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Increasingly, embedded applica-
tions must interact directly with 
their environment and their end 
users. Consider the best new 
touchscreen phones, in which the 
user interface is a large capacitive 
sensing screen that differentiates 
a flick from a tap and tracks the 
motion of your finger but doesn’t 
track your ear.

Sensors are at the heart of 
these systems. They sense the 
environment and user behavior, 
enabling the product to respond 
in an intuitive but reliable way. 
However, the sensor films them-
selves aren’t intelligent. They don’t 
even collect data. They only sense. 
They aren’t capable of differentiat-
ing between useful and useless 
data or discriminating between 
the quality of different types of 
inputs.

Truth be told, these sensor films 
hardly sense at all. They really just 
project an electric field created by 
an intelligent capacitive sensing 
chip. This type of capacitive sens-
ing is known as projected capaci-
tive technology, and it’s used in the 
most advanced capacitive touch-
screen solutions. Figure 1 shows 
an example of how a projected 
capacitive touchscreen works.

 This is not to say that the sen-
sors themselves are not complex. 
On the contrary, a capacitive 
touchscreen sensor consists of 
a large array of indium tin oxide 
(ITO) conductors on one or more 
layers of glass or polyethylene 
terephthalate plastic. Figure 2 
presents an example of a touch-
screen sensor construction.

 The good optical clarity and 
low resistivity of ITO make it the 
perfect conductor for creating a 
touchscreen. When the ITO sensor 

is connected to a capacitive sens-
ing chip with a suitably high SNR, 
it can accurately sense minute 
changes in capacitance. A finger’s 
presence for instance is on the or-
der of a picoFarad (1012 Farads).

It is typically accompanied 
by background capacitances of 
10’s of nanoFarads (109 Farads). 
This situation makes the sensing 
environment challenging and 
mandates an exceptionally high 
SNR. Charge transfer technology 
is well suited to high SNR capaci-
tive sensing systems. It allows the 

capacitive system to sense minute 
changes in capacitance—even 
from a finger as it approaches the 
phone before it touches it or from 
the touch of a fingernail.

Charge transfer technology 
enables high SNR by using a pair 
of sensing electrodes for each 
capacitive channel. One is a 
transmit electrode into which a 
charge consisting of logic pulses is 
driven in burst mode. The receive 
electrode couples to the emitter 
via the overlying panel dielectric. 
When a finger touches the panel, 

the field coupling is reduced and 
touch is detected.

Most charge signal acquisition 
techniques leave the charge lines 
hot (sensitive to the touch) during 
signal conversion. The current on 
the sensor edge wiring can be 
included as part of the position 
calculation, introducing positional 
inaccuracy to the measurement. 

The contribution of the edge 
wiring increases with the length 
of the routing between the sensor 
and the driver chip and becomes 
seriously problematic if the dis-

Figure 1: Shown is an example of how a projected capacitive touchscreen works.

Figure 2: Here’s an example of a touchscreen sensor construction.
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tance exceeds a few centimeters.
The charge transfer technique 

holds the receive lines at zero 
potential during the charge ac-
quisition process and solves this 
problem, effectively restricting 
the transfer of charges to those 
between the transmitter X and 
receiver Y electrodes at the point 
of interest in the main sensor area.

This “charge-transfer” signal-
acquisition technique uses indi-
vidual resistive one-dimensional 
stripes to create a touchscreen. 
These stripes can be read either 
in parallel or sequentially, since 
the connections to these stripes 
are independent of one another. 
There is an interpolated coupling 
between adjacent lumped elec-
trode elements and an object 
such as a finger.

The charge-transfer technique 
restricts signal acquisition to the 
immediate vicinity where a row 
and column electrode couple to 
each other. This localized coupling 
means that all other parts of the 
row and column are largely not 
touch-sensitive at the time the 
signal is acquired, literally enabling 
true, unlimited multitouch capa-
bility. Figure 3 shows an example 
of a charge transfer.

Mutual vs. self capacitance
Two approaches to determining 
finger position with a projected 
capacitive touchscreen are mea-
suring self capacitance and 
measuring mutual capacitance. 
Touchscreen solutions that mea-
sure self capacitance measure an 
entire row or column for capaci-
tive change.

Self capacitance works well 
for single-touch systems, but 
with multitouch systems there is 
no way to resolve the positional 
ambiguity that results from more 
than one simultaneous touch on 
different parts of the screen.

For example, if a user touches 
on the capacitive grid at locations 
X1, Y1 and X2, Y2, the energized 
lines simply tell the chip that X1, X2, 
Y1, Y2 lines have all been touched. 
It doesn’t know the combination 
thereof. It could be that the chip 
reports X1, Y2 and X2, Y1 were the 
touch locations. This problem is 
known as ghosting.

Another problem with self-
capacitance touchscreens is the 
snapping effect. It happens when 
tracking two touches moving 

towards a shared row or column 
electrode; the reported coordi-
nates tend to “snap” to that elec-
trode causing a strong nonlinear-
ity and poor user feel.

In contrast, mutual capacitance 
measurement uses an orthogonal 
matrix of transmit and receive 
electrodes arranged as an array 
of multiple smaller touch nodes 
created by the geometry of the 
electrode structure.

In a mutual capacitance-based 
system, each touch is uniquely 
detected as an xy coordinate pair, 
whereas in a self capacitance sys-
tem, the detection of X and Y coor-
dinates of a touch is independent.

If two touches are present in 
a mutual capacitance system, 
this would be detected as (X1,Y1) 

and (X2,Y2), whereas in a self-
capacitance system it would be 
detected as (X1,X2,Y1,Y2), leaving 
two potential combinations of 
coordinates. The self-capacitance 
ghosting problem is exponential 
and becomes impossible to solve 
as you transition to three or more 
touches.

A mutual capacitive array is 
interpreted as a complete touch 
surface that maintains the ability 
to resolve multiple touch points 
within each individual “small” 
screen. Because the capacitive 
coupling at each point in the 
matrix can be measured inde-
pendently, it means that there 
is no ambiguity in the reported 
coordinates for multiple touches. 
It is then technically possible to 

Figure 3: Shown is an example of a charge transfer.

Figure 4: Here’s a comparison of mutual vs. self capacitance.
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have unlimited touch recognition. 
Figure 4 compares mutual vs. self 
capacitance.

Charge-transfer signal ac-
quisition, combined with a mu-
tual-capacitance measurement 
technique, provides a superior 
SNR and better tolerance to para-
sitic capacitance, allowing weak 
signals, such as capacitance con-
ducted through a fingernail, coin 
or stylus, to be processed.

Sensor resolution 
Sensor resolution, the ability to a 
resolve passive conductive sty-
lus, can be directly linked to the 
electrode pattern or ITO sensor 
design. A high-resolution pattern 
can be formed by having an array 
of vertical transmit bars separated 
by a dielectric to a second layer, 
which contains a horizontal array 
of receiving lines.

In each location the bars 
cross, a parallel plate capacitor or 
sensing electrode is formed. To 
maximize the resolution and SNR 
of this pattern, to detect a 2mm 
passive stylus tip for instance, it 
is important to optimize the den-
sity of electrodes. Adding more 
capacitive channels in each axis 
for a given screen size can have a 
beneficial effect even though the 
sensor is more complex to manu-
facture.

More channels will result in a 
higher SNR. The optimum row and 
column pitch of the electrodes 
should approximate the tip-to-
tip distance between thumb 
and forefinger when pinched 
together, divided by two (about 
5mm or less). This means that a 
4.3-inch screen in a 16:9 aspect ra-
tio should ideally have 19 rows by 
11 columns, totaling 209 mutual 
capacitance electrodes.

Increasing the electrode den-
sity also allows a more qualitative 
interpretation of the data. For 
example, a 200+ channel matrix 
makes it possible to process the 
“size” and “shape” of the touch, 
allowing the end user to draw a 
picture or execute a signature. 
With a sufficiently high refresh rate 
(200Hz), the technology can even 
support full-speed signature and 

handwriting recognition with as 
small as a 2mm stylus.

While high sensitivity and reso-
lution vastly improves the screen’s 
flexibility, it also introduces the 
problem of selectivity. The en-
tire surface of the touchscreen 
measures any small change in 
capacitance resulting from any 
charged object (finger, ear, face) 
that is even near the surface of 
the sensor, whether intentional or 
unintentional.

The challenge is to collect the 
data, discard useless data and use 
helpful data in a selective and ac-
curate way. Introducing selectivity 
and accuracy involves arranging 
and measuring the change in 
capacitance in a meaningful way, 
while also acquiring enough data 
and applying appropriate algo-
rithms to allow for qualitative dif-
ferentiation.

Multitouch: How many is too 
many? 
Two touches allow objects to be 
stretched, squeezed and rotated. 
One might wonder what is the 
utility of processing five or 10 
touches simultaneously, when 
you can barely fit three fingers on 
the phone?

The answer goes back to the 
notion of making the sensor 
selective—able to interpret the 
quality or size of a touch and to 
suppress accidental on unwanted 
inputs. A true multitouch tech-
nology allows intended touches 
to be identified and interpreted 

(such as flick vs. tap). It also allows 
unintended touches to be identi-
fied and rejected.

On its own, a capacitive touch-
screen sensor has no idea what 
is touching it or why. It cannot 
distinguish between a finger, ear, 
face, elbow or butterfly. Thus, it’s 
possible for the end user to is-
sue accidental commands to the 
phone by just using it: gripping its 
edges or pressing it to his/her ear 
or face.

Some of the “extra” touch 
points in a true multitouch 
solution can be assigned to un-
intended touches. Suppressed 
touches must be tracked and stay 
suppressed even if they stray into 
the active region.

This means the controller must 
be able to uniquely and unambig-
uously resolve, classify and track 
many touches at once. This en-
ables a user to comfortably hold a 
small product with some amount 
of finger/screen overlap, while 
also allowing the touchscreen to 
operate normally.

Face and grip suppression 
algorithms can be used that iden-
tify and reject unintentional input 
from the user’s face or ear or from 
fingers gripping the edges of the 
phone. Grip suppression is quite 
tricky, as it isn’t as simple as just 
ignoring presses at the edges.

In reality, the chip has to be 
smart enough to determine the 
touches from a grip at the edges, 
track them as they move and en-
sure that they don’t trigger false 

presses. All the while the chip 
needs to keep the whole screen 
active for multitouch support, 
even as the correct touches move 
to the edges where the grip oc-
curs.

Gesture processing algorithms 
that calculate and interpret the xy 
coordinates of a stream of physi-
cally present data from each of 
the 10 unique touch points to 
execute gesture commands such 
as tap, drag, drop, zoom, rotate or 
flick—based on the speed of the 
gesture and the xy positions in the 
data stream.

Another potential use of the 
underlying many-touch data is to 
recognize shapes on the touch 
surface. This allows all kinds of po-
tentially useful interface enhance-
ments. Basic shape recognition for 
a nose, cheek or even an ear allows 
further suppression of real-world 
situations that would otherwise 
falsely trigger the touchscreen.

As more touches can be 
uniquely identified and reported 
to the host, the applications will 
start making use of multiple touch 
data.

Noise, system issues
As noted earlier, capacitive touch-
screen controllers measure very 
small changes in the row to col-
umn coupling capacitance. The 
way the controller performs the 
measurement has a strong influ-
ence on the susceptibility of the 
controller to external noise.

One common noise generator 

Figure 5: Once an object is sensed, the drift compensation mechanism ceases since the signal is legitimately high and 
therefore should not cause the reference level to change.
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encountered with touchscreens is 
the LCD itself. It often has voltage 
transients measured as several 
volts with rise/fall times measured 
in microseconds. Using the right 
type of capacitive-to-digital con-
version and noise suppression 
algorithms, it’s possible to reject 
most of the noise at source.

Another approach is to use a 
sensor electrode pattern that uses 
two ITO layers but is self-shielding 
from behind. This approach saves 
cost by eliminating the need for 
an extra shield layer of ITO while 
still renderings the sensor immune 
to the noisy LCD surface.

The second most problematic 
noise source is found with “float-
ing” power supplies that often 

capacitively couple several hun-
dred volts of distorted 50/60Hz 
waveform relative to earth, into 
the entire touchscreen device. 
When a user touches the device, 
the sensor effectively becomes 
part of a capacitive voltage 
divider, contaminating the mea-
surements with huge amounts of 
low-frequency noise. Again, with 
clever chip design and noise sup-
pression algorithms can eliminate 
this effect.

Calibrating touch
Although many touchscreen solu-
tions require the factory and/or 
the end user to calibrate them 
before use, solutions are available 
with self-calibration algorithms 

that allow the chip to operate in-
dependently of any user or manu-
facturing calibration.

Signal drift can occur because 
of changes in the unknown elec-
trode capacitance and Cs sam-
pling capacitors over time, often 
resulting from changes in tem-
perature or humidity, and causing 
false detections, non-detections 
and sensitivity shifts.

Drift compensation algorithms 
compensate using a slew-rate 
limited change to the reference 
level; the threshold and hysteresis 
values are slaved to this reference. 
Once an object is sensed, the drift 
compensation mechanism ceases 
since the signal is legitimately high 
and therefore should not cause the 

reference level to change. Figure 
5 illustrates drift compensation.

Heart of the solution
Capacitive touchscreens will likely 
make their way into products not 
even imagined today. Consumers 
are demanding that user interfaces 
interact with them in an intuitive, 
effortless and reliable way.

ITO sensors are at the heart 
of the solution. Exploiting these 
exceptionally sensitive sensors 
requires thoughtful construction, 
fast performance and innovative 
algorithms, embodied in highly 
intelligent, capacitive touchscreen 
controller chips that can deliver 
high channel density, a high SNR 
and a multitouch capability.
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