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Abstract

PORTABLE WIRELESS ANTENNA SENSOR FOR SIMULTANEOUS SHEAR AND

PRESSURE MONITORING

Farnaz Farahanipad, MS

The University of Texas at Arlington, 2017

Supervising Professor: Haiying Huang and Jean Gao

Microstrip antenna-sensor has received considerable interests in recent years due
to its simple configuration, compact size, and multi-modality sensitivity. Having a simple
and conformal planar configuration, antenna-sensor can be easily attached on the structure
surface for Structure Health Monitoring (SHM). As a promising sensor, the resonant
frequency of the antenna-sensor is sensitive to different structure properties: such as
planar stress, temperature, moisture, pressure and shear. As a passive antenna, antenna-
sensor’s resonant frequency can be wirelessly interrogated at a middle range distance
without using an on-board battery. However, a major challenge of antenna-sensor’s
wireless interrogation is to isolate the antenna backscattering from the back-ground
scattering to avoid “self-jamming” problem. To tackle this problem, we have developed an
algorithm in order to eliminate back-ground structure backscattering.

This study develops antenna-sensor interrogation for simultaneous shear and
pressure displacement sensing. A patch antenna was investigated as a shear and pressure
sensing unit and an Ultra-Wide Band (UWB) antenna was added as a passive transceiver
(Tx/Rx) for the antenna sensor. A microstrip delay line was implemented in sensor node to

connect the Tx/Rx antenna and patch antenna-sensor. Due to time delay caused by the



delay line, the antenna backscattering can be separated from back-ground scattering in
the time domain using time-gating technology. The gated time domain signal was
converted into the frequency domain by Fast Fourier Transform (FFT), from which the
resonant frequency of antenna-sensor can be determined.

Furthermore, we integrated the time-gating technique using the FMCW radar
principle to realize FMCW time-gating interrogation technique to achieve a compact
portable interrogation unit for wearable applications. The advantage of such an approach
is that the time gating is performed in the frequency domain instead of the time domain. As
a result, substantial improvement on the interrogation speed and the size of the interrogator
can be achieved.

The proposed shear/pressure displacement sensor is intended to be used for
monitoring the interaction between the human body and assistive medical devices (e.qg.
prosthetic liners, diabetic shoes, seat cushions) in order to enhance the comfort for the

patients.
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Chapter 1

Introduction

1.1.Importance of shear and pressure sensor for structural health

monitoring

Two types of forces exist at interface between two objects when they
interact with each other: the force that is perpendicular to the interface is
called the pressure force, while the force that is parallel to the interface is
called the shear force. Measuring these two interfacial forces is crucial for
many applications. For example, the human hand has the capability of
perceiving the pressure as well as shear forces, which enable us to detect
slippage and texture of objects[1]. Recently, there are increasing interest in
developing tactile sensors for robots that can imitate the tactile sensation of
human hands[2][3][4][5]. The combination of shear and pressure forces is
also believed to play important roles in the ulceration of tissue, which has
plagued the populations with diabetics[6][7], wheel chair users[8],
amputees[9], and those who wear assistive medical devices. Embedding
shear and pressure sensors in wearable devices such as diabetic shoes,
seat cushions, prosthetic sockets, etc. will not only provide the needed

guidance on how to adjust these devices for alleviating adverse conditions
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but also could provide an important instrument for studying the etiology of
pressure ulcers.

Different physical mechanisms have been exploited in the past to
realize simultaneous shear and pressure sensors. Most of these sensors
measure displacements, from which the response of the sensor to the shear
and pressure forces are determined through calibration. Strain gauges were
first used for shear and pressure measurements at the interface of a
residual limb and a prosthetic socket[10]. Later, micro-machining
technologies were introduced to reduce the sensor size and improve the
spatial resolution, in which the strain gauges were replaced by other piezo-
resistive sensing elements[11][12][13]. One drawback of the piezo-resistive
sensors is that their resistance changes are typically very small and thus
require delicate signal conditioning. The high power consumption of these
sensors could also prevent them from being used in battery-powered
portable monitoring systems. Shear and pressure sensing using capacitor
arrays have been studied by several researchers[4],[14][15][16].
Additionally, they can be implements in flexible membranes and thus are
more compatible with the human skins. But, capacitive sensors are
sensitive to temperature and humidity. Inductive sensors have also been

investigated to address the environmental sensitivity issues as well[17].
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In order to measure shear and pressure displacement
simultaneously, sensors usually become more complex and may require
additional wiring for power. This large wire count severely limits the number
of sensors that can be implemented in a distributed fashion. Multiple optical
fiber sensors, on the other hand, can be implemented in one strand of
optical fiber and thus have been studied for distributed shear and pressure
sensing[18][19][20]. Unfortunately, the interrogation instruments for optical

fiber sensors are usually bulky and expensive.

1.2.Patch antenna sensors

Another class of sensors that can enable distributed sensing is the
electromagnetic (EM) resonant sensor[21][22][23][24][25][26]. Not only can
these sensors be configured to sense multiple modalities simultaneously,
they also can be interrogated using wireless means. Microwave patch
antenna sensor is such an EM resonant sensor[27][28]. Antenna sensor
technology has received high interest due to its low cost, compact size,
passive operation and multi-modality sensitivity[27][29]. The most specific
benefit of the antenna sensors is that it can be applied as wireless
transceiver or passive sensor. Thus, these sensors can be implemented

with minimum number of components.
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1.3.Proposed sensor based on the microstrip patch antenna

technology and its operation principle

A regular microstrip patch antenna usually consists of three
components, namely a radiation patch, a di-electric substrate, and a ground
plane, as shown in Figure 1. When a broad-band EM signal is supplied to
the radiation patch through a microstrip transmission line, the signal whose
frequency matches the antenna resonant frequency is radiated by the
radiation patch while the remaining signal is reflected back. The spectrum
of the reflected signal, therefore, displays significant losses at the antenna

resonant frequencies.

e —
Fd #
i

hl dielectric ()

Ground

Figure 1-1 Microstrip rectangular patch antenna demonstration

To establish a shear pressure sensor, we can add a superstrate and

a rectangular director above the radiation patch. A pressure and shear

16



forces applied to the sensor package deform the superstrate and cause
changes in vertical or lateral position of the rectangular director. The
resonant frequency of the patch will change due to the change in EM
coupling between the radiation patch and director. Finally, by developing an
algorithm, we are able to inversely determine the applied pressure and

shear forces simultaneously.

1.4.Wireless interrogation of antenna sensor

A standard wireless sensing system can be separated into two parts:
a wireless part to encode the sensing information into radio frequency (RF)
and a wireless reader to decode the received RF signal and extract the
original sensing information[30]. As a result, besides the benefit over the
wired system, the setup is also improved.

In this work, an Ultra-Wide Band (UWB) antenna was added as a
passive transceiver (Tx/Rx) for the antenna sensor. A wide broad-band
signal is transmitted towards the antenna sensor through UWB (Tx/Rx). A
microstrip delay line was added to the sensor node between Tx/Rx antenna
and sensor. It is assumed that we can extract the resonant frequency of the
antenna sensor by analyzing the reflected signal from the sensor node and

calculate the applied shear and pressure due to the changes in frequencies.
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The problem is that the backscattering signal from sensor node consists of
both the antenna backscattering and back-ground clutter, which creates

"self-jamming" problem[27].

1.5. Objectives in this research

In order to use wireless interrogation, a major challenge is to tackle
the self-jamming problem. In the other word, the antenna backscattering
should be isolated from back-ground clutter. In this thesis, we have
developed a program in order to isolate the antenna backscattering from
the received wireless signal by time-gating. Also in order to inversely
determine shear and pressure displacement, simultaneous shear and
pressure experiment on antenna-sensor was performed.

The scientific merits of this proposed research are:
1) Develop time gating technique, based on either software or

hardware, to eliminate self-jamming problem;

2) Implement and characterize antenna sensor for simultaneous
shear and pressure sensing;

3) Established a method to characterize di-electric for any material
using microstrip patch antenna;

4) Develop UWB antennas on flexible substrate;

18



5) Higher sensitivities for shear and pressure displacement are

achieved.
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Chapter 2

Microstrip patch antenna

2.1. Principle of micro strip Antenna operation

A microstrip rectangular patch antenna consists of three
components, namely a radiation element, a di-electric substrate, and a
ground plane, as shown in Figure 2-1 (a). Functioning as an
electromagnetic (EM) resonator, a regular microstrip patch antenna
radiates EM signals at its resonant frequencies. When a broadband EM
signal is supplied to the radiation patch through a microstrip transmission
line, the signal whose frequency matches the antenna resonant frequency
is radiated by the radiation patch while the remaining signal is reflected
back. The spectrum of the reflected signal, therefore, displays significant
losses at the antenna resonant frequencies. This phenomenon is
represented by a Si1 curve that plots the return loss of the patch antenna

as a function of the incident frequency, as shown in Figure 2-1 (b).
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Substrate  Antenna Frequency (GHz)
AT

Ground
plane

Return loss (dB)

(a) (b)

Figure 2-1 (a) microstrip patch antenna consisting of a ground plane, a rectangular
radiation element, and a di-electric substrate; (b) typical Si1 curve of a microstrip patch

antenna.

2.2.Patch antenna as shear and pressure sensor

The simultaneous shear and pressure sensor is essentially a stacked
microstrip patch antenna consisting of a regular patch antenna, a

superstrate, and a director, as shown in Figure 2-2.

* Rectangular patch antenna
Figure 2-2 A shear/pressure displacement sensor consists of a microstrip patch antenna

and a director that is separated from the radiation patch by a superstrate;
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The resonant frequencies of a regular microstrip patch antenna are
determined by the dimensions of the radiation patch as well as the di-
electric properties of the substrate material. A microstrip patch antenna with
a rectangular radiation patch, for example, has two fundamental
resonances. The resonance with the lowest frequency, i.e. the TMo1
resonance, corresponds to the length of the radiation patch, while the
resonance at the second lowest frequency, i.e. the TM1o mode, corresponds
to its width. Based on the transmission line model[31], the resonant
frequencies of a microstrip patch antenna are determined by the dimensions

of the radiation patch and its effective di-electric constant ¢, as:

fun = 3 (2 + () W

here c is the speed of light in vacuum, L is the length of the antenna patch,
and W is the width of the antenna patch. fio and fo1 represent the resonant
frequencies of the TM10 and TMoz1 resonances, respectively.

From various analytical models for microstrip patch antenna, the
transmission line model is chosen for this study due to its simplicity.
Studying the electric field propagation of microstrip line shows that part of
the electric field lines travels in-to air instead of the di-electric substrate

(Figure 2-3).
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air

. |
dielectric

Ground Plane

Figure 2-3 Electric field lines in transmission line model; Radiation from Microstrip

antenna can occur from the fringing fields between periphery of patch and ground-plane

Hence, by considering fringing and wave propagation, an effective
di-electric constant &,.¢ is introduced. For a microstrip patch antenna
having air as its superstrate (i.e. the un-loaded antenna), its effective di-
electric constant is approximately equal to the di-electric constant of the
substrate. When a superstrate and a metallic director are placed on top of
the radiation patch, the effective di-electric constant of the antenna is
contributed by the di-electric constant of the superstrate as well[32].

In addition, the antenna resonant frequencies are also sensitive to
the vertical and lateral positions of the director due to the EM coupling
between the radiation patch and the director. As an instance, by applying
the pressure depicted in Figure 2-4 (a), the distance between the radiation

patch and the director is decreased which in turn shifts the antenna
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resonant frequencies. The shear forces also change the lateral position of
the director (in the x-direction) as shown in Figure 2-4 (b), which again
results in shifting the antenna resonant frequencies. Measuring the two
antenna resonant frequencies, therefore, enables deducing the shear and

pressure displacements of the director simultaneously.

Pressure

—
PP —
—
—
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i —
—
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—
—
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—
—
-—
-—
—
—
<+
-—
w
=
8
v

(a) (b)
Figure 2-4 Effects of pressure and shear forces on microstrip patch antenna ;(a) Vertical
displacement between patch antenna and reflector due to compression;(b) Lateral

displacement between patch antenna and reflector due to shear deformation.

There is no need to explain that, to accurately define the resonant
frequency of the microstrip patch antenna, di-electric constant of
superstrate should be determined. In the next chapter, the steps to define
the effective di-electric constant and design process of antenna are

explained.
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Chapter 3

Shear and pressure antenna sensor

3.1.Sensor design and fabrication

Various software tools can perform electromagnetic analysis of
different kinds of antenna. Here, we used Sonnet Pro 16.52 due to its user-
friendly graphical interface and its accuracy for regular shapes of patches.
The steps for initial design of microstrip patch antenna with superstrate are
provided in this chapter.

The configuration of the antenna shear and pressure displacement
sensor as well as its design parameters are shown in Figure 3-1. A
rectangular director was selected due to its simplicity. The director was
chosen to be wider than the radiation patch so that a slight shift of the
director along the width direction of the radiation patch does not have any
effect on the antenna resonant frequencies (see Figure 3-1 (a)) .On the
other hand, the director only covers a portion of the radiation patch along
its length direction. The length direction of the radiation patch is therefore

the shear direction of the antenna sensor.
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Figure 3-1 Configuration and design parameters of the antenna shear/pressure
displacement sensor: (a) top view; (b) side view; the radiation patch is embedded
between the substrate and superstrate; (c) director dimensions; (d) radiation patch and

microstrip transmission line dimensions.

The side view of the antenna sensor is shown in Figure 3-1 (b). The
components with a solid golden fill (i.e. the ground plane, the radiation
patch, and the director) are conductive while the components with a hatched
fill (i.e. the substrate and superstrate) are di-electric materials. The design
parameters include the di-electric constant &,..; and thickness h, of the

substrate, the length L and width W of the radiation patch, the di-electric
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constant &,.., and height h, of the superstrate, as well as the shape,
dimensions, and position of the director placed on top of the superstrate. In
addition, the radiation patch will be fed by a microstrip transmission line
terminated with a 50 Q subminiature version A (SMA) connector to excite
the resonance modes. In order to achieve impedance matching among the
radiation patch, the microstrip transmission line, and the SMA connector,
inset feeding and a quarter-wavelength (Q-1) impedance transformer have
to be designed. The design parameters for the feeding mechanism include
the inset feeding location (x,,y,), the length L; and width W, of the microstrip
transmission line, and the length L, and width W, of the Q-A transformer. A
commercial high frequency di-electric laminate with a di-electric constant of
3.48 and a thickness of 1.52 mm (RO4350B from Rogers Corp.) was
selected as the substrate material. Silicone rubber, which is commonly used
in commercial prosthetic liners, was selected as the superstrate material.
The height of the superstrate was selected to be 5 mm, which is the typical
thickness of prosthetic liners. Since silicone rubber can vary widely in
compositions. The di-electric constant of silicone rubber has to be

characterized experimentally.
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3.2.Simulate the effects of superstrate on the antenna resonant

frequencies

We need to know the effective di-electric constant of superstrate in
order to select the length and width of the patch properly. To evaluate the
effects of the superstrate on the antenna resonant frequencies, a single-
frequency patch antenna with a 5 mm thick superstrate was designed and

modeled using an EM simulation tool (Sonnet Pro 16.52). The simulated S11

curves of the antenna indicates

to lower values as the superstrate di-electric constant increases, as

depicted in Figure 3-2.

that the antenna resonant frequency shifts

D 6p1GHz_R3003 0p2S_superstrated_er testson
L5 e =
Cartesian Plot
Z0 = 50.0

Son

[Cunve warker DBISTI

Left Axis
Gp1GHz_R3003_0p25_ supe
DB[S11] < M 5
Right Axis a E
[empty] g
" 10
I
t
u
4 15
e
(@B) 20 o}
-25

oo

LR Ases v

o}

44 46 48 5 52 5456 58 6 62 64 6.6
Frequency (GHz)

are inc

| [Pointer |

Figure 3-2 The simulated Si11 curves

of the antenna with different superstrate di-electric

constant.
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Based on the resonant frequency shifts, we can inversely determine
the effective di-electric constant of the superstrate-loaded antenna from the

fres frequency[32], i.e.,

C

fres = e (2)
The effective di-electric constants, &, , calculated using Equation 2

and the simulated antenna resonant frequencies, are summarized in Table
1 and plotted in Figure 3-3. The effective di-electric constant, calculated
from the simulated antenna resonant was 3.676 for the un-loaded antenna

and it increases linearly with the superstrate di-electric constant.

Table 1 Relationship between the superstrate di-electric constant and the effective di-

electric constant of the superstrate-loaded antenna

Resonant Frequency Effective Di-electric
Di-electric Constant
(GHz) Constant
1 6.11 3.0315
2 5.99 3.154
3 5.86 3.295
4 5.71 3.471
5 5.52 3.714
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Figure 3-3 Effect of superstrate di-electric constant on the antenna resonant frequency of
a single —frequency patch antenna and the effective di-electric constant derived from the

simulated antenna resonant frequency shift.

The single-frequency patch antenna was fabricated from a substrate
with double sided copper clad using a chemical etching technique. The
frequency of the fabricated patch antenna was measured with and without
the superstrate. Due to the variability associated with the fabrication
process, the fabricated antenna without the superstrate had a resonant
frequency of 5.96 GHz, while the simulated resonant frequency was 6.16
GHz. The difference between the simulated and measured frequencies is
around 3%. Placing the superstrate on top of the radiation patch shifted the
antenna resonant frequency to 5.78 GHz. Due to the discrepancy between

the simulated and measured antenna frequencies, the measured frequency
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cannot be used directly for obtaining the superstrate di-electric constant
from Figure 3-3. To compensate for the discrepancy, the effective di-electric
constant of the silicone-loaded antenna was calculated using equation (6)
in [32], the measured antenna frequencies of the loaded and unloaded
antenna (fr = 5.78 GHz, fio = 5.96 GHz) and the effective di-electric constant
of the unloaded antenna (&,,= 3.676), which resulted in an effective di-
electric constant of 3.9 for the superstrate-loaded antenna. Based on Figure
3-3, the di-electric constant of the silicone superstrate was then determined
to be 1.63, which is much smaller than the values of between 3.0 to 4.0
reported in [33] [34]. We obtained similar di-electric constant values for a 2
mm thick superstrate and the 5 mm thick superstrate using a patch antenna
with a much thinner substrate. In both cases, the simulation model was
modified to reflect the thickness changes. Therefore, the smaller di-electric
constant obtained is likely due to the composition of the prosthetic liner
material, which is much softer than the silicone materials that are used for
antenna Radomes.

This approach can be used in the future to experimentally determine
the di-electric constant of any superstrate material and incorporate the
measured di-electric constant in the antenna sensor design process. As
such, a more realistic antenna design model can be established for sensor

optimization and parametric study.
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3.3.Sensor design and simulation

Based on the measured superstrate di-electric constant and based
on the literature review[35], the sensor size was chosen to be around 10
mm. Following the antenna design procedure described in [35], the fo1 and
fio frequencies were selected to be 6 and 7 GHz, respectively, which
resulted in a radiation patch of 12.1 mm in width and 10.2 mm in length. The
width of the microstrip transmission line was chosen to be 1.0 mm, which
has an impedance of 90 Q for an effective di-electric constant of 3.9. The
inset feeding location (xo, yo) was calculated accordingly using the approach
described in[35]. Finally, the impedance of the Q-A transformer was
calculated as 67 Q, where Zso represents the 50 Q impedance of the SMA
connector and Z: = 90 Q is the impedance of microstrip transmission line.
The corresponding width and length of the Q- A transformer are 1.9 mm and
6.7 mm, respectively. The width of the director was chosen to be 16 mm,
which leaves a 2 mm margin on each side of the radiation patch along the
width direction. As such, the antenna sensor is not sensitive to slight lateral
movements of the director.

The length of the director controls the sensitivities and overall size of
the sensor, which in turn determines its spatial resolution; a shorter director

results in lower sensitivities but a finer spatial resolution while a longer
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director leads to high sensitivities and coarser spatial resolution. As a trade-
off, the length of the director was chosen to be 12 mm. The sensor design
was modelled in Sonnet Pro. A three dimensional (3D) view of the
simulation model is shown in Figure 3-4. The simulation box was 100 mm
wide and 150 mm long with a cell size of 0.05 mm square, resulting in
2000X3000 cells in total. The top surface of the simulation box was
assigned to be free space while the other five surfaces were assumed to be
lossless metal. The space between the director and the top surface had a

height of 10 mm and was filled with air.

50 Q Via

Figure 3-4 Three-dimensional view of the antenna shear/pressure displacement sensor

simulated using an electromagnetic simulation tool (Sonnet Pro 16.52).

To excite the patch antenna, a square via with a dimension of 1 mm
by 0.2 mm and a 50 Q port were placed at the end of the microstrip

transmission line. To reduce the computational time, the analysis was
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carried out using “adaptive sweep”. Due to the inset feeding, the

impedances of the two antenna resonances are coupled.

Table 2 Design parameters of antenna shear and pressure displacement sensor

£ substrate di-electric constant 3.48
hy substrate thickness 1.52 mm
£y superstrate di-electric constant 1.63
h superstrate thickness 5.0 mm
£ effective di-electric constant 3.90

L radiation patch length 10.2 mm
W transmission line length 12.1 mm
L transmission line width 50 mm
Wi transmission line width 1 mm
Lo Q-[transformer length 6.7 mm
Wo Q-[Jtransformer width 1.9 mm
Ly director length 12 mm
Wa director width 16 mm

(Xo, Yo) transmission line feeding position (2.2,3.00mm
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To find an optimized feeding location, a parameter sweep on (Xo, Yo)
was carried out when the director covered one half of the radiation patch
along its length direction and was centered along the width direction of the
radiation patch (see Figure 3-1 (a)). The finalized design parameters of the

antenna sensor are given in Table 2.

3.4 Optimize the antenna sensor design to achieve sufficient sensitivities

The effects of the director position on the antenna resonant
frequencies were studied by assuming that the neutral position of the
director, i.e. with zero pressure and shear displacements, is when the
director is 5 mm above the radiation patch and its lower edge is aligned with
the center line of the radiation patch. The superstrate height was varied from
5 mm to 3.6 mm at an interval of 0.2 mm, resulting in a total pressure
displacement of 1.4 mm. At each pressure displacement, the director was
shifted along the shear direction from s = -4 mm to 4 mm at an increment of
1 mm, where s = -4 mm corresponds to when the lower edge of the director
is 4 mm above the center of the radiation patch. The effects of the shear
and pressure displacements on the antenna resonant frequencies are
shown in Figure 3-5.Both frequencies increased with the increase of the

pressure displacement, i.e. as the director was moved closer to the radiation
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patch. Similarly, under a constant pressure displacement, the antenna

frequencies increased as the director was moved toward the transmission

line.
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Figure 3-5 Simulated results - effects of the shear and pressure displacements on the (a)

for and (b) f;, antenna frequencies and their (c) shear and (d) pressure sensitivities

At large shear displacements, i.e. when the director was very close
to the feeding location, both frequencies become less sensitive to the shear
displacement, as shown in Figure 3-5(a) and Figure 3-5(b). In addition, the

TMs1o resonance weakened significantly and it was difficult to detect the fio
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frequency when both the shear displacement and the pressure
displacement are large, resulting in missing data points for pressure
displacements larger than 1.0 mm (see Figure 3-5 (b)). The average shear
and pressure sensitivities were calculated at different pressure and shear
displacements, respectively. As shown in Figure 3-5(c), the shear
sensitivities are similar for the two antenna resonant frequencies, ranging
from around 40 MHz/mm at zero pressure to slightly above 70 MHz/mm
when the pressure displacement was 1.4 mm. The pressure sensitives of
the antenna resonant frequencies are about two to three times larger than
the shear sensitivities. For both frequencies, the pressure sensitivities
increased linearly with the shear displacement increase when the shear
displacement was negative. These sensitivity increases, however, leveled
off when the shear displacement became positive. In addition, the fo1
frequency displayed much higher pressure sensitivity than the fio frequency

did.

3.5 Sensor fabrication and characterizing

The dual-frequency microstrip patch antenna was fabricated
following the same fabrication procedure described above while the director
was cut from a thin flexible laminate (Rogers RO3003, 0.125 mm thick). The

three components of the antenna shear and pressure displacement sensor,
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i.e. the rectangular patch antenna, the superstrate, and the director are
shown in Figure 3-6. The patch antenna and the director were taped on
base plates using Kapton tape so that they can be installed on a test
apparatus that can apply controlled shear and pressure displacements

automatically.

Patch antenna

Figure 3-6 Components for the antenna shear/pressure displacement sensor.

The superstrate was cut from a commercial prosthetic liner and glued
on the patch antenna using an instant-bonding ethyl adhesive (Loctite
4011). The antenna resonant frequencies before and after the application
of the adhesive were almost identical, indicating that the adhesive has little
effect on the antenna resonant frequencies. The measured Si: curves of
the antenna sensor without the superstrate, with the superstrate, and with
the director placed at the neutral position are compared with their simulation

counterparts in Figure 3-7. Again, due to the fabrication variability, the

38



measured frequencies of the antenna sensor without the superstrate were
slightly smaller than the simulated values. As predicted by the simulation
model, the measured antenna frequencies shift to lower frequencies when

the superstrate was placed on top of the radiation patch.

Frequency [GHz)

Frequency (GHz
5.0 5.5 6.0 6.5 7.0 7.5 8.0 q vl )
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(a) (b)
Figure 3-7 Effects of the superstrate and director on the resonant frequencies of the dual-

frequency patch antenna; (a) simulation and (b) measurement.

Similarly, adding the director shifted the antenna frequencies higher.
However, the frequency increases due to the director were much smaller
than those predicted by the simulation. While the measurement results
matched with the simulation model qualitatively, it is, in general, difficult to
achieve an exact match between the simulation and measurement due to
the sensitivity of the antenna sensor to minute fabrication variations and the

difficulty in modeling the nuances of the experiments. For example, the
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simulation model has a perfect 50 Q port while soldering may change the
impedance of the SMA connector in the experiment. Moreover, the
superstrate covers the entire design space, including the port, in the
simulation model. In contrast, the superstrate only covers a portion of the
microstrip transmission line in the experiment. Other factors, such as the
thickness of the superstrate, which was difficult to measure precisely using
a caliper due to the softness of the material, and the alignment of the
director may also contribute to the observed discrepancies. Therefore, the
simulation is only used for the initial design of the antenna sensor but the
performance of the antenna sensor was characterized and validated

experimentally.

3.6. Shear and pressure test set up

A test apparatus that enables applying controlled shear and pressure
displacements to the antenna sensor package was implemented and is
shown in Figure 3-8. The base plate containing the director was installed on
the top plate, which is fixed along the vertical direction but can freely slide
along the horizontal direction. The base plate containing the patch antenna
and the superstrate was installed on the bottom plate that is mounted above
a bubble actuator and can freely slide along the vertical direction. Inflating

the bubble actuator pushes the bottom plate upward, generating a pressure
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force on the sensor package. The displacement of the bottom plate was
measured using a linear variable differential transformer (LVDT) distance
sensor. To apply shear displacements, a rod was screwed on the top plate

so that its position can be adjusted using a linear motor.

Sensor under test
Y tinesr motor

Top plate LVDT-pressure

Bubble L
actuator .
. LVDT-shear

Figure 3-8 Mechanical test apparatus for applying controlled shear and pressure
displacements on the antenna sensor under test

Shear displacement of the top plate was also measured using an
LVDT distance sensor, mounted on the opposite side of the shear rod. The
resonant frequencies of the microstrip patch antenna were measured by
connecting it to a vector network analyzer (VNA) (Rohde & Schwarz,
ZVA24) using a coaxial cable. The VNA was set to sweep the interrogation
frequency from 5 GHz to 8 GHz with 5001 frequency points, resulting in a
frequency resolution of 0.6 MHz. An Arduino-based controller was
implemented to control the applied shear and pressure displacements and

to acquire the shear and pressure displacements from the LVDT sensors.
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A visual-basic program was developed in Microsoft Excel to communicate
with the controller and to acquire the Sii1 parameters from the VNA
automatically. The shear and pressure test was first carried out without
gluing the director to the superstrate so that the shear displacement range
can be evaluated. Based on this initial test, the neutral position of the
director was determined. Subsequently, the director was glued to the
superstrate using the same adhesive that glued the superstrate to the
radiation patch. After the adhesive was cured, the director was moved away
from the neutral position so that the antenna sensor can be tested under

different combinations of shear and pressure displacements.

3.7. Results of shear and pressure testing of the antenna

The shifts of the antenna resonant frequencies with the applied shear
and pressure displacements are plotted in Figure 3-9 (a) and (b). The total
pressure displacement applied was 0.78 mm, corresponding to pressurizing
the bubble actuator from 0 kPa to 273 kPa at an interval of 19.5 kPa. The
total shear displacement was 5.94 mm, i.e. the director was moved from -
4.08 mm to 1.86 mm at 13 increments. Both antenna frequencies reduced
initially when the pressure displacement was increased from 0 mm to 0.15

mm. Subsequently, the antenna frequencies increased linearly with the
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increase of the pressure displacement. The inconsistency of the antenna
frequency shifts at the low pressure displacements, which is not predicted
by the simulation, may be contributed by a thin layer of fabric laminated on

the outer surface of the commercial prosthetic liner.
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Figure 3-9 Measurement results - effects of shear and pressure displacements on the (a)

for and (b) f,, antenna frequencies and their (c) shear and (d) pressure sensitivities for the

selected operation range of pressure displacements from 0.15 mm to 0.78 mm and shear
displacements from -3.6 mm to 1.35 mm. In (a) and (b), only the solid curves, i.e. the
curves obtained within the shear displacement operation range, were selected for the

inverse algorithm.
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Considering that the thin fabric is relatively porous, its thickness and
di-electric constant may experience large changes at the initial application
of pressure. These parameters, however, will stabilize once the pressure
reaches a threshold, beyond which the antenna frequencies are mainly
influenced by the compression of the silicone rubber. Another contributor
may be the alignment of the bottom plate, which cannot be perfectly leveled
initially. We observed that the bottom plate tended to self-level under slight
pressure. Since the antenna sensor is unlikely to operate at near zero
pressure condition, the measurements obtained below 0.15 mm pressure
displacements were excluded, resulting in a pressure operation range of
0.15 mm to 0.78 mm.

As a result, the shear operation range of the antenna sensor is
defined as from -3.6 mm to 1.35 mm. The shear and pressure sensitivities
of the antenna resonant frequencies for the selected operation range are
shown in Figure 3-9 (c) and (d). The shear sensitivity of the fo1 frequency
varies almost linearly from 13 MHz/mm to 19 MHz/mm as the pressure
displacement increases while the shear sensitivity of the fo1 frequency
remains almost constant at around 17 MHz/mm. The pressure sensitivities
of both frequencies increase steadily when the shear displacement was
increased from -3.6 mm to -1.6 mm. The shear sensitivities, however,

leveled off when the shear displacement was increased beyond -1.1 mm.
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Qualitatively, the trends of the measured antenna frequency shifts as well
as the shear and pressure sensitivities matched with the simulation
predictions. However, the measured sensitivities were three or four times
smaller than the simulated values. Again, these discrepancies are likely due
to the fact that the simulation model cannot faithfully capture the details of
the experiment setup. For example, the simulation model only accounted
for the position changes of the director but did not consider the di-electric
constant change of the silicone rubber under shear or pressure

deformations.

3.8. Results and discussion

In order to inversely determine the shear and pressure
displacements from the measured antenna resonant frequencies, a
MATLAB program was developed to curve fit the measurement data using
bi-variable quadratic functions, fij=Poo+P10.5+Po1.p+P11.5.p+P20.52+Pg2.p2
where s is the shear displacement, p is the pressure displacement, and fj
stands for either fo1 or fi0. R? values of 0.9978 and 0.9990 were achieved
for the for and fio frequencies, respectively. The 3D views of the fitting
surfaces as well as the measured data are shown in Figure 3-10 (a) and

(b). Based on these fitting equations, an algorithm was developed to extract
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the shear and pressure displacements from measured antenna resonance

frequencies.

(c) (d)

Figure 3-10 Deduce the shear and pressure displacements from the measured antenna
resonant frequencies; (a) and (b) curve fitting the measured f,, and f,,frequencies as a
bi-variable quadratic function; (c)and (d) comparisons between the shear and pressure

displacements inversely determined from the measured f,, and f,, frequencies with the

actual inputs. The blue line represents a perfect match between the estimated and actual

values.
The inverse algorithm searches the entire shear operation range s
with an increment of 0.01 mm. For each assumed s value, the pressure

displacement p is solved from the fo1 fitting equation, which is a single-
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variable quadratic function once s and fo1 are known. The resulting (s, p)
pairs are subsequently plugged into the fio fitting equation to calculate the
estimated fio frequency. The difference between the estimated and
measured fio frequencies was then recorded. After the entire shear
displacement range was searched, the (s, p) value that gives the lowest
difference between the estimated and measured fio frequencies was
selected as the measured shear and pressure displacements.

The measured shear and pressure displacements, i.e. the values
inversely determined from the antenna resonant frequencies, are compared
with their actual inputs in Figure 3-10(c) and (d). Except a few outliers, the
errors between the measured displacements and the actual inputs are
typically within 0.3 mm for the shear displacements and within 0.15 mm for
the pressure displacements, corresponding to 5% of the full shear
displacement range and 25% of the full pressure displacement range,
respectively.

Some of the measurement errors may be contributed by the LVDT
sensors, which have measurement uncertainties of 0.06 mm. The
measurement errors for the shear displacements are comparable to those
of the published sensors [6], while the measurement errors for the pressure
displacements, in terms of the percentage of the full range, is slightly higher

than that of the pressure sensor commercialized by Tekscan[36], which is
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widely used in clinical applications. It is worth noting that we were not able
to apply pressures beyond 273 kPa to the bubble actuator due to the
equipment limitation. Therefore, the full pressure displacement range of the
antenna sensor may be larger than what we have obtained in this study.
Reducing the height of the superstrate in the future may improve the range
and measurement uncertainties of the antenna sensor, especially for the
pressure measurements. In addition, we also noticed that the test apparatus
introduced slight coupling between the shear and pressure displacements
due to the bubble actuator. Replacing the bubble actuator with a linear
motor may improve the measurement uncertainties as well.

In this study, the antenna sensor was characterized with respect to
the shear and pressure displacements. The corresponding shear and
pressure forces or stresses can be calculated from the measured
displacements once the mechanical properties, namely the shear and
compression moduli, of the superstrate material are known. Considering
that the shear and pressure stresses for different applications vary widely
[6][36], the mechanical properties of the superstrate material should be

characterized and adjusted for specific applications.
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Chapter 4

Wireless interrogation of embedded antenna sensor

4.1. Introduction of UWBs and its principle of operation

Wireless sensors have many advantages over traditional wired
sensors. Sensor installation and maintenance costs are much lower for
wireless sensors because the need for cables is eliminated. In addition, the
mobile nature of wireless sensors also makes reconfiguration of the sensor
networks easier. Using wireless communication as the sensor interrogation
method eliminates the physical limitation on the maximum number of
sensors that can be interfaced to a monitoring system.

Antennas began to be used as an electrical part in wireless
communication in 1888, Heinrich Hertz (1857-1894) were first demonstrate
the existence of radio waves[37]. The UWB antennas became popular for

wireless interrogation due to its wide frequency range for communication.

Figure 4-1 Rectangular monopole Ultra-Wide Band antenna; Back and front side
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The ideal antennas for UWB system have proper broad operating
bandwidth for impedance matching and high gain radiation for different
directions. There are various kinds of UWB models but the monopole planer
antenna type is the most common one, which is shown in Figure 4-1. The
monopole planer has wide bandwidth, simple structure, easy fabrication
and it is inexpensive. It has been demonstrated that rectangular UWB
antennas with the partial ground are able to support multiple resonant
modes compare to one with complete ground plane[38]. These closely
overlapped resonant modes, as shown in Figure 4-2, can achieve a wide

bandwidth.

10dB

(dB)

Retum Loss

fi f2 f3 % Frequency

Figure 4-2 Closely overlapped resonance mode for monopole antennas

In this chapter, the design and implementation of a compact
microstrip Ultra-Wide Band (UWB) antenna are explained. Due to complex

calculation and difficulties in fabrication process, we propose a method to
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design the UWB antenna using the transmission line model that we used
for antenna sensor design. The fabricated UWB has the capability of

operating between 3.4 GHz to 8.6 GHz.

4.2. UWB design and implementation

The UWB Tx/Rx microstrip antenna was designed with a 0.25 mm thick
RO3003 as the flexible substrate: The design started with a conventional
patch antenna having a perfect ground plane. The resonant frequency of
the conventional microstrip antenna f was chosen to be at 6.11 GHz which
resulted in a radiation patch that is 14.1 mm in length and 17.3 mm in width.
A transmission line width of 0.6 mm was chosen. To increase the bandwidth
of the antenna, the ground plane has to be reduced to partially cover the
radiation patch, as shown in Figure 4-3 (a). Simulations of the antenna with
perfect ground and partial ground were carried out, followed by the
parametric study on the height of the ground plane and the width of the
microstrip feed line. The optimum result for partial ground is shown in Figure

4-3 (b).
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Figure 4-3 The design of the UWB Tx/Rx antenna; (a) numerical simulation model
developed in Sonnet Pro 16.52; (b) simulated Si; parameter of the UWB Tx/Rx antenna.

The -10 dB bandwidth is determined to be from 5 GHz to 7.96 GHz.

The final design parameters of the UWB Tx/Rx microstrip are given in

Table 3.
Table 3 Design parameter of UWB Tx/Rx microstrip antenna
al substrate di-electric constant 3.0
hl substrate thickness 0.25 mm
L radiation patch length 14.1 mm
w radiation patch width 17.3 mm
Lt transmission line length 8 mm
Wit transmission line width 0.4 mm
Lt2 quarter transmission line 7.9 mm
Wit2 quarter transmission line width 0.6 mm
Lg ground patch length 15 mm
Wg width of the feed microstrip line 0.6 mm

The UWB Tx/Rx microstrip antenna was fabricated on commercial

substrate (RO3003 from Rogers Crop.) with a di-electric constant of 3 and
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a thickness of 0.25 mm. The front and back views of the UWB antenna

fabricated using chemical etching are shown in Figure 4-4 (a).

Return Loss(dB)

Frequency(GHz)

(a) (b)
Figure 4-4 Fabricated UWB Tx/Rx microstrip antenna and its S11 parameter measured
using a Vector Network Analyzer (VNA); (a) Front and back view of the fabricated UWB
Tx/Rx microstrip antenna; (b) the measured Si; curve. The -10 dB bandwidth of the UWB

Tx/Rx antenna is from 3.4 GHz to 8.6 GHz.

The measured Si1 curve is plotted in Figure 4-4 (b) validates that the
UWB Tx/Rx antenna fabricated on a 0.25 mm flexible substrate has
sufficient band-width. The gain of the Tx/Rx antenna, measured using a
two-port transmission test, is shown in Figure 4-5. The antenna shows a
relatively flat gain between 6 and 8 dBi in frequencies ranging from 5.75 to

7 GHz.
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Figure 4-5 Measured radiation gain of the fabricated Tx/Rx antenna

4.3. Wireless interrogation based on antenna backscattering

A major challenge of antenna sensor’s wireless interrogation is to
isolate the antenna backscattering from the back-ground scattering to avoid
“self-jamming” problem. This can be achieved by connecting the antenna
sensor to a UWB Tx/Rx antenna using a transmission line, as shown in
Figure 4-6. The UWB Tx/Rx antenna receives the wide band signal
transmitted from the interrogator and resends the reflected signal from the
sensor node to wireless interrogator with a time delay. As a result, the
antenna backscattering can be distinguished from back-ground scattering

due to the round trip transmission on the delay line in time domain.
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Figure 4-6 Block diagram of wireless sensing system of a wireless passive antenna

sensor.

4.4. Design the sensor package and characterizing transmission line

length

To generate a delay between the received and the reflected signals
in the sensor side, we can use a long transmission line between Tx/Rx
antenna and the antenna-sensor. The time delay (t) caused by the
transmission line can be calculated from the length of transmission line x,

the substrate di-electric constant ¢, , and the speed of light c as:

t = x+/e./Cc . ®3)
Table 4 shows the calculated time delay caused by different lengths
of a transmission line fabricated on substrate (RO3003) based on Equation

3.
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Table 4 Calculated time delay caused by different transmission line length

Length of Transmission line Calculated Delay
(mm) (ns)
100 1.15
150 1.86
200 2.35
250 2.94

The delay times are also simulated with the Sonnet pro software for
transmission line with lengths of 100,150, 200 and 250 mm and the results
are shown in Figure 4-7. The simulated results and calculated values

agreed with each other very well.
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Figure 4-7 Simulated time delays with different transmission line lengths
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4.5. Sensor design and fabrication

By considering the transmission line model for simulation, as
explained in previous chapters, the fo1 and fio frequencies were selected to
be 5.35 and 6 GHz, respectively, which resulted in a radiation patch that is
13.5 mm in length and 14 mm in width. For the design of the microstrip
transmission line, a typical transmission line with length of 200 mm, 150 mm
and 200 mm and width of 0.62 mm was chosen, the sensor design was
modelled in Sonnet Pro. Due to the inset feeding, the impedances of the
two antenna modes are coupled. To find an optimized feeding location, a
parameter sweeps on (Xo, Yo) was carried out. The design parameters of
double frequency patch antenna are shown in Table 5. The fabricated

sensors are shown in Figure 4-8.

Table 5 Design parameters of antenna shear and pressure sensor

&1 substrate di-electric constant 3.0
h1 substrate thickness 0.25 mm
L radiation patch length 13.5 mm
W radiation patch width 14 mm
Lt transmission line length 100,150,200 mm
Wi transmission line width 0.6 mm
(Xo, Yo) transmission line feeding (3.0, 3.0) mm
position
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Figure 4-8 Fabricated sensor with different transmission line lengths

4.6. Validating time delay by experiment

We developed a MATLAB program to extract the time delay caused
by the transmission line. The Si1 parameter which is in the frequency
domain is converted to the time domain, which clearly shows when the
sensor signal arrives. We applied the same processing on all three sensors
to validate the result. As a result, the simulation results demonstrated
reasonable agreement with the measurement results. Figure 4-9, displays
the time delay for simulated and fabricated sensors with different

transmission line length.
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Figure 4-9 Validating simulated and measured signal peak from antenna-sensor with

different transmission line lengths
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In this chapter, the principle of wireless interrogation is explained.
The design parameters for UWB and sensor part are also characterized.
The measurement results shown in Figure 4-9 validate that the fabricated
antennas with 100,150 and 200 mm length have time delays close to the

simulation ones.
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Chapter 5

Digital signal processing

5.1. Resolving signal interference issue by signal processing

Antenna resonant frequency will shift due to the applied pressure and
shear forces. These changes in frequency can be determined from its
reflection coefficient which is encoded in the reflected interrogation signal.
The reflected interrogation signal radiates through the UWB antenna and
received by the interrogator UWB antenna. As it is explained in the previous
chapter, to generate proper delay time, we fabricated sensors with different
transmission line lengths. Due to the round trip transmission on
transmission line, the antenna backscattering corresponding to signal
reflected by the antenna sensor has a specific time delay. Hence, it can be
separated from the back-ground scattering in the time domain.

By applying Time Gating techniques on reflected signal received by
the interrogator, the sensor mode data can be separated from back-ground
scattering. Finally, the real-time resonant frequency of the antenna can be

retrieved from its reflection coefficient.
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5.2. Experimental setup

The experimental setup for validating the antenna sensor wireless
interrogation is shown in Figure 5-1. The UWB and sensor are fabricated
on RO3003 as it is discussed before. The sensor node package was placed
inside an oven (Figure 5-2). The wireless interrogator was realized by using

a VNA and two interrogation horn antennas.

Figure 5-1 Set up for wireless interrogation of antenna sensor

The horn antennas were placed at an interrogation distance of 70 cm
in front of the UWB antenna. The Sz1 parameter between these two
interrogation antennas was measured using VNA. The VNA was calibrated
up to the feeding points of the interrogation antennas, which is 30 cm from

the aperture of the interrogation antenna. Therefore, the wireless
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transmission distance between the feeding points of the integration

antennas and the antenna sensor is 100 cm.

Figure 5-2 Broadband Tx/Rx antenna connected to antenna sensor

5.3. Digital signal processing algorithm

We applied a DSP algorithm to the Sz1 parameter to extract the
information from the backscattering. First, the S»; parameter acquired from
the VNA, which has a frequency range from f to fo, is zero padded from the
direct current (DC) frequency (i.e. 0 Hz) to f1. The zero-padded S parameter
is then converted to a time-domain signal using Inverse Fast Fourier
Transform (IFFT). As shown in Figure 5-3, the resulting time-domain signal
displays two major wave packets that correspond to the back-ground
backscattering and the antenna sensor backscattering. Both wave packets
have small side lobes, which can be reduced by windowing before the IFFT

Nonetheless, the presents of the side lobes will not have an effect on
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determining the frequency of the antenna sensor backscattering. Even
though the signals backscattered by the Tx/Rx antenna and the surrounding
structures usually have the largest amplitude, they appear at a different time
span from that of the antenna sensor backscattering. Therefore, a gating
window can be applied to the time domain signal to extract the antenna

backscattering sensing signal [39].

Measured S-parameter in £ Mo il I' | f
frequency domain A R :

7 i

Pad the S-parameter with zeros I’" l _r
from DC to sweeping start 0 7 n f

frequency ‘ ‘ i Il

IFFT Structure mode  Antenna mode

Backscattered signal in time
domain

\[/ Al el

Time Gating

v
| FFT | o
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Reflection coefficient of antenna- h 7 \ 1/ “f
sensor \_

/
f;‘?.'u'

Figure 5-3 Flow diagram of digital signal processing algorithm and signal corresponds to

processing blocks.

64



Since the time-gated signal will only contain signals that are reflected
at or near the feeding point of the antenna sensor, the time gating process
also eliminate reflections at other locations along the delay line.
Subsequently, the gated signal is converted back to the frequency domain
using Fast Fourier Transform (FFT) and the resonant frequency of the
antenna-sensor can be determined as the frequency at which the reflection

coefficient has the lowest value.

5.3. Results and discussion

By applying the proposed algorithm, the time-domain of a typical S21

parameter is shown in Figure 5-4.
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Figure 5-4 Time domain reflection signal converted from measured S21 parameter
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The first wave packet arrives at 2.6 ns which corresponding to round
trip distance of 0.3 m, corresponding this distance between the feeding point
of interrogation antenna and the antenna aperture. In other word, it results
from the coupling between the two horn antennas. The second peak is the
structural backscattering, which appears around 6.6 ns corresponds to the
interrogation distance of 0.7 m. The last packets arrives 3.4 ns after the
structure mode backscattering which is cause by the time delay introduced
by microstrip delay line. By time gating the transmission signal between 10
to 13 ns, we can then separate the antenna mode backscattering. The
resonant frequency of the antenna is determined by applying FFT of the
time gated signal. The frequency spectra of the time gated signal is shown
in Figure 5-5.

«10°2 FFT of time-gated signal

25T
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Figure 5-5 frequency spectrum of the gated time-domain signal
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The resonant frequency of the antenna sensor is determined as the

frequencies at which the frequency spectrum has the lowest amplitude.

5.4. Demonstrate wireless interrogation of the antenna sensor without any
connectors:

After validating the performances of the antenna sensor and the
Tx/Rx antenna separately using SMA connectors, both antennas were
integrated on one RO3003 laminate by connecting them using a 200 mm
microstrip transmission line. The entire sensor node was fabricated using

chemical etching and the pictures of its front is shown in Figure 5-6.

Tx/Rx UWB Sensor node

20cm transmission line

Figure 5-6 Tx/Rx antenna and antenna sensor fabricated on Rogers substrate

The experimental set up for wireless interrogation for the proposed
sensor is shown in Figure 5-7. The sensor node was placed in the prosthetic
socket covered by a liner. The wireless interrogator was realized by using a

two circular UWB Tx/Rx antennas instead of two horn antennas. The UWB

67



Tx/Rx antenna was placed at an interrogation distance of 5 cm in front of
Tx/Rx antenna. As a result, the wireless transmission distance between the
interrogation antenna and the sensor node was 25 cm. Then, the Sz
parameter between these two interrogation antennas was measured using
the VNA, which was connected to the interrogation UWB Tx/Rx antenna

using co-axial cable.

Circular interrogator
UWB antennas

Figure 5-7 Tx/Rx antenna and antenna sensor placed in prosthetic socket for wireless

interrogation

The measured S2i of the wireless interrogation set up was processed

by the same DSP algorithm. The time domain signal is shown in Figure 5-8.
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Figure 5-8 Time domain reflection signal converted from measured S21 parameter

Finally, the antenna mode backscattering is extracted by time gating
the transmission signal from 1.8 ns to 3 ns. The resonant frequency of
the antenna sensor can then be determined by performing FFT of the
time-gated signal. The extracted frequency spectrum is shown in Figure

5-9.
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Figure 5-9 FFT of gated TD signal and extracted frequencies
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Chapter 6

Wireless antenna sensor interrogation using FMCW —based

6.1. Operation principle

interrogator

In the previous chapter, a wireless interrogation of the antenna

sensor without any electronic components is demonstrated which is able to

acquire the sensing signal in far field. This interrogator system has some

limits; it is bulky, expensive and slow. Hence, in this chapter we are

introducing a low-cost FMCW-based wireless interrogator. It decreases the

cost and improves the interrogation speed because the time gating is

performed in the frequency domain instead of the time domain.

EMCW

Synthesizer

Directional
Coupler

DAQ

L

Wireless FMCW interrogator

F---------1

I
| TeBx
I antenna

|

|

|

|

| > ——> | Anteqma | |
Delay line | sensor I
“— |

|

|

|

Wireless passive sensor node

Figure 6-1 Proposed antenna-sensor wireless interrogation using FMCW time-gating

technique
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The same sensor package that we used in chapter 5 was still used
but the VNA interrogator was replaced by the proposed FMCW interrogator.
The block diagram for the system setup is depicted in Figure 6-1 [39]. A
linear chirp signal with frequencies sweeping from f1to f2was generated and
sent to the local port of the mixer and the directional coupler at the same
time. As a result, both the frequency of the back-ground and the
backscattering signals vary linearly with the time. Meanwhile, the Rx
antenna receives a mixture of the back-ground scattering and sensor
backscattering signal and send it to the RF port of the mixer. The mixer
mixes the two input signals and produces an output frequency that is either
the sum or difference of the input frequencies. The frequency of the back-

ground scattering f2 calculated based on time delay caused by delay line

and the wireless transmissiond ¢ gnsmission.:

w
f2 = fl - F (ddelay line + dtransmission)r 4)

where W is the frequency sweeping range and T is the period of the FMCW
signal. The third signal which is the backscattering sensing signal comes
later due to the delay time introduced by the microstrip transmission line
between sensor and UWB antennas. Its frequency, f;, can be calculated as

follows:
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w
f3 = f1 - F (ddelay line T dtransmission + dtransmission line)- (5)

As a result, based on Equation 4 and Equation 5, there are two beat
frequencies at the IF port of mixer (fo-f1) and (fs-f1) for the back-ground
scattering and sensor signal, respectively. These two beat frequencies are
separated due to the transmission line delay. In other words, it can be

calculated as:

_ _ W.d¢ransmission line
fs—fo = mision line

(6)

By using the proper band pass filter, we can then eliminate the back-
ground clutter which is equivalent to performing time gating in the time
domain. Performing time gating in the frequency domain, on the other hand,
improved the interrogation speed of wireless receiver.

Since the power of the IF sensing signal is directly related to

reflection coefficient Si1 of the antenna sensor, the power of sensor signal

is calculated as

A
P = PththrGrz Eslll’dl‘mixeri (7)

here P; is the transmit power of interrogation signal; G;; and G, are the
radiation gains of the transmitter and receiver of the interrogator and G, Is

the radiation gain of UWB Tx/Rx antenna; A is the wave length of
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transmission electromagnetic (EM) wave; L, is the loss caused by delay line
and L,,;xer IS the down-conversion loss caused by RF mixer.
By collecting the filtered signal using a Data Acquisition (DAQ)

system that has a 50 Q input impedance, the real time amplitude will be:

A = /50.P; . (®)

Since, in each FMCW period, we will have the lowest reflection

coefficient Si11 when the interrogation frequencies match with sensor
frequencies, as a result, the corresponds real-time amplitude A will be

the smallest. Thus, by correlating the lowest amplitude of the collected
signal in one FMCW period to the corresponding FMCW interrogation
frequency, the resonant frequencies of the antenna can be determined[39].
Digital signal processing algorithm and corresponds signal are shown in
Figure 6-2. In each FMCW period, the envelope of the input signal which is
equal to the reflection coefficient of the antenna sensor was detected. The
resonant frequencies of the antenna sensor then will be determined at the

frequencies which has the lowest amplitude.
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Figure 6-2 Digital signal processing algorithm and signal corresponding to each block

6.2. Characterizing the components for the FMCW interrogator circuit

Because the sensor that we introduced in chapter 4 has resonant
frequencies at 5.35 and 6.05 GHz, we need to generate an interrogation
signal with these frequencies range to excite the sensor. For this purpose,
we used a Voltage control oscillator (VCO) controlled by a saw tooth signal.
The saw tooth signal frequency was set as 1 kHz. The VCO we used is able
to generate frequency between 1530 MHz up to 2700 MHz with a control
voltage between 0.5 to 10 v. In order to have the frequency sweeping
between 5 to 7 GHz, we used a frequency multiplier to triple the output
frequency range of the VCO and thus increases the start and end frequency

sweep to 4590 to 8100 MHz. Then, a BPF was used to limit the frequency
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range from 4.9 to 6.9 GHz. The hardware setup for FMCW interrogator is
shown in Figure 6-3. Due to the low output power for VCO (5 dBm), we need

to increase the signal power by using a power amplifier.

Directional

coupler

Figure 6-3 Implementation of FMCW interrogator

The amplified signal that is near to 25 dBm in power is sent to the
directional coupler to direct a part of the signal to the Tx antenna through
delay line and the other part is directed to the LO port of the mixer. The
complete set up for FMCW interrogation is shown in Figure 6-4.

The interrogation distance between the Tx/Rx interrogator antennas
was set as 0.5 m and the sensor with a 0.15 m transmission line is chosen.

By measuring the Si1 parameter of the sensor with and without the

delay line, the time delay caused by the delay line is determined. In other
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words, we first collected the Si11 parameter of the sensor without the delay
line, then we added the delay line and again collect the S11 parameter. Both
Si11 parameters are then converted to the time domain signal using the DSP
algorithm introduced in Figure 5-3.The converted time domain signal are

presented in Figure 6-5 .

*" Sensor with 0.15m
transmission line
&

0.5 m Interrogation
distance

Tx/Rx Horn antenna

Figure 6-4 The complete set up for FMCW interrogation

Therefore, the total time delay can be measured based on the
difference of these two peaks’ arrival in time domain. Hence, based on the
experimental result, the time delay caused by the delay line is considered

as 29 ns.
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Figure 6-5 Time domain signals converted from S11, without and with delay line

As it is shown in Figure 6-4, the signal travels to Tx antenna through
the delay line and gets to the sensor. Then the reflected signal from sensor
is received by Rx antenna and goes to the RF port of the mixer. The IF port
of the mixer contains two frequency component as we explained before:
back-ground scattering and sensor node signal. The frequency of signal at

IF port of the mixer is determined as:

Wxtotal dela
IF = ————= ()

here W is the frequency sweeping range between 4.9 and 6.2 GHz and T

is FMCW interrogation period which equals to 1 ms.
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Then, to eliminate the high frequency noise, a low pass filter is used.
The filtered signal is then collected by an oscilloscope for signal processing

procedure.

6.3. Digital signal processing algorithm

BY collecting the S»1 parameter from the oscilloscope, a DSP
algorithm was used in MATLAB to process the data. The goal is to separate
the sensor backscattering signal and back-ground scattering and then
extracting the resonant frequency of the sensor from the frequency
spectrum. The steps are illustrated in Figure 6-6.

First of all, the S»1 collected-data divided into arrays for each FMCW
period. As it is shown in Figure 6-6, the frequency spectrum includes many
frequency components including the coupling between the interrogation
antennas, back-ground clutter and sensor node signal[39].

In order to separate the sensor signal, we used the BPF. By
converting the filtered signal into frequency domain, based on Equation
8, we conclude that, the amplitude of this signal is proportional to the
reflection coefficient of the antenna sensor. Next, by applying envelope
detection algorithm we track the amplitude in FMCW sweeping frequency
range. As it was explained before, the lowest amplitude in the envelope

curve corresponds to the antenna sensor resonant frequencies.
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Figure 6-6 Flow diagram and related signals for MATLAB DSP algorithm

6.4. Results and discussion

Based on the set up in Figure 6-4, the So1 parameter was collected
from the oscilloscope. The interrogation distance was set as 0.50 m. By
applying the DSP algorithm explained in previous part, the resonant

frequencies of the antenna are extracted as shown in Figure 6-7.
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Figure 6-7 Measured antenna-sensor’s reflection coefficients at different

temperatures using FMCW interrogator

The resonant frequencies extracted using the FMCW interrogator
match the results from the VNA based interrogator.

In this chapter an FMCW-based wireless interrogator for the antenna
sensor was introduced. Instead of performing time gating in the time
domain, we performed the time gating in the frequency domain. This
method can be used to acquire data from the shear and pressure sensor,
which is located in medical devices such as prosthetic socket or walkers, to
the DAQ device to measure the displacement based on the changes in

frequencies. It can be used for real time fitting of assistive medical devices.
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Chapter 7

Conclusion and future work

In this study, we first investigated a dual-frequency stacked
microstrip patch antenna sensor for simultaneous shear and pressure
displacement measurements. By constructing the dual-frequency antenna
sensor using a rectangular microstrip patch antenna, a superstrate, and a
director, we demonstrated that the shear and pressure displacements
between the radiation patch and the director can be inversely determined
from the measured antenna resonant frequencies. The typical
measurement errors were found to be +0.3mm for the shear displacement
and within £0.15 mm for the pressure displacement. Multiplexing the
antenna sensors to form distributed sensor arrays will be investigated in the
future.

The wireless interrogation of passive antenna sensor based on
antenna backscattering is also investigated. The UWB Tx/Rx antenna as a
passive transceiver, was then fabricated on the flexible substrate. In order
to distinguish the sensor backscattering from the background scattering, a
microstrip transmission line was added to connect the Tx/Rx antenna and
microstrip patch antenna in sensor node side. The transmission line delays

the signal reflected from the sensing element and separated it from
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background scattering. By applying a DSP algorithm, the back-ground
scattering was separated from sensor backscattering and the resonant
frequencies were extracted.

Finally, a Frequency Modulated Continue Wave (FMCW) generator
was developed to detect antenna resonant frequencies. The battery-
powered portable interrogator was developed to facilitate real-time
monitoring on a continuous basis. As a result, the interrogation speed of
wireless interrogation is improved. By implementing a compact PCB FMCW
synthesizer the circuit size was also minimized.

In future, this wireless interrogation system can be used to send and
receive data to network of sensors. Due to the specific time delay caused
by the delay line sensing information of each sensor can be separated from
others. The proposed shear/pressure displacement sensor is intended to
be used for monitoring the interaction between the human body and

assistive medical devices such as prosthetic liner and diabetic shoes.
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