I3 TEXAS
INSTRUMENTS

Application Report
SBAA178-March 2011

Determining Minimum Acquisition Times for SAR ADCs
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ABSTRACT

The input structure circuit of a successive-approximation register analog-to-digital converter (SAR ADC) in
combination with the driving circuit forms a transfer function that can be used to determine minimum
acquisition times for different types of applied input signals. This application report, which builds on
Determining Minimum Acquisition Times for SAR ADCs When a Step Function is Applied to the Input (see
Reference 1), investigates the situation when a dc voltage is applied to the input. First, the input structure
of the ADC is examined along with the driving circuit. Next, a simple method is derived for calculating the
minimum acquisition time for SAR ADCs when the input is a dc voltage. This method will then be
compared with the minimum acquisition time derived in the previous application report (see Reference 1).
Last of all, three different test cases are evaluated using both exact and approximated equations in order
to support the derivations in this report.
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1

Introduction

When it comes to designing the proper input driving circuit for analog-to-digital converters (ADCs),
emphasis is typically placed on the calculation of the RC filter in front of the analog input and the selection
of an operational amplifier (see Reference 2). The selection of the external RC components depends on
the internal structure, sampling sequence, and charge injection of the SAR ADC (see Reference 3 through
Reference 5). Knowledge of the internal input structure of the ADC, especially the value of the sampling
capacitor, will assist users as they optimize the external RC components to obtain the maximum ac and dc
performance from the device (see Reference 6).

The calculation of the external RC filter is simplified by assuming the analog input sampling switch
resistance is negligible (see Reference 6). In the following analysis, the analog input sampling switch
resistance will be included.

SAR ADC Analog Input Equivalent Circuit

A typical analog input driving circuit for the ADC includes an operational amplifier (op amp) as well as an
input RC filter composed of R, and C,, as shown in Figure 1. The signal from the driving circuit charges
the sampling capacitor Cg, through the sampling switch SW with an equivalent on-resistance Rgy,. The
input switch is composed of a CMOS transmission gate or similar structure. The equivalent on-resistance
of the sampling switch is not linear and depends on the input signal level (see Reference 7). For this
analysis, the average on-resistance of the switch measured over the full-scale input range (FSR) of the
ADC will be used.

ADC

- RIN

W

Rsw  sw

T

Figure 1. Typical SAR ADC Input Driving Circuit

IHH

Furthermore, the op amp is assumed to have ideal characteristics. Therefore, it can be modeled as an
ideal voltage source. By modeling the op amp in this fashion, the circuit from Figure 1 can be simplified to

the one shown in Figure 2.
ADC
Rin Rsw sw
YW VA o
C

; _L Ciy —L ESD —L Csh
Vin® . :lT: :lT: :lT:

Figure 2. Simplified SAR ADC Input Driving Circuit

The ESD protection circuit at the input of the ADC has an equivalent capacitance C.gp. This capacitance
is the parallel combination of the protection circuit from the input pin to the power-supply rail and ground.
The equivalent capacitance of C.qp is typically between 4 pF and 10 pF. The input filter capacitance C,,
on the other hand, usually ranges from 1 nF to 10 nF. If C,, >> Cgp, then Ccg, can be neglected. This
analysis will represent the parallel combination of C,, and Cgsp as capacitor C, (see Figure 3).

In addition to treating the op amp in Figure 1 as ideal, this analysis investigates the case of the input
signal pre-charging capacitor C, to a constant dc voltage before the sampling switch SW closes. This
situation can occur if the input signal V,(t) changes state during the conversion period of a SAR ADC with
a single input channel. It may also occur with a multi-channel SAR ADC, such as the ADS8331/32 (see
Reference 8), when another channel is selected during the current conversion. Under these conditions,
the input signal V,y(t) can be represented as a constant dc voltage source with magnitude V.
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Moreover, the circuit in Figure 2 can be represented as a second-order, low-pass filter. The circuit for this
case with updated variables is shown in Figure 3.

Ry =Ry Rz = Ry B(
Cy=Cp+Cesp ICZ’CSH

Vin® =Viy I

Figure 3. SAR ADC Input Driving Circuit Represented as a Second-Order, Low-Pass Filter

The worst-case transient response occurs when the difference in absolute magnitude between the initial
voltage on capacitor C, [voltage of V,(t)] and the initial voltage on capacitor C, is equal to the full-scale
input range (FSR) of the SAR ADC. The case where the initial voltage on capacitor C1 [voltage of Vyy] is
at V,, or the positive full-scale voltage (PFS), while the initial voltage on capacitor C, is at zero or the
negative full-scale voltage (NFS) will be analyzed here. The analysis of this case yields similar results for
the case where the initial voltage on capacitor C, [voltage of V] is at zero or NFS while the initial voltage
on capacitor C, is at V,y or PFS. This second case is left to the reader as an exercise.

The FSR of a SAR ADC is the difference between the PFS and the NFS of the converter. In order to
analyze the circuit in Figure 3 under worst-case conditions, the initial voltages on capacitors C, and C, are
set to V,y and zero, respectively. Figure 4 shows the Laplace transform of the circuit in Figure 3 with the
initial conditions, reference currents, and voltages that are used in the analysis.

Vi(s) R, V,(9)

R1
VWA * VWA
p2 T(s)> L 1/sC, T(; i
V/s + 2 1/sC,
> Viis () 1o l

Figure 4. Second-Order Filter with Voltages and Currents Defined

The primary goal of this analysis is to determine the minimum acquisition time (t,c) for the voltage on
capacitor C, to settle within 1/2 LSB of the input signal for an N-bit SAR ADC as a function of R, C;, R,,
and C,. In order for this analysis to be performed, an expression for the voltage V, across capacitor C, as
a function of time must be derived. The next section in this application report focuses on this calculation.

3 Mathematical Analysis of the Equivalent Circuit
The Laplace transform of voltage V, in Figure 4 is:
Vy(s) = A(s) x Vi
(1)
where:

A(S) _ (Dn2>< sa+ 1

1
1o sa+1
S §°+2Lw,s+ o,

(@)
The calculations for Equation 1 and Equation 2 are shown in Appendix A. The inverse Laplace transform
of Equation 2 is:

\jCZ 02 —w? - \/CZ w2 - w2 x cosh(ty w2 -w?)x e—Cwnt
A(t) =

0,%(C* - 1)
L2 . x sinh(ty T o," %) x 6Lt xa, x sinh(t\/m) x g
mnz(CZ - 1)
©)
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After simplifying, Equation 3 can be re-written as follows (see Appendix B for further details):

AR =1- ; X |:(?; —am, + V‘gg -1 )x e n(C ~NE- (C -aw, - \j@g -1 )x e_wn(t‘*@)t]
N -1
4
Equation 4, in turn, can be expressed as:
t t
Al = 1 ﬁ x[@-awnwf- 1) xe"- (€ -aw, -V - 1) x e_]
®)
where time constants T+ and T2 are defined as Equation 6 and Equation 7, respectively:
1
T o,-VE-1)
6
1
27 0, +NT-1)
O
In order to observe the effects of these two time constants, Equation 5 can be rewritten as:
A(t) =1 - [k1(t) - k2(t)]
®
where:
ki) < S22t VE -1 %
2T -1
©
and
k() < 2720 NE -1
2N -1
(10)

The plots of Equation 8, Equation 9, and Equation 10 as a function of time are shown in Figure 5.
The following values were used in Figure 5: R; =100 Q, R, = 800 Q, C, = 1000 pF, and C, = 40 pF.

These component values set a = 100 ns, b =4 ns, and ¢ = 32 ns. These values set w, = 17.678 Mrad/s
and € = 1.202. Furthermore, the time constants are calculated to be T = 105.721 ns and T = 30.267 ns.

1.50

— Al = 1K @ f k2(t)
1.25 — K

Amplitude (Normalized)
o
~
a
—
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Time (ns)

Figure 5. Plots of Equations (8), (9), and (10) versus Time
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As shown in Figure 5, k2(t) decays faster than ki1(t) when T2 << T1. Under these conditions, Equation 8
can be approximated as a function with only time constant T, or:

£ -aw, +VZ -1 é%
X

2\ -1

Alt) =1 -
11)

4 Minimum Acquisition Time
In order for the voltage on capacitor C, in Figure 3 to settle within 1/2 LSB of the input signal for an N-bit
SAR ADC:

Ad)s1—-—1

2N+1

(12)

If k1(t) >> k2(t) at the minimum acquisition time, then A(t) in Equation 12 may be approximated by
Equation 11. When this approximation is done, the minimum acquisition time t,., for an N-bit ADC is (see
Appendix C for calculations):

x Nx|n(2)+|n(§‘a‘”n+“;2‘1)
e

1
gz —
T o NE 1)
19)

The minimum acquisition time t,c, for an N-bit ADC from the application report Determining Minimum
Acquisition Times for SAR ADCs When a Step Function is Applied to the Input (see Reference 1) is given
in Equation 14.

: cNT
thogz————x|NxIn@) +In| ¥ -1
T o NE 1) ( )

-1
(14)
The difference between Equation 13 and Equation 14 is shown in Equation 15:
tACQ STEP_tACQ DC=+ X |n C+ Cz_ 1
R e e R W
(15)

Here, taco pc @nd tac step @re the minimum acquisition times in Equation 13 and Equation 14, respectively.
Because the ratio in the natural logarithm term in Equation 15 is greater than one, the difference between
the acquisition times is a positive quantity. This effect means the acquisition time when the input signal is
a step function is greater than the acquisition time when the input signal is a constant dc source, with all
other components in the system remaining the same.

5 Test Cases

In order to evaluate if the approximation derived in Equation 11 is valid, the following test cases were
analyzed for a 16-bit ADC (N = 16):

(@) R,C, = R,C, x 100

(b) R,C, = R,C,

(c) R,.C, =R,C, /100

The results of these cases are displayed in Table 1.
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Table 1. Results of Three Test Cases
Case
Parameter €) (b) (©) Units
R, 100 100 10 Q
C, 1000 1000 100 pF
R, 20 2000 2000 Q
C, 50 50 50 pF
. 1
1= 23‘5R1C1 1.59 1.59 159 MHz
Apup—— 9 9 9
2 = ZWRQCQ 15 1.5 1.5 MHz
flfy 100 1 0.01
a® 100 100 1 ns
b® 5 5 0.5 ns
c® 1 100 100 ns
Wngy 100 10 100 Mrad/s
Cw 5.300 1.025 5.075
Ty 105.048 125.000 100.505 ns
T 0.952 80.000 0.995 ns
taco 0.920 1.399 1.184 ys
K1(taco) 0.000008 0.000008 0.000008
K2(taco) 0.000000 0.000000 0.000000
A(taco)eqos 0.999992 0.999992 0.999992
(Equation 8)
A(taco)eoir 0.999992 0.999992 0.999992
(Equation 11)
Error® 0.000000 0.000001 0.000000 %
@ Refer to Appendix A for equations.
A(tACO)(Eqﬂ) = Altaca) (E998) | « 100
@  Error = A(tACQ)(EqOB)
6 Determining Minimum Acquisition Times for SAR ADCs
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Conclusion

By using the acquisition times from Table 1, the final voltage on the sampling capacitor of the ADC from
Figure 1 was calculated for each test case by using Equation 11 and Equation 8. The difference in the
final voltage calculated with Equation 11 and Equation 8 for each test case is negligible (see Table 1 for
details). This analysis clearly demonstrates that using the simplified Equation 11 to calculate the final
voltage on the sampling capacitor does not introduce any significant error compared to using the exact
formula (Equation 8). This assessment is further supported by the plots in Figure 6 through Figure 8.
Another insight revealed by this analysis is that the acquisition times in Table 1 are less than the
corresponding ones in the previous application report (see Reference 1).

1.50 1.50
1.25 1.25
=) =)
S N
= 1.00 = 1.00
© ©
£ E -_V"’
<] S -
Z 075 Z 075 ,'/
o ° _./
=) kel .
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0.25 k2(1) 0.25 k2(t)
) \ ---1-k)
0 I I I 0 I I I
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Figure 6. Case (a) Figure 7. Case (b)
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Figure 8. Case (c)
Conclusion

This report analyzes the input structure along with the driving circuit of a SAR ADC. It provides a simple
analytical method for calculating minimum acquisition times for SAR ADCs when a constant dc voltage is
applied to the input. Three different test cases were calculated using exact equations as well as simplified
ones. The difference in the final acquired voltage calculated with these two equations was negligible. Last
of all, it was shown through calculations and test cases that the minimum acquisition time of a system with
constant dc source will be less than the identical system using an input step function (see Reference 1).
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Appendix A

The voltage and currents in the circuit of Figure 4 can be described with the following equations:

_lL(s) Vi
Vi =5t s
(16)
_ 1(8)
VZ(S) - 302
17)
Vi(s) = V,(s) = Ral,(s)
(18)
Yin V. (s) = Rl
s - Vi®) =Ri()
(19)
I(s) = 1;(s) + 15(s)
(20)
Equation 16, Equation 17, and Equation 19 can be rewritten as:
li(s) = sCV,(s) - C;Viy
(21)
|2(S) = Sszz(S)
(22)
_ Y _Vi(8)
I6)=3Rr, "R,
(23)
Substituting Equation 21 through Equation 23 into Equation 20 yields:
V. - (s°R,C, + s)V,(s) + s°R,C,V,(s)
& sR,C, + 1
(24)
Using Equation 22 in Equation 18 produces:
V1 (S) = (Schz + 1)V2(S)
(25)
Substituting Equation 25 into Equation 24 produces:
s[(sR,C, + 1)(sR,C, + 1) + sR,C
V= [(sR,C; + 1)(sR,C, + 1) + 12]><V2(S)
sR,C, +1
(26)
By using these constants:
a=R,C,
b=R,C,
c=R,C,
Equation 26 can be simplified to:
(sa+ 1)V =s|(sa+ 1)(sc+ 1) +sb|x V,(s)
(27)
SBAA178-March 2011 Determining Minimum Acquisition Times for SAR ADCs 9
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The voltage V,(s) can be described as a function of the constant dc source V,(t) with magnitude V,y by

rearranging Equation 27 to yield:

1 1 sa+ 1
V,(8) = —x—x x V
28) = 307 ¢, gatbre 1 n
ac ac

The coefficients in Equation 28 can be represented as:
a+b+c _ S,
ac

and
1,z
ac "

Substituting Equation 29 and Equation 30 into Equation 28 produces:

Vy(s) = A(s) x Vi

where:

A(S):u)nlex 5 sa+ 1 g
S s +2Cw,s+ o,

(28)

(29)

(30)

(1)

(32)
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Appendix B

The equation:

A)

2 2 2 2 2 2 2 2 2 ~Copt
\jg; 02 -, _\jg w2 -, xcosh(t\,C ol-0)xe "

0,2(C* - 1)

ax o, xsinh(ty o’ - w,”) x € """ T x o, x sinh(t \/ Col-0l)xe"
+

mnz(cz - 1)
(33)
Can be reduced to:
A =1 - e't’m"tx[cosh (0, V- 11) - &z sinh(o &= 1 t)]
(34)
The definitions of the hyperbolic sine and hyperbolic cosine terms are:
, e -e”
sinh(x) = ————
(x) 5
(35)
cosh(x) = e+e
2
(36)
The arguments of the hyperbolic sine and hyperbolic cosine terms in Equation 34 can be defined as:
X = w, V- 1t
(37)
Substituting Equation 37 into Equation 35 and Equation 36 yields:
oNZ -1t _—oNT -1t
sinh(o, 2= 1) = £ ‘29
(38)
and
oNT-1t, ~oNZ -1t
cosh(wN = 1t) = & +26
(39)
Using Equation 38 and Equation 39 in Equation 34 produces:
ot ewn‘flz— 1t+ e—w"wlzz- 1t am, - T emnxlf- 1t_ e—m«ltf- 1t
Al) =1 - e"'x 2 i 2
(40)
By re-arranging the terms, Equation 40 can be simplified to:
1
Al) =1 - ——x [(z - aw, + VT - 1) x g F - (g - aw, = VT - 1) x g VE T m}
N1
(41)
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Appendix C

For k1(t) >> k2(t), Equation 5 reduces to:
t-aw, +VZ - 1 é%‘
X

2\ - 1

Al) ~1 -

(42)

In order for Equation 42 to satisfy the criteria in Equation 12 for minimum acquisition time tacq:

1 Z—amn+\)§2—1 f’%’
x

> e
2N+1 2 C2_1

Re-arranging the terms in Equation 43 and solving for t,, yields:

c-amn+\/z;2-1)]
e

taca = T ><|:N xIn(2) + In(

Using Equation 6 to replace T in Equation 44 produces the inequality:

1 C-aw,+V -1
tACQan(C—'\/@) x[NxIn(Z)Hn( C2_1 )]

(43)

(44)

(45)
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