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Abstract- The paper describes the design of hybrid
circuits and antennas for a compact ultra
wideband (UWB) microwave imaging system
aimed at operation from 3.1 to 10.6GHz. The
design of these components is accomplished with
the use of full-wave electromagnetic field analysis
and design software. The components are
developed and experimentally tested. They show
good electrical performances over the specified
band and thus they are ready to be incorporated in
the proposed configurations of an UWB microwave
imaging system.

Index Terms- ultra wide-band antennas, couplers,
power dividers, microwave imaging.

I. INTRODUCTION

Since the Federal Communications Commission
(FCC) in the USA released in February 2002 the
unlicensed use of ultra-wideband (UWB)
frequency spectrum from 3.1 to 10.6 GHz [1],
there has been a remarkable research interest both
in academia and industry in the development of
ultra wideband technology [2].

Due to its inherent attributes, UWB is capable of
bringing significant advances not only to wireless
communications (delivery of high data rate
transmission in the presence of existing
communication systems) [2], [3] but also to other
areas such as microwave imaging [4-7]. As UWB
employs short duration pulses, it offers capability
of detecting and locating small size irregularities
within an imaged object, which cause a higher
backscatter than the surrounding medium. As
many applications require the imaging system to
be portable and low cost, the challenge is to

design low cost, low profile and compact UWB
transmitter/receiver (transceiver) modules.

The present paper concentrates on the design of
compact UWB couplers and dividers and low-
profile small size antennas to form compact
UWB transceivers for a microwave imaging
system. The design of other components of this
system such as signal generators and filters is not
addressed here. With respect to these active and
passive components, one can refer to [8] and [9],
which provide valuable references on the two
topics.

The paper is organized as follows. Section Il
presents the general configuration of a
microwave imaging system including various
configurations of transceivers. Section 111
presents the design of UWB couplers and
dividers which are proposed to form devices for
measuring UWB signals. Section IV describes
low profile UWB antennas for the imaging
system. Section V concludes the paper.

Il. SYSTEM CONFIGURATION

Two general configurations of a microwave
imaging system, which are considered here, are
illustrated in Fig. 1.

The first configuration, shown in Fig. 1(a), is
based on the principle of monostatic radar [10].
In this configuration, the same antenna is used for
both transmitting and receiving of a microwave
signal. As a result, the transceiver performs the
function of reflectometer [6], [7].
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The configuration shown in Fig. 1(b) uses two
antennas, which are displaced by some distance.
In this case, the microwave imaging system is
based on the principle of bistatic radar [10].
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UwWB
Antenna 1

Transceiver Target

(a) Monostatic

o "R

UWB Source UWB
Transceiver Antenna 1 Target Antenna 2

(b) Bistatic

Fig.1. General configurations of a microwave
imaging system of (a) monostatic, and (b) bistatic type
radar.

An actual microwave imaging system may also
include a mechanical scanning sub-system so that
the transmitting/receiving antennas can be moved
over a specific surface to obtain two or three
dimensional representations of the imaged object
[5], [7]. This function can alternatively be
achieved by a properly  configured
transmitting/receiving antenna array, whose
elements are suitably activated and deactivated.

As described in [5], [7], the task of measuring
reflected or transmitted signals, as required by the
microwave imaging system configurations of Fig.
1 (a) and (b), can be performed by a microwave
Vector Network Analyser (VNA). This instrument
is capable of measuring in the frequency domain a
full set of S-parameters of a 2 port network.
Because the microwave imaging system requires
the information about reflected or scattered short
duration pulses, an extra step is required to
transform the measured signals from the
frequency domain to the time/space domain.

This can be accomplished using an Inverse Fast
Fourier Transform (IFFT), which is readily
available in the VNA such as HP8510C [7]. The
technique used in this case is named the step-
frequency pulse synthesis (SFPS) technique. The
advantage of SFSP technique over the direct pulse
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measurement technique [8] includes a higher
attainable signal-to-noise ratio due to the use of
narrowband electronics. Also this technique offers
possibility of removing the sources of pulse
distortion such as are introduced by antennas and
transitions [11].

Because of its common availability in microwave
laboratories, the conventional VNA, such as
HP8510C, is useful in the phase of testing
capabilities of a microwave imaging system. This
approach has been demonstrated for microwave
breast cancer detection systems in [4], [5], [7].
However, as the clinical prototype may require an
electronically scanned array with antenna
elements connected to a reflectometer or VNA, to
achieve fast acquisition of a microwave image,
the conventional VNA is too bulky and too
expensive to be used to this purpose. As the result,
designs of inexpensive and compact microwave
reflectometers or VNAS are necessary.

An example of a low-cost compact reflectometer
operating over a 2 to 12 GHz band for an UWB
microwave breast cancer detection system has
been reported in [6]. Here, we consider various
configurations of microwave transceivers, which
can offer similar capability.

Fig. 2 shows a few configurations of transceivers
for use in an UWB microwave imaging system,
which can be built using low-cost components.
The configuration presented in Fig. 2(a) is
obtained from reference [12]. The instrument is
formed by a swept frequency source, two mixers,
an in-phase power divider (D), a 90° hybrid Q
(3dB  coupler), two other couplers (not
necessarily offering 3dB coupling), matched
loads and an antenna. The part of the circuit
enclosed by a broken line is named a correlator,
which plays a similar role as a complex ratio
measuring unit in the conventional VNA. It
compares two complex signals to measure a
complex reflection coefficient or transmission
coefficient. Assuming that all of the components
are ideal, this instrument is capable to provide in
real-time the complex reflection coefficient [12].
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Fig. 2. Configurations of transceivers for use in an

UWB microwave imaging system: (a) reflectometer
with mixers, (b) reflectometer with square-law diode
detectors, (c) for measuring a transmission coefficient
between two antennas. (d) Configurations of a single-
balanced mixer employing either 90° (Q) or 180° (H)
hybrids.

A similar capability is offered by the device
shown in Fig. 2(b). This is under the condition
that the diode detectors shown in Fig. 2(b)
operate in a square-law region [12-14]. The
configuration drawn in Fig. 2(b) is capable to
provide information about real and imaginary
components of the complex reflection coefficient
from the measured voltages (Vi, Vs, Vs and V7)
at the outputs of the square-law detectors. This is
accomplished by performing the subtraction
operation using analogue or digital means.

One can deduce that the operation of the
instruments of Fig. 2(a) and (b) are similar in
principle when a single-balanced mixer uses a
90° hybrid (Q), as shown in Fig. 1(d).

Fig. 2(c) presents an analogous (to that of Fig.
2(b)) instrument but which is measures the
transmission coefficient between two antennas.
One can see that the configuration of Fig. 2(c)
uses the same correlator, as shown in Fig. 2(b).
The differences between the two circuits concern
the parts outside the correlator, as they are
configured to measure either the reflection or
transmission coefficient. Fig. 2(d) indicates the
possibility of employing a single-balanced mixer
with a 180° hybrid (H) to design a reflectometer
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of Fig. 2(a). A similar replacement of the Q
hybrids (terminated in the diodes) by H hybrids
can be done with respect to circuits shown in Fig.
2(b) and Fig. 2(c).

The above explanations of operation indicate that
the devices illustrated in Fig. 2(a), (b) and (c), are
capable to measure a complex reflection or
transmission  coefficient, similarly as the
conventional VNA. Their advantage over its
conventional counterpart is that they can be
developed at a very low cost because they do not
require sophisticated and expensive electronics.
For the devices shown in Fig. 2(a), (b), (c), signal
processing can be accomplished by a Personal
Computer (PC) equipped with Analogue-to-
Digital converters (ADC) connected to the
outputs of the correlator circuit. If one aims at
precise measurements, configurations of Fig. 2(b)
and (c) are advantageous over the one shown in
Fig. 2(a) because voltages at the outputs of the
diodes are available separately. As the result,
these configurations leave the possibility of
precise calibration, as explained by the six-port
theories in [12-14]. The same PC can be used to
control a swept frequency generator or trigger
and record short duration pulses, and process the
recorded data to construct microwave images of
an object under investigation.

The next sections describe the design of compact
UWB couplers, dividers and antennas to build the
instruments of Fig. 2(a-c). The preliminary
dimensions of these components are obtained
using simple design formulas. These structures
are then optimized using commercially available
full electromagnetic wave analysis and design
tool, such as Ansoft High Frequency Structure
Simulator or equivalent. In the next step, these
components are manufactured and
experimentally tested.

I11. DESIGN OF UWB COUPLERS AND
DIVIDERS

In the undertaken work, the focus is on planar
UWB couplers with coupling in the range of 3 to
10dB and on in-phase and out-of-phase dividers,
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all featuring a compact size. Obtaining an UWB
performance of these devices in planar microstrip
technologies is very challenging [15]. The
layouts and photographs of the investigated
couplers and dividers are shown in Fig. 3.

Mid-layer Slot

Ports 1,3 Ports 2,4

Slot in the bottom layer

| (

Top layer view Bottom layer view

(b)
Fig.3. Configurations and photographs of the
investigated 3dB coupler (a) and out-of-phase power
divider (b)
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The chosen configurations of couplers and
dividers use multi-layer microstrips accompanied
by slots. The use of both strips and slots, which
are complementary in terms of supporting either
electric or magnetic surface currents, seems to be
the key factor to achieving an ultra wideband
performance of these small size devices.

The UWB coupler shown in Fig. 3(a) consists of
three conductor layers interleaved by two
dielectric layers. The top conductor layer
includes an elliptically shaped microstrip, which
is connected to two microstrip transmission lines
forming ports 1 and 2. The bottom conductor
layer is similar to the top layer but the ports here
are port 3 and 4. The two layers are coupled via
slot, which is made in the conductor ground
plane supporting the top and bottom dielectric
layers.

An analysis of this slot-coupled microstrip
coupler can be performed using an even-odd
mode approach, which is applicable to symmetric
four-ports [15], [16]. In an initial step, the
microstrips and slots can be assumed of
rectangular shape. In this case, a quasi-static
analysis for even and odd-mode excitations
similar to the one described in [16] can be
applied. From this analysis, initial dimensions of
the strips and slot can be worked out, given the
value of coupling and the associated even and
odd mode characteristic impedances. The results
of this analysis are the width and lengths of
microstrips in the upper and bottom layer, and
the width of the slot. The slot length is equal to
the length of coupled microstrip lines.

In the next step, the shape of the strips and the
slot are adjusted for the best performance in
terms of coupling flatness, and high return and
isolation losses. This step is performed using a
full-wave electromagnetic analysis software
package, such as Ansoft HFSS. Only a few
manual iterations are required to obtain the final
design that features UWB performance. Through
these simulations one can find that an elliptical
shape of the microstrips and the slot results in an
UWB performance of the coupler. In the
manufacturing process of this device, the curved
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microstrip lines are purposely added, as shown in
photograph of Fig.3, to incorporate SMA
connectors.

The next component to develop low-cost
equipment for measuring the reflection or
transmission coefficient is a power divider. With
respect to the devices, shown in Fig. 2(a-c), both
in- and out-of-phase dividers can be explored.
For the in-phase division, an UWB performance
can be achieved using a multi-stage Wilkinson
power divider. However, such a design is not
necessarily of compact size, as each of the stages
has to be quarter-wavelength. Here, the design of
an out-of-phase power divider is presented that
offers compact size and UWB operation.

Fig. 3(b) reveals the layout and photograph of the
investigated planar out-of phase (180°) equal-
power divider. The three ports of the divider are
at the top layer of the PCB while the ground
plane is at the bottom layer of the circuit. There
is a slot in shape of a narrow rectangle ended
with two circles in the middle of the ground
plane. This slot is responsible for coupling the
wave from the input port to the two output ports.
This form of coupling from a slotline to a
microstrip is responsible for creating a series
connection between input port (port 1) and two
microstrip output ports (port 2 and 3) resulting in
a 180° signal division. As the 180° phase shift is
due to the inherent property of the series (slot to
microstrip) connection, the remaining challenge
is to obtain a good return loss of the input port.
As observed in Fig. 3(b), the transition
discontinuities from the slotline to the microstrip
are compensated with the use of circularly
shaped slot and microstrip stubs. By using the
chosen configuration, as shown in Fig. 3(b), only
a few manual iterations performed with a full-
wave electromagnetic analysis software package,
such as Ansoft HFSS, are required to obtain the
final dimensions of this hybrid circuit.

IV. DESIGN OF UWB ANTENNA
The investigations are focused on two types of

UWB antennas, whose configurations are shown
in Fig. 4.
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Fig. 4. Configurations and photographs of the
investigated UWB antennas, (a) omnidirectional and
(b) directional.

The first type is an omni directional planar
monopole antenna. In terms of operation, this
antenna is similar to those described in [17], [18].

VOL. 1, NO. 1, JUNE 2006

It features a fully planar format and offers an
UWB performance. The second type antenna is a
Vivaldi (tapered slot) antenna. Its operation has
been described in [19]. Here, the aim is to obtain
it in the compact form, the issue not investigated
in [19].

Both antenna designs aim at 10dB return loss,
suitable radiation pattern and distortionless signal
transmission over the UW frequency band defined
here as 3.1-10.6GHz. Similarly as for the couplers
and dividers, a full-wave electromagnetic analysis
software package is used to accomplish these
antennas design. Following the initial guidelines
described in [17-19], only a few manual iterations
involving the use of this software are required to
obtain satisfactory performance of the two types
of UWB antennas.

The next step concerns their manufacturing and
experimental testing. The antennas are assessed in
terms of return loss (with respect to a 50ohm
coaxial measurement system) and radiation
patterns, which are obtained in an anechoic
chamber at chosen frequencies within the 3.1-
10.6GHz band. The last measurement concerns
the quality of transmission of pulses. It is
accomplished using two identical antennas
suitably separated. First, the transmission
coefficient between the two antennas in the
frequency domain over the 3.1-10.6GHz band is
measured and then the acquired data undergoes an
IFFT to obtain the antennas response in the time
domain.
V. RESULTS

The 3, 6 and 10dB couplers were developed in
0.508mm Rogers RO4003C substrate. The total
dimensions of these couplers including curved
microstrip ports are 15mm*25mm. The out-of-
phase divider which was also manufactured in
0.508mm Rogers RO4003C substrate is only
20mm*25mm. The elliptically shaped planar
monopole was developed in 0.64mm Rogers
RT6010LM  substrate and features small
dimensions being 20mm*26mm. The Vivaldi
antenna which was manufactured in 0.64mm
Rogers RT6010LM substrate is 50mm by 50mm.
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Table 1 shows the measured performances of the
developed 3, 6 and 10dB couplers. The presented
results indicate an excellent performance of these
hybrids despite their very small size. The size is
about one quarter guided wavelength in
microstrip at the frequency of 6.5GHz.

Table 1: Performance of the developed directional
couplers in the 3.1-10.6GHz band

Coupler Type Coupling Isolation Return Loss
(dB) (dB) (dB)
3dB Coupler 3+0.8dB >26dB >25dB
6dB Coupler 6 +1.4dB >27dB >23dB
10dB Coupler 10+1.5dB >24dB >21dB

Table 2 presents the measured results for the
developed 3dB out-of-phase power divider.

Table 2: Performance of the developed power divider
in the 3.1-10.6GHz band

S21(dB) | S31(dB) | S11(dB) | Phase difference stability

(degree)

3+0.7 3+0.7 >12 180°+ 0.25°

The power is equally divided between the two
output ports with a return loss in the input port
better than 10dB across the whole band. This is
accompanied by a very stable phase performance
with the phase difference between the two output
ports of 180°.

Table 3 reveals the results for the developed
planar monopole antennas.

Table 3 Performance of the developed UWB antennas.

Antenna BW(GHz) RL Gain Distortion in
Type (dB) | (dB) impulse
response (with
respect to peak

value) %
Omni- 3-15 >15 2.8 <15%
Directional
Directional 2.75-11 >13 7 <8%

For the omnidirectional type, the bandwidth is
extremely large and the average gain is around
2.8dB although the antenna is compact in size.
The measured results for the directional UWB
planar antenna of antipodal Vivaldi type show a
relatively high peak gain (of 7dB). The 10dB
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return loss covers the whole UWB. The next
experimental test concerns an impulse response
that is accomplished between two identical
antennas. In the case of planar monopole, one
antenna has a fixed position and orientation while
the second antenna is rotated. For the case of
Vivaldi, the two antennas are aligned for best
transmission.

Using the time domain capability of HP8510C
VNA, the received pulse is compared with the
transmitted pulse. The received pulse distortion
can be assessed with respect to the level and
duration of ringing. In Table 3 only the level of
ringing in terms of percentage with respect to the
peak of the received pulse is indicated. It can be
observed that the UWB planar monopoles show a
slightly larger level of distortion than the Vivaldi
antenna.

VI. CONCLUSION

This paper has reported on the design of planar
components for a compact UWB microwave
imaging system. The considered components
include UWB couplers, dividers and antennas.
These components have been studied in terms of
their electrical performances, which include such
factors as return loss, coupling, isolation,
radiation patterns, and quality of pulse
transmission. All of the presented components
have shown excellent UWB performances
despite being of a very small size. Both the
simulation and measurement results indicate that
they are ready for inclusion in low- cost compact
UWB reflectometers and VNASs, as proposed
here. Using the simulated or measured results for
the constituting components, the operation of the
proposed instruments can be emulated in the
frequency and time domains prior to their actual
development.
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