Fundamentals of Sigma-Delta
Data Converters

Chun-Hsien Su
P BT E RME

chunsu@ee.ncu.edu.tw

July, 2006

DEPARTMENTOFELECTRICAL ENGINEERING



OUTLINE
. System Architectures
. Linearized Model for XA Modulators

. Oversampling with Noise Shaping

. Stability of XA Modulators

. Modulator Architecture Summary
. DC Input Behaviors of XA Modulators

. Behavioral Simulations

coO N O O B~ W DN B

. ZA Technique Applications

Chun-Hsien Su



>A ADC Block Diagram and F/T Behaviors
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>A DAC Block Diagram and F/T Behaviors
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Principle of Sigma-Delta Modulation
The First-Order A Modulator = Nonlinear System

+ ' u /
X_>@—> I >4 _,—’_ > Y
i Integrator Quantizer
S
DAC (<
Al

= The modulator tracks its input and
generates low-resolution pulse-density-
modulated (PDM) output. (v: tracking error)

=If multibit, instead of single-bit,

guantization is used, an N-bit D/A
converter is needed in the feedback path.
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Pulse Density Modulation (PDM) — One-Bit
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Pulse Density Modulation (PDM) — Multi-Bit
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Four-bit quantizer
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The Advantage of 1-Bit D/A Converters
= Multi-Bit DAC: Linearity Problem
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= N-bit ADC with
internal M-bit DAC: DAC
accuracy INL< 1/2N LSB

= DAC errors show at
the input terminal and
affect the input signals.

= One-Bit DAC: inherently linear

+ \Y;
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ﬂ

Integrator

Quantizer
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Linearized Model In z-Domain

e: quantization error
(additive white noise)
White noise approximation

P
: : X
_rrrr Y x =@y

Quantizer

Input Signal

Quantization Error

Y(z)=Hy(z)- X(z)+Hg(2)-E(2)

Noise Transfer Function (NTF)
Signal Transfer Function (STF)
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First-Order Modulator — Frequency Domain

Y e: quantization error
> (additive white noise)

-1

U=H(X-Y) & H(=_2

Y =U+E 1-7"
Y(2)=Hy (2)- X(2) + He (2) E@) =8 x 2y + E(2)
1+ H(2) 1+ H(2)

Y (2) = z‘liX(z) + (1$— z71)-E(2)

A unit delay A highpass function: E being “shaped”
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White Noise Approximation

White noise approximation : if the quantizer input keeps busy
and changes randomly between samples, the quantization error can be
treated as an additive white noise. Under such conditions the generated
white noise (quantization noise) has a uniformly-distributed probability
density function (pdf) lying in the range of +V| (/2 statistically.

p(x)
PDF P

f p(x)dx =1
Height :l
A
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Oversampling

Eq(f) Area, = Area,,
A
1 N’
H =e?.— P, =V? =
1 Q fB n2 Q Q(rms),orig 12 2
© Quantization error _\/2 . 21y _A . 21,
0 without oversampling ~— Q.oversam — 7Q(rms),orig f 12 f
Increasing sampling A2 1
rate will lower S
quantization noise 12 OSR
level. v Quantization error
............... ( Il)é W|th Oversamp“ng :> Oversamp“ng ratio (OSR)
) 2 : only
H,=¢e; — :
* f | nd () ng f,
: ~ |OSR=-C=
0 fg > s f Ng 2 fB
Increase sampling rate 2
P = Each doubling OSR
SNR =lOlog P—m = 602b+1761+10|og(OSR) increases SNR by 3dB.
Q
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Oversampling with Noise Shaping
Power Spectral Density of Shaped Quantization Noise

Increasing OSR
will lower
quantization error

\ 4

2

H,=¢
2 fs

2 .
Q

Quantization error Y(2)= z_l - X(2)
without oversampling /

Quantization error with

>

(N
Noise shaping + oversampling
N.(f)
n (1) | oversampling only
fg f f

2

= Inband quantization noise power greatly reduced.
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Conceptual Figures of XA Modulation

POWer (1) A Nyquist-rate ADC ~ Ppwer (2) Oversampling
Signal amplitude OSR - fs
2fg
Quantization noise
(‘anntization noise
------ Average noise floor
II'IIIIIII'II'I'IIIIIIIII'HII‘I‘I ----- Average noise floor {
1
Power f fc=2fy Power '8 OSRxfg fs = OSRxf
(3) Noise Shaping ] (4) Digital Filtering
The Integrator serves as a | . < .
highpass filter to the noise. | = High resolution is obtained.
|
In-band :
y)ise \’ :

) OSRxf,  f;=OSRxf.  fq OSRxf, fs= OSRxfc
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Noise Power Calculations of First-Order AM
NTF of the First-Order XAM

f
il
— f

21k A f, A ~
NTE(f)=1-z7Y 20 —1-¢ " =5 —° 2jxe fs:sin(’fszjxe :

f

z=e 'S 2]

S

Quantization Spectral Density -V,

/

2 2 .
e =28 f—-sm(m‘T)

In-band Quantization Noise Power:

Ny(f)=E(f)-[1-27= %-%-\/‘1—21

2
( . )»* = sin(AT) = AT is used.

f 2 T
g = [ BINy(f)]"df ~e5- + (5e3

P, = Each doubling OSR
SNR - 10 IOQ[P] — 602b +1761— 517 + 30 IOQ(OSR) increases SNR by 9dB

Q
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Second-Order XA Modulation

Ideal Model

H,(2) H.(z2) ¢
X -1
a?. — “‘?. 1
, 1
U=H,(X-Y) Hy(2) = -
{V=H,U-Y) & s
Y =V+E (H(2) =73

= Y(2)=z"X(2)+@1-2")*E(2)
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---------------------------------------------------

. Note: H,(2) is :
. delayless and is
- hard to be j
. implemented by
: analog circuits.
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Quantization Noise Power of the Second-Order ZAM
NTF of the Second-Order XAM

(2]

Quantization Spectral Density

2
N =B -2 = [F - i = 'ﬁ-él-sin%m‘n

In-band Quantization Noise Power:

INTF(f)[=|-2")’

2
Z=e fs

Ly

n§=jOfB\E(f)-(1—z—1)2\2df =y (oo

SNR = 10log| 1o | = 6.02b+1.761—12.9+5010g(OSR) = Each doubling OSR
|:>Q increases SNR by 15dB.
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Noise Power up to Lth-Order XA Modulators

: Noise reduced by each
Structure In-band noise power doubling the OSR
i A2

Nyquist-rate &4 -5 -
Oversampling |2 A" 2 ., 1 .
only =1 s =8 5er 3dB (half a bit)
First-orderZA | » > 7z° 1 3 :
modulation =85 (osR) 90B (1.5 bits)
Second-order 2 2 7 1 -

n,=e5-—-(—— _
>A modulation * 5 (osr) 15dB (2.5 bits)
Lth-order ZA 7l 2t ¥ 1 i 3(2L+1) dB,
modulation © % 2L+1 "OSR (L+1/2) bits
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OSR versus for Single-Bit XA Modulators
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OSR versus for 3-Bit XA Modulators
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NTFs vs. Modulator Order

fs/2

= High-Order Modulators achieve better SNR.
Can this derivation hold valid up to Lth-Order?

Chun-Hsien Su
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Oversampling Ratio vs. Modulator Order

_ - Stability issue

/’/ ! _Analog nonideality
’ L7 -7 1
Third-Order ZAM//’/ 7 LT
21dB/Octave .-~ ‘o7
, z .
/7

Second-Order AM
15dB/Octave

First-Order AM
9dB/Octave

Chun-Hsien Su
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Variable Gain Model

Stability Analysis [Fiez, 1994]
as again .
X y 4= Vout Vout, quantized
H(2) > A > Vin
‘ ] >\/in

y AH 2 — 0 Large input, small output

X @ — oo Small input, Large output

characteristics equation
Im
4

> Re

/‘x/
\j\x = Varying A and inspect root locus:

They should be inside unit circle.

Chun-Hsien Su

= Stability criterion: all roots inside unity circle.
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Stability Analysis of ZA Modulators (1)
(2) Second-order ZAM

(1) First-order XAM

—
T 1-z771 1A

v

= Absolutely Stable

Chun-Hsien Su

T —
0.8
0.6

0.4

X a -z a,-z* Iy y\
f 1-z7 T 1-z7 -
2
y Aa,a, -z
x 1+(la,-2)-z"'+(1aa, - 4da, +1)-z7?
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—> Stable
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Stability Analysis of ZA Modulators (11)

(3) Third-order 2AM .
= Conditionally Stable

1 X a1:a2 :05 8.32025

X a,-z" a, 27" a,-z
T 1-z7 T 1-z71 T_ 1— 77t

1

\4
>

y Aa,a,a, -2

X 1+(da,-3)-z°+[a,(a,-2)+3]- 272+ [Aa,(aa, —a, +1)-1]- 2 °6f

Conditionally stable AM is not
acceptable: when it is unstable, it diverges
and cannot return to normal operation.

Stability is a function of
Input amplitude,

Input frequency, and N B I s s R B e e
Loop CoeffiCientS' -12 |1 —Oi.8 —Oi.S —Oi.4 —Oi.2 {I) 0?2 0?4 0?6 0?8 1| 1?2

= Reduced input range for high-order ZAM.
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Stability Analysis of ZA Modulators (111)

(4). High-Order Single-Loop Modulator (Interpolative Structure)

_ _ [Sodini 1990]
Filter Synthesis Method

------------------ ———m— Loop Coefficients
Loop Filter !
: Feedforward Feedback
: Coeff. Values Coeff. Values
' v v v : e v a, 0.00912 b, 0.00000161
—+>(g,H >0,.Hi1> t Z!
9 9 & S e\ 7 a, 0.07398 b, 0.00000323
%) I 1-bit
A : a, 0.36610 b, 0.003559
: a, 1.07610 b, 0.003558
""""""""""" -0 774
@ ag 0.77486

(1). Loop coefficients are synthesized from elliptic functions with
f.=2.1MHz, f,=20kHz, bandwidth, and SNR wanted.
Mag

(2). Max/Min coefficient ratio is greater than 100,000, 1

which leads to difficulty in circuit implementation. BV\F;eak >
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Stability Analysis of Sodini’s Structure

Root Loci of the Fourth-Order SDM (Sodini's Structure)

Imagine Axis

1 1 1 1 1 1 1 1 1 1 1
-1 -08 -06 -04 -02 0 02 04 06 08 1
Real Axis

= Conditionally Stable

Imagine Axis

_ | | | | L/ | |
0.4 0.5 0.6 0.7 0.8 0.9 1 11

Root Loci of the Fourth-Order SDM (Saodini's Structure)

Real Axis

= Stability protection mechanism is needed. It includes overload

detector and integrator reset circuits.

Chun-Hsien Su
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Cascaded XA Modulators

MASH: Multi-StAge Noise SHaping [IEEE, 1992]
€, :
X 1 ><fb_ yle, A Error cancellation logic
‘ S
- .

e]_ C y2 : +
- N —1 = Y12 R
Cascaded (1-1-1) ¥- L= 1b : -7 —=>

Cascaded SDMs: €3

1
|
1
il ranteed. ©2 8 d
Stability guaranteed o . y3: 11y
- —1Z I
1

Y(z)= 273.X (2)+(1- z‘l)3 -E3(z) (el,e2 are cancelled out.)
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Multibit A Modulators

Advantages: § - Al
1. Increases modulator’s T @ ST
SNR by 6dB per extra bit. oAl
n-bit

2. Reduces low frequency oscillation associated with the
single-bit XA modulators.

3. Reduces the effect of jitters with single-bit modulation.
4. Helps to stabilize the high-order XA Systems.

Disadvantages:

The nonlinearity (NL) problem caused by component
mismatch in a multibit DAC. Errors caused by DAC NL
remain unshaped at the modulator output, deteriorating
modulator performance.

Chun-Hsien Su
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Comparison Table for Modulator Design

(Filter Synth.)

[IEEE, 1996]
Modulator ,
Advantages Disadvantages
type

L ow-order . Guaranteed stability . Low SNR

] ] . Simple loop filter design . More prone to having idle tones (needs
single-bit . Simple circuit design dithering)
(It & 2M) . Wider input range

. High SNR for modest OSR . Stability is signal dependent

High-order | . Less prone to having idle tones . Difficult loop filter design
single-bit . Simple circuit design . Maximum Input range is limited

. Overload and scaling problem
. coefficient implementation problem

. High SNR for modest OSR
. Stability guaranteed

. Request near-perfect matching between
analog integrator and digital differentiator

Cﬁfgﬂed . Wider input range . Imperfert matching may cause leakage of
( ) tones into baseband

. High SNR for fairly low OSR . DAC nonlinearity problem.

. Helps to stabilize high-order loop | . More complex of the followed digital filters
Multibit . Reduces idle tones . Large area, complex circuit design

Chun-Hsien Su
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DC Input Behavioral of the ZA Modulator
First-Order Modulator

u[n]=x
y o (if u[n]
> 1 :
if u[n]
e[n]=y
|
n x[n] u[n] y[n] e[n] __u[n+1]
0 1/3 0.1 +1 0.9 | -0.5667
1 1/3 -0.5667 -1 -0.4333 ;| 0.7667
2 1/3 0.7667 +1 0.2333 : 0.1
3 1/3 0.1 +1 0.9 ; ~0.5667
4 1/3 -0.5667 -1 -0.4333 1 0.7667
|
5 1/3 0.7667 +1 02333 , 01
6 ........................ [

Chun-Hsien Su

n]—uln’

n—1]- y[n—-1]+u[n-1]
>0, y[n]
<0,y[n

]=1
]=-1

= Avergae y(n)=1/3

= Output pattern is
periodic, which
implies that
guantization noise
IS not random.
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DC Input Behavioral of the ZA Modulator
Periodic Output Pattern Causes Idle Tones — (1)

u[n]= x[n-1]- y[n-1]+u[n —-1]
y .. i .
X if u[n]>0,y[n]=1
- 1if u[n] <0, y[n] = -1
efn] = yln] - un
y[n] x=1 y[n] x=1/3 yin]  x=1/5 yin] x:small DC
N N N / 1
X =
f.  Tone power T
\ Largest tone Idle tone I 21 ; :FS
A amount fs O AAA
T 3 T: s
> > > L >
f f f BW f

Chun-Hsien Su
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DC Input Behavioral of the ZA Modulator
Periodic Output Pattern Causes Idle Tones — (I1)

u[n]= x[n-1]- y[n-1]+u[n —-1]
X . (if u[n] >0, y[n] =1
- 1if u[n]<0, y[n] = -1
e[n] = y[n]-u[n]
yin] X=1/2=(3-1)/4  yin) x=1/4=(5-3)/8 y[n] x=1/6=(7-5)/12 y[n]  x:small DC
N N AN N
NS
2n
A \fSZ fs?’fs 132211;8 6f; A : k Worse than
f 8 8 12 Fz1 2n “ 1
S I =
e 2n+1
S S S l S
f f f BW f

Chun-Hsien Su
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Inband Quantization Noise Power vs. DC Input Level
—or a First-Order Modulator [Schreier, 2005]

= For a smaller dc input,
modulator has a
longer period, causing
the idle tone shifting
to the inband.

= A rational dc input
has a large quant.
noise power.

w
o

.Y
o

(&)
o

[*}]
(=]

in-band noise power (dB)

<3
_.LD

@
S

= The idle tone pattern
duplicates itself in an
endless recursion.

A
o

<
o

= High-order AM has
less idle tones.

in-band noise power (dB)
»
o

-
[ =]

—
[
T
]

DC Input
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Idle Tones Reduction

Dithering
Dithering signal (pseudo-random number)
;@L I u l _I_’_
X + AM > Y
i Integrator Quantizer
/7
DAC [«
Al

= Add a small dithering signal before the quantizer to break
up the patterned output sequence so that the idle tone will
not occur.

= Since the dithering signal is placed before the quantizer,
It will be spectrally shaped.

— No need for high-order modulators.

Chun-Hsien Su
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Behavioral Simulations Considerations (1)

Coherent Sampling Principle:

— In the DSP based testing , signals are created using a finite
sample set of a few hundred to thousand data points.

— In order to repeat signal without loss its information, it is
critically important that the last data point flow smoothly into

the first data point of the repeating sequence-called coherence.

One cycle
by 16
16 samples

= Sampling frequency: F,
= Fundamental (primitive) frequency: F~=F./16

Chun-Hsien Su
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Behavioral Simulations Considerations (11)

Coherent Sampling:

— In general, the fundamental frequency F; of N samples
collected at a sampling rate of F Is

F, =—  (frequency resolution)

. . . . 1
— Unit test period (UTP) (or primitive period): UTP =—
f

— The amount of time required to collect a set of N samples at

a rate of F_is one UTP = ytp= 1\

S

— The coherent frequencies F. that can be produced with a
repeating sample set are those frequencies that are integer
multiples of F;

F.=MF, =M % (M =012,........., N) (M,N:mutual prime numbers)

Chun-Hsien Su
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Coherent Sampling Example

—If FS =16 kHz
16kHz

= F, = — 1kHz

— The next highest
frequency for coherent
sampling is 2 kHz.

— If we wanted to produce
a 1.5kHz sinusoidal wave,
then we would have a
noncoherent sample set.
Matlab routine (1.5kHz coherent),
pi=3.14159265359

for k=1:32;
sinewave(k)=sin(2*pi*3/32*(k-1));

end 16kHz
= F; =

UV -

=500Hz
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Calculations for Coherent Sampling
FFT Pts=8,192

f /\
f =M x W:» & N=8192 = M =3

= f =3x390.625Hz =1171.875Hz (Not exact 1kHz)

= Transient step= Zéox L =1.5625ns

f, .(For HSPICE)
Transient time=2.56ms + 0.44ms = 3ms

J

FFT Pts=16,384

f
------------- =M x—= :: N =16384= M =5
.BW 24KHz ! N

' OSR=64 | = f_=5x195.3125Hz = 976.5625Hz
f, = 3.072MHz _

! Sf_ _15kHy | = Transientstep= 2(1)0 X fl =1.5625ns
| pts = 65536 | S

_____________ . Transient time=5.12ms + 0.88ms = 6&
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Behavioral Simulation Files (1)
MATLAB sdmls.m (Part 1)

kkkkkkkkkhkhkhkkkkhkkkkkkkhkhkkkkkhkkkkkhkkkkhkkkkkkkkkhkhkkkkhktkktkx

% * First Order Sigma-Delta Modulator =
% * By Chun-Hsien 5u 2006.07.01 =

% khkkkhkk bbbk bbbk kbbb kb kbbb kb kv kv bbbk bk kb kv bk bbb bbbk d

clear;
clf;
foermat long;

§ ——m————— Define Parameters ----------
tr = 1024*4; % points for transient
pt = 1024*16; % FFT peoints
tt = tr+pt; % total points
oSr = 64; % osr
fc = 24000; % signal bandwidth
f= = 3200000; % sampling fregquency
fin = 9876.5625; % input frequency

sqgrt (zum( (mindwin (2~14) .~2) /2~14)) ;
% windown shap factor

w=f

Chun-Hsien Su



Behavioral Simulation Files (2)
MATLAB —-sdmls.m (Part 2)

e S Input Signals ------—-
t =0:1/f=s:tt/fs:;
tn = t';

inputdb = [-3];
$inputdb = [ 0 -3 -6 -10 -20 -30 -40 -50 -60 -70 -80 -%0 -100];
$For input wvs. SNR

for £k = 1:1:1ength(inputdb)

amp = 10~ (inputdb (k) /20);
¥ = amp*sin(2*pi*fin*t) ;
Xn = x';
e S By Simulink -------—-

gim('sdmla’, [0 tt/£2]);

Chun-Hsien Su
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Behavioral Simulation Files (3)
MATLAB - sdmls.m (Part 3)

F mmm—————— Calculating FFT of Y[n] ----————-

ffE(yv(txr+l:tt));

fft(y(tr+l:tt) . *mindwin(pt) /w=f) ; % With Window Function
length(Y) ;

f=*(0:L-1) /(L) ;

Y .*conj(Y)/((L/2)"2);

figure(l) ;
semilogx (£f(1:L/2) ,10*loglO(Py(1:L/2)),'b"');
xlabel ('Hz') ;
ylabel('dB') ;
title('P5SD of the First-order modulator') ;
grid;
axis([10~1 106 -140 01);

Chun-Hsien Su

42



Behavioral Simulation Files (4)
MATLAB - sdmls.m (Part 4)

$§ ———————- Calculating Dynamic Range --------

W (£in*L/f=s)+1;

Wil (fe*L/£f3)+1;

signal = sum(Py(ws-3:ws+3));

neise = sum(Py(5:wn))-signal;

enr = 1l0*logl0 (signal/noise) ;

fprintf ('InputdB= %g.\n',inputdb(k));
fprintf('Max u %g.\n' ,max(u(txr+l/4:L))) ;
fprintf('The SNR is %g.\n',snr) ;

uu(k)=max(u(txr+l:L)) ;
sn(k)=snr;

snrtxt=sprintf ('SNR=%3.2fdB',=nr) ;
text (12,-10,snrtxt) ;

and ;

Chun-Hsien Su

43



Behavioral Simulation Files (5)
MATLAB - sdmls.m (Part 5)

¥ —m————— Plot Figures --------

figure(2)

plot (inputdb,uu, 'b') ;

grid;

xlabel ('Input Levels in dB');
ylabel ('V'}) ;
title('Integrateoxr''s Outputs');

figure(3)

plot (inputdb,sn, 'b') ;

grid;

¥xlabel ('Input Levels in dB');
ylabel('dB') ;

title('Input level vs SNR');
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Behavioral Simulation Files (6)

Simulink —sdmla.m

From
MATLAB fs
Workspace

To MATLAB
> . Workspace
op
ENED SN P
u
opl
> Foncion T PO
1-b ADC y

\

Mindwin function
function w = mindwin{n);

w = blackmanharrisin);

Chun-Hsien Su

\

1-b ADC function

function dout = adc2l{ain);

1f ain < -0
dout = -1;
glze dout = 1;

end;
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Sim
ulation Resul
ults

Inpu
tLevel vs SNR
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—
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Lo Q
[
R
R
—
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R
[
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|
|
|
|
| m
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'
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Windowing Functions (1)

Prevent Spectrum Leakage Hanning window
Original s R A !
noncoherent 0.5| %55 - - oo e 2R o5
waveform i = o

o
o

—
-
——
]

oI S SN S -5

& GEL g ng
- N e - | - L
%0 "0 60 50

Hanning Window

Windowed oo

: Rectangular ‘5
date | T SR : cﬁﬂ ....... 3

window

Hanning :
window :

...............

L
o
(=

u(n)
q&
Spectrum of u(n) in dBV
o
=)

20 5040 60 0 0 _ zh 30
sample, n Bin

Spectrum | mprovement
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Windowing Functions (11)
Window Shape Factor

% noncoherent signal definition - z - L MIﬂiWIﬂ 7777777777777
NOI=64; - gl o4
N=64; M=pi; A=1; P=0; w€=05118 1«
for n=1:NOI, 07 ””” Bt
2n)=A'sinpi'MNR-AP); 0
end; |
% windowing operation
w= hanning(NOI)';
epsilon=sqrt(sum(w.*w)/NOI);

u= 1/epsilon*z .* w;

— The windowed data are scaled by the window shape factor
denoted by epsilon, € (=0.612 for N=128)

&= \/%I:Z;WZ(H)

Chun-Hsien Su 48



Second-Order XA Modulator

e

« Candy’s Structure
-t | u 27" L)(L a=b=1/2, c=d=1
1-z71 _ lb 1-z71 Q

a, b, c,and d can be
optimized.

V<

C d

Input Level vs SNR

Integrator's Outputs

—9— First
4.5 —e— Second

dB

100 -80 -60 -40 .20 0

Input Levels indB .
Input Levek in dB
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Feedforward Second-Order Structure

xz-1+g Dol 1 ifw‘éy’

= NTF can be arranged to being equivalent to multiple
feedback structure.

= Only one feedback path.

= Different integrator output ranges.

Chun-Hsien Su
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Error-Feedback Structure [Anastassiou, 1989]
For Digital Only Ouantizer

X u

_)Q?

+

o y {ezy—u

u=x+H-e

— y=x+(1+H)-e

H(z)

For a second-order function: y=x+{1-z*f-e = 1+H=01-z7f

= H(2)= (1— 2‘1)2 —1=-27"'+z*%=7"(-2+27")

; _,J' y
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Bandpass A ADC

Like a lowpass XA ADC, a bandpass A ADC converts its
analog input into a bit-stream output. A digital filter removes
out-of-band noise and mixes the signal to baseband.

IF to BB Section
I —— 1
— Preselection —-I+/><\H- = Al D :_I""
(" Filter LNA  IR-Filter IF-Filter ~ AGC R .
% ] g\é >f</ﬁ % _P__...-_-;::Eza : DSP
|
LO1
-
Bandpass XA Modulator LO 2 Bandpass A ADC
u Bandpass Vv Bandpass |—Z4a complex
— AX // - Filter/ w digital
analog Modulator | 4 pit @fs Decimator |7~ output
input 2xn @fB
| baseband
/\ 5|gna shaped signal
nmse
al
/2 /2 £,/2

Chun-Hsien Su
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L_owpass to Bandpass Transform (r.surger, ETH zurich]

General Transform: 7_ 7272
az+1

= a=0 “Pseudo 2-path transformation”
= H((@Zz) =1-z1 > H'(z) = 1+~

—l<axl

Special Cases:

A A

- Band- "':{LDX"”‘Band- ha
/ /vg/?crll th / width /2 | / \

X X

|'III a -- g,' Illl; a - 0 | _ g a - 1 III'| o
| I el ™

| NE I Z2NG

LP (f.=0) BP (f. =f/4and3f/4) HP (f_=1/2)
Z >1Z Z — -z? Z —-Z
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Bandpass XA Modulator Sturcutre

Bandpass XA Modulator : Pole/Zero Diagram:
// Xx“;\
U—> / | \
-] ReS0NAtor =] ReSONALON frmmfi frmmepe Q. V o : ---------------------------- \ ------ .
Quantizer
el Loop Filter O\ . /
-1 L :
-1 0 1
OSR = 64;
f0 = 1/6;

H=synthesizeNTF (6,08R,1, [1,£0);...

— The loop filter consists of a cascade of resonators.

— The resonance frequencies determine the poles of the loop
filter and hence the zeros of the NTF.

— Multibit and multistage variants are also possible

Chun-Hsien Su
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Modulator Architecture Implementation
Lowpass to Bandpass/Highpass Implementation

-------------------------------------------

3rd Order Lowpass Structure Resonator
y _h..rL 1 1
e o [P~ il g LN
) 6th Order Bandpass Structure
@ d1
@O @)
| ] d1
1|z — -2 p e @
z-1 - 2
z+1
\ 3rd Order Highpass Structure
Z —>-Z
; D0 el e Daa®)
. 1 T =
[T. Burger, ETH Zurich] = G1) gt

— Integrators are replaced by resonators.
— Resonators are more difficult to build than integrators .
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Continuous-Time XA Modulator

First-Order Model :

Uc

I

A

v

c
(DAC

-

Circuit Implementation :
Cll

R
UQO—AN——*

-

i
o,|§£<

Chun-Hsien Su

[Schreier, ADI]

Assume comparator

and DAC are delay-free.

Normalize R=1Q, C=1F,
I=1A, F=1Hz

Full-scale range is [0,1]V.
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Analysis of First-Order CT XAM

Uc ? J‘ YC,LJ— v
“c {pAc]-

From the diagram:

Vo[nl=y[n=11+ [ (u(r)-v,(7))-dz
1) Sample y. at integer time and identify y[n] =y [n].
2) Observe that | nn_lvc (r)-dr =v[n-1]

3) Define u[n]= jnn_luc(r)-dr
Then  y[n]=y[n-1]+u[n]-Vv[n-1]
Also, from the diagram v[n]=Q(y[n])

Chun-Hsien Su
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CTMOD Equivalency
First-Order Model :  Yc j Yo X [ 4—

First-order CTMOD is the same as a discrete-time modulator
preceded by a sinc filter.
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STF and NTF of First-Order CTSDM
The NTF is the same as CTSDM:

z-plane: —
NTF (z) =1-7" /x

NI

o

MOD1’s STF is 1, (so the overall STF is just
the TF of the prefilter):

STF(2) = ': ™" .1.qt s-plane: 4r ¢
- '1e—sT it (S 21 ¢
- J0 - S e
1-2" o
= ‘Wherez'=¢®
S 0
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Frequency Response of First-Order CTSDM

10 ;
NTF:

Notch

30 - Q. Noise i

JF.J‘

Inherent RN
| Anti- Allasmg

40 [ . / """""" \'k """""""""

-500 1

Frequency (Hz)
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Time-Domain Waveform of First-Order CTSDM

DC In
put u=0.2
y? A
1 Comparator

E " Threshold,

ol A »

Vh o,
1 V(4) _V — 3

0[O V(1) v(2) v _ -t

0 1 2 3 4 5 6 7 8 9 10
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Nonidealities in CTSDM (1)

« Component shifts
= R — R+AR or I— I+ A | merely changes full-scale.
= C — C+ A C scales the output of the integrator, but does
not affect the comparator’s decisions.

« Op-amp offset, input bias current, DAC imbalance
= All translate into a DC offset, which is unimportant in
many applications.

e Comparator offset & hysteresis
= Overcome by integrator.

 Finite op-amp gain
= Creates “dead-bands.”
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Nonidealities in CTSDM (11)

 DAC jitter DT CT
— Adds “noise.” I\’\ \

 Resistor nonlinearity (e.g. due to self-heating)
= Introduces distortion.

 DAC nonlinearity

= Introduces distortion and inter-modulation of shaped

guantization noise. _
Jdeal DAC With Excess delay

« Capacitor nonlinearity
= lrrelevant.

e Op-amp nonlinearity
= Same effects as DAC nonlinearity, but less severe.
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