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Sinusoid : Amplitude = 0.9, step size = 0.25
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Sinusoid : Amplitude = 0.9, step size = 0.125
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Quantizer Spectrum
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Sinusoid : Amplitude = 0.9, step size = 0.25
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Can you guess the signal ?
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Spectral interpretation
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In the time domain
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In the time domain
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Sinusoid : Amplitude = 0.9, step size = 0.125
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Sinusoid : Amplitude = 0.9, step size = 0.25
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Spectral interpretation

WP
601 -~ |- A N@@ X ‘_ O ....... 60

40t _____________ 40

20

by -

Shanthi Pavan VLSI Data Conversion Circuits



In the time domain
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Oversampling System Diagram
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SOversampling + Noise Shaping System Diagram
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Sinusoid : Oversampling vs Noise Shaping
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Sinusoid : Oversampling vs Noise Shaping
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Sinusoid : Oversampling vs Noise Shaping
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Spectrum : Oversampling vs Noise shaping
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y[n] in a Second Order AY
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u=3.1415, Second Order AX
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u=3.1415, Second Order AX
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u=6.283, Second Order AX
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u=6.5, Second Order AX

8

7

6_

5_

4+

K, =1.025 K, =0.2610
3t 1 2
c_=0.551
err

2_

1 L _
O_
_1 L L L L

560 570 580 590 600

Shanthi Pavan VLSI Data Conversion Circuits



hno\m\cs\n 2L

VLSI| Data Conversion Circuits

Shanthi Pavan

Department of Electrical Engineering
Indian Institute of Technology, Madras

February 7, 2011

Shanthi Pavan VLSI Data Conversion Circuits




Outline

\Sllwmw _‘ L (2) ?/\.L ﬂﬁlT,\lv

¥ L the guantiger is ASSUMED fo be an ad

diHve

noige Sovurce, ~
_ T + NTF E

V= 5 ,_ﬁ U
V= w + NTF

> Y = u + NTF-1) E(®)

) vnhof.r,.sN
m. .ﬁ..))h.r.?(:

Shanthi Pavan VLSI Data Conversion Circuits




u=3.1415, Second Order AX
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u=6.283, Second Order AX
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u=6.5, Second Order AX
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Root Locus of a Third Order AX
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Third Order DSM : |p| versus Quantizer Gain
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Pole-zero Plots
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Pole-zero Plots
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Pole-zero Plots
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Stability of A>. Modulators

@ Y(z) =Lo(z)U(z) + L41(2)V(2)
@ v is the quantized version of y.
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Stability of A>. Modulators

U. STF(z2) E U.STF(2)
Y J L + +
° E.(NTF(z)-1) Y E: NTF(z) V_

Quantizer is modeled as an additive noise source.
V(z) = U(z)STF(z) + E(z)NTF(z)

Y(z) =U(z)STF(z) + E(z)(NTF(z) — 1)

In the signal band, STF(z) ~ 1

Quantizer Input ~ (ADC input) + (Shaped Noise)
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Stability of A>. Modulators

0 100 200 0 100 200
@ Quantizer input for OBG=1.5 and OBG=3.5
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Gain of a Nonlinear Characteristic

Gain="7?

@ Assume an infinite precision quantizer with saturation.
@ Whatis its gain ?

@ Gain depends on signal.

@ Black sinewave : Gain = 1

@ Red sinewave : Gain < 1
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Gain of a Nonlinear Characteristic

Gain="7?

@ Gain = wa

@ Makes intuitive sense.
@ E(v.y) is the average value of v.y.

@ E(v.y) is a measure of how much the output “resembles”
the input.
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Intuition about Loop Stability

@ Loop becomes unstable if the quantizer saturates.

@ Saturation occurs if the quantizer input exceeds the
guantizer range.

@ Quantizer Input = ADC Input + Shaped Noise.
@ Conclusions - W

\/\f\)

@ The maximum ADC input must be smaller than the
m_cm::Nm range. (called the Maximum Stable Amplitude
(MSA)).

@ More “shaped” noise — More likelihood of instability.

@ More shaped noise — Lesser in-band noise.

@ An aggressive NTF will have a reduced MSA.
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Estimating Maximum Stable Amplitude (MSA)

@ Simulation is the best way.
@ Keep stepping up the input sinewave amplitude.

@ For every amplitude, compute in-band SNR.
@ Beyond the MSA, the closed loop poles move out of the

unit-circle.
@ Noise shaping is lost = In-band SNR falls.
@ Quantizer input tends to infinity.

@ Time consuming.
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Estimating MSA Without Sinewave Inputs
Q- Rete . ST T T T E

b
@ Originally proposed by Lars
@ Put a slowly increasing ramp into the ADC.

@ Beyond the MSA, the closed loop poles move out of the
unit-circle.

@ Quantizer input tends to infinity very rapidly.

@ The value of the ADC input when the quantizer input blows
up is the MSA.

@ Found (empirically) to result in an MSA close to that
predicted by the sinewave method.

@ Much quicker than the sinewave technique.
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Estimating MSA Without Sinewave Inputs

Vq
1
Vin N\ Vout
: - L T
t
Very Slow Ramp H Vpac
(0 to 1 over 1 second)

Y
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Estimating MSA Without Sinewave Inputs

I\_m | | | |
0 0.2 0.4 0.6 0.8 Q [ 1
ADC Input

log(Quantizer Input) versus ADC Input
MSA is about 90% of the quantizer range
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MSA vs OBG for a Third Order NTF
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The Sensitivity of a Feedback Loop

E(z)

@ E is adisturhanas i . » feedback loop.

@ The loop rejects E(z), or the loop is insensitive to E(z).

—_ = = =
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The Sensitivity of a Feedback Loop

E(z)
| \Y;
Xin(2) L) B (2)
@ L(z) cannot be o at all freg ries.
L
° V(2) = X(2) 731y + EFrim!
@ The loop rejects E at frequei "5 where the loop gain is

high.
@ How effectively this is done is called the sensitivity function.

o Sensitivity is 177gm
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The Sensitivity of a Feedback Loop

@ Ina AY loop.sensitivity is the same as the NTF
@ Recall : The first sample of the NTF impulse response is 1.

@ Equivalentto NTF(c0) =1 |~ — s
:n_nm:NlJ:;lmmNﬂé|_|mwN\|Nv.: M“ X

@ The NTF can be written as (T+b1z (1 +byz T4byz X)--

@ Poles must be within the unit circle (for a stable loop).
@ The zeroes are on the unit circle (or inside).
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The Sensitivity of a Feedback Loop

@ It can be shown ,Smﬁ\ log(|1 + a1e77¥|) dw f

0 —— )

;mé_m\_. ﬂ

|y a2

> -
-
|1+ ae|
: o o
. A
%

0 0.2 0.4 0.6 0.8 1
o/T

The area above the 0dB in the log magnitude plot is equal to
the area below the 0 dB line.
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The Sensitivity of a Feedback Loop

2

° \ log(|1 + aze™* + aze/*|) dw = 0
0

if the roots of 1 + a,z~ 1 + a3z 2 lie within (or on) the unit
circle.

@ Straightforward to derive, if one accepts the previous result.
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The Sensitivity of a Feedback Loop

ol
MQI\E —+ mwmlm\Ev .

bie=«)(1 + bye=Iw + bge=3w) ...
\‘v

log INTF (e/*)|dw
s

;
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The Sensitivity of a Feedback Loop

\ _om_zﬂlm\sv_qeu
U . .

\a lo 7: +are”?)(1 + ape ¥ + age™ )
0o (1+ b1e4°)(1 + bpe™I + bge=Iw) ...

\ _ogimaézi \ _oma+@m%+m%g§?
0 0

\_omA_ferLa_vQEI\ _omA:+cmm|\.a+cwm|\.ma_vqe+...
0 0

=Zero
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The

Bode Sensitivity Integral

\ _om_zﬂlm\.&_qeuo
0
The Integral of the Log Magnitude of an NTF is 0

K
Om
¢ = Cs
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The Bode Sensitivity Integral

20 log |NTF]

0.4 0.6 0.8 1
o/T

Good inband performance at the expense of poor
out-of-band performance.
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The Bode Sensitivity Integral

20 log |NTF]

lﬂo | | | |
0 0.2 0.4 0.6 0.8 1

o/T

Complex zeros better than choosing all NTF zeros at the
origin.
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The Bode Sensitivity Integral

20 log [NTF|

0 0.05 0.1 0.15 0.2 0.25 0.3
o/n

Complex zeros better than choosing all NTF zeros at the
origin.
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The Bode Sensitivity Integral

R A
Lo ,

20 log [NTF|

0.4 0.6 0.8 1
o/T

Higher order = less in-band noise.
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A Systematic NTF Design Procedure

2 3 N

of N

NTFs of the form (1 — z—)N have stability problems.
Why ?
The OBG is too high (2N).

This saturates the quantizer even for small inputs, causing
instability.

The MSA is small.

Worse for low quantizer resolutions.
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A Systematic NTF Design Procedure

Solution
@ Introduce poles into the NTF.
A\_ . NIJZ <&
@ NTF(z) = .
)= "D

@ Recall that NTF(oc0) = 1.
@ = D(z=00)=1.

f.\ll/\l/L
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Why do poles help ?

/T
@ Properly chosen poles reduce OBG of the NTF, enhancing

stability.
@ However, stability comes at the expense of increased
In-band noise.
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A Systematic NTF Design Procedure

@ Commonly used pole positions : Butterworth, O:mc&m:mﬁ

Inv. Chebyshev etc. -~

@ Coefficients for these approximations readily gotten from
MATLAB.

@ Schreier’'s Delta-Sigma Toolbox is an invaluable design aid.
@ One should understand what the toolbox does.
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A Systematic NTF Design Procedure

&\.

@ Choose the order of the NTF. 7 osi. r

@ OSR, number of levels (n) and desired SNR are known.
@ Example : O:,u_\vn 3, Om_w =64, n ,I\Am. SNR =115dB.;

@ Basically, the NTF is a high- Ummm filter transfer function.
@ Example : Choose a Butterworth Highpass.

@ Choose the 3 @B cornemof the high pass filter -

@ Example | w34 =
@ For a Butterworth , specifying the cutoff specifies the
er function.

s
g -
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A Systematic NTF Design Procedure

@ Get the transfer function from MATLAB

@ [b,a]l=butter(3,1/8, 'high’)
0.6735 — 2.0204z~ "' +2.0204z-2% — 0.6735z 3
@ H(z) =

1-22192z-14+1.7151z-2 — 0.4535z 3
o MATLAB sets |[H(e™)| =1..,

@ Recall that for H(z) to be a valid NTF, H(c0) = 1.
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A Systematic NTF Design Procedure

3
@ Scale H(z) by o.m«wm to obtain NTF(z). \C\ N\O
| (1-3z7 143272 -2z79)
° NTF(z) = 1-22192z-1+1.7151z-2 — 0.4535z3

7 /zju

1.5

H|

0.4 0.6 0.8 1
/T
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A Systematic NTF Design Procedure

@ Find loop filter using ?MS = NTF(2).

@ Simulate the equations describing the modulator.

@ Compute the peak SNR.

@ In our example, we obtain SNR=102 dB after simulation.
@ MSA =0.85.
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A Systematic NTF Design Procedure

@ If SNRis not enough, repeat the entire procedure above
with a higher cutoff frequency for the Butterworth high pass
filter.

@ This will increase the OBG (intuition on this later).
@ The MSA will reduce.

@ If SNRis too high, repeat the entire procedure above with a
lower cutoff frequency for the Butterworth high pass filter.

@ This will decrease the OBG (intuition on this later).
@ The MSA will increase.
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A Systematic NTF Design Procedure

SNR obtained with 3 dB cutoff of g is inadequate.
So, we increase the cutoff frequency to 7.

The peak SNR is around 116 dB.

OBG = 2.25, MSA = 0.8.

We are done.

This iterative process is coded into synthesizeNTF In
Schreier’s toolbox.
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A Systematic NTF Design Procedure : Remarks

@ Butterworth is one of several candidate high pass filters.
@ All the zeros of transmission are at the origin.

@ Another useful family is the inverse Chebyshev
approximation.

@ Has complex zeros (on the unit circle).

-40 , ,
Butterworth
|®O .................. ..... / .....................................
sl VAN o -
Inverse Chebyshev
I\_OO Y R 4 1 S
I\_MO .....................................................................
-140 i i i
0 0.01 0.02 0.03 0.04
/T
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Root Locus of a Third Order A, OBG=3
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Third Order DSM : |p| versus Quantizer Gain
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A Systematic NTF Design Procedure

NTFs of the form (1 — z=")N have stability problems.
Why ?
The OBG is too high (2/).

This saturates the quantizer even for small inputs, causing
instability.

@ The MSA is small.

@ Worse for low quantizer resolutions.
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A Systematic NTF Design Procedure

Solution
@ Introduce poles into the NTF.
B (1 . Z—1)N
@ NTF(z) = D

@ Recall that NTF(c0) = 1.
@ = D(z=00)=1.

Shanthi Pavan VLSI Data Conversion Circuits



Why do poles help ?

8

7o R

oS

INTF|
N

0 0.2 0.4 0.6 0.8 1
/T
@ Properly chosen poles reduce OBG of the NTF, enhancing
stability.
@ However, stability comes at the expense of increased
in-band noise.
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A Systematic NTF Design Procedure

@ Commonly used pole positions : Butterworth, Chebyshey,
Inv. Chebyshev etc.

@ Coefficients for these approximations readily gotten from
MATLAB.

@ Schreier’s Delta-Sigma Toolbox is an invaluable design aid.

@ One should understand what the toolbox does.
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A Systematic NTF Design Procedure

/AJNTFI
I!\’

@ Choose the order of the NTF. LY/53 ]
@ OSR, number of levels (n) and desired SNR are known.
@ Example : Order =3, OSR =64, n = 16, SNR = 115dB.
@ Basically, the NTF is a high-pass filter transfer function.
@ Example : Choose a Butterworth Highpass.
@ Choose the 3dB corner of the high pass filter -
o Example : w3y = %.‘/
@ For a Butterworth NTF, specifying the cutoff specifies the
complete transfer function.
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A Systematic NTF Design Procedure

@ Get the transfer function from MATLAB

@ [b,albutteyr(3,1/8, 'high’)

o H(z) = 0.6735/—2.0204z~ " +2.0204z—2 — 0.6735z 3
- 1 — 2.21_922—1 +1.7151z—2 — 0.4535z3

@ MATLAB sets |H(e/™)| = 1.

@ Recall that for H(z) to be a valid NTF, H(o0) = 1.
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A Systematic NTF Design Procedure

@ Scale H(z) by 55735 6735 to obtain NTF(z).
(1321432279 (1-2-)°

NTF(z) =
° (2) = 7221927 7+ 171512 2 — 0.45352 3
- s Dc.z")
1.5 :
Iy N
_ H
= |
o5 ff o o
0 Q Q Q Q
0 0.2 04 0.6 0.8 1

o/r

Shanthi Pavan VLSI Data Conversion Circuits



A Systematic NTF Design Procedure

: : : | + L{2)
@ Find loop filter using : NTF(z).

@ Simulate the equations describing the modulator.
@ Compute the peak SNR.

@ In our example, we obtain SNR=102 dB after simulation.

@ MSA =0.85. —
\.N\’
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A Systematic NTF Design Procedure

@ If SNR is not enough, repeat the entire procedure above
with a higher cutoff frequency for the Butterworth high pass

filter. S

@ This will increase the OBG (intuition on this later).
@ The MSA will reduce.

@ If SNRis too high, repeat the entire procedure above with a
lower cutoff frequency for the Butterworth high pass filter.

@ This will decrease the OBG (intuition on this later).
@ The MSA will increase.
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A Systematic NTF Design Procedure

¥

SNR obtained with 3 dB cutoff of 3 is inadequate.
So, we increase the cutoff frequency to 7.&—
The peak SNR is around 116 dB.

OBG = 2.25, MSA = 0.8.

We are done. e—

This iterative process is coded into synthesizeNTF in
Schreier’s toolbox. '
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A Systematic NTF Design Procedure : Remarks

@ Butterworth is one of several candidate high pass filters.
@ All the zeros of transmission are at the origin.
@ Another useful family is the inverse Chebyshev
approximation.
@ Has complex zeros (on the unit circle).

~40
Butterworth
-60
g0l BN
Inverse Chebyshev
100,
-120}

0.01 0.02 0.03 0.04
o/n
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Root Locus of a Third Order A, OBG=3

-1
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Third Order DSM : |p| versus Quantizer Gain, OBG=3

1.1 - 7
LN
oof N ]
088 S— -
E N -
o6 N |
0‘2 0‘4 016 0‘8 1
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DAC Nonlinearity in AX> Modulators

y. J—,_I_I_r Vv

L(z)

ADC

Rt

< DAC

@ Quantizer = ADC & DAC in cascade
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DAC Nonlinearity in AX> Modulators

T L@) éf
)

Mismatch N°|.5¢“ dme +
W\l..flmo'['d/\ g
—P L(z) : ADC 1+ Woi'se
SL“Pd OW{—;I'DL(
Toe $.|'jvw£ bond -
2

@ Device mismatch in the (flash) ADC causes thresholds to
move from their ideal values

@ Equivalent to injecting an error at the quantizer input -
shaped by the loop
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DAC Nonlinearity in AX> Modulators

@ Device mismatch in the DAC causes levels to move from
their ideal values

@ Equivalent to injecting an error at the modulator input
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DAC Nonlinearity in AX> Modulators
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Example Modulator : without mismatch

Power Spectrum Magnitude (dB)

60!
_sol
/MT 2 tHa

-100¢t

10 20 3‘0 4‘0 50 6‘OA
Frequency
,é = Z'O?z M'H'}
@ Third Order NTF, Optimized zeros

@ 4-level quantizer, OSR = 32
@ -3dBFS input
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Modulator with 5% random mismatch in DAC elements

X Nose Flow ncressl
* Barmmic i Am

Power Spectrum Magnitude (dB)

re <
f/ f

Frequency

@ Oops ! What happened ?
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DAC Nonlinearity in AX> Modulators
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DAC

® Ipac = & (ty + ty + t3)
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How are t4, t;, and t3 related to v ?

SHERIGIREEVED VLSI Data Conversion Circuits




PSDs of t4, t>, t3 and v

| W‘m ’

_60,
_80,
-100f

0 10 20 30 40 50 60
Frequency (kHz)

Power Spectrum Magnitude (dB)
A
o

Recall-v =t +th + 13

= PSD(V) = PSD(t1 + 1t + t32‘
— (Y
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With mismatch

I
I (v) (V)

R
Uo—AA - titty b.b
| __ ~ T2B —»0
2R
/
| + O3

@ Ipac = 2= [t4(1 +§_1|) + (1 +é%) + t3(1 +é)]

Not Kuown
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PSDs of /Ipsc with and without mismatch

Power Spectrum Magnitude (dB)
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Mismatch “Fixing”

Basic Ildea

@ Conventionally, each t; is nonlinearly dependent on v

@ Each t; waveform has lots of inband noise and harmonic
distortion

@ Without mismatch, all these noise and distortion
components precisely cancel

@ With mismatch - imperfect cancellation leading to distortion
and inband noise

@ Solution : Make each “drive sequence” a linear function of

’ -b’lt-z/'{;-l
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Dynamic Element Randomization
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@ Randomly choose v elements out of (nlev - 1).
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Dynamic Element Randomization
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@ Randomly choose v elements out of (nlev — 1).

VLSI Data Conversion Circuits

Shanthi Pavan



Dynamic Element Randomization
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@ Converts tones into white noise.
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DAC levels with mismatch

v |0 1 2 3
0| (1+61) | (2+91+02) | (3+ 01+ 02+ 03)

(1+62) | (24 2+ 03)
(1+63) | (24 1+ 03)

3[1 +(Z5,)/3] o
@]
2[1 +(Z8,)/3] 8
101 +(8,)/3] 2
& ! ! |
o 1 2 3
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Individual Level Averaging

Conventional Element Selection Individual Level Averaging

v=1

v=1
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Individual Level Averaging

8 848, 8, 0§48, 8 8 840,48, 0048, 0 845, &,

B

1 2 1 0 2 1 1 3 2 0 2 1
Individual Level Averaging With Varying Input
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