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LECTURE 400 - OVERSAMPLING ADCS - PART 11
LECTURE ORGANIZATION
QOutline
* Implementation of AZX modulators
* Decimation and filtering
* Bandpass AZ modulators
* Digital-analog oversampling converters
e Summary
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IMPLEMENTATION OF AZ MODULATORS
AZ Modulators — The Analog Part of the Oversampling ADC
Most of today’s delta-sigma modulators use fully differential switched capacitor circuits.

Advantages are:
* Doubles the signal swing and increases the dynamic range by 6dB

* Common-mode signals that may couple to the signal through the supply lines and
substrate are canceled

* Charge injected by the switches are canceled to a first-order

Example: 0,
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1.5V, 1ImW, 98db AX Analog-Digital Converter'
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X + aj [ _a + A a3 1-bit| Y
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1-bit
Fig. 10.10-06 D/A

where ay=1/3,a, =3/25,a3 =1/10,a4 = 1/10,b1=6/5,b,=1 and o = 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 Vg
for large input signal amplitudes (0.6Vggr), 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.

" AL.Coban and P.E. Allen, “A 1.5V, ImW Audio AS Modulator with 98dB Dynamic Range, “Proc. of 1999 Int. Solid-State Circuits Conf., Feb.
1999, pp. 50-51.
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1.5V, 1mW, 98dB AX Analog-Digital Converter - Continued
Integrator power dissipation vs. integrator gain
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1.5V, 1mW, 98db A Analog-Digital Converter - Continued

Modulator power dissipation vs. oversampling ratio
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1.5V, 1mW, 98dB AX Analog-Digital Converter - Continued
Circuit Implementation:
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Capacitor Values
Capacitor | Integrator 1 | Integrator 2 | Integrator 3 | Integrator 4
Cs 5.00pF 0.15pF 0.30pF 0.10pF
C; 15.00pF 1.25pF 3.00pF 1.00pF
C, - - 0.05pF -
Cp1 - - - 0.12pF
Cp2 - - - 0.10pF
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1.5V, 1mW, 98dB AZ Analog-Digital Converter - Continued
Microphotograph of the AX modulator.
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1.5V, 1mW, 98dB AX Analog-Digital Converter - Continued
Measured SNR and SNDR versus input level of the modulator.
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1.5V, 1mW, 98dB AX Analog-Digital Converter - Continued
Measured baseband spectrum for a -7.5dBr 1kHz input.
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1.5V, 1mW, 98dB AX Analog-Digital Converter - Continued
Measured baseband spectrum for a -80dBr 1kHz input.
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1.5V, 1mW, 98dB AX Analog-Digital Converter - Continued
Measured 4th-Order AX Modulator Characteristics:

CMOS Analog Circuit Design

Table 5.4

Measured fourth-order delta-sigma modulator characteristics

Technology : 0.5 um triple-metal single-poly n-well CMOS process

Supply voltage 15V

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

©PE. Allen - 2010
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DECIMATION AND FILTERING
Delta-Sigma ADC Block Diagram

The decimator and filter Js Ip<fs
are implemented digitally
and consume most of the
area and the power. Anlog | * y
: . B A3 Modulator Decimator Lowpass Filter B Digital
Erlll(rilc%ﬁ?er; Zfet'he decimator IEE‘)“ ™ (Analog) (Digital) (Digitah) [ pCM

Fig.10.9-0°

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 leading to the use of finite impulse response (FIR) filters.

FIR filters:
For a specified ripple and attenuation,
Number of filter coefficients o ]Tj
where f is the input rate to the filter (clock frequency of the quantizer) and f; is the
transition bandwidth.

CMOS Analog Circuit Design © P.E. Allen - 2010
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A Multi-Stage Decimation Filter

To reduce the number of stages, the decimation filters are implemented in several stages.
Typical multi-stage decimation filter:

A A A
L) Mﬂ» fs/D, 2, v X Iy

Ly Ly |
L+1-th First-half Second-half Droop
order band filter band filter correction
Fig.10.9-26

1.) For AZ 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 f.

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

CMOS Analog Circuit Design © P.E. Allen - 2010
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Comb Filters

A comb filter that computes a running average of the last D input samples is given as
1 D-1
Minl=p 3 xln-i]
i=0

where D is the decimation factor given as

b
~fs1
The corresponding z-domain expression is,
D 11-zD
Hp(z) = 2 T=PDT-1
i=1
The frequency response is obtained by evaluating Hy(z) for z = /27T,
1 sinafDT;
Hp(f) = D sm—nﬂ} e 27Ts/D
where T is the input sampling period (=1/f). Note that the phase response is linear.

For an L-th order modulator with a noise shaping function of (1z-1)L, the required
number of comb filter stages is L+1. The magnitude of such a filter is,

1 sinafDTy K
IHDW! = \D ~sinafT,

CMOS Analog Circuit Design © P.E. Allen - 2010
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Magnitude Response of a Cascaded Comb Filter
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Implementation of a Cascaded Comb Filter
Implementation:
¥ Numerator Section
+ + +
-1 » -1 > > -1 >
° 'G?_ ¢ GP_' ¢ G?" “ I T D
K =L +1 Integrators
Denominator Section
+ + +
@ , _\,% :S}M y
> Z-l > Z-l » 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(2).

2.) The L+1 differentiators operating at the output rate of fy1 (= 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 - 2010
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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 1 Input

z1ly z-1 A
h(1) h(1)
> A < A
Z—l Y Z-l A
h(2) h(2)
> A < A
Z—l Y Z-l A
h(3) h(3)
: : : :
A A
z1ly z1 A
h(N-1) h(N-1)
Direct-form structure Transposed direct-form
for an FIR digital filter. FIR filter structure. ]
Fig.10.9-29

"SR. Norsworthy, R. Schreier, and G.C. Temes, Delta-Sigma Data Converters-Theory, Design, and Simulation, IEEE Press, NY, Chapter 13, 1997.
CMOS Analog Circuit Design © P.E. Allen - 2010
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Digital Lowpass Filter

Example of a typical digital filter used in removal of the quantization noise at higher
frequencies
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Ilustration of the Delta-Sigma ADC in Time and Frequency Domain

fg f5
) y
LOW-PASY 2
analog_B _ A »| DECIMATOR|__,| "
nput MODULATOR FILTER digital
/ PCM
Time Time
Frequency Frequency Frequency
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BANDPASS DELTA-SIGMA MODULATORS
Bandpass A Modulators I
. S
Block diagram of a bandpass modulator: 1
o—3% Resonato-| A/D}—3
Components: \ esonator—
* Resonator - a bandpass filter of order u D/A
2N,N=1,2,.... Fig.10.9-27A Quantizer

* 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 Frzquency
Application of the bandpass AX ADC is 4 4 Fig. 11-32

for systems with narrowband signals (IF frequencies)

CMOS Analog Circuit Design © P.E. Allen - 2010
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A First-Order AY Bandpass Modulator
Bandpass Resonator:

X(2) + B V(z)
V() = 21 [X(Q) - z1V(D)] = 2-1X() - 22V() @-{?-» 2 S
Viz) z71 -
V(z) (14z-2) = z-1X(z) — X@) = 142 1 e
< Fig. 10.9-27C
Modulator: 0(2)
X(Z) + Z-] + Y(Z)
= % —o
O_’@_’ 1+z2
Fig.10.9-27B
z-1
Y(z) = 0(2) +[X(2) - Y21 |} 2
0=y el o Szl
@) =14 1,2)9@ +1; ,1,2)X®
NTF ( 14772 )
0@ = 1+ 77172
The NTF g (z) has two zeros on the jo axis.
CMOS Analog Circuit Design © P.E. Allen - 2010
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Resonator Design
Resonators can be designed by applying a lowpass to bandpass transform as follows:

X@) + ) V(2) 1
—> I O i 7
:\Tj -z

u Replace z-1 by -z-2

X@) +? R
ra O )
2 1+z2

Fig. 10.9-27D

Result:

* Simple way to design the resonator

* Inherits the stability of a lowpass modulator
* Center frequency located at fy/4

CMOS Analog Circuit Design © P.E. Allen - 2010
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Fourth-Order Bandpass AX Modulator
Block diagram:

v

Fl=

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) = 74X(2) + (1+272)20(2)
* The zeros are located at z = +j which corresponds to notches at /4.

CMOS Analog Circuit Design © P.E. Allen - 2010
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Resonator Circuit Implementation
Block diagram of z-2/(1+z-2):
X@) + V(2)
—>|

+

Fig. 10.9-27F
Fully differential switch-capacitor implementation:

> —J\z_ - ¥ —\J1_“_|\2_4“+> _::m
- e -
4£2C ;[1 I_CH_E/?_ LE —_[1 I—CH_J://?_
B VY s
= c| 1 = -
Fig.10.9-31 I }2_37[
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Power Spectral Density of the Previous Fourth-Order Bandpass A Modulator
Simulated result:

Fourth—order bandpass delta—sigma modulator
0 T T T T T
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-120 - B
-140 : : : . i
_1 60 1 1 1 1 1 1 1 |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency {(Hz) x10°
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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 AZX DAC:s.

Simplified block diagram of a delta-sigma DAC:

Input N-bit| Interpolat- |V-bit Digij[al 1-bit Analog Output
07—> ion filter »| delta-sigma —> DAC » lowpass —»0
M MfN| modulator |Mfn M| 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 Mfy 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.

CMOS Analog Circuit Design © P.E. Allen - 2010
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Block Diagram of a AX DAC

Digital

Input fs 4 Js — fs MSB y(k)
Inte.rpol— Dl‘gltal Analog
™ ation / Filter Analog |Qutput
fs Dl Cod ~» Lowpass[—>
=M igital Code Filter
Js=Mfy Conversion DAC
0—>100000000000000 =-1{ f
1—=011111111111111 =1 Fig10.9-31

Operation:

1.) Interpolate a digital word at the conversion rate of the converter (f,) up to the sample
frequency, 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:

e Device mismatch (causes harmonic distortion rather than DNL or INL)
* Component noise

e Device nonlinearities

Clock jitter sensitivity

¢ Inband quantization error from the A-X modulator

CMOS Analog Circuit Design © P.E. Allen - 2010
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Frequency Viewpoint of the AZ DAC
Frequency spectra at different points of the delta-sigma ADC:

Mag{litude
Input /7
T I (r } } >
-0.5fy 0.5fv  fv ~ (M-1)fy Mfy Frequency
Interpolation
filter output
r T | >
-0. 5fN 0.5fn R Mfy Frequency
Delta-sigm f
modulator
output
r s | >
—O.SfN 0.5fn R Mfy Frequency
Lowpass
filter Quantization noise after
filtering
output
T — | >
-0. 5f1v 0.5fn R Mfy Frequency

Fig10.9-33
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A Third-Order, A> Modulator for a DAC
A digital equivalent of the third-order MASH AX modulator is shown below.

o0 X
Digital
Inputs

Latch|

i
J\%: _ Clk

Z 1 070521-01

8-state flow*
Output ~

The m-bit accumulators consist of an m-bit adder and m-bit latches.
The 8-state digital output is converted to an analog through means of an analog filter.
Spectral outputs:

Lemwpad & Nitiied
DIIFU:’I‘:Cl'.I" L] - .
5 . ; . : : T

o = Tt L TN | FIT o sre vt eV oo o 2 1
bl dtia g o
5ot 0 & L 7
150
-1 ik |

i i i | | 1 .

®o wes 61 65 0@ B 03 038 04 045 85 o St L - L L
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1-BitDAC for the AX 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 » Analog
lowpass [Analog y(k) lowpass |Analog
filter | Output filter with | Output
with -3dB -3dB
frequency ((1;62) C R frequency
of 0.5tN Y I of 05N
-1 Re f@ - -
Voltage-driven DAC with a Current-driven DAC with a
passive lowpass filter stage. passive lowpass filter stage.
Fig10.9-32

A multi-bit output would consist of more parallel, controlled current sources and sinks.

CMOS Analog Circuit Design © P.E. Allen - 2010
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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.

R

VRef
o1
y(k)D 7 - !

C1 b2 To analog
Ej/— lowpass
filter
1 2 ¢1
¥k | 1 1 1

Figl0.9-34

'VRef

It is necessary to follow the switched-capacitor filter by a continuous time lowpass filter
to provide the necessary attenuation of the quantization noise.

CMOS Analog Circuit Design © P.E. Allen - 2010
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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 12-15 bits NT x N
with self-correction
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 o« 2N/M
A-Z Oversampled (1-bit, L
loops and M= oversampling
ratio = f clock/2fp) 15-17 bits MT x L

CMOS Analog Circuit Design © P.E. Allen - 2010
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Comparison of Recent ADCs
Resolution versus conversion rate:
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Comparison of Recent ADCs - Continued

Power dissipation versus conversion rate:
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CONCLUDING THOUGHTS
* What is analog circuit design?

The complex process of creating circuit solutions using analog circuit techniques.
* What is the analog integrated circuit design process?

The even more complex process of combining analog design with IC technology
which includes electrical, physical and test design.

* What are the key principles, concepts and techniques for analog IC design?
Key principles — Fundamental laws 29~

Key concepts — Important relationships and
ideas

Key techniques — Tools that allow
simplification or insight

Technology changes but principles, concepts and

* How can the analog IC designer enhance techniques remain the same.
creativity and solve new problems in today’s
industrial environment? l/‘

Learn the key principles, concepts and techniques of p_ =t W
analog circuit design I\ﬁ
Learn from mistakes . -

Learn the technology R
Always try to understand the concept and operation

of the circuit, never rely on a computer or someone else for this understanding
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