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Abstract—The design of compact wideband microwave 

reflectometers for the purpose of inclusion in a breast cancer 
detection system is presented. In this system, a wideband 
frequency source is used to synthesize a narrow pulse via the 
step-frequency synthesis method. The reflectometer 
undertakes measurements in the frequency domain and the 
collected data is transformed to the time/space domain using 
IFFT. In order to accomplish reflection coefficient 
measurements over a large frequency band, compact 
wideband couplers and power dividers are used to form the 
reflectometer. Two compact six-port reflectometer 
configurations are investigated. One uses the Lange coupler 
and the Gysel power divider and the other one employs a 
3dB slot-coupled microstrip coupler and a 2-stage Wilkinson 
power divider. The reflectometer employing the slot-coupled 
coupler and the Wilkinson divider provides a wider 
operational bandwidth, as shown by simulation results 
performed with Agilent ADS. 
 

Index Terms—Cancer detection, microwave imaging, 
experimental verification, near field.  
 

I. INTRODUCTION 
Breast cancer is the most common cancer diagnosed in 

women in various parts of the world. In Australia alone, it 
is estimated that one in eleven Australian women will 
develop breast cancer at some stage in their life [1].  

Early detection and effective treatment is the only way 
to reduce the mortality rate due to breast cancer. Currently 
the primary method for breast screening is X-ray 
mammography [2], [3].  

X-ray mammography has saved many lives, but the 
technology still produces a relativity high number of false 
negative and false positive diagnoses. There is also health 
concern related to exposure to ionizing radiation [3]. 
These factors have generated interest in alternative 
approaches of breast cancer detection that feature various 
degree of success. For example ultrasound is used 
clinically to discover whether a lesion detected in a 
mammogram is a liquid cyst or a solid tumour [2]. In 
addition, Magnetic Resonance Imaging has been shown to 
be a very useful screening tool, but is very expensive and 
not portable [4].  

Recently, microwave imaging has been proposed as a 
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viable alternative to X-ray mammography. Microwave 
imaging system is essentially “breast tissue radar”. It 
involves an application of very low levels (1000 times less 
than a mobile phone) of microwave energy through the 
breast tissue. The foundation for tumour detection is a 
difference between the electrical properties of normal and 
malignant breast tissue. Normal breast tissue is largely 
transparent to microwave radiation while lesions, which 
contain more water and blood, scatters microwaves back 
towards the microwave source. The antenna picks up 
these reflected signals and they are analysed using a 
computer.  A three dimensional image showing the 
location of the cancerous tissue can be obtained as the 
outcome of this signal processing [3].  

Several research groups, including the University of 
Wisconsin-Madison and Dartmouth Collage of the US, 
University of Calgary in Canada, Technical University 
Denmark and others are currently doing research in this 
new area [2], [3], [5]. Similar activities have also been 
undertaken at the University of Queensland in Australia.  

The majority of the developed microwave breast cancer 
detection prototypes are based on the synthesized pulse 
technique, in which a narrow pulse is generated in the 
frequency domain [6]. This synthesized signal is launched 
and received by an antenna which can be moved in small 
steps across a planar or curved area in front of an imaged 
object. At each location of the probe antenna, the received 
signal is processed with a Vector Network Analyser 
(VNA) which, by using its time domain capability, 
provides a suitable signal transformation from frequency 
to time or space domain. The measurement system is 
controlled from a PC. The collected data is gathered and 
processed by the PC to obtain a visual insight.  

The conventional VNA with time-domain processing 
capability is handy to test and proof the concept of the 
microwave breast cancer detection system. However, 
because of its large size and high cost it may be precluded 
in a commercial breast cancer detection system.    

The purpose of the work presented in this paper is to 
replace the conventional VNA by a low-cost alternative in 
the form of a wideband microwave six-port reflectometer. 
This paper is organised as follows, Section II, describes 
the experimental setup required for a microwave breast 
cancer detection system and provides results obtained 
using the conventional VNA with time-domain processing 
capability. Section III describes the design of a wideband 
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reflectometer. Section IV and V compares two designs of 
the reflectometer, which use different types of couplers 
and power dividers. Section VI concludes the paper. 

II. EXPERIMENTAL SYSTEM 
The configuration of the prototype UWB radar system 

is shown in Fig. 1. The system consists of a �-Y circular 
cylindrical scanning platform which includes a turntable 
with a resolution of 22.5° to support a breast phantom, 
and a mechanical scanning platform in the Y direction 
having resolution of 0.1mm. 

The scanning platform supports a probe antenna which 
is in the form of an UWB tapered slot antenna. This 
antenna operates in the frequency range from 3.1 GHz to 
10.6 GHz [7]. A coaxial cable is used to connect the 
probe antenna to a microwave Vector Network Analyser 
(VNA), which is capable of measuring the full set of S-
parameters of a 2 port network.  

 
Fig. 1. The configuration of the microwave imaging system. 

 
In the measurement procedure described in this paper, 

the VNA operates only in the reflection coefficient 
measurement mode. Prior to measurements, the system is 
calibrated over the frequency band from 3.1 GHz to 10.6 
GHz using a modified one-port calibration procedure. The 
coaxial short and shielded open circuit are used as in the 
standard calibration procedure. However the coaxial 
match termination is replaced by a load realized by the 
probe antenna radiating a microwave signal in free space 
[8]. We call this modified calibration procedure as 
Method A. By using Method A, undesired signals 
including internal reflections inside the probe antenna and 
at the antenna-air interface are either reduced or removed 
completely [8].  

The measurement process is as follows. First, an area to 
be scanned is specified. The required information 
concerns the step size and a number of steps in the �-Y 
scanning platform.  

At each �-Y probe location, the PC controller triggers 
the source in the Vector Network Analyser and 50 to 800 
(depending on specifications) measurement points for 
reflection coefficient over the frequency band of interest 
are performed. After the frequency domain measurements 

of reflection coefficients are completed, they are 
converted to the time/space domain using IFFT. 

Having obtained the frequency and time/space domain 
data for a given location, the results are stored in the PC 
and the probe is moved to a new position and the 
measurement procedure is repeated. The obtained data is 
then processed by the PC to create an image. Using false 
colours, the location of a target is identified in a colour 
distinctive from those representing other parts of the 
breast phantom.  

The imaging capabilities of the above-described UWB 
radar system are carried out with respect to the 
experimental setup as shown in Fig.2. 

 
Fig. 2. Details of an experimental setup including an UWB 
tapered slot antenna and a plastic container with a target. 
 

The breast phantom is formed by a circular cylindrical 
plastic container with a diameter of 12.5cm with thickness 
of 1mm. The container is filled with vegetable oil with 
relative dielectric constant of 4. The container and oil are 
used to represent the skin layer and breast tissue. A small 
plastic container filled with water (with relative dielectric 
constant of 80) representing the tumour is located close to 
the centre of the first plastic container. This phantom 
provides quite a good approximation to the actual healthy 
breast tissues and cancerous tumours, which have typical 
relative dielectric constants of 9 and 50, respectively [9].  
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Fig.  3. The time domain reflection measurement result for plastic 
container filled with air, using the modified calibration technique. 
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Fig.3 shows the imaging result when the system is 
calibrated using Method A. In these figure the boundaries 
of the plastic container and the location, size and shape of 
the water target are clearly observed. The measured 
diameter of the water target is approximately 3.3cm and is 
quite close to the actual one of 3cm 

III. SIX PORT DESIGN 
Our next goal is to replace the VNA (of Fig. 1) by a 

six-port reflectometer composed of wideband couplers, 
dividers and scalar detectors. The configuration of the six-
port which is investigated here is shown in Fig. 4.  

 

 
 

Fig. 4. Configuration of a six-port reflectometer with the real-
time display capability. 

 
This configuration, introduced in [10], offers real-time 

display of the measured complex reflection coefficient 
[11-13]. It includes quadrature hybrids (Q), and two-way 
power dividers (D). Also shown in Fig. 4 are scalar power 
detectors connected to ports 3-7, a microwave source 
connected to port 1 and a Device Under Test (DUT) 
connected to port 2. The part of the reflectometer 
enclosed by a broken line is called a Complex Ratio 
Measuring Unit (CRMU) or correlator. The Q hybrid 
outside the CRMU is employed to redirect a reflected 
signal, a and an incident signal, b at DUT to perform 
reflection-type measurements. Other circuits outside the 
CRMU can be used to redirect signals a, b to perform 
transmission-type measurements. The divider D, outside 
the CRMU, terminated by a scalar detector at P3 is used 
to monitor the signal source power level. This signal can 
be treated as a reference signal. It can be used in a 
feedback loop to maintain a constant power level from the 
source.  

Equation (1) defines the complex reflection coefficient 
as the ratio of the reflected signal from DUT, a and the 
incident signal at DUT, b.  
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Fig. 5. The basic rules for the operation of  (a) Quadrature hybrid 
(b) In-phase two-way power divider. 
 

By considering the basic rule for operation of Q hybrid 
and D hybrid, as shown in the Fig. 5, the output signals at 
Port 3 to Port 7 of the reflectometer of Fig.4 are given as 
shown in equations (2)-(6). 
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Assuming that the power detectors are identical and 

operate in the square-law region, the power values P3, P4, 
P5, P6, P7  as measured by the detectors are given by (7): 

 
2

ii SP =  where i=3,4,5,6 and 7  (7)                 

 
 Using (7) in conjunction with (2-6), it can be proved 
that the complex reflection coefficient (1) is related to the 
measured powers at Port 3 to 7 (P3, P4, P5, P6, P7) by the 
following expression (8): 
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This expression indicates that for the reflectometer 

configuration of Fig. 4, the complex reflection coefficient, 
�, can be obtained by measuring voltages at the output of 
the square-law detectors. In the system controlled via PC, 
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this task can be accomplished using a precision ADC card 
connected to the detectors. The PC monitor can be used to 
display � in the polar or other formats.  

IV. TWO REFLECTOMETER CONFIGURATIONS 
The six-port reflectometer of Fig. 4 can be realized in 

microstrip or stripline technology. Its performance will 
depend on the operation of the chosen Q and D hybrids. 
Two types of couplers and two types of power dividers in 
microstrip technology to construct Q and D hybrids are 
chosen to design two wideband reflectometers. In the first 
design, the 3dB Lange coupler [14] and the Gysel power 
splitter [15] are selected as the Q and D hybrids. In the 
alternative design, a 3dB slot-coupled microstrip coupler 
and a 2-way Wilkinson power divider are chosen as the 
reflectometer’s components. Although the alternative aim 
is to have the two designs for the 3.1-10.6 GHz band, we 
have found that the first configuration has difficulty to 
meet this goal. Because of these reasons, the presented 
results for the first reflectometer are limited to the 4-8 
GHz band.   

A. Lange Coupler and Gysel Power Splitter 

The configurations of the Lange coupler (consisting of 
8 parallel strips with varying width, spacing and length) 
and the Gysel power splitter to form a wideband 6-port 
reflectometer (of Fig. 4) are presented in Fig. 6.  

 
 Port 1 Port 2 

Port 3 Port 4  
(a) 

 
(b) 

Fig. 6. Configurations of (a) Lange and (b) Gysel hybrids. 
 

The performance of individual components is 
optimized by starting the design at the centre frequency of 
6 GHz. The initial parameters are worked out using the 
design guidelines available from [14], [15]. 

It is worthwhile to mention that the selected Lange 
coupler needs wire crossover between very narrow strips 
(usually in the order of micro millimetre). In turn, the 
Gysel power divider is incapable of providing the required 
(3.1-10.6 GHz) multi-octave bandwidth performance.  

In order to obtain the reflectometer with improved 
operational bandwidth new components are considered to 
form the second 6-port reflectometer. 

B. 3dB Slot-Coupled Microstrip Coupler and Wilkinson 
Power Divider 

In the alternative design, a 2-stage Wilkinson power 
divider, as shown in Fig. 7(a) [16] and a slot-coupled 
microstrip coupler, as shown in Fig. 7(b), are selected to 
form the reflectometer of Fig. 4.  
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Fig. 7. Configurations of (a) Wilkinson power divider and (b) 3dB 
slot-coupled microstrip coupler. 

 
An explanation is required for the microstrip slot-

coupled coupler. It is a new component, which has been 
recently proposed in [17].  The coupler has 3 conductor 
layers with 2 substrates between each layer.  Upper and 
lower layer consist of identical elliptical shaped conductor 
patches with microstrip Ports 1-2 and 3-4, respectively. 
These two patches are coupled by an elliptical slot, which 
is in the middle conducting layer forming a common 
ground plane.  The very important attribute of this coupler 
is its ability to offer a very wideband performance while 
preserving its very compact size. 
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V. PERFORMANCE COMPARISON 
Using two sets of Q and D hybrids, two 6-port designs 

are accomplished. Their performance is assessed using 
Agilent ADS [18].  

A. First Reflectometer 

The first 6-port reflectometer uses the Lange coupler 
and the Gysel power splitter. Fig. 8 and 9 show the 
simulation results for specific DUTs such as short, open 
and match. Assuming the use of ideal square-law 
detectors, the reflection coefficient, �, was calculated 
using expression (9) that is analogous to (8): 
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Fig. 8. Reflection coefficient determined by the first reflectometer 
for DUT in the form of matched load.  
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Fig. 9. Reflection coefficient determined by the first reflectometer 
for DUT in the form of (a) open, and (b) short circuit.  

As observed in Fig. 8, the six-port reflectometer gives 
reflection coefficient, � of 0.1±0.07 across the 4 GHz 
bandwidth when a matched load represent DUT. The 
observed deviation from the ideal case of zero is due to 
the non-ideal performances of individual components 
forming the reflectometer. Fig. 9(a)-(b) show the 
simulation results when DUT represents either a short or 
open circuit. The reflection coefficient, � has a magnitude 
of 1±0.25.  The overall results in Fig. 8 and 9 indicate a 
reasonable performance of the six-port reflectometer over 
one octave (4-8 GHz) frequency band. 

B. Second Reflectometer 
The next simulations concern the performance of the 

second six-port reflectometer, which is formed by the 3 
dB slot-coupled microstrip coupler and the Wilkinson 
power divider representing the Q and D hybrids in Fig. 4. 
As in the case of the first reflectometer, we assume the 
ideal square law operation of the detectors. The 
simulation results are shown in Fig. 10 and 11. 

Fig. 10 presents the reflection coefficient, �, of the six-
port reflectometer when the DUT is a matched load. 
Magnitude of 0.1±0.1 is obtained from 3GHz to 
10.6GHZ.  
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Fig. 10. Reflection coefficient determined by the second 
reflectometer for DUT in the form of matched load. 
 

In turn, in Fig. 11 the reflection coefficient, �, with 
magnitude of 0.88±0.13 is observed when DUT is in the 
form of either short or open circuit. The observed 
deviations are due to the non-ideal response of the 
components forming the reflectometer. When comparing 
the two reflectometer configurations, one finds that the 
use of the 3 dB slot-coupled microstrip coupler and the 2-
stage Wilkinson power divider results in the wider 
operational bandwidth, which is now 7.6 GHz.   

The non-ideal operation of the two configurations of 
the reflectometer can be corrected by a suitable 
calibration procedure. For the investigated 6-port 
configurations, this task can be accomplished using the 
procedure involving 5 or 6 calibration standards, as 
described in [10-13].  

Note that as the results for the DUT reflection 
coefficient obtained in the frequency domain need to be 
transformed to the time domain, the observed in Fig. 8-11 
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deviations from actual values may be found tolerable. 
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Fig. 11. Reflection coefficient determined by the second 
reflectometer for DUT in the form of (a) open or (b) short circuit.  
 

As a result, one may find no need for a strict calibration 
of the presented reflectometers. Simple calibration 
procedures to remove small deviations between the actual 
and simulated values of the DUT reflection coefficient are 
currently investigated by our research team.   

VI.  CONCLUSION 
The design of two wideband microwave reflectometers 

for the purpose of inclusion in a microwave breast cancer 
detection system has been presented. In this system, a 
wideband frequency source is used to synthesize a narrow 
pulse via the step-frequency synthesis method to 
illuminate an imaged body. The reflectometer undertakes 
measurements in the frequency domain and the collected 
data is transformed into the time/space domain using an 
IFFT. A special configuration of a six-port reflectometer, 
which enables the measurement and display of the 
complex reflection coefficient in real-time by applying 
simple mathematical transformations of the measured 
voltages at the outputs of scalar (power) detectors has 
been described. One of the designed reflectometers uses 
the Lange coupler and the Gysel power splitter as its 
building blocks. The other one employs a slot-coupled 
microstrip coupler and a 2-stage Wilkinson divider, as its 
constituting components. The operation of the two 
reflectometers has been investigated with the use of 
Agilent ADS. It has been shown that the second 

reflectometer is capable to operate over an ultra wide 
frequency band, which is from 3.1 to 10.6GHz.  
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