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Abstract—Two real-time reconstruction algorithms, i.e., quanti-
tative microwave holography and scattered-power mapping, have
been shown to be successful in the imaging of compressed tissue of
relatively small thicknesses such as 1 and 2 cm. In both cases, pla-
nar data acquisition of frequency-swept transmission coefficients
has been employed. Despite the fact that these algorithms are based
on a linear forward model of scattering, they have been capable of
providing quantitative estimates of the tissue permittivity due to the
experimentally derived kernel of the scattering integral. Here, we
demonstrate similar performance with a thicker (approximately 5
cm) compressed-breast phantom. This thickness is greater than or
comparable to the median thickness employed in mammography,
depending on the view (craniocaudal or mediolateral oblique). The
two methods are described in a common mathematical framework
for the first time. The importance of the system calibration and
the choice of a host medium are discussed through experiments.
A new method for focusing onto suspect regions is demonstrated.
The limitations of real-time imaging are highlighted, along with an
outlook to improve the image resolution and suppressing artifacts
without sacrificing the reconstruction speed. Future work aims at
validation with high complexity, realistic compressed-breast phan-
toms.

Index Terms—Microwave imaging, quantitative microwave
holography, scattered power mapping, direct inversion, tissue
imaging.

I. INTRODUCTION

M ICROWAVE imaging has been successful in a variety of
applications dealing with optically obscured targets such

as concealed-weapon detection, through-the-wall imaging, non-
destructive testing, meteorology, and ground-penetrating radar
[1]–[7], where numerous commercial systems are in use. It also
shows potential in medical diagnostics due to the nonionizing
radiation, the relatively low cost and the compact light-weight
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electronics [8]–[10]. Despite its advantages, microwave systems
have not yet become clinical imaging tools. There are a few chal-
lenges [11] that need to be overcome to make the technology
competitive with the existing imaging modalities. In the case
of breast-cancer screening, the common modality is mammog-
raphy. While the above advantages hold in comparison with
mammography, microwave technology is yet to demonstrate
comparable or better sensitivity and specificity.

The main challenge stems from the complexities of the mi-
crowave scattering in tissue, which involves high attenuation,
multiple reflections as well as diffraction and refraction within
a heterogeneous medium that contains both electrically large
and small anatomical details along with widely varying per-
mittivity and conductivity values; see, e.g., [12]. As a result,
microwave propagation in tissue is complicated and it is intrin-
sically nonlinear with respect to the permittivity of the object
under test (OUT). The microwave-imaging community has de-
veloped various reconstruction algorithms to handle these com-
plexities [8]–[11], [13], [14].

Here, we focus on two recently proposed direct-inversion
methods, quantitative microwave holography (QMH) [15] and
scattered-power mapping (SPM) [16]. They have been shown
to reconstruct the complex permittivity of tissue objects of rel-
atively small thickness (1 to 2 cm). As other direct-inversion
methods, both QMH and SPM rely on a linearizing approxi-
mation in the forward model of scattering using either Born’s
approximation (BA) or Rytov’s approximation (RA) [5], [13],
[17]–[20]. The advantage of the direct-inversion methods is that
they enable real-time imaging.

Until recently, it was believed that direct inversion can pro-
duce only qualitative images [6]. However, the work in [15],
[16] along with earlier work reported in [21]–[24] demonstrates
that quantitative permittivity estimates of tissue objects can be
obtained with methods such as QMH and SPM.

The key to quantitative reconstruction with direct-inversion
methods is a calibration measurement of the system point-spread
function (PSF) [5]. The measured PSF brings two important ad-
vantages. Firstly, it provides a properly scaled forward model,
which enables the quantitative reconstruction. Also, this forward
model is inherently system-specific thus obviating the need to
approximate Green’s function and the incident field with ana-
lytical or simulated field distributions. Such approximations are
inadequate in the near-field measurements of tissue and they
lead to model inaccuracy and image artifacts. Secondly, the
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measured PSF allows for inversion through deconvolution,
which is numerically fast.

The disadvantage of direct-inversion methods, QMH and
SPM included, stems from the linearization of the forward
model. This leads to an inability to account for the mutual influ-
ence of closely spaced scatterers, which are common in tissue.
Multiple scattering is also ignored; however, it is less significant
due to the high attenuation. Thus, direct-inversion methods may
produce lower-resolution images than nonlinear iterative meth-
ods such as microwave tomography [25], which do not employ
linearizing approximations.

Still, the quantitative direct-inversion methods can provide
a much better starting point for the nonlinear reconstruction
than the commonly employed assumption of a uniform medium.
Moreover, they can serve as linear-inversion modules in non-
linear reconstructions based on the Born iterative and distorted
Born iterative methods [17], [26]. Therefore, quantitative di-
rect inversion in tissue imaging is worthy of investigation in
both scenarios: as stand-alone reconstruction algorithms and as
linear modules within iterative reconstruction.

The aim of this work is to study the performance of QMH
and SPM as stand-alone algorithms in experiments with a com-
pressed breast-tissue phantom of realistic thickness. Compres-
sion in breast imaging reduces the signal loss through the tissue
and thus improves the signal-to-noise ratio (SNR). Beside the
ionizing radiation, one of the drawbacks of X-ray mammog-
raphy is the level of compression which may cause pain. The
mean thickness in routine mammography in a craniocaudal view
is about 4.4 cm; see, for example [27]. The respective mean
thickness in the mediolateral oblique view is about 4.8 cm [27].
Compression levels aiming at smaller than the above mean thick-
nesses are often required, leading to significant patient discom-
fort. It is expected that microwave-based mammography would
not require uncomfortable compression since thicknesses equal
to or exceeding the mean thicknesses used in X-ray mammog-
raphy allow for good signal quality [11]. Here, we demonstrate
imaging of breast phantoms of thickness 4.8 cm.

There is another reason that makes the investigation of the
microwave imaging of the compressed breast worthwhile. It is
well known that compression can exploit the significant differ-
ence in stiffness among glandular, fatty and cancerous tissues
[28], [29]. Multiple measurements of the same tissue object at
different compression levels displace healthy tissue more signif-
icantly than tumorous tissue. In view of the nonionizing nature
of the microwave radiation, multiple measurements within a
single examination session are indeed admissible, enabling bet-
ter identification of cancerous regions. Before these studies can
occur, QMH and SPM must be demonstrated functioning in a
typical mammography breast compression scenario.

The purpose of this work is to evaluate both QMH and SPM
at compression thicknesses comparable to the mean thicknesses
in routine X-ray mammography. These reconstruction methods
have been previously shown [15], [16] to be successful in imag-
ing tissue phantoms, the thickness of which is about 1 cm. How-
ever, at thicknesses of approximately 5 cm, the signal-to-noise
ratio (SNR) is significantly reduced due to the substantial atten-
uation in breast tissue. Thus, validation at mean mammography

compression is required along with strategies to deal with low
data SNR.

To this end, comparisons between the Rytov and Born ap-
proximations with QMH and SPM at these thicknesses have not
been done. As shown in previous work, the two approximations
provide images, which may differ substantially depending on the
heterogeneity of the sample and the data SNR [15]. One critical
difference is that BA is sensitive to the size of high-contrast
scattering objects whereas RA is not. On the other hand, the
RA-based reconstruction exhibits sensitivity to sharp disconti-
nuities in the spatial dependence of the phase of the data across
the acquisition plane. Since the volume has been increased five-
fold from previous tissue experiments, re-evaluation of the two
approximations is necessary. To verify the approximations, a
simplistic compressed-breast tissue phantom is constructed. Fi-
nally, since both QMH and SPM can execute within seconds,
filtering strategies can be easily implemented and explored. In
particular, here we show that focusing filters can improve the
diagnostic quality of the final images.

II. FORWARD MODEL OF SCATTERING

Both QMH and SPM operate on frequency-domain responses
such as S-parameters. Wide-bandwidth frequency sweeps are
used as they improve the spatial resolution [5]. The forward
model of scattering in terms of S-parameter data is given
by [5], [30]:

Ssc,OUT
ik (r; f) =

iωε0

2aiak
·

∫∫∫
V

Δεr(r′)Einc
i (r′, r; f) · Etot

k (r′, rTx; f)dv′ (1)

where Ssc,OUT
ik is the scattering portion of the S-parameter mea-

sured with the OUT, i.e., the portion due to the presence of
the OUT in the background (or host) medium. Note that the
S-parameters are not zero in the absence of an OUT because
reflection and transmission still occur at the terminals of the
transmitting (Tx) and receiving (Rx) antennas. The S-parameter
is acquired at the location r and at frequency f . The position in-
side the imaged volume V is denoted by r′ = (x′, y′, z′). In the
case of planar scans, r ≡ (x, y, z̄), where the acquisition plane
is fixed at z̄ and the Rx antenna scans laterally along x and y.
Also, i =

√−1 and aζ (ζ = i, k) is the incoming root-power
wave at the ζ antenna, when it operates in a Tx mode. Assuming
all quantities are root-mean-square (RMS) phasors, aζ is the
square root of the incoming power at the ζ-th port. Further, ε0
is the permittivity of free space and

Δεr(r′) = εr,OUT(r′) − εr,b(r′) (2)

is the permittivity contrast in the volume of interest V . Here,
εr,OUT and εr,b are the complex relative permittivities of the OUT
and the background, respectively. Note that the latter is known at
least approximately. Einc

i (r′, r; f) is the incident-field distribu-
tion as a function of r′ ∈ V produced by the Rx (i-th) antenna if
it were to operate in a Tx mode at the location r. Etot

k (r′, rTx; f)
is the total-field distribution as a function of r′ due the Tx (k-th)
antenna k at rTx.
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In our setup, the Rx and Tx antennas are aligned along each
other’s boresight and move together along x and y on two par-
allel planes on both sides of the OUT, i.e., rTx = (x, y, z̄ + D),
where D is the distance between the two planes. Thus, r defines
uniquely the position of both the Rx and the Tx antennas and
the explicit use of rTx is unnecessary.

Applying Born’s approximation [17] to the total internal field

Etot
k (r′, r; f) ≈ Einc

k (r′, r; f), (3)

and substituting (3) into (1) leads to the linearized forward model
of scattering:

Ssc,OUT
ik (r; f) ≈ iωε0

2aiak

∫∫∫
V

Δεr(r′) [Einc
i · Einc

k ] (r′, r; f)dv′ .

(4)
The incident-field dot product [Einc

i · Einc
k ] (r′, r; f), also re-

ferred to as the resolvent kernel [21], can be acquired using the
measured point-spread function (PSF). Consider the measure-
ment of an electrically small scattering probe of known size
Ωsp and known relative permittivity εr,sp embedded in a uni-
form background medium at position r′sp = (x′

sp, y
′
sp, z

′
sp). The

contrast function of the scattering probe can be represented as
Δεr(r′) = Δεr,spδ(r′ − r′sp), where δ(r′) is the 3-D Dirac delta
function. Here, Δεr,sp = εr,sp − εr,b. Based on (4), the response
of the scattering probe can now be written as

Ssc,PSF
ik (r, r′sp; f) ≈ iωε0Δεr,sp(r′)Ωsp

2aiak
[Einc

i · Einc
k ] (r′sp, r; f) .

(5)
This is the system PSF for a point scatterer at r′sp. It follows that
the respective resolvent kernel is derived from the PSF as

[Einc
i · Einc

k ] (r′sp, r; f) ≈ Ssc,PSF
ik (r, r′sp; f)2aiak

iωε0Δεr,sp(r′)Ωsp
. (6)

Assuming the background is uniform, the PSF is translation-
ally invariant in the lateral directions x and y. In other words, if
the PSF is measured with the scattering probe at the center of the
plane z′sp = const., r′0 = (0, 0, z′sp), then the PSF can be derived
for any other scattering-probe position r′sp = (x′

sp, y
′
sp, z

′
sp) as

Ssc,PSF
ik (x, y, z̄;x′

sp, y
′
sp, z

′
sp; f)

= Ssc,PSF
ik (x − x′

sp, y − y′
sp, z̄; 0, 0, z′sp; f) . (7)

Note that for each imaged z′-plane, a separate PSF measurement
with the scattering probe at z′sp = z′ is required. Analytical ap-
proximations of the z dependence of the PSF are also possible
[5] but have not been employed here.

Using (6) and the PSF in (7), the forward model in (4) is
expressed as

Ssc,OUT
ik (r) ≈

∫∫∫
V

ρ(r′)Ssc,PSF
ik (r − r′xy , r′0)dv′ (8)

where r′xy = (x′, y′, 0), and

ρ(r′) = Δεr(r′) · (Δεr,spΩsp)−1 (9)

is the reflectivity function to be recovered. The above integral
is a 2-D convolution (in x, y) of ρ(r′) and the PSF. Thus, both
the QMH and the SPM methods essentially perform inversion

through 2-D deconvolution at each z′ plane to obtain the respec-
tive slice of the OUT image. The difference between the two
methods lies in the way this inversion is done.

III. APPROXIMATIONS OF THE SCATTERING DATA

The scattered responses Ssc,OBJ
ik of the imaged objects (OBJ),

OBJ denoting either the OUT or the PSF, cannot be measured
directly.

They are derived from two measurements. The first is a cal-
ibration measurement, which is independent of the OUT. It is
carried out in the background without any embedded scatterers
and it provides the incident-field portion of the response Sinc

ik .
The measurement with a scattering probe is also part of the
system calibration and it provides the total-field PSF Stot,PSF

ik .
Finally, the measurement of the OUT provides the total-field
OUT response Stot,OUT

ik .

A. Born’s Approximation

Born’s approximation (BA) relies on the assumption that the
total-field response is a superposition of the incident and scat-
tered field responses [5], [19]:

Stot,OBJ
ik (r; f) ≈ Sinc

ik (r; f) + Ssc,OBJ
ik (r; f), (10)

where Ssc,OBJ
ik (r) is the scattered field response. With this as-

sumption, the scattered portions of the PSF and the OUT re-
sponses are derived as

Ssc,OBJ
ik (r; f) ≈ Stot,OBJ

ik (r; f) − Sinc
ik (r; f) . (11)

The applicability of BA is constrained by both the size and
the contrast of the OUT [5], [17]. Large, high-contrast scatterers
may lead to image artifacts and degradation of the quantitative
accuracy. This is important bearing in mind the relatively large
thickness required to image a realistic breast phantom.

B. Rytov’s Approximation

Rytov’s approximation (RA) views the total-field response
as a phase correction of the incident field with the complex
phase being a scaled version of the scattered-field response [5],
[17], [19]:

Stot,OBJ
ik (r; f) ≈ Sinc

ik (r; f) · exp

(
Ssc,OBJ

ik (r; f)
Sinc

ik (r; f)

)
. (12)

To extract the scattered component, (12) is rearranged:

Ssc,OBJ
ik (r; f) ≈ Sinc

ik (r; f) · ln

(
Stot,OBJ

ik (r; f)
Sinc

ik (r; f)

)
. (13)

Unlike BA, RA is limited only by the permittivity contrast
and it is not sensitive to the size of the scattering object [5],
[17]. This is an important advantage in breast imaging where
the electrical size of the OUT is large but the contrast between
malignant and healthy tissue is low.

One should be aware that RA is sensitive to phase wrapping,
which is not a factor in BA. Consider (13) written in terms of
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magnitude and phase:

Ssc,OBJ
ik (r; f) = Sinc

ik (r; f)·{
ln
|Stot,OBJ

ik (r; f)|
|Sinc

ik (r; f)| + i
[
∠Stot,OBJ

ik (r; f) − ∠Sinc
ik (r; f)

]}
.

(14)

The imaginary part of (14) is different depending on whether the
signal is phase wrapped or unwrapped. Thus, in order to generate
a valid reconstruction, it is recommended that all responses are
phase unwrapped before applying RA.

IV. QUANTITATIVE MICROWAVE HOLOGRAPHY

QMH solves (8) in the Fourier domain where the 2-D convo-
lution is replaced by a multiplication. The integration along z′

is replaced by a discrete sum, leading to

S̃sc,OUT
ik (κκκ, z̄; f) ≈

∑
z

ρ̃(κκκ, z′)S̃sc,PSF
ik (κκκ, z′; f)Ωv . (15)

Here, S̃sc,OUT
ik , ρ̃, and S̃sc,PSF

ik are the respective Fourier-
transformed quantities in (8), κκκ = (κx, κy ) is the spectral posi-
tion in the Fourier domain, and Ωv is the volume of a voxel. It is
important to note that the data acquired in tissue imaging must
be normalized with respect to the signal strength in order to
compensate for its strong frequency dependence, i.e., its decline
with increasing frequency. This normalization procedure can be
found in [15].

The reflectivity function ρ̃(κκκ) is found one spectral position
κκκ at a time by solving the system of equations:

A(κκκ)ρ̃ρρ(κκκ) = b(κκκ) (16)

where

A(κκκ) =

⎡
⎢⎢⎢⎣

S̃sc,PSF
ik (κκκ, z1 , f1) · · · S̃sc,PSF

ik (κκκ, zNz
, f1)

...
. . .

...

S̃sc,PSF
ik (κκκ, z1 , fNf

) · · · S̃sc,PSF
ik (κκκ, zNz

, fNf
)

⎤
⎥⎥⎥⎦

(17)

ρ̃ρρ(κκκ) = Ωv

[
ρ̃(κκκ, z1) · · · ρ̃(κκκ, zNz

)
]T

(18)

b(κκκ) =
[
S̃sc,OUT

ik (κκκ, f1) · · · S̃sc,OUT
ik (κκκ, fNf

)
]T

. (19)

Here, z′m , m = 1, ..., Nz , is the depth position and fn , n =
1, ..., Nf , is the frequency sample. The system is typically solved
using the pseudoinverse function due to the rectangular structure
of A(κκκ) [15].

Once the reflectivity function at each depth position z′ is
found in the 2-D Fourier domain, inverse 2-D Fourier transform
is applied to obtain its distribution in real space as a function of
x′ and y′. The relative permittivity distribution of the OUT is
derived from the reflectivity function as

εr,OUT(r′) ≈ Δεr,spΩspΩ−1
v · ρ(r′) + εr,b . (20)

As shown in [21], the approximate forward model in (4)
improves if either of the following requirements are fulfilled

εr,OUT(r′) ≈ εr,sp (21)

or

|εr,OUT(r′)|, |εr,sp| � |εr,b|. (22)

In tissue imaging, achieving (21) is not feasible since the per-
mittivity in breast tissues can vary widely. However, the back-
ground permittivity can be selected to be higher in absolute
value than that of both the scattering probe and the inspected
tissue object, satisfying (22). Increasing |εr,b| through increased
loss of the background medium is beneficial in reducing reflec-
tions from enclosures and other components of the measurement
setup. However, compromise must be made between increasing
the losses in the background medium and the SNR of the data.
Finally, selecting εr,sp to be similar to the permittivity of a partic-
ular tissue target (e.g., cancer) improves the quantitative result
for this target in the image.

V. SCATTERED POWER MAPPING

The SPM algorithm starts by constructing the scattered-power
map of the OUT at each frequency. These are 3-D complex-
valued maps, which are in essence qualitative images of the
OUT complex contrast [5], [16]. They are expressed as

MOUT
ik (r′; f) =

∫

x

∫

y

Ssc,OUT
ik (r; f) · [Ssc,PSF

ik (r; r′; f)]∗dxdy

(23)
where the asterisk denotes conjugation, r = (x, y, z̄), and r′ =
(x′, y′, z′). Substituting (8) into (23) and exchanging the order
of integration leads to

MOUT
ik (r′; f) ≈

∫

x ′′

∫

y ′′

∫

z ′′

ρ(r′′) · MPSF
ik (r′; r′′; f)dx′′dy′′dz′′

(24)
where r′′ = (x′′, y′′, z′′), and

MPSF
ik (r′; r′′; f) =

∫

x

∫

y

Ssc,PSF
ik (r; r′′; f) · [Ssc,PSF

ik (r; r′; f)]∗dxdy

(25)
is the 3-D scattered-power map as a function of r′ (i.e., the
qualitative image) of the scattering probe when it is positioned
at r′′. In the case of uniform background, the PSF power maps
are translationally invariant in x and y, which allows (24) to be
written in terms of a 2-D convolution similarly to (8):

MOUT
ik (r′; f)≈

∫

x ′′

∫

y ′′

∫

z ′′

ρ(r′′) · MPSF
ik (r′−r′′xy ; r′′0 ; f)dx′′dy′′dz′′

(26)
where r′′xy = (x′′, y′′, 0) and r′′0 = (0, 0, z′′).

With multi-frequency data, MOUT
ik and MPSF

ik are combined
into a single map [16], [21]:

MOBJ(r′) =
1

Nf

Nf∑
m=1

MOBJ
ik (r′, fm )

max
(∣∣MPSF

ik (r′; r′′0 ; fm )
∣∣) (27)
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Fig. 1. Compressed breast phantom. (a) Fully constructed phantom approxi-
mately 4.8 cm thick and (b) partially constructed phantom showing the location
of the blueberries, 2 cm above the base of the phantom.

where OBJ ≡ OUT, PSF. The above linear combination of
scattered-power maps can be extended to include the S-
parameters for all Rx and Tx antennas, indexed by i and k,
respectively. Since the linear combination of (27) is applied to
both the left side of (26) and to its kernel, the forward model of
the SPM can be finally stated as

MOUT(r′) ≈
∫

x ′′

∫

y ′′

∫

z ′′

ρ(r′′) · MPSF(r′ − r′′xy ; r′′0)dx′′dy′′dz′′.

(28)
Similarly to QMH, we cast (28) into 2-D Fourier domain as

M̃OUT(κκκ, z′) ≈ Ωv

∑
z ′′

ρ̃(κκκ, z′′)M̃PSF
r ′′0

(κκκ, z′) (29)

where M̃PSF
r ′′0

(κκκ, z′) is the 2-D Fourier transform of MPSF(r′; r′′0)
with respect to x′ and y′. Thus, the reflectivity ρ̃(κκκ, z′′) is re-
covered by solving a linear system of equations at each spectral
position κκκ, similarly to (15). The difference is that here the
system matrix is of size Nz × Nz whereas the QMH system
matrix is of size Nf × Nz . In either case, these linear systems
of equations are very small and their solution is found practi-
cally instantaneously. In our experiments, Nf is typically on the
order of 10 to 100, whereas Nz is on the order of 3 to 10.

VI. COMPRESSED BREAST PHANTOM EXPERIMENT

A. Acquisition Setup

QMH and SPM have been previously used to image thin
tissue phantoms approximately 1 cm thick [16], [24], [31]. To
ensure these methods are clinically viable, they are tested here
with tissue thickness similar to that in mammography.

We have constructed a 4.8 cm thick modifiable compressed
breast phantom; see Fig. 1. The permittivities of all phantom
components were measured from 3 GHz to 8 GHz using a slim
form probe [32]. Their averages are shown in Table I.

The bulk of the phantom is comprised of four 1.1 cm thick
stacked carbon-rubber sheets custom-ordered from Emerson &
Cuming Ltd. (now Laird Tech). These sheets are carefully de-
signed to have a permittivity and loss similar to that of averaged
scattered fibroglandular (Class-2) breast tissue [33]. They were
cut to form the shape of a compressed breast. A house-shaped

TABLE I
AVERAGED DIELECTRIC PROPERTIES OF MATERIALS FROM 3 GHZ TO 8 GHZ

section from each carbon-rubber sheet is separated to provide
flexibility inserting different contrast structures into different
layers of the phantom. The second layer from the bottom has a
circular section removed and a Petri dish is inserted containing
two blueberries. Since blueberries have similar permittivity to
that of cancerous breast tissue [11], [34], they are used to emu-
late a small cancerous structure within the breast. The blueber-
ries are surrounded with a peanut butter and jam mixture (PBJ)
which is designed to have similar permittivity to the carbon-
rubber sheets. To construct the PBJ, a 9:1 jam to peanut butter
volume ratio was mixed together in a food blender. The ratio of
PBJ was determined by mixing different quantities and repeat-
edly measuring with an Agilent slim form probe [32] until the
correct permittivity was acquired. Using PBJ as an embedding
medium removes air gaps with high permittivity contrast that
could violate the limitations of both BA and RA. High permit-
tivity contrast with air gaps has been shown in previous work
to severely hinder the quantitative reconstruction [16], [24]. On
both the top and bottom of the phantom, a 2 mm thick carbon-
rubber sheet of a higher relative permittivity (JCS-15, Laird
Tech) than the thick sheets (see Table I) was placed to repre-
sent skin. Finally, the phantom is wrapped in thin plastic wrap.
Overall, this phantom represents a simplified compressed breast
and is the first stage towards experimenting with thicker, more
complex phantoms.

The OUT is the compressed breast phantom placed in a 30
cm by 30 cm Plexiglas tray and surrounded with a background
medium made of PBJ identical to the mixture surrounding
the blueberries. An image of the blueberry layer is shown in
Fig. 1(b). The OUT is completed with a Plexiglas lid of the
same thickness as the base of the tray. The PSF measurement is
that of a small dielectric cylinder (εr ≈ 50 − 0i, radius = 0.5 cm,
height = 1.0 cm) inserted in the PBJ medium at the center of the
tray and aligned at the same range location as that of the Petri-
dish layer of the phantom. The incident-field measurement is
that of the tray containing the PBJ medium.

The acquisition setup comprises two transverse electromag-
netic (TEM) horns impedance matched to the carbon-rubber
sheets [35]. The horns are aligned along boresight and are po-
sitioned approximately 2 mm away from the top and bottom
Plexiglas plates, which are 4 mm thick. The overall distance
between the apertures of the two antennas is 6 cm. The setup is
shown in Fig. 2.

A raster scan is performed across a 20 cm by 20 cm acquisi-
tion area at 2 mm increments following the guidelines suggested
in [15]. Transmission data S21 is acquired in a frequency band-
width from 3 GHz to 8 GHz at 100 MHz intervals, generating
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Fig. 2. Acquisition setup during the OUT measurement. A lid is placed over
the compressed breast phantom which is centered in the PBJ mixture. The
antennas are positioned 2 mm above and below the Plexiglas plates.

Fig. 3. Reconstructed images of the compressed breast phantom using QMH
(permittivity relative to vacuum). (a) Real permittivity with BA, (b) imaginary
permittivity with BA, (c) real permittivity with RA, and (d) imaginary permit-
tivity with RA.

over 600 000 individual data points. A 3-W continuous-wave
power amplifier [36] is attached to the Tx antenna, and a 35 dB
low-noise amplifier [37] is attached at the Rx antenna.

The mechanical scan is slow. In this case, it takes close to
6 hours. It is clear that while the current prototype offers flexi-
bility in optimizing the acquisition setup and the sampling step,
it cannot be used in the clinic. An electronically switched system
is currently under development [38]–[40], which is estimated to
complete a full scan in about 2 minutes.

B. Results

The reconstructed images using QMH and SPM are shown in
Figs. 3 and 4. The computation takes 1.5 seconds using MAT-
LAB on a 2013 Macbook Pro. Qualitatively, QMH and SPM
produce similar results when using the same scattered-data ap-
proximation (BA or RA). In the BA reconstruction, the contours
of the breast phantom appear strongly. This is due to air pockets
which reside along the edges of the phantom. The air pockets
present large high-contrast structures that impact the inversion

Fig. 4. Reconstructed images of the compressed breast phantom using SPM
(permittivity relative to vacuum). (a) Real permittivity with BA, (b) imaginary
permittivity with BA, (c) real permittivity with RA, and (d) imaginary permit-
tivity with RA.

negatively. This makes the blueberries, located approximately
around (0, 0), difficult to discern.

On the other hand, QMH and SPM under RA successfully
locate the blueberries. This is due to the insensitivity of RA
to the size of the scattering objects. However, RA is unable to
accurately depict the shape of the structures.

In quantitative terms, both QMH and SPM struggle with
the reconstruction. Nonphysical permittivity values (Re{εr} <
1, Im{εr} > 0) remain a significant challenge, since they cannot
be submitted to an iterative solver. A simple strategy for remov-
ing nonphysical values has already been proposed in [41].

VII. DISCUSSION

A. Permittivity of the Background Medium

It was shown in [21] that a background permittivity larger than
the OUT permittivity improves the accuracy of the linearized
forward model when using a PSF-based kernel. Also, since the
PBJ is very lossy, reflections due to the acquisition setup are
suppressed. These reflections have been shown to often corrupt
the image reconstruction [15]. For clinical studies, a medium
which provides a uniform high permittivity background should
be used.

B. Apodization and Fourier-Domain Filtering

Two filters, the apodization filter and the Fourier-domain low-
pass filter, are used to improve the image quality in both QMH
and SPM. These filters are necessary due to the methods’ sus-
ceptibility to mathematical errors stemming from the use of the
Fourier and inverse Fourier transform [15]. The apodization fil-
ter is a spatial window that is applied to the scattered signals of
the PSF and the OUT. This filter tapers the edges of the image
to zero, which avoids numerical artifacts due to discontinuous
boundaries. A cosine window is selected due to its simple im-
plementation and is illustrated in Fig. 5(a).
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Fig. 5. Images of the apodization filters. (a) Unfocused apodization filter
using a 2-D cosine function and (b) focused apodization filter using a Gaussian
function centered on the blueberry location predicted by the RA reconstruction.

Fig. 6. Reconstructed images of the compressed breast phantom under BA and
using a focusing filter (permittivity relative to vacuum). (a) Real permittivity
with QMH, (b) imaginary permittivity with QMH, (c) real permittivity with
SPM, and (d) imaginary permittivity with SPM.

The post-inversion low-pass filter is used to filter out the high
spatial-frequency components of the Fourier transform of the
reflectivity function. It is well known that a Fourier domain
low-pass filter has tradeoffs between high image resolution and
suppression of noise. The method used to determine the filter
parameters is shown in [15].

C. Born’s Approximation and Rytov’s Approximation

As shown in Section VI-B, there are trade-offs in using ei-
ther BA or RA to estimate the scattered data from the total-field
and incident-field measurements. BA struggles with large tissue
phantoms due to limitations related to size, which is not the
case for RA. On the other hand, RA is prone to phase errors
and it may fail to correctly identify the shape of the inclusions.
There is therefore an advantage to using the RA-based recon-
struction to first find regions of interest (ROI). Then, with a
focused apodization filter, the BA reconstruction can success-
fully reconstruct details within the ROI.

Fig. 6 depicts the QMH and SPM reconstruction under BA
with the focused Gaussian filter shown in Fig. 5(b). The blueber-
ries’ shape and location are reconstructed in both the real and
imaginary part of the permittivity distribution obtained with
both QMH and SPM.

Note that there is flexibility in the design of the focusing
filter. Since both SPM and QMH execute quickly, tuning of
the focusing filter can be accomplished in real time. This is a
practical tool to enhance diagnostic quality.

VIII. CONCLUSION

For the first time, quantitative microwave holography (QMH)
and scattered power mapping (SPM) are demonstrated as meth-
ods capable of imaging compressed dense breast tissue for can-
cer detection. They are shown detecting cancerous simulants in
an experiment with a phantom of 4.8 cm thickness similar to the
mean thickness of compressed breast in routine mammography.
Two blueberries 1 cm in diameter are inserted into the breast
phantom. They have permittivity similar to that of breast-cancer
samples. The phantom is embedded in a high-permittivity/high-
loss medium which improves the quality of the reconstruction
while also suppressing unwanted reflections generated by the
acquisition setup. The results demonstrate that while QMH and
SPM reconstruct similar images, their implementation with ei-
ther Born’s approximation (BA) or Rytov’s approximation (RA)
has an impact on the overall reconstruction. Importantly, the
RA-based reconstruction can be used to locate small scattering
structures, which can then be resolved better by BA reconstruc-
tion that employs a controlled apodization filter. The QMH and
SPM algorithms utilizing either BA or RA execute in MATLAB
[42] within a couple of seconds on a 2013 Macbook Pro.

One critical concern with microwave imaging technology is
its compliance with health and safety regulations. Due to the fact
that microwave-imaging technology is still in a pre-clinical stage
of development, no specific regulations exist at this time. This is
in contrast with magnetic resonance imaging (MRI) technology,
for which regulations exist; see, e.g., Health Canada Safety Code
26 [43]. In the meantime, the general regulations pertaining
to electromagnetic radiation (typically that of communication
devices), such as Health Canada Safety Code 6 [44], can be used
as a reference.

Due to the very long exposure time, a mechanical scan using
a 3-W transmission would not satisfy the Health Canada Safety
Code 6 limitations for the specific absorption rate (SAR); see
section 2.1.2 in [44]. As an example, at frequencies up to 6 GHz,
the SAR basic restrictions are: 1.6 W/kg (uncontrolled environ-
ment) and 8 W/kg (controlled environment) averaged over any
6 minute reference period.1

However, an electronically switched acquisition within 2 min-
utes can easily satisfy the safety regulations for a controlled envi-
ronment with a power-transmission level of 3 W. For a 20 cm by
20 cm acquisition aperture, a two-minute measurement at 3 W
input power would generate an averaged incident power density
of 25 W/m2 , where the averaging is done over the prescribed pe-
riod of 6 minutes. It was shown in a microwave breast-imaging
SAR study [45] that a power density of 10 W/m2 produced a
peak SAR of 1.7 W/kg in the breast. Since power density and
SAR are linearly related, the estimated peak SAR for our sys-

1A controlled environment is the one which 1) has adequately characterized
the RF fields intensities in the area, 2) exposure is incurred by persons who are
aware and cognizant of RF exposure and intensity, and 3) exposure is incurred
by persons who are aware of risks and can apply mitigation strategies [44].
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tem is 4.25 W/kg, which falls well within the safety limits for a
controlled environment.

Future work aims towards reconstructing 3-D images of tis-
sue in real time. In principle, this requires PSFs for each im-
aged z-plane, which implies multiple PSF measurements and,
therefore, increased system-calibration effort. The development
of a range-translation algorithm that can synthetically shift an
already measured PSF to other locations along range would
eliminate the need for multiple PSF measurements.

Further study on readily available low-cost background medi-
ums (e.g. ultrasound gel) is also necessary. To further validate
the methods, more complex phantoms containing larger hetero-
geneities need to be imaged.

Finally, the two methods must be integrated in an iterative
solver, which would improve the resolution and eliminate non-
physical values. This would pave the way towards clinically-
viable microwave imaging tools for breast-cancer screening.
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