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ABSTRACT

A non-imaging change (anomaly) detection technique using coherent microwave radiometry is reported. The technique is based on the partial
coherence that exists in thermal electromagnetic fields radiated by lossy dielectric objects. The underlying physics permits detection of change in both
temperature and permittivity of the object. The statistical approach uses partial coherence measurements of the thermal radiation to derive a statistic
which is subsequently used in a generalized likelihood ratio test to determine the presence of change. Monte-Carlo simulations show that the proposed
technique can be effective in detection of small anomalies that are challenging to be resolved by other microwave imaging techniques. Detection
performance largely depends on the sensitivity and the signal-to-noise ratio of the radiometric system.
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I. INTRODUCTION

Detection of temperature and permittivity change by non-destructive testing (NDT) is an area
of active research in the microwave (MW) community. In the medical domain, specifically in
detection of cancer, change is associated with both temperature and permittivity, leading to
two main modalities in tumor detection. Active MW modalities take advantage of the per-
mittivity contrast between tumor and healthy background tissue (i) in quantitative imaging
where the permittivity profile of the tissue is reconstructed by mathematical inversion of the
governing equations of the scattering process or (ii) in radar-based qualitative imaging where
a representation of contrasts in scattering potential is constructed and mathematical inver-
sion for permittivity reconstruction is avoided. An extensive list of references for active imag-
ing methods can be found in [1-3]. On the other hand, passive MW modalities, collectively
referred to as MW thermography, aim to image the temperature distribution inside the tissue
to detect tumors by observing the rise in temperature due to increased metabolic activity
induced by tumor growth [4,5].

Recently, the Microwave Radiometric Coherence Imaging (MRCI) technique was proposed for
permittivity reconstruction that is based on the partial coherence (cross correlations) of ther-
mal electromagnetic (EM) fields radiated by an object and measured at a discrete set of points
[6]. Both MW thermography and MRCI share the same physical fundamentals involving EM
theory and the thermal state of the object of interest. In fact, the autocorrelation of the thermal
EM fields at each point (a subset of the cross correlations) is precisely the intensity of thermal
radiation, which is the fundamental quantity of interest in MW thermography. Thus, in princi-
ple, MRCI offers a means for the simultaneous reconstruction of permittivity and temperature;
a premise yet to be demonstrated. The use of partial cross-correlations of thermal EM fields for
formation of high-resolution brightness temperature images, known as aperture synthesis in
interferometric radiometry (SAIR), has a long history in radio astronomy [7]. Aperture synthesis
was later also adopted in passive remote sensing [8]. Similar in principle, correlation radiom-
etry was proposed as a means in thermography for high-resolution quantitative imaging of
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temperature distribution within a volume [9]. In the far-field,
under nonrestrictive conditions, SAIR was also shown to be
related to MRCl in [6]. Among several areas for future research,
the possibility of a qualitative extension to the MRCl technique
was also pointed out. In this follow-up study, such a qualitative
non-imaging technique is proposed for the detection of per-
mittivity/temperature change (anomaly) in an object with finite
conductivity, thus extending the applications of MW radio-
metric coherence data to potential new areas beyond those
currently available with SAIR. In order to distinguish it from
MRCI, the current non-imaging study will be referred to the
as coherent microwave radiometry (CMR). The obvious advan-
tage of the CMR technique is that it provides a fast means for
change detection with far less demand for hardware and com-
putational resources than a MW imaging system. Moreover,
quantitative MW imaging involves an inverse problem asso-
ciated with image formation which is generally ill-posed and
the reconstructed images are of low resolution. Non-imaging
detection, on the other hand, is always well-posed, and the size
of the smallest detectable anomaly is predominantly deter-
mined by the signal-to-noise ratio (SNR) (defined for radiomet-
ric systems) or the noise-equivalent differential temperature
(sensitivity) of the radiometric system. The current method
employs composite hypothesis testing using the Generalized
Likelihood Ratio Test (GLRT) [10]. In SAIR, Trott et al. [11] have
used GLRT with interferometric visibility data for detection of
transient astronomical sources. GLRT has also been proposed
for detection of buried objects with ground-penetrating radar
[12], detection of breast cancer in radar imaging [13], and
detection of objects in time-reversal imaging [14,15]. Although
the current study is based on GLRT with CMR data, its use is
merely to demonstrate the potential of CMR to infer permittiv-
ity/ temperature change from the measured cross-correlations
of thermal EM fields. Similar results may also be obtained using
alternative methods with CMR data.

The paper is organized as follows. In the next section, a sum-
mary of the fundamental quantities and equations in CMR is
discussed. Incorporation of cross-correlation measurements
into the GLRT framework is also shown here. The following sec-
tion on numerical simulations explores various aspects of the
detection performance through the use of Monte-Carlo simu-
lations and analysis of the Receiver Operating Characteristics
(ROC) corresponding to different detection scenarios. The
following section briefly discusses some current issues and
drawbacks related to the proposed method. We finalize with a
conclusion section.

Notation: Lower-case bold letters may denote (i) a physical vec-
tor quantity like the position vector r, (ii) a tuple like y = (6,¢) or
(iii) a real-valued column vector of arbitrary length (e.g. a data
vector x). The superscript ‘T’ denotes the transpose and vectors
with subscripts are used to denote either an electric field corre-
sponding to a specific polarization of the source current induc-
ing the field (e.g. E, and e,) or a data vector corresponding to
a specific measurement (e.g. the data vector x,, corresponding
to the m’'th measurement). Upper-case Greek letters in bold
denote matrices (e.g. I and A). Finally, »x ~ /4" (x,A) indicates
that the random data vector i is normally distributed with
mean vector k and covariance matrix A.

Il. COHERENT MICROWAVE RADIOMETRY FOR CHANGE
DETECTION

The mutual-intensity matrix (mutual coherence for simulta-
neous EM field measurements) contains information on the
temperature distribution, electrical properties, and structure
of the object under investigation. Referring to Fig. 1, where
there is an object in free space with relative permittivity
e,(r), conductivity o(r) and temperature T(r) (all functions of
position r), the co-polarized mutual intensity of thermal MW
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polarization unit vectors are denoted by ¢ and e, respectively.

Fig. 1. Coherent observation of the thermal EM fields emitted by a hemispherical lossy dielectric object. Parallel and perpendicular
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radiation observed at points r, and r, external to the object is
given by [6]

3
Ty ()= 2508 [1()o(r)E, (i) By (i) (1)
7]

where V,, is the volume subtended by the object, k; is
Boltzmann’s constant, k_ is the wave number in free space, 7, is
characteristic impedance of free space, and B is the radiometer
receiver bandwidth. Furthermore, p denotes the polarization
state of the co-polarized mutual intensity and E (r',r) is the elec-
tric field induced at r/, inside the object, by a p-polarized point
source located at the observation point r. In (1), it is inherently
assumed that the effect of external (to the object) blackbody
radiation has been eliminated. In the far field of the object, the
internal electric field of the object has the form

ikr
Ep(r',r)zan

e (r'w) (2)
where y = (6,¢) is a short-hand notation, with 8 and ¢ being
the polar and azimuth angles of point r, respectively. The polar-
ization state, in this case, is conveniently defined by the paral-
lel and perpendicular vectors to the plane of incidence, that is,
plane of constant ¢. The unit polarization vectors are shown as
the red and blue vectors for parallel and perpendicular polar-
izations, respectively. With this far-field expression and normal-
ization by the factor kzkin,B/4n’r? , equation (1) reduces to
the simpler form:

e (viw2)= J.T(r’)c(r’)ep (r'yn)-ep(r w2)av’ 3)
Vi

where the superscript ‘(N)’ denotes normalization. This expres-
sion will later be evaluated for various pairs of y, and y, using
the following simple quadrature for the volume integration
using small cubic cells having volume Av as:

Ny
Iy ) =&Y T(n)o(n) D eqlnw)en(ny:) @

j= qelx.y .z}

The inner sum in (4) corresponds to the dot product of
the field vectors represented with Cartesian components
ep.(qeix,y,z,}) ofthe vector e,. A measurement of complex-
valued mutual intensity is made by time-correlating the fields
observed at the field points r, and r,. Specifically, for the pair
(r,r) the time cross-correlation I, is defined through its real
and imaginary parts as

Re(r,} =267 ()6 1) ®

Zm{ry =25 () ¢), ®

respectively, where the overbar denotes time-averaging and
the quantities &(R)(t) and &(')(t) are the real and imaginary
parts of the analytic signal representation of the field observed
at r. The measurement equation for mutual intensity is then
given by

0 =T0(6,,8;)+vy, i, je{l,...N} 7)
where the quantity v,j:vg-R)-rivg-') represents the complex-
valued measurement noise and potential modeling errors.
In the remainder, we assume that measurement noise is only
due to the finite integration time in the above expression and
all other sources of error are properly eliminated by adequate
modeling and by calibration. Consequently, vij) and vg»')
become independent and identically distributed (i.i.d.) zero-
mean Gaussian random variables with variance o2 for i=j
and variance c2/2 fori#jand o2 depends inversely on the
duration of the time-averaging, that is, the integration time.
Thus, longer integration times result in smaller noise variance.
Measurements of mutual intensity can be expressed in the
matrix form I'=[I";1,i,j{1,...,N} which is the Hermitian time
correlation matrix for the observed EM fields of thermal origin.
The diagonal elements of I' are intensity terms proportional to
the power received by each antenna. These intensity terms are
the subject of microwave thermography. For the sake of discus-
sion, we initially assume that M independent measurements are
made for each I;; element. It will become apparent later on that
a single measurement with a long integration time equal to the
sum of those of M independent measurements is also sufficient.

In order to detect change in permittivity or temperature,
we define the differential in the mutual-intensity matrix as
AT'=T'-T'gr where Ty, is the reference time correlation
matrix for the object before the occurrence of change. In the
following, we assume for simplicity that the variance in 'y
is much smaller than o?2. The real and imaginary parts of
the differential mutual-intensity measurements (elements of
AT) are collected in a column vector denoted by x, obtained
by lexicographic ordering of the upper triangles (including the
diagonal) of Re{AT'} and Zm{AT}. In this manner, the real-
valued vector x represents a data point in K= N? dimensional
space. In contrast, the diagonal intensity terms lie in a smaller
N dimensional space. In the absence of anomaly, the compo-
nents of » are Gaussian random variables with zero mean and
covariance A i.e. s~ N(0,A). Here, the covariance matrix A
is diagonal, indicating the independence of the observations,
and one has [A]; =c2 when the corresponding element of x
is a diagonal (intensity) element of AI' and [A]; =c2/2 when
the corresponding element of x is an off-diagonal element of
AT In the presence of an anomaly, x is distributed as N (x,A)
with non-zero and unknown mean x which depends on the
nature of the anomaly. The detection problem can now be
cast into a binary hypothesis testing problem where the null
hypothesis H, :k =0 corresponds to the absence of anomaly
and the alternative hypothesis H;:k #0 corresponds to the
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presence of an anomaly. The GLRT can be applied to detect
the presence of anomaly with unknown mean vector k using
the natural logarithm of the generalized likelihood ratio
L(se)=In(£,, (5| Ho ) =In(f,.(3¢| 3¢, 7)). Here, f.(5|H,) and
f..(5|3¢,H,) are the probability density functions (pdf) of the
random vector x under the null hypothesis and under the alter-
native hypothesis, respectively. These pdfs are given by

M
£ (el o) = (2" A2 exp{;zx:,mm}and
m=1

(3 )

m=1

f.(s|5c,H)= ((Zn ‘A‘) exp{

where

. 1 M
H=— 7,
M Zm:‘l m
is the maximum likelihood estimate of the unknown mean vec-

tork and |A|is the determinant of A. The explicit expression for
the generalized log-likelihood ratio is

L(x):%itTA}"f:%ZZf (8)

where z, :\/Mkk /o, and o' is the k'th diagonal element of

A.The decision rule for the GLRT is

choose™,

=) v ©)

choose™,

where y is the decision threshold. Note that under H, one
has z,~A(0,1) and under H; one has z, ~A/(z,,1) where
the mean z; :\/Mlck /o, . Furthermore, since s is the
only statistic (derived from the differential mutual-intensity
data) needed for decision making, s is a sufficient statistic.
Now, let f,(¢|H;) denote the pdf of L(») under the hypoth-
esis H; for ie{01}, then f,(¢|H,) is a chi-square distribu-
tion with K degrees of freedom. On the other hand, under H,
one has f,(¢|H)=| fi(£|\,H)dh where f({|A,H) isa
non-central chi-squdte distribution with K degrees of freedom
and non-centrality parameter kzkz: z, and Q is the set of
all possible values of 1. With the noC\ﬂedge of fi(¢|H;) for
i€{0,1} , one can determine the probability of false alarm for
threshold y as

Poa(r)=P(L27|Ho) = jfL (Ho)d (10)
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Similarly, the probability of detection for threshold y is
obtained as

v
po(()=P(L211H)=1- [ (1174)de Q)

Because the non-centrality parameter A depends on the
unknown nature of the anomaly, the conditional pdf
fi(¢|X,H) and the ensuant pdf f,(Z|H) in (11) are not
known a priori. However, with proper sampling of the anomaly
and computation of the resulting mutual intensities, one can
approximate f,(¢|H;) as

f(0|H) ZP

n=1

) (£1n(hn), ) (12)

where N, is the sample size, that is, the number of cases with
anomaly, h, is a vector of parameters describing the anomaly
(e.g. permittivity, temperature, size, position etc.) for the n'th
sample, and P(h,) is the probability of occurrence of the sample
described by h,. Note in the above that the dependence of the
non-centrality parameter on the anomaly is made explicit by
the notation A(h,). The probabilities given by (10) and (11) can
be used to assess the potential of CMR in conjunction with
GLRT (CMR-GLRT) to detect permittivity and temperature
change in objects. Examples will be investigated in the next
section using Monte-Carlo simulations.

Noise in the estimate sc of the unknown mean vector k is the
primary factor determining the error performance of CMR-
GLRT. In order to quantify the error performance, we note
that the components s, (ke(1,...,K)) of s are sums of M
i.i.d. Gaussian random variables. Consequently, they are also
Gaussian random variables with variance o4 =c2/M if the
component corresponds to a diagonal element of AI" and with
variance oy / 2 ifit corresponds to an off-diagonal element of
ATI'. As a result, the standard deviation o,, is recognized as the
normalization factor of the means z.In MW radiometry, mea-
surement noise due to finite integration time is described by
the radiometric resolution, that is, sensitivity, which is the mini-
mum temperature difference AT detectable by the radiometer.
The noise standard deviation 6,, is proportional to AT and with-
out loss of generality we can assume the relation 6,, = AT.Foran
ideal Dickie radiometer, one has oy =AT =2Tgys / \/E where
T is the thermal noise temperature of the radiometer system
and 7 is the integration time of the radiometer. Furthermore,
Tsys =Tanr +Trec ~ Where T,; is the equivalent noise tempera-
ture collected by the antenna and T is the equivalent noise
temperature of the receiver. For fixed noise bandwidth and sys-
tem temperature, it is clear that o,, decreases with increasing z.
The relation oy =0, /M then implies that a single measure-
ment with a long integration time T=Mz' (7’ is the integra-
tion time of each of the M independent measurements) yields
the same noise performance as the collective performance
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of M independent measurements. Another important noise
specification parameter is the SNR, defined for radiometers as
SNR=Tyyr / AT  which can be related to system parameters as
SNR:O.S\/ETANT /Tsys  for anideal Dickie radiometer.

Strictly speaking, the above noise expressions are valid for total
power radiometer systems, and some of the actual expressions
for noise in correlation radiometers are slightly more complicated
[8]. Nonetheless, to first-order, they can be used as estimates of
the noise performance for coherent radiometer systems.

11l. NUMERICAL SIMULATIONS

In this section, results of Monte-Carlo simulations are dis-
cussed to demonstrate the feasibility of CMR-GLRT for the
non-imaging detection of permittivity/temperature change.
As one potential application domain, we simulate the detec-
tion of tumors in breast cancer diagnosis that has been the
subject of significant research over the last 40 years. The basic
measurement geometry is given in Fig. 1, where the breast is
modeled as a hemisphere. The diameter of the hemispherical
model is 100 mm and is assumed to consist of a homogeneous
internal region of fatty tissue enclosed by an outer skin layer
with 2 mm thickness. The mean temperature of the breast tis-
sue is assumed to be 307 K [16] for women between 30 and 45
years of age and the malignant tumor is assumed to have an
increased mean temperature difference of +2 K from the rest of
the tissue. These physical parameters, along with the electrical
parameters of the breast tissue and the tumor taken from [17],
are given in Table I. A malignant tumor is modeled as a spheri-
cal inclusion in the fatty region. Three diameters for the inclu-
sions, namely 5 mm, 7.5 mm, and 10 mm are considered, each
representing a different pathological case. To further simplify
analysis, it is assumed that the tumors are located along the z—-
axis at a discrete set of points separated by 5 mm between the
depths 10 mm-40 mm measured from the base of the hemi-
sphere. Tumor diameter and location parameters along with
permittivity (Table I) and temperature, constitute the param-
eter vector h,, for each tumor. In total, there are N, = 21 different
cases representing a ‘random’ sample from the population of
all pathological cases.

A Monte-Carlo realization consists of computation of the
internal fields of the breast model at 3.5 GHz for a set of plane
waves incident from several directions and the subsequent

TABLE I. PHYSICAL PARAMETERS OF BREAST TISSUE AND

TUMOR

Skin Fatty Tissue = Tumor
Relative Permittivity 36.0 9.0 50.0
Conductivity (S/m) 4.0 04 4.0
Layer Thickness (mm) 20 480 -
Mean Temperature (K) 307.0 307.0 309.0

computation of the set of all mutual intensities. In this study,
incidence directions (6,¢), are restricted to the xz-plane,
constituting the set 6e{nn/12} where n={0,...,5} and
¢ e{—mn,m}. Noting that the directions (0,—x) and (0,n) are
identical, there are N =11 incidence i.e. observation direc-
tions. In addition, both parallel polarization and perpendicu-
lar polarization defined with respect to the plane of incidence
i.e. the xz-plane, are considered. The mutual intensity
FE,N)(% W) for both polarizations are computed using (4) for
each pair of incidence (observation) directions resulting in
K = 121-dimensional data space for each polarization. In total,
2K mutual intensities (both polarizations) are computed for
the tumor-free breast model comprising a set of reference
measurements and 2K mutual intensities are computed for
each pathological case.

The fields inside the breast model are computed for
plane wave incidence by Finite Difference Time Domain
(FTDT) using the commercial CST software. The FTDT domain is
a 120 mm x 120 mm x 70 mm box where the z-axis is aligned
with the short edge of the box spanning from z=-10 mm to
z =60 mm. The base of the hemisphere is aligned with the xy-
plane of the FTDT domain and the center of the base is selected
as the origin of the coordinate system. Finally, the size of the
Yee cell for the FTDT simulations is 2 mm X 2 mm X 2 mm, cor-
responding to the volume Avin (4).

The 11-by-11 reference mutual-intensity matrix 'y (i.e. for
tumor-free breast model), computed by FTDT EM field simula-
tions is shown in Figs. 2 and 3 for parallel and perpendicular
polarizations, respectively. In both figures, the real part of the
matrix is on the left side and the imaginary part of the matrix is
on the right side of the figure. The matrix elements are the true
mutual-intensity values containing no measurement noise.
The real and imaginary parts of the matrix are symmetric and
anti-symmetric, respectively, due to the conjugate symmetry
property of mutual intensity, that is, I',(y; ,l//z):l";(%,yﬁ).
The main diagonal of the matrix corresponds to the inten-
sities observed in each direction having the highest
(brightest) values in the real part and zero imaginary part.
The darker blue strips along the upper and lower diagonals
(more apparent in Fig. 2) indicate that there is considerable
negative correlation between EM fields in directions sepa-
rated by angles in the range 45°-60°. Note also that the real
and imaginary parts are also symmetric and anti-symmetric
respectively, with respect to the main skew-diagonal. This
implies that the mutual intensity of EM fields in any pair of
directions are conjugated when the directions pair is rotated
about the z-axis by 180°. This is a result of the azimuthal sym-
metry in the breast model. Although the mutual-intensity
matrix patterns for the two polarizations look similar, the
dynamic ranges of the real and imaginary parts are larger at
parallel polarization compared to perpendicular polarization.
It is also interesting that the imaginary part at perpendicular
polarization is about an order of magnitude smaller than its
real part.
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Fig. 2. Reference mutual-intensity matrix I for parallel polarization (left) real part, (right) imaginary part.
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Fig. 3. Reference mutual-intensity matrix I'y. for perpendicular polarization (left) real part, (right) imaginary part.
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Fig. 4. Differential mutual-intensity matrix AI" for parallel polarization (left) real part, (right) imaginary part.
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Fig. 5. Differential mutual-intensity matrix AT for perpendicular polarization (left) real part, (right) imaginary part.

The differential intensity matrices AT (without noise) for the
inclusion with 10 mm diameter and located at z=30 mm
from the base of the hemisphere, are depicted in Figs. 4 and 5
for parallel and perpendicular polarizations, respectively. As
before, the real and imaginary parts of the matrix are on the
left and right images of both figures, respectively. Here, the
brightest values do not necessarily reside on the main diagonal
of the real part, but the remaining properties of the mutual-
intensity matrix are inherent. Note that there are clear patterns
apparent in the matrix. These patterns are different for the two
polarizations and also change with inclusion size and location,
suggesting that these patterns can be exploited for detec-
tion of inclusions. Note that the differential mutual-intensity
values are, on average, about two orders of magnitude smaller
(=20 dB) than the mutual-intensity values. Also, the dynamic
ranges in real and imaginary parts at perpendicular polariza-
tion are lower compared to parallel polarization. The differ-
ences in patterns will lead to different detection performances
for the two polarizations.

For measurements with noise, radiometer system param-
eters need to be specified to determine measurement noise.

We assume Ty =Trec =307 K,  the average breast tissue
temperature, yielding T, =614 K. The bandwidth is cho-
sen as B=100 MHz which yields o, =AT~0.12t "> K and
SNR=~34+5log(t) dB.The means z(ke{l,...,121}) and sub-
sequently the corresponding non-centrality parameters 1 are
obtained from the measured differential mutual intensities (i.e.
with noise) for each of the 21 cases and for both polarizations.
The pdf f,(¢|H,) is then computed using equation (12) with
P(h,)=1/N; where N, is sample size in a specific scenario. The
equal probability assumption is reasonable under the lack of
prior information on the probabilities of size and location of
the tumors.

In order to provide more insight, the pdfs f(/|H,) and
f,(¢|'H,) are plotted in Fig. 6, for the 5 mm-diameter inclusion
with 7 = 25 ms and parallel polarization. Here, N, = 7 because
only the inclusion location is variable in this scenario. This =
value yields a SNR =26 dB and &, =AT=0.78K. The gross
overlap of the pdfs in the figure suggests that the detection
performance will be low for this inclusion with this integration
time. In contrast, the pdfs depicted in Fig. 7 for the 10 mm-
diameter inclusion with =25 ms and parallel polarization,

0.03 T

0.02

fol])

=== f1(¢|HO)
— fu(€|H1)

50 100 150

200 250 300

Fig. 6. Log-likelihood pdfs for 5 mm-diameter inclusion for z = 25 ms and parallel polarization.
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‘
Fig. 7. Log-likelihood pdfs for 10 mm-diameter inclusion for z = 25 ms and parallel polarization.

have very little overlap. Consequently, much better detection
performance can be expected for the latter inclusion.

For better assessment of detection performance, Receiver
Operator Characteristics (ROC) curves for the CMR-GLRT are
plotted in Fig. 8 corresponding to the 5 mm-diameter inclu-
sion for parallel polarization and 7z =50 ms, resulting in a
SNR =275 dB and AT=0.55 K. The solid curve in the figure
corresponds to the ROC with mutual-intensity data and the
dashed curve corresponds to the ROC with intensity-only
data i.e. the diagonal elements of AT'. The large difference
between the mutual intensity and intensity-only ROC curves
is a result of the fact that mutual-intensity data are much
larger (K= 121) than the intensity data which consist of only
11 intensity measurements. Consequently, the former results
in larger A values driving f,(¢|H;) further away from f,(¢|H,).
This is a general result implying that the performance of MW

-
-

0.2} 1
- - Intensity only
—Mutual intensity
0 1 1 L L
0 0.2 0.4 0.6 0.8 1

Pry

thermography can be greatly improved by using coherent radi-
ometry at the cost of increased hardware complexity, calibra-
tion and processing.

The effect of polarization on performance is illustrated in
Fig. 9, where ROCs for the two polarizations are compared
for the 5 mm-diameter inclusion. In the figure, there are two
pairs of ROC curves and in each pair, parallel and perpendicu-
lar polarizations are represented by the solid and dashed lines,
respectively. The pairs are identified by their integration times
7=25 ms and 7 = 50 ms. For both 7 values, the performance
of parallel polarization is superior compared to perpendicular
polarization. This is not a general tendency however. A different
outcome, not shown here, is observed for the 7.5 mm-diameter
inclusion where the two polarizations have similar performance
for long integration times and perpendicular polarization out-
performs parallel polarization for short integration times. In the

0.2f 1
—Parallel
- = Perpendicular
0 L L L L
0 0.2 0.4 0.6 0.8 1

Pra

Fig. 8. ROC curves corresponding to 5 mm-diameter inclusion
for z =50 ms and parallel polarization.

Fig. 9. ROC curves for parallel and perpendicular polarizations
corresponding to 5 mm-diameter inclusion.
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Fig. 10. ROC curves parameterized by integration time z, for the 5 mm-diameter inclusion and parallel polarization.

remainder of this paper, only results for parallel polarization
will be presented.

As previously mentioned, change detection performance of
CMR-GLRT depends on measurement noise (AT or SNR) which
influences the variances of the pdfs in Figs. 6 and 7. Apparently,
pdfs with smaller variance will have smaller overlap, yielding
better detection performance. For a system with constant
Tss and B as is the case in this study, noise is regulated by the
integration time. The effect of integration time is explored in
Fig. 10 for the 5 mm-diameter inclusion and parallel polar-
ization. In the figure, the ROC curves are parameterized by 7,
assuming values from the set {25,50,75,100} in units of ms. The
corresponding values for SNR are 28.4 dB and 29 dB, and the
corresponding values for AT are 0.45 Kand 0.39 Kforz =75 ms
and 7 = 100 ms, respectively. As expected, the detection per-
formance improves substantially with increasing z, and is
especially good for 7 = 100 ms, even for the smallest inclusion
considered here. Also note that the improvement rate is larger
at lower values of 7. Similar results are obtained for perpendicu-
lar polarization but are omitted here.

The final aspect investigated is the effect of inclusion size on
detection performance. In Fig. 11, ROC curves parameterized
by the inclusion diameter are plotted for parallel polariza-
tion. The integration time for these ROC curves is selected as
7 =25 ms. It is evident from the figure that as the inclusion
diameter d increases, detection performance is improved
considerably. This behavior is expected as a result of the fore-
going discussion on the pdfs f,(¢/|H,) and f,(£|H,); the sep-
aration of the pdfs grows with particle size (Figs. 6 and 7). In
general, the size of the anomaly to be detected is unknown

a priori, so in order to accommodate this uncertainty into
the ROC, f,(/|H;) is computed using inclusions of all three
sizes, assuming equal probability of occurrence with N, = 21.
The ROC for this combined case is plotted with the dashed
line (designated as ‘combined’) in Fig. 11. The resulting ‘aver-
age’ ROC approximately describes the detection performance
for a spherical inclusion of arbitrary diameter between 5 and
10 mm. The average ROC shows a detection performance

Q
& H
0.4 1
........ d P 5 mm
0.2 —=-d = 7.5 mm |
—d =10 mm
- - combined
O 1 1 L L
0 0.2 0.4 0.6 0.8 1
Pra

Fig. 11. ROC curves parameterized by inclusion diameter d, for
7 =25 ms and parallel polarization.
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superior to the case with d =5 mm alone but inferior to the
cases with larger inclusions.

IV. DISCUSSION

The results of the numerical simulations of the previous section
are encouraging. These simulations, however, are performed
under rather favorable assumptions and several issues need to
be addressed before the proposed CMR-GLRT method can be
considered feasible.

One important drawback for radiometric systems is the rather
long data acquisition time, that is, integration time, compared
to active systems which can be several orders of magnitude
shorter with ultra wideband near-field radar imaging systems.
As is shown in Fig. 10, an integration time of at least 100 ms is
necessary to achieve good performance for detection of small
tumors. This integration time also corresponds to the total data
acquisition time if all measurements are made simultaneously,
requiring a coherent receiver with N = 11 channels. Keeping in
mind that the corresponding noise level is 5, =AT =0.39K,
this level of sensitivity can be attained with a receiver with a
well-designed internal calibration network for coherent noise
distribution among channels. These requirements will even-
tually increase system complexity and cost. Alternatively, it
is possible to compute pairwise correlations of the EM fields
with only a two-channel coherent receiver and a switch matrix
resulting in a much simpler system. The drawback of the lat-
ter system is that with N =11 directions, there are 66 mutual
intensities, that is, complex correlations. With = 100 ms, this
translates to 6.6 s of data acquisition time for each polariza-
tion. In medical applications like breast tumor detection, long
acquisition times are a disadvantage because of patient move-
ment. The data acquisition time increases as O(N?), so the
latter design accommodating pairwise measurements may be
inconvenient if more correlations are required.

An alternative to increasing integration time is to decrease
receiver temperature T or increase system bandwidth B.
A decrease in T, by 100 K is possible and will cut integra-
tion time by 30%—a modest gain for the same SNR. On the
other hand, increasing bandwidth has a more direct effect
on integration time, for example, for B=1 GHz the integra-
tion time will be 7 =10 ms for the same SNR. However, wide
bandwidths will induce decorrelation of the EM fields. When
decorrelation ensues, the off-diagonal elements of T tend to
zero and I converges to a diagonal matrix, reducing CMR to
intensity-only thermography, in effect. The relatively low per-
formance of intensity-only systems was demonstrated in Fig.
8. In order to ensure that decorrelation does not ensue, the
quasi-monochromatic condition must be satisfied [6], accord-
ing to which the maximum dimension of the breast model
must be much smaller than the correlation length /. =v/B

within the breast, where v~10®m/s is the speed of EM waves
inside the breast (fatty tissue only). The correlation lengths
within the breast tissue are /. =1 mand /.,=0.1 m for band-
widths B =100 MHz and B = 1 GHz, respectively. Considering

that the hemispherical model has a diameter of 0.1 m, the
quasi-monochromatic condition is not satisfied for B =1 GHz,
meaning that decorrelation is inevitable. As a result, only a
modest increase in bandwidth seems possible. Furthermore, it
was tacitly assumed that the electrical parameters of the skin,
breast tissue, and tumor were constant within the 100 MHz
bandwidth. For larger bandwidths, this assumption may not be
valid, in which case the use of a Debye dielectric model will be
more appropriate [18].

Another issue is presence of sources other than a local anom-
aly, that can cause a bias in AL, resulting in an increased false
alarm rate. For example, any mismatch in antenna locations of
the reference measurements and those of subsequent mea-
surements will result in a residual differential intensity even
in the absence of an anomaly. This should not be an issue in
the far-field for small location mismatch. Similarly, changes in
object temperature may occur due to changes in the ambient
temperature or other activity; for example, the average breast
temperature may change due to physiological activity/dys-
function [16]. In this case, the level of uncertainty may be larger
than the sensitivity of AT = 0.39 K for z = 100 ms. If the change
in temperature is uniform throughout the object, the bias may
be eliminated by proper normalization of the mutual-intensity
matrix I' (e.g. normalization by the difference of the maxi-
mum and minimum values of the diagonal elements) because
mutual intensity is linear in temperature. For non-uniform tem-
perature changes that are not anomaly-induced, other meth-
ods like thermal modeling will need to be devised.

V. CONCLUSION

A simple non-imaging CMR-GLRT method is proposed for
detection of change in the temperature or the permittivity of
a lossy object. The method is based on the GLRT, where the
signals to be detected are the complex correlations of the EM
fields at pairs of points distributed around the object. Factors
affecting performance are discussed by analyzing ROC curves
computed using Monte-Carlo simulations, with application to
breast cancer diagnosis. The analysis is done with the complex
correlations of EM fields in the far-field of the object. This is not
a restriction, however, and the method can also be used in the
near-field.

The analysis results demonstrate that the differential mutual
intensity can be used with CMR-GLRT to detect small tumors
(5 mm in diameter, modeled as spherical inclusions) with
high detection probability and low probability of false alarm.
Assuming that in the absence of anomaly, temperature and
permittivity remain constant over time, the ROC of the method
is directly influenced by the radiometric resolution of the corre-
lation radiometer. There is significant improvement in the ROC
when mutual-intensity data are used as opposed to the use of
intensity-only data.

The current study can be regarded as an initial analysis step
before more detailed imaging analysis of an object is made.
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There are several challenges associated with the proposed
method, including decreasing acquisition times, which are
long-compared to active systems and the possibility of change
in the temperature of the object without the development of a
local anomaly, like a tumor. The latter change will be detected
but will not be distinguished from a local anomaly, leading
to increased false-alarm rate. In conclusion, with sufficient
improvement, the CMR technique may be used effectively as
a prescreening system.

Notwithstanding the promising numerical simulation results,
the proposed technique for non-destructive detection of tem-
perature and/or permittivity change is short of experimental
verification. The authors are working towards implementing a
functioning prototype of a correlation radiometer in order to
test the proposed technique. Finally, it is anticipated that with
proper modification GLRT may be applied with CMR data at
pixel/voxel level, similar to the active imaging studies in [12-
15], for the development of a CMR-based qualitative imaging
technique.
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