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Abstract: A compact acquisition system developed for a flexible large area monoport tactile surface is presented in this paper. This

sensor requires a single port connection and avoids complicated matrix acquisition system and multiplexing. The tactile surface is
based on a coplanar transmission line printed on a large area flexible substrate. Touching the waveguide generates a reflected signal. A
harmonic analysis of this reflected signal at the line input port allows locating the touch event. A compact and low complexity
acquisition system has been developed in order to demonstrate the principle and evaluate the feasibility of its integration on the sensor.

Theoretical background, design and measurements on the overall sensor are exposed. The acquisition circuit imperfections have been
demonstrated experimentally and correction methods have been proposed and implemented. Results are presented, and to assess the
precision of the compact acquisition system, they are compared to reference measurements made with a Vector Network Analyzer.
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1. Introduction

A tactile sensor detects events related to a variation
of local physical quantities (pressure, dielectric
constant, electrostatic perturbation...) and locates these
events on a surface [1]. Nowadays, sensitive surfaces
are widely used for the development of new innovative
usages, notably, making touch and gesture sensing,
related to inanimate objects, and also, human body and
liquids [2].

A good understanding of physical interaction
between humans or objects and electronics world is
required and large research fields remain to be
explored.

To date, various technologies have been developed
using diverse approaches. Resistive touch sensor,
exploits pressure to complete separated electronic

circuits; optical ones are made by a network of

Corresponding author: Nissem Selmene, Ph.D., research
fields: radio frequency and microelectronics.

photo-detectors sensitive to the daylight intensity [3];
ultrasonic sensors use piezo-electric actuators for
interfacing with electronics, acoustic wave is injected
and when a touch occurs a part of this signal is
absorbed [4, 5]. Among those techniques, capacitive
sensing [6-8] remains the most popular. It is based on a
very straightforward coupling between electrostatics
and electronics, with very simple and low-cost
transducers: electrode arrays directly made on thin
films. Skin contact, or its presence in the vicinity of
metal planes induces a change in the inter electrode
capacitance their capacitance. Overall sensor is
generally made of a matrix of electrodes. They are
addressed through an array of X-Y interconnection
lines. The location process is made by indexing each
event to its associated connection lines.

Increasing the size of the tactile surface, to potentially
several square meters, makes this matrix-based location
method more complex and expensive because of high
interconnection and multiplexing complexity. The
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concept presented here offers the advantage of a single
port connection, whatever the size of the device [9]. The
sensing device is based on a transmission line. A touch
event causes a change in local characteristic impedance
of the waveguide, generating a reflection of signal
towards the input port.

The location principle, based on harmonic analysis,
using VNA (Vector Network Analyzer) measurement
at the input port has been presented previously [9]. The
objective of this work is put on the study and
demonstration of making the same detection and
location function, with a compact, low cost, on-pad
integrated solution.

In the following, sensor principles and structure are
first presented. The second part is focused on the
acquisition system and describes design, calibration

and experiments made on the two blocks of this system.

Final section is dedicated to the comparison between
fully integrated system results and reference VNA

measurements.

2. Sensor Principles and Structure
2.1 Harmonic Detection and Location Method

The touch-sensing surface is based on a CPW
(coplanar waveguide) made on a flexible substrate
(Fig. 1).

A transmission line is characterized by its
(Z.)). A good

transmission is insured when the line is well adapted.

characteristic impedance signal

Touching the CPW induces a change in local
impedance so that a portion of the incident signal is
backscattered towards the input port. This signal is
named reflected wave.

The traditional method used to locate an event

(impedance change, or defect) on a waveguide is TDR
(Time Domain Reflectometry), which consists in
measuring the time-delay between input and reflected
pulse [10]. The main drawback of this technique is that,
when used on small distances, it requires a very high
bandwidth (GHz) in order to be compatible with very
small delay times.

We developed a method called HDL (Harmonic
Detection and Location) working at relatively low
frequency and small bandwidth in comparison to TDR.
This technique allows detection and location in the
range of 10-300 MHz. HDL 1is based on the
measurement of the input reflection coefficient phase
and subsequent extraction of event position.

A model of the line with a length 1, and a touch event
occurring at position d can be modeled as described in
Fig. 2a, Z. representing the characteristic impedance
and Z; the impedance of the object at the origin of the
event. The second part of the line, which is matched at
its end, can be simplified as a load impedance Z., as
shown in Fig. 2b. From the input port, the whole
system can thus be represented as a line of length d,
loaded by an impedance Z, corresponding to the

equivalent load impedance.
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Fig. 2 Model of a waveguide with an event occurring at position d.
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Considering a lossless transmission line, the input

reflection coefficient can be written as:

I =T (1)
with
%t @)
ZP+Zc
and
e opd 24 , 2d 3)
p=-2pd=-22" ZEVW f

where f is the propagation coefficient, 1 and f are
respectively the wavelength and frequency of the input
wave, and V, is the phase velocity of the line. When
varying the input wave frequency, A is modified but the
delay between input and reflected wave remains
constant. A plot of the phase versus frequency exhibits
a periodicity fp, defined as the fundamental frequency
for which the phase ¢ is null (Fig. 3).
fo can be expressed as:
v
=35 “4)
For each multiple frequency £, (f, = nfy), the phase ¢
Thus,
frequencies f, and f,.; is also equal to fj. So that,

is zero. the difference Af between two
extracting Af in a frequency range allows extracting,
the event position, since V, is a constant only
depending on the waveguide parameters.

We can see in Fig. 3 that there is a clear correlation

between Af and the slope of ¢(f). We can write:
S _Ap 27 _2m2d ®)

g N NV,

Hence, knowing

V, the distance d can be
determined from the following Eq. (6):
i ©)
S 4rx
As a result, theoretically, only two measurements of
@ at two frequency points are necessary. Thus, the
acquisition system can operate with a very narrow
bandwidth and does not require high speed acquisition
electronics. HDL method requires hardware capable of
extracting input reflection coefficient at input port and
measuring its phase. The global sensor structure is
described in the following part.

2.2 Sensor Structure

2.2.1 Overview

The structure of the complete sensor is presented in
Fig. 4. It is composed of:

* A touchpad (touch-sensing surface): a 50
characteristic impedance CPW printed on a flexible
substrate.

* An acquisition system: consists of two blocks, the
first one performs the separation between incident and

reflected waves and the second the extraction of phase
0.
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Fig. 3 Phase as a function of frequency.
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Fig. 4 Schematic of the entire sensor.
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* A calculator: implements HDL algorithm.

Each block is detailed hereafter.

2.2.2 Touchpad

The touchpad is a 50 Q CPW line made with
aluminum conductors on a 50 pum thick PET (Poly
Ethylene Terephtalate) substrate. The waveguide is
designed following three criteria:

* 50 Q characteristic impedance.

* Sensitivity of the touchpad: Unlike microstrip
waveguides, where field lines are confined in the
substrate, CPW exhibit field lines outside the substrate
which make it more sensitive to the environment
(Fig. 5).

* Horizontal design: Total width of the waveguide
has to be lower than the average width of a finger, and
the coverage of the surface has to be optimized.

The fabricated touchpad, shown in Fig. 1, has a 20
cm x 20 c¢m lateral and a 1.7 m long CPW with 100 pm
gap between central conductor lateral ground lines.

2.2.3 Detection Bridge

Fig. 6 represents a Wheatstone bridge where three 50
Q resistances (Z.) are used and the fourth, Zpis made
of the touchpad itself.

— .

In “no event” configuration, the touchpad is matched
and its input impedance is equal to Z., the bridge is
balanced and the differential voltage Vg is equal to
zero. Touching the pad causes a variation of the
touchpad impedance and creates a differential voltage,
it is shown in the following that I';, can be extracted

from Vug.
Vin = Ve = Vp (M
and
Vout = Vap =Va—Vp ®)
According to Millman algorithm:
C
£c Zc
D o -
ET B Vs A
Zc ZD

D
Fig. 6 Wheatstone bridge circuit.
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VpZc+VcZp
Zc+Zp

Va= ©)

and

Vp+Ve¢

VB= 2

(10)

Replacing V, and Vg by their expression in Eq. (8),
we get:

(Zp=Z)(Ve-Vp) 1 Vin
Vout = —DZ(ZCD+ZCC) 2 _EFD(VC —Vp) = TFD (11)
In our case, the node D is connected to the ground, so,

we can use the equality:
Vg =" 12)

Moreover, the input reflection coefficient of the
touchpad is expressed as:

Zp+Zc

I'p (13)

So that, reflection coefficient can be expressed as
follows:

— YVaB _ Va"V
Ty = %22 = T4 (14)

where Vg is the incident wave and V5 is the reflected
one.

For a best bridge operation, it has to be in a good
balance. So, before its realization, a circuit modeling
with ADS software has been performed to guarantee a
minimum error. S-parameters characterization and
simulations have proven a good correspondence
between VNA results and simulated bridge ones.

2.2.4 Phase Detection

(a) Principle

The function of the phase detector is to provide a
precise value of the reflection coefficient phase ¢.
Phase

multiplication operation between the two analyzed

detection can be performed using a

waves:
Ve =V, XV, = A1.A2.cos(wt + ¢,) .cos(wt + ¢,)

AléAZ (cos(Zwt + @1 + @;) + cos(@1 — ¢;)) (15)

In Eq. (15) the phase shift A¢ = (¢;- ¢,) appears. It
can be extracted as following:

A(p _ Cos_l(average(Vs)) (16)

module(Vs)

(b) Integrated phase detector

The two output voltages V5, and Vp from the
Wheatstone bridge are connected to an integrated
phase detector (Analog Devices AD8302) [11]. This
circuit delivers two DC output voltages VPHS and
VMAG that are related respectively to the phase shift ¢
and the magnitude ratio p of the two input voltages. ¢ is
expressed by Ref. [11]:

¢ =D.VPHS+E a7

where D and E are parameters given in Ref. [11].

2.2.5 Location Algorithm

The location algorithm is implemented in the
calculator (Fig. 4). It allows extracting phase ¢, then,
the slope ¢(f) is exploited to deduct the position d, from

Eq. (6).
3. Experiments

3.1 Reference Measurements (VNA Method)

The first experimental tests are performed with a
VNA to validate the HDL method, and to serve as a
reference. A one meter long cable is added to the
experimental setup, between the touchpad and the
VNA, in order to have a minimum delay between input
and reflected wave and thus obtain reasonable values of
Af. The total propagation time including the cable and
CPW on touchpad is:

te == (18)
From this value, the time delay associated to the
cable is subtracted to get the propagation time in the
line (t4), then, the event position is calculated using:
d="V,tg (19)
The precision of location 1is evaluated by
measurement of the linearity of the event position d as
a function of t4. This curve is obtained by extracting d
from the slope of ¢(f) at different event locations (an
event is in this case a touch of the line a distance d).
Results are shown in Fig. 7.
Results have assessed the relevance of HDL method
by obtaining an excellent linearity of this curve.

Least square method is used to extract the individual
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Fig. 7 Position d as a function of the propagation time
using a VNA.

errors from the local deviation between the line fit and
the local measurement.

A location error histogram is represented for
different touch positions (Fig. 12). The maximum error
is 1.8 cm corresponding to a percentage of 1.06% over
the 170 cm waveguide length.

3.2 Integrated Measurements Performance Evaluation

3.2.1 First Acquisition Block: Wheatstone Bridge

(a) Measurements

A second measurement has been performed using
the HDL method with the realized Wheatstone bridge
(Fig. 8), and an oscilloscope connected to A and B
outputs. The measurement setup is represented by
Fig. 9.

Iy, is then calculated (Eq. (14)) and its phase is
plotted as a function of frequency. Next, we determine
the propagation time (Eq. (18)) and represent d as a
function of t4 as shown in Fig. 10.

Fig. 10 shows deterioration in the linearity of the
curve that was perfect in the case of reference
measurements done with the VNA (Fig. 7). Moreover,
maximum error increases reaching a maximum of 5 cm
(Fig. 12). This is due to the insertion of the bridge.

In order to reduce this effective error, a calibration
method has been developed and is presented in the
following.

(b) Implementation of bridge calibration

The insertion of Wheatstone bridge introduces some

Fig. 8 Photography of the realized Wheatstone bridge.

Generapr | |"Wheatstons Oscilloscope || PC
bridge |vER |
: N
Touchpad T
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d

Fig. 9 Wheatstone bridge measurement setup.
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Fig. 10 Position d as a function of the propagation time
using a non calibrated bridge.
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defects due to mismatches in the connection lengths
and slight variations of its resistors. It is proven
experimentally that these imperfections of the circuitry
result in additional measurement errors (Figs. 10 and
12).

A new calculation of the reflection coefficient is
made according to the following formula:

Vg+BV
=4 = 4
Vg+CV 4

(20)
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where A, B and C are calibration parameters. They are
determined with a SOLT (Short Open Load Thru)
calibration procedure, with known elements.

Using the calibration procedure Eq. (20), new
measurements have been performed. Results are shown
in Fig. 11 where d as a function of t4 is shown for the
calibrated bridge case.

We notice that on the curve (Fig. 11) linearity
improves when we calibrate the Wheatstone bridge, and,
the maximum error value decreases by 2 cm. It is now
equal to 3 cm, which represents 1.76% of the total
length.

(c) Bridge results summary

From three cases represented characteristic curves
(Figs. 7, 10 and 11), a location error histogram can be
elaborated for some of the tested touch positions. This
histogram allows evaluating different measurement
methods by comparing their location errors.

This errors histogram validates bridge calibration
method. It is clear, as shown in Fig. 12, that calibrating
the bridge reduces considerably locating errors. So that,
calibrated  Wheatstone  bridge, shows good
performances in comparison with VNA.

Now, for all tested positions, after extracting errors
from each characteristic curve, a frequency count
analysis has been performed for the three measurement
configurations (Fig. 13).

All the distributions are centered on zero. The
standard deviation is 0.84 cm for VNA measurements.
It increases up to 4.35 cm when the bridge is inserted.
Introducing the calibration method allows reducing this

error to 2.9 cm.

This standard deviation can be a criterion of
performance evaluation. Lower it is, more errors are
closer to zero.

In the following, we will work with the calibrated
Wheatstone bridge and replace the oscilloscope by a
phase detector to form the entire integrated acquisition
system.

3.2.2 Second Acquisition Block: Phase Detector

(a) Measurements

In this setup (Fig. 14), we replace the oscilloscope by
the AD8302 phase detector and two voltmeters. Our
acquisition system is, now, entirely tested
experimentally with its two blocks. The DC outputs of
the phase detector are exploited to determine the
phase value for each generated frequency (Eq. (17)),
and the phase as a function of input frequency is then
plotted.
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Fig. 11 Position d as a function of the propagation time
using calibrated bridge.
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Fig. 12 Error histograms for calibrated and non-calibrated Wheatstone bridge compared to VNA.
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(b) Implementation of the phase detector calibration
Measurements are performed at different input
signal frequencies. The phase detector presents a
variation of D and E coefficient, leading to a distortion
of phase curves. This problem is solved by calibrating
the phase detector for each frequency value and
replacing theoretical Eq. (17) by real calibrated one as
follows:
o(f) = D(f).VPHS +E(f) (1)
where D and E are frequency dependent calibration

parameters.

Insertion of the phase detector in the measurement setup.

(c) Results

The phase detector calibration improves notably the
phase curve linearity as shown in Fig. 15 and coincides
with the VNA reference phase. Fig. 16 presents the error
histograms for the non calibrated and calibrated phase
detector compared to VNA reference measurement.
Hence, for some positions, the error measurement is
decreased by 5 cm when calibrating the phase detector.
Thus, the maximum error compared the VNA reference
measurement is around 3 cm. This assesses the

feasibility of a fully integrated acquisition system.
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Fig. 15 ADB8302 and VNA phase curves comparison.

F ] I I
X

19 128 14u 160

Error (cm)
O B N W H U1 OO N 0 O

IR

Position (cm)

m not calibrated
phase detector

M calibrated
phase detector
WNA

D N0 o 9 o o o O
L NI MRS IR IR

Fig. 16 Error histograms for calibrated and non calibrated phase detector compared to VNA.

4. Discussion and Future Work

This work has clearly shown the relevance of HDL
method, which assesses the possibility of a location
with a precision below 1.8 cm, this indicates that large
area touch sensor, in the order of one to several square
meters are feasible, with a single port detection, and a
very low cost substrate. The use of Wheatstone bridge
detection degrades the precision, but considerably
reduces the cost and size of acquisition circuit which
can be integrated on the touchpad. We have shown that
implementing a calibration procedure can help the
compensation of error. A second block of the
acquisition system has been also validated with its

calibration method which corrects linearity problem of
the curve of phase. Future work is underway to fully
compensate error using an advanced -calibration
method, allowing compensation of both acquisition
system and touchpad defects. This method will rely on
a first measurement of S parameters for various event
positions which will serve as a reference database.
Correction matrices will thus be determined and
systematically used to correct the results. Additional
work on hardware will include the improvement of the
calibration method of the phase detector to correct the
edges defects, moreover, the integration of a
microcontroller into the acquisition system is planned

in order to ensure a real time touch location.
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5. Conclusion

A new concept of compact acquisition system has
been developed for a large area monoport tactile
surface. The touchpad is a coplanar waveguide line
printed on a flexible substrate and connected to the
acquisition system at the unique input port. HDL
method has been validated with VNA and then
implemented in a compact system. A system composed
of two blocks, a Wheatstone bridge to separate
reflected and incident waves and a phase detector to
extract the phase shift between them is presented and
evaluated. The use of these components allows
performing the extraction of touch position,
with no need of complex and expensive equipment
(VNA), at the price of a certain degradation of
precision. Applying a calibration method for each
block allows decreasing significantly the location
error.

Future work is underway to improve the second
block calibration and to allow compensation of the
entire sensor defects and reducing location errors.
Moreover, an integrated and compact version of the
acquisition system is investigated using a Voltage
Controlled Oscillator (VCO), the phase detector, and a
which location

microcontroller implements the

algorithm.
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