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CHAPTER 10 - HOMEWORK SOLUTIONS
Problem 10.1-01

Plot the analog output versus the digital word input for a three-bit D/A converter that has +1
LSB DNL and =1 LSB INL. Assume an arbitrary analog full-scale value.
Solution

Below is a characteristic of a 3-bit DAC. The shaded area is not permitted in order to
maintain =1 LSB INL.
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Problem 10.1-02

Repeat the above problem for £1.5 LSB DNL and 0.5 LSB integral linearity.
Solution

The shaded area is not permitted in order to maintain £0.5 LSB INL. Note that the DNL
cannot exceed +1 LSB.
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Problem 10.1-03

Repeat Prob. 1, for 0.5 LSB differential linearity and +1.5 LSB integral linearity.

Solution
The shaded area is not permitted in order to maintain +1.5 LSB INL.
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The transfer characteristics of an ideal and actual 4-bit digital-analog converter are shown in
Fig. P10.1-4. Find the +INL and +DNL in terms of LSBs. Is the converter monotonic or

not?

16/16
15/16
14/16
13/16
12/16
11/16
10/16

9/16

7/16
6/16
5/16
4/16
3/16
2/16
1/16

Analog Output (Normalized to Full Scale)

+1.5LSB
DNL > T
Actual 4-bit DAC

8/16 characteristic

~

Infinite resolution
DAC characteristic

«—

A

A\ 4

0/16

characteristic

—>

\Ideal 4-bit DAC

3 4'7
A 4

bl 0
b2 0
b3 0
b4 0

— OO O

Solution

OSO=O O

—_——O0 O

OO~ O
—_ O =O

O=—=O

—_——_ O

1
0
0
0

—_O O =
OS—=O-=
—— O =
SO~
—_—_ ==

Digital Input Code

O ===

[ ST N Y

+1LSB
INL

-1.5LSB
INL

™ -2LSB

DNL

S10.1-04

INL: +1LSB, -2.5L.SB, DNL: +1.5LSB, -2LSB, the converter is not monotonic.

Problem 10.1-05

A 1V peak-to-peak sinusoidal signal is applied to an ideal 10 bit DAC which has a Vg of
5V. Find the SNR of the digitized analog output signal.).

Solution

A 1V peak sinusoideal signal is applied to an ideal 10 bit DAC which has a Vppp of 5V.
Find the SNR of the digitized analog output signal.

Solution

The SNR,,,. = 6.02dB/bit x 10bits + 1.76dB = 61.96dB

The maximum output signal is 2.5V peak. Therefore, the 1V peak signal is 7.96dB smaller
to give a SNR of the digitized analog output as 61.96-7.96 = 54dB

. [SNR = 54dB |
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Problem 10.1-06

How much noise voltage in rms volts can a 1V reference voltage have and not cause errors
in a 14-bit D/A converter? What must be the fractional temperature coefficient (ppm/°C) for
the reference voltage of this D/A converter over the temperature range of 0°C to 100°C?

Solution

1 1
The rms equivalent of a 1V reference voltage is ﬁ V. Multiplying by 2? gives

1
Rms noise = —F—=—7=21.6uV(rms) — | Rms noise =21.6uV
a1 = 2LouV(ms) | 1 |

To be within +0.5LSB, the voltage change must be less than or equal to 2713,

AV 215
v T I ) _
<. ppm/C =E= 100C° =2-16,384-100 = 0.3052pppm/C° — | 0.3052ppm/C |

Problem 10.1-07

If the quantization level of an analog-to-digital converter is A, prove that the rms
quantization noise is given as A\f12.
Solution

Assume the quantizer signal appears as follows.

T
1
The rms value of g(x) is Tf qz(x)dx where g(x) = 0.5Ax and T = 2.

. rms value of g(x) =

rms value of g(x) = é/‘\h:Z
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Problem 10.2-01
Find I, in terms of 11, I, I3, and I4 for the circuit shown.

Solution

lour = 1o

I sees R to the rightand R to the left sothat | Iy = 5

Figure P10.2-1

I requires the use of Norton’s theorem to see the results.

lour lour
AAAY AAAY
2R 12(]{) 2R% R%Q’Z(iﬂ% 2R% R%
lour lour
—_— —_—
I (i) I
S10.2-01A
p)
lour =7
I3

Repeating the above process for Ig will give loyr=|loyr = ¥
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Problem 10.2-02

A digital-analog converter uses the binary weighted [ [ L
current sinks shown. b, is the MSB and by, is the g g N g
LSB. bl b2 bN

a.) For each individual current sink, find the ] i i
tolerance in +percent necessary to keep INL less than 5 4 AAYY

+0.5LSB if N =4 assuming all other bits are ideal.

b.) Considering the influence of all current sinks,
what is the worst case tolerances in +percent for each sink?

Solution

I +] 1
a.) AnLSB = 2_N’ therefore each sink must have the accuracy of 0.5 LSB = SN =37 .

+
I 16 +100
Tolerance osz TxlOO% = T% =+6.25%
+1
I I I 1 I 8 +100
1/4: I* =7 1 = 3= Tolerance ofzz TXIOO% = T% =+12.5%

| Similarly, the tolerance of//8 and I/16 are £25% and +50% respectively. |

2i-N
The tolerance of the ith current sink = - x100%

b.) In this case, assume that all errors add for a worst case approach. Let this error be x.
Therefore we can write,

I I L L r r r 1\ I
2+x+4+x+8+x+16+x32+4+8+16+32

I 1 1 1 I 1 1
T+ 7+ +Tg|+#<|7+7+3+78

or

Thus the tolerances of part a.) are all decreased by a factor of 4 to give +1.5625%,
+3.125%, +6.25%, and +12.5% for 1/2, 1/4, I/8, and 1/16, respectively.

1 1 1 1
7= 11.5625%,Z:> 13.125%,§:> +6.25% and 16 = +12.5%

2i-N
The tolerance of the ith current sink = N x100%
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Problem 10.2-03

. . . . bl/ R Ro Vout
A 4-bit, binary weighted, voltage scaling —A\\W ANN——0
digital-to-analog converter is shown. (a.) by Ry
If Ro=7TR/8, R1 = 2R, Ry = 4R, R3 = 8R, /. +<> _193/4\%\/‘
R4 = 16R, and Vps = 0V, sketch the N\ _/4\/\/\/_ y
digital-analog transfer curve on the plot on _194/ Ry |\ SVos
the next page. (b.) If Rg=R, R1 = 2R, R = —WN- =

= 4R, Rz = 8R, R4 = 16R, and Vpg =

(1/15)VgeF, sketch the digital-analog

transfer curve on the plot shown. (c.) If Rg =R, R; = 2R, Ry = 16R/3, R3 = 32R/5, R4 =
16R, and Vs = 0V, sketch the digital-analog transfer curve on the previous transfer curve.
For this case, what is the value of DNL and INL? Is this D/A converter monotonic or
not?

Solutions

z(b 1 by b3 by

b, by by b,
VRep =82 * 4+ + § * E)VREF

(a.) vout=RO[R_l+ E+ R_3+ E

707 7T 7 o
Vour =116 + 24 + 684 + 128 | Vrer = g X ideal characteristic

(b.) The equivalent circuit is given as shown.
R

54+ T+ 7+ T¢ cq- Vout
IR I T T AA—
R
0 >
Vour = R, VeertVos) + Vos
_ +
b, by, by b +
Vom:(TJFT““ g+ E)WREF‘VOS)+ Vos  VREF Vos
+ -
by by by by \16Veer) Vegr L L FOSE2S2B
Vour=\2 ¥ 4t *+ 16 15 J*t715

Gain error of 1/16 and offset of VREF/IS.

b1 b2 b3 b4
(c.) Vom=R0 R_l + R_z + E + E VREF =

16b, 12b, 5b; 2by
:( 37+t 33t 33+ 32)VREF — Used to generate the plot on the next page

b 3 by b
2+ 76+t 32 * 16) VreF

| INL = +0.5LSB and -1.0LSB DNL = +0.5LSB and -1.5LSB |

| This DAC is not monotonic. |
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Problem 10.2-3 - Continued
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A 4-bit digital-to-analog converter characteristic using the DAC of Fig. P10.2-3 is shown
in Fig. P10.2-4. (a.) Find the DNL and the INL of this converter. (b.) What are the
values of R, through Ry, that correspond to this input-output characteristic? Find these

values in terms of Ry

16/16
Ideal DAC
15/16 Characteristic
14/16
_13/16 \
L
s 12/16
N
= 11/16 L
I
S 10/16
'§ 9/16
‘é 8/16
g 7/16
Z 6/16
2 5/16
=
< 416 \Actual 4-bit DAC
% 3/16 - characteristic
=
2/16
< \ Ideal 4-bit DAC
1/16 characteristic
0/16
bOO 0O 0OOOO OO 11T 11111
b1 0 O OO 1 1 1 1 0O0O0O0OT1TT11
b2 0 0 1 1 0 01 1 0 O 1 1 O O 1
b330 1 0 10 101 01 01 01 0
Digital Input Code
Figure P10.2-4
Solution
(a.) INL = +0.5LSB and -2.0 LSB, DNL = +0.5LSB and —1.5LSB.
(b.) Note that vy can be written as,
by by by b3
vour = -Ro [E TR, TRt R_J VREF
VREF 5VREF

U Uy WY

32

For 0001, l voyd =—7g - = R4=16R,. For 0010, lvoyd=—735 - = R3=T7 Ry.

3VREF 16 VREF

For 0100, lvoyrl =76~ = Ry=73 Ry. For 1000, | voyrd ="

—> R1=2R0
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Problem 10.2-05

For the DAC of Fig. P10.2-3, design the values of R, through R, in terms of R, to achieve
an ideal 4-bit DAC. What value of input offset voltage, Vg, normalized to Vppp will
cause an error? If the op amp has a differential voltage gain of
106
) =00

at what frequency or rate of conversion will an error in conversion occur due to the
frequency response of the op amp? Assume that the rate of application of digital words to
be converted is equivalent to the application of a sinusoidal signal of equivalent frequency.

Solution

The values of the resistors are Ry = 2R, Ry = 4Ry, R3 = 8Rj, and R4 = 16R,,.

A model for the input offset voltage influence on the DAC is shown. The output voltage is,
YOUT= "R, VREF + ( REo. ) Vos Re R

We see that the largest influence of Vg is when R, _'\/\/% vg ur

is minimum which is R{lIR)lIR5lIR4 = (16/15)R.

15 1
(1 + E) VOS <0.5LSB = 3_2VREF VREF—__ +

X < A A1 |l=7h =
VREF = (32X31) 62=0.01613 L -  Fig. S10.2-05
For the maximum conversion rate, the worst case )
occurs when the loop gain is smallest. The loop gain is given as
REo.
LG =- (m Avd
Which is minimum when Rgp = (16/15)R. The ideal output normalized toVggp is,
voyr{ideal) R 15
VrRer  ~ _(REQ.) - 16

The actual output normalized toVzgp 1is,

AygR 1 15

vour(actual) = R +REQ. - 37 - 37
Veer T AwRpp. T 1 16T s 16
I+ R TR *Reg. Avd T 3T g6t 31

where we have assumed that @ >> 100 rads/sec which gives A, 4(s) = 10%/s.

15 1

voyr(actual) 29
~ Vorr | 21632 = 37 (Actual is always less than ideal)

VREF

An error occurs when
15

3T 29 162 [ ®max 152 (322
=37 7 (_J "1 106 : (ﬁj (ﬁj
\/(wmax

Omax P (1632
106 ) T30

Omax 15 32V 162
e (5327 (1] g 13
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Problem 10.2-05- Continued

Opax < 0.1367x10° rads/sec. = fnax <21.76 kHz

max —

Note that 21.76 kHz is much greater than 15.9 Hz (100 rads/sec.) so that the
approximation used for A, ,(s) is valid.

Problem 10.2-06

An 8-bit current DAC is shown. Assume that the full scale range is 1V. (a.) Find the value
of Iif R = 1kQ. (b.) Assume that all aspects of the DAC are ideal except for the op amp.
If the differential voltage gain of the op amp has a single pole frequency response with a dc

gain of 10°. Find the unity gainbandwidth, GB, in Hz that gives a worst case conversion
time of 2us. (c.) Again assume that all aspects of the DAC are ideal except for the op amp.
The op amp is ideal except for a finite slew rate. Find the minimum slew rate, SR, in V/us
that gives a worst case conversion time of 2ys.

Vout
J— N N l '\/ﬁ/\’ °
=& & && &6
; I I By
2 4 128
= = = — —  FY7EIP3
Solution
(a.) FSR=2I'R=1V = I=1V/2kQ = 500uA | I =500pA |
(b.) Model for part b.
. . R R
I = all bits switched Vout
eq ) o
to the op amp input. Wy ) Wy
—_ v
The worst case occurs leq —  Ieg +Vi AyV; out
when all bits are Q
switched to the op = = — — —
amp.
Rl
- Vout = AVVi = AV[Rqu - Vout] = Vout(1+Av) = AVRqu = Vout =1
Ao+ 1
A,
or Vous) = S_eq_ Assuming a step input gives V  .(s) = SJ— 5
GB + | GB * |

LAV (9] = Vo (0 = RI [T - e GBY p(o)

Error(t) = Rqu - Vou(t) = Error(T) = eOBT= 1281 =1/512 = eGBT=512

If T= 2s, then GB is given as GB = 0.5x106 In(512) = 3.119x10% .. [GB= 0.496MHz |
(c.) Slew Rate:

Want AV/AT = 1V/2ps = 0.5V/ps assuming a AV = 1V. .. | SR =0.5V/ps |
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Problem 10.2-07

What is the necessary relative accuracy of resistor ratios in order for a voltage-scaling DAC
to have a 8-bit resolution?

Solution

Since the voltage scaling DAC has very small DNL errors, let the 8-bit accuracy
requirement be determined by the INL error.

AR

AR 2 1 1
INL =2N-15=<0.5 N R <y v =%

N TN T 25

N —

AR
xR < 0.39%

Problem 10.2-08

If the binary controlled switch b, of Fig. P10.2-3 is closed at ¢ =0, find the time it takes the
output to achieve its final stage (-Vpp/2) by assuming that this time is 4 times the time
constant of this circuit. The differential voltage gain of the op amp is given as

10°
A =55 10 =0+ R
. 0 Vour
Solution
The model show will be used for this solution. y +|R1=2Ro
The transfer function for this problem can be REF—
written as, = — Fig. S10.2-08
RiA,(5)
Vourl$) — (Ro\ _ Ri+Ry
Vin(s) = "Ry RiA ) = 03
1+ R1+R0
1 05— ( 0.667x10° ]
1.5 = Y2 1.5s = 6
—_— —_ s+0.667x10
Avd(s) +1 GB +1
For a step input of magnitude Vpgp, we can write,
0.667x10° '\ VreF 1 1
Vo) = 03 _oft Ly
outls) (s+0.667x106j s S 7 5+0.667x106] ~REF

The inverse Laplace transform gives,
Vourlt) = _()_5[1_6—0.667x106¢]VREF

The time constant of this circuit is 1/(0.667x10°) = 1.5us which means that it will take 6ps
for the DAC to convert the switch change to the output voltage.

.. Time for conversion = 6us.
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Problem 10.2-09

What is the necessary relative accuracy of capacitor ratios in order for a charge-scaling
DAC to have 11-bit resolution?

Solution

Perfect DNL will be impossible to achieve so let us use INL to answer the question and see
what the DNL is based on the INL.

AC

AC 2 1 1
INL=2N1-5 <05 N < S v =%

2N 2N =2048

N —

AC AC
< < 0.0488% The corresponding DNL = (2N-1) = =~ +1LSB
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Problem 10.2-10

For the charge scaling DAC of Fig. 10.2-10, investigate the influence of a load capacitor,
C;, connected in parallel with the terminating capacitor. (a.) Find an expression for v

as a function of C, C;, the digital bits, b;, and Vppp. (b.) What kind of static error does
C; introduce? (c.) What is the largest value of C;/C possible before an error is introduced
in this DAC?

Z32CL -

Solution
CLQLQL
2 4 2 N-2 2 1 2 N-1 '
O
50 SN-1 i\ Terminating
¢2

T ¢2T i Capacitor
VREFo [ J_— L Fig. $10.2-10

b |
+
<
=)
g
~

(a.) Charge conservation gives,

C C C
CTotalVOUT=(bOC oz b by st bN-lzN—l)VREF
where Cpyu =2C + Cy.

C by by b2 bn-i
vour =\2C+ Cp J|bo+ 27+ T+ not v | Veer
1 N(bo b1 Dy by.o bn-1
1+ 2C
Cr\(bo b1 Dy bn.o by-i
(b.) If C; << 2C, then vpyr z(l - 2—)[7+ T+ g+ Tyt —jVREF

which introduces a gain error.

(c.) From the previous result, the error term can be written as,
2(’?0 by by by bN-lj 1 VrEF

5+ 7+ gt 2—_+ ~—~ |\VrEF <7 N =0.5LSB

1
< < 5 b, zz_N when all bits are 1 and N > 1.
2N
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Problem 10.2-11

Express the output of the D/A converter shown in Fig. P10.2-11 during the ¢ period as a
function of the digital bits, bj, the capacitors, and the reference voltage, VrRgp. If the op
amp has an offset of Vg, how is this expression for the output changed? What kind of
error will the op amp offset cause?

N ¢1

c== ZCJ_ 2n—2cJ: 2n—lc_ 2nC

- : _—_ | L ovour
Fn/ by, |bn-l bn.1 Fz/bz | E/ b1

AN
°©
N
S
|

+
VREF
. — 1F1gure sl?jg 11A ZIY;C VOUT
Solution I{ I{ 7o)
Yos=0: VREF ) 0o
Cx
bo=1: vour :'%VREF = Fig. S10.2-11B
i=1
Zbi2”2'iC l.=
o bi
vour =- e VREF - vour =- ~i |VREF
L,
(bo=1)

by =0: Reverse ¢; and ¢, to get,

i=1

E:bi
vour =+ ; RErF |(bo=0)
L.
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Problem 10.2-11 — Continued

Cy onc Vos
Vos # O: I | vt
+
At ¢, we have, VREF
From this circuit, we can write that, -
= = Fig. S10.2-11C
C(VRer -Vos) =2"C(Vgs = Vs —
vour)
or
v =- -
our=-5uc (VreF = Vos
i=1
b;
vour =- i Vrer — Vos) (bp=1)
L
and
1=
b;
vour =+ i Vrer — Vos) (by=0)
L

causes a gain error.

<
QS
o
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Problem 10.2-12
Develop the equivalent circuit of Fig. 10.2-11 from Fig. 10.2-10.

Solution

For each individual capacitor connected only to Vzpr we can write,
£ £ £
Vour = VREF 2C > Vour = VREF 4C » Vour = VREF 8C > +++-

Note that the numerator consists only of the capacitances connected to Vzgp . If these
capacitors sum up to C,,,. then the remaining capacitors must be 2C - C,,. Therefore, we
have,

S$10.2-12
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Problem 10.2-13

If the tolerance of the capacitors in the 8-bit, binary-weighted array shown in Fig. P10.2-
13 is #0.5%, what would be the worst case DNL in units of LSBs and at what transition
does it occur?

T clclcLlelclclcLlce L o

EEYYrr YN

Figure P10.2-13

Solution

The worst case DNL occurs at the transition form 01111111 to 10000000.
+DNL:

Gy

Ideally, vour=3c-C__ + C, Vrep- The worst case is found by assuming that
all of the C,, capacitors are maximu and the 2C-C,,, capacitors are minimum. However, for
the above transition, the maximum, worst case positive step can be written as

1.005 O. 995[ 1
Max. step = vy (10000000) — vo(01111111) = Vgpr =5 - —3 \ T 128
1% 1 |4
= =55 1005 - 0.995(1- 75| =5 [1.005 - 0995(0.9922) Vi
= 0.008887Vpr
An LSB = VREF/256 = 0003906VREF
0.008887

+DNL = 0.003906 - 1=2275-1=1.275LSB

-DNL.:

For this case, let the C,,, capacitors be minimum and the 2C-C,,, capacitors be
maximum. Following the same development as above gives,

. 0.995 1.005( 1
Min. step = vour (10000000) ~ voyOULILILD = Vegr ~ 5 - =7 {1~ T8
VREF 1 VREF
=— [0.995 . 1.005(1- 128)} [0.995 — 1.005(0.9922)]Vgr
= -0001074VREF

-0.001074
-DNL = 0.003906 - 1 =-0.2750-1=-1.275 LSB
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Problem 10.2-14

A binary weighted DAC using a
charge amplifier is shown. At the
beginning of the digital to analog —
conversion, all capacitors are discharged.
If a bit is 1, the capacitor is connected to
Vppp and if the bit is O the capacitor is

connected to ground. +]
a.) Design Cy to get

)

Yourt
® i o)

|

\/[\-) ~1
®
<

|

VREF—

b b b |
L. 2 AL = = FO7E1P2
VOUT=(2 g 2NJVREF' -

b.) Identify the switches by b; where i = 1 is the MSB and i = N is the LSB.

c.) Find the maximum component spread (largest value/smallest value) for the capacitors.
d.) Is this DAC fast or slow? Why?
e.) Can this DAC be nonmonotonic?

f.) If the relative accuracy of the capacitors are 0.2% (regardless of capacitor sizes) what is
the maximum value of N for ideal operation?
Solution

' K‘g \
aQ

a.) Solving for v, gives

c  2c 2N e Ne | which of
Vour = CX+ CX+ e Cy Vepr » therefore |C , = 27YC | which gives
1 L
Your=|,N t o1t o 2)VREF
b.) See schematic for switch identification.

¢.) The maximum component spread is Cy/C which is | Max. component spread = 2N

d.) This DAC should be fast because there are no floating nodes.
e.) Yes, the DAC can be nonmonotonic.

v
f.) Let C, q be all capacitors connected to Vppp. - m: T, -

For the worst case, let C, q be C, gt AC, and C,be C, - AC, which gives
Vout Ceq+ACeq (1+AC L/ ] C_eq (1 +0.002) (ﬁ (501 )
= - C =

VRer = C-AC, 1-acyc, |~ G, (1-0.002 )=~ C, |49
Vout Vout, a ‘ C_ecL+ (501 B 2 &‘L 1
2N 1

2
The largest value of C, /C, is eN-12N. 499 < 2N-1)2N+1) 2N

(Note that N is almost equal to 8.)
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Problem 10.2-15

A binary weighted DAC using The circuit shown is an equivalent for the
operation of a DAC. The op amp differential voltage gain, A (s) is modeled as

Avd(O) ®, GB

A (s) = = .
vd(S) s+,  s+0,

a.) If w, goes to infinity so that A (s) = A, (0), what is the minimum value of A (0) that
will cause a 0.5 LSB error for an 8-bit DAC?

b.) If A /0) is larger than the value found in a.), what is the minimum conversion time for
an 8-bit DAC which gives a +0.5 LSB error if GB = IMhz?

Solution
a.) Model for the circuit: ) I é ) I O Vour
C C ¢ 2 ¢

Vi = (m) VREF (m) Vour VIN Vi -Av;
and B

Vour = -AV; = ‘I‘ =

A
-A A Your 2
- Your="2 Vour 2 VREF = vppp - LA

Setting the actual gain to -1+0.5L.SB gives

054 11 -511 5124 511A A
+054 =\ -22%6)) =312 = -2 =-51-73- = 7=511 =
A = 1022

b.) If A (s) = -GBl/s, then the s-domain transfer function can be written as

VoulS)  -GB/2 -0y 21106
Vegr 5 + GBI2= =

s+ 0y
The time domain output can be written as
Vout(t) = ‘1[1 - e_wHt] VREF
Setting v, (#) = -1£0.5LSB and solving for the time, 7, at which this occurs gives

6.283

1 —
—onT _ — HT _ = =
d+e@l=-1+377 = M =512 = 0,T=n(512) = T=3 "5

or

| T =1.9857us |
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Problem 10.2-16
A charge-scaling DAC is shown in Fig. P10.2-16 that uses a C-2C ladder. All capacitors
are discharged during the ¢, phase. (a.) What value of Cp.is required to make this DAC

work correctly? (b.) Write an expression for v,y during ¢, in terms of the bits, b,, and
the reference voltage, Vppp. (c.) Discuss at least two advantages and two disadvantages
of this DAC compared to other types of DACs.

Solution

-VREF -VREFI2 -VREFI4 -VREFI8

yd
2 12 12 1 o vour
Mﬁ@ﬁ@\@’ﬁk 1%

Cr
VREF I bj)%\ Agj f f )
Fig. $10.2-16

@) [Cr=2C

by bi\Vrer (D2\VrRer (b3\VREF
(b.) VOUT:(T)VREF +(2 5 (_) 4 +(7) 8

by by by b3
VouT =(7+ 7 tg + E)VREF

(c.) Advantages:
1.) Smaller area than binary-weighted DAC.
2.) Better accuracy because the components differ by only 2:1.
3.) Autozeros the offset of the op amp.

Disadvantages:

1.) Has floating nodes and is sensitive to parasitics.
2.) Parasitic capacitances at the floating nodes will deteriorate the accuracy.
3.) Can be nonmonotonic.

4.) Requires a two-phase, non-overlapping clock.
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Problem 10.3-01

The DAC of Fig. 10.3-1 has m = 2 and k = 2. If the divisor has an incorrect value of 2, express
the £/NL and the £DNL in terms of LSBs and determine whether or not the DAC is monotonic.
Repeat if the divisor is 6.

Solution
The general form for the output of this DAC is,

vour b0 b by b
Veer= 2 TA T2k tk

k=2:
vour by b1 by b3
Vepr=2 *3+T 4T
The result is:
BO | Bl B2 | B3 Ideal Actual Ideal DNL Actual DNL | Ideal INL Actual INL
ol o o o 000000 0.00000 - - 0.00000] _ 0.00000)
ol o o 1 006250 0.12500] 0.00000]  1.00000] _ 0.00000] _ 1.00000)
ol o 1| o 0.12500 025000 0.00000] 1.00000] 0.00000] _ 2.00000
ol o 1| 1] 0.18750 037500 0.00000]  1.00000] _ 0.00000] _ 3.00000
ol 1 o o 025000 025000 0.00000] -3.000000 0.00000]  0.00000
ol 1 o 1 031250 037500 0.00000]  1.00000]  0.00000] _ 1.00000
ol 1 1] o 037500 050000 0.00000]  1.00000]  0.00000] _ 2.00000
ol 1 1| 1] 043750 0.62500]  0.00000]  1.00000] _ 0.00000] _ 3.00000
i o o o 050000 050000 0.00000] -3.00000 0.00000] _ 0.00000
[ o o 1 056250 0.62500 0.00000  1.000000 0.00000]  1.00000
i o 1 o 062500 0.75000 0.00000  1.00000] 0.00000]  2.00000
i o 1| 1 068750 087500 0.00000]  1.00000]  0.00000] _ 3.00000
1 o o 075000 0.75000  0.00000 -3.000000 0.00000]  0.00000
i 1 o 1 osi25 0.87500 0.00000  1.00000] 0.00000]  1.00000
i 1| 1| o 087500 1.00000] 0.00000]  1.00000]  0.00000] _ 2.00000
1 1 1] 093750  r.12500  0.00000  1.00000]  0.00000]  3.00000

s INL=+43LSBand 0 LSB. DNL = +1LSB and —3LSB. Nonmontonic because DNL <
1LSB.
=6:
vour by by by b3
Veer=2 *A T2
The result is on the next page:

bl
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Problem 10.3-01 — Continued
BO | B1 | B2 | B3 Ideal Actual Ideal DNL | Actual DNL | Ideal INL Actual INL

of o of of 0.000000 0.00000] - - 0.00000]  0.00000]
o of of 1 0.06250]  0.04167]  0.00000]  -0.33333]  0.00000( -0.33333
o o 1f of 0.125000 0.08333  0.00000] -0.33333]  0.00000] -0.66667
oo of 1f 1 0.18750,  0.12500  0.00000] -0.33333]  0.00000] -1.00000]
oo 1 of of 0.250000 0.25000]  0.00000]  1.00000]  0.00000/  0.00000
oo 1 of 1f 0312500 0.29167]  0.00000] -0.33333]  0.00000] -0.33333
o 1f 1f o  0.37500, 0.33333]  0.00000] -0.33333]  0.00000] -0.66667
o 1f 1f 1 0.43750]  0.37500]  0.00000]  -0.33333]  0.00000]  -1.00000
1 of of o 0.500000 0.500000 0.00000 1.00000[  0.00000  0.00000
11 o of 1f 0.56250 0.54167]  0.00000 -0.33333]  0.00000( -0.33333
| o 1f of 0.625000 0.58333  0.00000] -0.33333]  0.00000] -0.66667
i of 1f 1] 0.68750  0.62500  0.00000( -0.33333[  0.00000[ -1.00000
i1 11 of of 0.750000 0.75000(  0.00000  1.00000  0.00000  0.00000
| 1f o 1 0.81250]  0.79167]  0.00000]  -0.33333]  0.00000(  -0.33333
il 1f 1 o 0.87500  0.83333]  0.00000 -0.33333]  0.00000( -0.66667
i1 1 1f 1 0.937500  0.875000  0.00000 -0.33333]  0.00000[ -1.00000

INL =+0LSB and -1 LSB.

DNL = +1LSB and —0.333L.SB. Montonic because DNL

> -0.333LSB.
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Problem 10.3-02
Repeat Problem 10.3-1 if the divisor is 3 and 5.

Solution
by b by b3\Vggr [bg by by D3
o P (5 P L % B
BO| B1 | B2 | B3 Ideal Actual Ideal DNL [Actual DNL| Ideal INL | Actual INL
O O 0 0 0.00000 0.00000 - - 0.00000 0.00000
o o0 0 1 0.06250 0.08333 0.00000 0.33333 0.00000 0.33333
o o0 1 0 0.12500 0.16667 0.00000 0.33333 0.00000 0.66667
O O 1 1 0.18750 0.25000 0.00000 0.33333 0.00000 1.00000
0f 1 0 0 0.25000 0.25000 0.00000(  -1.00000; 0.00000 0.00000
0f 1 0 1 0.31250 0.33333 0.00000 0.33333 0.00000 0.33333
0f 1 1 0 0.37500 0.41667 0.00000 0.33333 0.00000 0.66667,
0f 1 1 1 0.43750 0.50000 0.00000 0.33333 0.00000 1.00000
1 0 0 0 0.50000 0.50000 0.00000f  -1.00000; 0.00000 0.00000
1 0 0 1 0.56250 0.58333 0.00000 0.33333 0.00000 0.33333
1 0 1 0 0.62500 0.66667 0.00000 0.33333 0.00000 0.66667
1 0 1 1 0.68750 0.75000 0.00000 0.33333 0.00000 1.00000
1 1 0 0 0.75000 0.75000 0.00000f  -1.00000; 0.00000 0.00000
1 1 0 1 0.81250 0.83333 0.00000 0.33333 0.00000 0.33333
1 1 1 0 0.87500 0.91667 0.00000 0.33333 0.00000 0.66667
1 1 1 1 0.93750 1.00000 0.00000 0.33333 0.00000 1.00000

From the above table, INL = +1LSB and —OLSB, DNL = +0.33LSB and —1L.SB. The DAC is
on the threshold of nonmonotonicity.

by bl) (bz bj VREF_[bO by by b3}

k=5: vOUT:(7+ 7 \VRer *\2 + 7 5 5+ 7+ 170+ 20 |VREF

BO| B1 | B2 | B3 Ideal Actual Ideal DNL [Actual DNL| Ideal INL | Actual INL
0f 0 0 0 0.00000 0.00000 - - 0.00000 0.00000
0f 0 0 1 0.06250 0.05000 0.00000f  -0.20000; 0.00000[  -0.20000;
0f 0 1 0 0.12500 0.10000 0.00000f  -0.20000; 0.00000[  -0.40000;
0f 0 1 1 0.18750 0.15000 0.00000f  -0.20000; 0.00000  -0.60000;
0f 1 0 0 0.25000 0.25000 0.00000 0.60000 0.00000 0.00000
0f 1 0 1 0.31250 0.30000 0.00000f  -0.20000; 0.00000[  -0.20000;
0f 1 1 0 0.37500 0.35000 0.00000f  -0.20000; 0.00000f  -0.40000;
0f 1 1 1 0.43750 0.40000 0.00000f  -0.20000; 0.00000]  -0.60000;
1 0 0 0 0.50000 0.50000 0.00000 0.60000 0.00000 0.00000
1 0 0 1 0.56250 0.55000 0.00000f  -0.20000; 0.00000f  -0.20000;
1 0 1 0 0.62500 0.60000 0.00000f  -0.20000; 0.00000[  -0.40000;
1 0 1 1 0.68750 0.65000 0.00000(  -0.20000; 0.00000[  -0.60000;
1 1 0 0 0.75000 0.75000 0.00000 0.60000 0.00000 0.00000
1 1 0 1 0.81250 0.80000 0.00000f  -0.20000; 0.00000[  -0.20000;
1 1 1 0 0.87500 0.85000 0.00000(  -0.20000; 0.00000[  -0.40000;
1 1 1 1 0.93750 0.90000 0.00000f  -0.20000; 0.00000  -0.60000;

From the above table, INL = +0LSB and —0.6LSB, DNL = +0.6LSB and —-0.2LSB. The DAC
1S monotonic.
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Problem 10.3-03

Repeat Problem 1 if the divisor is correct (4) and the V- for the MSB subDAC is 0.75Vpr-
and the Vppp for the LSB subDAC is 1.25V )

Soluiton
The analog output can be written as,

bo b1\3Verer (by b3\5Vrgr [3by 3by 5by 5by
VOUT=(7+ 4_) ( ) =[ g * 16 + 32+ 64 }VREF

T4t 2t 44
BO Bl B2 B3 Ideal Actual Ideal DNL Actual DNL Ideal INL  Actual INL
0 0 0 0 0.00000 0.00000 - - 0.00000 0.00000
0 0 0 1 0.06250 0.07813 0.00000 0.25000 0.00000 0.25000
0 0 1 0 0.12500 0.15625 0.00000 0.25000 0.00000 0.50000
0 0 1 1 0.18750 0.23438 0.00000 0.25000 0.00000 0.75000
0 1 0 0 0.25000 0.18750 0.00000  -1.75000 0.00000 -1.00000
0 1 0 1 0.31250 0.26563 0.00000 0.25000 0.00000 -0.75000
0 1 1 0 0.37500 0.34375 0.00000 0.25000 0.00000 -0.50000
0 1 1 1 0.43750 0.42188 0.00000 0.25000 0.00000 -0.25000
1 0 0 0 0.50000 0.37500 0.00000  -1.75000 0.00000 -2.00000
1 0 0 1 0.56250 0.45313 0.00000 0.25000 0.00000 -1.75000
1 0 1 0 0.62500 0.53125 0.00000 0.25000 0.00000 -1.50000
1 0 1 1 0.68750 0.60938 0.00000 0.25000 0.00000 -1.25000
1 1 0 0 0.75000 0.56250 0.00000  -1.75000 0.00000 -3.00000
1 1 0 1 0.81250 0.64063 0.00000 0.25000 0.00000 -2.75000
1 1 1 0 0.87500 0.71875 0.00000 0.25000 0.00000 -2.50000
1 1 1 1 0.93750 0.79688 0.00000 0.25000 0.00000 -2.25000

From the above table, INL = +0.75LSB and -3LSB, DNL = +0.25LSB and —1.75LSB. The
DAC is not monotonicity.
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Problem 10.3-04

Find the worst case tolerance of x (Ax/x) VREF=1V
in % that will not cause a conversion error
for the DAC shown. Assume that all bi—»| 3-bit
aspects of the DAC are ideal except for x. b i‘f)
(Note: that the divisor is 1/x so that x is b2_> ]Z;I:Ié '_% rour
less than 1.) 3—>
Solution VREF=1V
The tolerance is only influenced by the b -
bits of the LSB DAC. The ideal and 4—>  3-bit .
actual outputs are given as, bs—s{ LSB > oy
b

b, bs b 60— DAC Fig. FO7EIP1

vodidea =x| 5+ 77+ 3

by bs bg
v, ulactual) = (x £ Ax) [7+ T+ y}

- 7 [b_‘* bs b_} 1 __1
. Worst case error = v, (actual) - v, (idea)l < 172" = Ax|5 + 77+ 3 =Y 128

The tolerance is decreased if all LSB bits are 1. Therefore,

A 8 1 1

Ax|Z)=T28 =  AYSTT8=TI
Therefore, the factor x can be expressed as,

11 14 1
X £ A=g+*T2=T12 712

The tolerance of x is expressed as

+Ax  +1

Tolerance of x = —~ = 1= +7.143%
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Problem 10.3-05

Page 10-27

The DAC of Fig. 10.3-2 has m = 3 and k = 3. Find VREF
(a.) the ideal value of the divisor of Vp - designated
as x. (b.) Find the largest value of x that causes a ) 2 bit
1LSB DNL. (c.) Find the smallest value of x that 0 —» +
causes a 2LSB DNL. by MSB _’@_’VOUT
— DAC +A
Solution T
REF
bo b1 by b3 |
a) vour=VRen 2 + T+ 2kt Ik -
‘ ‘ by—s| 2-bit
k = 4 for ideal behavior. LSB >
b3— pac
b.) Letvpoyr =voyr when k # 4. Also note that Fig. $10.3-05
+1LSB = 1/16 when vgyr is normalized to Vppr.
vour -Vour 1
[b_O’ﬁlb_zlﬁ}{b_olll’_zl’i}lLb_zl’iL
2t At 2t 42t 48Tt 6] Tlk4\t2 T 4) =*16
4 4 1 2b2 + b3il
(E_l)(2b2+b3)=ilﬁ F=1i(2b2+b3) = 2b2+b3
4(2by + b3)
k=25, + by 1

Try various combinations of b, and bj:

4
by=0andb3=1 — k=TT =

2, 00
8 8
by=1and b3=0 - k=337 =73.8
12

by=1and by=1 - k=3:1 =46

The smallest, largest value of k that maintains £1L.SBis 6. .. k

(k 1s ideally 4 and the smallest of the maximum values is 6)
c.) For DNL, the worst case occurs from X011 to X100.
voyr(X100)-voy(X011)
VRrEF/16 -

Ll 1y _ 1 2 12
I-\2k ¥4k |=T6%T6 — 4-F% =1£2 -

==+2

~

12
k:m:120r2.4 sok=2.

12
T =3-(x2)
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Problem 10.3-06

Show for the results of Ex. 10.3-2 that the resulting /NL and DNL will be equal to —0.5LSB or
less.

Solution
Consider only the LSBs because the error in the division factor only affects the LSB subDAC.
INL:

The worst case INL occurs when both b3 and b, are on. Therefore,
L Ly6el) (3Y6xl) 62l 5 7
2t 4124 )7\4) 24 |32 =323
] 7 6 1
INL*(max) =V (actual) - V (ideal) =35 - 35 = 35 = +0.5LSB
6

5 -1
INL (max) =V (actual) - V (ideal) =35 - 35 =733 = -0.5LSB
Therefore, the worst case INL is equal to or less than +0.5LSB.
DNL:

The worst case DNL occurs when both bits of the LSB subDAC change from 1 to 0.
This corresponds to a change from 0011 to 0100. If the scaling factor is 7/24 corresponding to
the +1/24 tolerance, then

51 5 8 3
AV =V (0011) -V (0100) =35-7=37-37 =32
1

2 3 2
DNL* =AV,-35=35-33 =37 = +0.5LSB

If the scaling factor is 5/24 corresponding to the -1/24 tolerance, then

7 1 7 8 1
Av, =V (0011) -V (0100) =35-7=332-32 =33

) 2 1 2 -1
DNL :AV0-32=32-32=32=-0.5LSB

Therefore, the worst case DNL is equal to or less than +0.5LSB.
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Problem 10.3-07

A 4-bit, digital-analog converter is shown in Fig. P10.3-7. When a bit is 1, the switch
pertaining to that bit is connected to the op amp negative input terminal, otherwise it is connected
to ground. Identify the switches by the notation by, by, b3, or b4 where b; corresponds to the ith
bit and by is the MSB and b4 is the LSB. Solve for the value of R, which will give proper

digital-analog converter performance.

MSB LSB AN VOgT

o 5 5 5 R

bo= b= by= b3

Io I Izl 131
VREF 2R l 4R 2R 4R
+ _ Ry 4R
_;O Wy V, WAL 10507
Solution
VREF Iy Iy Iy
For this circuit to operate properly, ln =3 ,I1 =75, =7 ,and 3 =g .
. . VREF . . :

To achieve this result, V,, = =2 . The equivalent resistance seen to ground from the right of

R, can be expressed as,

Rpo = 2RI4RII4R) = 2RI2R = R

R VREF
Vi =R¥R, VREP) =%

R, = 3R
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Problem 10.3-08

Assume R1=R5=2R, R)=R¢=4R, R3=R7=8R, R4=Rg=16R and that the op amp is ideal. (a.)
Find the value of Rg and R in terms of R which gives an ideal 8-bit digital-to-analog converter.
(b.) Find the range of values of Rg in terms of R which keeps the INL < +0.5LSB. Assume that
Rip has its ideal value. Clearly state any assumption you make in working this problem. (c.)
Find the range of Rj( in terms of R which keeps the converter monotonic. Assume that Rg has
its ideal value. Clearly state any assumptions you make in working this problem.

Solution

(a.) |[Rg =16R and Rg = R

by by by b3\ R by bs bg by
) vour=VrenZ + T+ T+ T6)*RgVREFZ + T+ B+ T6

The worst case INL occurs when the bits in the MSB subDAC are zero and the bits in the LSB
subDAC are one.

R by bs bg Dby

vour =RgVRer\2 + T+ 3+ 16
) 1

vOUy(ldeal):EVREF(7+ 7+ 3%+ 716

by, bs bg by
)
bs bg 57)(R 1) 1 VREF

by
INL =vpyr - voyr(ideal) :VREF(T T+ %+ T16)|Rg " T6)=127256
R 1 R
512(0.9375)(138 - 16) =1 - Rg = 0.064583 — Rg = 15.4838R

. by bs be by 1 VREF
Also, INL =voyr - voyr(ideal) =Vp F(7+ T+ 37+ E) (R_8 - E): - 37556

=

R 1 R
512(0.9375)(@ - Ej =-1 — Ry = 0.060417 — Rg = 16.5517R

15.4838R < Rg < 16.5517R

(c.) Worst case monotonicity occurs when the bits of the LSB subDAC go from 1 to 0.

VRer(1 1 1 1 VREF (15
vour(LSBs :1):T(7+ I+t g+ E) :T(E)

N—

R (1
vout(b3=1, all others 0) = VREFR_g(E

L R (1N Vger(15 15
Nonmonotonicity = VREFR_9 161>"16 |16 — Rg < Tg R
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Problem 10.3-09

Design a ten-bit, two-stage charge-scaling D/A converter similar to Fig. 10.3-4 using two five-bit
sections with a capacitive attenuator between the stages. Give all capacitances in terms of C,
which is the smallest capacitor of the design.

Solution

The result is shown below.

- T I I T & T I T 1 Ef

[~ 16

REF% | D O D O D W D O D W D W O

)
\|

Fig. $10.3-09
The design of the connecting capacitor, Cg, is done as follows,
c 1 1. 1 _16 1 32 1 31
16=1 1 7 C,T2C=7¢C — (,T2C°2CF2C
C, t2C
2C
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Problem 10.3-10
A two-stage, charge-scaling D/A converter is shown in Fig. P10.3-10. (a.) Design Cy in terms

of C, the unit capacitor, to achieve a 6-bit, two-stage, charge-scaling DAC. (b.) If C; is in error
by ACy, find an expression for voyr7 in terms of Cy, ACy, b; and Vggr. (c.) If the expression
for voyr in part (b.) is given as

6
VREr (.. ,17ACx { 8AC b;26-i
= ° 23 1 + 1 © R —
YouT g ( 100C Zb 10Cx Z 8
i=4
what is the accuracy of Cx necessary to avoid an error using worst case considerations.
(L1
+ vouTt
| | s
C C 2C 4C C 2C 4C -
bsr R R R A
= G 2 T 17
T T 1
(The switch designated by bj is connected to VREF if
' the ith bit is "1" and ground if the ith bit is "0".)
L Fig. $10.3-10
Solution
(a.) The value of ng. must be C. Therefore,
111 17 3C
C =C, +8C - C,=8¢c — |G=77
(b.) The model for the analysis is found by using Thevenin’s equivalent circuits and is ,
2
Cx+ AC :
X x YOUT bi22'l
[ | { 1T V= 7 VREF
8C 7C
+ + i=0
V] vy > .
A D b2
— — vi= ~8 VREF
Fig. $10.3-10B
i=
1 1 1
— 4 ———
8C ™ c+AC, 7C
vour =1 1 1 Vet 1T T 1 Vi
8C T IC T C+aC, 8C T IC T ¢ +aC,
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Problem 10.3-10 — Continued

1 1
— 1
8C ¥ ¢ (1+AC,/C,) ol
vour =| 1 I I Vet | 1 1 Vi
IC + 70+ IC + 0+
8C T 7C T c (1+AC,/C,) 8C T TC T c (1+AC,/C,)
8C AC,
Let C, =77 and C, =€
1 T 1 1
8C T 8C 1+8) =
vour =\ 1~ 1T 71T \|WH T ~ 1T ~ 7/ 1T\|%
8C T 7C * 8C 1+8) gC +7C * @(HS)
1
Assume that 7 = 1-¢ to get,
1+
1.7 7¢ 1 Te 1
§+ 8- 3 7 1-73 7
= + — +
OUTTIL L 7 Te T L L 7 Te M7 L Te || 1 T
§+ 7+ 8- 3 §+ 7+ 8- 3 l+7-3 1+ 7
49¢e 49¢
T- 73 1 711 - 36 1
YOUT =17 4o |VrH | 49g | 178 49e |7 49\ !
8- 7 8- g - 64 - 64
49¢

g Vi 7 (4_94_9( 1_(419_8))
Your =8| T 19¢ Vr"'( 498) =gl +(64- 56 \vr+ L+ 56 )i
- o 1 - 35

- 64 56
2 5
7 Te b 2%t 1 49¢ 25
vour =3\ 1- 6% 7 Verer+ 71 + 35 8 VREF
i=0 =
5
2 .
VeRer( T& . Te bi25—z
VoUT =_{8 - g1 zbizz" + (1 + ?)2_8
i= i=3

(c.) The error due to AC, should be less than +0.5LSB. Worst case is for all bits 1.
17AC, 8A Cx]WREF Veer  VeeF AC

X

- 100C, * "10C,
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Problem 10.3-11

If the op amps in the circuit below have a dc gain of 10% and a dominant pole at 100Hz, at what
clock frequency will the effective number of bits (ENOB) = Tbits assuming that the capacitors
and switches are ideal? Use a worst case approach to this problem and assume that time
responses of the LSB and MSB stages add to give the overall conversion time.

C/8\ |
/1
4 —C e 4 € e
ST 1 o1 T 01
_fs—_@_l\_ VO] _f __{2_1\.
1
) /2 — ) C/2 |—'—°+
be— ( 2C BT 2C
I I B e | voUT
5 C/4 » ” C/4 »
|an's (SIS
y =\t % VRer—=| [ b3~ 02
REF|- C/8 + C/8
J%__l F -’\_{él.__l F
e ya A ]
L bsT ] 1 b ]
LSB Array MSB Array FO7FEP3
Solution
The worst case approach assumes that all capacitors are =0 %IC %IC Vour(t)
switched into the op amp input and that both stages can be A A o
modelled approximately as shown. +
With a single pole model for the op amp, it can be shown ;_VREF
that the -3dB frequency is given as follows where C; = C, l FOTFES3
gives the lowest -3dB frequency. - -
GB-C, GB
Wy = m =7 = ntx100 radians/sec
S vOMt(t) = (C]/C2)[1 - e_wH t]VREF
. 1 Veer  Vrer VREF
ENOB of 7 bits = 5 57 =+ 58 Voul D) = Vepr - 58
1 T T 8 8
1-—8:1-e'wH = e®HI =2° = T=—"In2)= ¢ 0.693 = 1.765ps
2 Oy nx10

1
Double this time for 2 stages to T,;, ., =3.53us = | f.;pck = T, . = 283kHz

clock
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Problem 10.3-12

The DAC shown uses two identical, 2-bit DACs to achieve a 4-bit D/A converter. Give an

expression for voyr as a function of VRgr and the bits, by, by, bz, and b4 during the ¢, phase
period. The switches controlled by the bits are closed if the bit is high and open if the bit is low
during the ¢; phase period. If k = 2, express the INL (in terms of a £LL.SB value) and DNL (in
terms of a +L.SB value) and determine whether the converter is monotonic or not. (You may use

the output-input plot on the next page if you wish.)
Solution

During the ¢, phase the DAC can be modeled as:

Yrer. D1C C

—'—_O i \|__Lour by ba) 1 (by by
= 3 3 vour (92) =[(7+ T) TE 2t Tﬂ VREF
YRer. D2C

_I_—Oﬁlét— If k = 2, then

YReF_ b3C| T vour(®2) by by b3 by

() )12 Vegr S2 YAt TR

YRer D4C

—'—_OH |4— SO1E3S3

Input Digital Word Output for k =4 Output for k =2
0000 0 0
0001 1/16 2/16
0010 2/16 4/16
0011 3/16 6/16
0100 4/16 4/16
0101 5/16 6/16
0110 6/16 8/16
0111 7/16 10/16
1000 8/16 8/16
1001 9/16 10/16
1010 10/16 12/16
1011 11/16 14/16
1100 12/16 12/16
1101 13/16 14/16
1110 14/16 16/16
1111 15/16 18/16
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Problem 10.3-12 — Continued

16/16

15/16
14/16 Actual 4-b1t DAC

Characteristic
13/16

12/16 \

11/16
10/16
9/16
8/16
7/16
6/16
5/16
4/16
3/16

2/16
16 \ Ideal 4-bit DAC

characteristic
0/16

bl 0 O
b2 0 0
0
1

Analog Output (Normalized to Full Scale)

b3 0
b4 0

O—OO
—_——_ OO

0 0 0
1 1 1
0 1 1
1 0 1
Digital Input Code SO1E3S3B

SO—=O
OO
—_—_O O
O—=O
it et (O et
SO—r—

The INL is +3LSB and —OLSB.
The DNL is +1LSB and —3LSB.

Converter is definitely not monotonic.
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Problem 10.3-13

An N-bit DAC consists of a voltage scaling DAC of M-bits and a charge scaling DAC of K-bits
(N=M+K). The accuracy of the resistors in the M-bit voltage scaling DAC is —AR/R. The
accuracy of the binary-weighted capacitors in the charge scaling DAC is —AC/C. Assume for
this problem that /NL and DNL can be expressed generally as,

INL = Accuracy of component x Maximum weighting factor

DNL = Accuracy of the largest component x Corresponding weighting factor

where the weighting factor for the i-tA bit is 2V-1*1,
(a.) If the MSB bits use the M-bit voltage scaling DAC and the LSB bits use the K-bit charge

scaling DAC, express the INL and DNL of the N-bit DAC in terms of M, K, N, AR/R, and
AC/C. (b.) If the MSB bits use the K-bit charge scaling DAC and the LSB bits use the M-bit
voltage scaling DAC, express the INL and DNL of the N-bit DAC in terms of M, K, N, AR/R,
and AC/C.

Solution

(a.) In a M-bit voltage scaling DAC, there are 2M resistors between Vggr and ground. The

2M_pHR
voltage at the bottom of the i-th resistor from the top is v; = A/(I—) Vrer where the iR
2™-DR + iR
resistors are above v; and the 2M_j resistors are below v;. The worst case INL(R) for the voltage

scaling DAC is found at the midpoint where i = 2M-1 and the resistors below are all maximum
positive and the resistors above are all maximum negative. Thus,

2M-L(R+AR) VR VREF AR
OM-I(R+AR) + 2M-1(R-AR) 2 2R

INL(R) = vom-1(actual) - voum-1(ideal) =

2M (AR

AR
or INL(R) = 237 (2R = 2M-1—=LSBs

The worst case DNL(R) for the voltage scaling DAC is found as the maximum step size minus
the ideal step size. Thus,

. (R+AR)Vgpr R +AR
DNL(R) = vmp(actual) - vstep(ldeal) = 2MR - 2MR VREF = % VREF
+AR Vgpp)|2V  +£2N AR AR

or DNL(R) = ( & = +2K 5 LSBs

)MR  pN T oM
Let us now examine the INL(C) and the DNL(C) of a K-bit binary-weighted capacitor array.
The ideal output for the i-th capacitor is given as

c/2i-! VREF ( 2K ] 2K

vourlideal) =5 Vepr = i ? = 7 LSBs
The actual wors-case output for the i-th capacitor is given as
(C£AC)/2! Vrer AC-Veppr 2K 2KAC
+ - =

vOUT(aCtual) = T VREF = 21. * 2iC = 21. 2lC
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Problem 10.3-13 — Continued
Therefore, the INL due to the binary-weighted capacitor array is
26ACc 2KiAC

INL(C) = vgy(actual) - voyr(ideal) = = Sic - +—c  LSBs

o 2K-1AC
The worst case occurs for i = 1 which gives | INL(C) = + C _LSBs

Finally, the worst case DNL due to the binary-weighted capacitor array is found as

2K-1Ac 2K-1AC 2KAC
DNL(C) = voyr(1000....) - voyr(O111...) =—F— +—¢ — =—¢ LSBs

The INL when the MSBs use voltage scaling and the LSBs use charge scaling is,

AR AC
INL = INL(R) + INL(C) = 2M-1—5= 1+ 2N-1—=

where the LSB of the charge scaling DAC is now VREF/2N rather than VREF/2K,
The DNL when the MSBs use voltage scaling and the LSBs use charge scaling is,

AR AC AR AC
DNL = DNL(R) + DNL(C) = 2K + 2K = 2K + &

(b.) Fortunately we can use the above results for the case where the MSBs use the charge-scaling
DAC and the LSBs use the voltage scaling DAC.

For INL(R) the LSB is now Vggp/2N. Therefore,

2N (AR v. AR
INL(R):2—Nkﬁ Vererp = 2" R LSBs

For the INL(C), K is replaced with N to give,
2N-TAC
INL(C) = =+ C _LSBs

For the DNL(R), the LSB is Vp EF/ZN so that the DNL(R) for part (b.) becomes

+AR +AR
DNL(R) = %VREF = TLSBS )

Since the MSB for the chage scaling DAC is now N, the DNL(C) becomes
2NAC
DNL(C)= —¢ LSBs

Combining the above results gives the INL and DNL for the case where the MSBs_use the charge
scaling DAC and the LSBs use the voltage DAC. The result is,

(AR AC
INL = 2N-1 (" + T )LSBs and

AC AR
DNL = (2N-17+ T) LSBs
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Problem 10.3-14

Below are the formulas for /INL and DNL for the case where the MSB and LSB arrays of an
digital-to-analog converter are either voltage or charge scaling. n = m+k, where m is the number
of bits of the MSB array and k is the number of bits of the LSB array and # is the total number of
bits. Find the values of n, m, and k and tell what type of DAC (voltage MSB and charge LSB or

charge MSB and voltage LSB) if AR/R = 1% and AC/C = 0.1% and both the INL and DNL of
the DAC combination should each be 1LSB or less.

DAC Combination INL (LSBs) DNL (LSBs)
MSB voltage (m-bits) - AR . AC ) AR ) AC
LSB charge (k-bits) R 2T PR+
MSB charge (m-bits) . AR . AC AR i AC
LSB voltage (k-bits) A S Aol ® +@-U¢
Solution

MSB voltage, LSB charge:

1 1
= 2’“(@) + 2k-1(m) = 1000 > 10-21 4 2%-1

YR S NI S 100k 4 ok 999 0w s Ak _
1> 2155 |+ 5D\ Too5 | = 100021028+ 251 = Tr=90822% = k=6

Substituting this & into the first equation gives

1000 - 32 | S
— 10 =96822"" = n=7 whichgivesm=1and k =6.

MSB charge, LSB voltage:

1 1
12 2””(@) + 2’“(%) = 1000 > 52" + 2"

1 1
12m+<2”-1>(m) = 10002 10+2"-1 = 991 22" = n=9

Substituting this n into the first equation gives

1000 - 256 S
— 5  =148822" = m=7 which givesn=9 and k = 2.

Therefore, the DAC combination where the MSBs are charge scaling and the LSBs are voltage
scaling gives the most bits when both /NL and DNL are 1LSB. The number of bits is n = 9 with
m = 7 bits of charge scaling for the MSB DAC and k = 2 bits of voltage scaling for the LSB
DAC.



CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 10-40

Problem 10.3-15

The circuit shown is a double-decoder D/A converter. Find an expression for vx in terms of
V1, Vo, and VREF when the ¢ switches are closed. If A=1, B=0, C=1, and D=1, will the
comparator output be high or low if Vanalog = 0.8 VREF?

(o)
\%
P Olc])T

Figure S10.3-15
Solution
At ¢, we have the following equivalent circuit:

Summing the currents to zero gives,

VAnalog o—C| H SCOVAnalog=vx) + SC(-Vi-vy) +
Cy sC ( VReF ;
_ A C/4 Vx 4 \- 4 "~ Vx
v —0 sC
1 |\C/4 +7 (Va-vp=0
+ - or
VREF $SCVanalog - CV1-C16 +C7Z 4 = vy | C+CHTH+T
4+
= — Fig. $10.3-15A
< Va Veer)| 2 2 Y2 Veer
= Cloral \ VAnalog™ Vi+Z - 716 ) F5Vnalog-5V1+70 - 716
Vo Veer 12Veer 12Vepr 4Veer VREF
For ABCD =1011 — VAnalog™ Vl +7 -716 = 16 - 16 +716 -~ 16 > 0

Since v, > 0, the comparator output will be low.
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Problem 10.3-16

A 4-bit, analog-to-digital converter is shown. Clearly explain the operation of this converter for
a complete conversion in a clock period-by-clock period manner, where ¢; and ¢, are non-
overlapping clocks generated from the square ware with a period of T (i.e. ¢1 occurs in O to T/2

and ¢ in T/2 to T, etc.). What will cause errors in the operation of this analog-to-digital
converter?

V 9 C
REE VAnalog O—/ I_

A 1
"= L
4 o1 =
Vil c
2 A v 01
4 % Vi _| I—‘ X o
4
N~ C
D AN
3y N 02 L
16 D V, —"
. Non-overlapping
2 To bit switches
EAYS N\ two-phase clocks
16 D < ‘ABCD 01
MSB LSB
RN S tIEE 1t
Successive approxi- Square wave
mation register and
. control logic 4—J_|_|_|_|_|_|_I_
Figure S10.3-16 —| Tl

Solution

Consider the operation during a ¢;-¢, cycle. The voltage v, can be written in general as,

\% Vv Vo 1
analog Y1 Y2 1
W=T2 -2 t2 =2 (Vanalog -Vi+ Vo)

The operation of the ADC will proceed as follows:
1.) Period 1 (0<t<T):

SAR closes switches A, B, C, and D (1000) to get
1 3 1 1 1
Vx = E(Vanalog -3 VREF + S VREF ): §(Vanalog B EVREF)

If v, >0, then A = 1. Otherwise, A =0 (A =1).
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Problem 10.3-16 — Continued
2.) Period 2 (T <t <27):
a) A=1

SAR closes switches A,B, C, and D (1100) to get

1 1 1 3
Vy = i(vanalog - VREF + T VREF j: E(Vanalog B ZVREF)

b)A=1
SAR closes switches A ,B , C, and D (0100) to get

1 1 1 1 1
Vy = E(Vanalog -2VREF + T VREF j: E(Vanalog B ZVREF)

If v, > 0, the B =1 (X100). Otherwise, B =0 (B =1) (X000).
3.) Period 3 (2T <t <37):

At this point, V|, will not change since A and B are known.

The SAR closes the appropriate A and B switches and C and D (XX10) to get
1

2 1 1
Vy = E(Vanalog -Vi+ 16 VREF ): f(vanalog -Vi+ g VREF )
If v, > 0, then C = 1 (XX10). Otherwise, C =0 (C = 1) (XX00).
4.) Period 4 BT <t<47):
a) D=1
SAR closes switches appropriate Aand B switcheds and C, and D (XX11) to get
1 1
Vy = E(Vanalog -Vi+ 16 VREF )
b)D=1
SAR closes switches appropriate Aand B switcheds and C, and D (XX10) to get
1 3
Vy = E(Vanalog -Vi+ 16 VREF )

If v, >0, then D = 1 (XXX1). Otherwise, D =0 (D = 1) (XXXO0).
Sources of error:

1.) Op amp/comparator — gain, GB, SR, settling time (offset not a problem).
2.) Resistor and capacitor matching.

3.) Switch resistance and feedthrough.

4.) Note parasitic capacitances.

5.) Reference accuracy and stability.
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Problem 10.4-01

What is v in Fig. 10.4-1 after the following sequence of switch closures? Sy, S3, S, S2, S,
S3, SI’ Sz, and Sl?

Solution

The plots for v /Vrpr and v/ Vepr are given below.

vc1/VREF
10‘£ __________________ —_——
e
05 lL | lL .L—EO.625
] O O A N
04— : Iy
0 1 2 3 4 5 6 7 8
ve2!VREF
10‘5 ________________________________
7] SRS
05 | | | | | | — 0.625
025 foocbebof b L
0 1 2 3 4 5 6 7 8
Fig. $10.4-01
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Problem 10.4-02
Repeat the above problem if C; =1.05C;.
Solution
In the sharing phase, we have the following equivalent circuit: c
Vout Vour(l) = "c1Tlc2 + VCZTZQ
| | 1.05 1
C C =205 Vc1+2.05 Ve
+ + =0.5122V e + 0.4878V
Vel Ve
B FigS10.4-02
Sharing Phase (i) | V¢ ()/Vger Veo(DIVREF Voul))/VREF
1 0 0 0
2 1 0 0.5112
3 0 0.5122 0.2498
4 1 0.2498 0.6340

Thus, at the end of the conversion, the output voltage is 0.6340Vg g rather than the ideal value

Problem 10.4-03

For the serial DAC shown, every time

the switch S, opens, it causes the

voltage on C; to be decreased by
10%. How many bits can this DAC

convert before

an  error

occurs

hd

O
) e
£4 Ve

F97E1P4

assuming worst case conditions and

letting Vppr-= 1V? The analog output is taken across C,.

Solution

Worst case is for all 1’s.
1 0.9 0.5 0.45 0.25 0.050 Yes
2 0.9 0.75 0.675 0.125 0.0750 Yes
3 0.9 0.875 0.7875 0.0625 0.0875 No

Error occurs at the third bit.

Note that the approach is to find the ideal value of V(~ at the ith bit and then find the range that

VC2 could have which is J_rVREF/2i"'1 and still not have an error. If the difference between the

magnitude of the ideal value and actual value of V(- exceeds VRgfR/

occur.

2i+1

then an error will
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Problem 10.4-04

For the serial, pipeline DAC of Fig. 10.4-3 find the ideal analog output voltage if Vprr =1V

and the input is 10100110 from the MSB to the LSB. If the attenuation factors of 0.5 become
0.55, what is the analog output for this case?

Solution

Ignoring the delay terms,the output of Fig. 10.4-3 can be written as,
Vout by by b3 by bs b by
Vepr =00+ 7 + T +B +T6+ 32+ 64+ 128

For 10100110 we get,

Vour . 1111 1 1 1
Veppddea) =1-7 +7-3-Tg+37+564- 128

128 64 32 16 8 4 2 1 71
=128 “128 +128 ~128 ~128 * 128 * 128 - 128 =128 = 0.60156

If the attenuation factor is k = 0.55, the output can be re-expressed as,

VREF (actual) = kbg + k?b; + k3by+ k*bs+ Kb+ kKObs+ k'bg+ 88b;

=+0.55 - 0.3025 + 0.1664 — 0.0915 — 0.0503 + 0.0277 + 0.0152 — 0.00837
= 0.3066

Problem 10.4-05

Give an implementation of the pipeline DAC of Fig. 10.4-3 using two-phase, switched capacitor
circuits. Give a complete schematic with the capacitor ratios and switch phasing identified.

Solution

All of the stages can be represented by the following block diagram.

V; = (O.Sv,-+1 + biVREF)Z-l

1
V; 5 Vi
H_éi z-1 —D—Ol

which is a summing sample and hold with weighted inputs. A
possible switched-capacitor realization of the i-th stage (and all
stages) is shown below.

o1

2C

C
Vi+l
0_69_‘ ¢2"_|
(02)

VREF
)_‘ 01 and Oy=0o if bi=1

J_ g ¢x 92 and Qy=01 if b=0

Fig. $10.4-5B

tb;VREF Fig. $10.4-05A

Vi
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Problem 10.4-06

A pipeline DAC is shown. If k; =7/16, k, = 5/7, and k5 = 3/5 write an expression for vy, in
terms of b, (i = 1, 2, 3) and V. Plot the input-output characteristic on the curve shown below
and find the largest +INL and largest +DNL. Is the DAC monotonic or not?

41 vour

k3 ko

8/8 —— .
Digital Word v
i Actual 3-bit DAC ~—» 8 our
/8 I ] 000 0/16
g " - Ideal 3-bit DAC 7 010 5/16
%D +1LSB INL l - 011 8/16
— 4
gt d15LSB DNL 100 7/16
38 + el | v | % -0.5LSBINL 101 10/16
o8 i i 110 12/16
i 111 15/16
1/8
0/8
0 0 0 0 1 1 1 1
0 0 1 1 0 0 1 1
o I o0 1 o0 1 0 1

Digital Input Solution

The output can be written as
vour = ki(b1+ky(by+k3b3))Vppp = [k by + kikyby + kikoksb31Vippr

Using the values given gives

A TY3 TY3Y3 7 S 3
vour=|\T6 P1 + (16 \7 P2 +* (1617 |5 P3|Vrer =|T601 + T6P2 + 1673 | VREF

The values for v for this DAC are shown beside the plot and have been plotted on the output-
input characteristic curve. A summary of the performance is given below.
[ INL: +1LSB, -0.5LSB ~ DNL: +0.5LSB, -1.5LSB DAC is nonmonotonic |
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Problem 10.4-07

Page 10-47

A pipeline digital-analog converter is shown. When b; is 1, the switch is connected to VREF,
otherwise it is connected to ground. Two of the 0.5 gains on the summing junctions are in error.
Carefully sketch the resulting digital-analog transfer characteristic on the plot on the next page
and identify the INL with respect to the infinite resolution characteristic shown and DNL. The
INL and DNL should be measured on the analog axis.

VREF=—

L

Solution

y

1

z! 2

Z-l

8

Z-l

Ignoring the delay terms, we can write the output voltage as,
Your

VREF ~

()

128

48

5 3
g+ by g+ b

30

15

=735601+ 25602 + 75603 + 25603

The performance is summarized in the table below (a plot can be made from the table).

1 3

—_—

Z-l

vVourt

Figure S10.4-7A

30

1
)z =201+ T6b2 + 25603 + 25603

15

BO | Bl | B2 | B3 Ideal Actual Ideal DNL | Actual DNL| Ideal INL | Actual INL
O O O O 0.00000 0.00000 - - 0.0000 0.00000
O O O 1 0.06250 0.05859 0.00000 -0.06250) 0.00000  -0.0625(
o O 1 0] 0.12500 0.11719 0.00000 -0.06250) 0.00000  -0.12500
O O 1 1 0.18750 0.17578 0.00000 -0.0625 0.0000: -0.18750
0f 1 0 O 0.25000 0.18750 0.00000 -0.81250) 0.00000  -1.0000C
0j 1 0 1 0.31250 0.24609 0.00000 -0.06250) 0.00000  -1.0625C
0f 1 1 0] 0.37500 0.30469 0.00000 -0.0625 0.0000: -1.12500
0f 1 1 1 0.43750 0.36328 0.00000 -0.06250) 0.00000  -1.1875C
1 0 O O 0.50000 0.50000 0.00000 1.18750 0.00000 0.00000
1 0 O 1 0.56250 0.55859 0.00000 -0.0625 0.0000: -0.06250
1 0 1 0] 0.62500 0.61719 0.00000 -0.06250) 0.00000  -0.1250C
1 0 1 1 0.68750 0.67578 0.00000 -0.06250) 0.00000  -0.1875(
1 1 0 O 0.75000 0.68750 0.00000 -0.8125 0.0000: -1.00000
1 1 0 1 0.81250 0.74609 0.00000 -0.06250) 0.00000  -1.0625C
1 1 1 0] 0.87500 0.80469 0.00000 -0.06250) 0.00000  -1.12500
1 1 1 1 0.93750 0.86328 0.00000 -0.0625 0.0000: -1.18750

. INL=+0LSBs, -1.1875LSBs and DNL = +1.1875LSBs, -0.8125LSBs
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Problem 10.4-08

Show how Eq. (10.4-2) can be derived from Eq. (10.4-1). Also show in the block diagram of
Fig. 10.4-4 how the initial zeroing of the output can be accomplished.

Solution

Eq. (10.4-1) can be written as

bj 1z bj 127z bipn 1 bi
Vour = ni-1 2i-1 2 _Z 2i—1Zi-1 —Z 2i—1Zi-1

N
N
INTD _bNYL
Rizi L izl
i =0 i=0
where all b; have assumed to be identical as stated in the text.

The summation can be recognized as a geometric series (assuming N — o) to give

L, b b;z!
out = z L 1_} T 1-0.577!

2z

The output can initially be zeroed by adding a third switch to ground at the summing junction.
The S/H will sample the OV and produce V,,,, = 0.
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Problem 10.4-09

Assume that the amplifier with a gain of 0.5 in Fig. 10.4-4 has a gain error of AA. What is the
maximum value AA can be in Example 10.4-2 without causing the conversion to be in error?
Solution

Let the amplifier gain be A. Therefore, we can write the output in general as follows.

Bit from LSB to MSB Vout
1 1
0 A-1
0 AA-1)+1=A2-A-1
1 ATAA-1) = 1]+1=A3-A2-A +1
1 A{A[AA-1) — 1]+ 1} +1=A%-A3-A24+A+1
The ideal outputis V,,,; = % + 0.5LSB LSB = 2V;6EF = VI;SF = Vgg -

Assume Vypp =1V, therefore

4 4342 19 1 38 1
AT -A°-A +A+1$16132:3212

3
The ideal output is 1.18750 and must be between 1.15625 and 1.21875.
Below is a plot of the output as a function of A.

1.25

+0.5 LSB|Limit

12 E _
: / \ -0.5LSB|Limit 1
R e e :

)
!
[S—
s
W
LILILE LA LILBLIL

. Amin Amax :

005 E bl LN
04 4 06 0.8 1
FigS10.4-09

From this plot, we see that A must lie between 0.205 and 0.590 in order to avoid a +0.5LSB
error.

(e}
I
Y

[0.205 <A <0.590 |
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Problem 10.4-10
Repeat Example 10.4-2 for the digital word 10101.

Solution

Let the amplifier gain be A. Therefore, we can write the output in general as follows.

Bit from LSB to MSB Vout
1 1
0 A-1
1 AA-D+1=A2_A +1
0 A[AA-1D) +1]-1=A43-A2+A-1
1 A{AJAA-D +1]1-11+1=A%-A3+A2-A+1
The ideal outputis V= 15 + 0.5LSB LSB = ZLREE V’;fF - ngF

26
Assume Vppp =1V, therefore

4 4342 12 1 22 1
AT-A°-A +A+1S16 *35 =33 £33

The ideal output is 0.6875 and must be between 0.65625 and 0.71875.

Below is a plot of the output as a function of A.

\ /

A
N

VOMt
VREF \ /
0.75
0.5 LSB|Limit ™\ /’ ________
07 E N :
£ _-0.5 LSB|Limit _Tf&; \—/ o Amax
0.65 E el y ]
0 0.2 0.4 0.6 0.8 1
FigS10.4-09

From this plot, we see that A must lie between 0.41 and 0.77 in order to avoid a +0.5LSB error.

[0.41 <A <0.77 |
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Problem 10.4-11

Assume that the iterative algorithmic DAC of Fig. 10.4-4 is to convert the digital word 11001. If
the gain of the 0.5 amplifier is 0.7, at which bit conversion is an error made?

b;=1
+VREF 7!
© 4l Sample vour
9 and O
Vv b;=0 e
REF 2~ | 3 hold
Fig. S10.4-11
Solution
Conversion Bit Ideal Max. Ideal | Min. Ideal | Result for Gain
No. Converted Result =0.7
1 1(LSB) 1 1.5 0.5 1 (OK)
2 0 -(1/2) -0.25 -0.75 -0.30 (OK)
3 0 -(5/4) -1.1250 -1.375 -1.210 (OK)
4 1 (3/8) 0.4375 0.3125 0.1530 (Error)
5 1 (MSB) (19/16) 0.9062 0.8437 -

The max. and min. ideal are found by taking the ideal result and adding and substracting half of

the ideal bit for that conversion number.
We note from the table that the error occurs in the 4" bit conversion.
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Problem 10.4-12
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An iterative, algorithmic DAC is shown in Fig. P10.4-12. Assume that the digital word to be
converted is 10011. If Vppr) =0.9Vprrand Vpppy = -0.8Vprr, at which bit does an error

occur in the conversion of the digital word to an analog output?

Solution

VREF2

ith Bit=0

Sample
and hold

circuit

Ideally, the output of the i-th stage should be,
vour() = 0.5 voyr(i-1) + bVrgr

The i-th LSB is given as

VREF
2i- 1 -

In this problem, the output of i-th stage is given as,
VOUT(i) =0.5 VOUT(i‘l) + 0'9VREF if bi =1

VOUT(i) =0.5 VOU'['(i—l) - O'SVREF if bi =0

The performance is summarized in the following table where v 7(7) is normalized to Vggp.

and

O VoUT

Conversion | 0.5 LSB Bit vour(i) | Max. Ideal | Min. Ideal | Actual
No. Converted | Ideal vour(h) vour(h) vour(h)
1 0.5 1 1 1.5 0.5 0.9
2 0.25 1 1.5 1.75 1.25 1.35
3 0.125 0 -0.25 -0.125 -0.375 -0.125
4 0.0625 0 -1.125 -1.0625 -1.1875 | -0.8625
5 0.03125 1 0.4375 | 0.46875 0.40625 0.46587

An error occurs in the 4™ bit conversion since it lies outside the maximum-minimum ideal
voyr(i). Note the 5" bit is okay.
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Problem 10.5-01

Plot the transfer characteristic of a 3-bit ADC that has the largest possible differential nonlinearity
when the integral nonlinearity is limited to £1LSB. What is the maximum value of the
differential nonlinearity for this case?)

Solution

A plot is given below showing the upper and lower limits for +1 LSB INL. The dark line on the
plot shows part of the ADC characteristics that illustrates that the maximum DNL is +2 LSB.

111 p------ pooone- s e e — P
- : : Ideal 3- blt + ILSB—»
© 110 f------ R U e — fooee- .
o L Idpal 3- b1t Characterlstlc | 4
2 101 p----- e R SR -%— R
= | 1 1 1 1 i
=¥ ! ! ! 4 !
5 100 f------ boooeo- o — e o mmm -
© . +2LSB DNL—> . -2LSB DNL i
E 011 f------ beeee- R LEE—
20 - ! ' '«— Ideal 3- b1t - 1LSB .
2010 f------ ey
001 f==- S oo oo i H——
Wy T %3 2 35 6 7 3
8 8 8 8 8 8 8 8 8

Analog Input Voltage Fig. $10.5-0

[y
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Problem 10.5-2

(a.) Find the =INL and +DNL for the 3-bit ADC shown where the INL and DNL is referenced
to the analog input voltage. (Use the terminology: INLA and DNLA.)

(b.) Find the +INL and +DNL for the 3-bit ADC shown where the INL and DNL is referenced
to the digital output code. (Use the terminology: INLD and DNLD.)

(c.) Is this ADC monotonic or not?

- i i Inflmte Resolutlon Characteristic ~—>~" 1
111 p------ r------ T------ q------- o Fo----- r-- '

- Actual 3-bit Characteristic ! i i .
U R B N LT g
@) 101 f------ Lo 1o Jo__4 \ S
= | | | : / «} |+1LSB |
% 100 __'(_)_5_[_“5___D_1_\{l:‘_4 _____ : - :/ h __QZ_V_L_D_ _____
S PN . Y2LSBDNLD -
5 011 I P ;':z‘isyzzvm """ N
A o LB TR ]

DNLA L1 SLSB INLA | | _—

001 f-- —_— - Fo----- ro----- SEREEEEE

- <—Ideal 3 b1t Charactenstlci ! ! ]

Wy 2 3 4 5 6 1 s

8 8 8 8 8 8 8 8 8
Analog Input Voltage

Solutions

(a.) Refer to the characteristics above:

+INLA = 1LSB -INLA = -1.5LSB

+DNLA = +0.5LSB -DNLA = -1LSB
(b.) Refer to the characteristics above:

+INLD =2LSB -INLD = -1LSB

+DNLD = +1LSB -DNLD = -2LSB

(c.) This ADC is not monotonic.
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Problem 10.5-03

Assume that the step response of a sample-and-hold circuit is
vour(t) = V(1 - e EBW)
where V is the magnitude of the input step to the sample-and-hold and BW is the bandwidth of

the sample-and-hold circuit in radians/sec. and is equal to 2ntMradians/sec. Assume a worst case
analysis and find the maximum number of bits this sample-and-hold circuit can resolve if the
sampling frequency is IMHz. (Assume that the sample-and-hold circuit has the entire period to
acquire the sample.)

Solution

To avoid an error, the value of vour(t) should be within £0.5LSB of V. Since VouT is always
less than V/ let us state the requirements as

\%
REF
V- vOUT(T) < N1

T-BW VREF T-BW £ N+1 T-BW
sV -Vil-e ) < - Ve < - 2 < e

oN+1 N+ REF

The worst case value is when V; = V.. Thus,

535.49
Nl < e27=53549 — 2N < —>5— =267.74

N =38

Problem 10.5-04

If the aperture jitter of the clock in an ADC is 200ps and the input signal is a IMHz sinusoid
with a peak-to-peak value of Vpr, what is the number of bits that this ADC can resolve?

Solution
) VREF 2 1
Eq. (10.8-1) gives Ar < N+ 2afV = N+ = 200ps
1 100
2N = = =
2-200ps-aMHz 4007 756
In(756)

n2N)=In(756) =  N="[my =9.63

- N =9bits
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Problem 10.6-01
What is the conversion time in clock periods if the input to Fig. 10.6-2 is 0.25 Vp? Repeat if

v, =07Vppp
Solution
Vi =025VeEpr:
N, = Nrppx0.25 = 0.25Ngpp

. Clock periods = NREF + OZSNREF = IZSNE

vin* = 0'7VREF:
Nout = NREFXO'7 = 0'7NREF

. Clock periods = NREF + O'7NREF = 1'7NREF

Problem 10.6-02

Give a switched capacitor implementation of the positive integrator and the connection of the
input and reference voltage to the integrator via switches 1 and 2 using a two-phase clock.

Solution
KC C
I~ |1 You
. ¢1) A ) TV T °
Vin* 02 01
- «--1 = =
y + i
REF — —
— = Carry Output
= (when high, connect to Vggr)
FS10.6-02

From Chapter 9, it can be shown that,

Vout (l) = Kfvm* dt or -KfVREF dt

depending on the carrier output.
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Problem 10.7-01

If the sampled, analog input applied to an 8-bit successive-approximation converter is 0.7Vggp,

find the output digital word.
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Solution
Bit | Trial Digital Word | DVgpp= 0.7VgEer > | Decoded
bob1babsbsbsbeb7 | by b; b, by by bs by by DVger? | BI
(7+T+?+E+3_2+6_4+W+RJVREF

1| 10000000 0.5Vrgp Yes 1
2| 11000000 0.75Vrpp No 0
31 10100000 0.625Vrzr Yes 1
4| 10110000 0.6875Verp Yes 1
50 10111000 0.71875Vrpr No 0
6 10110100 0.703125Vger No 0
7| 10110010 0.6953125Vppp Yes 1
8§ | 10110011 069921875V Yes 1

The digital wordis 1011001 1
Problem 10.7-02

A 4-bit, successive approximation ADC Clock |

is shown. Assume that VREF =5V. Fll In
in the table below when v;, =3V.

VREF

'4-bit Shift Register!
(Each clock causes a 1 to shuft right.)

B By B3 By

\4 \4 \4 \4

Successive Approximation Register
(If comparator out = 1, keep guess,
if comparator out = 0, change guess.)

Comparator
Vin Output
FO7E2P1
Clock Period | B,B,B,B, D?g‘;%j& V.. Co(r)nlﬁ;ﬁ“’r Dl?)‘;g?m
1 1000 1000 2.5V 1 1000
2 0100 1100 3.75V 0 1000
3 0010 1010 3.125V 0 1000
4 0001 1001 2.8125V 1 1001
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Problem 10.7-03

For the successive approximation ADC shown in Fig. 10.7-7, sketch the voltage across capacitor
C, v¢ep) and Gy (v) of Fig. 10.4-1 if the sampled analog input voltage is 0.6Vppp. Assume

that S2 and S3 closes in one clock period and S1 closes in the following clock period. Also,
assume that one clock period exists between each successive iteration. What is the digital word

out?
V?nc +
S1| Successive
. SZ_ 5 Approx-
< imation
VREF_; S3 S1 - 54 ‘SS R%%s;er
:‘_:| S4
Vel V2
IC1 - JC2 1 “—| control
= 1: 1: = clrcultry

| obo
| ob,
—ob,

—obs
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Actual digital word is 1001.

1 | Guess | vguess | Actual
0|1 0.5 1

1 |11 0.75 1.0

2 101 0.625 100

3 11001 [ 0.5625 [ 1001
Solution

11 12 13 14

15 16

_ ———>yT
17 18 19 20 21 22 23 24 25
Fig. 10.7-03
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Problem 10.7-04
Assume that the input of Example 10.7-1 is 0.8 Vg and find the digital output word to 6 bits.

Solution

by Vi, (0) = 0.8Vegp S by=1
b Vi (1) = 20.8Vrgp) — Vegr = +0.6Vrgr S by=1
by Vi (2) = 200.6Vrgp) — Vegr = +02Vrgr S by=1
by: Viy 3) =2(0.2Vggp) - Vrer =-0.6VRgr -  b3=0
by Vi () = 2(-0.6Vegp) + Vegr = -02Vrgr S by=0
bs: Vi, (5) = 2(-02Vegp) + Vrgp = +0.6Vrgr S bs=1

Digital output word=111001

Problem 10.7-05

Assume that the input of Example 10.7-1 is 0.3215Vr g and find the digital output word to 8
bits.

Solution

bo: Vi, (0) = 03215V = by=1
bi: Vi, (1) = 2(0.3125Vrgr) — Vegr = -0.357VeEr = b =0
by Vi, (2) = 2(-0357Vrep) + Vrpr = +0.286Vrpr = by=1
by Vi, (3) =2(0.286Verrp) — Vrer = -0.428Verr = b3=0
by Vi, (4) = 2(-0.428Vrpp) + Vrpr = +0.144Vppr = by=1
bs: Vi, (5) =2(0.144Vegp) - Vrpr = -0.712Vrpr = bs=0
bg: Vi, (6) = 2(-0.712VrEp) + Vrpr = -0.424Vppr = by=0
by Vi, (7) = 2(-0424Vegp) + Vrpr = +0.152Vrpr = by=1

Digital output word=10101001
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Problem 10.7-06
Repeat Example 10.7-1 for 8 bits if the gain of two amplifiers actually have a gain of 2.1.

Solution
. 1.50

Vin* =500.VrREF =0-3VREF

boZ Vin (0) = O'3VREF — bo =1
bIZ Vin (1) = 21(03VREF )— VREF = -0.37VREF ard bl =0
bz: Vin (2) = 21(_037VREF) + VREF = +0'223VREF — b2 =1
b3: Vin 3) = 21(+0223VREF) - VREF = -05317VREF — b3 =0
b4: Vin (4) = 21(-05317VREF) + VREF = '00634VREF — b4 =0

bs: Vil’l (5) = 21(-00634VREF) + VREF = +086686VREF — bs =1
b6: Vil’l (6) = 21(+086686VREF) - VREF = +0820406VREF — b6 =1

b7: Vin (7) = 21(+0820406VREF) - VREF = +0820406VREF — b6 =1
The ideal digital word for Ex. 10.7-1is 10100110

We see that the amplifier with a gain of 2.1 causes an error in the 8" bit.
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Problem 10.7-07

Page 10-61

Assume that V, * = 0.7V is applied to the pipeline algorithmic ADC of Fig. 10.7-9 with 5

stages. All elements of the converter are ideal except for the multiplier of 2 of the first stage,

given as 2(1+¢€). (a.) What is the smallest magnitude of € that causes an error, assuming that the
comparator offsets, V¢ , are all zero? (b.) Next, assume that the comparator offsets are all

equal and nonzero. What is the smallest magnitude of the comparator offsets, V)¢, that causes

an error, assuming that € is zero?

MSB

Vii’l >ko-

VREFO

Solution

Stage 1

Use the following table to solve this problem.

LSB

Stage N

Stage No. | Bit Converted| V(i) V(i) with &(1)#0 8@)* V(i) with V=0
(MSB—LSB)
1 0.7 0.7 i 0.7
2 1 04| 1.4(1+e)0-1=04+14¢ | 0286 0.4
3 0 0.2120.4+1.4e)-1 = —0.242.8¢| 00714 -0.2
4 1 0.6 | 2(-0.2+2.8¢)+1 = 0.6+5.6¢ | “0-107 0.6
5 1 0.2 -0.0178 0.2

2(0.6+5.66)-1 = 0.2+11.2¢

*g(i) is calculated by setting V(i) with € # 0 to zero.

From the above table we get the following results:

From the fifth column, we see that the minimum lel is 0.0178

(b.) The minimum VQS =+0.2V.
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Problem 10.7-08

The input to a pipeline algorithmic ADC is 1.5V. If the ADC is ideal and V. =5V, find the
digital output word up to 8 bits in order of MSB to LSB. If V- =5.2 and the input is still
1.5V, at what bit does an error occur?

Solution

The iterative relationship of an algorithmic ADC is,

v(i+1) = 2v(i) — blVREF where bi =1if bi

“1” and -1 if b; = “0”.

Ideal case (VREF=5V):
i v(i) b; 2v(i) - b;VREF
1 1.5 1 3-5=-2
2 -2 0 4+5=1
3 1 1 2-5=-3
4 -3 0 -6+5=-1
5 -1 0 -2+5=3
6 3 1 6-5=1
7 1 1 2-5=-3
8 -3 0

Actual case (VRppF=5.2V):
. V(i) b; 2v(i) = biVREF
1 1.5 1 3-52=-2.2
2 -2.2 0 -4.4 +5.2=0.8
3 0.8 1 1.6 -52=-3.6
4 -3.6 0 -1.2+52=-2.0
5 -2.0 0 -4+52=12
6 1.2 1 24-52=-238
7 -2.8 0 -5.6 + 5.2 =-0.6
8 -0.6 0

The error occurs at the 7" bit.
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Problem 10.7-09

If Vin* = 0.1Vpp, find the digital output of an ideal, 4-stage, algorithmic pipeline ADC. Repeat
if the comparators of each stage have a dc voltage offset of 0.1V.

Solution
Ideal:
Stage I Vi—l Vi—l > 0? Bit
1 0.1 Yes 1
2 0.1x2-1.0 = -0.8 No 0
3 -0.8x2+1.0 = -0.6 No 0
4 -0.6x2+1.0 = -0.2 No 0
Offset =0.1V:
Vi = 2Vi-l - bi VREF + 0.1
Stage i Vi Vii1>0? Bit i
1 0.1 Yes 1
2 0.1x2-1.0+0.1 = -0.7 No 0
3 -0.7x2+1.0+0.1 = -0.3 No 0
4 -0.3x2+1.0+0.1 = +0.5 Yes 1

An error will occur in the 4" bit when Vin* = 0.1V r and the offset voltage is 0.1V.

Problem 10.7-10

Continue Example 10.7-3 out to the 10th bit and find the equivalent analog voltage.

Solution

Vin™ = 0.8Vgpr

V,(0) = 200.8Vpgp) = 1.6Vrgp, 1.6 Vigp > Vegr = bp=1
Va(1) = 2(1.6Vrgp -Vrgp) = 1.2VRgp, 1.2 Vepp >Vepr = b1 =1
V,2)=2(12Vegr -Veer ) = 04Vepr, 04 Vegr <Vgpr = by =0
V.(3) = 200.4Vggr + 0) = 0.8Vepp, 0.8 Vigr < Vegr =  b3=0

(Note the ADC repeats at every 4 bits)

V.(4) = 20.8Vggp + 0) = 1.6Vgpp, 1.6 Vigp > Vegr = by=1
Va(3) = 2(1.6Vgrgp -Vepr) = 1.2Vegp, 1.2 Vggp >Vggr = bs=1
Va(6) = 2(1.2Vegp -Vepr) = 0.4Vegp, 04 Vepp <Vggp = b=0
V(7) = 200.4Vggr + 0) = 0.8Vepp, 0.8 Vigr < Vegr =  b7=0

Repeats again.

.. The digital output wordis 1 10011001100........

The analog equivalent is

1

1

0

o 1 1

0 0

1

1

VREF(§+ F+8+T6*+3+ted t Tt 236 + 3512t 1024+ )
= 0.79980469V
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Problem 10.7-11
Repeat Example 10.7-3 if the gain of two amplifier actually has a gain of 2.1.
I _éVREF
_0)4—@1 = =
o Va > VREF = V¢ = VREF
Vip* Vo< VREF = ve=0
Solution
(a.) A=2.0. Assume Vppp=1V.
i v, (D) v (0) > Vegr? b; vp(i)
1 2(0.8)=1.6 Yes 1 0.6
2 2(0.6)=1.2 Yes 1 0.2
3 2(0.2)=0.4 No 0 0.4
4 2(0.4)=0.8 No 0 0.8
5 2(0.8)=1.6 Yes 1 0.6
(b.) A =2.1. Assume Vgpp=1V.
i V(D) va(i) > Vepp? bi V(i)
1 2.1(0.8)=1.68 Yes 1 0.68
2 2.1(0.68)=1.428 Yes 1 0.428
3 2.1(0.428)=0.8988 No 0 0.8988
4 2.1(0.8988)=1.88748 Yes 1 0.88748
5 2.1(0.88748)=1.886371 Yes 1 0.886371

An error occurs in the 4 bit.
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Problem 10.7-12
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An algorithmic ADC is shown below where ¢; and ¢, are nonoverlapping clocks. Note that the

conversion begins by connecting Vin* to the input of the sample and hold during a ¢, phase. The

actual conversion begins with the next phase period, ¢;. The output bit is taken at each

successive ¢, phase. (a.) What is the 8-bit digital output word if Vin* =0.3Vpgg? (b.) What

is the equivalent analog of the digital output word? (c.) What is the largest value of comparator
offset, Vos before an error is caused in part (a.) if Vppp = 1V?

| ( pd
1 NG
61 Vin™ 02 o1
C
0771 ) I LYQ\S_
L SH H= ) Bits
CT~ J_l > Out
- - -
O |.,. Oxve=1: =02 and dy=01 Jle
/ by = VREF ¢, «{VC=0: 02=01 and ¢y=02
1 1 F97FEP5
Solution
(a.) Clock Period Output of S/H ve> 0? | Digital Output
(Normalized to Vpr)
Start 0.3V Yes -
1 (0.32)-1=-0.4V No 0
2 (-0.42) + 1 = 0.2V Yes 1
3 0.22)-1=-0.6V No 0
4 (-0.6-2) + 1 =-0.2V No 0
5 (-0.2-2) + 1 = 0.6V Yes 1
6 (0.6-2) -1 =0.2V Yes 1
7 (0.22) -1 =-0.6V No 0
8 (-0.6:2) + 1 =-0.2V No 0

1

1 1

(c.) Inpart (a.) the output of the S/H never got smaller than +0.2Vp . = £0.2V.
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Problem 10.8-01

Why are only 2V-1 comparators required for a N-bit flash A/D converter? Give a logic diagram
for the digital decoding network of Fig. 10.8-1 which will provide the correct digital output
word.

Solution
(See the solution for Problem 10.22 of the first edition)

Problem 10.8-02

What are the comparator outputs in order of the upper to lower if V*;, is 0.6Vggp for the A/D
converter of Fig. 10.8-1?

Solution

The comparator outputs in order from the upper to lower of Fig. 10.8-1 for V*,, = 0.6 Vg is
1110000.
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Problem 10.8-03

Figure P10.8-3 shows a proposed implementation of the conventional 2-bit flash analog-to-
digital converter (digital encoding circuitry not shown) shown on the left with the circuit on the
right. Find the values of Cy, C», and C3 in terms of C that will accomplish the function of the
conventional 2-bit flash analog-to-digital. Compare the performance of the two approaches from
the viewpoints of comparator offset, speed of conversion, and accuracy of conversion assuming
a CMOS integrated circuit implementation.

7 ! o}

—H

Vv Ve o1 O
|
1
|

W]
U\

;

aqs

LI,_Q o

|‘| S
igddd

= Cs
Figure $10.8-3A Na e L
Solution )
Operation:
o1: v
C I / o1
1 ©
o G ,
VREF — Yoi

Fig. S10.8-03B

vi(@2) = Vin*-VRep)\ C+C; | * | T+C; | Vin™ = Vin™ - VREF| T C;
2N

For the conventional flash ADC, v; = V;,*- 2_N Vgrer- For N =2, we get

2N ¢ i
2_N=C+_C,~ - Ci:(ZT-i)C ForN=2,weget:l=C/3, Cg=C,andC§=3C
ADC Comp. Offset | Conv. Speed | Accuracy Other Aspects
Conv. Flash ADC | < +0.5LSB Fast Poor Equal R’s
Proposed ADC Autozeroed Faster, comp. | Better Unequal C’s, No
1s simpler CMRR problems
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Problem 10.8-04

Two versions of a 2-bit, flash A-D converter are shown in Fig. P10.8-5. Design R, R>, and R3
to make the right-hand version be equivalent to the left-hand version of the 2-bit flash A-D
converter. Compare the performance advantages and disadvantages between the two A-D
converters.

VREF v, VREFVIN®
o A O R V1
R R )
%VREF—> —1 E VVV + E
R = N | bo R = N | bo
2y, cre ? ~VY V2 c o
Z REF—» ) 0 —_— 2 D) 0
1 v D R — D o
4 VREF—» -3 E “AM\AV3 E
R * R e > | R
It
Conventional Flash ADC Proposed Flash ADC

Figure S10.8-04
Solution

For the proposed ADC, the comparators must switch at V;,* = 0.75Vgpp, 0.5Vggr and
0.25Vg g for comparators, 1,2, and 3, respectively.
Ry . (_R . (R
S V1= \ReRy Vin™ - (R+RJVREF =0 - V= (R_leREF — Ry =(4/3)R
Ry . (_R . (R
V2 =\R¥R, Vin™ - (R+R1)VREF =0 = Vy* = (R_z)VREF - Ry=2R

and

R N L (R . _(R
V3 =|\R+R; JVin" - (R+R3)VREF =0 = V= (R3)VREF —  R3=4R
Comparison:
Conventional Flash ADC Proposed Flash ADC
Advantages Less resistor area Insensitive to CM effects
Guaranteed monotonic Positive input grounded
All resistors are equal No high impedance nodes, fast
V;,,* does not supply current
Faster- V;,* directly connected
Disadvantages | Sensitive to CM effects More resistor area
High impedances nodes-only a Can be nonmonotonic
disadvantage if Vppp changes. Resistor spread of 2V
V,,* must supply current
More noise because more resistors
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Problem 10.8-05

Part of a 6-bit, flash ADC is shown. The comparators have a dominant pole at 10° radians/sec, a

dc gain of 10* a slew rate of 3V/us, and a binary output voltage of 1V and OV. Assume that the
conversion time is the time required for the comparator to go from its initial state to halfway to is
final state. What is the maximum conversion rate of this ADC if Vppr = 5V?  Assume the

resistor ladder is ideal.
Solution:

The output of the i-th comparator can be found by taking the inverse Laplace transform of,

A, (vin*'VRij
Voul?) = ((s/103) - 1)' s

v, (D= A, (1 -0 5 V).

to get,

The worst case occurs when

VREF 5

Vi -Vgi =05V ¢p = 7 =12
6

3
4
104

-103T

o 0.5V = 1041 - e10°T)(5/128) — eyl RL

-103T _ 4 6—4—099872 T =103 In(1.00128) = 2.806
or, € =1-50,000 =Y — = n(l. )=2. us

1
Maximum conversion rate = 2.306ps = 0.356x10° samples/second

Check the influence of the slew rate on this answer.

AV
SR =3V/us — E= 3Vius — AV =3V/us(2.806pus) = 8.42V > 1V

Therefore, slew rate does not influence the maximum conversion rate.
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Problem 10.8-06

A flash ADC uses op amps as comparators. The power supply to the op amps is +5V and
ground. Assume that the output swing of the op amp is from ground to +5V. The range of the
analog input signal is from 1V to 4V (Vrgr = 3V). The op amps are ideal except that the
output voltage is given as

vo = 1000 (vig + Vos) + Aem Vem
where v;g is the differential input voltage to the op amp, A, is the common mode gain of the op
amp, V¢, 1s the common mode input voltage to the op amp, and Vg is the dc input offset
voltage of the op amp. (a.) If A, = 1V/V and Vg = 0V, what is the maximum number of bits
that can be converted by the flash ADC assuming everything else is ideal. Use a worst case
approach. (b.) If A.;,;, =0 and Vpg=40mV, what is the maximum number of bits that can be
converted by the flash ADC assuming everything else is ideal. Use a worst case approach.

Solution
(a.) Av, =5V =10004v;£1v_,,
Choose v, =4V as the worst case.

5¢4 9 Veer 3
Avig =T000 =T000 <N+l = yN+1

2N+1 <

1000-3 N 500-3

(b.) Av, = 5V = 1000Av;,+1000-40mV
5-(+1000-40mV)

Av;y= 1000 =5mV —(+40mV) = 45mV (worst case)

3 N 3 ~_ 3000
45mV < N+ - 209 < Bmy = 20 <L .45 = 33.33
N=5

Problem 10.8-07

For the interpolating ADC of Fig. 10.8-3, find the accuracy required for the resistors connected
between V- and ground using a worst case approach. Repeat this analysis for the eight series

interpolating resistors using a worst case approach.

Solution

All of the resistors must have the accuracy of £0.5LSB. This accuracy is found as

AR
INL =2N"1—5=<0.5
If N =3, then

]

AR 1
225 <05 N R <g =125
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Problem 10.8-08

Assume that the input capacitance to the 8 comparators of Fig. 10.8-6 are equal. Calculate the
relative delays from the output of amplifiers A; and A, to each of the 8 comparator inputs.

Solution

Solve by finding the equivalent resistance seen from each comparator, R, (i) This resistance
times the input capacitance, C, to each comparator will be proportional to the delay.

Rey(1) = 0.25R + RIBR = 0.25R + 0.75R = R
Rey(2)=2RI2R =R
Ry (3) = 0.25R + RIBR = 0.25R + 0.75R = R

Re(#) =R
Similarly,

Rey(5) =R
R,;(6) =R
R (=R
Rey(8)=R

Therefore, 7= Req.(i)C are all equal and all delays are equal.

Problem 10.8-09

What number of comparators are needed for a folding and interpolating ADC that has the number
of coarse bits as nl = 3 and the number of fine bits as n2 = 4 and uses an interpolation of 4 on
the fine bits? How many comparators would be needed for an equivalent 7-bit flash ADC?

Solution
nl=3 = 23.1=7
n2=4 = 24.1=15

Therefore, 21 comparators are needed compared with 27-1 = 127 for a 7-bit flash.
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Problem 10.8-10

Give a schematic for a folder having a single-ended output that varies between 1V and 3V, starts
at 1V, ends at 1V and passes through 2V six times.

Solution

See the circuit schematic below.

oV

+VREF
R 20kQ 20kQ
Vv, -
6 )\ | . | o
R 100pA +
VS Vout

. v
R

Vi
R

Vi V2 V3 V4 Vs Ve " VREF Fig.510.8-10
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Problem 10.8-11

A pipeline, ADC is shown in Fig. P10.8-11. Plot the output-input characteristic of this ADC

Express the INL and the DNL in terms of a +LSB and a -LSB value and determine whether the
converter is monotonic or not. (FO3E2P2)

- + -
vinD] | 2-bit l ™ 2-bit | 9 2-bit l > 2-bit |Vour(2)
ADC »| DAC \ ADC »| DAC
l l ; Vour(1) : l l
Vrer1 bo b1 VRER2 VREF3 by b3 VREF4
Solution
Observations:

First stage changes at v;,(1) = (3/16) Vg, (6/16)VrEp, (9/16)Vrpr and (12/16)VyEpr.
by b
Vourlt) =\ 2+ 7 )VREF
3.) Second stage changes at v;,(2) = (3/16)Vggp, (6/16)Vrpr, (9/16)Vepr and (12/16)Viypp.
4) vy (2) = 4[v;,(1) - vy (D] or v, (1) = (1/4) v;,(2) + vy, (1)

Value of v;,,(1) where achange | by | by |vou (1 [vin(2) | b | b3 | Comments
occurs )

0 0 0 0 0 0 0 Starting point
(1/4)x(3/16)=0.75/16 0[O 0 3/16 0 1
(1/4)x(6/16)=1.50/16 0[O 0 6/16 1 0
(1/4)x(9/16)=2.25/16 0| O 0 9/16 1 1

3/16 0 1 4/16 | -4/16 0 0 | Stage 1 switches
(1/4)x(3/16)+(4/16)=4.75/16 0 1 4/16 3/16 0 1
(1/4)x(6/16)+(4/16)=5.50/16 0 1 4/16 6/16 1 0

6/16 1 0 8/16 | -8/16 | O 0 | Stage 1 switches
(1/4)x(3/16)+(8/16)=8.75/16 1 0 8/16 3/16 0 1

9/16 1 1 12/16 | -12/16 | 0 0 | Stage 1 switches

(1/4)x(3/16)+(12/16)=12.75/16 | 1 1 12/16 | 3/16 0 1
(1/4)x(6/16)+(12/16)=13.50/16 | 1 1 12/16 | 6/16 1 0
(1/4)x(9/16)+(12/16)=14.25/16 | 1 1 | 12/16 | 9/16 1 1

Plot is on the next page.
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Problem 10.8-11- Continued
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Analog Input Word

The ADC has missing codes which are 0111, 1010, and 1011

3
Lm.w
725
DT Q
mwm
MZC
+ +0
CEp
MH Q
S]E
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Problem 10.8-12

A pipeline, ADC is shown below. Plot the output-input characteristic of this ADC if Vppr =

and the DNL in terms of a +LSB and a -LSB value and determine whether the converter is
monotonic or not.

vin(D| | 2-bit | > 2-bit | 2T " 2-bit | Voul2)
ADC »| DAC ADC »| DAC
l l l l t  soirepi
Vrer1 D1 b2 VRER2 VREF3 b3 by VREF4
Solution
) 3 6 9 12
The first stage changes when v;,(1) =T VreF: T6 VREF> 16 VREF: a0d TG VREF-

4 8 12 16
The second stage changes when v;,(2) = Tg VreF> 16 VREF: 16 VrREF: and TG VREF-

Therefore,

vi(1) | by by Vour(1) | vin(2) = 4v;,(1)-4v,,,(1) b3 by
0 0 0 0 0 0 0
1/16 0 0 0 4/16 = 1/4 0 1
2/16 0 0 0 8/16 =2/4 1 0
3/16 0 1 3/16 12/16-12/16 =0 0 0
4/16 0 1 3/16 16/16-12/16 = 4/16 0 1
5/16 0 1 3/16 20/16-12/16 = 8/16 1 0
6/16 1 0 6/16 24/16-24/16 =0 0 0
7/16 1 0 6/16 28/16-24/16 = 4/16 0 1
8/16 1 0 6/16 32/16-24/16=8/16 1 0
9/16 1 1 9/16 36/16-36/16 0 0
10/16 1 1 9/16 40/16-36/16 = 4/16 0 1
11/16 1 1 9/16 44/16-36/16 = 8/16 1 0
12/16 1 1 9/16 48/16-36/16 12/16 1 1
13/16 1 1 9/16 52/16-36/16 = 16/16 1 1
14/16 1 1 9/16 56/16-36/16 = 20/16 1 1
15/16 1 1 9/16 60/16-36/16 = 24/16 1 1
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Problem 10.8-12 - Continued
ADC Characteristic Plot:

1111

1110
1101

Ideal Finite Characteristic
1100

+INL=3LSB

1011

1010 X
1001 Actual Finjite glarac teristic “

AN
1000 N

+DNL=1LSB
0111 \\ v

Digital Output Code

0110

0101
0100

0011

0010
0001

0000

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16

Analog Input Voltage SO1FESI

From the above plot we see that:
+INL = 3LSB, -INL =0LSB, +DNL = 1LSB and -DNL = OLSB

(Note that we cannot say that the ADC has —1LSB for —-DNL when the ADC saturates.)
The ADC is monotonic.
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Problem 10.8-13
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Repeat Problem 11 if (a.) A =2 and (b.) A =6 and all other values of the ADC are ideal.

Ving D1 | 2-bit
ADC

”| 2-bit |
DAC

v

Vrer1 Do b1 VRER2

Solution
(a.) A = 2. Observations:

Vour(1)

0>

2-bit
ADC

l
Il

VREF3 by b3

\ 4

2-bit
DAC

Vour(2)
>0

VREF4

First stage changes at v;,(1) = (4/16)Vggp, (8/16)VrEp, and (12/16)VieE.

by by

Voul D =2+ 7~ VREF
3.) 2nd stage changes at v;,,(2) = (4/16)Vggr, (8/16)Vepr, and (12/16)VieE.
4.) v (2) = 2[v;,(1) - v, (D] or v;,, (1) = (1/2) v;,(2) + v,,,(1)

Value of v;,,(1) whereachange | by | by | vou (1) | Vvin(2) | by | b3 | Comments
occurs
0 0 0 0 0 0 0 Starting point
(172)x(4/16)=2/16 0] 0 0 4/16 0 1
(1/2)x(8/16)=4/16 0 1 4/16 0 0 0 | Stage 1 switches
(172)x(4/16)+(4/16)=6/16 0 1 4/16 4/16 | O 1
(172)x(8/16)+(4/16)=8/16 1 0 8/16 0 0 0 | Stage 1 switches
(1/2)x(4/16)+(8/16)=10/16 1 0 8/16 4/16 | O 1
(1/2)x(8/16)+(8/16)=12/16 1 1 12/16 0 0 0 | Stage 1 switches
(172)x(4/16)+(12/16)=14/16 1 1 12/16 416 | O 1

With a gain of 2, the second stage sees v;,(2) = 2[v;,,(1) - v, (1)]. v;,,(2) will never exceed
0.25V R before the first stage output brings v;,(2) back to zero. As a consequence, b, is stuck

at zero. The plot is on the next page. It can seen from the plot that INL =+0LSB and -2LSB ,
DNL = +2LSB and —-OLSB. The ADC is monotonic.

(b.)A=6.v;,(2) =6[v;,(1) - v,,(1)] or v;,,(1) = (1/6) v;,(2) + v,,,(1)

Value of v;,,(1) where achange | by | by |[vyu (1) | vin(2) | by | b3 [ Comments
occurs
0 0O 0 0 0 0 Starting point
(1/6)x(4/16)=0.667/16 010 0 4/16 | 0O 1
(1/6)x(8/16) = 1.333/16 010 0 8/16 1 0
(1/6)x(12/16)=2/16 010 0 12/16 | 1 1
4/16 0 1 4/16 0 0 0 | Stage 1 switches

(1/6)x(4/16)+(4/16)=4.667/16 0 1 4/16 4/16 | O 1




Stage 1 switches
Stage 1 switches
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Comments

1

0

1

0

1

+0LSB. The ADC is

b3

1
1
0
1
1
0
0

1
1

by

Vin(2)
8/16
12/16
0
4/16
8/16
12/16
0
4716
8/16
12/16

4/16

4/16

8/16

8/16

8/16

8/16

12/16
12/16
12/16
12/16

Vout( 1)

1
1
0
0
0
0

1
1
1
1

by

0
0

1
1
1
1
1
1
1

It can seen from the plot below that INL =+1LSB and —OLSB, DNL

monotonic.

bo

5.333/16
6/16
8.667/16
9.333/16
10/16
12.667/16
13.333/16
14/16

8/16

(1/6)x(4/16)+(8/16)
12/16
(1/6)x(4/16)+(12/16)

(1/6)x(12/16)+(4/16)
(1/6)x(8/16)+(12/16)

(1/6)x(8/16)+(4/16)

(1/6)x(8/16)+(8/16)
(1/6)x(12/16)+(8/16)
(1/6)x(12/16)+(12/16)

CMOS Analog Circuit Design (2" Ed.) — Homework Solutions
Value of v;,(1) where a change

occurs

Problem 10.8-13 — Continued
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Problem 10.8-14
For the pipeline ADC shown, the reference voltage to the DAC of the first stage is Vppr +

AVppp- If all else is ideal, what is the smallest value of AVy - that will keep the INLA to
within (a.) +0.5LSB and (b.) +1LSB?

Vin(2)
Vis(D] | 2-bit J 1 2bit I " 2-bit | Your(2)
| ADC ADC ,| DAC
l Vour(1) _+_| l
VrRer &  SVREFTAVREF VREF & VREF
by by 4 b3 by 4 F98E2P4

Solution
by b, by by
V(1) =1deal + Error = (7+ T) VrEF ¢(7+ T)AVREF

by b, by by
Vour2) = Vi, (1) - Vi, (1) = Vi, (1) - (7 + T) VREF * (7 + T) AVREF
The second stage switches at Vppr/16, 2Vppn/16, 3Vppp/16, and 4V p/16.
Therefore the LSB is Vppr/16.
(a.) INLA = £0.5LSB

b b2y Ve
2 + 7 AVREr<T3)

When b, and b, are both 1 corresponds to the worst case.

4=Veer =VRpr
AVepr<3 732 = " 24

(b.) INLA = +0.5LSB
by by =VREF
2+ T AVREF< 716

4=Veer =VRpr
AVeer <3 716 = ~ 12
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Problem 10.8-15

A 4-bit ADC consisting of two, 2-bit stages (pipes) is shown. Assume that the 2-bit
ADC’s and the 2-bit DAC function ideally. Also, assume that V.- = 1V. The ideal value of the

scaling factor, k, is 4. Find the maximum and minimum value of & that will not cause an error in
the 4-bit ADC. Express the tolerance of k in terms of a plus and minus percentage.

VREF VREF VREF
2-bit ™ 2-bit 2-bit
(1 >
vin(1) 0 ADC l J| DAC [X” ADC
([ l Vout(l) é) é)
b1 by by by
Solutions

bl b 2
The input to the second ADC is v;,(2) = k[v in(D) - (7 + Tﬂ
If we designate this voltage as v’ (2) when k = 4, then the difference between v;,(2) and v, (2)
must be less than +1/8 or the LSB bits will be in error.

Therefore:

‘ by by |
Vin@) -V D= [k v, (D - k(7 + T -4 v, (D + 4 {7+ T <g

If k =4 + Ak, then

by by by by by b\ 1
4 v, (D+Ak v, ()-4 | 7+7 FAK\ 5 +7 4 v;,,(D+4 | 5+7 || <7
or
by b, 1
Vin(1) - (7+ T)‘ =3 -

b b
) - (F+ 7

Ak

The largest value of is 1/4 for any value of v, (1) from 0 to Vppp.

Therefore,

Ak 1
7<% = Ak < 1/2.

Therefore the tolerance of kis | 7~ =37= §T = *12.5%
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Problem 10.8-16

The pipeline, analog-to-digital converter shown in Fig. P10.8-16 uses two identical, ideal, two-
bit stages to achieve a 4-bit analog-to-digital converter. Assume that the bits, by and bz, have
been mistakenly interchanged inside the second-stage ADC. Plot the output-input characteristics
of the converter, express the INL and DNL in terms of a +L.SB and a -LSB, and determine
whether the converter is monotonic or not.

Solution

Vin(1) by b Vour(1) Vin(2) by b3

0 0 0 0 0 0 0
1/16 0 0 0 1/16 1 0
2/16 0 0 0 2/16 0 1
3/16 0 0 0 3/16 1 1
4/16 0 1 4/16 0 0 0
5/16 0 1 4/16 1/16 1 0
6/16 0 1 4/16 2/16 0 1
7/16 0 1 4/16 3/16 1 1
8/16 1 0 8/16 0 0 0
9/16 1 0 8/16 1/16 1 0
10/16 1 0 8/16 2/16 0 1
11/16 1 0 8/16 3/16 1 1
12/16 1 1 12/16 0 0 0
12/16 1 1 12/16 1/16 1 0
13/16 1 1 12/16 2/16 0 1
14/16 1 1 12/16 3/16 1 1

The plot on the next page shows that the INL = +1LSB and DNL = +1LSB and -2LSB. The
ADC is not monotonic.
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Problem 10.8-16 — Continued
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Problem 10.9-01

A first-order, delta-sigma modulator is shown in Fig. P10.9-1. Find the magnitude of the output
spectral noise with Vijy(z) = 0 and determine the bandwidth of a 10-bit analog-to-digital converter
if the sampling frequency, f, is 10 MHz and k = 1. Repeat for k = 0.5.

Solution

A _ ms value of
V12 qu uantization
noise

+
+ +
VMDO—»%)—» Zl_( —o Vout(2)

Figure P10.9-1

[y

From the block diagram, we can write,

A k
Vou2) = ﬁ +71 [Vin(@) - Vyu(2)]

Solving for Vom(z) gives

KViuD] (21 VA
Vour(2) = 1+k \/— -1 :(Z-1+kj-\/ﬁ if V;,(2)=0

- 0T _1 e OT/2 _ ,-joT/2
HGZ) =777 —  H(T)=— =— , .
z-1+k dOT 14k oJOT2_ p-jOT2  f p-jOT/2
2j sin(wT/2) 2tan(wT/2)

H(/OT) = =
@) 2j sin(wT/2) + k[cos(wT/2) - j cos(wT/2)] (2-k)tan(wT/2) - jk

Find the bandwidth by setting |H(¢/“T)|? = 0.5.
Atan®(wT/2)

|H(e/OT)|2 = =0.5 = 8 tan2(wTR) = (2-k)? tan2(wT/2) + k?
= o 2an2(@r2) + K2 ani(072) = (-0~ tan*(@172)
k2
tan2(wTR)[8 — (2-k)3 =k — wT/2 = tan’! —
8 — (2-k)
2 . _1{ k } of tan! k
(0=Tan T — = san |:—i|
\/8 - (2-k)? \/8 - (2-k)?
For k=1,
1
0.3dB = Zﬁgtan'l[\/f} =0.927x107 rads/sec — 1.476 MHz
For k = 0.5,

0.5
W.34B = Zﬁgtan'l{\/—ig} =0.411x107 rads/sec — 0.654 MHz
8-7

Note that the results are independent of the number of bits because H is the noise transfer
function.
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Problem 10.9-02

The specification for an oversampled analog-to-digital converter is 16-bits with a bandwidth of
100kHz and a sampling frequency of 1I0MHz. (a.) What is the minimum number of loops in a

Sodini modulator using a 1-bit quantizer (A=VRgr/2) that will meet this specification? (b.) If
the Sodini modulator has two loops, what is the minimum number of bits for the quantizer to
meet the specification?

Solution

The general formula for the L-th order Sodini loop is,
A b (@)uo.s
o= 12 \2L+1 \ s

VREF
(a.) A(quantizer) = 0.5Vzpp and an LSB =

216

- Vrer ik 200 Y+05 VREF
no==LSB = 5 5L+t (10,000 =16

or

(O8]

215 7L /1 \1+05
(EJL <1 = L>

E\IZLH

VREF
(b.) A(quantizer) = 7, where b = no. of bits

Veer w2 ( 1 )2.5 - VREF
n, = S
°7 2b 1245 216

50
162
by 2 (RS a0y

=3

S
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Problem 10.9-03

Draw a single-ended switched capacitor realization of everything within the dashed box of the
delta-sigma modulator. Assume that the output of the 1-bit DAC is £0.5V 5. Be sure to show

the phases of the switches (¢; and ¢,).

Quantizer
+
>—o y(n)
il

FO7FEP6

Solution

Note that the inner loop is equal to which is a switched capacitor noninverting integrator.

1-z'1
Therefore a possible realization of the dashed box is shown below.

y(n) =1: Ox=¢2 and Oy=01
Y1) = 0: Gx=01 and dy=02 | T
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Problem 10.9-04

The modulation noise spectral density of a second-order, 1-bit XA modulator is given as

IN(f)| = \/_ 2 smz(mj

where A is the signal level out of the 1-bit quantizer and fg = (1/1) = the sampling frequency and
is I0MHz. Find the signal bandwidth, fg, in Hz if the modulator is to be used in an 18 bit
oversampled ADC. Be sure to state any assumption you use in working this problem.

Solution

The rms noise in the band 0 to fg can be found as,

/B
16A 0]
n2= qu)ﬂdf - — f sindl — lif
4fs
0
o 2 T w 0]
Assume that E = % = 2_]ch <<1 so that sin‘{4 ) = 4f
S S

(@) - e ()

\/?An 1552
no=NT 7 7,

Assume that A = Vppp. For an 18-bit converter, we get

VRerp A 8 Ar? (@)5/2 A

M= T T o8 7 4 \f5) =5

1B)>"2 15 4 1 0555 P
7] < \/8 218 = 18 = 2117x10

/B
f_s <0.005373 — [E =53.74 kHz
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Problem 10.9-05

The noise power in the signal band of zero to f5 of a L-th order, oversampling ADC is
given as

Al (2fp\+05
"o = N2 \2L+1 | /s
where f{ is the sampling frequency.
VREF
and b is the number of bits of the quantizer. Find the minimum oversampling ratio, OSR
(=fJ/fp), for the following cases:

(a.) A 1-bit quantizer, third-order loop, 16 bit oversampled ADC.
(b.) A 2-bit quantizer, third-order loop, 16 bit oversampled ADC.
(c.) A 3-bit quantizer, second-order loop, 16 bit oversampled ADC.

Solution

/s
=Y F=\|7 < z <5< = -7 <

fs
fs
7.= OSR > 55.26
B

VREF 3(2fBT~5 VREF N (fBT-S V42

Veer m3 (sz S Veer (fBT-S V42

I8
_ — | == AL = - -6 —

A

= OSR > 45.33
/B

Veer m3 (ngjﬁ VREF (fB)Z-S \30

/B
— — — —_— —_ —_ -5 —

fs
fs
7.= OSR 2 81.00
B
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Problem 10.9-06

A second-order oversampled modulator is shown below. (a.) Find the noise transfer
function, Y(z)/Q(z). (b.) Assume that the quantizer noise spectral density of a 1-bit X-A
modulator (not necessarily the one shown below) is

2VRer , 2 . [ O
IN()| = \/_ = smz(—j

where f; = 10MHz and is the sampling frequency. Find the maximum signal bandwidth, 13, in
Hz if the 2-A modulator is used in a 16-bit oversampled analog-to-digital converter.

()

1 [¥+

[l
‘Z_IY(Z)

SO1FES2

Solution
1 Y
(@) Y(z):Q<z>+X<z>+z-1Y<z)+(—1 _J[-z-lY(z)- e
-Z 1-z

-1 1

V()= Q@) + X() + 7Y@ - T YO - T YO

Z-l Z-l 1_2Z-1+ Z-2 + Z-l _Z-2+Z-1
Y
Y@ = (10200 + X = | gg = (1212
/B /B
s AVREF® 2 af) . 2Veer® |(#f
(b)  ny’= fIN(f)Ide:%f szn‘{f ]Mz%f(f—}df
O S S
0
7 2fB o4 2 7 2
2n°VRer” (4 270°Veep 2n*Verer” (fB
= = S - ()
2 1B VREF
no="\|T5 VREFnz(f )SS 216

/2 151 0.2775
_ -6
( )S \/ ) 216 S6 = 4234x10

(fs )< (4.234x100)2/5=0.0072 = fp <70.909kHz
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Problem 10.9-07

Find an expression for the output, Y »(2)s in terms of the input, X(z), and the quantization noise

sources, Q(z) and Q5(z), for the multi-stage £-A modulator shown in Fig. P10.9-7. What is

the order of this modulator?

X(2) 4
Oo—>

Solution
First, find Y(z) and Y»(2).

X(z) 1Y)

1
Y(2=01@)+ 7X@ =2V @] =01 + — ~
- 1771 - Iz  TI-z=

Z_l ﬂ -1
Vi)l + T 11 =01(2) + = Y1(2) = (1-27)01(2) + X(2)

1 -1
Y22 = 0,(2) + Tfl[-z'%(z) oY) + lzj [X(2) - z%(@]}

71Xz 7@ 7Y
(1- -1)2-(1_Z—1)2- 1_Z-1

-1
Yz(Z){l S } =0r(2) +
-7

| 1() 4z
Yo(z) = (1-z )Qz(Z)+ @t

-Z

X z Y(Z)
Vo) = (1100 + _Z_(f L

Yo(2) = 27171 (2) + (1-zHY,(2)

=7 1(1-21H0(2) + 71X(2) + (1-71)?0a(2)+ 7 1X(2) - 2717 (2)

1-7

=711z 1H01(2) + 71X(2) + (1-2 1202+ 271X (2) - 7' (1-21)04(2) - 771X(2)

Yo(2) = 21X(2) + (1-27)205(2)

Therefore, the modulator is second-order.
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Problem 10.9-08

Two AX first-order modulators are multiplexed as shown below. AX, provides its 1-bit
quantizer output during clock phase ¢; and AX, provides its 1-bit quantizer output during clock

phase ¢, where ¢; and ¢, are nonoverlapping clocks. The noise, n,, of a general L-loop AX
modulator is

B A nl ﬁ +0.5
o= N2 2L+ \ s
(a.) Assume that the quantization level for each quantizer is A = 0.5V and find the dynamic

range in dB that would result if the clock frequency is 100MHz and the bandwidth of the
resulting ADC is IMHz.

(b.) What would the dynamic range be in dB if the quantizers are 2-bit?

Solution:

(a.) If the AX, modulator outputs a pulse durin and the AX, modulator outputs a pulse
1 P p g0 2 P P

during ¢,, then two samples occur in 10 ns which is effectively an output pulse rate of 200x10°
pulses/sec which corresponds to a sampling rate of 200MHz. Therefore,

iREF n (2-100MHz\1 .5
- — - -6y
Ny 21,12 1,3 ( 200MHz ) 261.8x10 RE]

VrRer  10° . .
. =7618=381972 = | Dynamic Range = 71.64 dB (11.94bits)|

"o

(b.) A two-bit quantizer gives A= Vppr/4.

VeEF © (2-100MHz\| 5
( 300MiL ) = 130.9x10V o

oS W2\
VrRer  10° . .
. =T309 =7.6394 = | Dynamic Range = 77.64 dB (12.94bits) |

o

Because n,, is in rms volts, it is consistent to divide V- by 242 to get

VREF/2\/§ 3819.72
(a.) " = 2\/5 =1350.47 — 62.61 dB

o

VREF/2\/§ 7639.4
(b.) P = 2\/5 =27009 — 68.61 dB

o
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Problem 10.9-09
A first-order, 1-bit, bandpass, AZX
modulator is shown in Fig. P10.9-9. 0(z) = &r
Find the modulation noise spectral N fs
density, N(f), and integrate the square of + +
the magnitude of N(f) over the X(z) O—’@—’ 22 —o Y(z)
bandwidth of interest (f] to fp) and find +[
an expression for the noise power, ny(f), ! 1_ )
in the bandwidth of interest in terms of A 2
and the oversampling factor M where M fep<<foand fy=4f,
= f/(2fg). What is the value of fg for a _ 05 _ 05
14 bit analog-to-digital converter using [ =fo-0-5/B v f2=1o+0.5B
this modulator if the sampling frequency, \‘. L Ly ¢
fs, is 1I0MHz? fifo P "
Solution
(z) i (69)
Y@= Q@) + 5 [X(@) +2 2Y(2)] = Q(z) + 2t a2 Y@= 2)0(2) + X(2)
N@) = Y(z)x(z)=o =(1+90@) - NO=NEH=(1+ e‘z“’T)Q(f)
el OT el OT 4 p-joT 2 cos(wT) A

N === (1 + e20T)Q(f) = . cos(wT) e7OT

el OT el OT el OT o , fs o , fs

f2
n2(f) = leQ‘])Izdf J cosX(T)df = 3f

N1

fz
p)
A2 A2 Arf A? [s 4rf
=ﬁfdf+3_fs COS(fs )df =37, (b f)+ y{ Sln(fs ﬂ
fi i 1
A2 A2 anfr | (474
ffB sin 7, | sin T
A2 Az{ } A2 A?] 4ﬂfo (27 fp
ffB + 2cos f (fz+f1) sin f (fz f1) 37, 37 /B +12ﬂJ_COS sin| —7
A2 A2 (2mfp)| A2 A%l (2nfp
:EfB +—ﬂ cos(7) sin T :EfB “Ton sin| =7,
A2 A2[2nfy 1 (27fp Az A2 7 (2 fp
R E(T JZ S-S P
22 fy v x 2y A
0 =35 () = =5 (7)< 3w
iﬁs OB 0003095 = fi< 2B X 10MHz = 15.47kHz
N 214,\/; e

f[1+ coswT)]df
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Problem 10.9-10

A first-order, 1-bit, bandpass, delta-sigma 0(z) = A
modulator is shown. Find the modulation Jof;
noise spectral density, N(f), and integrate the

square of the magnitude of N(f) over the —o Y(z)
bandwidth of interest (f; to f;) and find an

expression for the noise power, n(f), in the

bandwidth of interest in terms of A and the

oversampling factor M where M = f/(2fp).

What is the value of f5 for a 12 bit analog-to-

digital converter using this modulator if the Tfl f005fB /f2 =fot0.5f  fB<<fo
sampling frequency, f;, is 100MHz? Assume | 4 X >/
that £,=4f, and f<<f,. 0 Jifol2 =T poreis
Solution

To find the noise transfer function, set X(z) = 0 and solve for Y(z). The transfer function for the
dashed box is

0z z! 72
0 =z"(z) - 710 — T =12 - Y2)=00@)+7 5 Y@
2
or Y(Z){l - ﬁj}Q(z) = Y@Il+z2-z21 = [1+z210(2) = Y(2) = [1+z210(z)
eJOTy o joT

N@ = (1+790@) » Ne/®T) = (1+ e D0 =— 57— 0()

2 .
Substituting for Q(f) gives N(f) = o cos(wT) e7@T
f N
fl ! f]
RGE ff IN(HIPdf = f o cos*(wT) 70T df = 3f f [1+c0s2a)T]df
2
h

f

A2f‘ 4n A2 A (Amh) (4f
_3f df+3f fcos( If = 3f (fzf1)+1 sin f -Sll’lT

A2 A2 am\Hhth) | 2 A2fg  A2[  (4nf,\ (27f
=_3fs /B +_127[{2c0s(f1—2 )sm(f )(fzfl)} = 3fSB +71 {cos( 7. }m( fsBj:|
Asz A2 2nfp 1 (27 A 2rx? 2fB3 YA
15" =737, '6n[fs ' E{f_]*'}:’ 1,2 = T{f%(?)m

1 A 6 /3
n, :TWSZ? - TS(E)Z =0.006013 — | fp < 189kHz




