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Importance of Data Converters in Signal Processing
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Digital-Analog Converters in Signal Processing Applications
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Asynchronous Versus Synchronous Digital-Analog Converters

VREF VIiEF
bO — b0—> >
by —»| Digital- bi— »{ Digital- Samgle
by—»| Analog |svour b2—>|Latch—f Analog o 0% 1Voy7®
. | Converter Converter Hold
bN— 1.__} bN—1—> »
Clock —* 1 1
Asynchronous Synchronous Fig. 10.1-02
(Asterisk represents a sample and held signal.)
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Block Diagram of a Digital-Analog Converter

Voltage VRE{ Scaling DVREF | Output VouT =
Reference " Network "| Amplifier KDVRER

111 i

Binary Switches

T T T T Figure 10.1-3

bob1 by bn-1

bg is the most significant bit (MSB)
The MSB is the bit that has the most (largest) influence on the analog output

bn-1 is the least significant bit (LSB)
The LSB is the bit that has the least (smallest) influence on the analog output
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SECTION 10.1 - CHARACTERIZATION OF DIGITAL-ANALOG
CONVERTERS

STATIC CHARACTERISTICS

Output-Input Characteristics
Ideal input-output characteristics of a 3-bit DAC
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Definitions
* Resolution of the DAC is equal to the number of bits in the applied digital input word.

* The full scale (FS):
FS = Analog output when all bits are 1 - Analog output all bits are 0

VREF 1
FS=(VREF- "N )-0=VReR1-5N
* Full scale range (FSR) is defined as

lim
FSR = N—«FS = VREF

* Quantization Noise is the inherent uncertainty in digitizing an analog value with a finite
resolution converter.

Quantization Noise
A
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More Definitions

* Dynamic Range (DR) of a DAC is the ratio of the F'SR to the smallest difference that
can be resolved (i.e. an LSB)
FSR FSR N
DR=T3R change = (FSR/2N) = 2
or in terms of decibels
DR(dB) = 6.02N (dB)

* Signal-to-noise ratio (SNR) for the DAC is the ratio of the full scale value to the rms
value of the quantization noise.

T
(quantizati se) 1 JLSth 05) 2 LSB  FSR
rms(quantization noisc) = T (T— . = =
! A[12 7 2M[12
Voyr(rms)
SNR = (FSRAJ12 2V)

* Maximum SNR (SNR;;,4) for a sinusoid is defined as
_ VOUT;,(1T115) B FSRI(27\]2) _ A\J6 2N
max = (FSRA[12 2N) ~ FSRI(\[122M) — 2

or in terms of decibels

SNR

62
SNR, . (dB) = 20l0g 10 \/—TN] = 10 log0(6)+20 log,o(2¥)-20 log1o(2) = 1.76 + 6.02N dB
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Even More Definitions
* Effective number of bits (ENOB) can be defined from the above as

SNR Actual - 1.76
o ="

where SNR 41,41 18 the actual SNR of the converter.

Comment;

The DR is the amplitude range necessary to resolve N bits regardless of the amplitude
of the output voltage.

However, when referenced to a given output analog signal amplitude, the DR required
must include 1.76 dB more to acount for the presence of quantization noise.

Thus, for a 10-bit DAC, the DR is 60.2 dB and for a full-scale, rms output voltage, the
signal must be approximately 62 dB above whatever noise floor is present in the output
of the DAC.
Accuracy Requirements of the i-th Bit
_ . Vrer (2 .
Weighting factor of the i-h bit =71 (@] = 2n-i-1 LSBs

. . x05LSB 1 100
Accuracy of the i-th bit = 5,57 [ = 5ni = 97 %

Result: The highest accuracy requirements is always the MSB (i = 1).
The LSB bit only needs +50% accuracy.
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Offset and Gain Errors

An offset error 1s a constant difference between the actual finite resolution
characteristic and the ideal finite resolution characteristic measured at any vertical jump.

A gain error is the difference between the slope of the actual finite resolution and the
ideal finite resolution characteristic measured at the right-most vertical jump.

5! T 3! ..
= 7/8 Actual' o =18 i Gain T
8 Characteristic : 8 B
3 BN 3 .| Emor 7
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2 4/8}- Error \f ------------------ Y| R S S 74N —
B Inflmte = : Infinite
S 3/8f----- oy * Resolution | 5 3/8f----- A Resolution
= ' Characteristic| 5 | : Characteristic
S 28-S N e 808tk e Fecmepoeoecponoas
E | . N\ Ideal 3-bit | 3 /| T 1deat 3-bit |
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Té: 0 ' Characteristic cé 0 ' Characterlstlc
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Digital Input Code Digital Input Code
Offset Error in a 3-bit DAC Gain Error in a 3-bit DAC
Fig. 10.1-6
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Integral and Differential Nonlinearity

* Integral Nonlinearity (INL) is the maximum difference between the actual finite
resolution characteristic and the ideal finite resolution characteristic measured vertically
(% or LSB).

* Differential Nonlinearity (DNL) is a measure of the separation between adjacent levels
measured at each vertical jump (% or LSB).

VC.X B VS

Vs
where V., is the actual voltage change on a bit-to-bit basis and Vj is the ideal LSB
change of (VEggr/2N)

VC)C
DNL = Vc_x—Vs= VS= TS-I LSBS

8
Example of a 3-bit DAC: 70 [ 71,,F‘lﬁ,“{tf’,l,{fsf’,lﬂtf‘,",’,rc,hfrf'f‘ftfff?t}ii'_
o S b . +15LSBDNL ‘ I
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S5 L,,,NRIE‘T?I}?E‘,’PECFX ,,,,,,, I ]
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S T N N o . S - LTS
S 8 F1SLSBINL T A 3
& % ,,,,,,, S [ L vl -15LsB DNL._. ]
c : ‘ ! | :
Z % ,,,,,,, IR o e - w-d+—Ideal 3-bit Characterlstlci ,,,,,,,
1| ‘_,-_.- ]
g «— Actual 3- b1t Characterlstlc
8000 001 010 01l 100 10l 110 111

Digital Input Code Fig. 10.1-7
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Example of INL and DNL of a Nonideal 4-Bit Dac
Find the +/NL and +DNL for the 4-bit DAC shown.

15/16
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DYNAMIC CHARACTERISTICS OF DIGITAL-ANALOG CONVERTERS
Dynamic characteristics include the influence of time.
Definitions

e Conversion speed 1is the time it takes for the DAC to provide an analog output when the
digital input word is changed.

Factor that influence the conversion speed:
Parasitic capacitors (would like all nodes to be low impedance)
Op amp gainbandwidth
Op amp slew rate

* Gain error of an op amp is the difference between the desired and actual output voltage
of the op amp (can have both a static and dynamic influence)

_ . Loop Gain
Actual Gain = Ideal Gain x | T+ Loop Gain

. Ideal Gain-Actual Gain 1
Gain error = Ideal Output-Actual Output = Ideal Gain = T+Loop Gain
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Example of Influence of Op Amp Gain Error on DAC Performance
Assume that a DAC using an op amp in the inverting configuration with C, = C;, and

A,4(0) = 1000. Find the largest resolution of the DAC if Vggp is 1V and assuming worst
case conditions.

Solution

&)
The loop gain of the inverting configuration is LG = Ci+Cy A,4(0) = 0.5-1000 = 500.

The gain error is therefore 1/501 = 0.002. The gain error should be less than the
quantization noise of +0.5LSB which is expressed as

. 1 VREF
Gain error =557 = 0.002 < 535T

Therefore the largest value of N that satisfies this equation is N = 7.
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Influence of the Op Amp Gainbandwidth
Single-pole response:

Vour(t) =Acrll - e@nt]vy(1)

where
Ay, = closed-loop gain
R (65
wf =GB |R+R;y| or GB (m}

To avoid errors in DACs (and ADCs), v,,/t) must be within +0.5LSB of the final value by
the end of the conversion time.

Multiple-pole response:
Typically the response is underdamped like the following (see Appendix C of text).

vouTt(t)
4 | Tol
Final Value + & 1t/ \_________Upper Tolerance
€ \
vour Final Value ---- £ e e
VIN —o — € Lower Tolerance
Final Value - &€ |-------frmmmmm -\ S
\ 1
[« Settling Time >§
0 ‘ > 1
0 T, Fig. 6.1-7

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 10 — Section 1 (2/25/03) Page 10.1-11

Example of the Influence of GB and Settling Time on DAC Performance
Assume that a DAC uses a switched capacitor noninverting amplifier with C, = C,

and GB = IMHz. Find the conversion time of an 8-bit DAC if Vipgpis 1V.

Solution
From the analysis in Secs. 9.2 and 9.3, we know that
&)

C1+(C

and Acr = 1. Assume that the ideal output is equal to Vggp. Therefore the value of the
output voltage which is 0.5LSB of Vzgpis

wp = GB = (27)(0.5)(106) = 3.141x106

l-5pFr=1-eonT

or

Solving for T gives

N+1 N+1 9
7=y | In(2) = 0.693 7G| = [3737) 0693 = 1.986ps
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TESTING OF DACs

Input-Output Test
Test setup:
ADC
Digital N-bit Vout ADC Wlltltj. Output Digital | Digital
Word DAC motrli: re]s)o Au Cl on | Subtractor | > Error
Input under ]\? n2 bit (N+2 bits) Output
(N+2 bits) test (N+2 bits) (N+2 bits)
ﬂ\ Fig. 10.1-9
Comments:

Sweep the digital input word from 000...0 to 111...1.

The ADC should have more resolution by at least 2 bits and be more accurate than the
errors of the DAC

INL will show up in the output as the presence of 1’s in any bit.
If there is a 1 in the Nth bit, the INL is greater than +0.5LSB
DNL will show up as a change between each successive digital error output.

The bits which are greater than N in the digital error output can be used to resolve the
errors to less than +0.5LSB
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Spectral Test

i Vout WVour(jo)l Noise floor
Test setup: 000 1 due to non-
0011 t linearities
011 1 ¥
Comments: VREF Tig @
o : ¢
Digital input pattern is selected to .
. Digital N-bit
have a fundamental frequency which Vour | Distortion
. Pattern DAC Spectral
has a magnitude of at least 6N dB > Analyzer
. ; Generator under y Output
above its harmonics. (N bits) rest
Length of the digital sequence T
determines the spectral purity of the ? -------------- ! Fig. 10.1-10
fundamental frequency. Clock

All nonlinearities of the DAC (i.e. INL and DNL) will cause harmonics of the
fundamental frequency

The THD can be used to determine the SNR dB range between the magnitude of the
fundamental and the THD. This SNR should be at least 6N dB to have an INL of less than
+0.5LSB for an ENOB of N-bits.

Note that the noise contribution of Vggr must be less than the noise floor due to
nonlinearities.

If the period of the digital pattern is increased, the frequency dependence of /NL can be
measured.
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SECTION 10.2 - PARALLEL DIGITAL-ANALOG CONVERTERS

Classification of Digital-Analog Converters

| Digital-Analog Converters I

Serial i Parallel
v v
Charge : | Current I Voltage I | Charge I

Voltage and Charge I

I .
Slow | Fast Fig. 10.2-1
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CURRENT SCALING DIGITAL-ANALOG CONVERTERS
General Current Scaling DACs

Digital Input Word
Y b,
I, Rr
Current A ¢ AN oVouUT
VREF— Scaling — 4 -
Network :
= Fig. 10.2-2
The output voltage can be expressed as
Vour=-RF(lp+ 11 + I + -+ + Iy1)
where the currents I, I, 15, ... are binary weighted currents.
CMOS Analog Circuit Design © P.E. Allen - 2003
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Binary-Weighted Resistor DAC
Circuit:
= . ,
? VREF J
- l — Rp=K(RI2)
al 5 g g AMN——o0
) So S1 S SN-1 *
R A v vour
R 2R 4R 2N-1R }
s
) ‘o L
Rysp RrsB Fig. 10.2-3
Comments:
1.) RE can be used to scale the gain of the DAC. If Rp = KR/2, then

—KR b() bl b2 bN—l bo bl b2 bN—l
YVour = _RFIO = 2 F"‘ ﬁ"‘ @"'4— W VREF = Vour = - 7 + T+ §+.”+ 2_N VREF
where b; is 1 if switch S; is connected toVggp or O if switch S; is connected to ground.

Rysp R 1
2.) Component spread value = R g = 2N1R = 2N

3.) Attributes:
Insensitive to parasitics = fast Large component spread value

Trimming required for large values of N Nonmonotonic
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R-2R Ladder Implementation of the Binary Weighted Resistor DAC

Use of the R-2R concept to R R 2R
avoid large element spreads: AMN—TMW - ’\/\/\/1
2R lIo 2R l" 2R l]z 2R lIN_ ;I T Rp=kR
Verrme MW o
REF=59 S1 S2 SN-1 i
A o S A o
| ] '
= —  Fig. 1024™=
How does the R-2R ladder work?
B . . 81 4L
The resistance seen to the right v —
of any of the vertical 2R resistors ' REF 0
is 2R.”
' 141 121 %11
Attributes: — Fig. 10.2-4(2R-R)

* Not sensitive to parasitics (currents through the resistors never change as §; is varied)

* Small element spread. Resistors made from same unit (2R consist of two in series or R
consists of two in parallel)

e Not monotonic

CMOS Analog Circuit Design © P.E. Allen - 2003

Chapter 10 — Section 2 (2/25/03) Page 10.2-5

Current Scaling Using Binary Weighted MOSFET Current Sinks

Circuit:
Vbp
<T> L : T T T
Irer=I ’ R +
REF * s _ N S 2
N-1 4] 21 1
bo l2 I -1 l
= T Transistor VouT
Array
e = e L4
Va V_A
'--- -t \ ~ J \ J
2N-1 matched FETs 4 matched FETs 2 matched FETs Fig. 10.2-5 =
Operation:
vouT = Ro(bN_1-1 + bn.o-2I + by_3-4] + - + by-2N-1.1)
VREF
If I=IgRgFr= 2—NR2’
then
bp b1 b bn3 bn2 DN
YoUT=\2 +4 +§ ++oN2+oN1+ N |VREF
Attributes:

Fast (no floating nodes) and not monotonic Accuracy of MSB greater than LSBs
CMOS Analog Circuit Design © P.E. Allen - 2003
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VOLTAGE SCALING DIGITAL-ANALOG CONVERTERS
General Voltage Scaling Digital Analog Converter

Digital Input Word

Vi -

Vo
Voltage g Decoder

VREF —p Scaling V3 . Loic L0 VOUT

Network | : &

Von

Fig. 10.2-6

Operation:

Creates all possible values of the analog output then uses a decoding network to
determine which voltage to select based on the digital input word.

CMOS Analog Circuit Design © P.E. Allen - 2003
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3-Bit Voltage Scaling Digital-Analog Converter

V V
The voltage at any tap can be expressed as: voyr = % (n-0.5) = % 2n-1)

. V. _
Attributes: bREfl;_ Izpu;_ = 102 -
2 D2 1 91 0 Do
e Guaranteed R/zg col Do
monotonic R R
e Compatible with 7 RN
CMOS 1y, X NN e
16VREF 6 | |
technology R L | .
. . J 1 1 1 b
e Large area if N is R5 o L, S
large 4 —_/ - |vour
e Sensitive to R — |
parasitics < 3 N |
e Requires a buffer 246" —— :
° L q t R S 0 : : ‘ : | B ‘
arge current can 1 - 000 001 010 011 100 101 110 111
flow through the RID e
resistor string. igital Input Code

Figure 10.2-7 - (a.) Implementation of a 3-bit voltage scaling DAC. (b.) Input-output
characteristics of Fig. 10.2-7(a.)
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Alternate Realization of the 3-Bit Voltage Scaling DAC

VREF
R/2 by by bo
8
. | |
7
R 3-t0-8 Decoder

6
R T
5 U
R ————
4 - ——
R :
3 PZ

R/2
— Fig. 10.2-8
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INL and DNL of the Voltage Scaling DAC
Find an expression for the INL and DNL of the voltage scaling DAC using a worst-case
approach. For an n-bit DAC, assume there are 27 resistors between Vggp and ground

and that the resistors are numbered from 1 to 27 beginning with the resistor connected to
VrEF and ending with the resistor connected to ground.

Integral Nonlinearity Differential Nonlinearity
The voltage at the i-th resistor from the top is, The worst case DNL can be
_ (27-)R v found as
Vi= (27-)R + iR Y REF DNL = v,,(actual) - vy, (ideal)

where there are i resistors above v; and 27-1 below. Substituting the actual and ideal
For worst case, assume that i = 272-1 (midpoint). steps gives,

Define R;;,4x = R+ AR and R;;;, =R - AR. (R+AR)Vyigr R Vigr
The worst case INL is = 2"R - 2nR
INL = V2n-1(aCtua1) - v2n-l(ideal) R+AR R\ Vgrer =*AR Viggr
Therefore, = ( R - 1_3) n =R 2n
2 W (R+AR) Viger Veer AR Therefore
INL = 2nT(R+AR) + 27" \(R-AR) -~ 2 = 2R VREF ’ -

Veer DNL =—p LSBs

on

2n (AR AR
INLzﬁ (ﬁ) VREFZZn'l (T) =2n-1 (TJ LSBs
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Example 10.2-1 - Accuracy Requirements of a Voltage-Scaling digital-analog
Converter

If the resistor string of a voltage scaling digital-analog converter is a 5 um wide
polysilicon strip having a relative accuracy of +1%, what is the largest number of bits that

can be resolved and keep the worst case INL within £0.5 LSB? For this number of bits,
what is the worst case DNL?

Solution
From the previous page, we can write that

AR 1 1
on-1 (T) = 2n-1(m) <3
This inequality can be simplified
2n < 100
which has a solution of n = 6.
The value of the DNL for n = 6 is found from the previous page as
=+
DNL =100 LSBs = £0.01LSBs

(This 1s the reason the resistor string is monotonic.)

CMOS Analog Circuit Design © P.E. Allen - 2003
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CHARGE SCALING DIGITAL-ANALOG CONVERTERS
General Charge Scaling Digital-Analog Converter

Digital Input Word
Charge
VREF —| Scaling |—o vourt
Network
Fig. 10.2-9
General principle is to capacitively attenuate the reference C
voltage. Capacitive attenuation is simply: | { o+
I\
pal I 1
VREF_—__ Cr =~ Vou
: : : o -
Calculate as if the capacitors were resistors. For example, Fig. 10.2-9b
1
& C
Vour=T 1 VREF=TC,+ C, VREF
Cl + C2
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Binary-Weighted, Charge Scaling DAC

Circuit: l i i i i T h .

) g -
Operation: ' o ] v\

1.) All switches N-1 Terminating
connected to ground ¢2 ¢z ¢2 ¢z ¢z Capacitor

during ¢j. VREF o L Fig. 10.2-10
2.) Switch §; closes to Vgppif b;j=1 orto ground if b; =0.

Equating the charge in the capacitors gives,

biC bC bN1
VREFCeq = VrEF (bOC + 2 t 0 t..tONT = Co: Vour = 2C vour

which gives

VouT = [b()z'1 + b12'2 + b22'3 + ...+ bN_12'N]VREF

Equivalent circuit of the binary-weighted, charge Ceq.
scaling DAC is: /I/\V o
Attributes: . '
e Accurate VREF 2C-Ceq. =< Vour
» Sensitive to parasitics -

3 O  Fig. 10.2-11
« Not monotonic '€

e Charge feedthrough occurs at turn on of switches

CMOS Analog Circuit Design © P.E. Allen - 2003
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Integral Nonlinearity of the Charge Scaling DAC
Again, we use a worst case approach. Assume an n-bit charge scaling DAC with the

MSB capacitor of C and the LSB capacitor of C/2"-1 and the capacitors have a tolerance
of AC/C.

The ideal output when the i-th capacitor only is connected to VRgF is

C/2i1 Veer (20 2n
Vour (ldeal) = 2C VREF = 21 (2”] = 21 LSBs
The maximum and minimum capacitance is Cy;qx = C + AC and Gy, = C - AC.
Therefore, the actual worst case output for the i-th capacitor is
(CiAC)/Zi-l VREF ACVREF 2n 2nAC
vour(actual) =~ Vrgr =721 =~ 2ic =2 £ 5ic LSBs
Now, the INL for the i-th bit is given as

. +2ntAC  2niAC
INL(i) = voyr(actual) - voyr(ideal) = —5;¢c =" LSBs

Typically, the worst case value of i occurs for i = 1. Therefore, the worst case INL is

AC
INL = + 2n-1f LSBs
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Differential Nonlinearity of the Charge Scaling DAC
The worst case DNL for the binary weighted capacitor array is found when the MSB
changes. The output voltage of the binary weighted capacitor array can be written as

C

_ eq.
Vour = (2C—Ceq.) + Ceq. VREF

where C,, are capacitors whose bits are 1 and (2C - C,) are capacitors whose bits are 0.

The worst case DNL can be expressed as
Vsep(WOTS Case) vou7(1000....) - voyr(0111....)
DNL=7"7, Gdeal) -1 = LSB -1 LSBs
The worst case choice for the capacitors is to choose Cy larger by AC and the remaining
capacitors smaller by AC giving,

1 1 1 1
C1=C+AC, Cp = 3(C-AC).....Cp-1= 573(C-AC), Cy=3nT(C-AC), and Crepm=5;1(C-AC)

n
Note that ZCi + Coppy = Co+ C3+-4 Cy+ Cyt Cropm = C-AC

=

CMOS Analog Circuit Design © P.E. Allen - 2003
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Differential Nonlinearity of the Charge Scaling DAC - Continued

C+AC C+A

voyr(1000...) = [(C+AQ+(C—AC) Veer = ( C VrEF

and
1
(C-AC) -Cyerm (C-AC) - 5, 7(C-AC)
vour(O111...) = [(C+ AC)+(C-AC) VREF = T (C+AC)+(C-AC) VREF
C-A 2
= ( 2C (1 - ?)VREF
voyr(1000...) - voyr(0111...) C+A C-ACy 2 AC
" LSB -1 LSBs = 2”( 2C —2”( 2C J[l-ﬁ)—l = (2”—1)? LSBs
AC

Therefore, DNL =" -1) ¢ LSBs
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Example 10.2-2 - DNL and INL of a Binary Weighted Capacitor Array DAC

If the tolerance of the capacitors in an 8-bit, binary weighted, charge scaling DAC are
+0.5%, find the worst case INL and DNL.

Solution
For the worst case INL, we get from above that
INL = (27)(x0.005) = +0.64 LSBs
For the worst case DNL, we can write that
DNL = (28-1)(0.005) = +1.275 LSBs

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 10.2-3 - Influence of Capacitor Ratio Accuracy on Number of Bits

Use the data of Fig. 2.4-2 to estimate the number of bits possible for a charge scaling
DAC assuming a worst case approach for INL and that the worst conditions occur at the
midscale (1 MSB).

Solution
Assuming an INL of £0.5 LSB, we can write that
AC 1 AC] |
—ON-15% _ = =
INL =+2 C s:rz Cl=oN

From the data presented in Chapter 2, it is reasonable to assume that the relative
accuracy of the capacitor ratios will decrease with the number of bits. Let us assume a
unit capacitor of 50 yum by 50 ym and a relative accuracy of approximately +0.1%.
Solving for N in the above equation gives approximately 10 bits. However, the +0.1%
figure corresponds to ratios of 16:1 or 4 bits. In order to get a solution, we estimate the
relative accuracy of capacitor ratios as

AC
— =0.001 + 0.0001N

Using this approximate relationship, a 9-bit digital-analog converter should be
realizable.
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Binary Weighted, Charge Amplifier DAC

1+ S

— VREF

il ¢1K I;K ()\ q)lK ’K_|\ d1\ by bz\ (I)llengsz\ ¢1KbN 1KbN 1 H |—<»—$
IN-10 IN2C  ON- 3ICT/ _L . _L VO_UT

T Fig. 10.2-12

Attributes:
* No floating nodes which implies insensitive to parasitics and fast
* No terminating capacitor required
 With the above configuration, charge feedthrough will be AVeyror = -(Cor/2CN)AV

* Can totally eliminate parasitics with parasitic-insensitive switched capacitor circuitry
but not the charge feedthrough
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Summary of the Parallel DAC Performance

DAC Type Advantage Disadvantage
Current Fast, insensitive to Large element spread,
Scaling switch parasitics nonmonotonic
Voltage Monotonic, equal Large area, sensitive
Scaling resistors to parasitic

capacitance
Charge Fast, good accuracy |Large element spread,
Scaling nonmonotonic
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SECTION 10.3 - EXTENDING THE RESOLUTION OF PARALLEL
DIGITAL-ANALOG CONVERTERS

Background
Technique:

Divide the total resolution N into k smaller sub-DACs each with a resolution of T -

Result:
Smaller total area.
More resolution because of reduced largest to smallest component spread.

Approaches:
e Combination of similarly scaled subDACs
Divider approach (scale the analog output of the subDACs)
Subranging approach (scale the reference voltage of the subDACs)
e Combination of differently scaled subDACs
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COMBINATION OF SIMILARLY SCALED SUBDACs
Analog Scaling - Divider Approach

. . . VREF
Example of combining a m-bit
and k-bit subDAC to form a —» m-bit
m-MSB| —» +
. . MSB »
me+k-bit DAC. bits }_:’ DAC &r—>vour
VREF
—>»  k-bit
k-LSB }_’ LSB |—»| = om
bits ] =, pac
Fig. 10.3-1
by by byt 1\bw  bun bkl
Your = 2 + 4 + -+ om VREF+ (2m] 2 + 4 + -+ k REF
@ ﬁ bm—l bm bm+1 bm+k—l
Vour=\2 4 t+2m + Dm+1 +om+2 + - + Dm+k |VREF
Accuracy?
_ .. Veep (20 .
Weighting factor of the i-th bit =757 (ﬁ] = 2n-i-1 LSBs

. . x05LSB 1 100
Accuracy of the i-th bit = 5,77 [ B = i = S0 %
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Example 10.3-1 - Illustration of the Influence of the Scaling Factor

Assume that m =2 and k =2 in Fig. 10.3-1 and find the transfer characteristic of this
DAC if the scaling factor for the LSB DAC is 3/8 instead of 1/4. Assume that Vgpr = 1V.

What is the +/NL and +DNL for this DAC? Is this DAC monotonic or not?
Solution

The ideal DAC output is given as

by by 1ba b3} by by by b3
VoUr=72 + A +A2 +F|= 2+ 3+ +T6-
The actual DAC output can be written as

bo by 3by 3b; 16by 8b; 6by 3bs
vouract) =2 + 7 +T6 +32 =32 +32 +32 + 32

The results are tabulated in Table 10.3-1 for this example.
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Example 10.3-1 - Continued

Table 10.3-1

Ideal and Actual Analog Output for the DAC in Ex. 10.3-1,

Input | vgyr(act)| voyr |vour(act.)| Changein Table 10.3-1 contains all

1%1/%1;31 - Vour V0U27/(3a2C Y- the information we are

0000 | 0/32 0/32 0/32 - Seekinflv’- .Anl /]ng forzglizs
example is or .

0001 3/32 2/32 1/32 1/32 The fgurth column gives the

0010 6/32 4/32 2/32 1/32 +INL as 1.5LSB and the -

0011 9/32 6/32 3/32 1/32 INL as OLSB. The fifth

0100 | 8/32 8/32 0/32 332 column gives the +DNL as

0101 | 11/32 | 10/32 132 1732 05L.SB and the -DNL as

0110 | 14/32 12/32 2/32 1/32 15L.SB. Because the -DNL

1000 16/32 16/32 0/32 -3/32 DAC is not monotonic.

1001 19/32 18/32 1/32 1/32

1010 22/32 20/32 2/32 1/32

1011 25/32 22/32 3/32 1/32

1100 24/32 24/32 0/32 -3/32

1101 27/32 26/32 1/32 1/32

1110 30/32 28/32 2/32 1/32

1111 33/32 30/32 3/32 1/32
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Example 10.3-2 - Tolerance of the Scaling Factor to Prevent Conversion Errors
Find the worst case tolerance of the scaling factor (x = 1/2m = 1/4) in the above

example that will not cause a conversion error in the DAC.

Solution

Because the scaling factor only affects the LSB DAC, we need only consider the two
LSB bits. The worst case requirement for the ideal scaling factor of 1/4 is given as
by b3 xby xb3 1
2 EEM)F L XEA) =TT+ ET)
by b3 1

by b3
Ax[j]+Ax[T =M7H +7|=37-

The worst case value of Ax occurs when both b, and b3 are 1. Therefore, we get
3 1 1

Ax(z) =37 — Ax=7gq.

The scaling factor, x, can be expressed as

1 1 6 1
X+t AX=71%54=54%+>1
Therefore, the tolerance required for the scaling factor x is 5/24 to 7/24. This corresponds
to an accuracy of +16.7% which is less than the +25% (x100%/2%) because of the
influence of the LSB bits. It can be shown that the INL will be equal to +0.5LSB or less
(see Problem 10.3-6 of text).
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Reference Scaling - Subranging Approach
Example of combining a m-bit and k-bit subDAC to form a m+k-bit DAC.

VREF

MSB —»  m-bit N
m- —»

MSB %
bits } : +® out

DAC
VREF/Zm
v
—» k-bit
k—LSB}—.> 1SB
bits
DAC Fig. 10.3-2
by b b1 b bmr1 bm+k-1\(VREF
VOUT = 2+4+"’+2m VREF+ 2t 4+t 2k 2m
b_() ﬁ bm—l bm bm+1 M
VoUur=|72 +F + = +7m + am+l +ams2 + = + omik |VREF

Accuracy considerations of this method are similar to the analog scaling approach.
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Current Scaling Dac Using Two SubDACs

Implementation:
i 15R ji /\%’\, YouT
L b7 bo
LSB MSB
Current —
Divider L
8
LSB subDAC MSB subDAC Fig. 10.3-3
by by by, by 1 (by bs bg by
Vour=Rel |2 +4 +3 +16)t16(2 +4 +8 +16
CMOS Analog Circuit Design © P.E. Allen - 2003
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Charge Scaling DA C Using Two SubDACs
Implementation:
Terminating LSB Array MSB Array
Capacitor , N ﬁs
‘ 71 vour
\LLLL@LLLLi j
] 2
¢2 ¢ ¢2 <I>2 <I>2 ¢2 ¢2 ¢2
VREFo Fig. 10.3-4

Design of the scaling capacitor, Cy:
The series combination of C and the LSB array must terminate the MSB array or
equal C/8. Therefore, we can write
C 1
81
C,*

I 8
or C,=C-2C=2C-2C=2C-

[\
Q|H

© P.E. Allen - 2003
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Equivalent Circuit of the Charge Scaling Dac Using Two SubDACs

Simplified equivalent circuit: \ | Cs= 2C/ 15
J_ C + 7C/ —O YouT
2¢ = 15C/8;
+
Vo
where the Thevenﬁn equivalent voltage B B Fig. 10.3-5
of the MSB array is = =

REF

(1 1/2 1/4 1/8 16 (by by by by
Vi= L(IS/SJ b0+(15/8] by +(15/8] bz+(15/8] b3]VREF =152 +7 +38 *+16
and the Thevenin equivalent voltage of the LSB array is

(1/1 1/2 1/4 1/8 by bs bg by
V)= L(T] b4+(TJ bs +(7) b6+(7) b7]VREF 5+ +38 +16| Vaer
Combining the elements of the simplified equivalent circuit above gives
115 8
212 15 15+15-15 16 15 1
vour=|T 15 8 |V1*|T 15 8 |V2= (15+15-15+16)Vl+(15+15-15+16]V2 =16V1716"2

2+2 15 2+2 *+15.
by by by by by bs bg by L biVREF
vour = 7+T+§+E+3_2+6_4+m+%]VREF=,.=O 2+
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Charge Amplifier DA C Using Two Binary Weighted Charge Amplifier SubDACs
Implementation:

| L l /
}‘J_/\ o1 /bOJ_D BREEK
) 2 )b

C/2 C/2
i ﬂF 2C I ﬂF 2C
_/ A _/ _Al vour

>

r

y
@]:%

IIE+
b:‘[:%

p— W

VREF[- C/8 [+ C/8
L4 b7‘r{ F _,\_43 ‘r{ F
L 1 N e
- |\ J - . - J

-~
LSB Array MSB Array Fig. 10.3-6
Attributes:

e MSB subDAC is not dependent upon the accuracy of the scaling factor for the LSB
subDAC.

* Insensitive to parasitics, fast

* Limited to op amp dynamics

* No ICMR problems with the op amp
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COMBINATION OF DIFFERENTLY SCALED SUBDACs
Voltage Scaling MSB SubDAC And Charge Scaling LSB SubDAC
Implementation:

m-MSB bits vour

-bit, MSB vol
:::ali:lg Subl;z(t:ageﬂ Ck— J_ Cr1 J_Cz J_ C1 J_ i

2k 1C 2k- 2C —2C

m-to-2" Decoder A BusA
Rl R2 »/\Rkl‘ R2m-2 R2m-l R SkA )Sk 1,A SZA
>\ /\/4 b-- - oA\~ AN
it = SkB Sk 1B SzB

VREF—
REFS m-to-2m Decoder B ==
BUS B b1t LSB charge
= P SF% scaling subDAC
m-MSB bits Fig. 10.3-7

Operation:
1.) Switches Sf and S1p through S; p discharge all capacitors.

2.) Decoders A and B connect Bus A and Bus B to the top and bottom, respectively, of
the appropriate resistor as determined by the m-bits.

3.) The charge scaling subDAC divides the voltage across this resistor by capacitive
division determined by the k-bits.

Attributes:

* MSB’s are monotonic but the accuracy is poor e Accuracy of LSBs is good
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Voltage Scaling MSB SubDAC And Charge Scaling LSB SubDAC - Continued
Equivalent circuit of the voltage scaling (MSB) and charge scaling (LSB) DAC:

Cy= J_Ckl J_Cz J_Cl J_ J_ BusA | v
BusA 21CTT" 2’< 2¢ T=2cT=c Calt J: °
. ) ) rour 2 "VREF == Vour
Sk.A Sk LAl 7/ S24a _
Z'VVLVREF vour
SkB SkB j‘: ViRer _

V’REF

where,
bO bl me bml
V'rer = VRer |21+ 22+ = +3m1 + 2m]
and
VREF (b Dt bk b by b bk bmsic
Viour="2m |2 + 22 ++2k1 + 7 2k | = VRepIm+l + Jmr2 + 0+ Fmak1 + Dmrk

Adding V’ggr and v’ oyt gives the DAC output voltage as

, , b_O ﬁ bpo by b b btk Dmaka
vour = V' REF+V our = VRER2T + 22 ++3m-1+ m +3m+1 + am+2 ++ 3m+k-1 + Im+k

which is equivalent to an m+k bit DAC.
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Charge Scaling MSB SubDAC and Voltage Scaling LSB SubDAC

O ——
i C1=J—C2— J_ lej_ J_C Ry
2mC TZ’” 1CT —21C =C Ro
vour ) ) ) /
+| /Sia $2,4 Sm- 2A Sm-14 k- R; Lt .

?VREF__ S1,B /52,3 /Sm 28 /Sm 1B tzok LT
-

l l Decoder RZ,;T_

m-bit, MSB charge scalmg subDAC

Ror
*obit,
Ry« LSB
voltage
. G —  scalin
Fig. 10.3-9A k-LSBbits  ¢ubD A(g;
m ﬁ bm—2 bm—l Vi bm bm+1 bm+k bm+k 1
Vour=\21+22++2m1+ 2om VREF"' om where V=21t 922 ++9ok1 + 2k REF
bO bl bm 2 bm 1 bm bm+1 bm+k bm+k 1
Vour =21 +22+ - +2mi + 3m +3m+rl + 3mr2 + =+ + Imrk1 + Im+k | VREF
Attributes:
* MSBs have good accuracy
* LSBs are monotonic, have poor accuracy - require trimming for good accuracy
CMOS Analog Circuit Design © P.E. Allen - 2003
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Tradeoffs in SubDAC Selection to Enhance Linearity Performance
Assume a m-bit MSB subDAC and a k-bit LSB subDAC.

MSB Voltage Scaling SubDAC and LSB Charge Scaling SubDAC (n = m+k)
INL and DNL of the m-bit MSB voltage-scaling subDAC:
m\ AR AR +AR (21 +AR

INL(R) = 2m-1(2—m] R =271 LSBs and DNL(R) ="~ (Z_m] =2k—p LSBs

INL and DNL of the k-bit LSB charge-scaling subDAC:
AC AC

INL(C) = 2k-1 == LSBs and DNL(C) = (2k-1) ¢ LSBs

Combining these relationships:

1 ﬁ k-1 £
INL = INL(R) + INL(C) = (2n— 7+ 2k )LSBS

AR AC
and DNL = DNL(R) + DNL(C) = (2k T+ (2k1) T) LSBs

MSB Charge Scaling SubDAC and LSB Voltage Scaling SubDAC

SE.Spyc
INL =INL(R)+INL(C)=(2- 7+ 21 )LSBs

AR AC
and DNL = DNL(R) + DNL(C) = (7 +(2-1) 7] LSBs
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Example 10.3-3 - Design of a DAC using Voltage Scaling for MBSs and Charge
Scaling for LSBs

Consider a 12-bit DAC that uses voltage scaling for the MSBs charge scaling for the
LSBs. To minimize the capacitor element spread and the number of resistors, choose m =
5 and k =7. Find the tolerances necessary for the resistors and capacitors to give an INL
and DNL equal to or less than 2 LSB and 1 LSB, respectively.

Solution

Substituting n = 12 and k = 7 into the previous equations gives
AR AC AR AC
2=211"p"+26" and 1=2TFx+Q2"-) (¢
Solving these two equations simultaneously gives

AC 252
C =211-26-25=0.0154 — 7 =1.54%

and

AR 2-26(0.0154) AR
== T =0.0005 — & =0.05%

We see that the capacitor tolerance will be easy to meet but that the resistor
tolerance will require resistor trimming to meet the 0.05% requirement. Because of the
2n-1 multiplying AR/R in the relationship, it will not do any good to try different values of
m and k. This realization will consist of 32 equal value resistors and 7 binary-weighted
capacitors with an element spread of 64.
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Example 10.3-4 - Design of a DAC using Charge Scaling for MBSs and Voltage
Scaling for LSBs

Consider a 12-bit DAC that uses charge scaling for the MSBs voltage scaling for the
LSBs. To minimize the capacitor element spread and the number of resistors, choose m =
7 and k = 5. Find the tolerances necessary for the resistors and capacitors to give an INL
and DNL equal to or less than 2 LSB and 1 LSB, respectively.

Solution

Substituting the values of this example into the relationships developed on a previous
slide, we get

AR AC AR AC
2=24p +21"7 and =7 +Q2-1) ¢

Solving these two equations simultaneously gives

AC 242 AC AR 3 AR
¢ =31631152 = 0.000221 -7 =0.0221% and ~f ~357=0.0968 > = 9.68%

For this example, the resistor tolerance is easy to meet but the capacitor tolerance will
be difficult. To achieve accurate capacitor tolerances, we should decrease the value of m
and increase the value of k to achieve a smaller capacitor value spread and thereby
enhance the tolerance of the capacitors. If we choose m = 5 and k = 7, the capacitor
tolerance remains about the same but the resistor tolerance becomes 2.36% which is still
reasonable. The largest to smallest capacitor ratio is 16 rather than 64 which will help to
meet the capacitor tolerance requirements.
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Summary of Extended Resolution Dacs
* DAC resolution can be achieved by combining several subDACs with smaller resolution

* Methods of combining include scaling the output or the reference of the non-MSB
subDACs

* SubDACSs can use similar or different scaling methods

* Tradeoffs in the number of bits per subDAC and the type of subDAC allow minimization
of the INL and DNL
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SECTION 10.4 - SERIAL DIGITAL-ANALOG CONVERTERS
Serial DACs
 Typically require one clock pulse to convert one bit
* Types considered here are:
Charge-redistribution

Algorithmic
Charge Redistribution DAC
Implementation:
e ) 1 ) :
VREF— 83 Cll CZL S4 ver
I 111 1¢
) ) ) Fig. 10.4-1
Operation:

Switch §7 is the redistribution switch that parallels C; and C, sharing their charge
Switch S$y precharges C; to Vggr if the ith bit, b;,is a 1

Switch $3 discharges C; to zero if the ith bit, b;,1s a 0

Switch Sy 1s used at the beginning of the conversion process to initially discharge C»
Conversion always begins with the LSB bit and goes to the MSB bit.
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Example 10.4-1 - Operation of the Serial, Charge Redistribution Digital-Analog
Converter

Assume that C; = C; and that 1
the digital word to be converted _,,|
isgivenas bg=1,b; =1, by =0, 51/27
and b3 = 1. Follow through the &
sequence of events that result in

A A

J13/16

ve

1/4

the conversion of this digital o 1 23 456 7 5 0T 2345678

. T oT Fig. 10.4-2
input word.

Solution

1.) S4closes setting v¢p = 0.

2.) by =1, closes switch $» causing vy = VREF.

3.) Switch §j is closed causing v = vep = 0.5VREFE.

4.) by =0, closes switch S3, causing vy = 0V.

5.) §j closes, the voltage across both C1 and C7 is 0.25VREF.

6.) b1 =1, closes switch $» causing vl = VREF.

7.) S closes, the voltage across both C1 and C3 is (14+0.25)/2Vger = 0.625VREF.

8.) bg =1, closes switch Sy causing vc1 = VREF.

9.) S closes, the voltage across both C1 and Cy is (0.625 + 1)/2Vgrer = 0.8125VREF =
(13/16)VgEF.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Pipeline DAC
Implementation:

1/2 1/2 1/2

0 o—> 71 rl p—---—> 1 o vour
b1 _
o by =+ bo= =1
J) VREF Fig. 10.4-3

Vour ) = [boz! + 210122 + -+ + 2Dy ,22WN-D 4 by 1 22N Vi
where b; is either 1 if the ith bit is high or low.
Attributes:
» Takes N+1 clock cycles to convert the digital input to an analog output
* However, a new analog output is converted every clock after the initial N+1 clocks
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Algorithmic (Iterative) DAC

Implementation:

+VREF o—{

»—OoVouT

-VREF o—F

FIG. 10.4-4

Closed form of the previous series expression is,
biz'Vrer
Voul @) = T-0.5,1
Operation:
Switch A is closed when the ith bit is 1 and switch B is closed when the ith bit is O.
Start with the LSB and work to the MSB.
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Example 10.4-2 - Digital-Analog Conversion Using the Algorithmic Method

Assume that the digital word to be converted is 11001 in the order of MSB to LSB.
Find the converted output voltage and sketch a plot of vpy7/Vger as a function of #7,

where T is the period for one conversion.

i VOUT/VREF
Solution sot
1.) The conversion starts by zeroing the
output (not shown on Fig. 10.4-4). 1916 emmme
2.) The LSB = 1, switch A is closed and 1o
VrEer 1s summed with zero to give an el |
output of +Vggr. 0, - . : . 101
3.) The next LSB = 0, switch B is closed and  -1/2} -
vour = -VRer+0.5VRer = -0.5VREr. ol
4.) The next LSB = 0, switch B is closed and 477
vour = -Vrer+0.5(-0.5VgEr) = - Fig. 10.4-5
1.25 VREF- -2.01

5.) The next LSB = 1, switch A is closed and voyr = Vrgr+0.5(-1.25VrEr) = 0.375VREE.

6) The MSB = 1, switch A is closed and YouTr = VREF + 05(0375VREF) = 11875VREF =
(19/16)Vggr. (Note that because the actual Vggp of this example if £Vggp or 2Vier,
the analog value of the digital word 11001 is 19/32 times 2Vggr or (19/16)VgEgE.)
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Summary of Serial DACS

Table 10.4-1 - Summary of the Performance of Serial DACs

Serial DAC | Figure Advantage Disadvantage
Serial, Charge|10.4-1 |Simple, Slow, requires complex
Redistribution minimum area | external circuitry,

precise capacitor ratios
Serial, 10.4-3 | Simple, Slow, requires complex
algorithmic minimum area | external circuitry,

precise capacitor ratios

CMOS Analog Circuit Design
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SUMMARY OF THE PERFORMANCE OF DIGITAL-ANALOG CONVERTERS

DAC Figure Primary Advantage Primary Disadvantage
Current-scaling, binary 10.2-3 | Fast, insensitive to parasitic capacitance | Large element spread, nonmonotonic
weighted resistors
Current-scaling, R-2R ladder | 10.2-4 | Small element spread, increased accuracy | Nonmonotonic, limited to resistor

accuracy
Current-scaling, active 10.2-5 | Fast, insensitive to switch parasitics Large element spread, large area
devices
Voltage-scaling 10.2-7 | Monotonic, equal resistors Large area, sensitive to parasitic
capacitance
Charge-scaling, 10.2-10 | Best accuracy Large area, sensitive to parasitic
binary weighted capacitors capacitance
Binary weighted, charge 10.2-12 | Best accuracy, fast Large element spread, large area
amplifier
Current-scaling subDACs 10.3-3 | Minimizes area, reduces element spread | Sensitive to parasitic capacitance, divider
using current division which enhances accuracy must have —0.5LSB accuracy
Charge-scaling subDACs 10.3-4 | Minimizes area, reduces element spread | Sensitive to parasitic capacitance, slower,
using charge division which enhances accuracy divider must have —0.5LSB accuracy
Binary weighted charge 10.3-6 | Fast, minimizes area, reduces element Requires more op amps, divider must
amplifier subDACs spread which enhances accuracy have —0.5LSB accuracy
Voltage-scaling (MSBs), 10.3-7 | Monotonic in MSBs, minimum area, Must trim or calibrate resistors for
charge-scaling (LSBs) reduced element spread absolute accuracy
Charge-scaling (MSBs), 10.3-8 | Monotonic in LSBs, minimum area, Must trim or calibrate resistors for
voltage-scaling (LSBs) reduced element spread absolute accuracy
Serial, charge redistribution | 10.4-1 | Simple, minimum area Slow, requires complex external circuits
Pipeline, algorithmic 10.4-3 | Repeated blocks, output at each clock Large area for large number of bits
after NV clocks
Serial, iterative algorithmic 10.4-4 | Simple, one precise set of components Slow, requires additional logic circuitry

CMOS Analog Circuit Design
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10.5 - CHARACTERIZATION OF ANALOG-DIGITAL CONVERTERS
ALL YOU EVER WANTED TO KNOW ABOUT A/D CONVERTERS'

* From The Institute, September 1989, page 5
CMOS Analog Circuit Design © P.E. Allen - 2003
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General Block Diagram of an Analog-Digital Converter

A ..
- Digital
X(1) @ i \ ‘ ,r_" Processor > Y(KTN)

Prefilter Sample/Hold  Quantizer Encoder Fig.10.5-1

* Prefilter - Avoids the aliasing of high frequency signals back into the baseband of the
ADC

e Sample-and-hold - Maintains the input analog signal constant during conversion
* Quantizer - Finds the subrange that corresponds to the sampled analog input
* Encoder - Encoding of the digital bits corresponding to the subrange

CMOS Analog Circuit Design © P.E. Allen - 2003
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N

uist Frequency Analog-Digital Converters

The sampled nature of the ADC places a practical limit on the bandwidth of the input
signal. If the sampling frequency is fg, and fg is the bandwidth of the input signal, then

JB<0.5fs
which is simply the Nyquist
relationship which states that
to avoid aliasing, the
sampling frequency must be
greater than twice the
highest signal frequency.

CMOS Analog Circuit Design

Continuous time
A

o

frequency response of the analog input signal.
h

B 0

/B

fs

Sampled data equivalent frequency response where fp < 0.5f5s.
A

N\ [

4

D A

-fB 0

/B fg fs-fB

Case where fp > 0.5fs causing aliasing.
A

B 0

fs

fs Sstfs 2fsB

A

2fs

fs

2
Use of an antialiasing filter to avoid aliasing.

4

A

"7 Antialiasing
\ ‘¢Filter
\

>

/B 0

8 Js
2

fs

Fig. 10.5-2
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Classification of Analog-Digital Converters

Analog-digital converters can be classified by the relationship of fg and 0.5f5 and by their

conversion rate.

* Nyquist ADCs - ADCs that have fp as close to 0.5f5 as possible.
* Oversampling ADCs - ADCs that have fg much less than 0.5f5.

Table 10.5-1 - Classification of Analog-to-Digital Converter Architectures

Conversion Nyquist ADCs Oversampled ADCs
Rate
Slow Integrating (Serial) Very high resolution >14 bits
) Successive . .
Medium Approximation-bit Moderate resolution >10 bits
Pipeline Algorithmic
Flash Multiple-bit ) )
Fast Pipeline Folding and Low resolution > 6 bits
interpolating

CMOS Analog Circuit Design
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STATIC CHARACTERIZATION OF ANALOG-TO-DIGITAL CONVERTERS
Digital Output Codes

Table 10.5-2 - Digital Output Codes used for ADCs

Decimal | Binary | Thermometer | Gray Two’s
Complement

0 000 0000000 000 000

1 001 0000001 001 111

2 010 0000011 011 110

3 011 0000111 010 101

+ 100 0001111 110 100

5 101 0011111 111 011

6 110 0111111 101 010

7 111 1111111 100 001
CMOS Analog Circuit Design © P.E. Allen - 2003
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Input-Output Characteristics
Ideal input-output characteristics of a 3-bit ADC

111 ‘ ‘ ‘
‘ ‘ Infinite Resolutioh ‘
110 f-------- e r-~~"Characteristic "I T~ b 1
) H H H H \ H H
2 : : : : »
o ' ' ' ' '
© 101 [---o-od o l """"" S pu e bRl ERRERLE SEREEESS
2 : : : : :
) : 1 LSB: : : : :
O 100 |------- A ege A S boes A .
= 100 3 3 T 3 : : : :
B ‘ 3 ‘ Ideal 3-bit
Q011 feeemeee- beennnnes ---t---- Characteristic ---------- 1
010 o]
Y ehsel
.
000 : ] : ] : ] : ] : ] : ] : ]
‘5 S 1.0 “ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
305 T R Bt e e e Bl
s = 00 ‘ ‘ : ‘ >
= ‘ ] ] : ] : ] : ] : VREF
o -0.5 A "SR A N "R N~ N A I A R
0 1 2 3 4 5 6 7 8
8 8 8 8 8 8 8 8

8
Analog Input Value Normalized to Vggr
Figure 10.5-3 Ideal input-output characteristics of a 3-bit ADC.
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Definitions

» The dynamic range, signal-to-noise ratio (SNR), and the effective number of bits

(ENOB) of the ADC are the same as for the DAC

* Resolution of the ADC is the smallest analog change that distinguishable by an ADC.

* Quantization Noise is the £0.5LSB uncertainty between the infinite resolution
characteristic and the actual characteristic.

actual finite resolution characteristic

Gain Error 1s the
difference between
the 1deal finite
resolution charact-
eristic and actual
finite resolution
characteristic
measured at full-
scale input. This
difference is
proportional to the
analog input
voltage.

CMOS Analog Circuit Design

111

101

011

Digital Output Code

001
000

110 |-

100

A

| | |
Lo '
e
i--Characteristic - ==t ——7 -
SRR N .
I I I : } } } }
Ry Bt s e S
B I I Hﬁ_;f i i i
B - | S S N S
L Offset = 1.5 LSBs
ISR S e N e
Foo A T R
01 2 3 4 5 6 7 8
8 8 8 8 8 8 8 8 8
(a)

111

» 110
3 i
S 101

=
5
© o011
E

=

2100

&0 010

Character:istic }

Offset Error is the difference between the ideal finite resolution characteristic and

(b))

Figure 10.5-4 - (a.) Example of offset error for a 3-bit ADC. (b.) Example of gain
error for a 3-bit ADC.
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Integral and Differential Nonlinearity

The integral and differential nonlinearity of the ADC are referenced to the vertical
(digital) axis of the transfer characteristic.

e Integral Nonlinearity (INL) is the maximum difference between the actual finite
resolution characteristic and the ideal finite resolution characteristic measured vertically

(% or LSB)

* Differential Nonlinearity (DNL) is a measure of the separation between adjacent levels
measured at each vertical step (% or LSB).

DNL = (D, - 1) LSBs
where D, is the size of the actual vertical step in LSBs.

Note that /NL and DNL of an analog-digital converter will be in terms of integers in
contrast to the INL and DNL of the digital-analog converter. As the resolution of the
ADC increases, this restriction becomes insignificant.

CMOS Analog Circuit Design
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Example of INL and DNL

A

s
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Example of INL and DNL for a 3-bit ADC.) Fig.10.5-5
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Monotonicity

A monotonic ADC has all vertical jumps positive. Note that monotonicity can only be

detected by DNL.
Example of a nonmonotonic ADC:

K,
s
=
A
\\\\” \\\\\ ,\\\\J\\\\J,\\\\J \\\\\ ” \\\\\ ool o]
i | | i | i i
W W | W | W
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ t~00
o W g W i
! < I I I -
23 s e
I ] 2 = |
A N QY =z ]
N =85
lm—m e Mooy N —— [VaYe'e)
T s g
| W N I~ ’
R N It ylwlﬂ?\w awwlﬁ \\\\\ <t oo
| 13 Sl % , i
I = ] /“ ) W
N e T cnoo
< Mm I I N I
B I I ——— - I .
58 S
e
NI T
| W | | W | —
W 1 W 1 W 1 W 1 W 1 W W N oo
— (@) — (@) — (@) — (@)
— — (@) o — — (@] ()
— - — — o o (e) (e]
apoD ndinQ [eNnsiq

Fig. 10.5-6L

If a vertical jump is 2LSB or greater, missing output codes may result.
If a vertical jump is -1LSB or less, the ADC is not monotonic.
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Example 10.5-2 - INL and DNL of a 3-bit ADC

Find the INL and DNL for the 3-bit ADC shown on the previous slide.
Solution
With respect to the digital axis:

1.) The largest value of INL for this 3-bit ADC occurs between 3/16 to 5/16 or 7/16 to
9/16 and is 1LSB.

2.) The smallest value of INL occurs A
between 11/16 to 12/16 and is 111} el T T P
2LSB i T A
) 110 [ ---Characteristie-- - " w2 i l
3.) The largest value of DNL occurs at g - NG A INd _
3/16 or 6/8 and is +1LSB. S 101 I N 5ISB
4.) The smallest value of DNL occurs 2 ;00| INE,_,,J,,,, EREE 1
at 9/16 and 1s -2LSB which is g . ;LS_B | v’ | "DNL=, |
where the converter becomes = o11f ", Ny 2ILSB
nonmonotonic. = - 4] 47 Mdead
& O10f [y - Charactristic -~
I e S
j i 1 i 1 i 1 i 1 i 1 i 1 i 1 i Vin
T 23 4 5 6 7 8 Vaer
8 8§ 8 8 8 8 8 8
Fig. 10.5-6DL
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DYNAMIC CHARACTERISTICS
The dynamic characteristics of ADCs are influenced by:
e Comparators
» Sample-hold circuits
* Circuit parasitics
* Logic propagation delay

CMOS Analog Circuit Design © P.E. Allen - 2003
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Comparator
The comparator is the quantizing unit of ADCs.
Open-loop model:

y Vi NN

Comparator =  Fig.10.5-7

Nonideal aspects:
 Input offset voltage, Vg (a static characteristic)

* Propagation time delay
- Bandwidth (linear)
A0 A0
Ay(s) = s Tt +1
w.t

- Slew rate (nonlinear)
cAvV
AT = —7— (I 1s constant)

CMOS Analog Circuit Design © P.E. Allen - 2003
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Linear Propagation Time Delay (Small input changes)

If Vog and V(yy, are the maximum and minimum output voltages of the comparator,
then minimum input to the comparator (resolution) is

.. Vou-Vo
Vin(min) = A,0)
If the propagation time delay, 7, is the time required to go from Vpg or from Vg, to

Vou+VoL

— 2 thenif vj,(min) is applied to the comparator, the 7, is,
Vou-V, Vou-V.
TOS0k = 4,(0) [1- e vy (min) = A,(0) [1- el [~ A0y

Therefore, Ip 18
t,(max) = . [n(2) = 0.6937,
If v;;, 1s greater than v;;,(min), i.e. v;,; = kv;,(min), then

2k Vout
=T l”(2k -1)

[lustration of these results:
Vin Your |/ 5 YoH* VoI
| >—° | N 2
|0 A e —

= 0

T »
01fp Ip(max) Fig.10.5-8
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Nonlinear Propagation Time Delay (Large input changes)
The output rises or falls with a constant rate as determined by the slew rate, SR.
AV Vou-Vor
t,=AT=3JR=""23R
(If the rate of the output voltage of the comparator never exceeds SR , then the
propagation time delay is determined by the previous expression.)

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 10.5-2 = Propagation Delay Time of a Comparator (Large input changes)

Find the propagation delay time of an open loop comparator that has a dominant pole
at 103 radians/sec, a dc gain of 104, a slew rate of 1V/us, and a binary output voltage
swing of 1V. Assume the applied input voltage is 10mV.

Solution

The input resolution for this comparator is 1V/104 or 0.1mV. Therefore, the 10mV
input is 100 times larger than v;,(min) giving a k of 100. From the previous work,

i zn(ﬁ})%(_)lj = 103 ln(%) = 5.01ps

If the output is slew-rate limited, then

1
Ip= 2.1x106 = 0-Sus
Therefore, the propagation delay time for this case is the larger or 5.01ps.
Note that the maximum slope of the linear response is

dv d A,(0) A (0) 104103
Max—g7 | = AV O 1-c/=]0.01V)) = 7 e(0.01V) = To07, =100 = 0.1V/ps

Since the maximum rate of the linear response is less than the slew rate, the response is
linear and the propagation time delay is 5.01ps.
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Sample-and-Hold Circuit

.. + S/H Command
Waveforms of a sample-and-hold circuit: Hold Sample Hold
° | o ' Output of S/H
Definitions: ER a1 e Is——wevalid for ADC>
C o . . . = = ‘ ! ! ' conversion
* Acquisition time (t,;) = time required =3 AN L |
. \ | 27 I 1y ¥
to acquire the analog voltage < (‘)\ T Vin'(1)
. . . . Vin(t) 1+ 7 I N I
e Settling time (t,) = time required to B L Vil
settle to the final held voltage to within : — : —
Fig.10.5-9
an accuracy tolerance
Tsample = ta + s — Maximum sample rate = fsqple(max) = Tsample

Other consideratons:

* Aperture time= the time required for the sampling switch to open after the S/H
command is initiated

* Aperture jitter = variation in the aperture time due to clock variations and noise
Types of S/H circuits:

* No feedback - faster, less accurate

* Feedback - slower, more accurate

CMOS Analog Circuit Design © P.E. Allen - 2003
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Open-Loop, Buffered S/H Circuit

Circuit:
/' N
Vin(t), v t
© in(t), Vour(!) Vour(t) Vin(t), Vour(t)
) Vour(t) = N -
vin(t) > —O = ! \__\_’z_n(ll)
g Switch 1 Switch ~- Switch
Cy Z[* Closed ™~ Open —*>* Closed
:l: (sample) 1 (hold) | (sample)
' Time Fig.10.5-10
Attributes:

 Fast, open-loop
* Requires current from the input to charge Cgy

* DC voltage offset of the op amp and the charge feedthrough of the switch will create dc
errors
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Settling Time
Assume the op amp has a dominant pole at -, and a second pole at -GB.

GB?
The unity-gain response can be approximated as, A(s) =71 GBs + GB2

4 3
The resulting step response is, Vour(t) =1 - (\/; e-0-5GB1] gin| \/; GB-t+¢
Defining the error as the difference between the final normalized value and v,,/(), gives,

4
Error(t)=e=1-v,,,(t) = 3 ¢-0.5GB-t
In most ADC:s, the error is equal to £0.5LSB. Since the voltage is normalized,
1

4 4
W = \/; e-0.5GB g — e0.5GB 5 = % N

Solving for the time, ¢,, required to settle with +0.5LSB from the above equation gives

2 (4
tS=GBln\/§2N

Thus as the resolution of the ADC increases, the settling time for any unity-gain buffer
amplifiers will increase. For example, if we are using the open-loop, buffered S/H circuit
in a 10 bit ADC, the amount of time required for the unity-gain buffer with a GB of 1MHz
to settle to within 10 bit accuracy is 2.473us.

1
=GB [1.3863N + 1.6740]

CMOS Analog Circuit Design © P.E. Allen - 2003
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Open-Loop, Switched-Capacitor S/H Circuit
Circuit:

A

+ 1d ) —2

Vin(t) C Vour (1) ¢, b

¢1c9_| Vin(1) # Vour (1)
Jq_)z Jq_)l ) % /Y [ -

>

Switched capacitor S/H circuit. Differential switched-capacitor S/H
Fig.10.5-11

* Delayed clock used to remove input dependent feedthrough.

» Differential version has lower PSRR, cancellation of even harmonics, and reduction of
charge injection and clock feedthrough
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Open-Loop, Diode Bridge S/H Circuit

Circuit:
Vout(t)
Attributes: Diode bridge S/H circuit. ~ Practical implementation of the diode bridge S/H.
Fast ' Fig.10.5-12
¢ r‘as

* Clock feedthrough is signal independent
e Sample uncertainty caused by the finite slope of the clocks is minimized

* During the hold phase the feedthrough from input to hold node is minimized because of
D5 and D6

CMOS Analog Circuit Design © P.E. Allen - 2003
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Closed-Loop S/H Circuit

Circuit:
( c
SN o |
$2 Vout® Vours)
in —_—
Vf@ ~h e <"
TCn n

Closed-loop S/H circuit. ¢1 is the sample An improved version.

phase and ¢?2 is the hold phase. Fig.10.5-13
Attributes:
e Accurate

* First circuit has signal-dependent feedthrough
» Slower because of the op amp feedback loop
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Closed-Loop, Switched Capacitor S/H Circuits

Circuit:
( : (daa-
CH c ¢1d
o o1 ¢1:
vin(t) 21 ACH voull) (g |_—+—{ | Vour(?)
4 }l/ I 5
d [
CH ¢\ CH L, 91d
Switched capacitor S/H circuit —l—/ } ¢2d1
which autozeroes the op amp A differential version that avoids
input offset voltage. large changes at the op amp output
Fig.10.5-14
Attributes:
e Accurate

« Signal-dependent feedthrough eliminated by a delayed clock

 Differential circuit keeps the output of the op amps constant during the ¢; phase
avoiding slew rate limits

CMOS Analog Circuit Design © P.E. Allen - 2003
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Current-Mode S/H Circuit

Circuit:
VbbD
. Ip .
linI lout
O—¢1 / pp—™2
o1
Cy—
jT: —  Fig.10.5-15
Attributes:
e Fast

e Requires current in and out
* Good for low voltage implementations
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Aperature Jitter in S/H Circuits
[ustration:

Clock Vin

If we assume that v;,(7) = Analog l Digital L
V,sinwt, then the Input Output

.. AV
maximum slope is equal to __ | Analog-Digital 3
va. Converter T

Therefore, the value of AV

is given as Aperature Jitter = At
Figure10.5-14 - Illustration of aperature jitter in an ADC.
Vin
AV = || At= oV, At
The rms value of this noise is given as
dv; wV,At
AV(rms) = _d;n At = \/5

The aperature jitter can lead to a limitation in the desired dynamic range of an ADC. For
example, if the aperature jitter of the clock is 100ps, and the input signal is a full scale
peak-to-peak sinusoid at IMHz, the rms value of noise due to this aperature jitter is
111uV(rms) if the value of Vigr=1V.

CMOS Analog Circuit Design © P.E. Allen - 2003
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TESTING OF ADCs

Input-Output Test for an ADC
Test Setup:
Digital
Word
Output
N-bit | (Nbits)] DAC with
Vi_n . ADC more resolution
under 7 than ADC

test (N+2 bltS)

Fig.10.5-17

The ideal value of Q,, should be within +0.5LSB

Can measure:
* Offset error = constant shift above or below the O LSB line
* Gain error = contant increase or decrease of the sawtooth plot as Vj;, is increased

e INL and DNL (see following page)
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Illustration of the Input-Output Test for a 4-Bit ADC
20LSB| -
B |

1.5LSB i i

g | ! : «—12LSB
1 1 INL
3 1.0 LSB I ‘ ;/1: i
(] 1 1 | ]
-‘é 0.5LSB| /i /‘: ! /l /‘: i | 2LSBI
: | I i i i ! DNL | ¢y _

= 1 i i i ! i 1
§ 0.5LSB Vo I +ILSB_ | /l |
= B I I —> VARV
S _1.0LSB : DNL | | &
o - | | i

-1.5LSB i

- Nmr
-2.0LSB Y
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 Normalized to Vggr Fig.10.5-18
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Measurement of Nonlinearity Using a Pure Sinusoid

This test applies a pure sinusoid to the input of the ADC. Any nonlinearity will
appear as harmonics of the sinusoid. Nonlinear errors will occur when the dynamic range
(DR) is less than 6N dB where N = number of bits.

et ok o ek

Vout(DAC)

Vour(jo)l

N-bit
DAC
with N+2
bits
resolution

T

Vi p e 1
[/ 359
L N
| U Veer 01!
!
Harmonic N-bit
' free. Vin ADC
sinusoid under
test
L I
Clock
Comments:

Vout(DAC)
—

sig

Distortion
or
Spectrum
Analyzer

Noise floor

T ﬂ due to non-
> ¢ DR linearities
VREF | LLL'w._;rrrI i 4 w
* \v
/ Spectral
—

Output

Fig. 10.5-19A

* Input sinusoid must have less distortion that the required dynamic range
e DAC must have more accuracy than the ADC

CMOS Analog Circuit Design
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FFT Test for an ADC
Test setup:
Clock
Jfe
\ 4 \4
Pure Analog- FFT
: : Fast RAM
Sinusoidal Digital a]SBuffer Post Fsrequtency
Input, fin Converter processor pectrum
Fig.10.5-19B
Comments:

* Stores the digital output codes of the ADC in a RAM buffer

» After the measurement, a postprocessor uses the FFT to analyze the quantization noise
and distortion components

e Need to use a window to eliminate measurement errors (Raised Cosine or 4-term
Blackmann-Harris are often used)

 Requires a spectrally pure sinusoid

CMOS Analog Circuit Design © P.E. Allen - 2003
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Histogram Test for an ADC

The number of occurances of each digital output code is plotted as a function of the digital
output code. N

Ilustration: = 4 ;

5 2 Sinusoidal Input _ !

@ g X Triangular Input !

5 9 |

A sy !

. ' Output
0 Mid Full Code
Comments: Scale Scale
° Emphasizes Fig.10.5-20
the time spent at a given level and can show DNL and missing codes
e DNL
Width of the bin as a fraction of full scale H(i)/N;

DNL(i) = Ratio of the bin width to the ideal bin width -1 = ~P(i) -1
where
H(i) = number of counts in the ith bin
Ny = total number of samples
P(i) = ratio of the bin width to the ideal bin width
e INL is found from the cumulative bin widths
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Comparison of the Tests for Analog-Digital Converters
Other Tests

» Sinewave curve fitting (good for ENOB)
» Beat frequency test (good for a qualitative measure of dynamic performance)

Comparison

Test — Histogram Sinewave Beat
Error or FFT Test Curve Frequency
i Code Test Fit Test Test
DNL Yes (spikes) Yes (Elevated Yes Yes
noise floor)
Missing Codes | Yes (Bin counts with Yes (Elevated Yes Yes
Zero counts) noise floor)
INL Yes (Triangle input Yes (Harmonics in Yes Yes
gives INL directly) the baseband)
Aperature No Yes (Elevated Yes No
Uncertainty noise floor)
Noise No Yes (Elevated Yes No
noise floor)
Bandwidth No No No Yes (Measures
Errors analog bandwidth)
Gain Errors | Yes (Peaks in No No No
distribution)
Offset Errors | Yes (Offset of No No No
distribution average)

CMOS Analog Circuit Design © P.E. Allen - 2003

Chapter 10 — Section 5 (2/25/03) Page 10.5-32
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SECTION 10.6 - SERIAL ANALOG-DIGITAL CONVERTERS

Introduction

Serial ADCs typically require 2NT for conversion where T = period of the clock
Types:

 Single-slope

* Dual-slope

Single-Slope ADC

Block diagram: .

g s 11
VREF Ramp |vr
o—> Output
Generator| v Counter
Reset Vin" === ; | | |"_|
| H_)
Interval ! Output
0 > n=sN

Counter 0 nT

Attributes: Clock >
O

. .. . Fig.10.6-1
e Simplicity of operation  f=ur £
* Subject to error in the ramp generator
* Long conversion time < 2NT
CMOS Analog Circuit Design © P.E. Allen - 2003
Chapter 10 — Section 6 (2/25/03) Page 10.6-2

Dual-Slope ADC

Block diagram: Waveforms: v
VREF+Vin --=7"""7
vin'" :l_ Positive Vint
VrEFo—% Integrator v vin"" >Win"
4 th
1
1
i Digital
! Control v
! th [~~~ d
IC():atrryt : Binar; 0 0 ‘F 1 ' !
utpu! n
LR Counter Outpuyt Reset to(start) ;tztﬂ
' Fig10.6-2 tr= NowT = Fig.10.6-3
Operation:

1.) Initially v;;; = 0 and v, is sampled and held (viy™ > 0).
2.) Reset the positive integrator by integrating a positive voltage until v;;; (0) = Vy,.
3.) Integrate v;,* for NrgF clock cycles to get,

NREFT
Vindt1) = K [0 vin® dt +vinf0) = KNrepIvin™® + Vih
4.) After Ngrgr counts, the carry output of the counter closes switch 2 and-VggF is
applied to the positive integrator. The output of the integrator at ¢ = ¢{+#7 is,

NoutT
Vin81+12) = Vind11)+K L (-Veer)dt =Vi, — KNREFTVin™+Viy -KNowtTVREF = Vi
5.) Solving for N,,;; gives, Ny = Nrer (Vin®IVgEF)

Comments:  Conversion time < 2(2V)T and the operation is independent of Vy, and K.
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SECTION 10.7 - MEDIUM SPEED ANALOG-DIGITAL CONVERTERS
Introduction
Successive Approximation Algorithm:
1.) Start with the MSB bit and work toward the LSB bit.
2.) Guess the MSB bit as 1.
3.) Apply the digital word 10000.... to a DAC.
4.) Compare the DAC output with the sampled analog input voltage.

5.) If the DAC output is greater, keep the guess of 1. If the DAC output is less, change
the guess to 0.

6.) Repeat for the next MSB.
If the number of bits is N, the time for conversion will be NT where T is the clock period.
[lustration:

Vguess
VREF e

0.75VRefp}-------- —_—

0.50VgEF f—i

0.25Vggrt-------- -—-

v

0 0 1 2 3

N
W

& O\

g9 N

ey
aQ
—_
=
'
\S}

CMOS Analog Circuit Design © P.E. Allen - 2003

Chapter 10 — Section 7 (2/25/03) Page 10.7-2

Block Diagram of a Successive Approximation ADC'

Vc> *
.k
mn
Comp{ator W
) A
Digital-Analog & Output f—1
VREF Converter . Register _I'_L )
o—» Shift
. . Clock
. Register
4
l °ee lll Conditional
Output Gates Fig.10.7-1

"R. Hnatek, A User's Handbook of D/A and A/D Converters, JohnWiley and Sons, Inc., New York, NY, 1976.
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5-Bit Successive Approximation ADC

& roa 5-bit Digital-Analog C V
-bit Digital-Analo onverter
Analog Comp- g g REF
In arator A A A A |
+ - MSB LSB
Analog Analog Analog Analog Analog
— Switch — Switch — Switch — Switch — Switch
1 2 3 4 5
= —O)/SB o ~ o ~ o ~ o LSB
0 1 0 1 0 1 0 1 0 1
Gate FF, FF, FF3 FF,4 FFs
R Rp S R Rp S R Rp S R Rp S R Rp S
:
Delay
G Gy G3 Gy Gs
Delay ~
JUIL I T il T
m PN A PN PN
Clock pulses/' - - - -
o ™ 1 1 1} 1 1
| SRy i SR, i SRy i SRy i SRs
| H H H H
Start pulse The delay allows for the circuit transients to ~ Shift Register
settle before the comparator output is sampled. Fig.10.7-3
CMOS Analog Circuit Design © P.E. Allen - 2003
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m-Bit Voltage-Scaling, k-Bit Charge-Scaling Successive Approximation ADC
Implementation:

: m-MSB bits
Operation: m-bit, MSB voltage = el
1.) With the two SF scaling subDAC Cr= J_ZIZCZICJ_ 2é J_ 1=

. k-1
switches closed, all m-to-2m Decoder A o 2 CT T T
capacitors are paralle}ked TR BT B onRe S 52 | S1 B
and connected to Vj, P VAN S

. 1B
which autozeros the VREF— |

= m-to-2m Decoder B
comparator offset BusB - b1t LSB charge
voltage. = S SF scaling subDAC
. . -MSB bit * Capacitor Switches Clock

2.) With all capacitors RO Vin AARE R v 5
still m parallel,. a Suc- m-MSB bits <: Successive approximation
cessive approximation register & switch control logic
search is performed to Fie 1074 22222258 ¥ =
find the resistor segment e (m+k) bit output of ADC  Start

in which the analog
signal lies.

3.) Finally, a successive approximation search is performed on charge scaling subDAC to
establish the analog output voltage.
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Voltage-Scaling, Charge-Scaling Successive Approximation ADC - Continued
Autozero Step

V
Removes the influence of the offset voltage of the |- oVos
comparator. . zlklc
The voltage across the capacitor is given as, Vi .\
*k
c=Vin -Vos T Vos
) Fig.10.7-5

Successive Approximation Search on the Resistor String - -
The voltage at the comparator input is :  Busses

A and B Veom
Veomp = VRi - Vin V*m ch / p
If Veomp > 0, then Vg; > V;,™ if Veomp < 0, then Vg; < V;i,™ Vai=Virer
Successive Approx. Search on the Capacitor SubDAC

The input to the comparator is written as, = Fgl076:

kC-
- 2%C-C,,
Veomp = ( Ri+l ~ in) 2unC t ( Ri ~ m) 2kC
However, Vg1 = Vg + 2 Vepr
Combining gives,
C 2kC-C,
- _— eq
Veomp = (VRl +2 mVREF 'VIN) 2%C + (VRl VIN) 2kC
C % V¥in
—eq
= Vi¢i- Vin +2""Viger 5kC : Fig.10.7-6b
CMOS Analog Circuit Design © P.E. Allen - 2003
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A Successive Approximation ADC Using a Serial DAC

Implementation: Vi
v + Data storage |,
DAC - 1 register
[ eae ]1
S precharge ¥—YY vy
. < ) DAC control  [*
v Serial | S3discharge register
SR DAC S1 charge share
7 (Fig |2
10.4-1) |, S4 reset
Start S 1
o—> equence an
C<1>(£1§ control logic
Conversion Sequence: Fig107-7
Digital- Digital-analog Input Word Comparat Number
analog or of
Conversion Charging
Number dy dy dy e dygp dy Output Steps
1 1 an 2
2 1 ay an-1 4
3 1 an.1 an dq an.n 6
N 1 an az .. an.1 an aj 2N

Total number of charging steps = N(N+1)
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A Successive Approximation ADC Using a Serial DAC - Continued
Example:

Analog input is 13/16.

! OOAIXXX 11xx

& 0.75
0.50

vel!VRE

0.25

> /T

E 0.75
>
=, 0.50}- - cepo— - S -
BN
0.25F-f--p-f------- o A N B
0.00 > /T
0120123401234560123456738
Fig.10.7-8
Digital word outis bg=1,b1=1,bp =0, and b3 = 1.
CMOS Analog Circuit Design © P.E. Allen - 2003
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Pipeline Analog-Digital Algorithmic Converter
Implementation:

MSB
+ - + -
Vo3 AN P
+] +] i
% | |
REFQ Stage 1 Stage 2 i i-th stage Stage N
. Fig.10.7-9
Operation:
* Each stage muliplies its input by 2 and adds or subtracts Vggr depending upon the sign
of the input.

* i-th stage,

Vi=2Vi1-biVRer
where b; is given as

+1if V;.1>0
bi=1-1if v; <0

o Vil/VREF

|
!
!
|
!
!
|
|
I
|
|
!
!
|
!
!
!
|

b= -l ——se——b; = +1—>|

o [bibis1] 0,0 (0,11 [1,0] (1,1] Fig.10.7-10
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Example 10.7-1 - Illustration of the Operation of the Pipeline Algorithmic ADC
Assume that the sampled analog input to a 4-bit pipeline algorithmic analog-digital
converter is 2.00 V. If Vrgris equal to 5 V, find the digital output word and the analog
equivalent voltage.

Solution
Stage No. Input to the ith stage, V;,.; V;.1 >0?7 Biti
1 2V Yes 1
2 (2V:2)-5=-1V No 0
3 (-1V2)+5=3V Yes 1
4 3V-2)-5=1V Yes 1
Ilustration: ] _
Stage 4 :
0.8 [N

0.6 i/ , 5
0a b= 0] /?r/ i
0.2 / 7 [ / / /

111 1
Vanalog =32 -+ 3+ T6

E
_5(0.4375) = 2.1875 g 2 g AT T AT
2 ool LA
where b; = +1 if the ith-bitis | £ -0 .../.._.Stagel JramrAy N Al
L . . ., . o -0.6 / /\// // /: /
and b; = -1 if the ith bitis 0 ) > |
rcnj -0.8 /// / / /W/ / : /

%

-1 1 i
-1 -0.8 -0.6 -04 -0.2 >l<O 02 04 06 08 1

4 in/VREF
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Achieving the High Speed Potential of the Pipeline Algorithmic ADC

If shift registers are used to store the output bits and align them in time, the pipeline ADC
can output a digital word at every clock cycle with a latency of NT.

[1lustration:

MSB
?

SR

Digital Ouput Word

SR SR
y'y A
I

SR SR

f f

SR SR
+ - + -
2, 2 Vil
=1 +1 !
VREFO -

Stage 1 Stage 2 ! Stage N
Fig.10.7-9B
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Errors in the Pipeline Algorithmic ADC
The output voltage for the N-th stage can be written as,

i=1 N-1{ N
V= HAiVin -1 2 HAj bi.i + by | VRer
N i=1\ = i+1

where A; (A;) is the actual gain of 2 for the i-th ( j-th) stage.
Errors include:

1.) Gain errors - x2 amplifier or summing junctions

2.) Offset errors - comparator or summing junctions
i-th stage including errors,

Vi=AVii + Vosi - biAsiVrer

= +1 lf ‘/i-1>VOCi
bi =l= —1 lf ‘/i-1<VOCi

where
A; is the gain of “2” amplifier for the i-th stage
Vosi 1s the system offset errors of the i-th stage
Ag; 1s the gain of “1” summer for the i-th stage
Voci 1s the comparator offset voltage of the i-th stage

CMOS Analog Circuit Design © P.E. Allen - 2003
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Errors in the Pipeline Algorithmic ADC - Continued

Illustration of
the errors

Gain error, A;. System offset error, Vgs;.  Comparator offset error, Voci.
Fig.10.7-12

Example of an error analysis for a 4-bit pipeline algorithmic ADC
The output of the 4th stage can be written as,

Vy =24V, - (23-bg+22-b+21-by+20-b3) Vipr
The difference between the actual, V4’, and the ideal, V4, can be written as,

|V, -Vyl = 23.-4A,V,,
An error will occur in the output of stage 4 if IV’ -V4l > VREF.

V
AA < 23R—5:;
The smallest value of AA| occurs when Vj,, = Vrep which gives AA /A < 1/24.
It can be shown that the tolerance of A, will be half of the tolerance of A1, and so forth.
Generally, AAJ/A|<1/2N [ Vg < Vrpe/2V , and Voey = Vegp/2V
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Example 10.7-2 - Accuracy requirements for a 5-bit pipeline algorithmic ADC

Show that if V;, = Vrgr, that the pipeline algorithmic ADC will have an error in the 5th bit
if the gain of the first stage is 2-(1/8) =1.875 which corresponds to when an error will
occur. Show the influence of V,, on this result for V;, of 0.65Vzgr and 0.22Vier.

Solution

For V,, = Vrgr, we get the results shown below. The input to the fifth stage is OV
which means that the bit is uncertain. If A; was slightly less than 1.875, the fifth bit
would be 0 which is in error. This result assumes that all stages but the first are ideal.

i [V{ideal) | Biti (ideal) | VAA,=1.875) | Biti (A,=1.875)
T T I 1.000 T
2 T 1 0.875 I
3 I 1 0.750 1
i I I 0.500 T
5 I I 0.000 ?

Now let us repeat the above results for V;, = 0.65Vzgr. The results are shown below.

i [V(ideal)| Biti (ideal) | V(A,=1.875) | Biti (A;=1.875)

1| +0.65 1 0.6500 1

2 | +0.30 1 0.2188 |

3| -0.40 0 -0.5625 0

4 1 +0.20 1 -0.1250 0

5| -0.60 0 0.7500 |
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 10.7-2 - Continued
Next, we repeat for the results for V;, = 0.22Vypgr. The results are shown below. We
see that no errors occur.

i |V(ideal)] Biti (ideal) | VAA,=1.875) | Biti (A,=1.875)
T +0.22 I 0.2200 I
2 [ -0.56 0 20.5875 0
31 0.12 0 20.1750 0
1 +0.76 1 0.6500 1
5 +0.52 I 0.3000 I

Note the influence of V;; in the fact that an error occurs for Aj= 1.875 for V;;, =
0.65VREF but not for V;;, = 0.22Vrgr. Why? Note on the plot for the output of each
stage, that for V;;, = 0.65VgEF, the output of the fourth stage is close to OV so any small
error will cause problems. However, for V;;, = 0.22VgEF, the output of the fourth stage is
at 0.65Vggr which is further away from OV and is less sensitive to errors.

The most robust values of V;, will be near -VRgr, 0 and +VREF. or
when each stage output is furthest from the comparator threshold, OV.
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Iterative (Cyclic) Algorithmic Analog-Digital Converter

The pipeline algorithmic ADC can be reduced to a single stage that cycles the output
back to the input.

Implementation:
Voi Va
— , +
x2 x2 v,
1 S
— + —
Sample +LY g = | &VREF " VREFE <
and 2 ) Samol Vi +1 = l
d o— ample +
Ho -VREF and o @ Voo _l'VREF
Hold | § li o~ LI
th*
Iterative algorithm ADC Different version of iterative algorithm ADC implementation
Fig. 10.7-13
Operation:

1.) Sample the input by connecting switch S1 to V;;,*.
2.) Multiply V;;, * by 2.

3.) If V,> VREF, setthe corresponding bit = 1 and subtract Vgrgp from V.
If V, < VRgF, setthe corresponding bit = 0 and add zero to V.

4.) Repeat until all N bits have been converted.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 10.7-3 - Conversion Process of an Iterative, Algorithmic Analog-Digital
Converter

The iterative, algorithmic analog-digital converter is to be used to convert an analog
signal of 0.8Vggr. The figure below shows the waveforms for V, and V), during the
process. T is the time for one iteration cycle.

1.) The analog input of 0.8Vggr givesV, = 1.6Vggr and Vj, = 0.6Vggr and the MSB as 1.
2.) Vj, 1s multiplied by two to give V, = 1.2Vggr. The next bit is also 1 and Vj, = 0.2Vggp.
3.) The third iteration givesV, = 0.4Vggr, making the next bit is 0 and Vp = 0.4Vger .
4.) The fourth iteration gives V, = 0.8Vggr, giving Vj, = 0.8Vggr and the fourth bit as 0.
5.) The fifth iteration gives V, = 1.6Vggr, Vi, = 0.6 Vggr and the fifth bit as 1.

The digital word after the fifth iteration is 11001 and is equivalent to an analog voltage of
0.78125Vggr.

Vol VREF Vil VREF

201 201

1.6 1.6

1.2 1.2

0.8 0.8 f-m-mmmmmoe-

0.4 0.4 / %

0.0 ) /E //A;,/T
0 I 2 3 4 5

Fig. 10.7-14.
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Self-Calibrating Analog-Digital Converters

Self-calibration architecture for a m-bit charge scaling, k-bit voltage scaling successive

approximation ADC
m-bit subDAC S1 To Successive
I 1T T._1T T T 1 Approximation
Ci Ci}\ C3 Coi Cm/\ fot [ + Register
r r r r/ i
9 9 o |
= ] o
=-VREF = N—————] K—]
= L
% Register
- « m+2-bit
Add
% k-bit Calibration e
mi contrdl lines subDAC DAC Data Register
1} k-bits T
Successive Control <—_ C E E
Approximation Logic -—-
Register N
1L mebiss V', -
Data Output el Fig.f(z).7-15
Comments:

 Self-calibration can be accomplished during a calibration cycle or at start-up

* In the above scheme, the LSB bits are not calibrated

e Calibration can extend the resolution to 2-4 bits more that without calibration

CMOS Analog Circuit Design
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Self-Calibrating Analog-Digital Converters - Continued

Self-calibration procedure starting with the MSB bit:
1.) Connect Cq to VRgF and the
remaining capacitors (Cr+C3+-+Cyy,
+C,, = C7) to ground and close SF.
2.) Next, connect C] to ground and
Cy to VREF.

C -C

3.) The result willbe Vi =|~""F
1 1

VREF fcl
T 11

Connection of Cj to VRgF.

Connection of Cy to VREF.
Fig.10.7-16

VREF' If Cl = C_l, then Vxl =0.

4.) If V41 = 0, then the comparator output will be either high or low. Depending on the

comparator output, the calibration circuitry makes a correction through the calibration
DAC until the comparator output changes. At this point the MSB is calibrated and the
MSB correction voltage, V] is stored.

5.) Proceed to the next MSB with Cq out of the array and repeat for Co and C,. Store

the correction voltage, V), in the data register.

6.) Repeat for C3 with C1 and C3 out of the array. Continue until all of the capacitors of
the MSB DAC have been corrected.

Note that for any combination of MSB bits the calibration circuit adds the correct
combined correction voltage during normal operation.
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Summary of Medium Speed Analog-Digital Converters
Medium speed ADCs generally use some form of successive approximation.

Type of ADC Advantage Disadvantage
Voltage-scaling, High resolution Requires considerable
charge-scaling digital control
successive circuitry
approximation ADC
Successive Simple Slow
approximation using a
serial DAC
Pipeline algorithmic Fast after initial Accuracy depends on
ADC latency of NT input
Iterative algorithmic Simple Requires other digital
ADC circuitry

Successive approximation ADCs also can be calibrated extending their resolution 2-4 bits
more than without calibration.

CMOS Analog Circuit Design © P.E. Allen - 2003
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SECTION 10.8 - HIGH SPEED ANALOG-DIGITAL CONVERTERS
Characteristics of High-Speed ADCs
Conversion time is T where T is a clock period.
Types:

* Parallel or Flash ADCs
e Interpolating ADCs
* Folding ADCs
* Speed-Area Tradeoffs
- Multiple-Bit, Pipeline ADCs
- Digital Error Correction
* Time-Interleaved ADCs
« Examples of High-Speed ADCs
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Parallel or Flash Analog-Digital Converter

A 3-bit, parallel ADC:
VREF Vin*=0.TVREF
o

R = 1
0.875VREF (S
Comments: 0750V R >_1
* Fast, in the first phase of the clock the ' REF R 15
analog input is sampled and applied to the >_0 N
comparators. In the second phase, the 0-625VRer 15 %O]\} 8}“?“}
digital encoding network determines the R ™9 encoder 1gita
1 0.500Vrer |, encode Word
correct output digital word. 101
L R ~_ 0
 Number of comparator required is 2NV-1  0.375Vpgr \_>—
e Can put a sample-hold at the input or can R ~_ 0
used clocked comparators 0.250VgrgF \_>—
» Typical sampling frequencies can be as R ~_0
high as 400MHz for 6-bits in sub-micron 0.125VrEer +
CMOS technology. R
= Fig.10.8-1
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 10.8-1 - Influence of the Comparator Offset on the ADC Performance

Two comparators are shown of |

an N-bit flash ADC. Comparators 't ¢ Vin
1 and 2 have an offset voltage P

indicated as Vpg; and  Vpgo, &
respectively. A portion of the ideal V2
transfer function of the converter is
also shown. (a.) When do the
comparator offsets cause a missing
code? Express this condition in
terms of VOSl’ Vosz, N and VREF
(b.) Assume all offsets are identical
and express the magnitude of /NL in terms of Vosi(=Vos2), N, and Vggp. (c.) Express the

DNL in terms of VOSI, Vosz, N, and VREF‘

Solution

(a.) We note that comparator 1 changes from a 0 to 1 when V;,(1) > Vz;-Vg and
comparator 2 changes from a 0 to 1 when V;,(2) > Vz,-Vpg. A missing code will occur if
Vi,(2) < V,,(1). Therefore,

Encoder

I

Fig.10.8-2.

Veo-Vos2>Vri-Vosi — Vi - Vr1> Vosa - Vos
But,
VR8EF VR8EF
Vro - VR =N g Vosz - Vosil < 7w

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 10 — Section 8 (2/25/03) Page 10.8-4

Example 10.8-1 - Continued
(b.) If all offsets are alike and equal to Vg, we can write that the INL is given as the
worst case deviation about each Vi,
Vsl Vsl 2NNV ol
INL = Vise = Veer/2V = Viger
(q.) The DNL can be expressed as the worst case difference between the offset deviations
given as

(Vr2 - Vosa) - (Vg1 - Vos1) - Vs Vise+ Vosa - Vosi - Vise
Viss - Viss
Vosz - Vosil _ 2N WV - Vol

Viss - VREF

DNL =

CMOS Analog Circuit Design © P.E. Allen - 2003
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Physical Consequences of High Speed Converters

Assume that clocked comparators are used in a 400MHz sampling frequency ADC of
6-bits. If the input frequency is 200MHz with a peak-to-peak value of VREgF,, the clock

accuracy must be
AV Vigep/2N+1 1
At =0V, = 2mf(0.5Vggr) = 27-f = 12:5p8
Since electrical signals travel at approximately 1ps/um for metal on an IC, the length of
the metal path from the clock to each comparator must be equal to within 12.5um.
Therefore, must use careful layout to avoid ADC inaccuracies at high frequencies.
Equal-delay,clock distribution system for a 4-bit parallel ADC:

Clock
Generator

!

AN S (N S D S N S NN ooy AN S SN S Y

N
Comparators Fig.10.8-2B
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Example 10.8-2 - Comparator Bandwidth Limitations on the Flash ADC

The comparators of a 6-bit, flash ADC have a dominant pole at 103 radians/sec, a dc
gain of 104 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 its final state. What is the maximum conversion rate of this ADC if Vggr =
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,

£-1|Vout(s) = [(s/103) 1
The worst case occurs when

Vin*_VRi = O'SVLSB = VREF/27 = 5/128

0.5V = 104(1 - e-1037)(5/128) — 64/5x104 = 1- e-103T

Vin>l< - VRi
S

Vour(t) = Ag(1 - e100)(Vy,)* - Viy).

64
or, el0T=1-355700=0.99872 — T=103In(1.00128) = 1.2808ps

Maximum conversion rate = 7 5808us 2808us = 0.781x106 samples/second
Checking the slew rate shows that it does not influence the maximum conversion rate.

AV
SR=3V/us = AT =3V/us — AV =3V/us(1.2808us) =3.84V > 1V

CMOS Analog Circuit Design © P.E. Allen - 2003
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Other Errors of the Parallel ADC

* Resistor string error - if current is drawn from the taps to the resistor string this will
create a “bowing” effect on the voltage. This can be corrected by applying the correct
voltage to various points of the resistor string.

* Input common mode range of the comparators - the comparators at the top of the string
must operate with the same performance as the comparators at the bottom of the string.

* Kickback or flashback - influence of rapid transition changes occuring at the input of a
comparator. Can be solved by using a preamplifier or buffer in front of the comparator.

» Metastability - uncertainty of the comparator output causing the transition of the
thermometer code to not be distinct.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Interpolating Analog-Digital Converters
A 3-bit interpolating ADC using a factor of 4 interpolation:

VREF v
DD Vol
Vie 1 Vin 1

A V> Vbp

+ %R —
- Vaa
R —
%R VZb%

Vop VoSSR [T

>
>
>
>_ 8to3 3-bit \
> V<R L encoder digital
VREF Al >_ output Vin |-
+ %R I
2 - Via >_
R —_
R Vlb >_ VIC
iR I¥ Vg
) R —>_
Fig.10.8-3 0 >Vin

= 0 ] VREF
Comments: REF g 10.8-4

* Loading of the input is reduced from 8 comparators to two amplifiers.
* The comparators no longer need a large ICMR
* V1 and V7, are interpolated through the resistor string and applied to the comparators.

 Because of the amplification of the input amplifiers and a single threshold, the
comparators can be simple and are often replaced by a latch.

e If the dots in Fig. 10.8-4 are not equally spaced, INL and DNL will result.

CMOS Analog Circuit Design © P.E. Allen - 2003
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A 3-Bit Interpolating ADC with Equalized Comparator Delays

One of the problems in voltage (passive) interpolation is that the delay from the amplifier
output to each comparator can be different due to different source resistance.

Solution:

Vin le'

8to3 .
encoder 3 digital

|)_:4- |N+ IL»J-{- Vvv l\]-i- IOO+
P
o
=

Fig.10.8-6
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Folding Analog-Digital Converters
Allows the number of comparators to be reduced below the value of 2V-1,
Architecture for a folded ADC:

nl
Coarse bits
Preprocessor Quantizer nl+n2
Encoding 1gita
Vin 0 Logic -Output
Folding Fine bits
Preprocessor Quantizer

Fig.10.8-7

Operation:
The input is split into two or more parallel paths.

» First path uses a coarse quantizer to quantize the signal into 271 values

* The second path maps all of the 271 subranges onto a single subrange and applies this
analog signal to a fine quantizer of 272 subranges.

Thus, the total number of comparators is 2721-1 + 2172-1 compared with 271+12-1 for a
parallel ADC.

Le.,if n1 =2 and n2 =4, the folding ADC requires 3 + 15 = 18 compared with 63
comparators.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Folding Preprocessor

[Mlustration:
FSI2 r——
onl = 2n2
subrangeé 1T S }subranges
-FS/2 \—— Fig.10.8-8
Comments:

 Folding is done simultaneously or in parallel so that only one clock cycle is needed for
conversion.

* Folding will tend to increase the bandwidth of the analog input by a factor of F.
* Folding can reduce the power consumption and require less chip area.
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Example of a Folding Preprocessor
Folding characteristic for nl =2 and n2 = 3.

A
VREF [~

No E
Folding |

After Analog
Preprocessing
=
|
[\ 9]

-

N
&
1

LTETETEETERTER TR
32

L

Fig.10.8-9

0 0 Analog Input
MSBs = 00 01 10

Problems:
» The sharp discontinuities of the folder are difficult to implement at high speeds.
* Fine quantizer must work at voltages ranging from 0 to Vggr/4 (subranging).
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Modified Folding Preprocessors
The above problems can be removed by the following folding preprocessors:

Folder that removes discontinuity problem.

Vout
Ve _ %
8§ — /\ /\ /\ /\ |
0 —j5 e Vin
-VREF — /\/\/\/ _________  REF
8

Multiple folders allow a single value quantizer (comparator).

Fig.10.8-10.
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A 5-Bit Folding ADC Using 1-Bit Quantizers (Comparators
Block diagram:
Coarse 2 bits
MSBs
(n1=2)
1 5-bit
+
e _> =P digital
Folder 1 output
Vin 0
VAVANE RN |
Folder2 [~ | g
. . _1s
i i _| & |3bits
i ] LSBs
RN _>
Folder 7 ~ .
Comparators Fig.10.8-11
Comments:

e Number of comparators is 7 for the fine quantizer and 3 for the course quantizer
» The zero crossings of the folders must be equally spaced to avoid linearity errors
* The number of folders can be reduced and the comparators simplified by use of

interpolation
CMOS Analog Circuit Design
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Folding Circuits
Implementation of +VREF VoD
a times 4 folder: .
Ry, Ry Folding
Outputs
@ | - | Vout
_| ? _| }1 }—l _| }—l
Comments: 1 Vi| 1 %3 1 Vil 1 Vg
* Horizontal shifting is L L 1 L
achieved by modifying Vm o

the topmost and
bottom resistors of the
resistor string

* Folding and
interpolation ADCs
offer the most
resolution at high
speeds (=8 bits at
200MHz)

CMOS Analog Circuit Design

+IR],

IRy |

Fig. 10.8-12A
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Summary of Interpolating and Folding ADCs
Advantages of Interpolation:

e Large area and power reduction

* Input capacitance reduced

» Folder offset errors are averaged among interpolated signals
Comments on Resistive Interpolation:

* Low resistance is required for high speed implies high drive required from previous
folding circuit

e Guaranteed monotonicity of phase shift

Comments on Active Interpolation:

» Subject to additional offsets (fine active interpolation not recommended)

» Lower drive necessary from initial folding circuits than for resistive interpolation
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Use of a S/H in Front of the Folding ADC
Benefit of a S/H:

* With no S/H, the folding circuit acts as an amplitude-dependent frequency multiplier.
BW of ADC = BW of Folding Circuit
» With S/H, all inputs to the folding circuit arrive at the same time.
- The folding circuit is no longer an amplitude-dependent frequency multiplier
- BW of the ADC is now limited by the BW of the S/H circuit
- Settling time of the folding and interpolating preprocessor is critical
Single S/H versus Distributed S/H:
* Single S/H requires high dynamic range for low THD
* Dynamic range requirement for distributed S/H reduced by the number of S/H stages

* If the coarse quantizer uses the same distributed S/H signals as the fine preprocessor,
the coarse/fine synchronization is automatic

* The clock skew between the distributed S/H stages must be small. The clock jitter will
have a greater effect on the distributed S/H approach.
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Use of a Preamplifier in the S/H Circuit
Including a Preamplifier in the S/H circuit:
» Reduces the effect of folding circuit input offset and comparator input offset
» For a S/H distributed over D stages, then:
- The preamp linear range requirement is the input range/D
- The preamp input common mode range is the input range

- The preamp output common mode range is small which implies the switch
nonlinearity is not dependent on input signal amplitude
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Error Sources and Limitations of a Basic Folding ADC

Error Sources:

* Offsets in reference voltages due to resistor mismatch

* Preamp offset (reduced by large W/L for low V- V;, with common-centroid geometry)

* v,, feedthrough to reference ladder via C,, of input pairs places a maximum value on
ladder resistance which is dependent on the input frequency.

* Folder current-source mismatches (gives signal-dependent error = distortion)

» Comparator kickback (driving nodes should be low impedance)

* Comparator metastability condition (uncertainty of comparator output)

* Misalignment between coarse and fine quantization outputs (large code errors possible)

Sampling Speed Limitations:

 Folding output settling time

e Comparator settling time

* Clock distribution and layout

* Clock jitter

Input Bandwidth Limitations:

* Maximum folding signal frequency = (F/2)-f,,, unless a S/H is used

* Distortion due to limited preamplifier linear range and frequency dependent delay

* Distortion due to the limited linear range and frequency dependent delay of the folder

* Parasitic capacitance of routing to comparators
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Multiple-Bit, Pipeline Analog-Digital Converters

A compromise between speed and resolution is to use a pipeline ADC with multiple
bits/stage.

i-th stage of a k-bit per stage pipeline ADC with residue amplification:

Clock Residue
Via Vi
o—|S/H o :
V
REF ok
k-bit
ADC i-th stage
k-bits Fig.10.8-13

, by b, b2 bi-1
Residue voltage = V.1 - |3 + Nt kIt ok VREF

CMOS Analog Circuit Design © P.E. Allen - 2003
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A 3-Stage, 3-Bit Per Stage Pipeline ADC

Illustration of the operation:
A

VREF

0 » Time
'«— Clock 1 =« Clock 2 =« Clock 3 =
Digital output = 911 111 OO%
MSB LSB Fig.10.8-14
Converted word is 011 111 001

Comments:
e Only 21 comparators are required for this 9-bit ADC
* Conversion occurs in three clock cycles
e The residue amplifier will cause a bandwidth limitation,
SOMHz
GB =50MHz — f3gB = T3 = 6MHz
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Subranging, Multiple-Bit, Pipeline ADCs
The residue amplifier can be replaced by dividing VggF to the next stage by 2k if the

stage has k-bits.

[lustration of a 2-stage, 2-
bits/stage pipeline ADC:

Comments:

* Resolution of the
comparators for the
following stages increases
but fortunately, the
tolerance of each stage

decreases by 2k for every
additional stage.

* Removes the frequency
limitation of the amplifier

CMOS Analog Circuit Design

A Stage 1 Stage 2
VREF}----- —_ : :
11
0.7500VRert----- —_— E E
oo 5

(] ! '

50 . .

£0.5000VgEr|----- A .

2 0.4375VREpf--------------- Fooee- T o
0.3750Vgept------ 01------- [ o1 : >
0.3125VRgpf--------------- L G '
0.2500VRgpf----- E > E

00 E E
: “—+ Time
w— Clock 1 —»e— Clock2 —»
Digital output word = 01 ) 10 Fig.10.8-15
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Implementation of the DAC in the Multiple-Bit, Pipeline ADC

Circuit:

Analog .
Out VREF Vin

aayajy

Comments:

1

———-

CMOS Analog Circuit Design

Al

0
Fig.10.8-16

A good compromise between area and speed

The ADC does not need to be a flash or
parallel if speed is not crucial

Typical performance is 10 bits at
50Msamples/sec
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Example 10.8-3 - Examination of error in subranging for a 2-stage, 2-bits/stage
pipeline ADC

The stages of the 2-stage, [Vin(2)
2-bits/stage pipeline ADC Vi D] | 2-bit > o bit éi 2-bit > 2bit Vou?)
shown below are ideal. "| ADC I pac [ ADC I pac [°
However, the second 7 l ; Voul1) 7 l 7
stage divides Virgp by 2 VREF & VREF VRer & VREF
rather than 4. Find the bo b1 2 b b3 2 Figlos17
+INL and +DNL for this ADC.
Solution
Examination of the first stage shows that its output, V,,(1) changes at

Vigr =% 4 & and 7.
The output of the first stage will be

Voul D) by by

VR EF = 2 + 4 :

The second stage changes at

Via2) 1 2 3 4

VREF = g’ g’ g’ and g
where

Vin(2) = Viu(1) - Vo (1).
The above relationships permit the infomation given in Table 10.8-1.
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 10.8-3 - Continued
Table 10.8-1 Output digital word for Ex. 10.8-3

Vln(l) bO bl Vout(l) Vm(2) b2 b3 Ideal Ouput 1111
bob1 by b
VREF VREF \VREF 0010202 1110
0 0[0 0 0 0/0]0[0]0]0 11o1 Ideal Finite Chargcteristic
1/16 10 |0 0 1/716 |0 [0[0]0]0]1 1100
2/16 1010 0 2/1610[1]0[{0]1]0 1011
3/1610 10 0 316 |0 (1[0 |0 ]1]1 g 1010 -
416]0]1] 416 | 0 JoJolol1]o]o] ¢ im INLEOLSB
snelol1] 416 [116]0ofo|1]o]1 gwm | [—pNLeoLSB
6160 (1] 416 [216]0f1]0of1[1][0] =,
716 [0 [1] 416 [316]0f1{of1]1|t] & .
8/16|1]0]| 8/16 0 10]0[1[0[0]O ool JINL=1LSB
9/16|1]10] 816 |1/16 |0[0[1]0]0]1 0100
10/16]1 |0 | 8/16 |2/16 [0 |1]1]0[1(0 1
11/16{1 0| 816 [3/16|0[1[1]0]1]1 oot oMLl sB
12/16] 1 | 1| 12/16 0 J0JO[1[1]0]O 0010 l
13/16/1 | 1] 12/16 | 1/16 [0 [0 |1 |1 |0]1 0001
14/16/ 1 | 1] 12/16 |2/16 /0 | 1]1]|111]0 00000 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
15/161 1 11| 12/16 [3/16 {0 |1 |11 ]1]1 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
Analog Input Voltage

Comparing the actual digital output word with the ideal output word gives the following:
+INL = OLSB, -INL =0111-0101 = -2LSB, +DNL = (1000-0101) - 1LSB = +2LSB, and -
DNL = (0101-0100) - 1LSB = OLSB.
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Example 10.8-4 — Amplifier accuracy for 2-stage, 2-bits/stage pipeline ADC

For ADC shown, assume that the VREF VREF VREF
2-bit ADC’s and the 2-bit DAC | | J 5 !
function ideally and Vggp=1V. If . g + V‘"(\) ,

; : v o 2-bit [ 2bit | | 2-bit
thq 1dea} value of the scaling factor, ‘i ADC J| Dac [%* ADC
k, is 4, find the maximum and l l Vour(1) —
minimum value of k that will not Fie 105-18 P b b

1g.10. 0 1 2 3

cause an error in the 4-bit ADC.
Solution

by b
The input to the second ADC is v;,(2) = k [vm(l) ; (70 4 zl]] If v’ (2) is v;,(2) when k = 4,
then the Iv;,(2) - v’;,(2)l must be less than +1/8 or the LSB bits will be in error.

Therefore,  |v;,(2) - V,in(2)| = lkvi,(1) -k [7+ 4) 4v,(1)+4 [2 +7| =%
by by by by by b)) 1
If k = 4+Ak, then |4 v, (1) + Ak v;,(1) - 4 [2 +7 Ak[7+j) -4v,(1)+4 [7"'? <3

or Ak

by b,
vi,(1)- [2 +4 is 1/4 for any v;,(1).

vi(1)- (— 7l =3

=g where the largest value of

1 Ak x1 1
Therefore, 4 =g = Ak=1/2. The tolerance of kis 7 =57="78 = *12.5%
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example of a Multiple-Bit, Pipeline ADC

Two-stages with 5-bits per stage resulting in a 10-bit ADC with a sampling rate of
SMsamples/second.

Architecture:
N P AN %SE MSBs
DAC « Incg;:/n;ent
Vil gy
> IA?)BC p——))> |.SBs
Fig.10.8-21 Ve | DAC
Features:

 Requires only 27/2-1 comparators

LSBs decoded using 31 preset charge redistribution capacitor arrays
Reference voltages used in the LSBs are generated by the MSB ADC
* No op amps are used
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Example of a Multiple-Bit, Pipeline ADC - Continued

MSB Conversion:
DAC
Operation:
*
1.) Sample V;;;” on B
each 32C —
capacitance Al Latch
i Vil naiog Bank
autozeroing the 1 Mux ar(lj MSB
comparators and = Ourput
Binary
Encoder
2.) Connect each
comparator to a
node of the resistor
string generating a
thermometer code.
MSBs Fig.10.8-22
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example of a Multiple-Bit, Pipeline ADC - Continued
LSB Conversion: Operation:
1.) MSB comparators are preset to each
e of the 31 possible digital codes.
V;* 0— ADC setto Code 11111 [ .
T 2.) V,1 and V9 are derived from the
r .
Ve MSB conversion.
Viy* 0— ADC setto Code 11110 | Lach 3.) Preset comparators will produce a
V. Bank LSB thermometer code to the encoder.
and »Output
Vr ' ;maéy
ncoder .
Vyu* o—] ADC set to Code 00010 |- Comments:
V., * Requires two full clock cycles
Ve * Reuses the comparators
Vin™ 0 ADC set to Code 00001 —  Accuracy limited by resistor string and
/ Vi1 \ its dynamic loading
z » Accuracy also limited by the capacitor
J_CJL6CJ§CJ£CJ_ZCJ_CI> array
+
= e Comparator is a 3-stage, low-gain,
Switches . . . .
Vi2 T setto . wide-bandwidth, using internal
Vr] Code F1g108—23

autozeroing
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Digital Error Correction

The multiple-bit, pipeline ADC architecture permits the correction of digital errors that
occur in the previous stage.

Problem (1% stage comparator is in error): Solution (use an additional bit for correction):

Stage 1 E Stage 25 Stage 1 E Stage 2 E

For an input of VREer ' ! Vrer b-— ! 5

0.4VREF the 1015

output should 0.75Vrer 5 0.75Vier ; 100!

be 0110. i 5 }(‘) ;

E ! 01.

0.50VREF ' 0.50VgeF E %01 E

Comments: Vin®* = 0.4VRir Vin® = 0.4VREF ' 104

* Add a cor- 5

recting bit to 0.25VREF 0.25VREF i

the following :
stage to 0 o T o Time 0 o T Ciogy " Time
correct for Digital output word = 10 00 Digital output word = 01 10 Fig.10.8-19

errors in the
previous stage.

* The subranging or amplification of the next stage does not include the correcting bit.

» Correction can be done after all stages of the pipeline ADC have converted or after each
individual stage.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example of a Pipeline ADC with Digital Error Correction

ADC uses 4 stages of 4-bits each and employs a successive approximation ADC to get
13-bit resolution at 250 ksamples/sec.

Block diagram of a 13-bit pipeline ADC:

N2 N3

4
\ &3

S/H

¥

N1
Vin——  sH =X

+
+ ®—> SH >(-|—)—:
[ ADC.N1 bitH#| DAC-NI bit E ADC-N2 bit 4% DAC-N2 bit [ ADC-N3 bit ™ DAC-N3 bit

Y T
VREF i } i é }
———» 3 bits
= N2 bit REG » | N2 bit REG 3 bits
l» N1 bit REG N1 bit REG 4 bits
0.5 LSB offset 0.5 LSB offset
Comments:

* The ADC of the first stage uses 16 equal capacitors instead of 4 binary weighted for
more accuracy

* One bit of the last three stages is used for error correction.
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12-Bit Pipeline ADC with Digital Error Correction & Self-Calibration’

Digital Error ' w DAC DAC DAC DAC
Correction:
e Avoids saturation ' ' ' '

of the next stage ADC ADC ADC ADC ADC

missing codes
* Relaxed

specifications for 2

the comparators 3

{ L/ { ~
« Compensates for Clock] 4 Q

wrong decisions ! 12 bits
in the coarse | Digital Error Correction Logic |:>
quantizers Fig. 11-30

Self-Calibration:

 Can calibrate the effects of the DAC nonlinearity and gain error
* Can be done by digital or analog methods or both

e Reduces the l 3 bits 3 bits 3 bits 3 bits 4 bits
number of -
)

1. Goes, et. al., CICC’96
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Time-Interleaved Analog-Digital Converters
Slower ADCs are used in parallel.

[Mlustration:
I
v
—» S/H » N-bit ADC No. 1 |
1>
v
—» S/H » N-bit ADC No. 2 \o Digital
Vi, o— | . word
T | / o
L S/H » N-bit ADC No. M|
< N-bit ADC No. 1 >
! . Tc! N-bit ADC NO 2‘ |
M ‘
: ¥ : N—NMM
| | 1 1 1 > t

* Can get the same throughput with less chip area
» If M = N, then a digital word is converted at every clock cycle
* Multiplexer and timing become challenges at high speeds
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Summary of Reported High-Speed ADCs
Architecture | Sampling | Signal 1| Power | Active | Feature| V., | V,,
ENOB
[paper reference] | Freq. | Freq. (bits) (mW) | Area | gj,02 |(Vp-p)| (V)
(Msps) | (MH2) (mm2)| (um)

Folding+ 70 8 5.5 110 0.7 0.8 20 | 5.0
Interpolating [1]

Flash [2] 200 100 5.0 400 2.7 0.6 - -
Flash [3] 200 20 6.0 110 1.6 0.5 03 | 3.0
Flash w. pre- 175 84 4.0 160 12.0 0.7 1.2 | 33
processing [4]
Folding+ 125 10 5.5 225 4.0 1.0 - 5.0
Interpolating [5]
Folding+ 80 75 5.8 80 0.3 0.5 1.6 | 3.3
Interpolating [6]

Subranging+Inter 95 50 8.0 1100 | 50.0 1.0 20 | 5.0
leaving [7]
CMOS Analog Circuit Design © P.E. Allen - 2003
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References for Recently Published High-Speed CMOS ADCs
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A/D Converter, IEEE J. of Solid-State Circuits, vol. 30, no. 12, Dec. 1995, pp. 1302-

1308.

[2] J. Spalding and D. Dalton, “A 200 Msample/s 6b Flash ADC in 0.6um CMOS,”
Proc. of ISSCC, paper SA19.5, 1996.

[3] S. Tsukamoto, I. Dedic, et. al., “A CMOS 6b 200Msamples/s 3V-supply A/D
converter for a PRML Read Channel LSI1,” Proc. of ISSCC, paper TP4.5, 1996.

[4] R. Roovers and M. Steyaert, “A 175Ms/s, 6-b, 160mW, 3.3V CMOS A/D
Converter,” IEEE J. of Solid-State Circuits, vol. 31, no. 7, July 1996, pp. 938-944.

[5] M. Flynn and D. Allstot, “CMOS Folding A/D Converters with Current-Mode
Interpolation,” IEEE J. of Solid-State Circuits, vol. 31, no. 9, Sept. 1996, pp. 1248-

1257.

[6] A. Venes and R. van de Plassche, “An 80 MHz, 80mW, 8-b CMOS Folding A/D
Converter with Distributed Track-and-Hold Preprocessing,” IEEE J. of Solid-State
Circuits, vol. 31, no. 12, Dec. 1996, pp. 1846-1853.

[7] K. Kim, N. Kusayanagi, and A. Abidi, “A 10-b, 100-Ms/s CMOS A/D Converter,”

IEEE J. of Solid-State Circuits, vol. 32, no. 3, Mar. 1997, pp. 302-311.
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Summary of High-Speed Analog-Digital Converters

Type of ADC Primary Advantage Primary Disadvantage
Flash or parallel | Fast Areais large if N> 6
Interpolating Fast Requires accurate

interpolation
Folding Fast Bandwidth increases if
no S/H used
Multiple-Bit, Increased number of bits | Slower than flash
Pipeline
Time- Small area with large Precise timing and fast
interleaved throughput multiplexer

Typical Performance:
e 6-8 bits
* 500-2000 Msamples/sec.

» The ENOB at the Nyquist frequency is typically 1-2 bits less that the ENOB at low
frequencies.

* Power is approximately 0.3 to 1W
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SECTION 10.9 - EXAMPLES OF HIGH-SPEED CMOS DIGITAL-
ANALOG CONVERTERS

Outline
e Introduction

Example 1 - 10 Bit, 120 Msps, Time-Interleaved ADC with Digital Background
Calibration

Example 2 - 8 Bit, 150 Msps Pipelined ADC
Example 3 - 6 Bit, 400 Msps Folding and Interpolating ADC

Example 4 - 6 Bit, 1600 Msps Flash ADC using Averaging and Averaging
Termination

* Objective
Present examples of high-speed digital-analog and analog-digital converters compatible
with CMOS technology.
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EXAMPLE 1 - 10 BIT, 120 MSPS, TIME-INTERLEAVED ADC WITH DIGITAL
BACKGROUND CALIBRATION'

* Principle - Multiple ADCs time interleaved

Analog Digital

Multiplexer Multiplexer

g LT e
- -
fs IsiM Js=UT Figexi-01

* Problems
- Offset mismatch of interleaved channels
- Gain mismatch of interleaved channels
- Aperture error between channels

* Solutions - Digital-background calibration is used to overcome the offset, gain, and
sample-time errors between channels. Digital-background calibration is a tradeoff in
overhead versus enhanced performance.

Only two channels are given in this example to illustrate the method.

8. Jamal, D. Fu, C.J. Chang, P. Hurst and S. Lewis, “A 10-b, 120-Msample/s Time-Interleaved Analog-to-Digital Converter With Digital
Background Calibration”, IEEE J. of Solid-State Circuits, vol. 37, no. 12, Dec. 2002, pp. 1618-1627.
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Random Chopper-Based Offset Calibration

Calibration system for ~  omommmmm o .
one channel: v Sample-Hold | |
in() Amplifier | !

}

A\ 4

ADC

Clml  Vps

Fig. Ex1-01
C[m] is a pseudo-random binary signal = +1 where m is the discrete time index. C[m] is
white with zero mean.

Vs models the input-referred offset of the sample-hold amplifier and the ADC.

How does it work?

1.) The chopped analog signal is sampled and digitized by the ADC producing S[m].

2.) A variable offset, V[m], is subtracted from S[m] and the result multiplied by C[m] to
produce the channel output, a[m].

3.) Since the analog signal has been chopped twice, it is unaffected by the chopping.

4.) Because of the chopping process, the only dc component in the accumulator is due to
differences between the analog offset from the SHA and the ADC in the channel and
the accumulator output V[m].

5.) In steady state, the negative feedback forces the average of the accumulator input to be
zero. |, controls the bandwidth of the notch, the speed of convergence, and the

variance of V[m] at convergence.
CMOS Analog Circuit Design © P.E. Allen - 2003
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Gain Calibration

ADC output spectrum for two time-interleaved channels with a sinusoidal input at f,, and
a gain mismatch between channels.

Y(f) = Output Yc(f) = ChoppedOutput
Input Chopped Input
I Image Chopped Image
! Tf 1 5 f I T f L f
Fig Ex1-03 /7 fi=5o LZS fo fi=5o LZS

The image amplitude is proportional to the gain mismatch between the two channels.
How does it work?

1.) The ADC output is chopped by multiplying it by a signal that alternates at the channel
sampling rate.

2.) This multiplication causes the image to shift to f,, and the input to f;.
3.) Next, the output and chopped output signals are multiplied in the time domain.

4.) The result has a dc component that is proportional to the gain mismatch between the
two channels.

CMOS Analog Circuit Design © P.E. Allen - 2003

Chapter 10 — Section 9 (2/25/03) Page 10.9-5

Gain Calibration - Continued
Block diagram of the gain- |, 5 il — T

calibration scheme: Sample | ! - ;
' nl
Time L 1+2-2 > e '

az[m] T2 | -1 Baln] :Calibrationl E E e

Fig. Ex1-04

A 4

G[n]

Operation:
1.) aj[m] and ay[m] are upsampled by a factor of two by inserting zero samples to
produce a signal at the ADC sample rate of f;.

2.) ap|m] is delayed so that B;[n]B;[n] = 0.

3.) At the input of the gain-error detector the signal is passed through a short FIR filter.
4.) The output of the FIR filter is y[n] which is chopped to produce y_[n].

5.) The image at 0.5f; -f,, turns out to be in phase with the input at f,,.

6.) Therefore, multiplying y[n] with y.[n] produces a signal with a dc component that is
proportional to the gain mismatch.
7.) yg scales the product of y[n] and y.[n] to produce the accumulator output.

8.) The feedback on the lower ADC channel causes the accumulator input to converge to
zero in the steady state eliminating the gain mismatch between the channels.

The FIR filter is used notch out fi/4 to prevent generation of unwanted dc component.
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Sample Time Calibration
Block diagram of the a P Fixed Delay
adaptive sampling-time
calibration system:

2
B—b Adaptive FIR

Calculate or At

S gyt

Look-up
Coefficients

Operation:

Fig. Ex1-05

1.) B; goes through a fixed delay that equals the delay through the adaptive FIR filter

when Ar= 0.
2.) The sum of f3; and 3, are applied to a phase detector.

3.) Except for the unit delay in the phase detector, the same method of calculating the
correlation between the input and the image can be used in the time calibration.

4.) The feedback system is designed to adjust the delay of the adaptive filter so that the

delays experience by both ; and f3; are identical

Based on simulations, a 21-tap FIR filter with 10-b coefficients is sufficient to correct any
timing error between +£200ps to 10-bit accuracy for frequencies as high as 54 MHz.

CMOS Analog Circuit Design
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Implementation of the ADC
Block diagram of the pipelined ADC in each channel.

14 bits
Output Registers
1.5 bits § 1.5 bitst 1.5 bits 1
Input | Input | | Stage Stage Stage
TlsH [t [Tt T i T T 13
-7 ACode (Dj)
r:_________ ___________________________::.I
' |1.5-bit| | |1.5-bit i
i | ADC [~ 7| DAC !
! |
! 1
A I .
Vm,z ; 1 S/H | : Vout,z
e |
Fig. Ex1-06

1.5 bit stages permit digital error correction for every stage after the first.

CMOS Analog Circuit Design
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Implementation - Continued
Circuits:
Chopping Amplifier Op Amp
Vbbp
BIAS, Cr Veu VB1
— — F——=——[ M10
Chopper T8 o\ M
IR 1
o [ o Voutn M7 {—22—{[* s
Vi :% A >¢\ Von Vop
ot C¢C < l I( +- i Ovoutp v Vas v
e e ip M5, [F————[, M6 in
BiASy_~ | 4 Cr 2\ vew o—{[ M1 M2_|—o
or ¢ L 1 m3 M4 |—
C[m]=1 gives ¢ = §1 and ¢z = 0.
Clm]=-1 gives ¢, = 0 and ¢z = ¢1. Mil M12 "/ M14
VBs Mi13_ | T vgs
Fig. Ex1-07
L

Stage capacitors:

First three stages C; = 0.5pF, remaining stages C; = 0.125pF

Op Amp:
50dB gain and settling time of = 7ns

CMOS Analog Circuit Design
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Experimental Results
ADC output spectrum (f; = 120 Msps,
Vin =3Vpp, and f, = 0.99MHz)

Without Cal: SNDR=42.5dB SFDR=46.6d1B
' ' ' L Offset(—47 4)

m m40', Gain& Timing(-46.6) \n
= ~—
= 80y
—120 i B ST, i i
0 2 4 6 8 10 12
Frequency (MHz)
(a}

o With Cal: SNDR=56.8dB_SFDR=70.2dB

! ! ' c)i‘rsczs—xx.4fi
g 40 Gain&Timing(~90.3)\_ |
i i
o
=

8 w12

0 2 4

b
Frequency (MHz)
(b)

ig. 13, ADC output spectrum (a) without calibration and (b) with calibration.

fe = 120 Msample/s, Vi, =3V, _,,and f, = 0.00 MHz).

CMOS Analog Circuit Design

SNDR versus Input Amplitude
(fy = 120 Msps, and f, = 0.99MHz)

60
With Calibration~——————
50
With Gain&
401 Offset Cal.

SNDR (dB)
L
S

With
20 Offset Cal. |
o A Without A
Calibration
-60 =50 -40 =30 ~20 —10 0

Input (dB FS)

Fig. 14. SNDR versus input amplitude (f, = 120 Msample/s, f, = 0.99
MHz).
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Experimental Results — Continued

SNDR versus Amplitude
(fy = 120 Msps, and f, = 9.9MHz )

60

With Calibration ~—
50F e : ; :
With Gain&
QOffset Cal.
40t : :
a
Z
o 30
% With
@ Offset Cal.
20+ \ 1
Without |
16 Calibration 1
|
G [} 1 | 359 L 1 l
-60 =50 —40 -30 =20 -10 0
Input (dB FS)
ig. 15. SNDR versus input amplitude (f. = 120 Msample/s, f. = 9.90

1Hz). The plot “With Gain and Offset Cal” is almost identical to the plot “With
Mfset Cal.”

CMOS Analog Circuit Design

SNDR versus Input Frequency, f,
(fs = 120 Msps)

60

With Cal.
(Workstation)

\

Lh
)
i

With Cal.

) (DSP)
Z
e 40
jou
Z
30r E
Without Cal. |
i
- |
20 i :
1 10 100
fo (MHz)

Fig. 16. SNDR versus input frequency f, (fs = 120 Msample/s).
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Performance Summary
Without Calibration With Calibration
Process 0.35um double-poly CMOS 0.35um double-poly CMOS
Resolution 10 bits 10 bits
Sampling Rate 120 Megasamples/s 120 Megasamples/s
Active area 5.2 mm? 5.2 mm?

Power Dissipation (Analog/Total)

171 mW/234 mW

171 mW/234 mW + External

Full-Scale Input

3V peak-to-peak

3V peak-to-peak

Ho = Hg=H, 0 22

DNL (f, = 0.99MHz) +0.75/-0.41 LSB +0.44/0.36 LSB
THD (f,, = 0.99MHz) -62.4 dB -62.4 dB
SNDR (f, = 0.99MHz) 42.5 dB 56.8 dB
SFDR (f, = 0.99MHz) 46.6 dB 70.2 dB
PSRR (f, = 0.05MHz) 67.0 dB 67.0 dB
CMRR (f, = 0.99MHz) 68.0 dB 68.0 dB
Dynamic Range (f, = 0.99MHz) 43.1dB 61.5dB

CMOS Analog Circuit Design

© P.E. Allen - 2003




Chapter 10 — Section 9 (2/25/03) Page 10.9-12

EXAMPLE 2 - AN 8-BIT, 150 MHZ CMOS A/D CONVERTER'
Introduction

This ADC uses a 5-stage pipelined and interleaved ADC that only uses open-loop
circuits such as a differential amplifier or source followers to achieve a high conversion
rate.

Techniques employed include:

* Sliding interpolation to avoid the exponential growth of power and area
* Interstage distributed sampling to perform pipelining with using op amps
 Dual-channel interleaving to increase the conversion rate

* Punctured interpolation to reduce the integral nonlinearity

A clock edge reassignment technique is also introduced to suppress timing
mismatches in the interleaved channels.

¥ Yun-Ti Wang and Behzad Razavi, “An 8-Bit 150-MHz CMOS A/D Converter, “ J. of Solid-State Circuits, vol. 35, no. 3, March 2000, pp. 308-317.
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Traditional Active 2x Interpolation

% ‘f;" Preamplifiers Interpolating Amplifiers

™ ™ FF
y >Vy _‘ > Voo > 2
Rj+1 VR,,+1
Aj1 L1+ +2
% + ¥ + :

ol
” A+ ¥ 2141 VR,//( Vo2 .
- - K /‘/‘VRJ*’I ' ln

+

l: ¥ + F 4\ +F Ry > Vin
v >Vx >V01 > ///VRJ+1
RJ —-1 - - - - - -
A, |
% ' 2 2141 2241 LRI Fig. E2-01

Problem with this scheme is the exponential growth of power and hardware.
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Sliding Interpolation Scheme
If Vj, lies between Vg j and Vi .1, the only the outputs of A; anA;, | are of interest and the

remaining preamplifiers do not provide any additional information.

L Vi » Interpolating Sliding
é 9 Froamplifiers Amplifiers MUX Stage Stage 1 Stage 2 Stage 3
+ + + + > + +
>Vy > Voa > Vinax —1— - ---r--
VRJ+1 — - - N~- - » N- - : /
Ajl J

v T ,

—+ L+ R j+2—— - /
Vo3 cee == :_: ~~~~~~ - AR

—- - > I === \:~~> —-—-

VRJ—I——\A .

+F A o n—+ P : \ \
>Vx >Vol > Vmin—l— ---b-- ---L--
Aj

VRj 0o

% ‘ Sub-ADC Fig. E2-02

In this example, the first stage employs 16 preamplifiers to generate 16 zero crossings.
If the analog input lies between Vi j and Vi .1, then a 4-bit coarse ADC and a 16-to-4
MUX route the outputs of the preamplifiers sensing Vg j_1,..., Vg jy2 to the next
interpolating stage

The sub-ADC detects 4-bits, 2 of which are used for subsequent digital error correction.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Multistage ADC Architecture

Detailed block diagram:
,"-1-5“\ S N A 2 .x:-“i
! Preamps, Interpolation! interpolation . .
L ' MuX ; First stage has 16 preamplifiers
A I il ~> ) : while each of the following 5 stages
I ; . . requires 7 amplifiers each for a total

o ... Of 51. The reduction in “differential
pairs” is approximately 500 to 50.

comparators for the first stage and 3
comparators each for the following

: The five sub-ADCs use 15

s Ll b L N ppympp i —— 1

“““"""”""""E-'—,;Ea,f:"""“"
EESRL
CP

Sub- Sub-
ADC Sub 5 stages for a total of 28
; comparators.
4 bits | 2 has*'

Digital Error Correction
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Embedded Pipelining
Where to apply the pipelining?

Stage 1 Stage 2
r——==" i— ________ E;ﬂﬁiﬁ"} Interfacing the stages at
| I - LYY .
| Preamps Lo Interpolation ! the input of the MUX has
| . I | |
. (16—>4) |—y—— two advantages.
TS I T l)Mlt'lg' itch
.) Multiplexing switches
I E15 | ﬂ 4 ......t..._.....J: ls’t&gﬂsatos p g .
B :ﬁ L C I II = | — can function as the sampling
< — .
| A II -t | switches.
i E i - _I i 2.) The interconnect
| Lo I II | capacitance serves as the
| | T | S/H capacitors.
Tsuw- 1! | Sub- l
1| ADC | ] ADC |
Wopmmmpmns ppe S N, o oy -
4=hit 2-bit

Note that each stage in the pipeline operates in the sample mode for half of the clock
period and in the hold mode for the other half. Since the sub-ADC only operates
during the hold mode, the possibility of interleaving exists to increase the throughput.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Interleaving
Stage 1 Stage 2 Stage 3
Preamps OFF __ (odd) ON__ (odd) The multiplexers, distributed
o . ™| Digtributed u| Pwiuied | sampling circuits, and 2x-
(odd) . "1 x | interpoiation "| X | mterpolation interpolation amplifiers
1 | are duplicated for the even
Vin ki {.[Sub] \[su and the odd channels
j |8 -}, ADC whereas the front-end
]. f feven) buffer, the preamplifiers, and
EHA . M| Distributed M| Distributed _
{even) : u ;,H oy y| Pisiibuted | ... all of the sub-ADCs are
' X | interpolation X | Interpolation shared between the 2
oN OFF channels.
¥ F

Difficulties with the first sub-ADC:
1.) Kickback noise disturbs the analog signals at the inputs of the multiplexers.

2.) Sub-ADC must wait until the front-end SHA, the buffer, and the preamplifiers
have settled.

3.) Sub-ADC is in the critical delay path.
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Interleaving — Continued

shorter delay than that in the main
because of the smaller capacitances.

=]
z

Stage 1 Stage 2
Preamps OFF _ (0dd)
i P E O i"z,;"_'d ves A replica front-end SHA has been
(odd) . X |Interpolation added and its output directly drives the
J[ T | sub-ADC.
ey 2 - * The scaled-down replica device
f 12 : "T (even) dimensions and current avoid the
[ N dincee kickback problem.
o | I |interpotation » The replica signal experiences a

| S

Sub- |
ADC

Note that one bit of overlap and digital correction suppress errors due to mismatches
between the main path and replica path.
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Clock Edge Reassignment

Ideal clock generation for interleaving. Use of a single clock for both SHAs.
Clock
Generator = Youd Vin
| sHA, %’ |
Chin—| + 2 > | 1
o
Ta T 52

- —— - SHA,

] To SHA; To SHA,
¥ ¥ | CKinastor
p - Voda m )
L]
Veven =\ \

Clock scheme which provides both rising and falling edges for sample and hold
operations.

I

1 CK;
CK st Mo x
17°
Spo
o, o, -+ S
| — r— She
Az
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Punctured Interpolation

Implementation of punctured interpolation. Error plot of the punctured
Punctured interpolation scheme.
lmﬁ;ﬂ Interpolation
Preamplifiers P Amplifiers INL

Az
A’s: Original Offseis o : Original Zero Crossings
B's: Interpolated Offsets » : Interpolated Zero Crossings

Vat: Vaz: Vas discarded

In this scheme, the original inputs (V41, V42 and V43) are used to generate a second set of
interpolated outputs (Vgiand Vpy). If the offset components of the adjacent V4’s are
uncorrelated, then the standard deviation of the offsets of the corresponding Vp’s are,

2 )
A+Ap \OA1 + 042 Ooriginal

By="7 = op = 2 =" \2
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Circuits
Realization of a slice of the signal path in the Dual-channel interleaved SHA
first stage.
v
Even Channel be
I i 1 Vout
T i I
[}

Il
"
] |
D
1]

ARR Iéq
B
HiH
= T
=_l‘.:
]
ii
N
}
S

Slide ! Interleave CKip CK 4
G Command| Control | Command i i
————=| Logic ; !

;
iy,

]
|
/ | [ )
__D’ ot r}
T 0 ®
Odd Channel = =
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Circuits — Continued
Triple-channel interleaved SHA circuit. Clocks used for interleaving.
T e w7 T ] 1
: {To Preamps) : : {To sub-ADC;) f K,  — —
Vot v "
! o | | . | o 1 s T
1 ] I 1
: CK,‘“ c":' : | c;"" c{c,,, 1 ! Sample | Quantize ; MUX i
I ; oo L, o v 1 i ] i i
TS [ (1 ] 1] S ] S I 40
I Cim I I G 1 ] 1
! I A I L Comparator used in the first stage.
! CKis  CKip : I} exip  CKig I s o '|‘:| M, s,
I ! ' I ! i | rL_l cK
] ; Ny I | 4o o—t{ | ek i ° ] H & [ : F
] st I slm ; | s&r s&r 1 Il"uv{.l‘l"
| o T ' | T | F a Vout
| 5 1 1 = | | i M M, ilf
| oK CKig | 1| ok oK | ek S 77 :IE“ '|I: 8 5 ek
I ! ! 1 L i [ [ )
I = 1 I °—l—° T [
Sem Ssm Ssr Ser
: T . 4 I l - AP G I
= H + A M Gyt M M
e [ N ! et | My el M
Main SHA Replica SHA Vin'o L :
k[, Si cx-l7 S
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Layout Floorplan
, Clock Generator MUX &
Int lati
SHA e kmp | Distributed
Preamp Amp2 Sampling
18 18 eve;fodd 5 (e) 7 (e) 7 (€}
7 e 5 o) 7(0) 7 (0)
o
CMP_A 0 0 elo 6@)| ciup & 5@
16 16 16 elo -
7 - - 4 (e) 6 (o) 6 (0)
15 15 15 __elo ao 2@ |4 | 5@
2 2 42 ﬁo 5 (o) 5 (o)
14 14 1 o —
3 3 3 elo 3O [se@f [l=l [,
13 13 13 elo a)| |40 €| [4(0)
= 4 4 4 -
elo 3 (e) 3 (e)
o2 12 12 elo "
o 5 5 _elo 26 310 300
10 10 10 1(e) 2(0) 2 (o}
o
8 5] 5o ['© [1@ 1(0)
MUX & \ /
Reference
Ladd Distributed
er Sampling Stage 2
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Experimental Performance

SNDR and SFDR at fspe =

150 MHz:

dB

i L
40 50

Input frequency (MHz)

CMOS Analog Circuit Design

Magnitude (dB)

FFT at f;,, = 1.76 MHz:

1° ' ' ! ] ] T 1
o F-q---- [ e e ): ............ N
: ff,m_ﬁeul-ﬁfh, 1?Frmﬂa
L N R e rr R r Ty L Lo A PRI DA T .
 SNDR = 43?506d3
10 ] S . -

| HD2 = 61.7943 dB

Frequency (MHz)
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Experimental Performance — Continued
DNL and INL at f;,, =1.8 MHz and f; e = 150MHz

1 I ki T - -
DNL Py 31193 P E ! Technology 0.6pm,1-p, 3-m CMOS
0.5 , :: ; Resolution 8-bits
8 o | I by i |[DNL 0.62 LSB
05 : Al ] { ; INL 1.24 LSB
y ; : ; : : Sampling Rate 150 MHz
’ 50 100 150 200 % |SNDR @ f,, = 1.8MHz [43.7dB
f;n=70MHz |40 dB
Analog Input Swing 1.6 Vp-p
Input Capacitance 1.5 pF
Active Chip Area 1.2 mm?
Supply Voltage 3.3V
Power Consumption
Analog 330 mW
Digital 53 mW
Reference Ladder 12 mW
Total 395 mW

CMOS Analog Circuit Design
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EXAMPLE 3 - A 400-MSAMPLE/S, 6-BIT CMOS FOLDING AND
INTERPOLATING ADC'

Introduction

This ADC uses folding and interpolating to achieve a performance of 400 Msamples/s
with an accuracy of 6-bits.

Techniques employed in this ADC:

* Low impedance, current mode operation
e Current-division interpolation
* Short aperature comparator (do not need S/H for signal frequencies < 0.25 sample rate)

Folding Review:
A three-bit example. 6 o 1 1 6 o 1 1 o o  Ls

Folder 1 AD .......
Vin Folder2 |

MSB 1 i I I 1 I I 1 1 i
Coarse ADC———» .
Vin —*

¥ M. P. Flynn and B. Sheahan, “A 400-Msample/s, 6-b CMOS Folding and Interpolating ADC, IEEE J. of Solid-State Circuits, vol. 33, no. 12, Dec.
1998, pp. 1932-1938.

Decode
}

LSBs
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ADC Architecture
Block diagram:
..... Foldear 1 :E>—
A
----- Faldar # —D— a 5
. o] v
Win | : &
..... Foldar 16

: i
l ------ Coarse ADC -

A folding factor of 4 is chosen requiring 16 folders that produce 16 offset folking signal
and drive 16 comparators. A separate 1-bit coarse ADC determines the MSB.
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Folder
Folder block:

The first stage (preamplifier) of the folder uses resistive loads for better speed and
linearity.
The outputs of the second stage are current that permits the current mode operation.

Hd
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Interpolation

Intepolation is used to eliminate half or more of the folder blocks.

Folder 4 [~ "=
FiR
. *- S FAL
Ving Lo em
— .| N
Folder 3| FIR |
vin —
Current mode interpolation:
_ it 4
— T = . 4
, Folder 1 o FiR ; wia
Vin " F2R' Hid
Split i
Folder 3 4 ":':— FaRr

* The output from one folder is fed into the “split-in-4” blocks.
* A quarter of the folder 1 output is added to a quarter of the folder 2 output to give F2R’
* Two quarters of folder 1 output are summed to form F1R’ and so forth.

If four parallel MOSFETsS are used, a quarter of the current flows through each
device. This causes two problems, 1.) adds an extra node in the signal path and 2.) it
does not allow low supply voltages.
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Modified Folder to Include Current Division

s
o
L 5

— 14

.y

EEG pecr

Vin—{ Folder :

splﬂ ..

The resulting ADC uses:
8 folders

16 comparators
1 coarse ADC

Encoder
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Comparators

Tracking Latching

Comparator advantages:

 Because the currents are summed to drive the latching devices, the input signal has very
little effect after latching begins.

* Since there is always a path for the current to flow, the folders are not disturbed when
the comparators change from tracking to latching.

* Since the output voltage swing is small, the comparator is fast.
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Folding and Interpolating ADC
Block diagram with detail of coarse ADC and coarse ADC waveforms.

| Foiderd [ |
,,___> MSB
1 8 _
Vin [ | Folder? ::—_—b' K 1 MSB-1
. . ; T
—t : ;
- 1
e S n S 5 Vi
| Sy I vss e 2

A cyclic thermometer code is used which is more complex than a flash thermometer code.
* The cyclic code along with the decoding logic can surpress the “bubbles™ in the cyclic
code.

* The reduced number of comparators does not cause a size penalty for using the cyclic
code.
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Test Results

FFT for 1 MHz sinusoid sampled at SNDR versus input frequency

400 Msamples/s (decimated). at 400 Msamples/s

a0 Signal to Noise and Distortion
36 -

60 34 4 -
40 - 32 o
% 20 s 30 -
0 28
-2 i : 26 -
40 : 5 AL P 24 -
60 27
0E+Q0 1 E+07 2 E+07 IE+OV 4 E«07 S5E«
R B I S
Frequency Hz 0.04 0.1 1 10 100 1000
Fin
Performance summary:
Technology 0.5um BiCMOS (CMOS only)
SNDR (1MHz sinusoid) 33.6 dB @ 400 Msamples/s
32.9 dB @ 450 Msamples/s
Supply voltage 3.2V
Power 200mW
Area 0.6mm?
Input capacitance 1.4 pF
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EXAMPLE 4 - A 6-BIT, 1.6-GSAMPLE/S ADC IN 0.18um CMOS USING
AVERAGING TERMINATION'

Introduction

This ADC uses folding and interpolating to achieve a performance of 1600
Msamples/s with an accuracy of 6-bits.

Techniques employed in this ADC:
* Resistance averaging to reduce offsets and nonlinearity
» Termination of the averaging circuits to enhance the averaging

* Derivation of expressions to relate the INL, DNL, and the number of over-range
amplifiers necessary as a function of averaging.

e Distributed track-and-hold
This example represents one of the fastest CMOS ADC published.

¥ P.C.S. Scholtens and M. Vertregt, “A 6-b 1.6-Gsample/s Flash ADC in 0.18 um CMOS Using Averaging Termination, IEEE J. of Solid-State
Circuits, vol. 37, no. 12, Dec. 2002, pp. 1599-1609.
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What is Averaging?

Averaging is a technique that connects the outputs of adjacent amplifiers to obtain more
accuracy and more speed.

Clock Clock Clock
Vinto—» . N — L
Viro—s|{ T/H > ol =>: eo I E >
mTeet 20 ‘B !
hp s \: > = > ..
> 2t = gL o] Disital L, pigital
,/ : = : Encoding Output
. \'é/ R = 1 [Network
1 7 ! : 7 1
. 0] ! [P} 1
> 4 (a2 : > o~ : >
> > I Ly
, L 1
reamplifiers Comparators
Fig. Ex4-01

Results:

1.) With no averaging, the standard deviation of the offset voltage is 11mV.

2.) With averaging of the preamplifiers, the standard deviation is 9mV.

3.) With averaging of the preamplifiers and comparators, the standard deviation is 3.7mV.
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The Influence of Averaging on Bandwidth'
Another important advantage of averaging is an increase in bandwidth.

The standard deviation of the offset is inversely proportional to the A/Transistor Area .
A

Ovhe= T
Vos \/(W‘L)input

It can be shown that averaging will reduce the value of oy, by approximately 3.
Therefore, the transistors can be made 9 times smaller to achieve the same oy .

This means that the capacitances are reduced by a factor of 9 while the resistances are
only increased by a factor of 3. As a result, we find that,
1
BWsingle - R (Cyire + Cload + C]))

and
1
B Waveraging = Cwire C]
3R0' g + Cload +9 + Cnetwork

Theref. BWaveraging 3
erefore, —BWsingle ~

¥ M. Choi and A. Abidi, “A 6-b, 1.3-Gsamples/s A/D Converter in 0.35um CMOS,” IEEE J. of Solid-State Circuits, vol. 36, no. 12, Dec. 2001, pp.
1847-1858.
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Some Useful Monte Carlo Simulation Results

Most mismatch analyses can be expressed in terms of the standard deviations of
threshold and W mismatch. Using 0.35um CMOS technology, the following standard
deviations have been derived from Monte Carlo simulations performed on a two-stage
averaging resistor network.

10.6mV-um 8.25mV-um
OVinNMOS = A[W. OVinpmos = [W.L

and
AW 0.0056-um AW 0.0011-um
O(W]NMOS= WL O(

W ]PMOS = AW-L

The above results suggest that PMOS devices would be better matched than NMOS
devices in this technology.
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Averaging Termination

In addition to the above concepts of averaging, by applying the concept of averaging
termination, the number of over-range amplifiers can be reduced leading to reduced
power consumption.

The over-range amplifiers are the amplifiers which are outside the usable voltage
range for the purposes of making the averaging network look like an infinite array.

Some results:

No averaging termination:

Averaging termination:

1 — ! ot
—— o L1
B PO 2% g n = 64 m_&.a-ﬂfﬂa
= o =
2 n=32 s 227w 2 n=32 o®  met 1
o No8 ! | o -
€ g5 n=16 o CH € o5 n=16 ~a- =7 -~ 3
[ =4 s o™ 8 = e ". B
o A= e _@-D ‘.-.‘ g = 2 n=98% - W -E'E .‘ Haaa
*g' i E‘ga.ﬁ- - - o s E B Eﬂﬁ « o c

o - &= P o o B )
E Blﬁ9"9@'_@iaill-"';aaﬁ’ea*&x-!**M E tiﬁ'ﬂ’”ﬁ oed - * .I:E'Er e )
ﬁ 0.25 i‘*!-.-'ﬂiﬂ'ﬂﬁ-x-ﬁ"‘*" . € 0.25 ﬂ" N RO R L ﬂ_BEE _!.l’”‘
5 1 £ EIEE'E' pomas® w™
. - © L e T
; O '
0.01 0.1 1 10 0.01 D.1 1 10

Ratio R2 vs. R1 [log] Ratio A2 vs. R [10g]

R = the source resistance of each amplifier
R, = the averaging resistance used to connect the outputs of each amplifier
n = number of level of quantization
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Analog Front End of the ADC
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Experimental Results

ENOB versus fsample: ENOB versus fjopal: Measured linearity:
ENOB vs. Fsample ENOE vs. Fsignal
58 F__“_n_.___,_.._..,....,......._ - T 58 I .
5.4 | \ 54
o 51 l 5 .
- o % | oL mean O 1 Rt 1 | B e
e : 1w ! o0 4 :w!fI?I*'»"_".-E‘r'!!"!.i-'ﬁ[;."i'xl‘:".i,"Luf"-‘lii"";rzl.":w-""'?’}'l'/"i.'u'.\‘-:r
I . B —t— -0.2 £ - :!' LRI U1y _I.‘l
N i ] e i e ﬂn ) k:g =
Wy - . . y . 3B 1 : . . outpul value
00 GO0 BOD 1000 1200 1400 1600 1800 200 a0p  BO0 80D D0
Sample Frequency [M5/s] Signal Frequency
Summary of results:
Measured Quantity Value
ENOB
= 1.6Gsamples/s, fqional = z .6 bits
sample 1 6G pl / Slgnal 263 MH 5 6 b t
fsample = 1‘5GsampleS/Sa félgna] =300 MHz 5.7 bltS
fsample = 1.6Gsamples/s, fiona) = 660 MHz 5.0 bits
Power consumption (1.95V analog and 2.25V digital) |328mW
At 1.6 Gsamples/s the digital is increased to 2.35V 340mW
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SUMMARY OF HIGH-SPEED ADC EXAMPLES

* CMOS technology is capable of 6-bit, 1.5 Gsample/s ADC with less than 0.5mW of
power consumption

» Key techniques for high-speed performance include:
- Digital background calibration
- Time interleaving (frequency interleaving?)
- Sliding interpolation
- Punctured interpolation to reduce the INL
- Current mode operation and current-division interpolation
- Resistor averaging and resistor averaging termination
e Challenges
- Increase the resolution at high speeds

- Minimize the power dissipation
- Move signal frequency bandwidth up to RF applications (1-3 GHz)
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SECTION 10.10 - OVERSAMPLING CONVERTERS

Introduction

What is an oversampling converter?
An oversampling converter uses a noise-shaping modulator to reduce the in-band
quantization noise to achieve a high degree of resolution.

What is the possible performance of an oversampled converter?
The performance can range from 16 to 18 bits of resolution at bandwidths up to S0kHz
to 8 to 10 bits of resolution at bandwidths up to 5-10MHz.

What is the range of oversampling?

The oversampling ratio, called M, is a ratio of the clock frequency to the Nyquist
frequency of the input signal. This oversampling ratio can vary from 8 to 256.

* The resolution of the oversampled converter is proportional to the oversampled ratio.
* The bandwidth of the input signal is inversely proportional to the oversampled ratio.
What are the advantages of oversampling converters?

Very compatible with VLSI technology because most of the converter is digital
High resolution
Single-bit quantizers use a one-bit DAC which has no INL or DNL errors
Provide an excellent means of trading precision for speed

What are the disadvantages of oversampling converters?
Difficult to model and simulate

Limited in bandwidth to the clock frequency divided by the oversampling ratio
CMOS Analog Circuit Design © P.E. Allen - 2003
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Nyquist Versus Oversampled ADCs
Conventional Nyquist ADC Block Diagram:

. kT
X(L o . ,| Digital y_(’ N)
Processor
Filtering Sampling Quantization Digital Coding
Fig.10.9-01

Oversampled ADC Block Diagram:

x(t imati y(kTp)
(1) s Modulator Deqmaﬂon
Filter

Filtering Sampling Quantization Digital Coding Fig.10.9-02

Components:
* Filter - Prevents possible aliasing of the following sampling step.
e Sampling - Necessary for any analog-to-digital conversion.

* Quantization - Decides the nearest analog voltage to the sampled voltage (determines
the resolution).

* Digital Coding - Converts the quantizer information into a digital signal.

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 10 — Section 10 (2/25/03) Page 10.10-3

Frequency Spectrum of Nyquist and Oversampled Converters
Definitions:

/B = analog signal bandwidth

fn = Nyquist frequency (two times fg)

fs =sampling or clock frequency

Ifs Js

=Fv =2 = oversampling ratio

Frequency spectrums:
Conventional ADC with fp= 0.5/3=0.5f5.

24 /Tran51t10n band
=
é: <+ Anti-aliasing filter
<
0 ——>f
0 /B 0.5fy=0.5fs Is=/n
Oversampled ADC with fp= 0.5f{y<<fs.
S . .
3 Signal Bandwidth
=, <— Anti-aliasing filter
g N Transition band
< N< > '
O 1 1 »f
0 fB= fv 0.5fs fs=Mfn "’
0.5/n Fig.10.9-03
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Quantization Noise of a Conventional (Nyquist) ADC
Multilevel Quantizer: Output. y
A
Ty
BN
3 // Ideal curve
6 -4 21 / Input, x
—— ——
-1
L
A 1 -3
V4
% T-5
The quantized signal y can be Quantization error, e
represented as, N R Re R RC oK - - Input, x
y=Gx+e Al""" NN N N
where Fig.10.9-04

G = gain of the ADC, normally 1
e = quantization error

The mean square value of the quantization error is
A2 A2

erms=So=A [e(x)2dx =75
rims =90 A-A/2 12
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Quantization Noise of a Conventional (Nyquist) ADC - Continued

Spectral density of the sampled noise:

When a quantized signal is sampled at fg (= 1/7), then all of its noise power folds into
the frequency band from O to 0.5fg. Assuming that the noise power is white, the spectral
density of the sampled noise is,

2
E(ﬂ = erms\/f:S = €rms\/2—77

where = 1/fg and fg=sampling frequency

The inband noise energy n, is

2
’ fB 2 2 2fB €rms €rms
Nno“ = (f)Ez(f)df =erms (2fpT) = €pms
What does all this mean?

* One way to increase the resolution of an ADC is to make the bandwidth of the signal,
/B, less than the clock frequency, fg. In otherwords, give up bandwidth for precision.

fs)= M = M

* However, it is seen from the above that a doubling of the oversampling ratio M, only
gives a decrease of the inband noise, 7,, of 1/A/2 which corresponds to -3dB decrease or
an increase of resolution of 0.5 bits

The conclusion is that reduction of the oversampling ratio is not a very good method of
increasing the resolution of a Nyquist analog-digital converter.
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Oversampled Analog-Digital Converters

Classification of oversampled ADCs:

1.) Straight-oversampling - The quantization noise is assumed to be equally distributed
over the entire frequency range of dc to 0.5fg. This type of converter is represented
by the Nyquist ADC.

fs !

2.) Predictive oversampling - Uses noise shaping ~ Inputy Quantizer Output
plus oversampling to reduce the inband noise to
a much greater extent than the straight-

oversampling ADC. Both the signal and noise | Loop
quantization spectrums are shaped. Filter Fig.10.9-05
fs
. . . . . *

3.) Noise-shaping oversampling - Similar to the Input, Loop .| Output
predictive oversampling except that only the \ Filter [ ] Quantizer —
noise quantization spectrum is shaped while
the signal spectrum is preserved.

Fig.10.9-06

The noise-shaping oversampling ADCs are also known as delta-sigma ADCs. We will
only consider the delta-sigma type oversampling ADCs.
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Oversampling Analog-Digital Converters - Continued
General block diagram of an oversampled ADC:

fs fp<fs

Analog
Input —»|

x(1)

AZ Modulator | Decimator Lowpass Filter _2129 Digital
(Analog) g (Digital) (Digital) PCM

Fig.10.9-07
Components of the Oversampled ADC:
1.) AX Modulator - Also called the noise shaper because it can shape the quantization
noise and push the majority of the inband noise to higher frequencies. If modulates the

analog input signal to a simple digital code, normally a one-bit serial stream using a
sampling rate much higher than the Nyquist rate.

2.) Decimator - Also called the down-sampler because it down samples the high
frequency modulator output into a low frequency output and does some pre-filtering on
the quantization noise.

3.) Digital Lowpass Filter - Used to remove the high frequency quantization noise and to
preserve the input signal.

Note: Only the modulator is analog, the rest of the circuitry is digital.
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First-Order, Delta-Sigma Modulator

Block diagram of a first-order, delta-sigma fs
modulator: v

o—% Integrator Y 5 A/D] 3
Components: u D/A T
* Integrator (continuous or discrete time) Fig.10.9-08 QuamTizer

* Coarse quantizer (typically two levels)
- A/D which is a comparator for two levels
- D/A which is a switch for two levels

First-order modulator output for a sinusoidal input:

” 1] SR NS
G
>
\\\ » LA 1
50 100 150 200
Tme (Units of T, clock period) Fig.10.9-09
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Sampled-Data Model of a First-Order AX Modulator

q[nT;]
Integrator
Writing the following relationships, HMnTsly Vﬂt Yl Delay vinTsl & g l[ZTS]
y[nTg] = g[nTg] +v[nTy] ] * Cf.“a“'
1Z€1r

v[nTg] = wl(n-DTs] + v[(n-1DT5]

y[nT] = q[nTsl+wl(n-DTs]+v[(n-1)T§] = q[nTg]+{x[(n-D)T]-y[(n-DTs] }+v[(n-1)T]
But the first equation can be written as

M-DTgl = gl(n-DTg] +9[(n-DT5] = ql(n-1)Tg] = y[(n-1Til} - vI(n-1)Tg]
Substituting this relationship into the above gives,

y[nTs] = x[(n-DT] + q(nTs] - ql(n-1)T]
Converting this expression to the z-domain gives,

Y(z) = 771X(2) + (1-z71H)Q(2)

Fig. 10.9-10

Definitions:
. . Y(z) |
Signal Transfer Function = STF = X(x) =%
. . Y(2) |
Noise Transfer Function = NT F= 00 = 1-z
CMOS Analog Circuit Design © P.E. Allen - 2003
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Higher-Order AY Modulators
A second-order, AX modulator:

q[nT;]
ATy, . Integrator 1 Integrator 2 . YTl
Delay Delay =d—/ 0
- + uan-
tizer
Fig.10.9-11

It can be shown that the z-domain output is,
Y(2) = 22X(2) + (1-2-1)20(2)

The general, L-th order AZ modulator has the following form,
Y(2) = zLX(2) + (1-zHLO(2)

Note that noise tranfer function, NTF, has L-zeros at the origin resulting in a high-pass
transfer function.

This high-pass characteristic reduces the noise at low frequencies.
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Noise Transfer Function
The noise transfer function can be written as,

NTFg (z) = (1-z )L
Evaluate (1-z-1) by replacing z by &/@Ts to get
2] eflfs (eﬂ@f/fs - e-Jflfs

2j esjflfs = sin(af/Ts) 2j eJ/fs

(1-2'1): (1 - €'jG)TS) X 2_jX agilfs = 2j
11-z-11 = 2sinafTy) — INTFo(f)l = 2sinafT,)L
Magnitude of the noise transfer

function,

—_
(e
™

e}
T T

@)
™T T

L=31
L=2-
=

//
e

Note: Single-loop modulators

\

Magnitude of noise shaping function

having noise shaping charac- i / L=1 1

teristics of the form (1-z-1)L [_LPE /:"f—-:—””’

are unstable for L>2 unless an 0 V=" | | .. | . ]

T . . 0 /2

L-bit quantizer is used. Jo Frequency fs
Fig.10.9-12
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In-Band Rms Noise of Single-Loop AX Modulator

Assuming noise power is white, the power spectral density of the AX modulator, Sg(f), is
ISl

SE(H) = INTF ()12 A

A2
Next, integrate Sg(f) over the signal band to get the inband noise power using Sp = 77
Ib
1 _ A2 mLy 1 (A2 _
SB=7, Q2sinafT)?L T2df =~ \o2041|320+1| 12| Where sinafTs = afTs for M>>1.
b
Therefore, the in-band, rms noise is given as
al 1 A al 1
70 =NSB = \\oL+1)\ML+03|\12) = \\2L+1)|\ ML+05) €rms

Note that as the AX is a much more efficient way of achieving resolution by increasing M.

€rms ) .. .
no % I+05 = Doubling of M leads to a 2L+0.5 decrease in in-band noise

which leads to an extra L+0.5 bits of resolution!

. The increase of the oversampling ratio is an excellent method of increasing the
resolution of a AX oversampling analog-digital converter.
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INustration of RMS Noise Versus Oversampling Ratio for Single Loop AX
Modulators

Plotting ng/e s glves,

1
ML+0.5

o)
erms ~ \\2L+1

]
L/ ]

no

€rms (dB) E
60 \\ T~
: L=3 \ \\
-80 | N \\
-100 L— : . . \ \ N\ .
1 2 4 8 16 32 64 128 512 1024
Oversampling Ratio, M Fig.10.9-15
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Dynamic Range of A¥ Analog-Digital Converters
Oversampled AX Converter:

The dynamic range, DR, for a 1 bit-quantizer with level spacing A =VRgF, is

A p
Maximum signal power [2\/5) 32L+1
DR® = Sz =T2Ly | A2 =2 oL M
[2L+1)[M2L+1 ﬁ]
Nyquist Converter:

The dynamic range of a N-bit Nyquist rate ADC is (now A becomes =Vggp for large N),
Maximum signal power  (VREF/ 12)2 3

2 — _ _29 - _ 1%
Expressing DR in terms of dB (DR p) and solving for N, gives
DRgp - 1.7609
N = 6.0206 or DR;p = (6.0206N + 1.7609) dB

Example: A 16-bit AZ ADC requires about 98dB of dynamic range. For a second-order
modulator, M must be 153 or 256 since we must use powers of 2.

Therefore, if the bandwidth is 20kHz, then the clock frequency must be 10.24MHz.
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Multibit Quantizers

A single-bit quantizer: %L—l>_'_o y
A=VREF /: v<0

Advantage is that the DAC is linear. DE— N
Multi-bi . VREF £ L*VREF
ulti-bit quantizer: Fig. 10.9-13 2 T = 2
Consists of an ADC and DAC of B-bits. L L
Ao VREF fs
= 281 !
Disadvantage is that the DAC is no longer perfectly linear.
A —* A/D y
VREF l A
i u
l T <«——— D/A
— Fig. 10.9-135
Quantizer

Dynamic range of a multibit AX ADC:

327+1 Fig. 10.9-14
DR2 = ML+ (2B_1>2

=2 j-[ZL
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Example 1 - Tradeoff Between Signal Bandwidth and Accuracy of AX ADCs

Find the minimum oversampling ratio, M, for a 16-bit oversampled ADC which uses
(a.) a 1-bit quantizer and third-order loop, (b.) a 2-bit quantizer and third-order loop, and
(c.) a 3-bit quantizer and second-order loop. For each case, find the bandwidth of the
ADC if the clock frequency is 10MHz.

Solution

We see that 16-bit ADC corresponds to a dynamic range of approximately 98dB.
(a.) Solving for M gives

2 DR2 L \j/op41)
32041 (2B

Converting the dynamic range to 79,433 and substituting into the above equation gives a
minimum oversampling ratio of M = 48.03 which would correspond to an oversampling
rate of 64. Using the definition of M as f./2fg gives fg as 10MHz/2-64 = 78kHz.

(b.) and (c.) For part (b.) and (c.) we obtain a minimum oversampling rates of M = 32.53
and 96.48, respectively. These values correspond to oversampling rates of 32 and 128,
respectively. The bandwidth of the converters is 312kHz for (b.) and 78kHz for (c.).
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Z-Domain Equivalent Circuits
The modulator structures are much easier to analyze and interpret in the z-domain.

q[nTs]

ATl ~winTy] , ~ JMCEAOL = 7y X Ty
—> (1 Delay (4 F—o0
- + Quan-
tizer

g 0@

Integrator

D] o ;é'_yg)
- + Quan-
tizer

Q 0()

XQ ] en @
Fig.10.9-16
B 1 1 z'l
9=00+ {1 K- val  — Yo )= e+ e
Y(z) = (1-zH)Q(2) + 2 1X(2) — NTFg (z) = (1-z’l) forL=1
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Alternative Modulator Architectures

Since the single-loop architecture with order higher than 2 are unstable, it is necessary to
find alternative architectures that allow stable higher order modulators.
02(2)
| +
V2(z)

Cascaded AX Modulator-Second-Order
-1
X2(z) = [ ) (X(2) -Y1(2) i
X | 1 Y1(Z) Y(z)
Z'l Z'l o— > l-Z'l :

‘!\1
!

—_
—

-z

Xo(2) 4
Y1(z) = (1-z21)01(2) + 7 1X(2) —»_@?—»
Z
] [(1-z- T

Fig.10.9-17

HO1(z) + Z‘IX(Z)]

-2 -2
Y2(2) = (1-z1H)02(2) + 27 1X2(2) = (1-2HQ2(2) + [m] X(2) - 7201(2) - [m] X()

= (1-z1)02(2) - 201 (2)
Y(2) = Y2(2) - 2 1¥2(2) + 22Y1(2) = (1-2 DY2(2) + 2271 (2)
= (1-21202(2) - (1-2D)z201(2) + (1-2-1)2201(2) + 23X(2) = (1-71)202(2) + 23X (2)
Y(2) = (1-2-1)20(2) + 23X (2)
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Alternative Modulator Architectures - Continued
MASH Architecture - Third Order

Q
—
—~
2N
—~—

X(z) +

°—'_<?"

It can be shown that
Y(2) = X(z) + (1-1)303(2)

1-z-1
Y3(2)

Fig. 10.9-17A
Comments:

» The above structures that eliminate the noise of all quantizers except the last are called
MASH or multistage architectures.

* Digital error cancellation logic is used to remove the quantization noise of all stages,
except that of the last one.

CMOS Analog Circuit Design © P.E. Allen - 2003

Chapter 10 — Section 10 (2/25/03) Page 10.10-20

Alternative Modulator Architectures - Continued
Distributed Feedback AX Modulator - Fourth-Order

X + arz | Y1 [arz 1| Y2 [a37 1] Y3 [auz 147 1-bit| Y
> —>
N 1-z-1 1-z-1 1-z-1 1z A/D
+
+ +
1-bit
D/A| Fig.10.9-20

Amplitude of integrator outputs:

fourth order distributed feedback modulator
a1=0.1, a2=0.1, a3=0.4, a4=0.4

w

n>: 1.50 [ T T T T ]
- 1.95 :_ ——y1 —e—y3 _:
5 ' : ——y2 —+—y4 ]
o L 4
3 100 [ ]
S i ]
o 0.75 [ ]
5 r 1
g L 1
< [ ]
= o050 [ ]
[e] 3 4
[ [ ]
E 0.25 - ]
g 0.00 A AP B S SR |

= .

-1.00 -0.60 -0.20 0.20 0.60 1.00
input signal amplitude / VREF

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 10 — Section 10 (2/25/03) Page 10.10-21

Alternative Modulator Architectures - Continued
Distributed Feedback AX Modulator - Fourth-Order

Q)
v
X + a1z 1| Y1 Japz 1| Y2 [a3z-1] Y3 Jagz-T|V4 7 | 1-bit Y
\ 1-z-1 Lz [ =zt [ [L-z] A/D
+ +
1-bit
A/D| Fig.10.9-20

Amplitude of integrator outputs:

fourth order feedforward modulator
a1=0.5, a2=0.4, a3=0.1, a4=0.1

1.50 — T T T T T T
[2] -
“5‘ L
2 125 [ —=—y1 ——y3 ]
3 : —e—y2
S 100 F .
© r
e C
§ 0.75 - -
5 C

0.50 ]
o C
3 C
2 C
3 025 | .
E L
©

0.00

-1.00 -0.60 -0.20 0.20 0.60 1.00
input signal amplitude / VREF
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Alternative Modulator Architectures - Continued
Cascaded of a Second-Order Modulator with a First-Order Modulator

q1
+

X + ajz-1| + apz-1 t/l\

1, T e ),

- A -

A 4

Digital error cancellation

circuit

A 4

+ azzl
\ 1-z-1
Fig.10.9-21
Comments:

* The stability is guaranteed for cascaded structures

e The maximum input range is almost equal to the reference voltage level for the
cascaded structures

» All structures are sensitive to the circuit imperfection of the first stages

* The output of cascaded structures is multibit requiring a more complex digital
decimator
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Integrator Circuits for AX Modulators
Fundamental block of the AX modulator:
+
Fig.10.9-22
Fully-Differential, Switched
Capacitor Implementation: ERY \|
1
h2 c, \?1 Ci
T
0—/4)1) I °-
055/ ¢
41 L )\
= = /1 Fig.10.9-23
It can be shown (Chapter 9) that,
Vout(Z) Cs Z' Vot;t(e ij) C] e Jol72 wT/2 TR
Vinz) = 1-z1 Vil e/ (C2 72 sin(wT/2) a)T (/a)TC2 sin(wT2)| (€ )

Vo(;t(e j(UT)
Vin( e 7Ty

CMOS Analog Circuit Design

= (Ideal)x(Magnitude error)x(Phase error) where w, =

G @y
TC, = Ideal = jo

wy
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Power Dissipation Vs. Supply Voltage And Oversampling Ratio
The following is based on the above switched-capacitor integrator:

1.) Dynamic range:
The noise in the band [-f.fs] 1s kKT/C while the noise in the band [-fi/2M f/2M] is

kT/MC. We must multiply this noise by 4; x2 for the sampling and integrating phases and
x2 for differential operation.

2
Vpp22  VppMCsq
DR =4xT/MC, =~ 8kT
2.) Lower bound on the sampling capacitor, Cg:
8kT DR
=
VDDM
3.) Static power dissipation of the integrator:
Pint=IpVDD
4.) Settling time for a step input of Vi,
Vo,max Ci Cs CsVpp
Ip =G Tsettle = Tsettle] [Ci VpD ] = Tsettle ~ CsVpp(2fs) = 2MfNCsVDD

P = 2MfNCVpp2 = 16kT-DR-fy
Because of additional feedback to the first integrator, the maximum voltage can be 2Vpp.
Plst-int =32kT-DR:fy
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Implementation of AX Modulators

Most of today’s delta-sigma modulators use fully differential switched capacitor
implementations.

Advantages are:
* Doubles the signal swing and increases the dynamic range by 6dB

e Common-mode signals that may couple to the signal through the supply lines and
substrate are canceled

e Charge injected by the switches are canceled to a first-order

Example:
0,
X 4 0.571]_% 0.521 ta‘} 4
. . Ve foyary I
First integrator © 'C_ ) g1 '(‘P_ 1oz 7
dissipates the
most power and vl
requires the most
accuracy. VRef+T TVRef' |1_ 2| Cl, VRef" TVRef I_J_ 2| Cl, o1
\ /Y / o1 I\ Y \—/YB / o1 I\ l v
% (S > o1d | > J _YZ
o& )|C 92 + g IC 92 + Iy
s e L AT i
VRgf+J> Ref = 2C VRgf+J> Jngf_ = 2C Fig.10.9-24
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Example - 1.5V, ImW, 98db AZ Analog-Digital Converter’

1-bit
A/D

o~

S —

1-bit
D/A ©1)
where a; = 1/3, ar = 3/25, a3 = 1/10, ay = 1/10, b1= 6/5, by=1 and a = 1/6

Advantages:

e The modulator combines the advantages of both DFB and DFF type modulators:
Only four op amps are required. The 1st integrator’s output swing is between +Vzpp
for large input signal amplitudes (0.6Vzgr), even if the integrator gain is large (0.5).

* A local resonator is formed by the feedback around the last two integrators to further
suppress the quantization noise.

* The modulator is fully pipelined for fast settling.

" A.L. Coban and P.E. Allen, “A 1.5V, ImW Audio AX Modulator with 98dB Dynamic Range, “Proc. of 1999 Int. Solid-State Circuits Conf., Feb.
1999, pp. 50-51.
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1.5V, 1ImW, 98dB AX Analog-Digital Converter - Continued
Integrator power dissipation vs. integrator gain

0.8 T
Cs CIH
o)

o
()
T

—0

integrator gain = Cs / Ci

power dissipation, (mW)
o
n

0.2f
0 . PR S SR | . P ST | L L e
10 10" 10° 10'
first integrator gain

DR =98 dB

BW =20 kHz

Cg=5pF

0.5 yum CMOS
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1.5V, 1mW, 98db AX Analog-Digital Converter - Continued
Modulator power dissipation vs. oversampling ratio
0.4

o
(&)
1

OSR =64

power dissipation, (mW)
o
N

OSR =32
0.1 OSR =16
OSR =8
0 . . .
1 2 3 4 5

Suppy Voltage (V)

DR =98 dB

BW =20 kHz

Integrator gain = 1/3

0.5um CMOS
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1.5V, 1mW, 98dB AX Analog-Digital Converter - Continued

Circuit Implementation:

M
T e
refp refm VIC Cit VIC refp refm VIC
_YbTTyT1 ¢ [ ?ZdT‘l Ybr?TYTI \T(
Iggﬁ'\a(ﬁ'_\'rst ld/t'L) Cs2 f ,ld/t'\?:s{ﬂ_\_ J_ =
o1d_Cs1 S Cs2™ ™ Ccsa .
|anh l } Y;|7J_1- 2 1d 72'?_1- 2 ﬁl E Y”7J-1_ 1 outm
refm refp VIC C$1_l + VIC ci2 [ 4_\*2(1 VIC Ci3 refm refp VIC ve
+ _ﬁ }: Cb2
g\ .
7 Cb1 1d
i 12,
Capacitor Values
Capacitor | Integrator 1 | Integrator 2 | Integrator 3 | Integrator 4 1 [ \
Cs 5.00pF 0.15pF 0.30pF 0.10pF 1d _/_\
C; 15.00pF 1.25pF 3.00pF 1.00pF ) 'R /_\_
C, - - 0.05pF - 2d [ [ \
Ch1 - - - 0.12pF Fig.10.9-25
Cp2 - - - 0.10pF

CMOS Analog Circuit Design
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1.5V, 1mW, 98dB AX Analog-Digital Converter - Continued

Microphotograph of the experimental AX modulator.

CMOS Analog Circuit Design

bootstrappers
& switches
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1.5V, 1ImW, 98dB AX Analog-Digital Converter - Continued
Measured SNR and SNDR versus input level of the modulator.

100 . . . :
—&— SNR
__ 80F —&— SNDR .
i% 1 kHz signal
= 60- VREF =15V (diff)
a
=
D40t
@
P
? 201
0 | 1 1 1
-100 -80 -60 -40 -20 0
input level, (dBr)
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1.5V, 1ImW, 98dB AX Analog-Digital Converter - Continued
Measured baseband spectrum for a -7.5dBr 1kHz input.

0 . ;
-7.5 dBr, 1 kHz signal
= VREF=1.5V (diff.)
T 2048-point FFT
- =501
@
2
o
o
g
o -100¢} 1
L
o
N AV V———
-150 : : -
0 5 10 15 20

frequency, (kHz)
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1.5V, 1ImW, 98dB AX Analog-Digital Converter - Continued
Measured baseband spectrum for a -80dBr 1kHz input.

0 - . ;
-80 dBr, 1 kHz signal
— VREF = 1.5 V (diff.)
S 2048-point FFT
-~ —50r 1
()]
=
o
o
[
£ -100} -
1))
o
w
~150 - ' .
0 5 10 15 20
frequency, (kHz)
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1.5V, 1mW, 98dB AX Analog-Digital Converter - Continued
Measured 4th-Order AX Modulator Characteristics:

Table 5.4

Measured fourth-order delta-sigma modulator characteristics

Technology : 0.5 um triple-metal single-poly n-well CMOS process

Supply voltage 1.5V

Die area 1.02 mm x 0.52 mm

Supply current 660 uA
analog part 630 uA
digital part 30 uA

Reference voltage 0.75V

Clock frequency 2.8224MHz

Oversampling ratio 64

Signal bandwidth 20kHz

Peak SNR 89 dB

Peak SNDR 87 dB

Peak S/D 101dB

HD; @ -5dBv 2kHz input ~ -105dBv

DR 98 dB
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Decimation and Filtering
The decimator and filter Is fo<fs
are implemented digitally
and occupy most of the
area and consume most of

the power z’\lgaluotg I8 AX Modulator | Decimator .| Lowpass Filter _212‘? Digital
. ) . X?I) (Analog) " (Digital) " (Digital) PCM

Function of the decimator .
ig.10.9-

and filter are;

1.) To attenuate the quantization noise above the baseband
2.) Bandlimit the input signal

3.) Suppress out-of-band spurious signals and circuit noise

Most of the AX ADC applications demand decimation filters with linear phase
characteristics which leads to the use of finite impulse response (FIR) filters.

FIR filters:
For a specified ripple and attenuation,

Number of filter coefficients « f_i

where f is the input rate to the filter (clock frequency of the quantizer) and f; is the
transition bandwidth.

To reduce the number of stages, the decimation filters are implemented in several stages.

CMOS Analog Circuit Design © P.E. Allen - 2003
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A Multi-Stage Decimation Filter
Typical multi-stage decimation filter:

A A A
Is ) m f/D, 2fn, | Iy

| I
L+1-th First-half Second-half Droop

order band filter band filter correction
Fig.10.9-26

1.) For AX modulators with (1-z-1)L noise shaping comb filters are very efficient.

* Comb filters are suitable for reducing the sampling rate to four times the Nyquist
rate.

* Designed to supress the quantization noise that would otherwise alias into the
signal band upon sampling at an intermediate rate of fq.

2.) The remaining filtering is performed by in stages by FIR or IIR filters.
* Supresses out-of-band components of the signal
3.) Droop correction - may be required depending upon the ADC specifications
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Comb Filters
A comb filter that computes a running average of the last D input samples is given as

yln] = D EX[n i]

where D is the de01mat10n factor given as
fs
b ~fs1
The conresponding z-domain expression is,

11-zD
HD(Z)—EZI D1-z1
i=1

The frequency response is obtained by evaluating Hp(z) for z = e/27/Ts,
1 sinmfDT;
Hp() =D “sinafT, ¢*7/P
where T is the input sampling period (=1/fs). Note that the phase response is linear.

For an L-th order modulator with a noise shaping function of (1-z-1)L, the required
number of comb filter stages is L+1. The magnitude of such a filter is,

1 singfDT .

\Hp(Dl =D ~sinnfT,

CMOS Analog Circuit Design © P.E. Allen - 2003
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Magnitude Response of a Cascaded Comb Filter

K=1,2and3
[an) L se s
= : = 0
% ._: .... ._, = .
S \:. g ..: e S "
|:. H ! K = 3 N\ e
! \ H .
: N 1 L 1 E 4 \\ '.
1 1 vl 4 1]
[ Wi i = Y
L | N 15 Vg \
-100 b ! AEL -
0 fp Is 2 fs 3 fs 4fs
D D D D
Frequency Fig.10.9-27
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Implementation of a Cascaded Comb Filter
Implementation:

Numerator Section

X + + + -
-1 -1 >——--— -1 >
@_ Z @_' < Wk 7D

K =L +1 Integrators

Denominator Section

) HF ) ":'f+)—>—oY
> Z_l j » Z-l j » Z'l
K = L +1 Differentiators Fig.10.9-28

Comments:

1.) The L+1 integrators operating at the sampling frequency, fs, realize the denominator
of Hp(z2).

2.) The L+1 differentiators operating at the output rate of f;] (= fi/D) realize the
numerator of Hp(z).

3.) Placing the integrator delays in the feedforward path reduces the critical path from
L+1 adder delays to a single adder delay.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Implementation of Digital Filters®
Digital filter structures:

x(n) h(0) y(n) y(n) h(0) x(n)
o—» > o o—< < o)
Input 1 Output Output 4 Input
Z-l Y Z—l A
h(1) h(1)
> A ) 4
Z-l Y Z-l A
h(2) h(2)
> A « A
Z-l Y Z-l A
h(3) h(3)
A A
Z—l \ 4 Z_l A
h(N-1) h(N-1)
Direct-form structure Transposed direct-form
for an FIR digital filter. FIR filter structure. i
Fig.10.9-29

*S.R. Norsworthy, R. Schreier, and G.C. Temes, Delta-Sigma Data Converters-Theory, Design, and Simulation, IEEE Press, NY, Chapter 13, 1997.
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Digital Lowpass Filter
Example of a typical digital filter used in removal of the quantization noise at higher
frequencies

10
20

=

<)

Q L

T 50

g

P

=
-80r

. | il [

-110 4000

Frequency (Hz)
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Ilustration of the Delta-Sigma ADC in Time and Frequency Domain

fg H
vy v
LOW-PASS 2
analog T8 _ 24| | DECIMATOR s
input MODULATOR FILTER | A digital

Y,
/

Time Time

Frequency Frequency Frequency
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Bandpass AZX Modulators
Block diagram of a bandpass modulator: ]15
o—% Resonator—»{A/D 3
Components: > :|_O
* Resonator - a bandpass filter of order D/A
2N, N=1,2,.... Fig.10.9-27A Quanfizer

» Coarse quantizer (1 bit or multi-bit)

The noise-shaping of the bandpass oversampled ADC has the following interesting
characteristics:

Center frequency = f; -(2N-1)/4
Bandwidth = BW = f; /M

[lustration of the Frequency Spectrum
(N=1): |

0 fs 3fs fs Fréquency
4 4 Fig. 11-32

Application of the bandpass AZ ADC is for systems with narrowband signals (IF
frequencies)
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A First-Order AZ Bandpass Modulator
Bandpass Resonator:

X(2) + o V(g)
V(z) = z-1 [X(2) - -1V(2)] = z-1X(2) - z-2V(2) %
Viz) zl 1 e

V@) (I422) =z 1X@) = X() = 1,2 Fig. 109-27C
Modulator:
0(2)
X(@) -1 +% Y(2)
Fig.10.9-27B
z1 1+z-2 z’1

Y(2)= 0@ + [X(2) - YOI\, 5 2 Y@ =\l 1.2 172 Q@) H 1, 12 X(2)

_( 1+7-2 )
NTFQ @) =1} 12

The NTF g (z) has two zeros on the jw axis.

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 10 — Section 10 (2/25/03) Page 10.10-45

Resonator Design
Resonators can be designed by applying a lowpass to bandpass transform as follows:

X(@) + V(z) 1
—| 1 o 4 :
- Z-

+

g Replace z-1 by -z-2

—| 2 I
+
Fig. 10.9-27D

Result:

e Simple way to design the resonator

* Inherits the stability of a lowpass modulator
* Center frequency located at fi/4

CMOS Analog Circuit Design © P.E. Allen - 2003
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Fourth-Order Bandpass A Modulator

Block diagram:
X(2) + 2] + 2 Y(2)
Z Z .
0 @’ 1 + 72 B’ 1 +2z2 '—_I: ©
Fig. 10.9-27E
Comments:

* Designed by applying a lowpass to bandpass transform to a second-order lowpass AZ
modulator

» The stabilty and SNR characteristics are the same as those of a second-order lowpass
modulator

* The z-domain output is given as,

Y(2) = 24X(2) + (1+272)20(2)
e The zeros are located at z = +j which corresponds to notches at f/4.
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Resonator Circuit Implementation
Block diagram of z-2/(1+z-2):

X@) + 1 1 V@)
—» < » 7 O
+
Fig. 10.9-27F
Fully differential switch-capacitor implementation:
T2
[l
) cll 1 ] ]
2T T o s T - >
1 Ty o 1 Ty !
T | T T T ey
1
+°_\J1—||>_|\27 -+ J1_{| 2_<‘—+ et
Vin Vout
2 2
__o__J/1 | + — 1 | + — o
Rl 2 S | E )
Sl Ee
1 c 1 1 c 1
2 i < 2 . 2 4 > 2
I
Fig.10.9-31 2)|_
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Power Spectral Density of the Previous Fourth-Order Bandpass AX Modulator
Simulated result:

Fourth—order bandpass delta—sigma modulator
0 T T T T

-80

- input frequency - TMHz -

00 .................... RRRR :
: : Sampling frequency : 4MHz :

Power Spectrum Density (dB)

-120

-140 -

160 ; ; ‘ i ; ‘ ‘ i
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency {Hz) % 10
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Application of the Bandpass AZ ADC in Wireless Applications

Comparison of the classical Conventional Approach
versus the bandpass AX ADC :
approaches in wireless .
baseband: o LP »| Nyquist

Analog ——— i« Digital »
COSW 02t !

I
TS R~ Fiter [ | ADC :>

WRF 1
Assume an IF center frequency Filter p oo 19
of 10MHz and BW of 200kHz’ X v

Filter ADC
Sampling frequency would be BP AS Approach sina oot .
40MHz and the OSR would be «— Analog — s« Digital ————»
40/0.2 = 200 which is easily i |
within capability. wLO1 i Mixer [y LPF [T)1
! sinwy oot
. o ,éwf BPAY [ E Digital
Typical results (0.5um CMOS): RE = | Mod. VCO
fs =20MHz, f1F = 15MHz, : E coswz oot
BW =200kHz, DR = 80dB, i Mixer [ Y LPF :>Q
Supply current = 5SmA, ' 7 :
Supply voltage = 2.7V Figl09-276
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DELTA-SIGMA DIGITAL-TO-ANALOG CONVERTERS
Principles
The principles of oversampling and noise shaping are also widely used in the
implementation of AZ DAC:s.
Simplified block diagram of a delta-sigma DAC:
Input N-bit _ [T Digital 1-bi Analog Outout
po—l> I?éiqf)i(l)g:; i bl=t delta-sigma li DAC » lowpass _’1_10pu
N Mfn| modulator |Mfn MNl  filter
Digital Section Analog Section
Fig10.9-29

Operation:

1.) A digital signal with N-bits with a data rate of f)y is sampled at a higher rate of Mf) by
means of an interpolator.

2.) Interpolation is achieved by inserting “0”’s between each input word with a rate of
Mfy and then filtering with a lowpass filter.

3.) The MSB of the digital filter is applied to a DAC which is applied to an analog
lowpass filter to achieve the analog output.
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Block Diagram of a AZ DAC

Digital
Input
P Interpol- I ~J5 Digital nalog
™ ation / Filter Analog |Qutput
fs v ~* Lowpass —>
- -VR
Fe=Mfy Digital Code ef—0 Filter

Conversion DAC

0—>100000000000000 =-1{ f5
1—=011111111111111 =1

Fig10.9-31

Operation:

1.) Interpolate a digital word at the conversion rate of the converter (f,) up to the sample
frequencys, f..

2.) The word length is then reduced to one bit with a digital sigma-delta modulator.

3.) The one bit PDM signal is converted to an analog signal by switching between two
reference voltages.

4.) The high-frequency quantization noise is removed with an analog lowpass filter
yielding the required analog output signal.

Sources of error:

* Device mismatch (causes harmonic distortion rather than DNL or INL)
* Component noise

* Device nonlinearities

Clock jitter sensitivity

Inband quantization error from the A-Z modulator

CMOS Analog Circuit Design © P.E. Allen - 2003
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1-BitDAC for the AY Digital-to-Analog Converter - The Analog Part
The MSB output from the digital filter is used to drive a 1-bit DAC.
Possible architectures:

IRef
Analog o Analog
lowpass |Analog y(k) lowpass [Analog
filter ggtput filter with ggtput
with -3dB -3dB
frequency (4;(2) C R frequency
of 0.5fN y I of 0.5fN
-1 Re - -
Voltage-driven DAC with a Current-driven DAC with a
passive lowpass filter stage. passive lowpass filter stage.

Fig10.9-32
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Errors in the 1-Bit DAC
Offset Error:
Vief # |-Viyef OF Lo # I-Igd = Offset error

Influence of offsets in the voltage reference:

y(k)
Ve HA Vg ——

— v (t)
“Vief A Vie2 —

y(k)
The resulting transfer function is:

V(t) = Vref+ AVrefI’ y(k) =1
or
W) = -V AV, y(k) =-1

AV, - Av, AV, + AV,
. V(t) — Vref+ —%Q 'y(k) + f1 2 f2

This results in a gain or an offset error, but the output is still linear.
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Errors in the 1-Bit DAC - Continued

Switching Time Error: Typical Waveform, v(7)
VREF?/~ ——————— S cammu ey R o
‘ i } i 1 } : » Time
vl AL
Average of the v(k) waveform over one clock cycle | 3
VREF}------f-mmmmmfommeeedormo e
(1-0)VREF [ H— S
: : > Ti
Let v = Vrer Y =1 o0 | | B
and y(k-1) =1 -VREF IR T S B AN S ST ST
v(k) = (1-a)VREF, y(k) =1 and y(k-1) = -1
v(k) = -VREF, y(k) =-1and y(k-1) = -1

v(k) = -(1-5)VReF,  y(k) =-1 and y(k-1) = 1
Therefore, the transfer function becomes,

v(k) = [(f-a) + (of)y(k-1) + (4-a-p)y(k) + (o=-3)y(k)-y(k-1)] (VREF/4)
(Note: The ¢, switch in the voltage DAC removes this error by resetting the voltage at
every clock.)
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Switched-Capacitor DAC and Filter

Typically, the DAC and the first stage of the lowpass filter are implemented using
switched-capacitor techniques.

VRef ,R, \
b D—yj O
y(k)
Ci $2 _| H To analog
—:l>—> lowpass
] filter
b1 (1)) fl
y(k) 1 1 L
'VRefl ) ) ) Fig10.9-34

It is necessary to follow the switched-capacitor filter by a continuous time lowpass filter
to provide the necessary attenuation of the quantization noise.
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Frequency Viewpoint of the A DAC
Frequency spectra at different points of the delta-sigma ADC:

Magnitude
-0.5fy 0 OSfN fN (M- l)fN MfN Frequency
Interpolatio
filter 0utp7 / \
—O.SfN 0 O.éfN MfN Frequency
Delta-sigm: f
modulator
output
—O.SfN 0 0.5fn MfN Frequency
Lowpass
filter Quantization noise after
filtering
output
T T — % >
05fy 0 0.5fy Y Mfy Frequency

Figl0.9-33
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Comparision of the AZ ADC and AX DAC
Both the AX ADC and AX DAC have many of the same properties
* Loops with identical topologies have the same stability conditions

* Loops with identical topologies have the same amount of quantization noise for a given
oversampling ratio

* Higher order loops give better noise shaping and more dynamic range
e Multiple bit DACs are also used in AZ DACs as well as AX ADCs
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SECTION 10.11 - SUMMARY
Comparison of the Various Types of ADCs

Speed Area Dependence
A/D Converter Type Maximum (Expressed in terms | on the number of
Practical Number | of T a clock period) | bits, N, or other
of Bits (+1) ADC parameters
Dual Slope 12-14 bits 2(2NT) Independent
Successive Approximation , N
with self-correction 12-15 bits NT *
1-Bit Pipeline 10 bits T (After NT delay ) x N
Algorithmic 12 bits NT Independent
Flash 6 bits T o 2N
Two-step, flash 10-12 bits 2T o« 2N/2
Mulitple-bit, M-pipe 12-14 bits MT « 2N/M
A-% Oversampled (1-bit, L
loops and M= oversampling
ratio = f clock/2/p) 15-17 bits MT x L
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Comparison of Recent ADCs
Resolution versus conversion rate:

25 _I'I'I'I'I'I'ﬂ'H T III|'|“H T III|'|'|'|'H T III"“'H T III|'|“H T III'“"H T III"“'H T III|'|“H T III'“"H T T 1T
20 4
< N i
o0 5 i
=
2 5 ¢ i
'}g 5 A v i
=z 15 V AW
5 - A v -
o A
R A A 1
© |0 Fiash mEav by % -
- | w Pipelined E
10 H M Algorithmic Am O wvyv
| | V Successive approximation \% i
€ Dual-slope
- | & Delta-sigma AD o w y
- | & Folding/Interpolating (@) .
| | O Bandpass delta-sigma 0] ’ i
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Conversion rate, (samples/sec.) Figure 10.10-1
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Comparison of Recent ADCs - Continued
Power dissipation versus conversion rate:

1000 SURALLL AL ILRLLL IR B R ! LR B
= A ;v 3
- | O Flash 3
~| w Pipelined A AR b'%'@ .
V Successive approximation O m

100 g A Delta-sigma A 0 E
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CONCLUSION

» Key aspects:
1.) Square law relationship:

ip="2L (vGs - VD)2
2.) Small-signal transconductance formula:

2K’Wip
Em= L

3.) Small-signal simplification:
gm = 10gmps = 100845
4.) Saturation relationship:

2Ip
Vps(sat) ="\| R*(W/L)

* Remember to think and understand the problem before using the simulator.
* Any questions concerning the course can be e-mailed to pallen @ece.gatech.edu
* Other analog resources can be found at www.aicdesign.org
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