due to the requiredap prewhitening filter, Using (33), the minimization in (16) can be approximated as
zgm Will only containNM samples. Using (18), the minimi-

sation in (16) can be written as m9in|| Zv —Zgy ||§ ) (35)
in|| zgy — Qg ||2 25 ;
mG'”H zim — Qgy [|¢ (25  The unstructured least squares estimatg,ofan be found
as
where||-||z denotes the Frobenius norm. Assuming the sam- R N +
ple temperature lies in a known temperature range, we may, gy =22 "X Zm =27, (36)

using (2), determine the range of frequencies each of the si- + )
nusoidal components may be present in. Hence, afrequen@%"ere(') denotes the Moore-Penrose pseudoinversié
selective detector that only considers these frequenaies cshould be stressed that as the measured signal is complex,

be derived. Consider the frequency regions formed by ~ the unstructured estimagsg is likely complex too, especially
in the likely case where there are discrepancies between the

{ 21k, 271ko 21k, } model and the measured data. Bearing this in mind, we allow

(26)  fora complex scaling, forming the estimateypfas

R R
with kq,...,k_beingL given, not necessarily consecutive, o |8y @a7)
integers selected such that (26) only consists of the possi- = ZE:1|[§y]k"

ble frequency grid points for each of tiig® + ... +dP))

signal components each such region is given by the mini- Where[g,Jx denotes thekth element ingj. As an alterna-
mal and maximal frequency values for that component contive, one might instead form a constraghtuctured estimate
sidering themeasured temperature and the size of the ex- of g,; however, in our experience, doing so offers no signifi-
pected temperature uncertainty region. Denoting the mea&ant gain. Inserting,=[ %1 ... ]T into (35), the least

sured temperaturés, and the temperature uncertainty re- ; a_at il
gionAy,, the minimal and maximal frequency values for eachSquares estimate pfcan be found ap = qGZLM’ yielding

component can be determined using (2) with 75— A, and

T = Is+ Ay, respectively. It should be stressed that each echo méax ZiyNaZum (38)
should be Fourier transformed individually as each refecus
ing pulse will reinitialise the signal. The Fourier transfeed < B P T
(prewhitened) data vector for theth echo andth frequency Whereé=| t© g% ... B »and
bin can be expressed as . _
zr ([T r g 27 W= 59
k Vk([ 1 P ]gy>+ k ( ) I—IElé — qéqg (40)
_ A g
Mo = Alge¥m: (28) s |
e We note that from a computational view, one should exploit
where E[" = viell represents théth frequency bin of the the fact that the indices & I'p = VﬁAg(p) Wﬁf) form geo-

p{newhiéened noise sequence associated withnitieecho,  metric series; theth index of Vi ', can be written as
e, an
Nl

w=|1 WN—l}T (29) L0 (o L oP
k= Wi Wi ’ [Vilplg= 3 G° (Qlﬁ,g+Qzﬁ,g) ; (41)
. (=
with wi = 2%/N_ Thus, over the (possibly overlapping) fre-
quency regions of interest, (27) can be expressed as where
Z' = Vi([T1 ... Tplg,)+E" (30 6P = kPdia”O-n"mi-n"om (42
where Q(1 pl)g —- )‘|( P) )eﬁ(p) (fo—tsp) N (43)
T .

Vi o= [Vig . v s (32) W T T Iovyg (44)
and whereE[" is defined similar t&". Using (30), the data Q(ZF;> = C(}\I(m)e—ﬁfp)(fo—tsp)yu (45)
model for the whole echo train can be expressed as, g 3 _Ple

I_tspftoj+1 tn_1—to+1
0T M-1yT |7 Y, _ Hlg  “hig (46)
Zy= { (ZHT ... (ZM Y } =Zgy+Ewm, (33) ol 1-upig

whereE| y defined similar td&Z y, and

“We have here assumed that i@olymorphs differ sufficiently to en-
S = [ vec{V’[il} vec{V’[ip} } (34) sure the invertability of£*Z] in (36). To the best of our knowledge, this will
be the case for all known substances, but we note that shoellchatrix be
poorly conditioned, one can instead form a low-rank appnation of the
3Excluding frequency grid points of known strong RFI sources inverse (see, e.g., [9]).
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Figure 1. The ROC curves comparing the FHETAML-p, Figure 2: The ROC curves comparing the FSAML, AML,
FHETAML-a, FETAML-a and ETAML-a detectors for par- DMA-p, DMA-r and DMA-s detectors for partially shielded
tially shielded measured data. measured data.

_ gi2nkg/N+ie® (1) -nP (1)-gP (47)  proximative detector is termed the FHETAML-a detegtor
‘ e ® ® However, in our experience, the joint search space over the
Vplg = e 2m/NHQTO-nTm+AT  (48)  common (sinusoidal and echo train) damping constants will
. not decouple fully. As a result, one should rather form a com-
Using the® maximising (38), the test statistic is formed as monP-D search space over tRecommon sinusoidal damp-
ing constants, and similarly B-D search space over tle
ZiyNgzZim common echo train constants. We term the resulting approx-
Ziny(T—Ng)Zim imate detector, first forming a 1-D search over temperature,
o followed by aP-D search over the common sinusoidal damp-

Using (49), the signal component is deemed present if anid constants andR-D search over echo damping constants,
only if respectively, the FHETAML-p detector.

T(Zim) > 9, (50)
and otherwise not, wheré is a predetermined threshold 4. NUMERICAL EXAMPLES

value reflecting the acceptable probability of false alarmyerein, as anillustration of the applicability of NQR to pel
To reflect that the resulting detector is a generalisation ofnorph detection, we will investigate the detection of TNT
the FETAML detector introduced in [6], We del’lote_ the hereusing the proposed detec?oﬂ'NT is a common exp'osive in
proposed detector the Frequency selective Hybrid ETAMUandmines and currently poses a great challenge for the de-
(FHETAML) detector. To guarantee accurate estimates Ofection of landmines using NQR. Detection of TNT is com-
all Parameters, the full multidimensional m|n.|m|sat|0n' de p”cated by the existence of at least two po'ymorphic formS,
scribed by (35) should be performed. Finding the multi-monoclinic and orthorhombic, with different NQR proper-
dimensional minimum using a grid search would require gjes, e.g., different temperature shifting functions [10§nd-
quite dramatic complexity. As noted in [4-6], one can of-mines often contain a mixture of these two forms, the pro-
ten, without significant loss in detector performance, bse t portions of which can vary between landmines (and over
approximations B,Em ~ Bép) and r;lip) R nép), enabling the time in a given landmine) as the metastable orthorhombic
maximisation ovei for a single polymorph to be approxi- form may change slowly to the more stable (at room tem-
. L - M -(p) perature) monoclinic phase. Herein, we will limit our atten
mated with the maximisation ovélapprox = [Taﬁo Mo } tion to examine two of the polymorphic forms of TNT, i.e.,
being formed using three 1-D searches. Similarly, one caP = 2, namely the monoclinicg(= 1) and the orthorhombic
here form an approximation using (2P+1) 1-D searches ovép = 2) polymorphs. As detection is the problem of interest,
ha _ (1) P @) (P) i the FHETAML-p and -a implementations were compared to
Oapprox = [T:Po -+ By oMo --»Mo |- The (@pproxi- ) e o TAML-a, AML, FSAML. DMA-p, DMA-T
mative) generalised likelihood ratio test can be formedgisi 5,4 DMA-s detectors described in [4-6, 11]. The com-
the obtained estimat®approx in place off in (49). This ap-  monly used demodulation approach (DMA) measures the re-
sponse of a singla priori known resonance frequency, with

Up,l.g

T(Zm) = (LM - 1) (49)

5As shown in [6], one can in cases where the temperature shftiimc-

tion of n,ﬁp)(r) is not fully known, instead treal]lgp)(r) as a determinis-

) ) — ) ) 61n naming the FHETAML-a detector, we have followed the namimg-c
tic constant, using the approxmatmnﬁ (t) =~ n,”. Inour experience, ventions used for naming the different ETAML/FETAML deterstontro-
there is no significant loss by using this approximation aratceng for duced in [6].

n,ﬁp), as compared to exploiting the temperature shifting funstioks this "The authors are grateful to Dr. Jamie Barras and Dr. Mike Rawe a

approximation allows for not performing the full (rather timensuming)  King's College London for their invaluable help in the NQmdaatory, to
temperature shifting mapping, we will, when appropriateehéier use this ~ Ms Kate Long at DSTL for making the mixed TNT sample availablel &n
approximation. Dr. Kaspar Althoefer for his continuing support for the et
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DMA-p assuming perfect temperature knowledge. Furthermance of all the AML based methods. We chose not to
more, DMA-r assumes a more realistic temperature knowlrestrict our searches, in order to represent the worst case,
edge, using temperature values taken from a random vanwhere little is known about the NQR parameters. As detec-
able, uniformly distributed over the intervéit — 5,7+ 5|, tion is the problem of interest, we proceed to examine the
where 7 is the measured ambient temperature . Finallyreceiver operator characteristic (ROC) curves for theaete
DMA-s allows for a search in the relevant frequency regiontors. Figures 1-2 show the ROC curves of the detectors, for
All of the approximate maximum likelihood (AML) based the measured data set (described earlier). The figuredyclear
techniques exploit the temperature dependencies of the sinshow the beneficial performance of the hybrid detectors over
soidal components. The AML and FSAML detectors exploitthe other detectors. The FHETAML-p performs slightly bet-
the fine structure of the echo, hence, the AML, FSAML andter than FHETAML-a (although this is difficult to see from
DMA detectors are herein, applied to the summed echo trairihe printed figure), however, both perform significantlytbet
formed by adding all theM consecutive echoes [4, 5, 11]. than the non-hybrid detectors.
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