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Find sampling rate: ADC without buffer amplifier

General Equations for Sampling Rate given a source
impedance Rin to achieve 1/2 LSB settling accuracy

Criy=20-Cy,

. ( DB
acarin=Rin* (Cran+Cla,) - ml\ Crat O

1
Ja=

T pcghtin T tConvMar

ADS8860 Example
V=5V  Ry:=1kR2

Cp =55 pF  topnomar:=T10 ns  N:=16
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This procedure assumes that Rin is \
known

Rin may be the source impedance of the
sensor.

Targeted settling error of 1/2LSB

Simulated settling error approximately

1/2LSB (1/2LSB = 38.1pV, Sim = 38.2p\9

ResetSH

5.00—

SamplingFreq

Tacq

Tconv

Vadc

Verror

Vsamp

0.00—-
5.00—

0.00—U - —~
5.00— - -

0.00—

5.0
49 ﬁ
48

5.00— | | |

0.00—

/

—

4.7

100u

0.0 3 /{Verror=-38.2uv .
-100u / 1"-]
5.0 (..-— -
400 ‘TY'H[YHY‘HYY[HYYVYH[YHY HYY[HYYVYYWTHY‘YYYY[Y YY‘

32u 36u 40u 44u 48u 52u 56u
Time (s)

Wip TEXAS INSTRUMENTS = 2



Initial start up time

Initial Settling of RC filter .
Rin
1k

ADS8860
92.5ksps, 16bit

VADC

N=16 R, :=1kf2 WA
+ Vs

Cy=1b pI' Cpy,=1.1nF 5V

I—i—

teettting™=Rin* (Cont+Clag) * In (2¥)=9.274 ps

Table 38: Time required to settle to a specified conversion accuracy

Accuracy in bits Settling time in time Accuracy in bits Settling time in time
(N) constants (Ny) (N) constants (Ny¢)
8 55 ‘ 17 ‘ 11.78 ‘
9 6.24 | 18 12.48
10 6.93 19 | 1317 |
11 7.62 20 13.86 ‘
12 8.32 , 21 \ 1456 \
13 9.1 | 2 1525 ‘
14 9.70 23 \ 15.94 ‘
15 10.40 \ 24 ‘ 16.64
16 11.04 25 | 17.33 |
Npc = In@2") (201)

N

l Cfilt
I'].']n

55pF

RsH
S1 96Q
Csh S2

* The results on the previous \
slide assume that the input RC
filter is settled.

« The initial settling time
requirement can be calculated
using the equations shown.

« This equation assumes settling
for a resolution requirement.

* The simulation shows that the

due to the start-up charging

first sample has worse error
of
the input RC filter
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Find input source impedance for sampling rate

ADS7047 Example: Find a voltage divider
that will settle with 100kHz sampling rate

Co=16 PF  toomuntar= 250 ns

£=100 kHz V=10V V.0 =36V

Cr=20-Cy3,=320 pF  N:=12

1
t-"lf-'q'l'-‘ﬁﬂ = f_ — toonuMaz =9-T5 ps
s

t 5
Ry = e —4.864 k2
(2-2”-(:',,1
(Cr+Ca) | ————
\Crint+Ca)
R,-R,
Ry= ' 2 =4.864 k2
h+ Ry Solve for
s R1, R2
S =36V
R +R,
V“'I
Ry= “R;,=T7.599 k2
Vm_vadc
ViV,
RI::[ B “‘t]-RQ:w.sl k2
Viade

3.6V
Half LSB:= o 439.453 pV
2.2

ADS7047: 100ksps,
12bit, 3.6V FSR

« This procedure assumes a desired

sampling rate, and solves for the
required source impedance (Rin)
+ The source impedance for the voltage
divider is the parallel combination of
R1 and R2
«  Settling Error matches the expected

error (1/2LSB =439pV, Sim = 439pV)

%

52.06
ladc ma
-184.08u

219.33u

Icap mj
-52.05i

5. 0?

0.00—-

2.5
SamplingFreq
-2.50

5.00

Tacq Uj
0.0

/l

TV Vv

Verror = 439V

5.0
Tconv
0.00
Vadc
0.000—
Verror ]
-1.0m—!
3.60
Vsamp ]
0.00}——
5.04u
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Periodic single-shot conversions

General Equations for recovery period for
1/2 LSB settling on single shot conversion.

Crn=2-2"-Cy,
t1 =R+ (Cpin+Cyp) +In(2)

trerovery = tl + tcoﬂ‘!..'ﬂrfﬂ.f

ADS7042 Example
R;,:=100 k2 C4:=15 pI
toonumtar =800 s N:=12

Cry=2-2"-Cy;,=122.88 nF
ty=Rip+ (Cpigy+Cy) +In(2) =8.518 ms

tr!zcove‘.r‘y ==t1 + tConvMamz 8.519 ms

3V
Half LSB:= : =366.211 pV

912 =

ADS7042,12 bit
Single shot every 8.5ms

@
N
o038
e}
)
N
[T

<

This procedure assumes a faa
single-shot conversion is done
periodically

The capacitor is selected to so
that error is 1 LSB at start of
acquisition period

The recovery time is set so that
the error is 2 LSB at start of
conversion.

Simulated settling error

approximately 1/2LSB (1/2LSB
= 366pV, Sim = 398pV) /

( trecovery = 8'5ms )

Zoom in on error.
Error = % LSB

( teonv = 800Ns )

)
1.00—
1 >
0.00—
1.00— -
Vconv .
0.00
0.000— -
13— - | __Verror = -398uV
// / /' E
Verror _1.0om—] - ¥ Droop after
Conversion
1 E =-763uV
-2.00m- 1
3.000— —
I /Vsamp =2.99960V
3 d L1 E
// / L~ / N
Vsamp 2 999 = S Droop after
Conversion
] E =2.99924V
2.998—1 . 1 — . ]
000  12.50m 25001 33.998m 34.002m 34.006m
Time (s) Time (s)
25.00m
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Is the sample and hold completely reset?

Tacq

- ' +
= X
Rsw 100 T
[ aA%Y%

ResetSH

SW_conv
Von 1

->X
+ o

Tacq

—TL_I—'XJ SW3 0
0 Von 1

INP SW_acq 0
Von 1

T

Csh 15p:|:

Tacq

R1 100

C715p

VCCS1 -1

Vsamp

+

X

SW20
Von 1

| t:l
->X
I+_| ResetSH

Ol 3w
1

Tacq

) \‘ XJ SW4 0
g Von 1

INM SW10
Von 1

C115

p

I

C6 1.5p

/ The reset capacitors deplete the\
charge on the sample and hold
capacitor by 10% at end of
conversion cycle. The old model
reset to zero. Assuming the input
signal is DC, the input capacitor

looks like an effective capacitance

k of 1.5pF in this example. /
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Multiplexed inputs — Component selection

ADS8168 Example: Find a voltage divider
that will settle with 100kHz sampling rate

C‘sh =60 pF f’CvaHm: =600 ns

N:=16 C,_,.:=13 pF

fo=100 kHz V=10V V=48V
Crity =20+ (Cyy+C ) =1.46 nF
1
bacqrin'=——loonontar = 24 B8
I
B Ercartin =0.723 k2
T f2-2%.0,)

e Wo e il
(s : Crn+Cy,

=1.39074 k2

)
B ]

Half LSB:=

'»=1.50663 kf2

—=38.147 pV

2.2

Vin _J_; %
10VJ:

<&

H

Csh
60pF‘"

R1 4.791667V
1.5k | R
R2 J_ S1 40Q
1.38k Cifilt1
= 1.1n
- 1 Co
T13pF
1V
Rin 723 / Roos
AM a .
L l _ S2 400  ADS8168,16 bit
T T <13f'1'f f, = 100kHz
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Multiplexed inputs - Signals

+

1 OVI

| R1 4.791667V
Vin 3 15k /
N ARt
J_ S1 400
1.38k Cfilt1
ak :|:1.1n
- ——Cmux RSH
I13pF $3 500 i
v CsH
Rin 723 ’/ R 60pFT
Ve |- | o 2400 ADS8168,16 bit i
cfil2 f, = 100kHz

1vi

I1.1n

<

\_

In multiplexed systems there is two switched capacitor
circuits (the Mux, and the ADC sample-and-hold).

The mux parasitic capacitance, C,,, charges to the
previous channels voltage

The sample-and-hold will either be discharged at end of

each conversion period, or will retain the previous channel

voltage

A conservative solution is to assume sample and hold fully

discharges at end of each conversion period.
The simulation results show errors of -69uV and 1uV

The simulation also highlights the transients from the mux

switching and from the ADC sample-and-hold

\

/

5.00-
ResetSH a ‘ ‘ ‘ ‘
0.00-

5.00

SamplingFreq j
0.00-
5.00—
0.00—2
5.00-
Tconv 3 H H H
0.0
Ch1 Mux Transitions
(Voltage on Cmux was 1V) End L?f_C_h1
/Acqulsmon
4.79
Veh1_in Ch1 conversion Ends
Acquisition starts
4.59 (Csh Reset)

Ch2 Mux Transitions

(Voltage on Cmux was 4.8V)
1.07- Ch2 conversion Ends
Vch2_in Acquisition starts End of Ch2
(Csh Reset) / Acquisition
995.256m——

100.001
Verror(Ch1) = -69u
0.00
~100.00 s

2.50—

L

Verror

-2.50—
' Bom
0.00
4. 79g
q

0.00 ‘xxxw{xxxx‘xwxw{xwxx‘xxwx{xwxw{xwxw{xwxx‘

VmuxOut

80.00u 90.00u 100.00u

Time (s)

60.00u 70.00u
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Derivation of Equations

General Equation for Charging

/Initial condition on Capacitor. After switch |s\
closed, the fully charged external capacitor
(Csi), redistributes charge with the internal
capacitor (C,). This charge exchange

VO =V g Vo) (1= )+ Vi Capacitor with initial condition
v, _V_fN = (Vﬁ _Lyﬁ J(l _e T ) +LV/& Substitute initial condition, and
C22 Cu+Cy Cou +Cy final voltage
1— 1 —=[1- Cﬁlt ( —t/t i Cﬁh
2-2 Cﬁlt + th Cﬁlt + Csh
1 . C/tlt _l1_ Cﬁlt ( e—t/‘r )
22" Cﬂlt + th Cﬁlt + Csh
! S g G G Algebra t
N gebra to
220 CutCy CutCa Cu+Ca ™ solve for t results in a droop in voltage.
1 _ —tlt Cﬁlt —tlt
2-2" C/ilt + Csh
1 Vo [asi o
tnitial = .
—tit — 22N \ Cfﬂ!l‘l‘{:
Cﬁlt
Cﬁlt + Csh _
=1 ln 2'2N.Csh . .
—Cﬁlt iC, Final equation
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Thanks for your time!
Please try the quiz.



Questions: EOS and ESD on ADC

1. For the circuit shown below, what sampling rate could be used to achieve 2
LSB settling?

a.

b
C.
d

22kHz
. 82kHz
1:2:2:2 ADS8860:
- 940kHz Veoos 4.8V t.ony = 710NS
Vi L R1 16bit, 5V FSR
= 4.75k

Wi» TEXAS INSTRUMENTS 11



Questions: EOS and ESD on ADC

1. For the circuit shown below, what sampling rate could be used to achieve 2
LSB settling?

a. 22kHz
b. 82kHz
c. 173kHz ADS8860:
d. 540kHz '
Vi = 4.8V teonv = 710ns
Cru=11nF  Cu,=55pF R1 ADC °= - .
vl ERU 16bit, 5V FSR
N:=16 toomy =710 ns 20V — . )
R ATSMLISED o 1 R2 l
4.75 kf2+ 1.5 k12 1 5k 1(:1f||tF
N - . n
t=Rin+ (Cpin+Cian) -ln[H}zn.sm us 1:
f=——=81:856 kilz
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Questions: EOS and ESD on ADC

2. For the circuit shown below, what is the maximum input resistance, Rin, that
will allow a 200kHz sampling rate and "2 LSB settling error?

a. 121Q

b. 2220 ADS8860:
c. 425Q fs = 200kHz
d. 744Q teony = 710NS
e. 1.24kQ 16bit, 5V FSR

I:{in
AAAY, »
wl ]
Cfilt

4.8VT
I I 1.1nF

wip TEXAS INSTRUMENTS = 13



Questions: EOS and ESD on ADC

2. For the circuit shown below, what is the maximum input resistance, Rin, that
will allow a 200kHz sampling rate and "2 LSB settling error?

121Q
2220
425Q
744Q)
1.24kQ

© o0 T

Csh 55 pI’ teonuMaz = 710 ns

fe:=200 EHz Copy=1.1 nF

1
tAcgMin = f_ —toonuMaz—=4-29 ps
s

B, = EacaMin =0.425 k2
i (2% .0.,)

(Ce:.:H- Csh) «In l C;{m 5 C_;h J

ADS8860:
fs = 200kHz

teony = 710Ns

16bit, 5V FSR

VIN

4, BVI

l Cfilt
I 1.1nF

W3 TEXAS INSTRUMENTS
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Thanks for your time!
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Hello and welcome to the Tl Precision Labs Section on
Driving SAR ADC without amplifiers. Some common
examples of SAR ADC usage without amplifiers are
monitoring power supplies or monitoring a slow moving
sensor such as a thermistor. In previous videos we
learned how to select the amplifier and external RC filter
to achieve good settling. In these videos we used
simulation and a parametric search to find the optimal RC
value. Although this method can be used on circuits
without amplifiers, it is much easier to use some simple
equations to select the values. The reason the simple
equations can be used here but not for circuits using
amplifier drive is that circuits without amplifiers are
simple first order circuits and amplifier circuits are higher



order more complex systems. The higher order systems
are difficult to model mathematically as they depend on
many factors such as gain and output load. The first order
system on the other hand has a simple mathematical
solution that yields a set of equations that can be used to
find the RC filter and sampling rate needed for proper
settling.



Flnd sampllng rate: ADC without buffer amplifier

General Equations for Sampling Rate given a sourc:
i dance Rin to achi 1/2LsB i

Crn=20+:Cy, 5.00
ResetSH
acartin=Rin= (Crite+ Cp) - (i 2+§ ‘h] Vit ADS8860 = 0.00
MGk Rin 92.5ksps, 16bit 500
FEm—E Ik Ryt -

111

" Uteqttin+ lGomettos ’ S1 960 :
AcqMin+ LComunt L‘Vs J_ ot - l J ggg
| I 5v :|: 1.1n 55pF S2 Tacq 1 J7
ADS8860 Example 1 1 s
V=5V Rp,:=1 k2 - 500 { —L
Cyg:=55 pF'  togpurfar=T10 n8  N:=16 0.00
5.00
4.90
Crn=20-Cy,=1.1 nF / : e \ e 4.60 V r l/
s - »  This procedure assumes that Rin is 470
M. known 100u
=R, (C f) +In Ll 7 = 5 . Verror 0.0 =-38.2uV
v {C;.mﬂ,‘»]"mm"’“ +  Rin may be the source impedance of the P /1/
foi=— L —=92.562 kHz RElIROL x Vsamp °%
LcabtinT Lomnita + Targeted settling error of 1/2LSB _
Half LSB:= L, 38.147 pV * SlmUIated Sett"ng error apprQleatE|y 32u 36u 40u 44u 48u 52u 56u
2i2g 1/2LSB (1/2LSB = 38.1pV, Sim = 38.2uV) Time (s)
! 144.686 k= K J

2 mRyyCrar
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Here we show a simple example of how the sampling rate
can be selected to achieve good settling error for a SAR
ADC without a driver amplifier. Typical use cases for this
include monitoring power supply rails, or monitoring
sensors like thermistors. The source Vs is modeled as an
ideal DC source. In a practical case the source may have
significant source impedance. This impedance will need
to be included in the input resistance Rin. The input
capacitance, Cfilt, is selected in the same way we
selected it in previous videos. That s, it is selected by
multiplying the internal sample and hold capacitance
value by twenty. To find the minimum acquisition period
use the equation given here. The acquisition period is
used with the specified conversion period to calculate the




sampling rate. This equation is derived at the end of the
presentation. For now, just realize that this equation is
based on the standard charge for an RC circuit as well as a
charge redistribution that happens when the sample and
hold is connected to the Cfilt capacitor.

The ADS8860 example shows how to calculate the
sampling rate with a full scale input signal and a 1k ohm
input impedance. The sample and hold capacitance,
conversion period, and resolution are provided from the
data sheet. The external filter is selected to be twenty
times the sample and hold value, or 1.1nF in this case.
Applying all these values to the acquisition period formula
yield approximately 10us. This is used with the conversion
period to find the sampling rate. Running a simulation on
this circuit shows the settling error to be 38.2uV which is
very close to half an LSB. Of course, the same results
could be determined using the parametric search method
described in previous videos, but this method is much
simpler. Finally, we calculate the bandwidth of the input
filter as this information may be useful to understand how
the filter impacts noise rejection. In this case the filter
limits the input frequency to 144kHz, so it’s not very
effective at rejecting noise. We will see additional
examples where this frequency is lower but generally this
also means a low sampling rate is required.



Initial start up time

Initial Settling of RC filter
N=16 Ry:=1k2

Cyg=15 pF' Cpp=1.1 nF

buetting = Rin* (Can+ Cpan) +In (2%) =9.274 pis Tacq l
0.00
5.00
Table 38: Time required to settle to a specified conversion accuracy . The reSUitS on the previous \ Teonv [
Accuracy in bits Settling time in time Accuracy in bits Settling time in time 1 e,
v b p s gllde assume that the input RC ng0 -
8 55 | 17 11.78 filter is settled. Vadc SH f e 00OV SIS
2 b2 | i 1255 + The initial settling time 0.00 Verror = 38uv
10 6.93 19 1317 . 0.0 Verror =-451uV,
7 - 5 e requirement can be calculated G G /T / /
12 8.32 } 21 14.56 using the equations shown. 1.0m
1 £ 2 5 + This equation assumes settling 200 r r
14 9.70 | 23 1594 : . Vsamp
% o = ey fora r_esolutlon requirement. o
1 11.04 \ 25 1733 *  The simulation shows that the 000  Su  dou 15 200 250  30u
" first sample has worse error Time (s)
N In2") (201)

ADS8860 500
92.5ksps, 16bit ResetSH

Rey | 0.00

S1 960 E 200
Csn | g

55pF 0.00

5.00

due to the start-up charging of
\ the input RC filter /
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It is important to understand that the previous
calculation and simulation assume that the input
capacitor, Cfilt, is fully changed at the start of the
conversion. This will not be true immediately after the
system is powered up. The initial power up period can be
calculated using the table or equation shown here. The
equation is based on the RC time constant and the
number of bits of resolution. For a 16 bit converter the
initial charge up time for 1 LSB of error is calculated by
multiplying by 11.04 from the table, or using the
equation.

Looking at the simulation for this example, you can see
that Vadc is initially zero and charges exponentially after




power is applied. Also, you can see that the first
conversion result has worse error than subsequent
conversion. The main point here is to make sure that the
initial system power up time is accounted for. This can be
done by adding a short delay before taking measurements
or accepting the error introduce by this start-up behavior.



Find input source impedance for sampling rate

ADS7047 Example: Find a voltage divider
that will settle with 100kHz sampling rate

Cani=16 pF  teomupar'=250 ns

f=100 kHz V=10V Vp=3.6V
Criy:=20-Cy, =320 pF N:=12
1

LpcgMin = —— tConuMaz =9-T5 ps
13

tAcqMin
( 22Nl
\CrutCa)

Ry-R,

Ry, = =4.864 k2
R +R,
R,-10V

Vass= =36V

R+ R,

Rii= =4.864 k2

(Cry+Cy)-In

Solve for
R1, R2

R, « Ry =T.599 k2

Vi
Vin=Vaac

Vi~ Viio
nl:{ E e

“R,=13.51 kR
Vade

3.6V
Half_LSB:= ~ =139.453 pv
2.2

Vin
10v

L
I |

ADS7047: 100ksps,
12bit, 3.6V FSR

Rsy
$1 500
CSH
16pF =2 1

1T

This procedure assumes a desired
sampling rate, and solves for the
required source impedance (Rin)

The source impedance for the voltage
divider is the parallel combination of

R1 and R2

Settling Error matches the expected
error (1/2LSB = 439V, Sim = 439uV)

=

#

52.06m

ladc
-184.08u
219.33u

|lcap
-52.06m
5.00

0.00

2.50
SamplingFreq

-2.50

5.00

0.00
5.00

0.00
3.60

3.43
0.000

-1.0m
3.60

0.00

-

|

1
I

Naas

Verror = 439V

/Irh_/l

5.04u 20.18u

Time (s)
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Some designs may have a specific sampling rate
requirement, but have flexibility on the source
impedance selection. A typical example of this would be
monitoring the supply using a voltage divider. In the case
of the voltage divider the main factor in selecting the
divider impedance is often power dissipation. Choosing a
lower impedance divider will increase power dissipation,
but will also allow for a faster sampling rate. The
equations here are rearranged to solve for maximum
input resistance to achieve a particular sampling rate.

In this example the goal is to achieve a 100kHz sampling
rate. The converter is a 12 bit device with a 3.6V full
scale range. Applying this information to the equation




yields an input resistance of 4.86k ohm. The voltage
divider here is intended to divide the 10V input signal to
the 3.6V full scale range. From the perspective of the ADC
input the two resistors R1 and R2 are in parallel and this
parallel resistance needs to be equal to the calculated
input resistance. These two equations can be solved for
R1 and R2 as shown. In this example, R2 and R1 are 7.59k
and 13.51k respectively. These equations are generic and
can be used for similar SAR ADC voltage monitor
problems. Notice that the error shown in the simulation
results is very close to the expected error of one half LSB.



Periodic single-shot conversions

General Equations for recovery period for
1/2 LSB settling on single shot conversion.
Cru=22"-Cy,
= Rip- (Cra+Cy) - (2)

trecovery = b1+ tconuMar
ADS7042 Example

Ry,:=100 k2 Cyi=15 pF

1% =800 ns N:=12

ComeMaz *

Criu=2-2%Cy,=122.88 nF
ty:=Ryy+ (Cpip+Cl) +In(2)=8.518 ms
Lrecovery™= t1 + tConuMar = B8.519 ms

Half LSB:= 3 =366.211 pV
2.2

ADS7042,12 bit
Single shot every 8.5m:

<
3 3
i
N3] o
o =
S
@
L Bl7
§e 57
—t
4
Pl
’
[T

/

N

This procedure assumes a faa
single-shot conversion is done
periodically

The capacitor is selected to so
that error is 1 LSB at start of
acquisition period

The recovery time is set so that
the error is %2 LSB at start of
conversion.

Simulated settling error

approximately 1/2LSB (1/2LSB
= 366uV, Sim = 398uV) /
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Some system monitoring solutions only need to
periodically monitor the supplies. So, for example, a
converter may take a quick single conversion at 1Msps
once every hundred milliseconds. For this kind of
solution a very large filter capacitor is often used on the
ADC input. The capacitor is significantly larger than the
sample-and-hold capacitor so that at the start of the
conversion cycle the droop introduced is minimal. The
design equations shown here select a filter capacitor that
will introduce one half LSB of droop error at the start of
the conversion cycle. The next equation calculates a
recovery time that you would have to wait between
single-shot conversions. The main advantage of this
technique is that it has minimal impact on the




microcontroler processing overhead. Furthermore, this
method can be applied to multiplexed devices so that a
periodic scan of all the multiplexer inputs can be used to
read all the system monitor voltages.

In this example a large 100k source impedance is used
with a full scale 3V signal. The external Cfilt capacitor is
selected to be 122nF using the equation to introduce one
half LSB error at the start of the conversion period.
Applying the values to the relationship yields a recovery
time of 8.5ms. Simulations show that the erroris
comparable with the expected half LSB of error.



Is the sample and hold completely reset?

/The reset capacitors deplete lhe\
charge on the sample and hold
capacitor by 10% at end of
conversion cycle. The old model
reset to zero. Assuming the input
signal is DC, the input capacitor

INP

looks like an effective capacitance

\ of 1.5pF in this example. /

B
INM
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Up to this point all the material we have presented on
SAR ADC modeling has assumed that the sample and hold
capacitor is completely reset at the end of each
conversion. In most practical SAR ADC this is not true. In
fact, at the end of each conversion cycle some amount of
change will be depleted on the sample and hold
capacitor, but it will generally not be fully discharged.
This means that the actual settling is typically better than
predicted by the model that we have been using. The
model shown here illustrates a case where the sample-
and-hold charge is depleted by 10% at the end of each
conversion cycle. Notice that the section of the model
that previously shorted the sample-and-hold capacitor to
ground is replaced with a “reset” capacitor that is equal




to 10% of the sample and hold capacitor. Unfortunately,
all SAR ADC do not behave the same way and the amount
of post conversion droop will differ for different devices.
Furthermore, this information is normally not specified in
the ADC data sheet. Itis possible to measure this effect
and use this information in the simulation of circuits.
However, designing based on the conservative approach
will always yield good results. Also, as we will discuss in
the next slide, the conservative approach is best for
multiplexed devices as the sample and hold capacitor of
subsequent channels will charge to different voltage
levels.



Multiplexed inputs — Component selection

ADS8168 Example: Find a voltage divider . R1 4.791667V
that will settle with 100kHz sampling rate Vin = 1.5k /
10V Rnuxt
Coni=60 PF  Lepmontari= 600 = R2 l S1 400
sh p. ConvM ns %1 38Kk Cfilt1
N:=16 C,,_ =13 pF = 1.1n
f=100 kHz V=10V V=48V - —Cn

X
T13pF $3 500 f
Criy =20+ (C:J|+("mm-)= 146 nF® 1V CsH sS4
Rin 723 / B60pF
Rinux

1
rcottin=——LComuue=9-1 .
‘AcgMin T ConoMaz ps g J: J_ ] S2 400 ADSS’IGS,‘IG bit
s L Cfilt2 £. = 100kH
o wT T 1.1 = =
R = Ar’qM":u . \:0_7.23 P 11
2.2%.¢c,
Criy+Cgq)+In 5
(s ) le:‘lr""(’shJ

V.

Ry= [7?’5— «R;,=1.39074 k2
Vm an Vmi('

Rl = [v{n . Vm.tr

+R,=1.50663 k2
Vade

5V
Half LSB:= 2.2 =38.147 pV
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This example shows a typical multiplexed system. The
multiplexer model contains FET switches, the switch on-
resistance, the switch parasitic capacitance, and the SAR

ADC model. In this example, we only show two

channels,

but the same principles can be applied to multiplexers
with more channels. When the multiplexer switches
channels, the parasitic capacitance behaves very similar

to a sample and hold circuit. In this example, w

hen

switch S1 is closed, the mux capacitor will charge up to
approximately 4.79V. When the multiplexer changes
channels and S2 closes the 1V input will have to discharge
the stored 4.79V charge from the previous channel.
Furthermore, the ADC itself still has a sample and hold

settling, and for each conversion cycle the ADC

may need




to settle to a different voltage. In this example the ADC
will alternate from 4.79V to 1V. Since each conversion
cycle can have a different voltage, it doesn’t really matter
if the ADC sample and hold is fully discharged during each
conversion cycle. For this reason the conservative ADC
model is normally used for multiplexed cases.

The equations used here are the same as the previous
equations except that the multiplexer parasitic
capacitance is included. In this example, the required
input impedance of 732 ohms is calculated to achieve a
100kHz sampling rate. Note that each channel needs to
have a maximum of 732 ohms impedance or the channel
will have settling errors. Of course, if this impedance is
too low from a power perspective, the sampling rate could
be adjusted to a lower frequency.



Multiplexed inputs - Signals

Rl 4791667V
w1 )
-
l R2 l 51 400
1.38k Cfilt1
L 1.1
- LG Re
T3k S3 500 -1
v Csh s4
Rin 723 ’/ Roua SOPF‘[ I
J_, l ] S2200 ADS8168,16 bit 1
e Lot f, = 100kHz
wT T 11n H

In multiplexed systems there is two switched capacitor
circuits (the Mux, and the ADC sample-and-hold).

The mux parasitic capacitance, C,,, charges to the
previous channels voltage

The sample-and-hold will either be discharged at end of
each conversion period, or will retain the previous channel
voltage

A conservative solution is to assume sample and hold fully
discharges at end of each conversion period.

The simulation results show errors of -69uV and 1uV

N

switching and from the ADC sample-and-hold

479
Veht_in

4,59
Weh2_in

The simulation also highlights the transients from the mux /

xxxxxxxxxx
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This slide shows the simulation results for the example
from the previous page. For each conversion there are
two transients: One transient occurs where the mux
changes channels causing the parasitic mux capacitance
to charge. Another transient occurest where the
converter starts it’s acquisition period. Looking at

Vchl _in you can see the transient from changing the mux
channel is relatively small. This transient occurs as the
mux capacitance was previously changed to 1V from the
previous channel. When the acquisition period starts the
internal 60pF sample and hold capacitance is initially
discharged so the voltage on Cfilt1 droops significantly.
The same type of transient can be seen on channel 2.
Looking at the error for both channels 1 and 2 you can




see that the worst case error is about 69uV. Half of one
LSB error is 38uV, so this error is closer to 1 LSB. This is
not surprising as the multiplexer adds an extra settling
transient from when the channels are changed. In all of
these examples adding some extra margin can be achieved

by choosing a lower sampling rate or reducing the input
impedance.



Derivation of Equations

General Equation for Charging

V)= Vs ~Visia (1= € " )4+ Vo Capacitor with initial condition
" V_f\ = {V’_\ ——Su v, ](1 —ett )+ Con v, S_ubstitute initial condition, and
2-2 CatC,, CptC,, final voltage
Gy ; Cy =
1— 1 _=|1- filt -(lfe"“")Jr Silt
2-2 C,/m +C,, Cﬁn +C,,
oL __Cm  _[{__Cm (1-e") /Initial condition on Capacitor. After switch m\
2:27 €, +C, Co+C, closed, the fully charged external capacitor
| c c c (Csix), redistributes charge with the internal
e L | — capacitor (C,;). This charge exchange
22" Cm. +Cm Cﬁ/r +C\h ij +C«h — AIQEbra to = =h H
solve for t results in a droop in voltage.
1 Co
TEar C, +C
filt r CPJ_L
' Vinitial = =4 -
nt E
-2 CrintCa /

Final equation
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The last slide shows the derivation of the equation used
in this presentation. The first equation is the generic
equation for and RC change curve with an initial
contention. The second equation substitutes in the initial
condition. The initial condition can be derived by
considering the voltage droop introduced when the fully
discharged sample-and-hold capacitator is put in parallel
with the fully changed external filter capacitor. The final
voltage in the second equation assumes a half LSB of
droop from full scale. After substituting the initial
condition some algebra is used to solve for time.




Thanks for your time!
Please try the quiz.
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That concludes this theory part of the video — thank you
for watching! Keep watching to and try the quiz and
check your understanding of this video’s content.

10



Questions: EOS and ESD on ADC

1. For the circuit shown below, what sampling rate could be used to achieve 2
LSB settling?

a. 22kHz
b. 82kHz
" ;:gmz ADS8860:
' z teony = 710NS
16bit, 5V FSR
55pF T S2/
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Question 1, For the circuit shown below, what sampling
rate could be used to achieve % LSB settling?

11



Questions: EOS and ESD on ADC

1. For the circuit shown below, what sampling rate could be used to achieve 2
LSB settling?

a. 22kHz
b. 82kHz
;- gzgmz ADS8860:
' ra tconv = 710“5
Cry=1.1nF Ca,=55 pF 16bit, 5V FSR
: - : - S2/
L=:R.r--(Cm.+cy.)-ln[:j:g:]:u.su'rm ' 55pF

1
fyi= =81.856 kHz

t+toomy
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The correct answer is “b. 82kHz”. The input impedance is
the parallel combination of R1 and R2. This is used with
the settling equation to find the acquisition period and
finally the sampling rate.

12



Questions: EOS and ESD on ADC

2. For the circuit shown below, what is the maximum input resistance, Rin, that
will allow a 200kHz sampling rate and %2 LSB settling error?

a. 1210
R, 222k ADS8860:
c. 425Q fs = 200kHz
d. 7440 teony = 710NS
e. 1.24kQ - 16bit, 5V FSR
L . Rsy
VINJ_: l — S1 960
4.8VT ' c
| I 1.1nF S5pF T o2
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Question 2, For the circuit shown below, what is the
maximum input resistance, Rin, that will allow a 200kHz

sampling rate and ’: LSB settling error?

13



Questions: EOS and ESD on ADC

2. For the circuit shown below, what is the maximum input resistance, Rin, that
will allow a 200kHz sampling rate and %2 LSB settling error?

a. 121Q
b. 2220 ADS8860:
L fs = 200kHz
d. 744Q tconv = 710ns
e. 1.24kQ R . 16bit, 5V FSR
g SH
Ca=55pF  leompar=T10 N5 J_ MA—1 a—w
=200 kHz ~ Cppypi=1.1 nF VIN _+ l i 900
= z serti=1.1 M 4-8V_ Cfllt CSH 1 82/
LAcq."in:=IL_E(,'mmMm='l'2g us L :[ 1 ’ 1 nF 55pF_-
T (Cenr+Cu) .h; {chi:é:‘} A -+
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The correct answer is “c. 425 ohms”. In this case the

formula is rearranged to solve for Rin.

14



Thanks for your time!
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That concludes this video — thank you for watching!

15
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