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Fig. 2. Experimental ADC data and fundamental asymptotes for analog circuits
containing a single amplifier and capacitor.
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Nyquist-Rate and
Oversampled A/D Conversion

» According to the ratio of sample frequency and Nyquist
sample rate, A/D converters can be classified as,

» Nyquist-rate A/D converter
» Oversampled A/D converter

» For a Nyquist-rate A/D converter, the sample frequency is
at, or slightly higher than, Nyquist sample rate of the input
signal.

» For an oversampled A/D converter, the sample frequency
(Fs) is much higher than the Nyquist sample rate (F, ¢ st)-
The ratio of M=Fs/F,, ., is the oversample ratio (OSR).
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Nyquist-Rate and Oversampled A/D Conversion

= One direct benefit of oversampled ADC is that the

quantization noise is M (M is the oversample ratio) times
less than its Nyquist counterpart.

= Every time we double the sample frequency, the
effective resolution increases with 3 dB (0.5 bit).
o A’ i
Frequency band —_X—-
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The quantization noise outside of the frequency of
interest should be filtered out by post digital filtering.
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Nyquist-Rate and Oversampled A/D Conversion

2
Frequency band A—x i Sq(f) Quantization noise PSD
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» Reducing signal bandwidth decrease the integrated in-band
noise level by 3 dB

» Increasing the oversampling ratio Fs/2Fb by factor of 4
increases the resolution by 6dB or equivalently 1 dB.

» Changing the sampling frequency by a factor of 100
increases the SQNR by only 20 dB.
» Very expensive: too much effort for additional 3.3 bits
» Can we do better than this?

J. Silva-Martinez
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Conventional (Nyquist) ADC

Data
Out

Vin —
Quantization

N-bit traditional RS

ADC l
FFT | SNR—I I FFT

Quantization noise
Input signal

SQNR=6.02*n+1.76
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Basic concept in ZA Modulators

Data

Out
Vin .
O - T
1 [
—_ Ts -
FS
Quantization NTF ==an
Noise OBG

H(s) A/D
Dout f
Vin a@—» \ _. »a —> f=0 -
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_ Dout

1 STE = Dout
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Feedback \
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STE = (=) NTF = !
1+ H (s ) 1+ H (s )
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e noise and signal and use
Feed back to shape the noise!

Original ADC L L L
+ noise ) (.- ) — E(_- ) + A(.- ,)“X (- ,)_ A(- )} (- )
L o Alz)
3 — E()————+ x(o) 2=l
2) I+ A(z) I+ A(z)
' = E(z)Hg(z)+ X(2)H(z)
Noise Szgnal
Y Transfer Transfer
DAC Function Function
Objective
Y(z)=E(z) 1 +X(2) 4(-') » — Want to make STF unity in the signal frequency band
1_\4( ) I+4(z) - Wantto make NTF "small" in the signal frequency band
}iﬁé’fe’ %ﬁﬁ(s]}a If the frequency band of interest is around DC (0...f5) we
Function Function

achieve this by making |A(z)| >>1 at low frequencies
— Means that NTF is <<1

— Mans that STF = 1

The assumptlon IS that the DAC can do much better

J. Silva-Martinez
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gversambpied A/D Conversior

(Double check Mason'’s rule)
| =@ ; L
X(2) E Y(2) (=)= 7(- (- z—1
O ® [ g )(-)_E(-)H-_i +l(-)1+ !
............. \ =9 (:)(] —z! )+ X(z)=!

DAC .+ .\ Check the input-output trajectories
H(z)=1-Z"=1-¢" = e‘fz(e”z e"z] Original E(z) is shaped by NTF

Spot SQNR

wT - = -
-i5{(~. . (@l Original E(2) is
Hlz)=e ?|2jsin|— dB o~
e( ) ( J ( 5 )) 6‘ amplified here! / , \

!
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Oversampled A/D Conversion

I E(Z)
X@ LT e [ _— A
'.G[) z1 [T5 [ SONR =1.5%(2" -1 *(3* ; )
JT
\_SONR =1.76 +6.02* N - 5.2+ 30 *log(OSR) dB)
sovg-—XEZL_ 1XE) Signal to Quantization
(), ) ar \E<Z> (11, () ar . .
/ ! Noise Ratio (SQNR)
2 > N=number of bits
e 55(((5)) ey > OSR=fs/2fb
.!)‘(25111(2)) df
If fb << fs, then > SQNR improves by 30dB when
(2N ~1 * 6*(13)3 OSR increases by 10
SONR = i ﬂziﬁs > Or 9dB SQNR improvement
12 fs when doubling OSR
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Oversampled A/D Conversion

Typical spectrum for a 2" order system
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Figure 3.6: Output spectrum of MOD2 with a —6-dBFS sine-wave input.

Understanding Delta-Sigma Data Converters, Schreier and Temes
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Linearized Model: 2" order
Multiple Feedback Modulator

= _ A

) ‘
STE U(z) (z-1)* +(z-1)ba, +aqa, 72 —(2-ba, )z+(1+aqa, —ba, ) /\
V(Z)= aay _ aqas
(z) \/X/>

NTF v(z) (2-1)2

E_(z_) (2—1)2+(z—1)ba22+a1a2
Under the conditions a,a,=1 and a,b=2, then

V(2)=27U(z)+(1-2f E(2) This is the real signal at the
U(z)-V(z)= (1 _ 2 )U( 2)- (1 _ 2_1)2 £(z) filter's input: THINK ABOUT IT!

J. Silva-Martinez
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YO |
+ INAD
A = o \ W
— e

ot enough to design a robust system!
-z7fE(z)

_2 1 Small for inband signals but
< }U(Z )- (1 —-Z )ZE Z) what about the blockers?

If a1>0.5, hence the in-band output of the 1t integrator is > than the input!

J. Silva-Martinez
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2" order Multiple Feedback Modulator

B3>

L
i
Ylsib © 1—_12‘7 _ ;%; (+) Q V. Schreier and Temes

NN
l = P
vl bz P e oz e,
U(z) (1-2‘1 )2 +a 21(1-21) ra,Z (1 z )+a1Z1
3 (1—Z_1 )2 +b, (1—Z'1 )+b1 al = a2=1

a3=10

Amplifier input {—b 1-2")-b,(1-2- )Z}U ~(1-z7"FE(2)
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Generic model for the Feed-forward Modulator

V ={STF }U +{NTF |E

vol Bolu, 1 . Be sure that | 1+L| >0 for all
’ frequencies; e.g. phase at the unity
+L 1+L
frequency

V. =U-V= 1 U- 1 E = U-E very good for inband signals, but
° 141 141 1.1 Some issues for out of band signals
specially if NTF>1 at high frequencies
L
Y=V.L= { }{U -E} Little chance of overloading at the

1+L quantizer input

J. Silva-Martinez




Generic model for the Feed-forward Modulator

- - e A S e Mmoo WA e R W S e e

Schreier and Temes

Y — - - — ey e e M e Ve e e

Very good STF but it is not very relevant in
practice

Excellent for both in-band and out-of-band

blockers; minor issues if NTF>1 at high
frequencies

Y U +V. LU - { L g Little chance of overloading at the quantizer input

But.. What about aliasing of HF signals? After Y we

J. Silva-Martinez -17 -
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eneric model for a Rybric
Modulator
E
U—-]L, |
Loop | Y Vv
Filter
-—-—»L1

(HIGH) Risk of excessive signal at the

V = Lok U + 1 E internal nodes
1+ Lk 1+ Lk
You have to analyze case by case; hard
Error Signal =V - E to make general conclusions

_J] Lk |, _] Lk |z Onceyou define Lo and L1 and the
1+ Lk 1+ Lk topology you must analyze how L1*V
and Lo*U affect the signal swing at
every internal node

Inband SNR is a strong function of Lok

J. Silva-Martinez
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Modulator based on Integrators

This architecture is very popular in CT modulators

No problem with non-touching loops nor with trajectories
non-touching loops

A major issue is the frequency response of the adder

J. Silva-Martinez
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eneric model for a Rybric
Modulator
E
U—-]L, |
Loop | Y Vv
Filter
-—-—»L1

(HIGH) Risk of excessive signal at the
V_{ Lok lUJ’{ 1 }E internal nodes

T+Lqk T+Lqk You have to analyze case by case; hard

to make general conclusions
ok } { L.k

E

1+L.k | Once you define Lo and L1 and the
topology, you must analyze how L1*V
and Lo*U affects the signal swing in
every node

L
ErrorSignal =V -E =
1+L1k

Inband SNR is a strong function of Lok

J. Silva-Martinez




Fundamentals on MASH

architectures
Diqgital

o—f 7, Quite relevant topology:
Fier FT=1 @ v Notice that the auxiliary
Ly
[ DAC ADC processes the

quantization error E1
What about E2?

/(2)=H(zV. -H,(zV, Any other option?
/(2)=STF,(2)U + NTF,(2)E,
/,(2)= STF,(2)E, + NTF,(2)E,

J. Silva-Martinez
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architectures

U——-iL, *E1

Loop | Y4 Q Vi
e

14

Y
=

Filter \

Schreier-Temes

Analog Intensive
MASH topology

Figure 4.22: The L-0 cascade (Leslie-Singh) structure.

If H*NTF,-H,*STF, =0 -405'...
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Design Issues
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Linearized Discrete-Time Model
E(z)

X(z) +>_T » H(z) »(}3 — Y(2) H(z)= z

Signal Transfer Function:

Y(2)=H(z2)[X@)- Y(2)]+ E2) STF - ;8 _ 2 < Delay

__H@) 1
= Yie)- 1+H(z) )+ 1+H(z) 2) Noise Transfer Function:
= Y(Z) =z -X(z)+ (1 _z )'E(Z) NTF = Y<Z) —1-7z""<HP

E(z)

Caveat: E(z) may be correlated with X(z) — not “"white”.

J. Silva-Martinez
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1st-Order Noise Shaping

2
0w f fn 42
[ZSIH(EE) N2 =fA 1 -\NTF\de
PSD 012 1,/2
772NN 2 [ °
AR\ -5 d[z(a )| o
// ..i_--..::--331:?}..\\..\..__-....:;-ii:iff:iii: 12 %/2 5] . "
-------------------------------------------------------- f > for
3 /2 4 [ 2| df
12 f,/2 4 f
In - band quantization noise : 3
2 2 A ([ 2f nt?
. A T _ . A
N2~ . 12 | f, 3
12 30SR°

Doubling OSR increases SQNR by 9 dB (1.5 bit/oct).

J. Silva-Martinez
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2"d-Order ZA Modulator

—_——_—,—— — — —— — — _——— e ————————

Signal Transfer Function:

STE = 2-2 In - band quantization noise:
Noise Transfer Function : , AN
NTF = (1-2") ° 12 5MP

Doubling OSR (M) increases SQNR by 15 dB (2.5 bit/oct).

J. Silva-Martinez




Generalization (Lt"-Order Noise Shaping)

Modulator transfer function : 180 L=6

e
Y@)=z'X@)+ (1-2") E@) .. P
g 120 At
In-band quantization noise: = 100 Vs e L=
g 80 // / ] |
2 A2 JT 2L g 60 e 4/;/ 1/
Ne =" 2L +1 : 40 o L=1
12 (2L +1)-OSR : . .
_ 2L+1
SONR - §](2N_1)2((2L+1)05R J
2 s 16 32 64
= Doubling OSR (M) increases SQNR by (6L+3) dB, or (L+0.5) bit.
= Potential instability for 379- and higher-order single-loop ZA
modulators.
2L
; ; T
SQNR(dB) = 6.02N +1.76 + (2L + 1)10log,, OSR — 10log,, LTI

J. Silva-Martinez
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Equivalence of Continuous-Time & Discrete-Time ZA

Discrete time Continuous time

o x(t) x(n)
i e OR KT

— Ts=_
FS

= The key feature of the 2A modulator is the noise shaping (NTF)

= To achieve equivalence between a continuous-time and discrete-time
implementations, Loop Gain should have the same properties

= How can we realize the same NTF using continuous-time and
discrete-time loop filters ?

» The NTF is mainly determined by the transient response of the
loop filter and the feedback DAC!

J. Silva-Martinez




Types of Feedback DAC with Rectangular

h(t) 4
General
Rectangular Pulse
>
o B t
h(t) 4 h(t)4 h(t)4
NRZ RZ HRZ
> > >
Ts t Ts/2 t Ts/2 Ts t

NRZ: Easy to design
RZD: More tolerant to excess loop delay

J. Silva-Martinez
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Impulse Invariant Transformation

fs
viny —p»{ DAC Hzy F———»x() —=— v(n) » DAC vl He(s) X‘C“)Av/ —» x(n)

KR IR IR s

t t t+Ts

Z7{H(2))} = L{H 4 ()H (5)} | ooz

1) = Unaae 0 e (0] pang = | Pee (O (6 = D) T |,y

Transformations can be easily applied by decomposing the original
DT (Z-domain) loop filter into partial fractions and use S-domain

equivalences for the Z-domain poles to get the CT loop filter.

J. Silva-Martinez
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“Inherent Anti-aliasing” for narrow-band

| | |
applications
ll‘s
® fs
Ue
u(n) ? »  Hz) ﬂ, J_,—'_ > v(n) ' 4 He(s) ﬁ ;; J_l—r » v(n)
{ DAC €¢———— il { DAC €&————
u'(n x(n) & u'(n x(n
— L ) _ L )
v v’
Check Hc(s y
H(z) DAC |« tran Sf er ( ) # He(s) DAC |«
function!

Hc(s) has a low-frequency gain over 40 dB, with a -3dB
frequency equal to ADC bandwidth and unity gain frequency

between 5-10 times higher

J. Silva-Martinez
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Qversamplec onversion:
Feedforward architecture

» Eq stands for the quantization noise
» Ed stands for DAC non-idealities (jitter + thermal noise)
» Filter's thermal noise is accounted in Eh

Clk " Data out Eh v Eq y
H(s) ——»| ZOH ADC ——> X r\Ve [ he 14 701 S

Multi-bit

Multi-bit ADC Ef

DAC .
Z' < — Ed

» The modulator’s output becomes

Y = STF*(X + E, + E, )+ NTF *E, op_ . H(s)*ZOH(s)

> The error signal (Filter’s input) is 1+H(s )*ZOH (s )* 2™

1

Ve =NTP () ZOH(X B +By Jo 271 *E | NTF= o
+Hl(s S

J. Silva-Martinez
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Oversampled A/D Conversion
Feed-forward configuration

Eh Eq H(s)*ZOH(s)
X Ve Vy Y STF =
”é_’ 3 e *é}* 1+H(s)*ZOH(s )*Z

Ef

1

7 NTF =
Ed ’I+H(s)*ZOH(s)"‘Z_1

» The system parameters are defined as 7 = /s

ZOH(Z)= T, *sin c(%TS)

» The lowpass transfer function H(s)
provides large loop gain (Noise shaping)

_ Aoc
» DC gain >>0dB
> Enough phase margin at 0 dB gain

» Z is a complex number (phase)
» Loop stability is fundamental

>

0dB

J. Silva-Martinez




TAMU-ECE Barcelona, 2012

Oversampled A/D Conversion
Feed-forward configuration

Eh Eq ‘T
X Ve Vy Y Z=e
— H(s) — ZOH —> T
Z0H (z)=T, *Sinc( X )
Ef 2
| -1 <— .
@2 £ » Notice that
dB Ed
. f
Z0OH (f ) =sinc —
fS

0 ’K
i —
. i

- T
2] ~

-10

-15

-20

-25

J. Silva-Martinez
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Use Mason'’s rule again!

Eh = L(f)*Z
Léﬂ He) L] ZoH »é Y\ STF =

1+L(f)
1

Ef

7! NTF =
Ed 1+L(f)
A 7 =™ = cos(wT, )+ j* sin(wT)

. » L(f) is defined as the
ZOH (z)=T, * sin c( sz ) loop gain

L(f)=H\z)*ZOH(z)*Z™
) ) ) > Phase of L(f) is quite

> Freq important for stability

Apc

0dB

» Zis quite relevant for
phase of L(f)

J. Silva-Martinez
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Continuous-Time A Modulators

Eh Eq
X % Ve Vy vy  » Forin-band frequencies STF
g e e ’é — is determined by H(f)

= _ » At medium-high frequencies,
| the blocker rejection is
A Ed limited (LTE)

» Peaking if phase of L(f)
phase margin is not enough

» At high-frequencies, the
Freq anti-alias is mainly provided
by the sinc function rather
than by the filter

L(f)*z

) dB

STF =

‘I+L1(f)
NTF = ——

J. Silva-Martinez
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Oversampled A/D Conversion

» Remarks on DAC non-idealities. Same analysis apply to the
input referred filter's noise

X »év‘i H(s) ReA —»é}z» H(s)*ZOH(s)

STF =
Ef 1+H(s )*ZOH(s )*Z

» DAC non-idealities are
Ed reflected at the ADC output
similarly to the signal

» Baseband noise can be directly
mapped to ADC input (Ed and Eh)

» Non-linearities in DAC that translate
HF noise into baseband affects
directly SQNR

» DAC is an extremely

critical component

0dB
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Oversampled A/D Conversion

» Remarks on Filter's operation: Filter's input

Eh
X Vy
a{s‘)ﬁ» H(s) |—=
Ef
Ed
A X(f
ADC
H f)
0dB I

------
ik PR
.o
.
by

1/(1+L)

Fs Freq

" ZOH(f),"

Eq X+Eq+Ey +Z7 *E
ZOH —»é—Y Ve =
T 1+L(s)

Transition Out of
Ve(f)A< Inband>< band band

1l 55 3l S
Fs Freq
» For the single feedback loop architectures, the inband
signal is usually very small: Nice property but...

» Transition band is more critical for filter's linearity
(neighbor channels); is this bad? Could be worse and it is!

» Medium and high frequency 1/(1+L) gain could be around
2-10 dB!

» Filter must be designed for out-of-band blockers!
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Oversampled A/D Conversion

» Remarks on Filter's operation: Filter's input

Eh Eq
V x 7-1 %
Léﬂ H(s) |—»| ZOH —»é——Y» Ve @ NEE= 277 E,

Ef

Ed » Ef is an out-of-phase replica of the X+Ef+Eh if
L(f)>>1

» When loop gain reduces, the loop is less

effective and all HF input signals appear at
filter input

» Filter must be very linear at HF to
minimize signal intermodulation
distortions

» Filter must be designed for the
blockers

Transition Out of
Ve(f)A< Inband>< band _ba_nd

— > Blocker tolerance is a major issue in

Fs Fred proadband applications (WiMAX)

J. Silva-Martinez
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Continuous-Time ZA Modulators

Eh Eq
x Vy »é Y » This is a realistic model
—» ZOH ) >
Hie) » Check the phase of the loop at
the unity gain frequency!
Z' |e—
L) Z
STF = ( )
1+ L(F)
Foc 4 1/2
Z
Aoc _ NTF =—
LAY,
0dB E > Freq A\

NTF

0dB

J. Silva-Martinez
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Stability Issues: ZA Modulators

Eh Eq A
X Vy Y A
i H(s) |—»| ZOH é -

Ef

7' je—

0

Ed

» Check the phase contribution of %
the filter and the delay

element! T
» Check the phase of the loop 3~
at the unity gain frequency! 2

» Can you stabilize the loop
employing the conventional filter
design approach?

» Additional parasitic poles!

J. Silva-Martinez
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Stability Issues: A Modulators

Eh Eq
X V Vy Y
® H(s) |—»| ZOH »é -

Ef Apc

7' je—

Ed

» With a filter with 2 zeros 0
(finite gain at high frequency)

» Hard to stabilize the loop if the
unity gain frequency is close to Fs/

2! (Very Low OSR) JT
> Notice that the delay element add , _
-180 degrees at f=Fs/2 7

» If the loop unity gain frequency is
not beyond f=Fs/4, then maximum
phase contribution due to the delay
element is <-90 degrees

J. Silva-Martinez
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Stability Issues: A Modulators

Eq
Vy

Eh
X V
® H(s)
Ef
Ed
A

Apc

» Not very difficult to stabilize the
loop if the unity gain frequency is
below Fs/4! (not very Low OSR);
e.g. around 100Mhz if clock
frequency is 400MHz

» Notice that larger oversampling
ratio allow you to reduce the filter
gain at high-frequency

» Out-of-Band noise is distributed in
wider n=bandwidth, hence smaller
noise density but same integrated
noise

J. Silva-Martinez
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Jversamplec onversion
Multiple Feedback architecture

En Eno Vy Eq
% % P :
X Ve [ o) Ha(s) =] 7o Y This archl_tecture_presents

A several interesting
D2 properties, but be careful

4@4 z' l«——  with its drawbacks!
Ed

D1

> Eq stands for the Y =STF*(X +E, +E,, )+ NTF*E, +STF2*E,,
quantization noise o H( )* H ( ) ZOH

» Ed stands for DAC non- - % * *
idealities (jitter + thermal I+ {Dl H * DZ} { ZOH*2" }
n.0|se) o NTF — ZOH

» Filter's thermal noise is 1+ {Dl * H + DZ} { * JOH * 7~ }
accounted in EH1,2

» D1,2 are the DAC STF?2 HZ( ) ZOH

,2 are the = f 1

coefficients 1+{D1*H1(S)+Dz}*{H2<S)*ZOH*Z 1}

J. Silva-Martinez -44 -
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EH1 EH2
X
Ve Hi(s) »é H2(s)

Dversamplec

—»

Barcelona, 2012

onversion
Feedback architecture

Y =STF*(X +E, +E,, )+ NTF*E, +STF2*E,,

Eq
% Y o H,(s)* H,(s)* ZOH
40 O T o, (s)+ D2, (s)* zoH * 27

Z-1

5

ZOH
NTF = , \
1+{D1* H (s)+ D2}*\H,(s)* ZOH * 27"
— H,(s )*ZOH

1+1D1* H (s +D2}{ S)*ZOH * 77}

» Notice that in-band STF is still approximately unity (1/D1 if
D1H1>>D2) up to the unity gain frequency

» The error signal becomes:
(x+E, +EH1)(1+D2*H ( )*ZOH*Z ')

T 1+ D1 H (s)+ D2J

Jr0H 7 }+NTF*Z '#(H,(s)* E,y, + E, )

» In-band signal level at Ve is approximately obtained as

(X+E,+E, )*D2+E,,

==
—

’ D1* H (s)+ D2

J. Silva-Martinez
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Dversamplec
Feedback architecture
A

= Enz Vy Eq
X Ve Y
H1(s) »@ H2(s) > ZOH »é}»

D1 D2 4 Apc
@4 Z-1
Ed

Y =STF*(X+E,+E, )+ NIF*E, +STF2*E,, 0d8
H,(s)* H,(s)* zoH

» Freq

STF =
1+L(f)
NTF=ZO—H
1+L(f)
oy _ Hals)* Z0H )= {D1* H,(s)+ D2} {H, (s)* ZOH * 27|
1+L(f)

» Out of band STF is quite small; excellent for blockers rejection
» NTF follows the ZOH at very high frequencies, Minimizing the alias issue

» For STF2, again, the ZOH helps, but.. The ZOH provides -4 dB

) ) attenuation at f=0.5fs and
> The ZOH is excellent filter around f=fs __ _»q (B at f=0.9fs

J. Silva-Martinez
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Dversamplec
Feedback architectu re

Enq Eno Vy Eq
X Ve Y
H1(s) »63 H2(s) || ZOH »(i}»

Apc —

—@< ol a—
Ed 0dB

(X+E, +E, 1+ D2*H,(s)* ZOH* 7"

D1

» Freq

Ch 1+ 2(7)
» For in-band signals apparently is fine:
) (X+Ed vE, )D2 L(f)=1{D1* H,(s)+ D2}*{H, (s)* ZOH * 2™
7 DI*H,(s)+ D2 > For out-band signals:
» At the output of H1(s) we get v, =(X+E,+E,, )(1+D2*H2(s)* ZOH*Z‘I)
Vi = (D—2)(X +E,+E,,) » Most of the blockers and HF noise
Dl sources are present at H1 input

J. Silva- lwarcinez
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Qversamplec
Feedback architecture

Enq Eno Vy Eq
X Ve Y
H1(s) »63 H2(s) > ZOH »(i}»
A Aoc

—g} ol va—
Ed 0dB

 ZOH*Z"'*(H,(s)*E,, + E,)

Ver 1+ L(7)

» For in-band signals:

» Freq

E,, N E, L(f)=1{D1* H,(s)+ D2}*{H, (s)* ZOH * 7" |
H1(S) Hl(S)*Hz(S)

» At medium and HF only the ZOH helps

Ve2=

V,, = ZOH *(H,(s)*E,,, +Eq) > Looks like EH2 and Eq are not the main

J. Silva-Martinez



TAMU-ECE

Dversamplec

En Eno Vy Eq
X Ve Y
H1(s) »éf H2(s) — ZOH »é»—»

AL~ —

5

Barcelona, 2012

onversion
Multiple Feedback architecture

This linear model is probably
more appropriated for the
feedback architecture!

ZOH does not affect the
numerator of NTF

Y =STF*(X+E, +E, )+ NTF*E_ +STF2*E,,

» Eq stands for the

quantization noise g7 _ H,(s)*H, (?)*ZOH ‘
> Ed stands for DAC non- 1+{D1*H, (s)+ D2}*\H,(s)* Z0H* Z |

idealities (jitter + thermal

noise) NTE - 1 ‘
» Filter's thermal noise is 1+{D1* H,(s)+ D2}* {/-/2 (s)*Z0H* Z" }

accounted in EH1,2

H, ZOH

» Dl2arethe DAC oo _ (s)* 2O

coefficients

J. Silva-Martinez

1+{D1*H, (s

+Dz} {H,(s)* zo0H*z}
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Jversamplec onversion
Feedback architecture

Y =STF*(X +E, +E, )+ NTF*E,+STF2*E,,

= Ena Eq
X T ve % WA Y s H1<>H<>20H
H1(s) H2(s) — ZOH — 1+{D1* H,(s)+ D2}* {H,(s)* ZoH * Z7'}

1

NI = DT Ay (s)+ D2}*{H,(s)* ZoH * Z 7'}

() Z' H,(s)* ZOH

£qt ST = DV Hs)+ D2}*{H,(s)* Z0H* Z7'}

» Notice that in-band STF is still approximately unity (1/D1 if
D1H1>>D2) up to the unity gain frequency; D1 is usually setas 1

» The error signal becomes:

(X +E,+E, 1+ D2" Hy(s)* ZOH * Z)
T 1+ D1 H,(s)+ D2} {H,(s)* ZoH * 27

+NTF * 27 *(H,(s)* ZOH*E, , + E,)

» In-band signal level at Ve is approximately obtained as

X+ E +E,) D2+ E,, | E,
° D1*H,(s)+D2 D1* H,(s)+ D21* 1H,(s)* ZOH

J. Silva-Martinez
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Dversamplec

Barcelona, 2012

Feedback architecture

EH1¢ Enz Eq
X v
Ve I H1(s) »é} H2(s) > ZOH | &

N 02 4}
o e

Ed
Y =STF*(X +E, +E, )+ NTF*E,+STF2*E,,

H,(s)* H,(s)* ZOH
1+{D1" H,(s)+ D2} {H,(s)* ZoH * Z}

1

+ D2}* \H,(s)
H,(s)* ZOH
)+ D2}* 1H,(s

STF =

NTF =

1+ {D1* H,(s) “ZOH* 2}

STF2 =

1+{D1* H,(s )* ZOH* 2}

J. Silva-Martinez

ADC

0dB

» Freq

)={D1* H (s

+D2} {H

» Out of band STF is quite small; excellent for blockers rejection
» NTF does not follows the ZOH at very high frequencies

» For STF2, again, the ZOH helps, but..
» The ZOH is excellent around f=fs

)* ZOH * 7" |

The ZOH provides -4 dB
attenuation at f=0.5fs and -20 dB
at f=0.9fs
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Qversamplec
Feedback architectuFe

EH1¢ Enz Eq
X Vy Y
Ve I H1(s) »é} H2(s) -»| ZOH >

G
(2)- Z!
Edf
, (X +E, +E, 1+ D2* H,(s)* ZOH * 2"
l 1+ L(f)

» For in-band signals apparently is fine
if D2 is not very large

(X+E,+E,, )D2
= D1*H (s)+ D2 » For out-band signals:

> At the output of H1(s) we get Vo= (X +E,+E,, N1+ D2% Hy(s)* ZOH* Z)

D2 » Most of the blockers and HF noise
Viti-ou = (ﬁ)(){ +Ey + B sources are present at H1 input

0dB

» Freq

L(f)=1{D1* H,(s)+ D2}*{H, (s)* ZOH * 2™

IR

J. Silva-Marun=z
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Qversamplec
Feedback architecture

EH1¢ Enz Eq
X Vy Y
Ve I H1(s) »é} H2(s) -»| ZOH >

b wd
or 7]

ADC

Eq |
0dB » Freq
, _Z “(H,(s)* ZOH*E,, +E,)
- 1+ L(F)
» For in-band signals:
E E
Ve = == + ? = * s )+ * g )* % 7-1
T 6) H 6 L) L(f)=1{D1* H,(s)+ D2} {H, (s)* ZOH * 2" |

» At medium and HF only the ZOH helps

V., = ZOH ™ H, (3)*EH2 + Eq » Looks like EH2 and Eq are not the main
issue in this topology

J. Silva-Martinez




CT AZ ADC Non-idealities

DAC Non-idealities

» Excess loop delay : Constant delay between ideal and implemented
DAC feedback pulse

> Decision time required by quantizer affecting latches used for
synchronizing DAC inputs

> Finite response time of DAC to its clock and inputs
> Excess Loop Delay can be incorporated: Z-1=»Z-1*A

» Inter-symbol interference : Finite slew rate of DAC outputs with
unequal rise and fall times

— Additional noise and tones fold into baseband

= Clock jitter in DAC Processed by STF

= DAC and Filter Non-linearity Not noise-shaped

J. Silva-Martinez
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Typical Quantizer: Flash Architecture

> S/H operates at clock rate

+Vref Vin . . -
0 > Huge input capacitance if N>6
R/2 - . »>Kick back noise
_ Digital
R Q2
= .
T 2 Signal > Requires a precise low-
CE, c Processor impedance resistive ladder:
§ cg and >»Power-accuracy-Speed tradeoff
e i
R — Memory o
_§ > Limited by comparator
R/Zi >»Speed and accuracy
> Offset voltage
-Vref

> Hard to improve its resolution

State of the art: ~ 2.4 GS/s 6 bits resolution

J. Silva-Martinez




Flash Based Quantizer Architecture

Vi Strobe = Reference ladder
consists of 2N equal
Size resistors

= Inputis compared
to 2N-1 reference
voltages.

7> Do w Massive parallelism

Fastest ADC
architecture

= latency = 1T = 1/f

Encoder

‘
\qj /... N/ N+/ —o
T

. = Throughput = £
2N-1 _
comparators =  Complexity = 2N

J. Silva-Martinez



ADC Input Capacitance

A 2
o*(V,,)= I;/Tl(i C, =10/F/ um’
. # of
e N = 6 bits —» 63 comparators N (bits) comp. Cin (PF)
e 0=LSB/4 — 0 =4mV 6 63 39
e A/o=10mV'pm — L = 0.24um, 3 255 16
W = 26pum

e Small V leads to large device sizes, hence large area and power.

e Large comparator leads to large input capacitance, difficult to drive and
difficult to maintain bandwidth.

J. Silva-Martinez
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Kick-back noise and coupling
capacitors

i ® Mode
V
RV, ot 1M7 +oV, “high” | Track
9
“low” | Regen.

e Preamp delay and V,,, of sampling switch (M,) are both signal-dependent
— signal-dependent sampling point (aperture error)

A major challenge of distributing clock signals across 2N-1 comparators
in flash ADC with minimum clock skew (routing, V,,, mismatch of M,)

J. Silva-Martinez
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Fully-Differential Comparator

Fully-diff. PA Latch

 Double-balanced, fully-differential preamp
e Switches (M,, My) added to stop input propagation during regeneration
e Active pull-up PMOS added to the latch

J. Silva-Martinez




DAC Non-idealities

Sources of jitter error Jitter errors in rectangular DAC
€samp(t) pulse
hnrz(t)
Vin D . .
» H(s) —>;—(f)-> J_'_,-'" o, 4 T g
M - t t :
T.=1IF i ton :
s= s | oe=—
Vdac(t)
< ! t —>
0 t, aTs bTs  th+1 the t
€gac(t) ton=(b- a)Ts+Dt,, © Pulse-position jitter
tan = aTs + Dty, ® Pulse-position jitter

= Pulse-width jitter: Random variation in charge fed back per clock cycle

— Wide-band clock phase noise modulates out-of-band ADC inputs and
quantization noise to in-band

= Pulse-position jitter: Random variation in integration interval of constant charge
— Amplitude errors due to PP jitter are at least 1st-order noise-shaped

J. Silva-Martinez
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Binary-Weighted CR DAC

. . —Cp =
C, = unit capacitance T P LD-l_o Vo
g *

= Vy
L 4 L 4 L 4

C.=0= C,=

-e-- :-9--> | =
| L
o b o) o)
b3 b, b+ bo

= Binary-weighted capacitor array — most efficient
architecture

" Bottom plate @ Vi with b; = 1 and @ GND with b; = 0

J. Silva-Martinez
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Binary-Weighted C-DAC
g

X

N
. . NI
J_ _L _L 1 J_ bN—j 2 u
8C, 4C, 2Ce . | CUI Ve = 12 N Vi
:.» 4--?--> 4--?--> J_ o» = Cp + Cu + 2 2N_qu
i ; i i A i
s s q o 2 by, -2VIC,
| Vg
C,+2"C,
V — 2NCU V . S %
°|c,+2%Cc,| "4 2

= C, — gain error (nonlinearity if C, is nonlinear)

= INL and DNL limited by capacitor array
mismatch

J. Silva-Martinez
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TAMU-ECE

Stray-Insensitive C-DAC

T “r> :',*'> | Large gain A
= l = | l 1 i needed to
i ; attenuate
é & i i summing-node
bs by b, b charge sharing

J. Silva-Martinez




TAMU-ECE Barcelona, 2012

Binary-Weighted Current Steering DAC

V=IR-ibL.'j R
i 1= 2 W
Vx‘ _
S G .

= Current switching is simple and fast.

V, depends on R_; of current sources without op-amp.

INL and DNL depend on matching, not inherently monotonic.
= Large component spread (2N-1:1)

J. Silva-Martinez
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Unit Current Cell
® : <|_o
(())
% ROW/COL T > I o S
: Decoder 0 A v H
RN N
b1 / ® *® J
/—|:I [
= 2N current cells typically broken up into a (2V2 X 2V/2)
matrix

= Current source cascoded to improve accuracy

= Coupled inverters improve synchronization of current
switches.

J. Silva-Martinez
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—

Randomization and pummies

2 6 41 8 5 17 3

NN O & - 0 6~ W

B bummy-cell Active-cell

e Column and row randomization
to improve INL

J. Silva-Martinez
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Example: "8+2" Segmented Current DAC

4
Column Decoding

164
Y
Digital | E 2 > lop
igital Input = S
3 o 16
> e <> 256 Cells ng"
o o
; 5
@ » |on
A

Clock Input

Clock Buffers

C.-H. Lin and K. Bult, "A 10-b, 500-MSample/s CMOS DAC in 0.6mm?2," IEEE

Journal of Solid-State Circuits, pp. 1948-1958, 1998.

J. Silva-Martinez




DAC Non-idealities in CT AZ ADCs - 2

Effects of DAC non-linearity

I:)out
>

H(s) >> 1
_ zbO g in-band
in-ban
» H(s) X > J_‘_r‘r
Ts =1/F;
Vdac(t) = Vin(t)
in-band / DAC <

\Non-linear

Dout Nnon-linear

in-band

* Non-linearity caused due to mismatch between different output levels of

DAC

— Variation in feedback levels yields signal-dependent feedback charge
error directly fed to the modulator input.

= Low resolution feedback DAC requires linearity better than overall

modulator

J. Silva-Martinez




DAC Calibration (Signal-to-Distortion Ratio)

This is a major (hot) research area in multi-bit sigma-delta
modulators. Several alternatives have been reported; main
trends are:

Randomize the errors such that the non-linear errors are converted in
noise instead of tones that degrades SNDR

 Dynamic element matching techniques

 Pseudo Randomizers such as Rotators

* Digital signal processors

e Drawbacks?

Calibration

* By design using large overdrive voltages and large dimensions
» Pre-calibration of current cells

e Other options?

J. Silva-Martinez




Current Cell Design Considerations

Matching considerations Trade-off

» Sizing of current source transistors = Higher overdrive voltage provides
better area efficiency at the

, 1 A% 4A7
Vv..- —_ - - t =
S\ (V- V) (Vo= V) expense of reduced output swing
2Ky ) gs t ES t .
Iy = Larger area results in greater
) Kp 2 . parasitic capacitances which limit
L= G [A ( - V) + 4Avt] the speed of operation
21, (—d)
I3
_ DACIi Unit | (WI/L), m=4 | Total area,
Output impedance )
current MM
= Greater than 700kQ over 100MHz DAC1-coarse | 610uA | 203u/3.84p | 7795
signal bandwidth DAC1-fine 35uA | 48u/16p 7680
— Sufficient for 12-bits static DAC2 1.55mA | 323p/2.4u 6976
(INL) and dynamic linearity DAC3 960uA | 255u/3u 6885
(SFDR) DAC4 790uA | 231u/3.36u | 6985

J. Silva-Martinez
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Multi-bit DAC Architecture: DEM

SYNCHRONIZATION CALIBRATION

Filter : / Voo |
Output . —> 12 [P0 " : »| Current [t DAC,
— L oemux o —b 2] Cell ¢-——— DACos

I — 1 feal :

1 | 1 1 1 |

| i : Lo |

i i i - »| D o[ : » Current [¢ i

i : ™| peEmux 4 +—D i i Cells 1!

! . ! ' AL !

i PN-sequence | ! E i i CAL, i

: Generator : : » D I : P| Current |e :

i i i —> ¢ i i Cells |

R 1 ———————— A ‘\~ _________________________ / : CALg ;Sh 5 i

1 are "

Fouoem = 2GHz Fooac=2GHz | byall

___________________ ) . cells :

Feuk.cac :’ . i

=25MHz | | 9.hit Ring Calibration !

—_— o !

: Counter CALos Circuit i

I
! )

___________________________________________

* Dynamic Element Matching (DEM), Self-calibration combined to
achieve high linearity

= When DACi is under calibration, demultiplex Datai to dummy current
cell

J. Silva-Martinez




Dynamic Element Matching

Representing DAC input v using a thermometer DAC

V= 1 V= 3 c=0.3LSB
8 T

L | o] | | | &[] L | n| || | o0 A T T T T T e
I, I, I, I, I, I, I, I,
16 16 . 16 16 16 16 IG 16 o] IR ............ ............ g ...................................
wl il | Ll ] L | ol Ll RIS N N U N 20 SN
L| || | L] | L| |n| || | L 5 S W N VI T
I3 I3 I3 . I3 I3 I3 I3 I3 _g
L| | L] | L] |5 I I L | L] | 1 i e ' '
LIl L L L L L s [ SRR VS 70 JOUUE OO TN S

~+V

~+V
o
IN)
w
<
o
»
~
®

v =1 can be represented by any one of |, ¢

Averaging all possible combinations produces the ideal output
Use different combinations to represent a given code

Errors are randomized

J. Silva-Martinez
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Implementation of DEM Scheme

A
i Sou
o e
> J_F}‘rr =D- Shifter | S
Qout0-7 S_'
out7 Data valid
T Shifty.; Cou X A A
Fs = 2GHz v
B Shift
PN-sequence X ) X
Generator
Sout [ XU
| >
0 250 500 750 1000 t(ps)

FeLk-.oem = 2GHz

= Shifter performs a Rotate-right shift on its inputs
* PN-sequence generator indicates number of shifts
= DEM is operated at 2GHz to maximize randomization

J. Silva-Martinez




Barcelona, 2012

TAMU-ECE

PN-Sequence Generator

= Generates maximal length sequence based on 3'9-order primitive polynomial

z! z! z! ouT
1 1 0 1
P(x) = x>+ x*+1 State: 1011
7 2 6 5
0 0 [ 0 [ 0 0
D Ezi D ;:i D ;:‘, D | a
cx o K o K o cx 1
] ] ] ]
Reset
So.7
CML-to-CMOS
. 0-7 Converter

FCLK-DEM |

J. Silva-Martinez
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Analog Self-Calibration of Current Sources

Current Calibration Principle

Voo
To Current |
Cell Switches Cl ref
Unit
Current Cell

o———— i ——— - —————— b
| S o |
| out Scat |
| Oo—0 |
| |
| © |
| v |
B e

Coarse S Fine - '
| — Cear |
| Source Source |
| |
| [
| |

= At the end of a calibration cycle, C.,, attains the correct Vg

required to generate |

J. Silva-Martinez
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Multi-bit Calibrated DAC

Control

IORXONO

I; under /. Substituted
calibration for I

= Calibration control signals generated using a N-bit CMOS Ring
Counter

= Extra dummy current cell used to implement continuous
background calibration

J. Silva-Martinez
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Current Calibration Circuit

__________________________________________________________________________________________________________________________________

Voo

| louts lou.
Vip2 _| Mg l Imain Ires

i —

E D Q1 Q1 Db
E pr1 _-I Ma

Scar I:

ScaL1 _I

Scab  Scar  Scawb

- L L
vy | v L__v |

Ms M, Ms CcaL

| Virz —{ [~ M
; >

Calibration reference:
i Shared by all Current Cells _1_

’---_---_---_---_---_---_---_---_--_---_---_---_---_---_---_--_---_---_---_---,
S o

J. Silva-Martinez




Simulation Results

Output Spectrum
0 i T
—— ldeal
.20 —— 1% mismatch
1% mismatch +
DEM + Calibration
-40 14
o -60
)
g
£ o |
_/\ | Self- SNR
100 / \ [/\ VN ULLL LA LTSRN w Mismatch | DEM
Y/ Yl | calibration | (dB)
W TN N N N 73.8
-120 oy I " Y N N 55
Y w N 63.6
Mo o ' o Y N Y 70
Frequency (MHz) Y i W I
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Clock Jitter Sensitivity (SINR)

= The effect of clock jitter is present at the input of the
quantizer and DAC.

= Jitter induced noise at DAC output is processed according
to the NTF, which is a serious problem for continuous-
time sigma-delta modulators

Loop Filter Quantizer Output
(digital) Y(n)
4_'_»@—) 1/s w—) J_I_,—’J_r o >
Input %
(analog) Hﬂ

x(t) /
( DAC
I ‘ I \ Clock jitter introduce

uncertainty at the DAC
output (1 bit NRZ DAC)

J. Silva-Martinez




Mddeling Clock Jitter in NRZ DACs

Barcelona, 2012

y(n)
JITTERY DAC oy OEAL
y(n+
OL:/'(?)’UT Jnt) OUTPUT
y(n+1)
= +

[y(n+1)-y(n)]At,.,

@ Error depends on the height & number of transisitions in
the DAC output waveform.

@ NRZ DACs have a transition height y(n) — y(n — 1), one
transistion every Ts.

@ RZ DACs have a transition height 2y (n), two transistions
every Ts.
@ RZ DACs are MUCH more sensitive to clock jitter |

J. Silva-Martine



Analog Integr Circ Sig Process (2010) 62:179-192
DOI 10.1007/s10470-009-9337-3

Review and advances in delta-sigma DAC error estimation based
on additive noise modelling

Ivar Lokken + Anders Vm]e Bjornar Hernes -

\4

T

¢ T T T T .
Trond ! NG )T (n+’)f t

Bottom to top: 2, 7, 31 level DSM REQ

Estimated SQNR limit, five integrators

Simulated SNR, stable 5.order NTF el) Jem D e

I I »
»

t

250

200

150

SNR [dB]

N—-1 .
| T
ejjt(t) = Z Va ("IT) — ya((n — l)T) . ?Hj(nT) nT +J(n )

n=()

sgn (7)) (23)

100 ¢

50

A i

& 8 16 32 64 128 256
Oversampling ratio (OSR)

Considering a single error pulse on this form, for simplicity
denoting its amplitude A and width J, taking the Fourier

y{n]
transform gives the spectrum:
J 0
N _—i2nft _ it
z' E;(f) = / A-e 720 = / A-e 7<0
Nl =0 1=J
— ; 0
Ejii(®) :ZE_]((I), n)-e ' _A sin( an) o
n=( ._TCf
| Nl i
: =A-J-sinc(Jf) e "™, (24)

jlnl) e

—Z[(v ] — yaln —1]) -

n=(0
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Jitter Insensitivity of Switched-Capacitor DACs

. . —
IDAC,NRZ /a_\ % Feedback Architecture: SNR vs % Jitter
4
+pac [ < \‘\ 85 — &
I‘ E o, Switched;Capacitor DAC\\‘\
\ 7 8 %l ~
0 T T -
-Ipac ~ 75 e <7
70 N ~”\Non- etlirn-tosZer c
Ipcscr ™

65 ey

o
. =
I Jitter error x .
DAC / 7] 60 \)t\
7N S
R o, 55 5 N
} G o
0 1\ als/Ts = 50 i
\\—, 45 \\L‘
1 S
-Ipac h
40 - -

10 10
% Jitter

*So far, SC-DAC is the most jitter tolerant approach
*Quite precise and may not require further calibration procedures

» Drawbacks of the SC DAC

*Peak current in the SC-DAC can be as high as 10 time IDAC used in the current mode DAC!
*Very demanding SR for the OPAMP: Power consumption

*Class AB OPAMP may help while dealing with this issue

J. Silva-Martinez



Clock Jitter Sensitivity (SINR)

Relationship between jitter and Phase noise: Lets consider a jittered signal
cos (a)o I+@, )

The phase of the noisy signal is then computed as

@, ( T*%]
w, | t+ —w, |+

o
w, 27

Therefore, timing error can now be estimated as follows:

68% Pf the sa‘mples
AT ¢, ) g
= FO_-Z:. 0423 15% of the samples
T 2x |
We can find the clock jitter variance f i
employing the eye diagram, and making < DT
the following histogram 35 2 s 0 s 2 3 T

J. Silva-Martinez



Clock Jitter Sensitivity (SINR)

cos(w, t+ ¢, )

-20

-40
2

AT\ (9,
A 27 -80

Then 120

<N\ J :

Timing spectrum is correlated with phase
noise measured in the spectrum analyzer

RMS value of total jitter

RMS J e, =[i]\/ 2 ((L(f))ar

J. Silva-Martinez
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Jitter Issues: High Clock Frequency

Jittered
Loop Filter Clock

vma@_.\ =ﬂTri

Quantizer

Vbac

Re-timed
Data

O
o
Yvyyy S
9
?
9
2

Multi-Bit
DAC

i

Jittered Error Function

Clock

The DAC error due to clock jitter: AT (7) I .

JW<n>=<D0m<n>-Dm<n-1>>[JI | | |

T
In the frequency domain: Differential o

Jore (@)= [1- 2 D)} 0, 0= | (257( 252 ) sl 00

In-band signal is shaped by 1_ ~-1, then it is not very critical
Out-of-Band quantization noise and blockers convolve with the clock jitter

Dout convolves with IJn(w)

J. Silva-Martinez
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Effect of clock jitter and Quantization noise on SNR

o)1)=y (1) -1)2) Quantization
then
E . (Z)={ } (J
E (Z)={ STF
Therefore e
E (Z)={ STF*V _ -
A J,
+{ NTF*V
_1 | T
‘1— VA ‘ =2|sin
2
! .t
1/ 20SR 2 fs f.
P =2 j; ‘E (Z X ao SINR is function of
the convolution of
1/208R NTF and 3(2)

Po=2f (1-z {vTr(z v (2)e W 2))f d
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Continuous-Time BP-ZA ADC: Jitter effects

‘ N +» | ....... “‘"‘ - CLK

LPF(s) » Sampler —»| Hold

Quantization
and Jitter

SINR ypy =60dB=

2
OSR * P/'n Ts Jitter induced noise
>1 L
4 0’/ fo fox

o; =~<107T,

In absence of blockers, assuming white jitter, the jitter induced
noise has been usually approximated as:

P,
SJNRNRZ E10|Og10 //72 =10|Og10
f(J,,2 o(1-z" f P Jor

Quantization
Bw 4

-
OSR*P, *sinc? [ Pols ]

2

J. Silva-Martinez




Continuous-Time ZA ADC: Jitter & Blockers

...... |'[
0 f,
RF clock filtering is an 5 Py C+LK
effective method to V% LPF(s) »| sampler [—»| Hold

partially overcome
this issue!

J Silva et.al., SRC
report Dec 2010

Jitter induced noise

>

fO fck

> High frequency/blockers convolve with Jn and are folded back in band.

- - P.

» Considering’ g;nz - 100, 2 in :

2 -1 2 -1
Pb|OCkeI’ and BW(Jn ®(1_Z ) PQuantization +Jﬂ ®(1_Z ) PBZocker )df
Pquantization 2
q f (an ®(1_Z_1 ) PBlocker )df
=S]NRnoBlocker _1010g10 1+ EY 5
f an ®(1_Z_1 ) PQuanlization df

J. Silva-Martinez
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Effect of clock jitter on SNR:
Quantization noise +Blockers

At(n)

e (n)=(Vou (n)=Vo (n=1))
T

E,02)={1-27 Vo (2))0(1(2))

E;(Z)= {(1-2-1 )STF*V,.n (Z)}@J(Z)+

+ {(1—2‘1 )NTF v, (z )}@(J(Z )

STF*Blockers--—-—--r-covoro,
+NTF*V, /7 =

A

Clock Phase I;*loise

/Dj’s _ Zﬁ/ZOSR‘E/'(ZXng
> f

Pj—inband = 2f0

J. Silva-Martinez

(1-21 {(STF (0)V steters ()4 877 ()7, (@)@ (s (@) d(ar, )
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A litter-Tolerant 12-Bit 2>A Modulator

Low-noise linear biquad
v v I* Order 3-bit Q Data "
Hear -bit Quantizer
. Flltui Output f - ~
_ : SN VA] T 1 Digital
in
ferel . AT F{ Signal
' Processor
“".'(,'alil)ration‘.'f‘ _ V4

tones

Emulated
Switch-Cap

3bit DAC i
DAC Control Signals DAC Controller l(
.
clock phases
Low-Noise Pscudo
L.C Oscillator RMS jitter <5 psecs Randomizer

SNR>12 bits, Power < 20mW, BW= 20 MHz, OSR=10

Challenges:
» Calibration procedure: NTF will be optimized through the calibration tones

* Low-sensitivity to clock jitter: Emulated switched-capacitor DACs
* Robust against blockers: Feedback based topology

o LI 1\V/ a) Am\VilZ al_

J. Silva-Martinez
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A litter-Tolerant 14-Bit 2A Modulator

[ = \\
{ 6 bits ADC . .
. . . _;) IS Dlgltal
Low-noise linear biquad o :
drder .
Filter 3-bit Quantizer Data Slgnal
Output

Processor

-|H I—q p—|H|n

Calibration
tones

Emulated
Switch-Cap
3bit DAC

NTF detection
and calibration

algorithm
DAC Controller l<:——
.

clock phases
Low-Noise

LC Oscillator Jpns jitter <5 psecs

DAC Control Signals

Controller
DACs, C’s and
Loop delay

Pseudo
andomizer

i

R

Main goal: ENOB214 bits, SQNR >16 bits, Total power < 50mW, BW= 20 MHz,
OSR=10

* Fully calibrated modulator
* Low-sensitivity to clock jitter: clock jitter as high as 10psecs (RMS)

J. Silva-Martinez



Design Example: 12-bit, 20MHz CT AX ADC

System-level Design Considerations

SQNR(dB) = 6.02N +1.76 + (2L + 1)10log,, OSR — 10log;, >~ 3

Design Trade-offs:

Order of modulator, L L1 = Reduced stability,
= Less robust to PVT variations

Oversampling ratio, OSR OSR? | Limited by f; of technology

Quantizer resolution, N N1 = Improved stability

= Improved clock jitter tolerance
= More power, area in quantizer

= Limited by non-linearity of
feedback DAC

NTF. .. | » Reduced stability
) = More sensitive to clock jitter

Max. stable amplitude, MSA | MSA? |[L|, N}, NTF .|

Max. NTF gain, NTF

max

J. Silva-Martinez
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System-level Optimization

Barcelona, 2012

= Order of modulator (L), and OSR set by target SQNR (~80dB) and
settling time requirements on 1st integrator stage

L=5,0SR=10

» Order of modulator (L),
and OSR set by target
SQNR (~80dB)

»>L=5 0SR=10

> A number of tradeoffs
involved

»Just picking
values is not a
good approach

»EDUCATED
GUESSES!

J. Silva-Martinez

90 _

Peak SQNR (dB)

Peak SQNR vs NTFmax, No. of Quantizer levels

No. of Quantizer levels




System-level Optimization

Peak SQNR vs Biquad Quality Factors
L=50SR=10,N=9

» Order of modulator
(L), and OSR set by
target SQNR (~80dB)

» High-Q filters give
you better SQNR
(due to picking in
the gain; better in-
band noise)

Peak SQNR (dB)
~
o

»Implications on .
filter’s signal 8
swing and out-
of-band noise?

Q, (v, = 18.1MHz) Q, (v, =10.8MHz)

J. Silva-Martinez
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System-level Optimization

MSA vs NTFmax, No. of Quantizer levels

» Maximum Signal
Amplitude Increase
with number of levels o
and with small NTF -+
values a5l

2.

»Several tradeoffs. |
involved

MSA (dB

NTF
No. of Quantizer levels

J. Silva-Martinez




System-level Optimization

» High-Q sections
is synonymous of
higher NTFmax
and better in-
band NTF

»However, MSA ;**

decreases,
thenitis
unclear if your
SQNR is better

or not

J. Silva-Martinez

[
=

NTFmax vs Biquad Quality Factors
L=50SR=10,N=9

3.8.

3.6.

3.2

3.

_ 0
Q, (o, = 18.1MHz) 0 Q, (@, = 10.8MHz)
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Loop Filter Design Considerations - 2

5™ ORDER CT LOOP FILTER

IN :/ ----- - K : 9-level Quantizer
: ”| BIQUAD1 BIQUAD2 INTEG1 | —_[>°UT
|
| \ )
|
| Tr
|
|
: 2) Clock
! 5 Generator
: JL
|
|
|
|
| DAC
:\ DAC Control Signals ’; Controller G;

Block Order | DC Gain Cut-off IM3 | SNR
dB freq. MHz dB dB
BIQUADI 2 20 18.4 -78 74
BIQUAD?2 2 20 10.8 -60 60
INTEGI1 | 19 3.2 -60 60
Filter 5 59 20 <-76 72

J. Silva-Martinez
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IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 42, NO. 9, SEPTEMBER 2007

A 14 Bit Continuous-Time Delta-Sigma A/D
Modulator With 2.5 MHz Signal Bandwidth

Zhimin Li and Terri S. Fiez, Fellow, I[EEE

105 T o The resolution of an oversampling AY. A/D modulator is a
. ==+ calculated SNDR function of the oversampling ratio (OSR), loop order (/.) and
g Oy the number of quantizer bits (\V), as expressed by
H
f, 95 |
u P 3 (2L +1 S 2L
g DR=5=== (=5 — ) (2¥ - 1)?0SR** . (1)
£ 9 Py 2 T '
£
S 110 ——r .
» 851
1] ctertifhiniiptint Gtz —— ,
. i i i I . -3dBFS input
80 v ,
0 0.2 0.4 0.6 0.8 1 g0 :a//: 4dBFS Input
Clock jitter standard deviation (s) X 10'" [
70} '
- L]
P 8 sof i
Nntter -3 H
A2/2
= — 30+ '
T=“CENRZ / OSR 2 | :
l) syt
OSR : A- 10} VAR
- . 9 .UA' 2 . 0 i M " A " L A i i
2 (12 0 002 004 006 008 01 012 014 016 018 0.2
203, Nrz T )

H . Quantizer delay (Ts) .
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0.51
onc‘é’ é‘O.S'DAC RZ CFB

Ry &
Vint —AA/A,
S
vin- A\
ks RIM
=5 Lalg S/H |
ST = 1 JJ‘;:'- y Rz Ces
@1 olp
A Juu ~Juu :
NRZ DAC |bAC2
| Dip ™l J*Din D2p D2n  Di6p D16n
4= O] _low _ jitter = i
z.. |
<y r
0 J, DAC1
-20 +
Peak SNDR 80.5dB
P Peak SNR 81dB
o
T .60 , Peak SFDR 08.4dB
\
5 P | ' Dynamic range 85dB
g : Input signal bandwidth 2 5MHz
-100 }+
g Clock frequency 60MHz
§ 120 X Oversampling ratio (OSR) | 12
-140 } I : ; : Power supply 2.5V
. =+= With calibration, 95dB Power consumption | 50mwW
-160 ¢ P emee With DWA, 69dB i] -
T i No mismatch reduction, 55d8 | Die area w/o pads 2. 1lmmx1.3mm
_180 A A A ' A LA LALLL " LALLALLL ..
10’ 10' 10° 10° 10’ 10° Die area w/ pads 2.5mmx1.7mm
Frequency (Hz) |
Fabrication Process 0.25pum S-metal, mixed/RF CMOS
Fig. 5. Output spectrum of the CT modulator for - 3 dBFS input.
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IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 39, NO. 12, DECEMBER 2004 1{&{=] (]  F- WA 1} /2

A Continuous-Time XA ADC With Increased
Immunity to Interferers

Kathleen Philips, Member, IEEE, Peter A. C. M. Nuijten, Raf L. J. Roovers, Member, IEEE,
Arthur H. M. van Roermund, Senior Member, IEEE, Fernando Muioz Chavero,
Macarena Tejero Pallarés, and Antonio Torralba, Senior Member, IEEE

XAT~ H,(s) 2S) b D _-F Y &@ﬁs){?-m(s) () b o
@) ) 1| PepeplS)) =

DAC

: X o HHereHe>e FIH
DAC [ DAC

HHPF,S(S) HLPF.S(S) . HHPF.S(S) = 1

500mV
g filtering ADC improvement
= (measured)
3 50mV
£
K}
L e
s |
g .....
= conventional ADC
SmV 1 (simulated)

1MHz 10MHz  frequency
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A 20-mW 640-MHz CMOS Continuous-Time
YA ADC With 20-MHz Signal Bandwidth,
80-dB Dynamic Range and 12-bit ENOB

Gerhard Mitteregger, Member, IEEE, Christian Ebner, Member, IEEE, Stephan Mechnig, Member, IEEE,
Thomas Blon, Member, IEEE, Christophe Holuigue, and Ernesto Romani, Member, IEEE

v 4-BIT

Integrator1 Integrator2 Integrator3 ADC
IN Ki1i i Kai J,f‘f ouT
S sTy 2 STy 2

-20

Magnitude (c

-40

-eo/;é V

-80

1 10 100
J. Silva-Martinez Frequency (MHz)
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P — _
' Feedback Signal
P - P H_,.r'I Pt f
b tg=1ts/2
wM S Differentiated
B feedback Signal
C
e g T #1  |calib.
b B ty=ts/2 R, I
n-1,. % N
wWn ts'“'z ) Digitally derivated V; OP3 :X: J.r'"f
I RZ feedback signal R .
1 CLK
gh' 4-BIT Flash
3 ADC
Rr|
N\ /\
tjDAC1 DAC, [ +] * 1 DAC3
{m=15 m=15/ D D
latch[T|latch|™
CLK | CLKB
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VDD 3°Order 2"Order 1¥Order
p— |
~, s T 160y 1,
_ 4': P1 ;’ 120 ~ \
Oms L L 3 80 1
C3 C4 ‘T 40 - -.-__a N ‘h‘
out o ol
N E>tp g 0 Rl [ T 1IT] 1
7L 58" Signalband _ fLer=300MHz f;=2GHz
gm2 C5 Ce — T
m " — -90 -
inp C C. A g -130
D * T " T " L, N2 B, P ded
D - - T - - T - - }E N1 8 ’170
™o g g VSS & -210 i
m1 m4 mb o _250 - . ‘
1%Integrator 2"Integrator 3“Integrator Class-AB 1M 10M 100M 1G 10G
Frequency [Hz]
Buffer Reference Flash ADC Feedback TABLEI
VR,,ETE Ladder Virp,— RESET DAC loutp1 PERFORMANCE SUMMARY
Vinn°_ \ \., —Oa IOUtﬂ1
T $ ? D AC\“ : :outp2 Sampling .Frequency 640MHz
Runit [l] / - / Outn2 Conversion Rate 40MS/s
B s H N Input Range 0-20MHz
7 +
Runit ; A¥[|DACH Peak SNR 76dB
d / THD -78dB
. e o o . Peak SNDR 74dB
1 T 7 *i° ENOB 12
Runit Process 1.2V 130nm 1P8M CMOS
R T
; DAC odulator m
Réoot - Power |Decimator 40MS/s 18mwW
PLL 2.56GHz 12mW
Fig. 10. Four-bit quantizer with 4-bit flash ADC and reference voltage gener- /0 1.8V 4mwW

ation plus feedback DAC.
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A 3-mW 74-dB SNR 2-MHz Continuous-Time
Delta-Sigma ADC With a Tracking ADC
Quantizer 1in 0.13-pm CMOS

Lukas Ddérrer, Franz Kuttner, Patrizia Greco, Patrick Torta, and Thomas Hartig

Quantizer

Loop-Filter vin —
POPeSve PSR ovee a) Loop filter
| CK1 frmssasmsnaana g 1 bit
c1 c2 I c3 : Tracking ; DAC
. 7 : ADC ; Vin . D-Out
VI n R1 R3 E 5 (I:.oo:.lf-ilter — ;':rr
—H— [ a ruash
: A ADC
RD L ——— b)
{1 Quantizer pEm
1- bit-Quantizer
vin Cont.Time % D-Out
Q c Loop filter o
+ ) Analog 3!.......9“&........
4-bit DEM I— 21 31| 2 7 FIR-Filter
DAC Dout
|
Clk
third-order 4-bit A\ architecture.
- Vrefn —
VIN o
g 2 I/ up Counter
=) c —»] | signal
c3 < x| Q1
T w = VIN E
= O o I =
o E = =)
o o I o
b e VIN >_ © difference
Vrefi i
w ‘% signal X
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Vrefi15 i
Vrefd o /—_I —/\— e o 4 NTF
_/_I”__/ >_’E o -
‘|’ S
VINS | RN >
31 [ 1~ :E
_/_L S w /
vref1s |—-> >:|: . 4 ,
Vrefi E ,J CLK time frequency
Tracking E% The DEM is usually
Difference 0.0 slow and may lead to
Vin Cont.Time Signal X 3 =“l“" -Out . .gm I
Loop filter Ir,_r" counter riwt> significant loop delay!
Signala1 |PEM [~ 712 : _
, = May require loop
N bit compensation
: DAC :
E Klle C:;annel Noise vs. Dual Tone Input Amplitudes of Adjacent Signeals @ 1=3.5MHz 1=5.9MHz
- ) B ' L »
- — =40 T 8 5 5 PR ST SN AN 558 S
Nice feature: Robust E ot
against blockers! - T
AV
-120 Y il
10° 10° 10° 10’ 10°
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Loop-Filter

CK1

L o*"sscansacans

Vin

iE

—

Ul
DEM

4-bit
DAC Dout
>

Idle Channel Noise vs. Clock Jitter

-76 ——
I 1‘*

i N S '“’ S Sampling Frequency 104 MHz
S, i SRRE 5 L Signal Bandwith 2 MHz
5-80""' -+ ‘ T 30ps : ++i1 | Peak SNR/SNDR 74 dB / 70dB (@ fin=41KHz
s e /l L i 0| | Peak SNR/SNDR 72.dB/ 71dB (@fin=625kHz
R S S S 0 ‘ t=-+=t-1-+4 | Power Consumption 3mW @ 1.5V
if R % Clock Jitter requirements <30 ps

.Y, E— i ——T— ¥ T N — ' ' Core Area 0.3 mm"2

| | Technology 0.13 yum CMOS TP/6M
-m i A
10° ! 10°

1
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A 12-Bit, 10-MHz Bandwidth, Continuous-Time > A
ADC With a 5-Bit, 950-MS/s VCO-Based Quantizer

Matthew Z. Straayer, Student Member, IEEE, and Michael H. Perrott, Member, IEEE

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

.........

.......
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VT ~ L)
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\é;nt S
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* Out
Out ; '
Viune N-Stage Ring Oscillator
\ 4 \ 4 \ 4 eoe A\ 4
Clock »D E r:l-bit Rt:egisteri
w;- ‘;- :n eee w'r-
.| N-bit[Register
First A A A A A A b A A
Order : N XOR: Gates:
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»( )+
\I/()ut

30

Sample

. 12

vco
Output

101010010
011010101
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21 .

XOR
Output
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111110000
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5
7
5
2
6




Barcelona, 2012

Input Input Quantization Output 950 MHz l
Spectrum Harmonics N0|se Noise Spectrum Chn= R, \Y4
vtune VCO-based Dou'r

Quantizer 0
with Implicit
Barrel-Shift

i [ 22 15

Viune 2 1 Out DEW
P T |
Ky s T 31
DAC;
Tuning Frequency Sampler First Order
Gain to Phase Difference
Clock¢ _____ peesessssssssssssscsssssssssesassnsane .
P —-Vtune: N-Stage Ring Oscillator '
In : Vv 4 Out ' ;
Gain and tune. VCO-based '  eee :
Filtering Quantizer ' .
] 1
ClOCkE h 4 A4 A 4 eoe ’ 4 y S
pAc out / Implicit : N-bit Register : :
DAC |4 Barrel-Shift i - - )
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| Variable Vin Vin.

N ST PPS ,1 delay o”—I '_o
(D e —

,ou(o VOut-

| Less :' : "' Hb-"_WV_' '_VW_"_'H
({ ) anettons: | Do B

t , Differentiator
input '
l | Vewrs | |Q

L1 S f ;
NS A : ! Current 9' | |
oI .,-‘.“‘ . | 1itiDACN, | i
transitions ' slice !
with large [ lour] ! Vss

' »
'-'950 MHz

input
Normalized FFT, F,, =1 MHz TABLE II
| Input Banawidth | CoMPARISON WTTH PUBLISHED HIGH-SPEED CT ADCS
: 10 MHz | 20 MHz
e s _ Fs | BW | SNR | SNDR | Power
a 20 CTTT : i Ref. (MHz) | (MHz) | (dB) (dB) (mW)
1 [12] 276 23 70 69 43 )
= [13] 340 20 71 69 56|
L [14] 400 12 64 61 70 |
[15] 640 10 72 66 7.5
[16] 640 20 76 74 20
[17] 1000 8 63 63 10
i di Ll LR RS R This work 950 10 86 72 40
0.1 1 10 100 1000

Frequency (MHz)
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