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Abstract

Micro w a v e imaging is an alternate breast cancer detection tec hnique

that uses micro w a v es to generate images based on di�erences in p ermit-

tivit y and conductivit y . The large di�erences in p ermittivit y and con-

ductivit y b et w een normal and malignan t breast tissue should allo w for

more reliable detection of breast cancer as opp osed to con v en tional X-ra y

tec hniques.

This pro ject aims to dev elop a 3-D micro w a v e imaging system that

utilizes micro w a v es for breast cancer detection.

T o date, 3-D micro w a v e imaging hardw are has b een dev elop ed for

use in breast cancer detection. This hardw are incorp orates folded patc h

an tennas, acetone/isoprop yl alcohol matc hing �uid, an RF m ultiplexer

switc hing system, and C++-based con trol soft w are. T esting has sho wn

that the hardw are exhibits go o d system stabilit y and Signal to Noise Ratio

(SNR). Ho w ev er, an image has not y et b een successfully reconstructed

from measuremen ts made using the micro w a v e imaging hardw are.

F uture w ork will in v olv e the assem bly of a new hardw are system for

micro w a v e imaging that addresses man y of the �a ws disco v ered in the

curren t micro w a v e imaging hardw are. This system will op erate in the

gigahertz range and will utilize a new RF switc hing system, simple patc h

an tennas, and a new imaging c ham b er design. It is an ticipated that a

functional micro w a v e imaging system will b e completed b y F all 2006.

1 In tro duction

Breast cancer is the leading cause of death in w omen b et w een 40 and 55 y ears

of age [1]. The American Cancer So ciet y estimates that 211,240 new cases of

breast cancer w ere diagnosed in the United States in 2005 alone [2 ]. It also

estimates that 40,870 deaths will ha v e o ccurred due to breast cancer in 2005 [2].

Early detection of breast cancer has b een sho wn to result in a 5-y ear surviv al

rate of 96% [1].

The most p opular imaging mo dalit y in use to da y for breast cancer screening

and diagnosis is X-ra y mammograph y [3 ]. While X-ra y mammograph y o�ers

high image resolution, it also p ossesses signi�can t dra wbac ks. X-ra y mammog-

raph y has di�cult y detecting tumors at their earliest stages [3 ]. It is also less

e�ectiv e at detecting tumors in w omen with dense breasts and in detecting tu-

mors near the underarm or c hest w all [3 ]. Con v en tional X-ra y mammograph y

also su�ers from a lo w lev el of sp eci�cit y b et w een b enign and malignan t tissues

[3 ]. This often results in high false-p ositiv e rates [3]. In addition, X-ra y mam-

mograph y utilizes ionizing radiation and th us ma y cause cellular damage [3].

Finally , X-ra y mammograph y requires that the patien t undergo painful c hest

compression [3 ].

Micro w a v e imaging uses the di�erences in p ermittivit y and conductivit y b e-

t w een di�eren t tissues to reconstruct images. A t frequencies in the neigh b or-

ho o d of 800 MHz, the p ermittivit y of cancerous tissue is 3.75 times that of

normal breast tissue while the conductivit y is 6.75 times that of normal tissue

[3 ]. The con trast b et w een normal and cancerous breast tissue in con v en tional
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Figure 1: System Diagram [4]

X-ra y mammograph y is on the order of 5%. Micro w a v e imaging do es not use

ionizing radiation so there is a signi�can tly reduced probabilit y of causing cel-

lular damage. Finally , micro w a v e imaging do es not require uncomfortable c hest

compressions.

2 Concept

The b o dy part to b e imaged is �rst placed in an imaging c ham b er lined with

transmitting and receiving an tennas. The c ham b er is then �lled with a matc hing

�uid whose electrical prop erties are matc hed to health y tissue. A signal gener-

ated b y a v ector net w ork analyzer is transmitted in to the c ham b er via a selected

transmitting an tenna. This signal is receiv ed b y a selected receiving an tenna.

The net w ork analyzer than calculates an S21 v alue for the an tenna com bina-

tion based on the magnitude of the receiv ed signal relativ e to the transmitted

signal. An RF switc hing system is used to measure S21 v alues for all an tenna

com binations. These S21 v alues are normalized relativ e to measuremen ts made

with only the matc hing �uid presen t. This p ermits the scattered �eld due to

the di�erences in p ermittivit y and conductivit y in the c ham b er to b e calculated.

The collected S21 v alues are input in to in v ersion soft w are to reconstruct images

of the p ermittivit y and conductivit y distributions of the imaging c ham b er con-

ten ts. A diagram of a basic micro w a v e imaging system is sho wn in Figure 1.

3 Prior W ork�2-D Micro w a v e Imaging System

Previous researc h in to micro w a v e imaging at Duk e Univ ersit y had previously

resulted in the dev elopmen t of a protot yp e 2-D micro w a v e imaging system (Fig-

ure 2). This system utilized a cubic imaging c ham b er surrounded b y 20 patc h

an tennas con�gured to op erate as 4 transmitting an tennas and 16 receiving an-

tennas. Eac h of the four v ertical sides of the imaging had one transmitting
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Figure 2: 2-D Micro w a v e Imaging System

an tenna and 4 receiving an tennas placed up against it. The patc h an tennas all

had an op erating frequency of 1.5 GHz. Minicircuits TOSW-425 re�ectiv e m ul-

tiplexers w ere used to switc h b et w een selected an tennas. The m ultiplexers and

the net w ork analyzer w ere con trolled using LabVIEW-based con trol soft w are.

The 90% Eucerin, 10% mineral oil, and 0.4 g/mL NaCl matc hing �uid describ ed

in [5 ] w as used in the 2-D micro w a v e imaging system. Considerable di�cult y

w as encoun tered in attempting to reconstruct an imaging using measured data

obtained from the 2-D imaging system. It w as h yp othesized that m uc h of this

di�cult y could b e attributed to design �a ws in the 2-D imaging system. Con-

sidering the e�ort that w ould b e needed to correct the �a ws in the 2-D system,

the decision w as made to halt w ork on the 2-D system in fa v or of mo ving on to

a 3-D imaging system.

4 3-D Micro w a v e Imaging System

A protot yp e 3-D micro w a v e imaging system w as dev elop ed. The system con-

sisted of a cubic imaging c ham b er surrounded b y 100 folded patc h an tennas

con�gured to op erate as 44 transmitting an tennas and 56 receiving an tennas.

These an tennas w ere fabricated in 4 5-b y-5 an tennas arra ys using m ultila y er

Prin ted Circuit Boards (PCBs). 11 an tennas in eac h panel w ere designated

as transmitting an tennas while 12 an tennas in eac h panel w ere designated as

receiving an tennas. The folded patc h an tennas p ossessed a common op erating

frequency of 942 MHz. In addition, Minicircuits GSW A-4-30DR absorptiv e m ul-

tiplexers w ere used to switc h b et w een an tennas. The Eucerin/mineral oil-based

matc hing �uid used in the 2-D micro w a v e imaging system w as replaced b y an

acetone/isoprop yl alcohol matc hing �uid. Finally , the LabVIEW based con trol

soft w are used to con trol the 2-D system w as replaced b y C++-based con trol

soft w are in the 3-D imaging system.
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Figure 3: �Pro of of concept� folded patc h an tenna

4.1 Imaging Cham b er

The imaging c ham b er w as an 18 cm b y 18 cm b y 18 cm cub e formed b y attac hing

the an tenna panels together along their edges using 2-part ep o xy adhesiv e. F or

use with the matc hing �uid, the c ham b er w as lined with plastic sheeting to

protect the an tennas from the matc hing �uid.

4.2 F olded P atc h An tennas

The an tennas used in the 3-D micro w a v e imaging system w ere selected to meet

the t w o ob jectiv es of op erating in the neigh b orho o d of 800 MHz (where max-

im um con trast b et w een normal and malignan t mammary tissue exists) and of

p ossessing a small an tenna form factor. Based on these considerations, folded

patc h an tennas w ere selected as the an tenna to b e used in the 3-D micro w a v e

imaging system.

4.2.1 An tenna Protot yping using CNC Milling Mac hine

A large form factor �pro of of concept� folded patc h an tenna (Figure 3) w as

constructed using copp er-clad FR-4 circuit b oards and a CNC milling mac hine

(Figure 4). T ests conducted using an HP 8753E v ector net w ork analyzer rev ealed

go o d agreemen t b et w een measured an tenna p erformance and sim ulated an tenna

p erformance obtained using Ansoft HFSS.

4.2.2 Multila y er Prin ted Circuit Board F olded P atc h An tennas

Based on di�culties encoun tered in man ufacturing a protot yp e folded patc h

an tenna using the CNC milling mac hine, it w as decided to fabricate the imaging

system's folded patc h an tennas in panels using m ultila y er Prin ted Circuit Boards

(PCBs) (�gure 5). Unfortunately , measured an tenna p erformance (�gure 6) for

the m ultila y er PCB an tennas w as considerably w orse than the sim ulated results

obtained using b oth Ansoft HFSS and ECT (a proprietary sim ulation program)

(�gure 7). In addition, measured results indicated that the fabricated an tennas
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Figure 4: CNC milling mac hine

Figure 5: Unconnectorized m ultila y er PCB folded patc h an tenna panel
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Figure 6: Measured an tenna p erformance (S11)

Figure 7: Sim ulated an tenna p erformance (S11)
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Figure 8: Cen ter frequencies of all fabricated m ultila y er PCB patc h an tennas

b efore tuning

w ere op erating o v er a wide range of frequencies (�gure 8). Ho w ev er, it w as

disco v ered that the an tennas' op erating frequencies could b e tuned to a higher

frequency b y applying di�ering amoun ts of copp er tap e to the bac kside of eac h

an tenna to extend the an tenna ground plane. Copp er tap e w as used to tune

all of the imaging c ham b er's an tennas to a common op erating frequency of 942

MHz.

4.3 RF Multiplexers

Exp erience with the 2-D micro w a v e imaging system had sho wn that using ab-

sorptiv e RF m ultiplexers to switc h b et w een an tennas w as preferable to using

re�ectiv e RF m ultiplexers. In the 2-D system, the re�ectiv e m ultiplexers w ould

short unselected an tennas to ground. This resulted in the signal emitted b y the

selected transmitting an tenna re�ecting o� of the surrounding unselected an ten-

nas. The resulting re�ected signals w ere not accoun ted for in the mo del used b y

the image reconstruction soft w are. This most lik ely inhibited the reconstruction

of an image using the 2-D micro w a v e imaging system.

T o attempt to impro v e up on the 2-D system, 1x16 (�gure 10) and 1x4 (�g-

ure 11)RF m ultiplexer circuit b oards w ere designed and built for use in the

3-D system. These b oards used Minicircuits GSW A-4-30DR SP4T absorptiv e
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Figure 9: Cen ter frequencies of all an tennas on panel 2 after tuning

RF m ultiplexer c hips to switc h b et w een RF c hannels. These RF m ultiplexer

circuit b oards w ere then assem bled in to an RF switc hing system (�gure 12) .

The system allo w ed the input and output p orts of an HP8753E v ector net w ork

analyzer with attac hed HP85046A S-parameter test kit to b e switc hed b et w een

the transmitting and receiving an tennas.

4.4 Con trol Soft w are

T o attempt to impro v e measuremen t times, C++ con trol soft w are w as dev el-

op ed to con trol the imaging hardw are. The C++ con trol soft w are had an a v-

erage measuremen t time of 1 min ute, 18 seconds as opp osed to the LabVIEW

Figure 10: 1x16 RF m ultiplexer circuit b oard
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Figure 11: 1x4 RF m ultiplexer circuit b oard

Figure 12: Blo c k diagram of RF switc hing system

con trol soft w are's a v erage measuremen t time of 13 min utes, 16.8 seconds. It w as

determined that the main reason for the measuremen t time disparit y w as the

fact that the LabVIEW con trol soft w are w as reinitializing the net w ork analyzer

b efore making eac h measuremen t. Disabling this p ortion of the LabVIEW con-

trol soft w are resulted in measuremen t times of the same order as those obtained

using the C++ con trol soft w are.

5 Results

The assem bled 3-D micro w a v e imaging system w as tested to determine the sys-

tem stabilit y and to determine the Signal-to-Noise ratio for sev eral test ob jects.

5.1 System Stabilit y

5.1.1 T est Pro cedure

The imaging c ham b er w as �lled with the acetone/isoprop yl alcohol matc hing

�uid. S21 measuremen ts of all p ossible transmitter and receiv er com binations

w ere made with only the matc hing �uid in the c ham b er. F our additional mea-

suremen t sw eeps of all p ossible an tenna com binations w ere made for a total of

�v e measuremen t sw eeps. Normalized S21 v alues w ere then calculated from the

S21 measuremen ts using Equation 1.
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Figure 13: System stabilit y

S21Norm =
S21T otal � S21Incident

Max (S21Incident )
(1)

These normalized S21 v alues w ere then plotted and compared to determine

the system stabilit y . The results from all �v e measuremen t sw eeps w ere then

compared to determine the system's stabilit y .

5.1.2 T est Results and Analysis

The results sho w close agreemen t from sw eep to sw eep (�gure 13). This indicates

a high degree of system stabilit y .

5.2 Signal to Noise Ratio

5.2.1 T est Pro cedure

The imaging c ham b er w as �lled with the matc hing �uid. A bac kground sw eep

consisting of S21 measuremen ts of all p ossible an tenna com binations w as then

made with only the �uid presen t in the imaging c ham b er. A target ob ject w as
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Figure 14: Signal to Noise Ratio for a 7 cm diameter w ater-�lled ballo on

then susp ending in the imaging c ham b er using a thin cotton thread. An ob ject

sw eep consisting of S21 measuremen ts of all p ossible an tenna com binations w as

then made with the target ob ject presen t in the c ham b er. The normalized S21

and Signal to Noise Ratio (SNR) w ere then calculated for all com binations of

transmitting and receiving an tennas using Equation 1 and Equation 2.

SNR = 20log10(
�x
�

) (2)

where the signal is de�ned as the mean of the normalized S21 v alues for a

series of n measuremen ts

signal = �x =
1
n

nX

i =1

x i (3)

and the p er-c hannel noise is de�ned as the standard deviation

noise = � =

vu
u
t 1

n

nX

i =1

(x i � �x)2
(4)

5.2.2 T est Results and Analysis

The Signal to Noise Ratio (SNR) test w as conducted for a roughly spherical

w ater-�lled ballo on with a diameter of 7 cm (�gure 14), a w ater-�lled ballo on

with a diameter of 4 cm (�gure 15), a w ater-�lled ballo on with a diameter of

1.5 cm (�gure 16), and a w ater-�lled plastic cylinder with a diameter of 4 cm

and a heigh t of 4 cm (�gure ). The SNR v alues w ere all signi�can tly ab o v e 0

dB for most c hannels for all targets. This indicates that the measured signal is

greater than the measured noise for most an tenna com binations.
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Figure 15: Signal to Noise Ratio for a 4 cm diameter w ater-�lled ballo on

Figure 16: Signal to Noise Ratio for a 1.5 cm diameter w ater-�lled ballo on
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Figure 17: Signal to Noise Ratio for a w ater-�lled plastic cylinder with 4 cm

diameter and 4 cm heigh t

6 Conclusion

The hardw are for a 3-D micro w a v e imaging system w as dev elop ed. T esting

rev ealed that the system exhibited go o d stabilit y and go o d SNR. Ho w ev er, an

image had not y et b een successfully reconstructed from measuremen ts made

using the 3-D micro w a v e imaging hardw are.

The inabilit y to reconstruct an image from measured data could b e due to

an y out of sev eral p ossible causes. The SNR of the measuremen ts ma y ha v e

b een insu�cien t to successfully reconstruct an image. This could b e due to

atten uation due to the m ultiplexers. This could also b e due to insu�cien t

scattered signal giv en the large w a v elength of the transmitted signal compared to

the small target ob jects. In addition, the con�guration of the an tenna panels and

the imaging c ham b er could ha v e resulted in ringing due to transmitted w a v es

re�ecting o� of either the imaging c ham b er w alls or the an tenna panels. Finally ,

the inabilit y to successfully reconstruct an image could stem from inadequate

mo deling of the complex folded patc h an tenna shap e in the in v ersion soft w are

used to reconstruct images.

7 F uture W ork

F uture w ork will b e fo cused on dev eloping a second 3-D micro w a v e imaging

system. This system will b e designed to a v oid man y of the �a ws in the curren t

3-D micro w a v e imaging system. The prop osed 3-D micro w a v e imaging system

will incorp orate angled an tenna panels to reduce re�ections within the imaging

c ham b er. It will also op erate at a higher frequency (around 2.45 GHz) than

the curren t imaging system to increase the scattered signal o� of target ob jects.

This higher op erating frequency will also p ermit simple patc h an tennas to b e
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Figure 18: Imaging c ham b er for prop osed high frequency 3-D micro w a v e imaging

system.

used instead of the more complex folded patc h an tennas. A dditionally , the use

of simple patc h an tennas will simplify the task of mo deling the imaging system

for image reconstruction. Finally , new M/A-Com SW90-0004A RF switc hes will

b e used to reduce losses due to the m ultiplexers had the new higher op erating

frequency .
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