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UWB Active Antenna for Microwave Breast
Imaging Sensing Arrays

Farzad Foroutan

Abstract—An ultrawideband (UWB) active slot antenna for tis-
sue sensing arrays is developed and measured to operate from 3
to 8 GHz. The sensing element reported here is to be used in the
imaging of the breast. It integrates alow-noise amplifier (LNA) with
a printed-slot antenna to achieve gain enhancement of about 20 dB.
The first prototype integrates the biasing of the LNA on the same
board as the antenna. The second prototype uses an external bias
tee providing dc power to the LNA through the coaxial connector
of the active antenna. Both prototypes achieve the expected gain
enhancement in comparison with the passive antenna element.

Index Terms—Active antenna, antenna array, active radio sen-
sor, biased-switched array, microwave imaging, printed-slot an-
tenna, ultrawideband (UWB).

1. INTRODUCTION

HE concept of integrating radio-frequency (RF) active
T electronics within the antenna is well known, and examples
can be found in scientific equipment [1], [2], microwave tissue
imaging [3]-[5], medical radio-thermometers at 1.5 GHz [6],
amplifier antenna arrays for spatial power combining [7], active
antenna arrays with optical switching [8], ultrawideband (UWB)
multiple-input-multiple-output (MIMO) systems [9], and other
UWRB applications [10], [11]. The p-i-n diodes have also been
integrated with small metallic scatterers to control their resonant
frequency [12]-[14].

The integration of a low-noise amplifier (LNA) with the
antenna significantly improves the system signal-to-noise ratio
(SNR), which is one of the greatest challenges in microwave
tissue imaging. This is why the development of an active, i.e.,
LNA-integrated, antenna for tissue imaging arrays is critically
important. In addition to the improved SNR, such antennas offer
system size reduction since the LNA becomes part of the antenna
element with no or very little increase in its size.

An active (10 dB gain) bow-tie antenna for medical mi-
crowave imaging has been proposed in [3] and [4]. The small
size of this receiving antenna makes it suitable for array con-
figurations. However, this design does not offer shielding from
the back, which decreases the forward gain, increases the inter-
element coupling, and makes the receiving array prone to the
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Fig. 1. Four neighboring antennas in the passive array reported in [16]. The
ground pad of the coaxial connector (residing in the same metallization layer as
the fork) is modeled in simulations by a continuous metallic sheet component
(see blue solid outline) connected to the fork by an edge port (red rectangle).
The area available for mounting an LNA circuit and a coaxial connector is about
11 mm x 6 mm (indicated by blue dashed line).

electromagnetic (EM) interference. In addition, the antennas are
printed on a substrate with a relative permittivity of €, ~ 3.5.
This decreases the power coupled into high-permittivity tissues
(e.g., muscle, brain, or radiologically dense breast), e.g., [15]
reports tissue phantoms of permittivity €, ~ 33.

Here, we present the integration of the elements of a pre-
viously reported passive antenna array [16], [17] (see Fig. 1)
with LNA chips on the same board. The array employs a slot-
antenna element similar to that reported in [18], but thoroughly
redesigned to achieve: 1) reduced equal spacing along = and
vy, and 2) shielding from the back. The latter is critical because
it reduces interference, enhances the forward gain, and enables
the integration of electronics at the back of the antenna printed
circuit board (PCB). The array is printed on a Rogers substrate
(e, = 10.2) for maximum power transfer to breast tissues. Its
passive structure has been investigated in detail in [16], where
good impedance match is demonstrated in tissue measurements
from 3 to 8 GHz. It is part of an active radio-sensor prototype,
which consists of three separate PCBs: the antenna array, the
LNA board, and the board of an active mixer. The sensor’s
output is at intermediate frequency and is to be used in large
bias-switched arrays.

The current development demonstrates the successful inte-
gration of the first two modules of the radio sensor, namely, the
antenna and the LNA chip [19], on a common PCB and without
increasing the overall area occupied by the antenna itself. This
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Fig. 2. Layout of the final design of the active antenna. In simulations of its
So1 parameter, Pin 1 (end of the fork) is Port 1, whereas Pin 4 (output of the
active antenna) is Port 2. Brown areas indicate the top layer facing the tissue,
which contains the slots (black). Yellow areas indicate the bottom layer where
the forks and electronics are. Beige areas indicate soldering pads for discrete
components. DC bias of the LNA is provided through VDD and Ground. Circular
via-holes (black) of diameter 0.3 mm connect the top and bottom layers. C1,
C2, and C3 are chip capacitors. L1 and L2 are chip inductors.

active antenna is to be used in large-array configurations of
several hundred radio sensors, in which the interelement spacing
both in the z- and y-directions is 12 mm (the same as in the
passive array reported in [16]). This development is critical not
only for increasing the system SNR but also for the miniaturiza-
tion of the sensor. It also eliminates the RF connectors between
the antenna and the LNA, thus reducing cost and improving
reliability and manufacturability.

In summary, the advantageous features of the proposed active
antenna elements are: 1) 20 dB gain enhancement; 2) impedance
bandwidth from 3 to 8 GHz; 3) small element size with center-
to-center spacing of 12 mm; 4) easy-to-fabricate planar design;
and 5) full shielding at the back. Yet, we note that the back shield
negatively impacts the impedance match close to the 3 GHz end
of the bandwidth.

II. DESIGN AND SIMULATION

The imaging array reported in [16] is an 11 x 11 passive
printed-slot antenna array (see Fig. 1). The interelement center-
to-center spacing is 12 mm x 12 mm. The array has two
metallization layers on Rogers RT/Duroid 6010LM substrate
with a dielectric constant 10.2 and thickness 0.635 mm. There
is a slot at the top layer, which faces the tissue, and a fork at
the bottom layer, which leads the received signal to a coaxial
surface-mount connector. For the best match with measure-
ments, the passive-array simulation (FEKO [20]) employs an
edge port between the fork and the connector’s ground pad,
which is modeled as a continuous metallic sheet of shape tightly
conforming to that of the actual pad (see Fig. 1). The array is
shielded from the back with several dielectric layers leading to
the metallic plane [16]. Fig. 1 shows that the connector occupies
most of the area between a pair of elements that is available to
mount an LNA. This necessitates major design changes so that
this area accommodates both the LNA and the connector without
compromising the impedance match.

The layout of the newly designed active antenna along with
its dimensioning are shown in Fig. 2. It accommodates all the
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Fig. 3. Simulated gain of the designed circuit in Fig. 2 and the measured gain
of the LNA evaluation board.

components of the original LNA evaluation board, including
the bias tee. The footprint of the LNA chip and the values of the
bias-tee components (chip capacitors and inductors) are those
suggested in [19]. The antenna output (Pin 1) is connected to the
input of the LNA (Pin 2). An inductor (L1) is mounted between
the microstrip line at the end of the fork and the ground pad.
The output of the LNA (Pin 3) connects to a surface-mount
subminiature push-on submicro (SMPS) coaxial connector (Pin
4) through a 50 €2 finite-ground coplanar waveguide. Fig. 2 also
shows the biasing chip capacitors (C1, C2, C3) and inductors
(L1, L2).

The S5, is simulated using Keysight Advanced Design Sys-
tem (ADS) co-simulation. Pin 1 (the end of the fork) is defined
as Port 1. Pin 4 (output of the active antenna) is defined as Port
2. The S-parameters of the LNA chip are imported between
Pin 2 (LNA input) and Pin 3 (LNA output) in the schematic
part of the co-simulation. The simulated So; is shown in Fig. 3,
which also shows measured So1 of the LNA evaluation board for
comparison. They match reasonably well, which demonstrates
that the circuit’s components are interconnected properly with
good impedance match.

III. MEASUREMENTS

A prototype array of 7 x 6 elements is fabricated. The array
includes three different element types for comparison purposes.
The first element type is shown in Fig. 2. It contains the antenna,
the LNA chip, and its biasing circuit. The second and the third
element types are shown in Fig 4. Fig. 4(a) shows the layout,
which includes only the LNA chip, inductor L1, and the SMPS
connector. This antenna uses an external bias tee providing dc
power to the LNA through the SMPS connector. Fig. 4(b) shows
apassive antenna, which includes only an SMPS connector. This
element is added to make a comparison with the signal gains of
the active antennas.

Fig. 5 shows photographs of the populated active and passive
receiving antenna elements. Each element is surrounded by the
remaining array elements (second type), which are not connected
to a coaxial connector. This allows for element testing in a
more realistic scenario where the neighboring elements affect
its impedance match. Prior measurements on the passive array
indicate that terminating the neighboring antennas with 50
short or open loads has no influence on the impedance match of
any given antenna element. This is due to the mutual coupling
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Fig. 4. (a) Second element type of an active antenna with the LNA chip and
inductor L1 on board. The LNA bias is provided with an external bias tee through
the SMPS connector. (b) Third element type of a passive antenna for comparison
purposes.

between neighboring elements being less than —15 dB in the
whole frequency band [21].

The fabricated antenna array includes backing layers partially
visible in Fig. 6(b). Portions of these are cut out to allow access
to the connectors. The thickness and permittivity values of the
backing layers are as follows: The first layer (starting from the
forks’ layer) is a 0.635 mm thick Rogers laminate (¢, = 10.2),
which in turn is backed with a 3.2 mm thick FR4 laminate (¢,, =
4.6). This is then shielded with copper.

In order to evaluate the fabricated arrays, the received signals
of all three element types are compared under identical measure-
ment conditions, i.e., using the same transmitting antenna and
tissue phantom. Port 1 of the Agilent Technologies E8363B PNA
Network Analyzer is connected to the transmitting antenna (an
in-house quad-ridge horn designed to transmit maximum power
when in direct contact with phantoms of relative permittivity
10 [22]). Port 2 is connected to the receiving array element
under test. The transmission coefficient So; is measured with
a flat-tissue phantom placed between the transmitting antenna
and the receiving array, both of which are pressed against the
sides of the phantom. The distance between the horn’s aperture
and the receiving slot equals the phantom’s thickness, which
is 4 cm. The breast-tissue phantom is homogeneous and made
of carbon—rubber material [16] of real relative permittivity de-
creasing monotonically from 15 at 3 GHz to 10 at 8 GHz. Its
imaginary part also decreases monotonically from 4 at 3 GHz
to 2 at 8 GHz.

The measured So; for the three types of elements is shown in
Fig. 7. As expected, the signals received by the two active ele-
ments are amplified compared to the passive one. For both active
elements, with on-board or external biasing, the differences are
close to the LNA gain of about 20 dB.

The measured impedance match (S71) of the third (passive)
element is shown in Fig. 8. It is satisfactory in the desired band-
width from 3 to 8 GHz. It is consistent with the simulations and
the measurements of the passive antenna array element reported
in [16]. The difference between simulation and measurement
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Fig. 5. Three fabricated element types. (a) First element type of an active
antenna with the bias circuit on the same board. (b) Second element type of an
active antenna with the LNA chip and inductor L1 only on the board. The LNA
bias is provided with an external bias tee through the SMPS connector. (c) Third
element type of a passive antenna for comparison.

is mostly due the simulations being based on a smaller array
of 3 x 3 antennas (due to extensive computational demand),
whereas the measured prototype consists of 11 x 11 antennas.
The simulation employs a three-layer medium, where a 5 cm
thick tissue layer resides between the two semi-infinite air lay-
ers. There is uncertainty in the phantom’s electrical properties,
which contributes to the discrepancy between simulation and
measurement [16]. All three layers in the simulation are infinite
in the lateral directions, whereas the actual phantom is finite
(20 cm x 20 cm).

IV. DISCUSSION

Radiation patterns are an important far-field antenna parame-
ter. However, the receiving array reported here operates in direct
contact with the tissue, capturing scattered signals emanating
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Fig. 6. Top and the bottom views of the fabricated antenna array with backing
layers and shielding. (a) Top layer facing the tissue phantom. (b) Bottom
shielding layer where the electronics and the connectors are.
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Fig. 7. Measured Sa; for the elements shown in Fig. 5.

within its reactive near-field and Fresnel zones. Moreover, it does
not operate in an open uniform medium, but rather in a layered
medium (air—phantom-air). To appreciate the operating condi-
tions, let us consider a tissue phantom of relative permittivity as
stated in Section III. The wavelengths range from approximately
25.6 mm at 3 GHz to 11.8 mm at 8 GHz. At the same time, the
breast-tissue phantom can have thicknesses ranging from 40 to
about 70 mm [23], which places much of the imaged volume
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Fig. 8. Measured and simulated S7; of the passive antenna (third element

type in the fabricated array) shown in Fig. 5(c).

within a wavelength or two from the slots. Note that the field
behavior is also affected by neighboring elements. Even if the
far-zone limits are estimated assuming a single array element
(12mm x 12 mm), they vary from 22.5 mm at 3 GHz to 48.8 mm
at 8 GHz, which places almost the entire imaged volume outside
the far-field zone. Therefore, the far-field patterns are not useful
in this application. The near-field distributions could be of
interest. They vary with frequency, distance to the array, and
the field component. As an example, the near-zone distributions
of the F-field magnitude are observed in simulations on a plane
36 mm x 36 mm (centered on the active slot’s boresight) at a
distance of 30 mm from the array. At 3 GHz, the distribution
varies smoothly from 1.17 V/m at the edge to 2.07 V/m at the
center. At 8 GHz, the variation remains smooth, with 80 mV/m
at the edges and 480 mV/m at the center.

We briefly note that the mutual coupling of neighboring array
elements (measured to be below —15 dB [21]) is of no concern
in a bias-switched array [16]. The isolation of the receiving ele-
ments is near-perfect [24], [25] because, at each measurement,
only the UWB receiver attached to the “activated” element is ON
while those of all other elements are OFF. Finally, we note that
reoptimizing the array for different tissue electrical properties
must focus on substrate permittivity, slot size, array-element
spacing, and position of the coaxial connector relative to the
fork. The main performance parameter is the impedance match
of the antenna element within a realistic (at least 3 x 3) array
arrangement.

V. CONCLUSION

A UWB miniature active printed slot antenna is proposed
and validated through measurements of two prototypes (with an
on-board bias tee and with an external bias through the coaxial
connector). A signal gain of about 20 dB is achieved in the
frequency band from 3 to 8 GHz, which matches that of the
LNA integrated on the antenna board. The two active element
types exhibit comparable results.
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