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Today’s lecture: Capacitive touch sensing

Physics of capacitance

Touch pads and touch screens

Simple touch switches

Novel applications
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Physics of Capacitance
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Capacitor: 
A part you buy from Digikey.
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Capacitor: Two conductive plates, 
separated by an insulator (dielectric).

Current cannot flow through an insulator. 
Thus, electrons can’t pass from A to B.
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Battery pumps electrons from plate A 
to plate B.  We notate each electron 
pumped from A as       and refer to it 
as a positive charge. 
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How many does a 1.5V
battery place on plate A?

The ratio Q/V is 
defined as the 
capacitance C 
of the device.

Q = CV

A: Area of plates
d: Plate separation
ϵ: Dielectric property
Q: Number of 
V: Voltage on plates

It depends on the 3-D shape 
of the capacitor, and the 
material properties of the 
dielectric.
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We can use a capacitance meter to measure C.

LED Display Conceptually, 
the meter 
puts a V 
across the C, 
and then 
drains off 
the charge 
and counts 
Q.

C = Q/V.
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Notation alert! 
From now on we draw 

net charge on the plates.

A capacitance 
meter counts the 
number of field 

lines (and thus, Q).

We draw field lines 
to illustrate the 

pairing of charges.

field 
lines
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Simple Touch Switches

(Sources: Analog Devices, Cypress, and 
Synaptics data sheets and websites).
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iPod 3G front panel

Capacitance 
meter chip 
(Synaptics)

Traces on back of 
PC board form the 

“capacitors”!

What’s on the 
back of the PC board?
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PC BOARD 
Cross- 
Section

Plate A
Plate B

PC Board Top View PC trace design for a 
capacitive button switch

What does the finger do?

FR-4 (insulator) FR-4

Glass

iPod White Plastic Casing

Copper CopperCopper

Copper

Capacitor 
Plate A

Capacitor 
Plate B

field lines
field

 lines
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THEORY OF OPERATION
The AD7142 and AD7142-1 are capacitance-to-digital 
converters (CDCs) with on-chip environmental compensation, 
intended for use in portable systems requiring high resolution 
user input. The internal circuitry consists of a 16-bit, !-" con-
verter that converts a capacitive input signal into a digital value. 
There are 14 input pins on the AD7142 and AD7142-1, CIN0 to 
CIN13. A switch matrix routes the input signals to the CDC. 
The result of each capacitance-to-digital conversion is stored in 
on-chip registers. The host subsequently reads the results over 
the serial interface. The AD7142 contains an SPI interface and 
the AD7142-1 has an I2C interface ensuring that the parts are 
compatible with a wide range of host processors. Because the 
AD7142 and AD7142-1 are identical parts, with the exception of 
the serial interface, AD7142 refers to both the AD7142 and 
AD7142-1 throughout this data sheet.  

The AD7142 interfaces with up to 14 external capacitance 
sensors. These sensors can be arranged as buttons, scroll bars, 
wheels, or as a combination of sensor types. The external 
sensors consist of electrodes on a single or multiple layer PCB 
that interfaces directly to the AD7142. 

The AD7142 can be set up to implement any set of input 
sensors by programming the on-chip registers. The registers can 
also be programmed to control features such as averaging, 
offsets, and gains for each of the external sensors. There is a 
sequencer on-chip to control how each of the capacitance 
inputs is polled. 

The AD7142 has on-chip digital logic and 528 words of RAM 
that are used for environmental compensation. The effects of 
humidity, temperature, and other environmental factors can 
effect the operation of capacitance sensors. Transparent to the 
user, the AD7142 performs continuous calibration to compen-
sate for these effects, allowing the AD7142 to give error-free 
results at all times. 

The AD7142 requires some minor companion software that 
runs on the host or other microcontroller to implement high 
resolution sensor functions such as a scroll bar or wheel. 
However, no companion software is required to implement 
buttons, including 8-way button functionality. Button sensors 
are implemented completely in digital logic on-chip.  

The AD7142 can be programmed to operate in either full power 
mode, or in low power automatic wake-up mode. The 
automatic wake-up mode is particularly suited for portable 
devices that require low power operation giving the user 
significant power savings coupled with full functionality. 

The AD7142 has an interrupt output, INT, to indicate when 
new data has been placed into the registers. INT is used to 
interrupt the host on sensor activation. The AD7142 operates 
from a 2.6 V to 3.6 V supply, and is available in a 32-lead, 5 mm # 
5 mm LFCSP_VQ. 

CAPACITANCE SENSING THEORY 
The AD7142 uses a method of sensing capacitance known as 
the shunt method. Using this method, an excitation source is 
connected to a transmitter generating an electric field to a 
receiver. The field lines measured at the receiver are translated 
into the digital domain by a !-" converter. When a finger, or 
other grounded object, interferes with the electric field, some of 
the field lines are shunted to ground and do not reach the 
receiver (see Figure 18). Therefore, the total capacitance 
measured at the receiver decreases when an object comes close 
to the induced field. 
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Figure 18. Sensing Capacitance Method 

In practice, the excitation source and !-" ADC are implemented 
on the AD7142, and the transmitter and receiver are constructed 
on a PCB that makes up the external sensor.  

Registering a Sensor Activation 

When a sensor is approached, the total capacitance associated 
with that sensor, measured by the AD7142, changes. When the 
capacitance changes to such an extent that a set threshold is 
exceeded, the AD7142 registers this as a sensor touch.  

Preprogrammed threshold levels are used to determine if a 
change in capacitance is due to a button being activated. If the 
capacitance exceeds one of the threshold limits, the AD7142 
registers this as a true button activation. The same thresholds 
principle is used to determine if other types of sensors, such as 
sliders or scroll wheels, are activated.  

Capacitor 
Plate A

Capacitor 
Plate B

Some of the field lines will terminate on the 
iron in the red blood cells of a nearby finger.

Recall
Capacitance 
meter counts 
the number of 

field lines 
to determine 

Q , 
and then 
computes
C = Q/V
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Figure 2 shows two possible designs for a button sensor. The 
button can be any size from 5 mm to about 15 mm in width. 
Each button sensor requires one input to the AD7142/AD7143. 
Buttons can be circular, oval, square, or irregularly shaped. All 
buttons should have two pads, one connected to the SRC pin 
and another connected to a CIN input pin. Both pads should be 
on the top layer of the PCB. 
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Figure 3. Methods for Connecting Buttons to  
the AD7142/AD7143 and the CDC (AD7142 Shown)  

When the user activates a button, a status bit in the AD7142 or 
AD7143 status registers is set. Each button, whether it connects 
to the CDC using the single-ended or the differential method, 
has a one-to-one correspondence to a status bit in the status 
registers. The AD7142/AD7143 can be set up to interrupt the 
host processor when any sensor is activated. The host can then 
read back data from the status registers to determine which 
button sensor is active.  

 
Figure 2. Button Layout 

The button sensor on the right side of Figure 2 shows a cutout 
area in the middle of the sensor with pads for a component. 
This layout is appropriate for applications with LEDs on the 
PCB. Light from the LED can be directed through the cutout 
area of the button allowing the button to be programmed to 
light up when activated. The maximum size of the cutout in the 
button depends on the size of the buttons, as defined in 

TYPICAL BUTTON SENSOR RESPONSE 
The response from the sensor is the difference in CDC output 
value between sensor touched and sensor not touched condi-
tions. The response from the sensor depends on a number of 
factors: sensor area, size of the user’s finger, and thickness and 
permittivity of the plastic that covers the sensor. Application 
Note 

Table 2. 

Table 2. Button Cutout Sizes 
AN-830 has more details on the factors affecting sensor 

response.  
Button Diameter Maximum Cutout Size 
5 mm 2 mm ! 1.6 mm 
6 mm 2.8 mm ! 1.2 mm Figure 4 to Figure 6 show typical responses from button sensors 

of various diameters. For the 5 mm diameter button, the CDC 
output code changes by about 236 codes when the sensor is 
activated. For the 10 mm button, the CDC output changes by 
737 codes, and for the 12 mm button, the CDC output code 
changes by 1260 codes. All three buttons are tested underneath 
2 mm of plastic covering material.  

8 mm 4 mm ! 2 mm 
10 mm 4 mm ! 2 mm 

On the AD7142 and AD7143, buttons connect through the 
input multiplexer to the CDC using one of two methods. The 
first method is the single-ended method, wherein a button 
activates independently from any other sensor connected to the 
AD7142 or AD7143. The second method of connecting buttons 
to the AD7142 and AD7143 involves connecting two buttons to 
the CDC differentially. In this case, either button operates when 
independently activated.  
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However, if the user tries to simultaneously activate both 
buttons, neither button activates. This is useful in certain 
applications where, for example, the user is prevented from 
activating the play and stop buttons at the same time. The two 
connection methods are shown in Figure 3.  

 
Figure 4. 5 mm Diameter Button Response 

Compact button switch designs
Capacitor Plate A

Capacitor Plate B

Capacitor Plate A

Capacitor Plate B

LED LED

Capacitively sensed mechanical switch

AN-854  
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MECHANICAL BUTTONS 
Mechanical buttons can be sensed using the AD7142 or AD7143. 
A mechanical button contact is shown in Figure 7. A flexible 
metal dome is attached to the underside of the sensor PCB. This 
dome makes contact with a ring of CSHIELD on the sensor PCB. 
The central contact is connected to one CIN input of the 
AD7142/AD7143. When the button is not pressed, the metal 
dome is a concave shape and does not touch the inner CIN 
contact on the board. When the button is pressed, the metal 
button changes to a convex shape and touches the inner CIN 
contact thereby connecting CSHIELD to a CIN input on the 
AD7142/AD7143 that was previously floating. The AD7142 or 
AD7143 measures this change on the CIN input, which 
corresponds to a 20,000 code change in the CDC output. 

 
Figure 5. 10 mm Diameter Button Response 
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Figure 7. Mechanical Button Contact 
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Figure 6. 12 mm Diameter Button Response 

 
Figure 8. Mechanical Button Construction 

Capacitor 
Plate A

Capacitor 
Plate ACapacitor 

Plate B
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Mechanical buttons can be sensed using the AD7142 or AD7143. 
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Figure 7. Mechanical Button Contact 
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Figure 6. 12 mm Diameter Button Response 

 
Figure 8. Mechanical Button Construction 



Capacitive fader design
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SLIDER 
Figure 11 shows the layout for a slider sensor. A slider can be 
designed with varying widths (from 5 mm to 12 mm), and varying 
lengths (from 10 mm to 60 mm). The layout of the slider can be 
straight, in either a vertical or a horizontal position, or curved 
into a horseshoe or circular shape. The slider is constructed 
from a number of discrete sensor segments, normally eight 
segments. Connect each of the segments to a CIN input pin on 
the AD7142/AD7143. 
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Figure 11. Discrete Slider Sensor Layout 

 
The slider consists of a number of discrete sensors arranged in  
a strip, one after the other. The excitation source connection 
intertwines with all eight segments. These discrete sensing 
segments operate in the same manner as buttons. Each sensing 
segment is laid out in close proximity to the next sensor; thus, 
when a user moves a finger along the slider, more than one 
sensor segment is activated at a time. This slider can produce up 
to 128 output positions.  

Figure 12. Discrete Slider Connection to the AD7142/AD7143 and CDC 
(AD7142 Shown) 

Figure 12 shows how a slider connects to the AD7142 or AD7143 
through the sequencer to the CDC. Each of the discrete segments 
that make up the slider connects to the CDC using one sequencer 
stage. Each of the sensor segments has a corresponding status 
bit in the status register. The status bits are set to 1 when the 
sensor segment is activated. When any of the status bits are set, 
the host reads back the CDC output data for all of the sensor 
segments. 

It is possible to construct a slider using only six sensor segments. 
However, this arrangement results in a corresponding decrease 
in sensor output resolution.  

To achieve 128 output positions using only eight sensor 
segments, there is some interpolation using the CDC results 
from each sensor. The CDC results from each segment are 
weighted and added together to form a normal distribution 
curve. The mean of this normal distribution gives the output 
position from the slider. Analog Devices, Inc. provides the 
software algorithm to achieve this linearization. It is provided  
as C code. This code requires less than 8 kB of program code 
and 500 bytes of RAM. For more information, refer to the 
design support and FAQs on the AD7142 or AD7143 Web pages 
at either www.analog.com/AD7142 or www.analog.com/AD7143. 

Capacitor 
Plate A

Capacitor 
Plate B0

Plate B1
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Plate B3

Plate B4

Plate B5

Plate B6

Plate B7Super-resolution 
via interpolation ...
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SCROLL WHEEL 
The scroll wheel is a special case of the discrete slider. Each of 
the discrete segments in the slider is arranged into a circular 
shape, as shown in Figure 13. The inner ring connects to the 
SRC pin. The scroll wheel can provide as many as 128 output 
positions. 

 
Figure 14. Matrix Keypad Button To achieve 128 output positions using only eight sensor segments, 

there is some interpolation using the CDC results from each 
sensor. The CDC results from each segment are weighted and 
added together to form a normal distribution curve. The mean of 
this normal distribution gives the output position from the scroll 
wheel. Analog Devices provides the software algorithm to achieve 
this linearization. It is provided as C code, and requires 9.6 kB of 
program code and 571 bytes of RAM to run. For more informa-
tion, refer to the design support and FAQs on the AD7142 or 
AD7143 Web pages at 

When the user activates any key in the keypad, status bits in  
the status registers are set. The host can read back data from the 
AD7142/AD7143 to determine the set status bits. Status bits  
for each column, and for each row, are used to determine which 
key is pressed. The decoding is the same as that required for 
conventional mechanical matrix keypads. The active key is at 
the location where both its row and column status bits are set. 

www.analog.com/AD7142 or 
www.analog.com/AD7143. 
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Figure 13. Scroll Wheel Sensor Layout 

MATRIX KEYPAD 
The AD7142 and AD7143 can be used to implement a matrix 
keypad. The AD7142 can implement up to 36 keys, and the 
AD7143 can implement up to 16 keys. The keys are arranged in 
rows and columns, similar to a standard matrix keypad. Each 
row and column of the keypad requires an input to the AD7142/ 
AD7143. Each column and row of the keypad requires a con-
nection through the sequencer to the CDC of the AD7142 or 
AD7143. The keys are constructed with one-half of the key 
connected to the column input line, and the other half connected 
to the row input line. 

 
Figure 15. 3 ! 3 Matrix Keypad Connection to the AD7142/AD7143 and CDC 

(AD7142 Shown) 

Figure 14 shows a matrix key, with two 
connections to CIN, one for the row and one for the column. 
The outer ring connects to the SRC pin.  
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SCROLL WHEEL 
The scroll wheel is a special case of the discrete slider. Each of 
the discrete segments in the slider is arranged into a circular 
shape, as shown in Figure 13. The inner ring connects to the 
SRC pin. The scroll wheel can provide as many as 128 output 
positions. 

 
Figure 14. Matrix Keypad Button To achieve 128 output positions using only eight sensor segments, 

there is some interpolation using the CDC results from each 
sensor. The CDC results from each segment are weighted and 
added together to form a normal distribution curve. The mean of 
this normal distribution gives the output position from the scroll 
wheel. Analog Devices provides the software algorithm to achieve 
this linearization. It is provided as C code, and requires 9.6 kB of 
program code and 571 bytes of RAM to run. For more informa-
tion, refer to the design support and FAQs on the AD7142 or 
AD7143 Web pages at 

When the user activates any key in the keypad, status bits in  
the status registers are set. The host can read back data from the 
AD7142/AD7143 to determine the set status bits. Status bits  
for each column, and for each row, are used to determine which 
key is pressed. The decoding is the same as that required for 
conventional mechanical matrix keypads. The active key is at 
the location where both its row and column status bits are set. 

www.analog.com/AD7142 or 
www.analog.com/AD7143. 
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Figure 13. Scroll Wheel Sensor Layout 

MATRIX KEYPAD 
The AD7142 and AD7143 can be used to implement a matrix 
keypad. The AD7142 can implement up to 36 keys, and the 
AD7143 can implement up to 16 keys. The keys are arranged in 
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Figure 14 shows a matrix key, with two 
connections to CIN, one for the row and one for the column. 
The outer ring connects to the SRC pin.  
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SCROLL WHEEL 
The scroll wheel is a special case of the discrete slider. Each of 
the discrete segments in the slider is arranged into a circular 
shape, as shown in Figure 13. The inner ring connects to the 
SRC pin. The scroll wheel can provide as many as 128 output 
positions. 

 
Figure 14. Matrix Keypad Button To achieve 128 output positions using only eight sensor segments, 

there is some interpolation using the CDC results from each 
sensor. The CDC results from each segment are weighted and 
added together to form a normal distribution curve. The mean of 
this normal distribution gives the output position from the scroll 
wheel. Analog Devices provides the software algorithm to achieve 
this linearization. It is provided as C code, and requires 9.6 kB of 
program code and 571 bytes of RAM to run. For more informa-
tion, refer to the design support and FAQs on the AD7142 or 
AD7143 Web pages at 

When the user activates any key in the keypad, status bits in  
the status registers are set. The host can read back data from the 
AD7142/AD7143 to determine the set status bits. Status bits  
for each column, and for each row, are used to determine which 
key is pressed. The decoding is the same as that required for 
conventional mechanical matrix keypads. The active key is at 
the location where both its row and column status bits are set. 
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MATRIX KEYPAD 
The AD7142 and AD7143 can be used to implement a matrix 
keypad. The AD7142 can implement up to 36 keys, and the 
AD7143 can implement up to 16 keys. The keys are arranged in 
rows and columns, similar to a standard matrix keypad. Each 
row and column of the keypad requires an input to the AD7142/ 
AD7143. Each column and row of the keypad requires a con-
nection through the sequencer to the CDC of the AD7142 or 
AD7143. The keys are constructed with one-half of the key 
connected to the column input line, and the other half connected 
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Figure 14 shows a matrix key, with two 
connections to CIN, one for the row and one for the column. 
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SCROLL WHEEL 
The scroll wheel is a special case of the discrete slider. Each of 
the discrete segments in the slider is arranged into a circular 
shape, as shown in Figure 13. The inner ring connects to the 
SRC pin. The scroll wheel can provide as many as 128 output 
positions. 
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there is some interpolation using the CDC results from each 
sensor. The CDC results from each segment are weighted and 
added together to form a normal distribution curve. The mean of 
this normal distribution gives the output position from the scroll 
wheel. Analog Devices provides the software algorithm to achieve 
this linearization. It is provided as C code, and requires 9.6 kB of 
program code and 571 bytes of RAM to run. For more informa-
tion, refer to the design support and FAQs on the AD7142 or 
AD7143 Web pages at 

When the user activates any key in the keypad, status bits in  
the status registers are set. The host can read back data from the 
AD7142/AD7143 to determine the set status bits. Status bits  
for each column, and for each row, are used to determine which 
key is pressed. The decoding is the same as that required for 
conventional mechanical matrix keypads. The active key is at 
the location where both its row and column status bits are set. 

www.analog.com/AD7142 or 
www.analog.com/AD7143. 
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Figure 13. Scroll Wheel Sensor Layout 

MATRIX KEYPAD 
The AD7142 and AD7143 can be used to implement a matrix 
keypad. The AD7142 can implement up to 36 keys, and the 
AD7143 can implement up to 16 keys. The keys are arranged in 
rows and columns, similar to a standard matrix keypad. Each 
row and column of the keypad requires an input to the AD7142/ 
AD7143. Each column and row of the keypad requires a con-
nection through the sequencer to the CDC of the AD7142 or 
AD7143. The keys are constructed with one-half of the key 
connected to the column input line, and the other half connected 
to the row input line. 

 
Figure 15. 3 ! 3 Matrix Keypad Connection to the AD7142/AD7143 and CDC 

(AD7142 Shown) 

Figure 14 shows a matrix key, with two 
connections to CIN, one for the row and one for the column. 
The outer ring connects to the SRC pin.  
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FEATURES 
Programmable capacitance-to-digital converter 

36 ms update rate (@ maximum sequence length) 
Better than 1 fF resolution 
14 capacitance sensor input channels 
No external RC tuning components required 
Automatic conversion sequencer 

On-chip automatic calibration logic 
Automatic compensation for environmental changes 
Automatic adaptive threshold and sensitivity levels 

On-chip RAM to store calibration data 
SPI®-compatible serial interface (AD7142) 
I2C®-compatible serial interface (AD7142-1) 
Separate VDRIVE level for serial interface 
Interrupt output and GPIO 
32-lead, 5 mm x 5 mm LFCSP_VQ 
2.6 V to 3.6 V supply voltage 
Low operating current 

Full power mode: less than 1 mA 
Low power mode: 50 µA 

APPLICATIONS 
Personal music and multimedia players 
Cell phones 
Digital still cameras 
Smart hand-held devices 
Television, A/V, and remote controls 
Gaming consoles 
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Figure 1. 

GENERAL DESCRIPTION 
The AD7142 and AD7142-1 are integrated capacitance-to-
digital converters (CDCs) with on-chip environmental 
calibration for use in systems requiring a novel user input 
method. The AD7142 and AD7142-1 can interface to external 
capacitance sensors implementing functions such as capacitive 
buttons, scroll bars, or wheels.  

The CDC has 14 inputs channeled through a switch matrix to a 
16-bit, 250 kHz sigma-delta (!-") capacitance-to-digital 
converter. The CDC is capable of sensing changes in the 
capacitance of the external sensors and uses this information to 
register a sensor activation. The external sensors can be 
arranged as a series of buttons, as a scroll bar or wheel, or as a 
combination of sensor types. By programming the registers, the 
user has full control over the CDC setup. High resolution 
sensors require minor software to run on the host processor. 

The AD7142 and AD7142-1 have on-chip calibration logic to 
account for changes in the ambient environment. The calibration 
sequence is performed automatically and at continuous intervals, 
when the sensors are not touched. This ensures that there are no 
false or nonregistering touches on the external sensors due to a 
changing environment. 

The AD7142 has an SPI-compatible serial interface, and the 
AD7142-1 has an I2C-compatible serial interface. Both parts 
have an interrupt output, as well as a general-purpose input/ 
output (GPIO).  

The AD7142 and AD7142-1 are available in a 32-lead, 5 mm # 
5 mm LFCSP_VQ and operate from a 2.6 V to 3.6 V supply. The 
operating current consumption is less than 1 mA, falling to 
50 µA in low power mode (conversion interval of 400 ms). 

Typical part
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Figure 1. 

GENERAL DESCRIPTION 
The AD7142 and AD7142-1 are integrated capacitance-to-
digital converters (CDCs) with on-chip environmental 
calibration for use in systems requiring a novel user input 
method. The AD7142 and AD7142-1 can interface to external 
capacitance sensors implementing functions such as capacitive 
buttons, scroll bars, or wheels.  

The CDC has 14 inputs channeled through a switch matrix to a 
16-bit, 250 kHz sigma-delta (!-") capacitance-to-digital 
converter. The CDC is capable of sensing changes in the 
capacitance of the external sensors and uses this information to 
register a sensor activation. The external sensors can be 
arranged as a series of buttons, as a scroll bar or wheel, or as a 
combination of sensor types. By programming the registers, the 
user has full control over the CDC setup. High resolution 
sensors require minor software to run on the host processor. 

The AD7142 and AD7142-1 have on-chip calibration logic to 
account for changes in the ambient environment. The calibration 
sequence is performed automatically and at continuous intervals, 
when the sensors are not touched. This ensures that there are no 
false or nonregistering touches on the external sensors due to a 
changing environment. 

The AD7142 has an SPI-compatible serial interface, and the 
AD7142-1 has an I2C-compatible serial interface. Both parts 
have an interrupt output, as well as a general-purpose input/ 
output (GPIO).  

The AD7142 and AD7142-1 are available in a 32-lead, 5 mm # 
5 mm LFCSP_VQ and operate from a 2.6 V to 3.6 V supply. The 
operating current consumption is less than 1 mA, falling to 
50 µA in low power mode (conversion interval of 400 ms). 
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Interesting AD7142 facts ...

Pad C a few pF.  Finger ΔC a few fF !

Sense time per pad: 3ms. If all 14 
channels in use: 36ms “frame rate”.  

Measured pad C is always drifting. 
Sensor chip tracks it adaptively.

Plastic thickness over PCB: 2-4mm.



UC Regents Summer 2008 © UCBCNMAT Sensor Workshop: Capacitive Touch Sensors

(Sources: Apple, Synaptics, and Cirque 
patents,  various websites).

Touchpads and Touchscreens



Touchpad: A circuit board Top view - finger surface 

Back 
view: 
Capacitance 
meter 
chip
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 Comparison of Resistive and Capacitive Technologies

Resistive Technology

A resistive touchpanel is a mechanical sensor.  The sensor uses two layers of material, 
separated typically by air. Pressure from a finger pushes the top layer (typically a thin, 
clear polyester film) so that it actually touches the lower layer (typically glass).  The 
voltage at the contact point is measured and location computed. After the finger is 
removed, the top layer “bounces back” to its original configuration.

Capacitive Technology

In contrast, a capacitive sensor is a solid-state sensor made using standard printed 
circuit board or flex-circuit technology.  A finger on top of a grid of conductive traces 
changes the capacitance of the nearest traces.  This change in trace capacitance can be 
measured and finger position computed.  No pressure is necessary to activate the 
capacitive sensor.  A gentle stroke or glide along the surface of a capacitive pad is all 
that is required.  There are no moving parts to wear out over time, and with a rated 
life of over 1 million uses, Synaptics ClearPad™ and TouchPad™ will probably 
outlast your device.

©2007 Synaptics Incorporated
Synaptics and the Synaptics logo are trademarks of Synaptics Incorporated in the United States and/or other countries.  

Insulating surface

Sensor Traces
Substrate

Rigid Resistive Layer
Air Gap

Flexible Resistive Layer

Touchpad
 Cross-section

Grid 
cross-points 
are sensor 
capacitors.



Touch screens use a transparent wire matrix 
(ITO, Indium-Tin Oxide) under glass or plastic.
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SENSOR DESIGN GUIDELINES
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SINGLE-ENDED

METHOD

DIFFERENTIAL
METHOD

CDC

STAGE1

STAGE0

CDC

+

–

+

–

AD7142 SEQUENCER

CIN2

CIN1

CIN0

0
6
1
8
2
-0
0
3

Figure 2 shows two possible designs for a button sensor. The 
button can be any size from 5 mm to about 15 mm in width. 
Each button sensor requires one input to the AD7142/AD7143. 
Buttons can be circular, oval, square, or irregularly shaped. All 
buttons should have two pads, one connected to the SRC pin 
and another connected to a CIN input pin. Both pads should be 
on the top layer of the PCB. 

 

B1 B
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Figure 3. Methods for Connecting Buttons to  
the AD7142/AD7143 and the CDC (AD7142 Shown)  

When the user activates a button, a status bit in the AD7142 or 
AD7143 status registers is set. Each button, whether it connects 
to the CDC using the single-ended or the differential method, 
has a one-to-one correspondence to a status bit in the status 
registers. The AD7142/AD7143 can be set up to interrupt the 
host processor when any sensor is activated. The host can then 
read back data from the status registers to determine which 
button sensor is active.  

 
Figure 2. Button Layout 

The button sensor on the right side of Figure 2 shows a cutout 
area in the middle of the sensor with pads for a component. 
This layout is appropriate for applications with LEDs on the 
PCB. Light from the LED can be directed through the cutout 
area of the button allowing the button to be programmed to 
light up when activated. The maximum size of the cutout in the 
button depends on the size of the buttons, as defined in 

TYPICAL BUTTON SENSOR RESPONSE 
The response from the sensor is the difference in CDC output 
value between sensor touched and sensor not touched condi-
tions. The response from the sensor depends on a number of 
factors: sensor area, size of the user’s finger, and thickness and 
permittivity of the plastic that covers the sensor. Application 
Note 

Table 2. 

Table 2. Button Cutout Sizes 
AN-830 has more details on the factors affecting sensor 

response.  
Button Diameter Maximum Cutout Size 
5 mm 2 mm ! 1.6 mm 
6 mm 2.8 mm ! 1.2 mm Figure 4 to Figure 6 show typical responses from button sensors 

of various diameters. For the 5 mm diameter button, the CDC 
output code changes by about 236 codes when the sensor is 
activated. For the 10 mm button, the CDC output changes by 
737 codes, and for the 12 mm button, the CDC output code 
changes by 1260 codes. All three buttons are tested underneath 
2 mm of plastic covering material.  

8 mm 4 mm ! 2 mm 
10 mm 4 mm ! 2 mm 

On the AD7142 and AD7143, buttons connect through the 
input multiplexer to the CDC using one of two methods. The 
first method is the single-ended method, wherein a button 
activates independently from any other sensor connected to the 
AD7142 or AD7143. The second method of connecting buttons 
to the AD7142 and AD7143 involves connecting two buttons to 
the CDC differentially. In this case, either button operates when 
independently activated.  

35200

35100

35000

34900

34800

34700

34600

AMBIENT

C
D

C
 C

O
D

E

CDC

0
6
1
8
2
-0
0
4

However, if the user tries to simultaneously activate both 
buttons, neither button activates. This is useful in certain 
applications where, for example, the user is prevented from 
activating the play and stop buttons at the same time. The two 
connection methods are shown in Figure 3.  

 
Figure 4. 5 mm Diameter Button Response 

Capacitor 
Plate A

Capacitor 
Plate B

Recall ...
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 Comparison of Resistive and Capacitive Technologies

Resistive Technology

A resistive touchpanel is a mechanical sensor.  The sensor uses two layers of material, 
separated typically by air. Pressure from a finger pushes the top layer (typically a thin, 
clear polyester film) so that it actually touches the lower layer (typically glass).  The 
voltage at the contact point is measured and location computed. After the finger is 
removed, the top layer “bounces back” to its original configuration.

Capacitive Technology

In contrast, a capacitive sensor is a solid-state sensor made using standard printed 
circuit board or flex-circuit technology.  A finger on top of a grid of conductive traces 
changes the capacitance of the nearest traces.  This change in trace capacitance can be 
measured and finger position computed.  No pressure is necessary to activate the 
capacitive sensor.  A gentle stroke or glide along the surface of a capacitive pad is all 
that is required.  There are no moving parts to wear out over time, and with a rated 
life of over 1 million uses, Synaptics ClearPad™ and TouchPad™ will probably 
outlast your device.

©2007 Synaptics Incorporated
Synaptics and the Synaptics logo are trademarks of Synaptics Incorporated in the United States and/or other countries.  

Insulating surface

Sensor Traces
Substrate

Rigid Resistive Layer
Air Gap

Flexible Resistive Layer

Cross-Point close-up



Some of the field lines will 
terminate on the iron in the 

red blood cells of a nearby finger.

If many fingers may touch at 
once (multi-touch), scan out 

Cij array (frames) at a 
constant frame rate. 

“Capacitance video camera”.

Sensor Array



Like a camera chip readout

Circuit from 
Apple patent 
teaching the 
iPhone touchscreen 
controller chip.

To 
parallel 

A/D 
channels

Excite one row 
with a sense 
waveform

Read 
capacitance 
of all columns 
in parallel ...



One A/D readout channel

Looks a lot like a radio receiver ... 
Which may be why Apple partnered 

with Broadcom for the design!
Not feasible 
in 1994 ...



Before Multi-touch Single-touch: A fast accurate keypad

adapted the 
keypad idea 
to track one 
finger over a 
track pad 
cross-point 
matrix (1991).
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SCROLL WHEEL 
The scroll wheel is a special case of the discrete slider. Each of 
the discrete segments in the slider is arranged into a circular 
shape, as shown in Figure 13. The inner ring connects to the 
SRC pin. The scroll wheel can provide as many as 128 output 
positions. 

 
Figure 14. Matrix Keypad Button To achieve 128 output positions using only eight sensor segments, 

there is some interpolation using the CDC results from each 
sensor. The CDC results from each segment are weighted and 
added together to form a normal distribution curve. The mean of 
this normal distribution gives the output position from the scroll 
wheel. Analog Devices provides the software algorithm to achieve 
this linearization. It is provided as C code, and requires 9.6 kB of 
program code and 571 bytes of RAM to run. For more informa-
tion, refer to the design support and FAQs on the AD7142 or 
AD7143 Web pages at 

When the user activates any key in the keypad, status bits in  
the status registers are set. The host can read back data from the 
AD7142/AD7143 to determine the set status bits. Status bits  
for each column, and for each row, are used to determine which 
key is pressed. The decoding is the same as that required for 
conventional mechanical matrix keypads. The active key is at 
the location where both its row and column status bits are set. 

www.analog.com/AD7142 or 
www.analog.com/AD7143. 
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Figure 13. Scroll Wheel Sensor Layout 

MATRIX KEYPAD 
The AD7142 and AD7143 can be used to implement a matrix 
keypad. The AD7142 can implement up to 36 keys, and the 
AD7143 can implement up to 16 keys. The keys are arranged in 
rows and columns, similar to a standard matrix keypad. Each 
row and column of the keypad requires an input to the AD7142/ 
AD7143. Each column and row of the keypad requires a con-
nection through the sequencer to the CDC of the AD7142 or 
AD7143. The keys are constructed with one-half of the key 
connected to the column input line, and the other half connected 
to the row input line. 

 
Figure 15. 3 ! 3 Matrix Keypad Connection to the AD7142/AD7143 and CDC 

(AD7142 Shown) 

Figure 14 shows a matrix key, with two 
connections to CIN, one for the row and one for the column. 
The outer ring connects to the SRC pin.  

One switch

Switch Array

Connect all As together

If row I and column J 
have big Cs, 

key Kij is touched

Keypad recap:
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MATRIX KEYPAD 
The AD7142 and AD7143 can be used to implement a matrix 
keypad. The AD7142 can implement up to 36 keys, and the 
AD7143 can implement up to 16 keys. The keys are arranged in 
rows and columns, similar to a standard matrix keypad. Each 
row and column of the keypad requires an input to the AD7142/ 
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(AD7142 Shown) 

Figure 14 shows a matrix key, with two 
connections to CIN, one for the row and one for the column. 
The outer ring connects to the SRC pin.  
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the discrete segments in the slider is arranged into a circular 
shape, as shown in Figure 13. The inner ring connects to the 
SRC pin. The scroll wheel can provide as many as 128 output 
positions. 
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When the user activates any key in the keypad, status bits in  
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AD7142/AD7143 to determine the set status bits. Status bits  
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MATRIX KEYPAD 
The AD7142 and AD7143 can be used to implement a matrix 
keypad. The AD7142 can implement up to 36 keys, and the 
AD7143 can implement up to 16 keys. The keys are arranged in 
rows and columns, similar to a standard matrix keypad. Each 
row and column of the keypad requires an input to the AD7142/ 
AD7143. Each column and row of the keypad requires a con-
nection through the sequencer to the CDC of the AD7142 or 
AD7143. The keys are constructed with one-half of the key 
connected to the column input line, and the other half connected 
to the row input line. 

 
Figure 15. 3 ! 3 Matrix Keypad Connection to the AD7142/AD7143 and CDC 

(AD7142 Shown) 

Figure 14 shows a matrix key, with two 
connections to CIN, one for the row and one for the column. 
The outer ring connects to the SRC pin.  
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SCROLL WHEEL 
The scroll wheel is a special case of the discrete slider. Each of 
the discrete segments in the slider is arranged into a circular 
shape, as shown in Figure 13. The inner ring connects to the 
SRC pin. The scroll wheel can provide as many as 128 output 
positions. 

 
Figure 14. Matrix Keypad Button To achieve 128 output positions using only eight sensor segments, 

there is some interpolation using the CDC results from each 
sensor. The CDC results from each segment are weighted and 
added together to form a normal distribution curve. The mean of 
this normal distribution gives the output position from the scroll 
wheel. Analog Devices provides the software algorithm to achieve 
this linearization. It is provided as C code, and requires 9.6 kB of 
program code and 571 bytes of RAM to run. For more informa-
tion, refer to the design support and FAQs on the AD7142 or 
AD7143 Web pages at 

When the user activates any key in the keypad, status bits in  
the status registers are set. The host can read back data from the 
AD7142/AD7143 to determine the set status bits. Status bits  
for each column, and for each row, are used to determine which 
key is pressed. The decoding is the same as that required for 
conventional mechanical matrix keypads. The active key is at 
the location where both its row and column status bits are set. 

www.analog.com/AD7142 or 
www.analog.com/AD7143. 
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Before Multi-touch First, drive all Y lines simultaneously, 
and measure X capacitance vector ...

Then, drive 
all X lines 
simultaneously, 
and measure 
Y capacitance 
vector.

Track peaks over time, etc ...



All-analog computation ! 

A/D at 
very end.

Analog peak 
interpolation

Analog background 
C normalization

To identical 
circuits for Y.



For your design: A typical part

Most 2-D products are sold as per-customer custom 
modules (Synaptics) or done as in-house ASICs (Apple).

ADVANCED CY8CTMG120

TrueTouch™ Multi-Touch Gesture
Touchscreen Controller

Cypress Semiconductor Corporation • 198 Champion Court • San Jose, CA 95134-1709 • 408-943-2600

Document Number: 001-46929  Rev. **  Revised June 17, 2008

Features

! TrueTouch™ Capacitive Touchscreen Controller

" Supports Single-Touch and Multi-Touch Touchscreen Control

" Supports up to 45 X/Y Sensor Inputs

" Supports Screen Sizes 8.5” and Below

" Fast Scan Rates: Typical 125 us per X/Y Crossing

" High Resolution: Typical 480 x 360 for 3.5” Screen

" Available in 56-Pin QFN Package

" Seamless Transition up to Higher Function Multi-Touch 
All-Point Device

! Lowest Noise TrueTouch Device 

! Highly Configurable Sensing Circuitry

" Allows Maximum Design Flexibility

" Allows Trade-Off Between Scan Time and Noise Perfor-
mance

! Includes Gesture Detection Library

! Develop Customized User Defined Gestures

! Provides Maximum EMI Immunity

" Selectable Spread-Spectrum Clock Source

! Powerful Harvard Architecture Processor

" M8C Processor Speeds to 24 MHz

" Two 8x8 Multiply, 32-Bit Accumulate

" Low Power at High Speed

" 3V to 5.25V Operating Voltage

" Industrial Temperature Range: –40°C to +85°C

" USB Temperature Range: –10°C to +85°C

! Full-Speed USB (12 Mbps)

" Four Uni-Directional Endpoints

" One Bi-Directional Control Endpoint

" USB 2.0 Compliant

" Dedicated 256 Byte Buffer

" No External Crystal Required

! Flexible On-Chip Memory

" 16K Flash Program Storage, 50000 Erase/Write Cycles

" 1K SRAM Data Storage

" In-System Serial Programming (ISSP)

" Partial Flash Updates

" Flexible Protection Modes

" EEPROM Emulation in Flash

! Precision, Programmable Clocking

" Internal ±4% 24 and 48 MHz Oscillator

" Internal Oscillator for Watchdog and Sleep

" 25% Accuracy for USB with no External Components

! Additional System Resources

" I2C! Slave, Master, and Multi-Master to 400 kHz

" Watchdog and Sleep Timers

" User-Configurable Low Voltage Detection

" Integrated Supervisory Circuit

" On-Chip Precision Voltage Reference 

! Complete Development Tools

" Free Development Software (PSoC Designer™)

" TrueTouch Touchscreen Tuner

" Full-Featured, In-Circuit Emulator and Programmer

" Full Speed Emulation

" Complex Breakpoint Structure

" 128K Bytes Trace Memory

! Programmable Pin Configurations

" 25 mA Sink on All GPIO

" Pull Up, Pull Down, High Z, Strong, or Open Drain Drive 
Modes on All GPIO

" Configurable Interrupt on All GPIO

Logic Block Diagram

[+] Feedback 
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Recently, standard parts have 
started to appear ...
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Novel applications



UC Regents Summer 2008 © UCBCNMAT Sensor Workshop: Capacitive Touch Sensors

Touch sensing ideas ...

Techniques 
not limited 
to finger 
capacitance



UC Regents Summer 2008 © UCBCNMAT Sensor Workshop: Capacitive Touch Sensors

Touch pad and touch screen ideas ...

Techniques 
are not 
limited to the 
Cartesian 
coordinate 
space.
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Techniques can be adapted to 
flexible printed circuit 
technologies.

Design GuideDesign Guide

Flexibility to 
meet customers needs

Touch sensing ideas ...



Touch user 
interfaces on 
curved surfaces 
(Apple patent)



Touch user 
interfaces on 
curved surfaces 
(Apple patent)



Today, sensor chips and Internet 
PC board services change the equation.  

A decade ago, a design team needed 
experts in all 3 disciplines to succeed.

Sensing on curved surfaces await their
iPod moment -- a product design concept 

that brings them mainstream.

Final thought

Touch Sensing = Materials + Electronics + Product Design


