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Greetings from Miki & Ana



Last lecture: Capacitors

• Charge storage device (like a ‘bucket’ for charge)
• holds electric charge when we apply a voltage across 

it, and gives up the stored charge to the circuit when 
voltage removed

Symbol: 

Capacitance: C Units: Farads [F]
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Circuit Model:  IV relationship



Equivalent Circuits with Capacitors
* Capacitor - only circuit

step 9- : findVth/In- no
source

step 2 : Ceq = II fr÷÷dY

<
Iet

¥±%'ve, ceqt-1-t.ve,
-



a) Apply T-test and measure d¥ ] ceq=%÷g,a-
b) Apply d÷¥+ and measure Ites

(b)
(A) Ites

TEIYOI+e*!
* These are methods for experiments



T-test

U, = Utes
"¥¥y÷§¥÷

""" ⇐ a

d¥=d¥E
Elem Definition : Ic, = C,

Is =Cz%¥

KCL : T-test = Ic,+ Icz = C ,
+ C,

= (C ,+G)d¥



Itest = (atG) d¥

Ceq= = a +Cz para



KCL : Ic,
= Is = Ites

ii. ¥÷'
Elem Definition :⇐

Is= CzdV¥
Vcz

Ic
,
= C, dY

Vc, = Uz
-O - Uz

Vc
,
= U ,

- Uz

Vtest = Us



For Vez: T-test = Is= G§¥ ⇒ =

For Va : Ic
,

-

- C
,idI ⇒ I÷ = = dY¥s

q¥=I+ + 1¥ ¥
""

4¥ = +

d¥÷ = T-test ⇐ + E)

ceq=¥¥÷ = ÷÷±=É÷=a"
' ca series !



Equivalent capacitors

1 2
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C CC
C C

=
+ 1 2eqC C C= +

Capacitors in Series Capacitors in Parallel



1- A

⇒ §¥É+G)
*

⇒

.
7- Cat↳ - B

- B

Ceq=C, 11 (Cz +G)



Capacitive Touchscreen – Model without touch

µ- metalD µ

D D- dielectric
M

•
El

co=E¥TF#⇒ ¥
•Ez ( gud)



Capacitive Touchscreen – Model with touch
When there is touch

,
we

form a capacitor

1- finger

JETTE
Tcondueeive

Problem : How can we measure V or I if our electrode is a

finger ?



Grant model

TIE⇒

G÷yciE' ERE
when no touch

E'

]=co terminals we canÉ÷¥¥
" 't.us .

Ez measure

Ez
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No touch With Touch
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How do we measure change in capacitance?

Option 1 : Assume Vout G) =D t

Is__CeqdYI → Vouet)= f IdtIsÉ Von
o Ceq

voa+= 1¥ => Gq= Can't build current source
✓out

easily



Measuring Capacitance Models – Attempt #1
If there is touch : Uoat = Us

If there is no touch : but = Us

Bad Idea!



Measuring Capacitance Models – Attempt #2 – add switches 
and a reference capacitor

① Close both snitches

-

Same as before
¥
. ② phase 1 : close Si , open Sz

Q = Us . Ceq



Measuring Capacitance Models – Attempt #2 – add switches 
and a reference capacitor phase 2:

close 52
, open 51

+++ +++ Initial condition ?
- - - ---

charge sharing



Measuring Capacitance Models – Attempt #3 – known initial 
condition

Phase 1 : Si , Ss closed
,
Sz open

- - Charge Ceq

I / - Discharge Cref

Qref - Cret . but =D (Vout=0)

Qeq : Ceq . Vs



Measuring Capacitance Models – Attempt #3 – known initial 
condition

redistribute
,
until same voltage phase 2 : Si , S3 open , Ss closed

Voltage across Gq: Von-1
++
A

voltage across Cref = Vent
'

Qtotalz = Ceq. Vent + Cref . but



Effect of touch on total capacitance
Total charge is conserved ! I

①total , = ①total2

Ceq. Vs = Ceq. Vent + Cret - Vows

bout-_¥÷ BY touching . we change voltage



Effect of touch on total capacitance
no touch€

Co van -_
G-

•Vs

CotcrefEz

with touch
⇐
1- Cot÷,Vax=↳ Vs

GtcotcrefEat
¥



How can we go from voltage measurement to binary 
answer: touch or no touch?

- Threshold Voltage Wth) :
between Vout

- touch & Vent
- notouch

- Above Vth : 9- (touch)

- Below Vth : 0 (no touch)

we need to compare but to Vth

so far:{ ±
, ! I 4- ¥



How can we go from voltage measurement to binary 
answer: touch or no touch?

• New tools are needed – new circuit elements

vcvs vccs

Op-amps Transistors

ccvs
cccs



An example of an Op-amp circuit diagram EE 105

E-E-140



Operational Amplifier 

An op-amp has two input 
terminals marked (+) and (−) 
with potentials U+ and U−, two 
power supply terminals called 
VDD and VSS, and one output 
terminal with potential Uout.

An op-amp (operational amplifier) is a device that transforms a small voltage difference into a very large 
voltage difference.

ideal→ A=D

but-_Uss+↳Dvoltage source

¥
independent

1-Aliev-1

Gin
☐ ← midpoint

= ↳ 4Aaf
V)

¥-0
Ut connect to Vax

b- connect to
Vth

Vpp
.

Uss limits upper & lower bounds



Comparator – optimized for binary output & speed
Vout = VDD if V* > VDD

Vows = Vss if ✓* <Vss

Assume A-=p



Comparator – optimized for binary output

-↳

¥-4M vss

If Veit>
Vth

,

Vout = VDD

If Vitek Uh ,

Van =V55



Back to our Capacitive Touchscreen 

VDD

t.FI?-ia?s--.IIiti7- room.
In-0¥ rss

d

ng,t→°
"""

between Vtouch & Vnotouch



Enjoy Spring Break!


