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Intreduction=Quantization

Midrise uniform quantization

= Midtread quantization

Resolution (bits):

B = log,(#levels)

Separation between adjacent input levels:
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[ Classification of ADCs

¢ Nyquist-rate ADCs (M~1)

¢ Oversampling ADCs (M>>1)
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~Introductien:-About ADC taxonomy
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Resolution . : N
Type Number of Bits Bandwidth | Sampling Rate| Latency Applications
Integrating - 16bits Zf/D L 1KS/s 5 N + 1_0 clos DVM, Instrumentation,
Dual-Ramp ADC y Sensors
Incremental ADC - 16Dbits < f8/2 — 1kS/s 2Ncycles Instrumentation
Sigma-Delta 10bits. 18bi 5MH A00MS/ NA Audsi'g'?ggséca
Oversampled ~ (10bits, its) | — z - S A XDSL,
Wireless Trans., ...
i i Wide Range
Algorlthmlc ~ 12bits < f8/2 — 10MS/s > Ncycles Low-power medical to
ADC telecom
Successive . Wide Range
Approximation ~ 10bits <fg/2 — 10MS/s > Ncycles Low-pcg;rg;dmal to
( ,Ei‘s’t‘:,';’;i) ~ 10bits <fg/2 > 100MS/s | >Mecycles | Telecom, Video
Two-Step Flash ~ 10bits <fs/2 | 5500MS/s | >2cycles | VI Mut-Channel
Flash . f /2 .
Parallel ~ 8bits <Ig —> GS/s > 1cycles Video
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B Quantization output-input characteristic

B Quantization error

]

-V = X7 gge,(X)

B White noise model

- If x varies randomly from sample to sample

Power/ Signal Bandwidth

- If the # of quantizer levels is high /7
_ I’

0 100 200 300 400 500 600 700 800 900 1000
Frequency / Signal Bandwidth

10



&= Probability Density Function
Pg(€) |

PSD (dB)

ey = |1

—A/2

i Quantization error power

AS2

A
~A/2

= Quantization error Power Spectral Density

s’(e) _

I e’ de

PSD (dE)

SEUF) =

f

S

0.2

Relative frequancy

20l

60 gmnl aF LU R Bl v R

Relative frequency




damer;

FUn

B PSD of oversampled quantization noise

B In-Band Noise power (IBN or ~,)
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¢ Harmonic Distortion:
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| Processmg of the quantization error

L =1
equ(n) = eq(n)_eq(n_l)
L =2

eqHP(”) = eq(nj) + eq(n —-2)- 2eq(n -1

B In-band noise power and effective resolution

Nte(z) = (1-2Z
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Fundamentalsafm ADCs: Nyquist-rate vs.-

“nr—‘

t i
ﬁE w0, J ¢ fﬂ¢?+
Nbit| N ADC

72 7 .
Anti-aliasing fs Quantizer
filter
................ .
Xaft)
—

Sigma-Delta fy fofo
ADC

Anti-aliasing

fiter Decimator

ZA Modulator

B HIGH-SELECTIVITY
for anti-aliasing

ITY ANALOG FILTER
(1st/2nd order)

B Overall resolution obtained using B High overall resolution obtained using
HIGH-ACCURACY ANALOG BLOCKS LOW/MODERATE-ACCURACY ANALOG BLOCKS

B HIGH-SELECTIVITY DIGITAL FILTER

EASIER AND MORE ROBUST IN MODERN CMOS
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|NTFA

S R =

Fundameértals ofz4 ADCs:Basic>AM architecture ==

Y(z) = STF(2)X(z) + NTF(z)E(z)

L th-order AM

\ [L=4
......... 1. ... . SRR SRR

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

...............................................
s ']

oo
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FIE,

5 04 03 02 01

Y(z) = 7EX(2) + (1 — 7Y E(z) —

H(z) with large gain
within the signal band

g,H(2) RSN .
—_— STF(z)=1
e i

STF(z) =

1st-order AM
Y(z) = ' X(@) + (1-zHE@)

5 :
=1
st @ = 1=
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H(z) with large gain

SN within the signal band
+
xo—w=(T)| H(z) H >—-(:T' y ey 8 H(E) s |
. , STF(z) = —f—m— STF(z)=1 .
‘T ) 1 +g,H(z) ’ & :
g NTF(z) = —L -y NTF(z)»—— &1 |
Y(z) = STF(2)X(z) + NTF(2)E(z) g Hz) R o
—= Within the signal bandwidth
) Y(f) Y(f)
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SGEU e o , ,[
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f.-B, /2
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|
Loop Filter H( z)

. -
Loop Filter H( z)

AR S
Low-Pass ~AM \DAC Band-Pass AM \DA

B Dynamics of the loop filter: Discrete-Time vs. Continuous-Time

O

- y Loop Filter Y

fs & Loop Filter . + "
._..-r-"‘_..{:}_... I (t) .,...{i}_.. —T — -/ E

() - H 1Y " - H( s) u{n) ;
] (2) )
yim y( b

DAC DAC

DT £AM . CT SAM % .

B Number of bits of the embedded quantizer: single-bit vs. multi-bit
B Number of quantizers employed: single-loop, cascade, etc..
B Type of primitives available in the fabrication technology...




Dynamic range, DR {dB)
%3 5 3 8

120

100

L H) within the signal band
H(z) S 8q41\= L e, 7 '
STF(z) = —4— STF(z)= 1 |
- I+g,H(z) ’ :
y 1 | 1 .
NTF(z) = & NTF(z)=~ «l :
Y(z) = STF(2)X(z) + NTF(z)E(z) . +qu( :L ___________ ‘!f' ‘J_{i_'(_‘_)_____:
L th-order *AM Fr
, 2 + )
Y(z) = zLX(2)+ (1 -z 1)} LE(2) - DR = (2 1) - o nﬁ;§£
. .
—_— =5 Py v
—L=3 B Oversampling, OSR
—_—f=2 % Speed of analog circuitry
— L =1
—L=0 E B Order of the shaping, L
: = Stability of the AM
o §
& @ B Resolution of the
4 B internal quantizer, B
3 2 &E Linearity of the DAC
‘:-:..':';' - . . . . 0
2 o g 18 32 84 128

=

+
XH@—.-

4_-_."'—‘& o i

Qvarsampling ratio, QSR

Fundamenta%.—?afZA “ADCS: BaS|c~ contro parar

H(z) with large gain
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Dynamic range, DR {dB)

/ 5 H(z) with large gain
+ ; H) within the signal band
: - i Z)Y W e I
—T B-bit 1 +qu(:) | !
. NTF(z) = —L o NTF(z)»— a1 |
L [eoipacl=— I+g,H( : g (=)
L th-order ZAM 5
5 i 2 2L+ 1DOSRETD
Y(2) = LX) + (1-z'VE@) — DR=3(2"-1)"- =
_ .
120k | — L =5 —
1ol [— =3 Oversampling, OSR
—_—f=2 % Speed of analog circuitry
gok|— L=1
[|— L=0 S -
S B Order of the shaping, L
80 : § Stability of the ZAM
8
40 8 g B Resolution of the
4 B internal quantizer, B
20 Er e 2 % Linearity of the DAC
0 -_ - ‘:'Z. . . . . . o
1 2 o g 18 32 84 128

Qvarsampling ratio, QSR
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Nye(z)| =0 N L 0 - H(z) - 21?

z-1 1+H(2)

Z=1

X+ e 2_1 u ‘.—'_|" e(n) = x(n)—y(n)
= 1-z | u(n) = u(n-1)+e(n)
" 1-bit —
| —= 1-bi y(n) = sgn[u(n)]

B Using a linear model for the quantizer

Y(z) = z ' X(z)  (1-z HE(2) X+ Ne | Z |u ‘]—
. 1
-3 = | 4
DR(dB) = lOIogm(%J ‘
2 DAC

2n

"<




cCooQo =
[ I Sy i o
—

] ||} H |
H ‘I |

0 50 200 250
Clock {:ytle
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o o

o =]

| |

Input and output signal

| Sinewave input & 3-bit quantizer
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Relative Magnitude (dB)

DT-34 Mszkst-order LP 3A modulator,
B Noise pattern

e(n) = x(n)-y(n)

un) = un-1)+e(n)

f/'; fS

Input level (reffered to A/2)

el y(n) = sgn[u(n)]
n . an
=0 x=1/3 x=1/2
n 7] y e u y e u y e
0 0 1 -1 0 1 -2/3 0 1 -1/2
1 -1 -1 1 -2/3 -1 4/3 -1/2 -1 3/2
2 0 1 -1 2/3 1 -2/3 1 1 -1/2
3 -1 -1 1 0 1 -2/3 112 1 -1/2
4 0 1 -1 -2/3 -1 4/3 0 1 -1/2
190 = -bo [ TR |||r' N .I"wl"| w Ml I"Wl”i‘l U' W '111| N ! \.'n' ' 1
_ 8 0L . ... ...
40 001 002 003 004 0.05 0.06 0.07 0.08 0.08 0.1 £ -1-08-06-04-02 0 020406038 1
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DT/ZA Msz2nd-order LP A modulator

i A 5

1st-order A Modulator

X o+ 7" ¥ z" |y
1 1 -
2nd-order A Modulator 1-2 X2 1-2 _|
Ipact 9pac2
DAC




Y(2)

Magnitude (dB)

—1 —1
Z 4+ Z

1_ y o Stability conditions:

1-z X2— 1—

~1 - _
z a 9pac19x29¢

Ipaci Ipacz

B Linear analysis

2y, | 1.2 -,
=Z X(Z2)+(1-z ") E(2)
2 4 5
An_ pr=1M

60M 27

=201

-40r

-60
-80

-100
-120
-140
-160

-180

B Output spectrum and noise pattern

~

002 003 004 005
Relative Frequency

DAC 9pacz = 29pac19,,

+ Dependence on M: 15 dB/oct.

+ Example: digitize a 10kHz signal with 16 bits
e M =150 (f, = 3 MHz) for a 2nd-order ZAM
o M=1500 (f; = 30 MHz) for a 1st-order ZAM

-30
AQ R #
50 H E
3 | . £
-60 :K _w White-noise model| ¥
. i

lr'\ H'ﬂ’ ]
80 ¢ Mﬂ‘hfm%ﬁw \.H"'ﬂ‘

_‘“‘““‘““““‘:QW“WJJ\\“WW‘“@ ““““““ 3

40
-1 08-06-04-02 0 02 04 05 0-8 1

70k

In-band noise power (dB)

DC input level (referred to A/2)
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g + 2nd-order *AM gl'gzgq =1
x . Y Yo =z2X(2)+(1-zDH2E(=) &' =22/'g,
€ Stable for inputs in [0.9A/2, +0. 9A/2] [C ndy85]
if g,'>125g'g, .
L th-order ZAM
x ¥ )
¥(z) = zLX(z) - (1 -z H)rE(z)
pure-differentiator FIR NT7TF
INTFI,, = 2L Prone to instability
160 .
R, ‘S S A <] High-order ZA loops are
140 - P | 5 L only conditionally stable [OptEs0]
L 0] T R o S N
o~ v
T V00 e D i s IR NTFs [Lee87]
\g .
= 80 . (z-DE
9 | — L=6 NTF(z) = (1)
6Ol ... A T (@ _ —_— =5 D()
— NTF with — L =4
40 zerosatz=1 _ ;-3 | B Zerosatz=1
"""""""""""" — ideal NTF _—L=2 B Butterworth/Chebyshev poles
s 32 64 128 256 512 1024 Gain adjusted to satisfy
Oversampling ratio, OSR INTH|. ~1.5
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OPTIMIZED IIR NTFs  [Schro3] 20t 5th-order NTF |
. O (osr=64) |
L. . 2, i | e
mm[JJ INTF (1) d,r‘:| @ g
0 o~ 40
H H Q
_ _ el
B Complex zeros at |z | = 1 with optimal E soli
positions within the signal band = TEs
B Butterworth/Chebyshev poles 10 : ] Z NTFwith zeros at z= 1
12Wee £ 1 © | = NTFwith aptimum zeros ||
-140 A el T
a0 — B T
A ; ; Normalized frequency, f/f
140 ‘""':;".L"'f' """" rially o ‘;;x'" N g “ """" o
120 _’“ e _.3___:__“_=.':'"d7 i
a |~ ”‘.r 1 ) -"( “; -
= 100 s b Sy IR NTFs [Lee87]
% * N oy — L=6 | NTF(z) = _(z—l)L (D)
60 ) @ Tiog. D(z)
— NTF with —_— =4
40l eptimaiizerod _ ;=3 B Zerosatz=1
---- ideal NTF —_L=2 B Butterworth/Chebyshev poles
20 98 258 512 1o Gain adjusted to satisfy

Oversampling ratio, OSR

||NTP1|r:¢3 - ]'5
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T4
A

)

_..J_T

B Complexity (many feedback/feedforward coeffs)
B Large spread of coeffs (area, power)
B Not suited at low oversampling (stand-alone)

16 32 64 128 256 512 1024
Qversampling ratio, OSR

¥
DAC

Distributed feedback and
distributed feedforward input

Y

) Feedforward summation
+ local resonators
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“DF-7A. yfigngjbder cascade\_;A modulators

“ Error Cancellation Logic (ECL)
E 41
X—w ZA O —

Ll!

X2

-
-
-

MASH ZAMs

V¥ Each stage re-modulates a signal containing
the quantization error in the previous one.

V¥ Digital processing is used to cancel out all
guantization errors, but that in the last stage.

NTF(z) =0 .i=1..N-1

Y(z) = 2 2X(z) +dyy_s(1-2 ) Epl2)

L=1L+Ly+...+Ly

HIGH-ORDER STABLE OPERATION is ensured
by cascading low-order stages (Z,= 1, 2).
Relationships among ECL and AM to be fulfilled
for perfect cancellation (NOISE LEAKAGE).

d=> 1, interstage
coupling

2 2L
 p.=[EER °N L
L Q= T2N-3 (2L +1)

. 1 I LR

Systematic loss of resolution, but:
B Smaller than for single loops
B Independent of OSR

Small spread of analog coeffs
ECL can be easily implemented
Performance close to ideal
Suited at low oversampling




2-2 ZAM
4th-order 2-stage cascade

2-1-1 >AM
4th-order 3-stage cascade

N T T T |

[Kare90]

[Yin94]

HI(Z) = Z_'Z

Hy(z) = (1-z1p

i Cancellation Logic

ise ieakage preciudes the cascading of
large number of stages to be practical

1-1-1 3AM [Mats87]
2-1 3AM [Longo88]
2-2-1 IAM [VleuO1]
2-1-1-1 SAM [Rio00]
2-2-2XAM  [Dedic94]

§3'

- 1
£18:83

Hizn)=z1

B gal'
g 1’55 283

H,(z) = (1-z1)?

1
dy =

Hi(z)y = =1

A
£182838

Hy(z) — (1-z1p

Cancellation Logic
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P

V¥ Increased dynamic range
B can trade for OSR (wideband)

V Better stability properties
More aggressive high-order NTFs

V¥ DAC non-linearities are directly
added to the input

The linearity of the ZAM will be
no better than that

POSSIBLE APPROACHES

#® Correcting DAC errors

B Element Trimming
B Analog Calibration
B Digital Correction

Thermometer-| 4
) 4 < to-blnary |,
4 5 decoder |1 |
(inary} 281 unit elements
Unit slsment
Parallel bank of o[
281 comparators - \
£ ;
_-F Fi
—_— 29 -
thermometer
(hememeed Lo [Cntsoment
B-bit ADC B-bit DAC

FULL-PARALLEL ADC/DAC DAC linearity limited by
(Typically B < 6) component mismatch

Decorrelating DAC errors
from the input

B DEM techniques

® Introducing DAC errors
at a non-critical position

B Dual quantization

33
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B . A L | — = o = KRl

“DT-2a Ms-Multi=hit YA modulatprs =~~~ - T

e Tanc ELEMENT SELECTION
* * Thermometer- y, — LOGIC
Y to-binary |

x.—i@-» H{(z) LD—»@—W@T ¥ o decoder

(binary) 251 Uit elements

] Unlt element

| y ¥ | Parallel bank cf
{(F)= 28.1 comparators
. £ A
¥ Increased dynamic range pe—=  —f ;’; / ¥
B can trade for OSR (wideband) __f 289 -
{thermometer)
V Better stability properties -
More aggressive high-order N7F5 B-bit ADC B-bit DAC
V¥V DAC non-linearities are d|rect|y FULL-PARALLEL ADC/DAC DAC I|near|ty ||m|ted by
added to the input (Typically B < 6) component mismatch
The linearity of the XAM will be
no better than that Dynamic Element Matching (DEM)

B Elements selected to make DAC errors independent of the input signal

B Algorithms that try to average the error in each DAC level to zero
(to push DAC errors to high freq.)
V¥ Randomization: Distortion transforms into white noise
V¥ Rotation: Distortion moves out of band (CLA)
V¥ Mismatch-shaping: 1st/2nd order (ILA, DWA, DDS)




DT-sz MS"DaaL

‘—‘-—s’u i

Dual Quantization

B Combines 1-bit and multi-bit quantizers
(linearity/reduced error)

Concept applied to single-loop ZAMs [Hair91]

V¥ Improved stability
V¥ Noise leakage

Concept applied to cascade *AMs [Bran91]

V¥ Multi-bit quantization usually applied
only in the last stage

V¥ DAC errors shaped by £-L,
Relaxes DAC requirements

V¥ Noise leakage (inherent to cascades)

H{z}

¥

Leslie-Singh
architecture ¥, y
[Lesl90] > J_I_,J"JJ- W z Y
B-bit

_—_1 2
2Al-z ) [-0 cascade XAM

v
V¥ Suffers from noise leakage
v

Multi-bit quantization does
not improve stability

Cancellation Logic
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Analog Domain <= :Q

p =2A Msi;gga"rid%st A modu[@tors CsiE 0 _- : S ik

Digital Domain

“/;2\' Lowpass | data
Y/ . ADC
% LP Filter T Analog quadrature mixer
MF {\«\ cos(2nfct) . _ .
SIQ:al *J : @ (= YQ mismatch, //f noise, offset)
/2 : Two lowpass ADCs needed
ﬁ Q data
({@ Lowpass ~
LP Filter A.DC
1
. ; | data
| SO RNt
il LP Filter
IF ., _
) cosdnj}FnTS) =1,0,-1,0,1,0, .
» (Bandpass) { _
Digital quadrature mixer ADC iy f”: = fs;‘4
@ One IF (bandpass) ADC 1 *\
L. | T Q data
Digital channel selec- I —--Q(/—-— \ i
tion, gain control... . LP Filter

Digital mixing simplified for fjr = fg/4
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Si;gnal balnd

DAC

Y(Z) = Ste(2)X(2) + Nte(2)E(2) -120

0 01 02 03 04 05
Normalized Frequency

ﬂ 1st 2nd Lth
7 Resonator] |Resonator Resonator

L
Nres(2) | 22f, T,

H, .(z2) = [
op (1-27"z)1-2"2%)]

4 , LY

(Nres(2)* (1-2 'z,)(1-2 ' 2,*) = 1) D|N7p(2) = [1 - 2cos (27f, T)z  +2 ]

_-'/-




Relative Magnitude (dB)
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Relative Frequency
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| 2"d_Order BP(L = 1)

8N-Order BP (L

N =1
f
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[ 9dB/octi

2 4 8 16 32 B4 128 256

Relatve Freauency |

o9 1 L sl AT
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D7-34 /5-Bandpass AMs —

Mag. y Antialiasing Filter

P Trade-off at the IF Stage IF Signal B . IF Mirror
. a : - @
" ™M ™1 i '

Rt ! .
| g / : ‘ The large fnthe lower Baf
o W !
1 I T I T - T - T T : T .-—Freq
—fo  —f +f, 2 -, f, f/2  f.—f, s

P Trade-off at the RF Stage

Mag.y
LO A -'\l A

|RFE Sigral

The lower fnthe lower Birf

> Freq

T T 1
e Lo LOoTTIF

T T T
no~"IF o 'rr
(f o=Tre=Tip)

(® Optimum location for f =f_/4 (atthe middle of Nyquist band)

¢ Forward path (analog) modulator filter realization can be simplified

¢ Simplifies LP-to-BP transformation, z_l—>—z_2

¢+ Digital mixing to baseband is notoriously simplified:

- f 1=

1,0,-1,0,1,0, ...
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*_QI{Z@_Mé;%@;%@?fransform@tion me

L-order Lowpass ZA Modulator

2L-order bandpass LA Modulator

X(2) Y(2) X(2) - ;— Y(z)
—JZ_}—-— - T_l_l‘r —u—l/i\'—-- ! ll'ﬁh - T_'_Fr -
< i 0 e o
zZ -z
] N-bit . N-bit
Lth-Order LP Filter 2L th-Order BP Filter
DAC DAC
J’m(z)ﬁ Im(z)
L zeroes at DC L zeroes at +f_4
// \\ I'] // } X \\
/ o / N
/ i { i
-;'ii_... | i -
' Unit "R ' Unit I Re(z)
' Circle ) =l ' Circle !
\x, /./ \x\‘ Iy
R ~ - _
[ zeroes at —fs/ 4
_ L o L
Str " 2 B 2 2L +1 Sre = 020
B -1 L SNR.. — 12(2 —-1) L+1)M 5
Nrg=1(1-2 ") Q" T Npp=(1+z7)
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5-.P-to=BP transformation me

1°Lorder Lowpass

et

_|

2"9_order Lowpass
—1 —1
zZ + z
1 -1
1-2z x2- 1-2z
Ipaci 9pacz

+

X2

V<

=
-

DAC
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V<

DC Input signal

- In-band Quantization Error Power (dB)(M = 64) -

=

Input tone at /4

N
o

Noise Pattern

In-band Error Power (dB)
In-band Error Power (dB)

||
HH1 % wa WW

1 080604020 02040608 1 ~-1-08-06-04-020 02040608 1

DC Input Level (Referred to A/2)

DC Input Level (Referred to A/2)
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T
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DT 34 1/5-Beydnass SAADCS - -

B Bandpass decimation

Y

e e

C,

7/2 7

B Efficient decimation

Complex LP
Decimator

Y{ Z) f ll". W(Z } M Yd(z )
[ il T [Nors97]
fn
Digital BP filter Downsampler i
l i Wm‘ A
1 | )
o C | C
q b .
enclriooss o MM
1 Js2 h B .
e fs"jz / BH'?BH’
[Schro0]
. 1.0,-1.0
.| DATA N L B
) | DATA
— Q DATA o
Foo fs i Time interleaved LPF W
n— 3 />€\ + Downsampler | . QDATA
\_/‘Y B
f to
0,10 -1, ..
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[ Discrete-Time XAMSs

* DT loop filter
¢ All internal signals are DT
¢ Sampling at the input

[ Continuous-Time XAMSs

¢ CT front (loop filter) part
¢ DT back (quantizer) part
¢ Sampling inside the loop

Loop Filter u(n) L_I.I'

O e [l

DAC

=0~

V(1)

Loop Filter

H(s)

45



-CT=24 Ms:-Basic.concepts
= ———— R T e P —

e P A

X + u(n)
x._: Hes) u(t) u(n) ,:t_—"_(”) = HE) fs _C
: Is o AA Filter
l (1) ¥
- DAC *fs\_ﬁ H(s) DAC

[ Pros of CT-2AMs

¢ Implicit anti-aliasing filter

Less impact of sampling errors

No input switches — potentially better for low-voltage supply

No “settling” error at the loop filter circuitry

Potentially larger operation speed with less power consumption
No sampling of the noise at the input capacitors

¢ Reduced digital noise coupling

[ Counters of CT-ZAMSs

® 6 6 o o

¢ Very involved dynamic due to the combination of non-linearity, CT
and DT

¢ larger impact of circuit non-linearities
¢ Time constant tuning is needed for correct loop filtering
¢ Large sensitive to time uncertainty (“jitter”)
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T A e

(3 Linear analysis of CT-XAMs, assuming [Bree01]:

¢ Linear model for the quantizer
¢ DAC gain is unity in the signal bandwidth

W/

x u(t)
H® H(s) ”

A

Magnitude (dB)

H(f)

Y(f) = — . x(f) +

T1+H(H

Wil

.
XQ'

1_
Jo

DAC

E B B & &8 &2 8 o

1

1+ H(f)

(3 Example: Lth-order, B-bit single-loop architecture

Frequency (HzZ)

al

wil—

]

V(= 24 X( = (i) £y

1

2 o)
3% TeLspvtT!




CFZ’A Ms_ Synthess metho o

e A

(1)
“n

—L»{ DAC(s) =

] X (1) x,(nT,
v /_\ 1 /1 s L_I-r 1 ?:-'=
g "?& fi _I_I'rl
H(s)
DA C(S) PR

Open-loop configuration

¢ Find an equivalent DT XAM that fulfils the required specifications
¢ Based on a DT-to-CT equivalence [Cher00]

(3 DT-to-CT synthesis method: pulse invariant transformation (freq. domain)

DAC H(z) Hi(s)
1 1
NRZ : '(1_2‘ )
1+z
AN [ﬁ _—2)
RZ _?J = - 7 - (’)O g
) 2 2
1 +:z 3 _mo
2 ol
Lo (1))
HRZ 2 2
] +272

Z[L_I[DA C(s)H(s)1|, _ nTSD
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-

(3 DT-to-CT synthesis method: State-Space Representation (time domain)

¢ Operation of the loop filter is described by state-space equations
¢ Can be applied to an arbitrary feedback DAC waveform [OliaO3b]

adel
Fifig

D o oSl
) hd,;r:)
N
DA
T.
— Fy Y e 2L

y[n

t

DA

x(t) = eF=to)x(1y) +feF'i*—’~?'Gm)(m.

x[n + 1] = ¥ x[n] + y[n] /eF(T_)‘JGFLdG(A)d}..

in

W) _ gty + Gr(t)

w(tl) = Cx(1)

Equivalent DT system

x[n + 1] = Ax[n] + By[n]
w[n] = Cx|n].

A
B =

,priT M hda [A)d}} G
0
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(3 Application of DT-to-CT method to cascade CT ZAMs

¢ Every state variable and DAC output must be connected to the integrator input of the
ulterior stages in the cascade [OrtmO01]

¢ Increases the number of analog components (transconductors and amplifiers)

DT-to-CT

CT-zaMs:Synthesis methods |, T — )
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e e T

(3 Direct synthesis method [Bree01]
¢ Uses the desired NTF as a starting point, (as for the DT case)

¢ An Inverse Chevychev distribution of the NTF zeros has advantages in terms of SNR
and stability

(J Application to cascade architectures [Tort06]
¢ Optimum placement of poles/zeroes of the NTF
¢ Synthesis of both analog and digital part of the cascade CT A Modulator
¢ Reduced number number of analog components

: ;
x(s N d E(2)
Q- k‘""l i“ T‘ ‘LE-] E‘\ % l ﬂ:s) 'I'-';'_r,-l \\\ L.f]. ‘\‘\ lEl{Z)
T;S /:}—4 T‘;S /‘}_0— /‘,'/— I CLI F— L\\__J—‘ - L\‘\ 5(_ _ CL
ki | / k| / |8/ . Is, . J I
% /| ) n) kst | /
— " inac [ 1) AR Clrymilbc
S ba [N E; Z:l -
ki I\ ¥,(2) r EAz
E— Ej} >"-/— J 5 C.L1 —{+‘:'—'O LT \1 I '( ) )
et |/ ' T e X J y—{ CLy - \'_'1;0(2)
DT-to-CT L—*W / £ yo(2) Direct . TS/ ) R,
Method e ——DAC - "~ F 1% 11(s) i(z
LL—?}, Y = Method ) e ] | 1)
A 3 g
=t NN L,
Fg| IS / - i— L ] e
1t Ts A 3
S/ o o -
LAY A DAC Y3 r i ¥3(8) %@

DAC
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O

SNR Loss (dB)

o <

S i

Direct synthesis of cascade architectures (1) [Tort06]

¢ Sensitivity to mismatch (gm,C)
* A2-1-1 example

PR
! |

0.2 0

c_ (%) ' = . :
gm 1 08 Gc(%)

0, . ~ T~ .
Ggm( /0) 1 1 0.8 . O.C(%)

B DT-to-CT synthesis method B Direct synthesis method
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(3 Direct synthesis of cascade architectures (I1) [Tort06]

151{2) L

: 1i(g): oz O llati _
*S) | oT mAM, ﬁ. CL, | . Yol2) = 3 ¥(2)CL(2)

: oy k=1
F |Ex@) : ‘\ k-1
> V2(2): i 2
CT IAM, i CL, > @_} ¥o(@) B2+ Y Z,(2)

=1

/ }"k( Z) =
JEm(z)

LCT TAM,, -V”*(Z)E, CL, / Z, CL
gy Bl CL(2) = —kmZ—m
k T—Z s

X5(5)— (= s) 1 Va(2) i
- _T J"z(;:(sj DAC al [kaEZ[L 1(HDFRm)lnT5ﬂ

_ l To next stage




-CT=2aMs:Synthesis ' methods n— )

e~ R S oy i = = =] = K r2l

[ A case study: A 12-bit@20MHz, 4-b, 2-1-1 CT XAM for VDSL [Tort06]
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