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Signal Conditioning

('sig-nal kan'dish-an-in) (communications) Processing the form or mode
of a signal so as to make it intelligible to or compatible with a given
device, such as a data transmission line, including such manipulation
as pulse shaping, pulse clipping, digitizing, and linearizing.

[www.answers.com]

In electronics, signal conditioning means manipulating an analogue
signal in such a way that it meets the requirements of the next stage
for further processing.

Signal conditioning can include amplification, filtering, converting,
range matching, isolation and any other processes required to make
sensor output suitable for processing after conditioning.

[http://len.wikipedia.org]
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Example: Cellular Phone
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The Vision — "Software Radio"
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[Schreier, "ADCs and DACs: Marching Towards the Antenna," GIRAFE workshop, ISSCC 2003]
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Reality
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[Schreier, "ADCs and DACs: Marching Towards the Antenna," GIRAFE workshop, ISSCC 2003]
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Example: Hard Disk Drive

VGA LPF Samper Lre  ADC Detector | w10 |
[ Decoder |
3 x x i

A ' CTAGC & |
EXP B
[Bloodworth, JSSC 11/1999] ’—@— Clock

Recovery 4—— Ref CLK i
AFE | Backend :

AGC Specifications LPF Specifications
Input Signal Range 45 mVppd < Viy < 500 mVppd | LPF Bandwidth 20MHz < f. < 120 MHz
Output Target 1.400 Vppd Cutoff Variation <+t25%
PGA Gain Settings -3dB,3dB,9dB Group Delay Variation <5%
(030, 1o £)
VGA Gain Range 24 dB <Ay S 0dB Group Delay Variation <8%
w/Extended Range  -30dB <A, <6dB (f. to 1.75f)
AFE THD < 1.0 % Group Delay Adjustment +30 %
AFE SNR >35dB Boost 0dBtoi5dB atf.
AFE Qutput Offset < 5.0mV CT Acquisition Time < 10 bytes
Power Dissipation < 250 mW
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Example: MEMS Accelerometer
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Example: Neural Field Potential Amplifier

Offset, 1/f,

Electroencephalography (EEG) = Aggressors popearn fue fr
. . . (1/f, drift, popcorn) T+ D | _ _
recording of electrical activity along ’ |

the scalp produced by the firing of ,é X100
neurons within the brain .(? .@ Ame

f
EEG LT, EEG
\nout - Bandpower
np Cutput

X100
b g i

Aggressors
(14, drift, popeom)

Fig. 1. Key elements of a deep-brain stimulator. The battery and circuitry form

the IPG, which is implanted in the chest. The electrodes are placed into a spe- [Avestruz, JSSC 12/2008]
cific neural circuit within the brain. Connections are made between the IPG and

electrodes via a lead system placed in the neck.
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Course Objective

» Acquire a thorough understanding of the basic principles,
challenges and limitations in signal conditioning circuit design

— Focus on concepts that are unlikely to expire
— Preparation for further study of state-of-the-art "fine-tuned"
realizations
« Strategy

— Acquire basic intuition by studying a selection of commonly
used circuit and design techniques

— Acquire depth through a design project that entails design,

optimization and thorough characterization of a filter circuit in
modern technology
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Staff and Website

» Teaching assistants
— TBD

* Administrative support
— Ann Guerra, Allen 207

» Lecture videos are provided on the web, but please come to
class to keep the discussion intercative

« Web page: http://ccnet.stanford.edu/ee315a
— Check regularly, especially the "bulletin board" section

— Only enrolled students can register for ccnet access

* We synchronize the ccnet database with axess.stanford.edu
manually, ~ once per day during first week of instruction
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Preparation

» Course prerequisites

— EE214B or equivalent
* Device physics and models
» Transistor level analog circuits, elementary gain stages
» Frequency response, feedback, noise

— Prior exposure to Spice, Matlab

— Basic signals and systems
* Laplace and z-transforms

» Please talk to me if you are not sure if you have the required
background

B. Murmann EE315A - Chapter 1

13

Analog Circuit Sequence

Design of mixed-signal
and RF building blocks

Analog IC Fundamentals Analysis and design of

; EE314A
for undergraduates and high-performance L
entry-level graduate circuits in advanced RF Integ(reastieﬂ Circuit
students technologies 9 )
EE314B
Advanced RF
EE114/EE214A EE214B pedretet S
Fundamentals of Advanced Analog
Analog Integrated Integrated Circuit
Circuit Design Design EE315A
VLSI Signal
Conditioning Circuits
J
EE315B
VLSI Data
Conversion Circuits

J
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Assignments

* Homework: (30%)
— Handed out on Thu, due following Thu after lecture (1 pm)
— Lowest HW score is dropped in final grade calculation

* Project: (30%)
— Design of a high performance filter circuit
— Architecture design using idealized components
— Implementation of a critical sub-block at the transistor level
— Project report in the format of an IEEE journal paper

* Final Exam (40%)

B. Murmann EE315A - Chapter 1 15

Honor Code

» Please remember you are bound by the honor code
— | will trust you not to cheat
— | will try not to tempt you

» But if you are found cheating it is very serious
— There is a formal hearing
— You can be thrown out of Stanford

» Save yourself and me a huge hassle and be honest

 For more info

— http://www.stanford.edu/dept/vpsaljudicialaffairs/guiding/pdf/
honorcode.pdf

B. Murmann EE315A - Chapter 1 16




Tools and Technology

* Primary tools
— Cadence Virtuoso Schematic Editor
— Cadence Virtuoso Analog Design Environment
— Cadence SpectreRF simulator
— You can use your own tools/setups “at own risk"

* Getting started
— Read “remote connection” tutorial
— Read “virtuoso tutorial”
— All tool related documents are in the “CAD” section of the website

+ EE315A Technology
- 0.18-um CMOS
— BSIM3v3 models provided under /usr/class/ee315a/models
— Same models are used in EE214B
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Reference Books

« Schauman, Xiao and Van Valkenburg, Design of Analog Filters, 2™
Edition, Oxford University Press, 2009

+ Chan Carusone, Johns, Martin, Analog Integrated Circuit Design,
2nd Edition, Wiley, 2011

» Deliyannis, Sun, and Fidler, Continuous-Time Active Filter Design,
CRC Press 1998, http://www.crcnetbase.com/isbn/9780849325731

» Gray, Hurst, Lewis and Meyer, Analysis and Design of Analog
Integrated Circuits, 5t Edition, Wiley, 2008 (Chapter 12)

» Laker and Sansen, Design of Analog Integrated Circuits and Systems,
McGraw-Hill, 1994

* Gregorian and Temes, Analog MOS Integrated Circuits for Signal
Processing, Wiley, 1986

+ Williams and Taylor, Electronic Filter Design Handbook, 3rd edition,
McGraw-Hill, 1995

» Zverev, Handbook of Filter Synthesis, Wiley, 1967

B. Murmann EE315A - Chapter 1 18




Course Topics

» Continuous time filters
— Biquad and ladder-based designs
— Active-RC and G, -C filters
» Switched capacitor filters
— Approximation errors
— Circuit simulation (periodic ac and noise analysis)
» Design of Operational Transconductance Ampilfiers (OTAs)
— Analysis and design of fully differential implementations
— G, /lp-based optimization (BW — noise — power dissipation)

» Precision Analog Circuit Techniques
« Sensor interface examples
« Layout techniques

B. Murmann EE315A - Chapter 1 19

The Filter Approximation Problem

» Ideal Filter * Practical filter
— Brick-wall characteristic — Ripple in either or both
— Flat magnitude response the passband and
in the passband stopband
— Infinite attenuation in the — Limited attenuation in the
stopband stopband

[HG)l IH(je
A A

Passband Stopband

)
>0 L
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Filter Design

 Ideal filters are non-causal or otherwise impractical
* No global optimization techniques known

» In practice, chose from several known solutions
— Butterworth, Elliptic, Bessel, ...

» The overall goal of filter design is to approximate the ideal
response by one that implements a reasonable compromise
between filter complexity (number of poles and zeros) and
approximation error

 Filter design, in general, requires a compromise between
magnitude response, phase response, step response,
complexity, etc.
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Lowpass Filter Template

[H(jo)| Passband

] Ripple

Maximum/ v "
minimum pmax Transition

passband  pmin - band

gain

A, Stoppand

/ gain

L )

©p Os

* Magnitude response is fully specified by A, in, Apmaxs Ass ©p, O
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Second Order Lowpass Filter

o, DIIVTe
fOT' Qp <0.5 S1,2 =_ﬁ<1i ’1_4'Q1%>

- Real Poles

o i
= 3 : H(s) 1
(] I | =
3 | | s s?
S i ‘ 1+ +
oG ar
_30,,,,,,,,,,,,,,,,,L,,,J,,,L,,:,,‘L,‘l,%,i ,,,,,,,,,,,,,,,,, 3 ,,,,,,,,,,,,,,,,,,,,
-40 i i
10* 10° 10°
f [Hz]
« Magnitude response is “maximally flat” (no peaking) for
Qp = 1/sqrt(2)
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Pole Positions
» The poles are the roots of the denominator polynomial
) 52 Location in the s-plane
+a)0Qp+w_(2)_O for Qp > 0.5
S % Ajo
wWo . 2 N\
for Qp > 0.5 512 :_ZQT 1+ (40— 1 \c\oo
\
> Complex Conjugate Poles C03'1(1/2QP)/\ -
| ——

Carusone, p. 164

X

Sy

B. Murmann
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Pole Positions

x10° x10° x10°
T T T T T
e e L e e
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4l e X
P NS AU SO N EY SO NS U SN NS I ]
> ! ! > ‘ > 2]
o ! : g 1 g
g 0’"’& ””” Qp =0.5 7 % Of---+ Qp :ﬁ 7 % O””T 77777 QP =1 B
£ g ! E g E i ! !
£ s S s e I S T SR s ]SS SRS S
B A I N I R
P DU S A S O S ] x|
e 1 ol x|
6 -4 -2 0 6 -4 2 0 6 -4 =2 0
Real X 105 Real X 105 Real X 105
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Improvements

« A maximally flat response is great, but how can we make the
roll-off steeper?

* Let’s look at
— Imaginary zeros
— Increasing the filter order
— High-Q poles
— High-Q poles and imaginary zeros

B. Murmann EE315A - Chapter 1




Adding Zeros on the Imaginary Axis

apniubep

of2n

wZn

of2n

27
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Bode Plot
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Steeper roll-off at the expense of reduced stopband rejection
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EE315A - Chapter 1

B. Murmann




Adding Another Pole

0 L
: | H(s) = H1(S)'H2(S)

- el 1
10t | b H,(s) = 2
A ‘ B R s s
© -15 : : b 1+ +| —
é 20l . ‘ 0pQp ((OPJ
2 R R ! 1
=250 ... H, (), Q,=1/sqrt(2) u Hy(s)=—F———=

0O opmp NN ”[m]
35| ——H,(s) H,(s) SR R "
Py
-40 L L TS S L L I W
10* 10° 10°
f [Hz]
» As expected, steeper roll-off, but transition is not all that sharp
+ Can fix this issue by increasing Qp of H,(s)!
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Utilizing Peaking in H,(s)
H(s) = H1(S)'H2(S)
1
g H1(S)= 2
3 143 +(sj
-‘E Oplp  \ Op
& 1
= TN Hy(8)=——
-30(......... H,(8), 0pu=op [ NN 1+[]
! LN Op-
BB ——HOHy(8) TN
: —————t | | AN
-40 N - A
10* 10° 10°
f [Hz]

Win-win improvement
— Passband flat, roll-off steeper
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nth Order Generalization

« Stephen Butterworth showed in 1930 that the magnitude
response of an nt" order maximally flat lowpass filter is given by

1
2n
1+ (co]
Op

« This magnitude response is monotonically decreasing and
satisfies

[H(jo)| =

d*|H(joo)|

4o =0 for 1<k <2n-1
(O]

=0

* The corresponding pole locations can be determined using

2 1 2 i(2k=1n
H =H(s)-H(-s)=——— - o
H(s)" = H(s)-H(-s) (e n K=123..n
-s 2
1+ — ®p
©p
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Pole Locations

« The poles lie equally spaced (in angle) on a circle in the s-plane
centered at the origin with radius op

» The LHP roots are taken to be the poles of H(s), while those in
the RHP are regarded as the poles of H(-s)

(Dp :1
I e e xR
0.5+ 054yl B - e B .
P VA X =
z ;o ln=1 { ln=2 / n=3 ; n=4
soxo o I e e T N e |
£ L } | i)
: N : : X
0.5 0.5t 4 0B Sl i B 1
| \ | | \x\i i \\\\i | A \i
. ] X
T L[ s T [T
1 0.5 0 1 05 0 -1 0.5 0 1 -0.5 0
Real Real Real Real
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Magnitude Response and Coefficients

http://en.wikipedia.org/wiki/Butterworth_filter —20f
M a0t op =1
< P
3
< 60}
n Denominator Polynomial wl
1 (s+1)
2 s2+1.4142s+1 ool | |
3 (S+ 1)(32 +S+ 1) 0.01 0.1 / 1l i
w/rad s
4 (s2+0.7654s+ 1)(s2 + 1.8478s + 1)
5 (s+1)(s2+0.6180s + 1)(s? + 1.6180s + 1)
6 (s2+0.51765+ 1)(s2 + 1.4142s + 1)(s2 + 1.9319s + 1)
7 (s+1)(s? + 0.4450s + 1)(s2 + 1.2470s + 1)(s2 + 1.8019s + 1)
8  (s2+0.3902s + 1)(s2+ 1.1111s + 1)(s2 + 1.6629s + 1)(s2 + 1.9616s + 1)
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4
| 1:‘
Qf--nonemnn e o F ] H(s) =H,(s)-H,(s)
.0 i WS 1
z 1 0\ Hi(s)= 2
Y N ] S S
g 2 | 1+ +( )
= b L 0pQpy | Opy
()] _ _ H
g L H,(s), Qx1=0.541, o, =1 HZ(S) _ 1
--------- H,(s), Qp2=1.307, o ,,=1 s s 2
8 T M " ©pyQp, " Op,
-10 i
10* 10

o [rad/sec]

— Nt :;: :;
V=R (2QPJ Gr1 2003(22-50) oo e 2003(67'50)
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Increasing Qp,

10 A
o)
=
[0)
©
j-J: S — g | S
2 ‘
g \ !
s A H1(S), QP1=O.541,03P1=1 \\§
IS I HZ(S)’ QP2=3’ wP2=1 ‘:\“ f
——H,(8)H,y(s)
-10 * XS
10 107 10°

o [rad/sec]

* Helps make the roll-off steeper, but introduces peaking

+ We can try to alleviate this problem this by reducing op,
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Increased Qp,, Reduced wp,

10 i
m
S
(0]
©
3
= |
5 ! \ 1
= = v\
sl H1(s), QP1 0.541, Op, 0.7 AT
_ _ \
........ H,(s), Qp2=3, 0 p,=1 v
—H, () H () 4
-10 ‘ :
207 102 10°

o [rad/sec]

This may not a bad choice of we can tolerate some peaking or ripple
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Comparison with Original Butterworth

Magnitude [dB]

1

10°

o [rad/sec]

» How can we optimize this situation, i.e. minimize the transition
band for a given tolerable peaking (or “ripple”) in the passband?
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Chebyshev1 Filter Approximation
» Fortunately someone has already figure this out
» The “Chebyshev1” filter approximation minimizes the error
between the idealized response and the actual filter, with the
passband ripple as a parameter (1dB for examples below)
[ U R I A | oql I s | I Y
IR R o > T
051 05 ] 05x fffff o5><
z Lo P
% O 1ln=2]""" Orn=3 X O tln=4f 0Fln=5] %
E L L o
05 ————————— 05 ————————— 05} X 05 x
B e N e
1 05 0 -1 0.5 0 -1 0.5 0 -1 0.5 0
Real Real Real Real
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Matlab Code

wp = 1; % Edge of passband
R = 1; % Passband ripple in dB
[z, p, k] = chebyl(4, R, wp, 's')’

sys = zpk(z, p, k);
w = logspace(-2, 1, 1000);
[mag, phase] = bode(sys, w);

db = 20*1ogl0 (reshape (mag, 1, length(w))); %
()}
°
=)

figure (1) E
=)

semilogx (w, db, 'linewidth', 2); hold on; g

plot([w(l) w(end)], [0 0], '--');

plot([w(l) w(end)]l, [-1 -11, '--');

set(gca, 'fontsize',K 14);

xlabel (' \omega [rad/sec]')

ylabel ('Magnitude [dB]') ;

o [rad/sec]

axis([min(w) max(w) -10 4])

grid;
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Elliptic (Cauer) Filter Approximation

« The Elliptic filter approximation combines our previous ideas and
adds imaginary zeros to sharpen the transition band

» This approximation has the passband ripple and stopband attenuation
as a parameter (1dB and 20dB, respectively, for example below)

R i o ot e et R e
o ] gl g
Sk xR
% o OF-1--%------+ 0 Q*x
E \

1
=y

!
N

]
w
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Matlab Code

wp = 1; % Edge of passband g
Rp = 1; % Passband ripple in dB %
S
Rs = 20; % Stopband attenuation "é'
=)
[z, p, k] = ellip(4, Rp, Rs, wp, 's'); ‘Eﬂ
2 -1
10 10 10
o [rad/sec]
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Chebyshev2 Filter Approximation

* Noripple in the passband, but finite stopband attenuation and ripple
due to imaginary zeros

» This approximation takes the stopband attenuation as a parameter
(20 dB in the example below)

3

Imaginary

ffffffff e
o | 9 | |
”””” B T I S -y
0 3 3 C
”””” e : : T %= %9
| ] o
; : Apoi R X
NI IS S | I B
n=3| n=4 ¢ n=5|
cY T ‘ ,,,,,,, _3,4,,,,,3”,,4‘, ) S
1 05 0 1 05 0 -1 05 0

Real Real Real
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Design Example

wp=2*pi*le6; % Passband edge

ws=2*pi*2e6; % Stopband edge
0 e T N4 1
Rp=1; % Passband ripple
Rs=40; % Stopband attenuation
10! ]
% Determine required order and synthesize m'
kel
[N, wp] = ellipord(wp, ws, Rp, Rs, 's'); © 20! ]
[z, p, k] = ellip(N, Rp, Rs, wp, 's'); 3
% 30
sys = zpk(z, p, k); = |
f = logspace(4, 7, 1000);
[mag, phase] = bode(sys, 2*pi*f); 40+
db = 20*1ogl0 (reshape(mag, 1, length(f))); /
figure (1) 50 .
5 6
semilogx (£, db, 'linewidth', 2); 10 10 10 10
Frequency [HZ]
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Filter Order for R =1dB, R,;=40dB
T T
— Butterworth
----- Elliptic i
---------- Chebyshev 1 & 2
o) e 7
2 | |
@) | |
S pl i o L B
e y '
E o
(on I I
Q i | |
o T IR g 7
0 | | i | i | |
2 3 4 5 6 8 9 10
* Why not always use an Elliptic filter?
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Step Response of Design Example

0 1 2 3 4 5 6
Time [usec]

* Overshoot and other forms of pulse deformation can be
problematic in some systems
— Consider e.g. oscilloscopes, pulse-based data links, etc.

» The pulse deformation is mostly due to the fact that different
frequency components pass the filter with different time delays

— This is called phase distortion

B. Murmann EE315A - Chapter 1 45

Phase Distortion (1)

» Consider a filter with transfer function
H(jo) = [H(jo)| "
* Apply two sine waves at different frequencies

Vout(t) = AgH(joy)[sin (o1t +d(e1)) + Az [H(jo, ) sin(w,t + ¢(e,))
= Aq[H(joy) sin(@ {t 4 Bl )D + Az [H(jo,)) Sin[mz {t A )D
@ Q)
o e

2

Phase delay 1, Phase delay 14,
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Phase Distortion (2)

Assuming that the difference between |H(jo,)| and |H(jo,)| is
small, the “shape” of the time-domain output signal will be

preserved as long as

(o) _ d(@) _

4 Q)

This condition is satisfied for

do)=T o T = constant

A filter with this characteristic is called “linear phase”

B. Murmann
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Delay with Linear Phase

%Ht
Linear

» Phase
Filter
04 0]
01 _9%
150
b2
[ } t
oo @4 0]
[ol0}

[U. Moon]

(e.9. ¢, =72 & ©,= 20,)

P 4

0,= 20, D

(¢4 = n/2)

\
| t
\
T

v i

' ’

\ /

AN

(62 =29, =m)
t

" N
i [
b ;o
[
[
o Vo
o v
1% N

«— T (Fixed delay)
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Delay with Nonlinear Phase

o & 0P —/
_%
L2 om N
0= 204 D —
¢2 | 1 i
1 OF)
»4— unmatched
o(wq) " o(w,) ‘
4 07)
» Phase distortion occurs whenever the phase is nonlinear, i.e.
the derivative of the phase is not constant
« The (negative) derivative of the phase is also called “group
delay” or 1
* Note that for a linear phase filter, we have 14 = 74 = const.
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Group Delay

The name group delay (or envelope delay) comes from the fact
that it specifies the delay experienced by a narrow-band “group”
of sinusoidal components within some Ao around a carrier w,

The width of A is limited to a range over which d¢/dw is
approximately constant

For example, for an AM modulated signal, the carrier
experiences a delay of 1, (phase delay) and the envelope sees
a delay of 14 (group delay)

For a proof, see e.g.
—  http://ccrma-www.stanford.edu/~jos/fp2/Derivation_Group_Delay_Modulation.html

In this course, we are using the term group delay merely to refer
-d¢/dw (and not to argue about group delay per se)
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Bessel Filter Approximation

» All poles
» Poles are relatively low Q
« Maximally flat group delay

» Poor stopband attenuation

4w
¥ ‘
| v g
'l. E
Order (N) RePart(-0) Im Part (tjw)
1 1.0000
1.1030 0.6368
1.0509
1.3270 1.0025
4 1.3596 0.4071
0.9877 1.2476
1.3851 0.7201
5 0.9606 14756
1.5069 )

http://iwww.rfcafe.com/references/electrical/bessel-poles.htm

B. Murmann
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Group Delay Comparison

LY

. L __f__‘.f- REES
104 Butterworth // ‘1 ' [
{ ¥ e B EE 6 T-._l,:..,-.:/; \\".}\ et S e 20 My ) [ |

Chebyshev |

‘| 0.5dB Passband Ripple

Carve B Group=defay charscionst iy Toe Chebyabey Mher wih 0.5 48 npple

Ref: A Zverev, Handbook of filter synthesis. Wiley, 1967.
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Comparison: Bessel vs. Chebyshev1

0 * Lowpass filters with 100
kHz passband
o .
T 20} » Both filters are 4th order
@ .
3 with the same -3 dB
=
§ P frequency
+ Passband ripple of 1dB
for Chebyshev |
-60 | — 4th Order Chebychev 1
— 4th Order Bessel .
10" 10° 10°
Frequency [Hz] .
[H. Khorramabadi]
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Phase and Group Delay
0 14 ;
-50 12 }'I
@ -100 % 10 !
8 % |
2 -150 4" order Bessel 3 8 4" order I
O, 0 Chebyshev 1 ||
@ -200 g' sf \
2 O I 4 order Bessel
. -230 4™ order 8hebyshev 1 4f AloderBessel |
300 21 k\
350, 50 100 150 200 % 100 1000
Frequency [kHz] Frequency [kHz]
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Step Response

14
12 th ~rder ,
4" order Bessel
17 \—/,,__
)
©
2 08l 4™ order
=1 Chebyshev 1
qE: 0.6
04
0-'\
%0 s 10 15 20
Time (usec)
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Pulse Response
1.5 | T t. T T T T T T T 15
npu
1 Q- Output | ] _ N
\II/ ,I ‘III
0.5 I\ 0.5 f ‘II
| |
| |
. I‘ ; |
0.5 }l 0.5
[ \ / |\|
O \ a1 R
18 |I| ITZ 1'3 |i4 1'5 |iﬁ 1‘? I,Iﬂ |I9 2 A5 1'.1 1'2 1'3 1‘.4 1‘.5 1'3 1'7 18 1‘.9 2
x107 x10
4th order Bessel 4th order Chebyshev I
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Intersymbol Interference

L1111011111001010000100010111101110001001
Input Signal: °os
Symbol rate 1/130kHZ= H HHHUH H UU

tol

0.5 |
IN|

| i1 i N

| | | I ‘n | |
i | | | | | |
ol 111101 11110010100001000101 11 1011 100010
T T

=

1.4

=

[ [} no o g
oL 11110111110001900dk000 104 11101 1100030
TN LTV U T

0.5 il [rvt v Vo 0.5
\| (1
-1 ) A
A7 04 o8 08 1 1z 14 15—z 04 o8 08 1 12 14
x10™ x 107
4th order Bessel 4th order Chebyshev |
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Beyond Lowpass Filtering

Lowpass Highpass Bandpass

Band-reject

(Notch) All-pass
\H(;;'(u)\

HGo)  JHGe)  HGe) (o)

=g ag

-5 I A W - B o

e == ~ =
-

Provide frequency selectivity

[H. Khorramabadi]

{ 2 |

Phase shaping
or equalization

B. Murmann EE315A - Chapter 1
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Lowpass to Highpass Transformation

1 jo
S~ L.P. unit circle H.P.
Sur x- G
AT > e
3-zeros at el x X o
(e.g. Butterworth n=3) - 3-zeros at origin
L.P. HP. ..
X 1. X [U. Moon]
8 I ; > KB
2-zeros at I (eg. Arbitrary n=2) N1 2-zeros at origin
X (X}

The s-domain poles and zeros simply become inverted. As shown by the
examples, zeros at infinity move to the origin, and finite-valued poles become
|1/pole p| in magnitude and become conjugates (flips between quadrant Il &
I1). The mapping boundary is the unit circle.
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Lowpass to Bandpass Transformation

2
Sip . (SLP Sip. I wmn. 4 :
SB,,:—[:JLJ 1—&2—0) zz—’;ij where | a = 3 =“Q"; Sm=Nfify: A = 2~

1
— circle
unit circle R
L.P. * /7 B.P. F
. . g

> [U. Moon]

(e.g. “Narrowband” n=3) 2

X

For a “narrowband” approximation, the s-domain poles and zeros simply become
replicated at +jo with a smaller unit circle of radius 1/2a. To realize a wideband
filter, use a cascade of highpass and lowpass filters.
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Biquad Filter Realization
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Architectural Options for High-Order Filters

» Cascades of (active) first and second-order sections

Vin Vout
Ha(s) Ha(s) Hk(s)

» Ladder filters (passive or emulated using active components)

Vin Vout

-

» Specialized architectures, typically emphasizing low complexity
— Watch out for sensitivity issues (more later)

B. Murmann
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Building Block Options

Digital Analog [Kuhn, IEEE TCAS II, 10/2003]

/\

Passive Active

TN

Acoustic Capacitor LC
B. Murmann EE315A - Chapter 2 3
Example
\External \pAC VGA  «———RC Resonator—a
{ s;hé \ — A — * An interesting filter
' )4 14 that combines three
Al 36K Al .
9uca different approaches
Loin ly — Passive LC
§h-256uA 1SuA — Active RC
ontiver | Dz Dis* Son | |
¥ o — Switched capacitor
.

~J
4 5C Resonator ———————————»
-

0, 4’
\ F' £1 L :TE/ Flash
ier-) —E| +V,e,—%—l—{

4+ ¢ spac L ¥ spac
* capacitors e capacitors

[Schreier, JSSC 12/2002]
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The Challenge

« Way too many options available

» Deciding on which implementation is “best” may only be
possible once several options have been thoroughly compared

— In terms of both first-order properties and second-order
nonidealities, which aren’t always easy to understand

» The following discussion starts from the most basic ideas, and
derives some of the most popular solutions used in practice

* For now, we will focus on the realization of second order
sections, and cover ladder-based implementations in chapter 3

— The treatment of second order sections will help us
understand why we may ultimately want to go for a ladder
implementation

B. Murmann EE315A - Chapter 2

Passive LC Lowpass Filter

_ sC _ 1 _ 1
A =5 " 1+sRC+S2LC 2
— +R +sL S S 1+ S + S
sC
wpQp “)P2
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On-Chip Capacitors

Metal-Insulator-Metal (MIM)

Top metal layer.

MIM top plate, TiN or thinner metal
stack of Ti/TiN/AICu.

PECVYD SiO: or SizNa.

Standard BEOL metal layer of
F TTiN/AICu.

[Ng, Trans. Electron Dev., 7/2005] [Aparicio, JSSC 3/2002]

« Typically 1-2 fF/um? (10-20 fF/um? for advanced structures)
— For 1 fF/um?, a 10 pF capacitor occupies ~100um x 100um

» Both MIM and VPP capacitors have good electrical properties

— Mostly worry about parasitic caps
— Series and parallel resistances are often not a concern

B. Murmann EE315A - Chapter 2 7

On-chip Inductors

~1mm

y T T

[Bevilacqua, ISSCC 2004]

« Many nonidealities, hard to model, low “Q”
+ Area inefficient, typically achieve L < 10nH

« Sometimes bondwires are used as an alternative, L ~ 1TnH/mm

B. Murmann EE315A - Chapter 2 8




Inductor Quality Factor

In general = 1 Q _X()
R+ jX(o) R
R L
_/\/\;\/_IWY\_ = 1 - = QL :(D_L
Rs + joL Rs

On-chip inductors typically achieve Q; < 5-10 at our frequencies
of interest (EE315A)

B. Murmann EE315A - Chapter 2 9

LC Lowpass Example

Assuming that we (very generously) use C=100pF, L=10nH

Op :—1 =2n-160MHz

JLC

Integrated passive LC filters become practical for
f>200-500MHz

For our LC lowpass, if we assume R=Rs (i.e. we only use the
parasitic resistor of the inductor, no explicitly added resistance)

ol 1L Q \F ®
Q =— —_— |==2L =2 - =R
L R Qe R\/; oL\NC < ®
This means that at o=wp, the magnitude peaking that we can
get is limited to the Q, of the inductor (~5-10); not all that great

B. Murmann EE315A - Chapter 2 10




Summary

» On-chip capacitors are great, even though they’re usually not as
large as we would like them to be

« On-chip inductors tend to be avoided whenever possible, and
are typically not useful in a filter with poles at frequencies below
< 200-500 MHz

» The solution to this problem is to “simulate” the inductors using
active components

B. Murmann EE315A - Chapter 2 11

Gyrators

» Gyrators are “active inductors”

R
AMNN—
T. L. Deliyannis, J. K. Fidler and Y. Sun, Viotlp d R v,
Continuous-Time Active Filter Design — AW
http://www.engnetbase.com/ej AMA = %
ournals/books/book summary/ R C
summary.asp?id=475 R
(Section 3.5) P
_ 1 _ v 2 _ p2
= an = I_l = sCR qu = CR

* The above circuit is not all that useful for our lowpass filter; we
need a “floating” inductor

- Don’t want the inductance to be ground referenced

B. Murmann EE315A - Chapter 2 12




Floating Gyrator

http://www.engnetbase.com/ej * ® _

ournals/books/book summary/ s s =

summary.asp?id=475 — o
O] ——0

(Section 6.4)

» Floating gyrators are pretty complex (and sensitive to parasitics)
— There must be a better way to solve this problem...

B. Murmann EE315A - Chapter 2 13

Integrators

« A circuit that we can build without much sweat is an active
integrator, e.g. using an op-amp
— Many more options exist (more later)

« Assuming the availability of an ideal op-amp, we have

Cc
H -1/R p
R Vo ——— = ™ Vou
Vin VVYV ¢ sC
— Vout
L 1 pv(t)
C VO“t(t)__E.[Tdt

R 1
VinJ\/\/\’_"—D_"_Vout Vout(s) :—%\/m(S)

B. Murmann EE315A - Chapter 2 14




State-Space Realization

State variables
(integrator outputs)

1¢. . 1
> " ve(t) = = Jic(t)at i ()= [vi(t)dt
Vin [ VC Vout
] - Va(s)=—=lo(s)  Io(s)=—-Vi(s)
c - sC c L - sL L
1 1

Ve =§Ic = EIL =Vout

LRy —i(v- ~,R=V,)

L_SL L_SL in L out
B. Murmann EE315A - Chapter 2 15

Block Diagram

Vout

* Looks promising, but the problem with this realization is that the
first integrator takes a voltage at the input and produces a
current at the output

— We need the opposite if we want to realize the circuit with an
RC integrator

B. Murmann EE315A - Chapter 2 16




Modified (Equivalent) Block Diagrams

Vout

B. Murmann EE315A - Chapter 2 17
Implementation
RZIR
NV
L/R,2 Ry C
L A n
RX Ry RX
Vin J\/\/\,—o—D—n—/\/\/\,—o—D—o—/\/\/\,—«—D—o—vom
A1 A2 A3
Rx
NV
V(s -1
H(S) = Out( ) =

Vin(s) 1+ sRC +s2LC

« One remaining issue is that the transfer function is inverted
— We could fix that (if needed) using a fourth op-amp

— Or by pushing A2 toward the input, and utilizing both its
inverting and non-inverting input
* The latter trick is used in the so-called KHN biquad

B. Murmann EE315A - Chapter 2 18




KHN Biquad

Ry
AAANM
VW

R, C .

— I

R i

Vi —AAAN—1

i + Vup Vap ‘JE%—QV
= LF=Y

Rz Ry =

W.J. Kerwin, L.P. Huelsman, R.W Newcomb, "State-Variable Synthesis for Insensitive Integrated Circuit Transfer
Functions," IEEE JSSC, vol.2, no.3, pp. 87-92, Sep. 1967.

http://www.engnetbase.com/ejournals/books/book summary/summary.asp?id=475 (Section 4.9)

1 R1 R2 + R1 R3 +R2R3
“Wo = Re Q= 2R{R
Vo Vip _ K' RC 1R3
Vi Vi 1+LQ+3_22 . 2R5R; Ry
Wolx wo " RqRy *R{R3 +RyR3 Ry Q
B. Murmann EE315A - Chapter 2 19

Highpass and Bandpass Output

* An interesting feature of some biquads (including the HKN) is
that they provide additional highpass and bandpass outputs for

“free”
Ry
R‘ T i T c t=RC
— | =
R R
Vi . .
i W + Vip L o
RS Ry Vi - P
r "‘"-.
2.2 1
S T —ST _
HHP(S)=—2 HBP(S)=—2 Hip(s)= 2
S S S S S S
1 — 1 = 1+ +
+ + 5 + + 2 Q 2
0pQp 0p 0pQp 0p 0plp  wp

B. Murmann EE315A - Chapter 2 20




The General KHN Biquad

HP

LP

BP

GENERAL

bys? +bys + by

_ Implements arbitra
HeeneraL(S) = > P ry
S S poles and zeros
1+ 5
(J)PQP (DP
B. Murmann EE315A - Chapter 2 21

Tow-Thomas Biquad

R3

W
R1
e - Vol oz
Icll a8 r—— @ Vo3
I MR ﬁZ
1 - W I R2
= r = & z s [B. Boser]
Vin @@

P. E. Fleischer and J. Tow, “Design Formulas for biquad active filters using three operational
amplifiers,” Proc. IEEE, vol. 61, pp. 662-3, May 1973.

» General biquad using only three op-amps

B. Murmann EE315A - Chapter 2
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Tow-Thomas Transfer Functions

Vo _ P (b,a,—b,)s +(b,a, — by)

V. ? s’ +as+a,

V., b,s’+bs+b,
' s°+as+a,

Ve 1 (b, —b,a,)s +(ab, —ayb;)
A kinfao s’ +as+a,

V., /V,, implements a general biquad section with arbitrary poles
and zeros

+  V,/V,, and V/V,, realize the same poles but are limited to at
most one finite zero

B. Murmann EE315A - Chapter 2 23

Tow-Thomas Design Equations

b _L For given aiabjak,'r C1, C2 and RB .
°" RRRR.CC, o
b, = 1 {RS _ R1st 1 aC,
R1C1 R6 R4R7 R = k1
2
b2 = & \/a70C2
R
6 R, - k'}( 1 =
° RR,RCC, . 111 ,R.R.CC,
a = 1 4 k, ab, - b, C, Q. = w.RC,
e
Kk = [ReRsCy °bG,
1 R3R7C1 R RS
.
k :& b2
2
8 R; = szs
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Sallen-Key LPF

i G
L H(S) =

2
1+ S + S

I G 8 vout wp Qp U)p2

vin & A

Cz l
1 [B. Boser] 1

R.P. Sallen and E. L. Key “A Practical Method of Designing RC Active
Filters.” IRE Trans. Circuit Theory, Vol. CT-2, pp. 74-85, 1955

* Single gain element
— typically 1 <G <10

* Poles only, no zeros
» Sensitive to parasitic capacitances — %
« Versions exist for HP, BP, ... [ e

— http://en.wikipedia.org/wiki/Sallen_Key filter !

B. Murmann EE315A - Chapter 2 25

Tow-Thomas or Sallen-Key?

» Suppose we now wanted to realize a biquad that has poles only
« Should we use a Tow-Thomas or Sallen-Key realization?

» Clearly, from the perspective of complexity, we would probably
want to go for Sallen-Key

« Unfortunately, the Sallen-Key realization comes with
disadvantages in terms of sensitivity to component variations

+ Let’s take a closer look...

B. Murmann EE315A - Chapter 2 26




Sensitivity

» The sensitivity of any variable y to any parameter x is defined as
(See e.g. Gray & Meyer, Section 4.2)

SY = lim (Ay_/yjzi jim &Y _ X%y
Ax—0\ AX / X y Ax—>0AX Yy OX

» In order to relate fractional changes in y to fractional changes in
X we can then write

A gy X
y X
« Example
Y =10 %:2% :%;20%

Common sense: sensitivity is a first order approximation,
accurate only for “small” errors

B. Murmann EE315A - Chapter 2 27

Parameter Variations (1)

» Discrete resistors and capacitors

« Come in many different shapes and sizes and accuracies
— E.g. metal film resistors, ~0.1% accurate, 5ppm/°C

— E.g. COG dielectric capacitors, 2% accurate, very small
temperature dependence

B. Murmann EE315A - Chapter 2 28




Parameter Variations (2)

* Integrated resistors and capacitors

Poly resistor MIM Capacitor

ﬂi Top metal layer.

MIM top plate, TiN or thinner metal
stack of Ti/TIN/AICu.

PECYD SiO: or SizNy,

A M
1‘ 7] A + F Standard BEOL metal layer of
A 3] «—

TV TiN/AICu.

* Important to distinguish between
— Global process variations = On the order of +/- 20% !
— Device-to-device mismatch - On the order of 1% or less

B. Murmann EE315A - Chapter 2 29

Sensitivity to Global Variations

Tow-Thomas Sallen-Key
o = 1 . 1
. =
. Rs o] JRCR,C, RC
R,R,R,CC, RC
_ Wp
Q, = w,RC, 1 Qe =— 1 1-¢ *]

+ +
RC, RC, RC,

* Qg is independent of global variations in both realizations

— Assuming all R and C use the same device structure,
respectively

* op varies with the RC product of the components

B. Murmann EE315A - Chapter 2 30




Sensitivity to Mismatch (Sallen-Key)

o, Op Op op 1
Sy =Sy =Sy =Sy =—y

1
Op = ———
JRCR.C, a a 1 R,C,
Sg7 =S¢’ :—§+Qp RC
1™~
_ ©p 1 R.C R,C
R T N Sc; =S¢ =—§+Qp(\/R1CZ +\/R2C2]
21 11
RC, R,C, R,C, —
S =Q,G |1
G P R2C2

+ Sensitivity depends on Qp and “component spread” i.e. the
ratios of the resistors and capacitors, respectively

B. Murmann EE315A - Chapter 2 31

Example (1)

« Want to design a Sallen-Key filter with Qp=10

« Choice 1: AR and C are the same = G =3 -(1/Qp) = 2.9

— Very nice from the perspective of component spread, but
bad for sensitivity, e.g.

Sy =-Sg = —%+QP =9.5

» Choice 2: Reduce sensitivity by accepting large component spread

— Can show that G=1 is a good choice
See e.g. hitp://www.maxim-ic.com/appnotes.cfm/an_pk/738

Note: The expression for Sy is incorrect this application note (R; and R, should be
interchanged in this expression to match the result from slide 36)
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Example (2)

 For G=1, we have

_ Dp
Qe = 1 1
J’_
RC, RJC,
and it follows that
SF =-S¥ R o for R, =R,
1 : 2 R+R,

« Unfortunately, in this case

CL-4Q2=400 for Q.=10

2

« Bottom line: The Sallen-Key realization suffers from a strong
tradeoff between sensitivity and component spread

B. Murmann EE315A - Chapter 2 33
Case Studies
. Second Order, G=1, All 's 1%, All C's 5% 7th Order Chebyshev, 0.05dB Ripple, 8kHz 3-dB Freq.
: T ] 50
. 45
Original Filter: Equal C's and Equal R's
a 40 -
@ -
w2 = @ 35 |
2 — TR | » | |
g 0 Improved Filter: Unity Gain, Equal R's 7: ; 30 Equal C Equal Fisslatocs |
g, 1|2 I
g £ 25 R
E g
20 Unity Gain, Equal Resistors
5
s 15
-0 10
102 10?3 104 102 108 104
Frequency (Hz) FREQUENCY (Hz)
MAXIM APPLICATION NOTE 738
Minimizing Component-Variation Sensitivity in Single Op Amp Filters
http://www.maxim-ic.com/appnotes.cfm/an_pk/738/
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Sensitivity to Mismatch (Tow-Thomas)

— RS 1
“» =\ R,R,R,CC, St = St = St =St =S¢ =St =

% =1

/ R,C
QF’ = C()PR1C1 = I?1 W Sg: = Sg: = Sg: = —Sg: = —SgP = ngF‘ = —

» Constant sensitivities, independent of Q and component spread
— Much nicer!

B. Murmann EE315A - Chapter 2 35

Conclusions

« Biquads can be realized in numerous different ways

* Implementation and component sizing have a big impact on
sensitivity to variations

— Of course, we must avoid high-sensitivity circuits in practice

* No theory for finding a low-sensitivity architecture
— Use proven circuits & check!

» Tow-Thomas biquad
— Arbitrary poles and zeros, three amplifiers
— Well-behaved sensitivities

» Sallen-Key biquad
— Only poles, one amplifier
— Sensitivities trade off with component spread
» Typically use G=1 and use this circuit only for “low Q” poles
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Example1: WCDMA Receiver

RF Input (f¢)
N

ADC
ADC
-1 -0.5 0
Real
T amplifier HPF buffer Sallen and Key LPF
S = ol
Vi e Vin* o '\, m NN ™S
R ! |” >+ J > Vout
—— A T L
’ [x=] W .3 1 B
o <
_‘—:Hi‘ 2
Vesseode © . . — AAA—
M2 h L > - J—H\—
Vin™ o E/ g T | >+ AN ) Lo Vour
= i i = I L
= 1 L

B. Murmann
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Example 2: CDMA/GPS Receiver

GPS
LNA_IN

CDMA
LNA_IN

VCON

M2 3-wire [+—<IEN
(e i,
BB

Mix

(e =D

TRun

LO
Distrib!

VCO | | TCXO
CAL BUF

Lo_ouT

1VC-TCXO

Lim et al., “A Fully Integrated Direct-Conversion Receiver for
CDMA and GPS Applications,” IEEE JSSC, Nov. 2006

Channel select filters
(CSF)

— 640 kHz passband,
lowpass

— 0.5 dB passband ripple
— >40 dB stopband
attenuation at 900 kHz
5t order elliptical filter

Phase distortion can be
tolerated in this application

B. Murmann
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Matlab Synthesis Result

(s/1.89e006 + 1)

204155.1855 (s”2 + 2.786e013) (s*2 + 5.715e013)

(s+1.89e006) (s*2 + 2.217e006s + 1.034e013) (s*2 + 5.315e005s + 1.664e013)

(s*2/2.786e013 + 1) (s*2/5.715e013 + 1)

(s*2/1.034e013 + s/4.6640e+006 + 1) (s*2/1.664e013 + s/3.1308e+007 + 1)

0 | .. pAaAYR!
-10} i -0.5 \ i
o o
S, S 1t B
g 20 12
= 2 15 ]
8 -30} 1 Q
= = 20 |
'40’ _2_5, |
-50 I I -3t | 1
10* 10° 10° 107 10° 10°
Frequency [Hz] Frequency [Hz]
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Pole and Zero Locations
1 10
[ R SR
o NI
| JEP
05 e P12 -42.30 + j6.4783 kHz 649.21 kHz 7.6748
N | | | |
; ‘ | | ! P34 -176.45 + j4.8030 kHz 511.68 kHz 1.4499
= AT R S
= 0 Ps -300.80 kHz
TSk |
! e z;, +j1203.2kHz
S )
S A A S Z34  +j840.1kHz
0
-06-04-02 0
Real [MHZ]
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Pairing Options for p, , (High-Q)

« Pairing with nearby zero » Pairing with remote zero
(s*2/2.786e013 + 1) (s*2/5.715e013 + 1)
(s*2/1.664e013 + s/3.1308e+007 + 1) (s*2/1.664e013 + s/3.1308e+007 + 1)

Magnitude [dB]
Magnitude [dB]

f [HZ]

B. Murmann EE315A - Chapter 2 41

Pole-Zero Pairing

» Pairing high-Q poles with nearby zeros is desirable from a
dynamic range perspective

— Say that the amplifier at the output of the biquad can handle
a maximum signal of 1 V.,

— If the bigquad response peaks 20 dB above unity, this means
that we can only process inputs with 100 mV amplitude near
the frequency of the peak (which lies in the passband)

— The signal is therefore reduced relative to the thermal noise
of the circuit, which is highly undesirable

Cc
||
Il

— Vout +1V

B. Murmann EE315A - Chapter 2 42




Response of the Individual Sections

First-order section Low-Q biquad High-Q biquad
10 10
5 ,,,,,,,,,,,,,,,,,,,,,,,,

) ) o

S, S, S.

(O] (O] (]

el el ©

= = =

‘e I= IS

()} (o)} ()]

1] o ©

= = = :
AGf-mmmmnnee e
-20 3

10* 10°
f [HZ] f [HZ] f [HZ]

* In which order should we cascade these sections?
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Biquad Ordering

o]

h

M

—> Out

Ordering the Biquads from low-Q to high-Q generally yields “smooth” transfer functions from the
input to the intermediate nodes, and often helps minimize harmonic distortion, but the output will
have significant noise peaking near the corner frequency due to the last stage with high-Q.

PUHEH]

In —>| —> Out

Reversing the ordering will allow the later stages to filter out the noise peaking near corner
frequency. May also filter out harmonics (but not intermodulation).

In practical filter design, it would be worthwhile giving some thoughts to the options that you
may have for the ordering of the biquads. In a non-lowpass filter application, inherent ac-
coupling may also be used to your advantage to suppress offset accumulation.

(Some good system-level discussions in Schaumann/Ghausi/Laker.) [U. Moon]
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Intermediate Outputs for Low-Q 2> High-Q

Vin st .
1% Order Low-Q High-Q
5 5 —
S 0 S 0 s
(] (] ()]
© © ©
2 2 2
2 2 2
8 -5/ 8 -5 &
= = =
-10 L M -10 L M. W
10° 10° 10° 10* 10° 10°
f [Hz] f [Hz]
« This ordering is most frequently used in practice
B. Murmann EE315A - Chapter 2 45

Intermediate Outputs for High-Q > Low-Q

Vin V

. out

High-Q Low-Q 1% Order

10—+ A0 - H 10l

g s g 5 g 5

(0] [0] (0]

3 3 3

2 0 2 0 2 0

()] (o] ()]

= 2 2

5 5L i

-10 Lo R § -10 L S -10 L M
10* 10° 10° 10* 10° 10° 10 10° 10°

f[HZ] f [HZ] f [HZ]

« Atfirst glance this looks bad, but the noise from the high-Q
biquad is filtered before it reaches the output

— We will revisit this situation in the context of noise analysis
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Dynamic Range Scaling

« Suppose we decided that the second ordering is what we want
to use for our design

* In this case, we need to think about a proper gain distribution
that avoids “clipping” in the individual amplifiers

» For this purpose, we introduce gain scale factors for each
section, while keeping the overall gain constant (K;K,K; =1 in
this example)

(s*2/2.786e013 + 1) (s*2/5.715e013 + 1) 1

(s*2/1.664e013 + s/3.1308e+007 + 1) (s*2/1.034e013 + s/4.6640e+006 + 1) (s/1.89e006 + 1)

N

K1* (s*2/2.786e013 + 1) K2* (s*2/5.715e013 + 1) K3

(s*2/1.664e013 + s/3.1308e+007 + 1) (s*2/1.034e013 + s/4.6640e+006 + 1) (s/1.89e006 + 1)
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Analysis (1)

1-H 1.H

3

Vout

1 max
Vin T
High-Q l Low-Q 1% Order

« Suppose we chose K,=K,=K;=1 and assume that we will apply
single sine waves with arbitrary frequencies to the input

+ Since H, has significant peaking (|H1|.x= 3-19 = 10 dB), we can
guarantee proper operation only for input amplitudes up to

Vmax v =314mV
‘H1‘ e.g. m = m

max

+ Since the overall gain is unity (with no peaking above 1), this
means V_, swings only 314mV, meaning that we are “wasting”
available signal range
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Analysis (2)

» A more desirable outcome may be to scale K, K,, K; such that all
stages utilize the maximum available swing as the input tone is
swept across all frequencies

— Note that in general, the maximum output swings for each
stage may not occur at the same frequency

a PN ~

K1H1 Vmax K2H2 Vmax K3H3 Vmax
v [ [ v
~— High-Q l Low-Q l 1% Order 2!
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Analysis (3)

* This is achieved for
K |H1|max = KKK, |H1H2H3|max

Ko |HH,| = KKKy |HH,H|

max max

* In our example

K1K2K3 =1 |H1|max =3.19 |H1H2|max =23 |H1H2H3|max =1

and therefore

1 1 1 319 1 3.19.-23

- - K, = = K, = =
H| 3.1 K|HH,| 23 KK, 319

K

©
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Intermediate Outputs After DR Scaling

Vi Vv
~_{ High-Q Low-Q 1 Order —24—

0,,
o : m -5 o
S ! S e}
[0} | [0} [0}
° ! ko) ! k]
2 | 2 | 2
T - 3 107 T -
(o)) | (o)) | ()]
(] ' © ©
= 3 = ‘ =
3 15
-20 T 1 -20 R R
10* 10° 10° 10* 10° 10°
f [Hz] f[HZ]
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Arguments Against “Sinusoidal” DR Scaling

 If the input signal is wide-band (as in many telecommunication
systems), the node with peaking may not saturate due to limited
signal power in that frequency region

— May want to optimize the gain distribution based on a power
spectral density “template” of the incoming signal
+ Aligning the peaks for each output perfectly will require non-
integer component ratios
— But we may want to use integer ratios to improve matching

» For adiscussion on why sinusoidal dynamic range scaling may
not always the best choice, see Behbahani, JSSC 4/2000
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Expressions for Implementation

0.3133%(s*2/2.786e013 + 1) 1.3865%(s*2/5.715e013 + 1) 2.3021

(s*2/1.664e013 + s/3.1308e+007 + 1) (s*2/1.034e013 + s/4.6640e+006 + 1) (s/1.89e006 + 1)

| J \ J
|

R3
\ANL
R1 —|
c1 : —& Vo3 .
bk by @ AN
w 4k

2x Tow-Thomas e L £ I

% R4 % R6 é RS
2
VO2:bzs +b;s+b, b =0
2 1
V, s +as+a,
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Tow-Thomas Component Values (b,=0)

R- . R-_k R 1
aC, a,C, kiky \Ja,C,
k,\/a
4:iii REZ 1N 0 RGZ& R7:k2R8
k, ab, C, b,C, b,

0y = R6 Op = R—8 QP = COPR1C1
R.R.R,CC, R,R,R,CC,

* a, a,, by, by, b, are known; can pick k4, k,, C,, C, and R8

» Reasonable starting values
- ki=k, =1
— Set C, = C, to areasonable value that is easily
implemented, e.g. 1pF

— Set Rg to a reasonable value that is easily implemented and
represents an integer multiple or fraction of R,, R; or R,
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Example Design Flow

» First cut component calculation using reasonable starting values
for k4, Ky, C4, C, and Ry

« Dynamic range scaling of internal amplifier outputs by adjusting
k, and k,

« Thermal noise scaling using ideal amplifiers

— Increase all capacitors and reduce all resistors until noise
specification is met

» Design amplifiers
* Repeat thermal noise scaling to accommodate amplifier noise

» Analyze sensitivity to component variations and devise tuning
mechanism (if needed)
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Dynamic Range Scaling of Internal Nodes

K (bya, = b)s + (b8, —by) b,s* +b,s + b,
2 s’ +as+a, s’ +as+a,
R1 \L '
A - Vol vor
Cc1 —— @ Vo3
1
= ? 1 (b —bya,)s +(ab, — agh,)

= - 2
ki\/a, s +as+a,

+ Scale k, and k, such that peak magnitude at V,, and V,
corresponds to maximum available amplifier swing
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Sensitivity Analysis

* |deally, we would like to have an
analytical expression that

relates “interesting points” of the
response to variations in all
g | components
g s — E.g. calculate variations in
5 : the passband ripple as a
= function of the percent error
2.5} in R2
-3t - : 6 * This is almost impossible or at
Frequency [Hz] 10 least impractical to do in
practice
B. Murmann EE315A - Chapter 2 57

Sensitivity Analysis — Monte Carlo

* Monte Carlo Analysis
— Have a statistical model for all components

— Run a large number of simulations (Matlab or Spectre) to
capture many statistical outcomes and create overlay plot
from all runs

Tth Order Chebyshev, 0.05dB Ripple, 8kHz 3-dB Freq.

MAXIM APPLICATION NOTE 738: Minimizing
Component-Variation Sensitivity in Single Op Amp Filters
http://www.maxim-ic.com/appnotes.cfm/an_pk/738/

Equal Equal Resistors

@
&
N -

AC RESPONSES (dB)

Unity Gain, Equa

iesistors.

102 103 104
FREQUENCY (Hz)

« Such an analysis is very useful for validation, but perhaps too
much work for intuition building and/or design guidance
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Basic Sensitivity Analysis

Say we just want to get a basic feel for the sensitivities

Look at impact of
— Global process variations
— Component mismatch

For global process variations, we have already seen that

R, 1 R, 1
S L e 1 —wRC
“2=\VrRRRCC, RC “ \RRRCC, RC P %

« [Ifall R and C vary by the same percentage, the filter “shape” is
preserved and shifted back and forth along the frequency axis

 If this is a problem for the application, we can “tune” either R or
C to bring the filter response back to the desired location
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Mismatch Analysis

/ R f Rs
_ = Q. =w.RC
vz R:R:R,C,C, “r R,R;R,C,C, PR

» Suppose we had resistors and capacitors that deviate from their
nominal component value (which is subject to global variations)
by a standard deviation of 1%

* Since 1
Sis =S = Sis ==Sis = S& =S¢ =
this means 1
O-Aa),_-,/a)P = E\/E : 1 % = 1 22%
30Awplwp = 367% = 4%
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Passband with Pole Errors (1)

+ *4% change in op of first order section

Magnitude [dB]

_10 . . R | 5 . . M .
10 10 10
Frequency [Hz]
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Passband with Pole Errors (2)

* +4% change in op of low-Q section

____________________________
N, ——— e =

Worse.

Magnitude [dB]

_10 L L L P 5 L L L P L
10 10 10
Frequency [Hz]
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Passband with Pole Errors (3)

* 4% change in op of high-Q section

Magnitude [dB]

4

___________________________________

2 N\l Bad !

10 10° 10
Frequency [Hz]

B. Murmann
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Sensitivity Problem with Cascaded Biquads

-)m%M | %i — out

+ Passband response is sensitive to shifts in the pole positions
— Especially for high Q

« Typically, integrated continuous time filters use biquads to realize filters
only up to ~5t order

B. Murmann EE315A - Chapter 3 2




Conceptual View of a Biquad Cascade

e
'” 1 1

* Individual sections are actively decoupled

— Variations in individual components affect only one pair of poles
(and/or zeros)

+ Ideally, we would like all the poles (and zeros) to “move together”
— This would at least preserve the “shape” of the filter response

B. Murmann EE315A - Chapter 3

Doubly Terminated LC Ladder Filters

VA — Vln

X0

» The passband response of ladder filters is much less sensitive
to component variations when compared to a biquad cascade

— Poles “tend” to move together

Vout

» For a sensitivity analysis, see e.g.

— G. C. Temes and H. J. Orchard, “First order sensitivity and worst-case
analysis of doubly terminated reactance two-ports,” IEEE Trans. Circuit
Theory, 20 (5), pp. 567-571, 1973.
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Basic Intuition

Vin Vout

1 1

* In the passband, the gain from V,, to V_, is maximum (0.5)

* Any detuning of L and C can only reduce the passband gain

» Therefore, the passband gain is convex in L and C, and the
sensitivity is zero around the nominal design point!

/ Sensitivity = 0 (!)

Passband gain l /0\

| L, C

B. Murmann EE315A - Chapter 3

Analysis Example (1)

I4 = Vouty4 = I3

vV, = ’323 +Vout

i,=v,Y,
i\=i,+1,
Vv, =iLZ,+V,
=(V,Y, + Vo Ya) Z + Vv,
= ([YaZeVou + V] Yo + VourYe) Zy + Vo YeZs + Vo
out _ 1
w ([YaZ +1]Y, +Y,)Z + Y, Z, +1
1

Y, ZY,Z,+Y,Z, + Y,Z, + Y,Z, +1
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Analysis Example (2)

Eg for Z1 _ R1 Z3 _ SL3

it follows that

Vout

v, S°C,LC,R,+5C,L, +5(C,R, +C,R,)+1

n

A third order lowpass filter

Zeros can be realized by utilizing parallel and series
combinations of inductors and capacitors

Analysis is doable
— But very tedious!

B. Murmann EE315A - Chapter 3

LC Ladder Synthesis

Filter tables
— A. Zwerev, Handbook of filter synthesis, Wiley, 1967

— R. Saal, Handbook of filter synthesis, AEG-Telefunken, 1979
— A. B. Williams and F. J. Taylor, Electronic filter design, 3™ edition,

McGraw-Hill, 1995

CAD tools

http://www.circuitsage.com/filter.html
» Comprehensive list of available tools

http://tonnesoftware.com/elsie.html

 Free version of Elsie supports ladder synthesis up to 7t order

http://www.nuhertz.com/download.html
« FilterFree — up to 3 order
« FilterSolutions — $$$

Agilent ADS
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Butterworth Filter Table

TABLE 13.1 Table of Element Values for Doubly Terminated Butterworth Filters for n 2 to
n = 10 Normalized to Half-Power Frequency of 1 rad/s

* Denormalization

— — Li den — Li
" G L € Ly C L e Lg ¢ ! ' 0]
; _ ) -3dB
2 1.414 1.414
3 1.000 2.000 1.000
4 0.7654 1.848 1.848 0.7654
5 0.6180 1.618 2.000 1.618 0.6180 1
6 05176  1.414 1,932 1.414 0.5176 — -
7 04450 1247 1.802 1802 1247 0.4450 Ci,den - Cf
8 03902 LI 1.663 1.962 1.663 1111 0.3902 a)73dB ‘R
9 0.3473 1.000 1.532 2.000 1.879 1.532 1.000 0.3473
10 0.3129 0.9080 1.414 1.975 75 1.782 1.414 0.9080 0.3129
n Ly Ca Liy ) Ls o 77(: ) Lg (
* Ris the desired
value of the source
I . .
and termination
S : ‘ - resistor
[Schaumann]
B. Murmann EE315A - Chapter 3 9

5t Order Elliptic Filter Table (1)

=10
. [ [ Cs Ly Ca Cy Ly Cs
f=sin"| =2
- c |1.302 |0.0000 |L.346 [2.129 |0.0000 |1.346 |1.302
a)S 1.0 1.20183 | 0.00008] 1.54548|2,12885]0.00020 |1.34532(1.30170

2.0( 1.30163{ 0.00031 | 1.34523|2.12770]0.00082 [1.34459| 180412

3.0 1.80180] 0.00070] 1.54483| 2.1 2660|0.00184 [1.34339 1.30016

) 4.0 1.30084 | 0.00125] 1.54426]2.12507 [0.00328 |1.34170| 1 20881

0.17dB passband ripple 5.0| 1.80024 | 0.00166] 1.84353|2.12511|0.00513[1.33954| 1.29708

6.0 | 1.29951 | 0.00262] 1.34264]2.12070]0.00740 | 1.32689{ 1,20496
7.0 | 1.29865 | 0.0038411.54158]2.11786]0.01008 |1.33876| 1 20246
8.0 1.29766 | 0.00502]1.54097]2.11459]0.01318 |1,33015]1.28957
9.0 1.29653 | 0.00637(1.53899{2.11088 |0.01671 |1.32607|1.28630
10.0 | 1.29527 | 0.00787|1.33744|2.10675|0.02067 |1.32150| 1 28264

0 K? 11.0 | 1.20887 | 0.00953] 1.53573] 2.10217 [0.02506 | 1.31646 1 27859
12.0| 1.29934 | 0.01136]1.33386{2.09717|0.02989 |1.31004 1.27417

o 1 1 T 13.0| 1.29067 | 0.01335]1.88182]2.09172|0.08516 |1.30405 1.26936
1 2 3 4 5 14.0{1.98887 | 0.01551]1.82061 {2.08588 [0.04089 |1.29848| 1.26416

15.0 | 1.28693 | 0.01785|1.52724]2.07959 |0.04707 |1.20154 | 1.25858

16.0 | 1.28485 | 0.0203311.92470]2.072880.05371 [1.28413)1.25261

17.0 [ 1.28263 | 0.02300] 1.52199| 2.06574 | 0.06084 [1.27625]1.24627

. 18.0 [ 1.28027 | 0.0258411.5191 1] 2.05819)0.06844 |1.26790 | 1.23953

10 - A 19.0 | 1.27778 | 0.02885]1.81607]2.05021 |0.07655 [1.25908| 1.23241
’ K2 20.0 |1.97514 | 0.032051.31285|2.04182[0.08515 | 1.249811.22491

I I 21,0 | 1.272396 | 0.03542]1.30945] 2.03301 |0.09428 [1.2400711.21703
4 5 © 92.0 {1.26943 | 0.03898]1.30580]2.025790.10393 |1.22987| 1.20876

95,0 | 1.26696 | 0,04272(1.30215]2.014160.11414 |1.21921}1.20010

24,0 [1.26314 | 0.04666] 1.29823|2.004120.12490 {1.20809]1.19107

95.0 | 1.25078 | 0.05079]1.29413]1.093680.15625 |1.19652|1.18164

illi 26.0 |1.25262 | 0.05511] 128985 1.98285 [0.14819 {1 Ye450[ 117183
[Williams & Taylor] 27.0 |1.25259 | 0.05968 | 128540 1.97159]0.16075 ]1.17208] 116164
Table 11-56 28.0 |1.24877 | 0.06426{1.28075|1.95995 [0.17396 |1.1291 1 | L1506
29.0 |1.22480 | 0.06930 1.27502| 194792 10.18783 11.14576| 114010

30.0 |1.24067 | 0.0744611.27091 | 1.93550|0.20239 11.13196] 112874
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5t Order Elliptic Filter Table (2)

——
K1=10
—
I} [ C; Ly Cy Ce Ly Cs
—

31.0| 1.23638 ) 0.07983] 1.26570| 1.922700.21768] 1.11772(1.11700
32.0| £.23192)0.08543] 1.26030| 1.90952]0.23371| 1.10305 1.10487
30| 1.22731]0.09126] 1.25470 1.89596)0.25054) 1.08795/ 100235
94.0| 1.22252) 0.09732{ 1.24890( 1.88203|0.26819| 1.07242{ 1.07944
25.0] 1.21757 [ 0.10365] 1.24290(1.86773|0.28671] 1.05648| 1.06614

16.0| 1.21244 | 0.11019] 1.23669] i.85307{0.3061 4| 1.04011) 1.05244
37.0| 1.20714 | 0.11701| 1.23028( 1 83806)0.32654( 1.02332| 1.03835
38.0[ 1.20166 | 0.12410| 1.22364 1.82269(0.34785| 1.00613| 1.02386
59.0] 1.19600 10.13146/ 1.21679( 1.80698[0.37044 0.98853{ 1.00897
40.0] 1.19015 [ 0.13911]1,20071| 1.79093[0.39408{ 0.07053] 0.99368

41.0] 1.18411 [0.14706] 1.20241( 1.77455 | 0.41804] 0.95213|0.97798

1
42.0] 1.17787 | 0.15532)1.19486 1 75784 (0.44510/0.95335)0.96187
45.0] 1.17144 (016389 1.18708} 1 7408110.47265(0.914 7] 0.94535
44.0] 1. 16480 | 0.17280|1.17904) 1.72347]0.50170( 0.89462]0.52841
45.0] 1.15794 | 0.18206|1.17075) 1.70583}0.53236{ 0.87470]0.61105

46.0 1.15088 {0.19169|1.16219| 1.68789| 0.56476(0.85441/0,89326
47.0] 1.14359 | 0.20165| 1.15356 | 1.66967]0.59903) 0.83576( 0.97504
46.01 1.13607 10.21210( 1.14425]1.65117]0.63534|0.81276] 0.85638
40.0] 1.12831[0.22208 1.13484]1.68241|0.67386)0.79141]0.83727
50.0] 1.1203) [0.2842111.12513]1.61339(0.714810.7697310.81771

51,0 1.11206 |0.24596|1.11509[1.504180.75841]0.74773| 0.79768
52.0] 1.10354 |0.25821)1.10473|1.574650.80492/0.72541|0.77717
59,0| 1.09476 {0.270991 1.09401 | 1 55494 0.85465( 0 70278/ 0.75619
54.0| 1.08569 {0.28433( 1.08293 | 1.53504 | 0.90794, 0.67686| 0.73470|
55.0] 1.07633 | 0.29828] 1.07147 (1.51496|0.965180.65667|0.71270

56.0| 1.06666 | 0.51268( 1.05960 | 1.49471|1.02684|0.63320(0,69016
57.0] 1.05668 [0.92817]1.04731 |).47431 {1.09344]0.60945| 066709
58,0 1.04636 [0.34422|1.03456/1.45379 | 1.16561| 0.58554|0.64344
53.0| 1.03570 |10.36109(1.021341.43317 |1.24407(0.56138 0.61920
60.0| 102467 |0.37BR5]1.00760(1.41247 | 1.32960)0.53702 0.50435 |/

) L. ia G Ls L. C L
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Back to Our Design Example

I  Channel select filters
e mp
LNA N RZ:I:; ;:'1 » (CSF)

— 640 kHz passband,

oz
off-chip caL || caL lowpass

CDMA ' .
LNA_IN > . .

"‘I—ngﬂ — 0.5 dB passband ripple

CDMA ool L_ BB
Na oNA . CSF  amp — >40 dB stopband
Distribution attenuation at 900 kHz

L »DLO_OUT
VCO | [TCXO

Lim et al., “A Fully Integrated Direct-Conversion Receiver for
CDMA and GPS Applications,” IEEE JSSC, Nov. 2006

VCON

« 5% order elliptical filter

B. Murmann EE315A - Chapter 3 12




Synthesis Result (Using Elsie)

10k 2.5416mH L2 1.75668mH L4 10k
’—’\/\/\ YV Y
il I
@ —_— 6.87225pF —— 20.4053pF f—
‘ C1 C3 C5
36.8385pF 46.8301pF 28.2867pF
1.2043M 840.63K
Bandwidth: 640K Family: Cauer Passbhand ripple: 0.49426

Stopband freq: 815K Stopband depth: 40

4/11/2009 5:56:58 PM - Elsie 2.29 - www.tonnesoftware.com

« Termination resistors arbitrarily set to 10kQ

B. Murmann EE315A - Chapter 3
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Spice Simulation Result

Magnitude [dB]

10} -6
— 6.5
20} g
o -7
©
2
_30© € -75
©
=
8l
-40
-8.5
-50 . ) f\ . .
10* 10° 10° 107 10* 10°
Frequency [Hz] Frequency [Hz]

» 6 dB passband attenuation due to resistive termination
— Easy to change to 0dB in an active realization

B. Murmann EE315A - Chapter 3
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20% Variation in L2

Magnitude [dB]

+20% +20%
10! —-———20%H | | m—— -20%
55+ i
20t 3 6
[0}
El
300 *é -6.5
©
= 4
401
-7.5¢
-50 . L .
10* 10° 10* 10
Frequency [Hz] Frequency [Hz]

» Only a very small change in the passband response; moderate
degradation in the stopband

— Smaller (i.e. more realistic) variations than 20% can be
easily handled through overdesign

B. Murmann EE315A - Chapter 3 15

State-Space Description for C,
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Implementation of C, Integrator

VA R L TR VNG
S(C1 +C2) R R R,
R R
Vin AN A
R C+C,
Vo \NNA——¢ 0—”7b
C,
VA ” —
— V4
_|.
B. Murmann EE315A - Chapter 3 17

Implementation of L, Integrator

|2 = Q(V1 - V3)
2
V, =l,R,, = _RX2 [_ v + Vs J
SI‘2 Rx2 Rx2
2
Ry, LR
Vi eAVAVAY 1
RX2
Vs =AM\ -
— V2

B. Murmann EE315A - Chapter 3 18




Remaining Integrators

B. Murmann

v, V.
— - + V.sC, -V.sC
s(C2+C3+C4)[ R, R, ' % ° 4}
2
V4 _I4Rx4 RX4 [_ V3 + V5 j
SL4 Rx4 Rx4
1 V.
vV, =V=—— |54 _ysC
out 5 S(C4+C5)(R » 3 4)

EE315A - Chapter 3

19

Complete Realization

-1 Rx2 Rx2 -1 Rx4 Rx4
P>—"VWN———NVWN——P— A% Vout
¢=\ &=
g 3
V, V4

B. Murmann

EE315A - Chapter 3
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Signal Inversion

> Symbol

A | Realization in a single-ended circuit

(need only one shared circuit per state)

Vap
>< Realization in a differential circuit

* In afirst-cut (single-ended) simulation, signal inversion can also
be achieved using negative resistors and capacitors

B. Murmann EE315A - Chapter 3 21

Simulation Setup

Virtuose® Analog Design Environment (1) - my_ee315a ladder_IpfS schematic

: . . - * AC analysis with 1V
Session Sewp Analyses Variables Oupute Simulation Resule Tools Help

cadence

e , applied at the input
DES\QI’V Variables Ana\yses b
. L8 . .

R « Amplifiers are ideal,
N i e with an open loop gain
e a4 20.41p bt
= | G 6
=< il . Outputs i’“: Of 1 O
E:I; l;:;: 7 - Name/SignaliEzpr |Valus [Plot |Save | Save Gptions | L;<
B - 1 & T « SetR,=R,=R=10kQ
"G 10K | va | allv }: @ )

o s —— . O — Somewhat arbitrary
| i - Vil

' B Plating mode’  Raplace N h . t
L b at this poin

3| Edit |
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Frequency Response

16+
14+
1.2+
g IV4lay = 0.8505 V
g IV, e = 1.5585 V
5 08 [Vl e = 0.9039 V
0.6¢ [Vilmax = 1.7072V
04+ [Voutlmax = 0.5000 V
0.2} AN
0 | e
10° 10°
Frequency [Hz]
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Node Voltage Scaling

» To scale the peak output voltage of an integrator by a factor of k,
scale all resistors and capacitors connected to the input and
output node as shown below

» Feedback R and C remain unchanged

— Will be scaled together with all other components to adjust
the thermal noise (more later)

R
R./k VWV
” k-C ‘ : ’ k-R
b | m
Vb H - kv VW

‘L_‘ Ci/k
b —
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Frequency Response After 0dB Scaling

1 |
0.8 1
o
g 0.6 1
c
()]
©
= 04f 1
0.2+ 1
0 i
Frequency [Hz]
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Component Values After 0dB Scaling

% feedback R [Q] and C [F] . H

ci1= 4.3711e-011 ReS|St0rS

ri1 = 10000 _ =

ci2 = 2.5416e-011 len 293 kQ

ci3 = 7.4108e-011 _ -

ci4 = 1.7567e-011 Rmax 341 kQ

ci5 = 4.8692e-011 .

5 = 10000 « Capacitors

% coupling R [Q] - Cmin =6.47 pF

rin = -8.5052e+003

12 = -1.8324e+004 — C,ax = 48.7 pF

r21 = 5.4573e+003

r23 =-5.7997e+003 ° ~

32 = 1724904004 Component spread ~10

r34 = -1.8888e+004 . .

3= 5904401003 — Manageable in practice

r45 = -2.9287e+003 _

o4 = 3414505004 May_ be lable to _reduce sp_read by
soro G (e scaling integration capacitors,
e e Abase-012 subject to noise constraints

c31=-7.3035e-012 P :
¢35 = -3.68886-011 * A very complex optimization

c53 = -1.1287e-011 problem!
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Schematic

;."ﬁ'uf\v " ‘L'\.’ﬁv’h\‘
12 Is54
% NG
Ci2 \ Cig )
= ji ’ = } =
C /
LS TR S Cs ) e tos L
= Ty = k & /3 fis < Ta %3
Cs1 i
| £ =
1Y
v VVY VVY VVY VYV
Ve
Otens Fin M1 P M43 I45
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o | ] | ] L ]
20% Variation in C,,
0 — 0% || 15¢ — 0% |
+20% 1t +20%
0t i
— _. 05} 1
g 8
< 20! | L] ST _
E g 05 g\
2 2 05 e A
2 30} 1 2 4l |
= =
15} 1
T 5 .
. 2t ]
50 - : nﬂ 25k . L
10° 10° 10° 107 10° 10° 10°
Frequency [Hz] Frequency [Hz]

* Only small passband variations despite large component variation
» Active realization of ladder retains low sensitivity of passive prototype

* More analysis is needed to determine the actual precision requirements
for all components
— E.g. through a Monte Carlo simulation
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Summary

» Higher-order filter realization
— Cascade of biquads
» High sensitivity often problematic for order = 5
— Ladder filters
* Based on LC prototypes
* Low sensitivity
+ Active RC simulation retains low sensitivity

B. Murmann EE315A - Chapter 3
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Integrator Realization & Nonidealities
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Outline

» Impact of finite amplifier bandwidth and gain in active RC
integrators

 Thermal noise
— Passive filters
— Active RC filters

« Alternative integrator realizations

« Parameter tuning
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Amplifier Model with First Order Nonidealities

% .

A

Rnoise Ra
I noiseless | I o = 1 o = ao )
C " RC, ! P

-

o
a(s)=- = — p;—?” for o>>a,

B. Murmann EE315A - Chapter 4

RC Integrator with Nonideal Amplifier

C
||
Il

R
Vin —’\N\/ I - Vout

* Using return ratio analysis, we can write

A :—L:_& A(S):VOM(S):AOO T(S)
" sRC s V() 1+ T(s)
S
T(s)=-a(s) R1 - aos %S w, ~ %
R+ — 1+ 1+ a,
sC Dp @y

* Aslong as T(s) is large, the transfer function A(s) is close to the
desired ideal transfer function (A,)

B. Murmann EE315A - Chapter 4




ay—>0, ®,=1000,

Magnitude [dB]

6150 77777777777777 ;L 7777777777777 J; 77777777777777 : 77777777777777 i ------------------- Aw
g ! ! “‘phase lag” 3 —A(s)
= 100 |
12} |
2 :
£ 50 3
0 5 4 2 0 2 4
10 10 10 10 10 10
B. Murmann EE315A - Chapter 4
by 100’."."""""'""-’--’--’.:.;_j?’”’”’””””} ””””””” S S [ A
k=h ! b e ! ®
o 50”’””””’”;‘””””’___;;j;’—" ”””””””””””” e T(s) ]
2 0,,,,,,,,,,;;;;Lgsrffff,,,,,,i ,,,,,,,,,,,,,,,,,,,,,,,,,, Lo —A(s)
= : : : :
® sor T —— i
= : :
-100 | | I I |
10° 10" 107 10° 10° 10*
a)/coo
= 150
@
S,
o 100
12} |
3 !
R T T e s S .
0 L i L L
10° 10" 107 10° 10° 10*

(,0/0)0
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a,=10,000, ®,=1000,

Magnitude [dB]

N
[$)]
o

0
o

Phase [deg]
o
o

-0

(D/(D

B. Murmann EE315A - Chapter 4

RC Integrator with Finite o,

 Ignoring finite DC gain for the time being, i.e. using
a(s)= _—
S

« The equations from slide 4 yield for this case

) 1 1
Aactual (S) = -2
S @, S
—— 1+—2 1+
Aldeal a)u a)o + a)u
— —_—
Magnitude error Undesired pole

(Magnitude and phase error)

» The first error term modifies only the magnitude, and effectively
alters the integration time constant (RC = 1/w,)

B. Murmann EE315A - Chapter 4




Significance of o, (Biquad Example)

RZR Ci1 =£
_’\/</\l_ R)% Ci2 - C
LR |/ Ry c/
lV_“—‘- ”
Ry Ry R«
Vin —/\N\,—o—l>—< '—’\N\/—“—I>'—Vout
R«
NNV
H) =y = op == = e = oy 0
1+sRC+s°LC s g PJLC JRECR,Ciz o
1+ +—
opQp  of

 Integrator o, typically not too far off from pole frequency op

B. Murmann EE315A - Chapter 4 9

Baseline Requirement for o,

@ 1 1
Aactua/ (S) = ——2
S Wy S
—— 1+ 1+
Aldeal a)u a)o + a)u
H_/ \_ﬂ/—J
Magnitude error Undesired pole

(Magnitude and phase error)

« High-Q filters will be sensitive to variations and uncertainty in
the “effective” value of o,

* In a practical design, we therefore require o, >> o, typically
o, = 10...50-0,

« Assuming that we comply with this guideline, we are left with

B. Murmann EE315A - Chapter 4 10




Effect on Filter Response

» For afilter that uses ideal integrators, we know that

Hier (S)| —> 0

S=Pigeal

+ For the case with finite o,
Hfilter (S (1 + i}}
a)u

pactual ] pideal = ai * ]/B,

pactual = aa T jﬁa

—> 0

S$=Pactual

and therefore

pideal = pactual (1 +

u

B. Murmann EE315A - Chapter 4 11

SOIVing for Pactual (1)

S +jsa)[1+L"Baj
()]

u

« Equating real and imaginary parts, we find

ai:aa(“'&j_ﬁ_i Bi:Ba(1+2%]
0, O, (0]

u

« To proceed, it makes sense to customize the analysis for high-Q
poles, which should represent the most critical case
Qpigear = _2 o

>>1 Opigeal = O'iZ + B.z =B,

1o % 7
_ Pactual _ 2 2 o
QPactuaI - _E >>1 Opgetyal =V %a T B :Ba
O,

1 Dpigeal

B. Murmann EE315A - Chapter 4 12




SOIVing for Pactual (2)

ai:aa(“‘&j_ﬁ_i Bi:Ba(1+2£]
o (O] 0,

» We can now simplify using

aa << a)Pactual = a)o << a)u

to obtain
BZ
o =a, -2 B =B,
(DU
2
o, =, +& B, =B
Q)]

» Negligible change in the pole’s imaginary part; real part affected
by finite o,

B. Murmann EE315A - Chapter 4 13

Effect on Pole Locations

BZ
[ ~ a
Jo a, =, +—
(DU
X—X
Q _ 1 Opactyal _1 Opigeal  _ _1 Dpigeal 1
Pactual — 2 = 2 - 2
a _}_Bia 2 o + Opigeal 2 o 14 Opigeal
1 1 J i i
. o mu (’Ou OLi(Du
1 a
1 O,
_ ~ Pideal
x x - QPideaI o = QPideal 1+ 2ClPideaI o
—_— Pideal u
1- 2QPideaI o

u

« Example for Qpjyeq = 30, <2% (0.17dB) increase in Qpagyal

2.30. Spueal ooy, ®_ > 3000 (1)

Q) Opigeal

u

B. Murmann EE315A - Chapter 4 14




Corresponding Phase Error

* For o, = 30000, and Dpigear = Do

we can estimate the phase error of the integrator at o, using

1 Wp o, 1 1 180°
. -1 P, o
by = & = A[1- j—To | =tan | — T | = = - = =-0.02
14 % o, o, 3000 3000 ~«
a)u
z 100
= 50
2 0
8 50
=
1001
10
= 150
s
‘o 100
fiu 50
0 -6 ‘-& -2 ‘D ‘2 4
10 10 10 10 10 10
ol
B. Murmann EE315A - Chapter 4 15

Pole-Zero Cancellation (1)

1+sR,C

H(s)=-

sRC(1 + Sj +5 (1+sR,C)

a)u a)u

1 1+sR,C

SRC 4,48 (1+sR,C)

Ideal ot
eal response o, o, C R, c
Should be 1

o, 1+sR,C R

[¢]

s, o, s, R Vin Vou
1+ +—1+2
R

a)ll a)u

w, 1 1+sR,C

$1+% £1+sz
, R
1+s—— <

B. Murmann EE315A - Chapter 4 16




Pole-Zero Cancellation (2)

R
(+4)
» We can achieve “ideal” operation by letting A RJ R,C
o, (1 + w"}
a)u
. . . 1
* Assuming o, >> o,, this is accomplished for R, = 2 C

u

* In high-speed filters, this trick typically helps reduce the amplifier
bandwidth requirements by more than an order of magnitude

- Note that the requirements do not drop to “zero” because we
still need to maintain o, >> o,

— Practicality issue: How to ensure that R, tracks variations in o,
and C, for both global variations and random mismatch errors

B. Murmann EE315A - Chapter 4 17

Auxiliary Amplifiers

RZ/R
—VW\—
L/IR,2 Ry C
Il I
I r vV V_‘ )
Ry R, | R |
Vin “AAMA— AV ANV b Vou
Ry
NNV l
Rf

R, A(S):_%;R
@, Rs T S 1+s£1+fj
T(s)z =+ R, o, R,
s R, +R;

S

* No (good) way to cancel error from inverting or summing amplifiers
— But these amplifiers also contribute to the overall phase shift

B. Murmann EE315A - Chapter 4 18




“Tweaking” a Tow-Thomas Biquad

R3
AA
Vv

R8
1r I c2
G
R6

=
== T

L. C. Thomas, “The Biquad: Part | -Some Practical Design
Considerations,” IEEE Trans. Ckt. Theory, Vol. CT-l, No. 3, May 1971.

x
~
A

AN
A
v
Pl
@

Vin @

« May be able to cancel the phase error from all stages by
introducing a “strategically” tuned zero

— Practicality questionable

B. Murmann EE315A - Chapter 4 19

RC Integrator with Finite Gain

c a(s)=-a,
I
R
— SRC
Vi —'\/\/\,—% Vou T(s)=a, o
R+—
sC
1 1 1 1 1
Aactual(s)__sRC 1 __SRC 1+ sRC =~y 1 o
1+ — 1+ — sl1e 4 |+ %
T(s) a,SRC a,) a,

B. Murmann EE315A - Chapter 4 20




Effect on Filter Response

» For the case of finite gain, we can therefore write

@y

1
Pigeal = Pactual 1+ a_o + a_o

» For the case of high-Q poles, it can then be shown that

1
1 + 2 QPideal

Q

= QPideal [1 — 2 el j

QPactuaI = QPideaI
a0

a0
 Example for Qpgeq = 30, <2% (0.17dB) decrease in Qpygyq)

2.30 2 a, > 3000
aO

B. Murmann EE315A - Chapter 4
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Summary

+ Finite amplifier bandwidth leads to Qp enhancement
— Typically seen as excess peaking in the filter's magnitude
response
+ Finite amplifier gain leads to Qp degradation
— Typically seen as droop in the filter's magnitude response

+  Wait!
— Can’t we cancel the Qp enhancement against the Qp
degradation?

B. Murmann EE315A - Chapter 4
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eference frequency in -— . i “ A ] 14
{ .. :: ) sPICE
7| Master Biquad Predicted
Phase -locked B ’ " by Eaq. {2)
™ o9 -
Frequency : Z on -
Control Circuit i 07
{Phase Detector '
and LPF) o5
e 08 -
. 0t ]
Frequency Control Voitage, Vepq Phase Contral Voltage. Vohase o3 4
l 0.2 +
Signal 7
ignal in Signal out
e {Slave} Filter |, T o7 : y T T
Frequency {f) (MHz)

Fig. 1. Master-slave tuning scheme Fig. 2. Prediction of filter response with integrator nonidealities.

V. Gopinathan et al., “Design Considerations for High-Frequency Continuous-Time
Filters and Implementation of an Anti-aliasing Filter for Digital Video,” IEEE JSSC,
Vol. 25, No. 6, Dec. 1990.
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Noise

Filter
Signal
/\_/ Vin i2n1 Vout /\/
PR | nnwﬂm
Noise
1.2
SR = Fonal _ 27"
noise ffvgut df
Af

A

B. Murmann EE315A - Chapter 4 24




RC Lowpass Filter

___ h

Vau = [ 4KTR.- L
f

———| df
1+ j2nf-RC

f

_ 4KTR o | W tan"y
7, 1+ (2nfRC) T+u
B. Murmann EE315A - Chapter 4 25

Total Integrated Noise

1 2

1+ j2nf -RC

| =4kTRjd—f2; [ d"z:tan*w
Vi C Vou 0 1+(2nfRC) T+u

Vgut,tot = J4k TR
0

B. Murmann EE315A - Chapter 4 26




LC Lowpass Filter
R L
Vin —1— C Vout
2 1
Op = ——
- ‘ 1 /e
Vautsot = | 4KTR - S df
opQp  op P RA\C
B. Murmann EE315A - Chapter 4 27

Useful Integrals
> 1 2 W
/ T | U= -
J0O + wo 4

> 2 wp
[ LS P
o 11+55+2% 4
x P 2 woQ
/ — | df ==
o |1+ W-JQ + f:; 4
nes? 4+ nys + ng df = 1/4 no2dydy 4+ nqi2dsdy 4+ ng?dsds — 2ny ng ds dy
s=jw ’ ! ([;5 ((12 ([1 *(1;5 (1())(1“

(/;5.5':5 + (/3.\'2 +dis + dy

o
./(;

A. Dastgheib and B. Murmann, "Calculation of total integrated

Vol. 55, pp. 2988-2993, Nov. 2008.

EE315A - Chapter 4

noise in analog circuits," /IEEE Trans. on Circuits and Systems |,
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Total Integrated Noise of LC Filter

2
Vgut,tot = T4kTR' 1 5 df Op = —\/1_
: TR LC
(DPQP O)P 1 L
oot [E
_ akTR 2SR RYC
‘ 1
kT (DPQP =—=
K RC
C
B. Murmann EE315A - Chapter 4 29

The Nyquist Theorem

Z(je) Z(jo)
q q
Noisy J R, % N0|§§rl1ess J
passive : ~ non.
network Va : dissipative v,
(R,L,C) network
1= RN (L’C)
_O _o

Christian C. Enz and Eric A. Vittoz, Charge-Based MOS Transistor Modeling: The EKV Model for
Low-Power and RF IC Design, Wiley, 2006 (p. 106)

vl .

aF = 4T - RelZ(i2nf)} PSD

v2 = 4KT - f Re{Z(j2mf)} Variance
0

B. Murmann EE315A - Chapter 4 30




The Bode Theorem

— —o ——o
Noiseless C. Noiseless CO
S non non
dissipative .J dissipative .J
— | network network
(LC) (L.C)
—_— ] —0

Christian C. Enz and Eric A. Vittoz, Charge-Based MOS Transistor Modeling: The EKV Model for
Low-Power and RF IC Design, Wiley, 2006 (p. 107)

1 1
— = lim[s - Z(s)] — = lim[s-Z(s)]
Co so© Cy s

Let’s you calculate the total integrated noise of passive networks
without sweating through integrals!

B. Murmann EE315A - Chapter 4 31
Example: LC Ladder
10k R 2.silin;t| L2 1.75§EirzH L4 | 10k c 43 _
| - = 43pF —=0
[ SHe2 | He || . o
) —_— 6.87225pF —— 20.4053pF - ; Rt kT
| o c3 c5 ‘ 10k Vi = === 9.7V
36.8385pF 46.8301pF 28.2867pF =

Simulation with and without R, (makes no difference!)

**** the results of the sgrt of integral (v**2 / freq) **** the results of the sgrt of integral
***% total output noise voltage

(v**2 / freq)
9.6683u volts ***% total output noise voltage = 9.6683u volts
15 -15
10 10
R.=10k
10" E
= >
[a] [a] a7
2 2 10
o [
3] o
(] <]
-18
=z Z 10
R -19
0 0 TS 7 0 5 5 7
10 10 10 10 10 10 10 10
Frequency [Hz]

Frequency [Hz]
B. Murmann
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Active RC Lowpass

R 4kT/R
—AMA— ——
C
| AN
R, | IR
Vo SV Vou o 'c
Vin —J\N\/—*l>— Vout
5 @ 11 R 2 4KT/R,
Voutres:_[4kT E+R_ 15 72-f .RC
5 s ) |1+ j2nf-RC
0 T 2
~ [4kT| R| 1+ R
! Rs || [1+ j2nf -RC
= E 1+ 5 (noise due to resistors only)
C R

33
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Amplifier Noise Analysis (1)

R
AAAY
I —
e V2 = 4KTR, o Af
R v,
vinHNV—A@—I>—Vout
V2
R 1 1+ 3
Vx _ s _ ®9
Voyt = ——2 (v +Vv =
out ( X n) VOUt RS_*_; 1+51+i
—+sC Rs oy
L Oy = 1 R, =R|R
@0—% X RXC X~ " s

34
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Amplifier Noise Analysis (2)

+ Solving for v, /v, yields

1+ —
Vout — _i Wy
v R 2
" X1+s(1R+1j+ s
Oy Ry 0Og 0,00
2
o R 2 1+i
2 ()
Vout,amp = I4k TRnoise [Rj X 2 df
0 x 1+S[1R+1] s
Oy Rx Mg 0,0
2
1
S 1 R 1
o 1+ = 2 0.Q=|—— 4+ —
J‘ z df = 0,Q On n [cou Ry U)OJ
s & A
011+ 5
®p o, m% =0, ,09 Z= -0
B. Murmann EE315A - Chapter 4 35

Amplifier Noise Analysis (3)

2

2 2 2
R 0,Q|, o R 1 0,09
Vout,amp = 4KTRoise [R_x 4 1+ W = KkTRppise R_x 1R _ 1 1+ 2
0y Rx 09
R 2
14 Pu | Bx Note: The same result
0 can be obtained by
= KTR0ise®y = kTR 5ise®y approximating v /v, as
& 1+ && a single pole response
R on R before carrying out the
0 integral.
~ KT Rhoise ®u
C R ®p
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Total Noise for Active RC Filter

V2 _ V2 n V2 ~ E 14 ﬁ 4 Rnoise Oy
outtot — Yout,res out,amp = R R
C s ®g

« Amplifier noise contribution is large for large o /o,
— But, unfortunately, we need o, >> o, to maintain an accurate
transfer function
+ Given that we need o, >> o, , the only option we have is to
choose R, s << R to minimize amplifier noise
— In a transistor-level implementation, this requires large g,
(and large lg55), since R, ise ~ 1/91

B. Murmann EE315A - Chapter 4 37

Frequency Response with Finite o,

— 510000,

Magnitude [dB]
o)
o
N
o
S

100
50

Phase [deg]
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Amplifier Noise Contribution (R

=0.1R)

noise
" 10° ‘

o — o =100
;/m mu 030
2 -—— (x)u=10coo
o :
= |
X |
D :
a 3
P -4 ‘-2
T 10

Integral/(kT/C)

(o/mo

B. Murmann EE315A - Chapter 4
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Active Second Order Lowpass

1
RZR inp = 46T -0 H(s)= &2
—VW\— ’ 1+ +
LR \69\ c 0pQp  op
R, 1R _ 1
Vin "\A— >—>—’\/\/\/—<>—I>v—vout Op = \/E
S8 N 1 [L
im :4kT[Ri+ﬁ2]Af MWV Qp = RrR\C
Q
[1 +5—F s&
Vout — RX Vout _ R ©p ~R Op
ing s s i s s? s s
1+ +— 1+ +— T+ +—
(DPQP Op (DPQP wp 0)pr Op
(after some algebra)
B. Murmann EE315A - Chapter 4 40




Analysis

a= [akT| 2 BB a2 [ AN —
) 5 Rx 5 - s +ﬁ out,2 . Rx s 82
Q 5 1+ +—
Opip  0p (DPQP Op
_ 4T (2R, + R) 223 _ ax7 Q2 ©pQp
4 "R, 4
KT 2R, +R
S kKT R
-=_"q
¢ R CR, "
=kT(1+2RXj
c R

+ For high Qp, we definitely need to make R << R,

B. Murmann EE315A - Chapter 4 41
Optimum
1 R
N=(1+2k)+Q3— k="x
(1+2k) +Qp =
dN 5 1
Sl o2-Q3—=0
dk @ K2
Q
kopt = TZ

> o o kT 2 kT
Vgut = Vgum +V§ut,1 = C(1+[\/§+\/§}Q’Dj = E(1+2\/§QP>

 In a properly designed filter (and for large Qp,) the noise will be
roughly proportional to Qp

« For a poorly designed filter, the noise can be proportional to Qp?
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Tow-Thomas Noise Example

Tow-Thomas Noise Analysis

AC Analysis AC1
log sweep from 10 to 1G (501 steps) [B Boser]

AC Analysis AC2
sweep from 900 to 1.1k (201 steps)

N_A_ol
Tow-Thomas Biquad TT_A =

1tonm Bandwidth = 16MH Vo3
kOhm N°'se& Voltage NOISE
Vi E-? _—| N_B_o2

= 42.63kOhm C1 = 112nF Vol -
- C2 = 112nF
opamp: Vo2 -
Gain = 100k
Bandwidth = 16MHz Vo3 -
Noise Voltage NOISE
N_A_02
Voltage NOISE
- N_B_ol
Tow-Thomas Biquad TT_B =
Ri = 42.63kOhm Ci = 112nF voi -
R2 = 1.492kOhm C2 = 112nF
R3 = 1.353tonm -
Vin R4 = 42.63kOhm . Vo2
RS = 1.492kOhm Opamp:
R6 = 1KkOhm Gain = 100k
R7 = -

A_Vol

A_Vo2

A_Vo3

B_Vol

B_Vo2

B_Vo3

B. Murmann EE315A - Chapter 4 43
Frequency Response (BP Output)
o] P B
PN T
I s N ,
E // \\\
g) 0 //// \\\\ Qp=30 L
= - R, = R, = 42kQ > 10kQ ~—
Qr=30>7
15 ] //// P \\\ L
T
— —_— ~
2. e TN
g ] — L
[} T
7] RN
g —200 \\ —— S -
o S T
=0 4 \\\ o L
900 1100
Frequency [HZz]
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Noise versus Qp (Noiseless Amplifier)

Noise drops by \ 30/7
2.8uV e 2 1.2uV e
P
l—‘;) 1 I/ T s e e e e e 77( 7777777
=
N
T
A3
>
100M 10G
Frequency [Hz]
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Noisy Amplifiers
Unfortunately the amplifiers add
significant noise at high frequency ~ -~ "~~~ "~
e 20.6pV
e e F
_ 2.8uV
g
> Noise from the passband
< dominates this integral
T
£
> .
10 1k 100M 10G
Frequency [Hz]
46
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Adding an RC Filter

Tow-Thomas Biquad TT_A

Voltage NOISE
N_A_ol

R1l = 42.63kOhm C1i = 112nF Vol 4 A Vol
R2 = 1.492kOhm C2 = 112nF
R3 = 1.353kOh
Vin R4 = 42.63kOhm Opamp: Vo2 b A Vo2
R5 = 1.492kOhm
R6 = 1kOhm Gain = 100k
R7 = 1kOhm Bandwidth = 16MHz Vo3 4 A Vo3
R& = 1kOhm Moise: Rnoise = 1.9kChm
= M_A_o2
MN_B_oil
Tow-Thomas Biquad TT_B =
R1l = 42.63kOhm C1i = 112nF Vol 4 B_Vol
R2 = 1.492kOhm C2 = 112nF
R3 = 1.353kOhm
Vin R4 = 42.63kOhm Opamp: Vo2 @ B_Vo2
R5 = 1.492kOhm
R6 = 1kOh Gain = 100k
R7 = 1kOhm Bandwidth = 16MH=z Vo3 4 B_Vo3
R8 = 1kOhm Noise: Rnoise = 1.9kChm Voltage NOISE
2o ® =
ac = 1V T =
1kOhm
R1
1kQ / 5nF RC LPF W T ® 5 vo1 re
Corner at 32kHz I ot
0.9uV,,¢ noise from 5nF is negligible 1 -
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Frequency Response with RC Filter
AL Without RC
— \\\\ /
— \\\»\ T
m oo e T -
S, / Tl \\
(@) \\\\\ \\
g RC provides negligible attenuation. - T
But that's not the point. Tl
Let’s look at the noise ... Tl
N
o T B
(0] N \\
S, - T
o -
o T
n N
®© -
< S~
& o] \j e
10 1k 100M 10G
Frequency [HZz]
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Noise after RC Filter

I P
e S
) 4
i ' .//
>§ // RC filter reduces total noise
— T from 201V, s t0 5V, e
:E // (With noiseless amplifier ~3uV,,,)
£ -
>, .
.
\\\
\\
\\
00D T T T T T T - T T \ T T
10 1k 100M 10G
Frequency [Hz]
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Summary

» The total integrated thermal noise of filter circuits is related to
capacitor size

— Usually a multiple of kT/C

+ Infilters, noise is proportional to the filter order, Qp, and strongly
dependent on the implementation

« Amplifiers can contribute significantly to (if not dominate the)
overall filter noise

— Minimizing the amplifier noise contribution costs power
* Need small Ry, i-€. large g,, (lgias)
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Alternative Integrator Realizations

» Thus far, we have primarily employed active RC integrators in
our filter implementations

* Next, we’ll consider a number of alternative implementations
that have found their use in practice
— MOSFET-Opamp-C
- G,-OTA-C
- G,-C

B. Murmann EE315A - Chapter 4 51

MOSFET-C Integrator

Cc

« MOSFET in triode used to replace

1|
1
R resistor
Vin —'\N\,—~{ >—— Vou
» Advantages
C
1|
1l

— Continuous tuning mechanism
for integrator time constant

— Potentially cheaper fabrication

rocess
Vin j | - Vout p
| » Disadvantages

W y — Large parasitics, distributed RC
I, = uC,, L[vGS -V, —ZS)VDS along channel
— Bias point sensitivity
— Weakly nonlinear

1 di, w
= =uC —(V..-V. -V
Ryos  dVyq HC oy L ( s ~ Vi E,F)
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Czarnul Circuit

Vo1 Vas™Va
- T Iny Z. Czarnul, "Modification of Banu-Tsividis
Vin ey T continuous-time integrator structure," Circuits
o | T 1 and Systems, IEEE Trans. Ckt. Syst., pp. 714-
- L Vour 716, July 1986
b3 L¢ b E-_T— 53}"'3' = ~Yout
a1 Ipg iy . .
vy — 2% = - « Mitigates bias point
Ya2-Yos-Ve sensitivity and removes
_ . _ second harmonic
Assuming V, =0 (without loss of generality) distortion

w
loy = Ipy +1pp = 1C,, T([VA =V [V, Vi + [V _Vt](_\/m)_vnf)

* Remaining issues

w — Back ff
loa = Ips +1ps = 1Cy, T([VC ~V [V, Vi +[Va _\/t](_vm)_vmz) ackgate effect
— Short channel
log —1loy =24C,, %[VA A effects
B. Murmann EE315A - Chapter 4 53
G, ,-Opamp-C Integrator
» Transconductor replaces resistor
— Built e.g. using a differential pair
C
| + Advantages
’\ — Main amplifier sees only
Vin Gnm {>—— Vout capacitive loads
- * Can replace with “OTA”
I:n = vam

— Continuous tuning mechanism
for integrator time constant

H(s)=-—m + E.g. via lgag Of G, cell
— Potentially cheaper process

Py
|

Disadvantages
— Nonlinearity of G, cell
— Extra power dissipation
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Example (1)

Ve

:f; gm2 Cur—¢ VEMO —
- o
il ci2
i > 0s

W )
ﬁﬁ?ﬁ, g ' | |
r ND vemi
v va- va+ vh+

M4 Jp————=<

Fig. 4. Simplified schematic of a two-input differential integrator where 112 GND
and M3 perform excess phase cancellation,

C.A. Laber, P.R. Gray, "A 20-MHz sixth-order BICMOS parasitic-insensitive continuous-
time filter and second-order equalizer optimized for disk-drive read channels " IEEE J.
Solid-State Circuits, vol. 28, no. 4, pp.462-470, Apr. 1993.

B. Murmann EE315A - Chapter 4 55

Example (2)

krAif2  kr
“n="R0f2 T Rt
— — — 3 et
vl sor [ ] sez [7) summer [7] mos :é""”"’ . )
T l—)ﬂf wp = - = T
uii T3 L > C; RenC;

(14 bits) plaITL L BIAS —T

SERIAL INTERFACE .

YEC iz M é
slx s];l c];' Rext 1I_| A M
b

Ai L

Fig. 9. Block diagram of the filter and equalizer chip. Both low-pass and vemr

differentiated outputs are required for pulse detection. ) *TA”?
remo 32 ) ~ 1
1 |::>-—|G Mi19 {
3 R2

" : Q3 Vb
C.A. Laber, P.R. Gray, "A 20-MHz sixth-order [
BiCMOS parasitic-insensitive continuous-time 3 | Rext 3R M22
filter and second-order equalizer optimized for oD 5 ql\ll& Ll M24
disk-drive read channels ," IEEE J. Solid-State ) '
Circuits, vol. 28, no. 4, pp.462-470, Apr. 1993. - Av/2 +Av2

Fig. 8. Simplified schematic of the circuit used to set the bandwidth of the
filter by setting the G, of the transconductor by means of an external resistor.
The output voltage 1%, is used in Fig. 4 10 set the value of Gy,
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OpAmps versus OTAs (1)

Operational Amplifier Operational Transconductance Amplifier
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OpAmps versus OTAs (2)

OTA OpAmp
+ Mostly used “on-chip” + "General Purpose"
« High output impedance * Low output impedance
— Ideally a voltage controlled — Ideally a voltage controlled
current source voltage source
+ Not well suited for resistive + Can drive resistive and
loads, mostly used to drive capacitive loads
capacitive loads « Essentially an OTA + buffer
» Usually lower (total — Buffer increases complexity and
integrated) noise power dissipation
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Loading Considerations (1)

_| E onl[Top

Single-ended OTA model ]

Vo

Vi

_”: R. =—=C.

* Low load resistance will "destroy" the gain of our amplifier

— R, may be an explicit load or due to loading from the
feedback network

» But, we want large (loop) gain for good precision

B. Murmann EE315A - Chapter 4
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Loading Considerations (2)

Fon||Top

Single-ended OpAmp model

« Adding a buffer allows us to drive resistive loads and still
achieve high gain
* But
— Buffer can be difficult to build
— Is costly in terms of headroom (e.g. source follower)
— Adds additional area, power

B. Murmann EE315A - Chapter 4
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Loading Considerations (3)

o

L Y i TCL

Single-ended model of
a two-stage OTA

* Resistive load "destroys" gain of second stage only
— First stage sees capacitive load

+ Costs additional area, power and must sacrifice stage 2 gain

« Can work acceptably well for moderate resistive loads
— More later
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G,,-C Integrator

» Advantages

Vi, : ] . I Vou — No OTA, no op-amp!
R < c * Lower power

° I « Less phase shift!
""" = — Continuous tuning mechanism
for integrator time constant

For R —>w * Via lg)a5 of G, cell

» Disadvantages
— Nonlinearity of G, cell

— Sensitive to finite output
resistance (R,)

— Sensitive to parasitics
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Original Paper

®

u
o

Qe @ G

= ™
VU!

REFERENCE
SIGNAL-IN

== EL e sa

E-:i.j\] S U —H‘_J_Jrj 445&‘:
cont ral Veanrrot '1 Wl |

— “Urem >ﬁ |

Vour f [ f Vou

SIGNAL-IN ’ ' '
: Uk !
SIGNAL A 4 ) @
ouT | Vin C L_a
4

]
!
|
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I
|
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|
1
|
!
1
|
|
¥

Fig. 10. Active implementation of the sixth-order ladder filter.
SIGNAL

“ouT 2
PLL ‘6" Order_Filter H. Khorramabadi and P. R. Gray, "High-frequency CMOS
» continuous-time filters," IEEE J. Solid-State Circuits, vol.19, no.6,
u Contrl pp. 939-948, Dec. 1984.
Auto External
Frequency Freguency
Control j___[ Controt
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First-Order G, ,-C Filters

Vil 0 y ___o Vo1

[Deliyannis, Section 9.2]
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G, -C Biquad

. l 2bC,
T{—V4 fo

2aC,  2(1-a)C

+V, O—+ - + -

-V, 0 L/+ T

2aC, 2(1-a)Cy :-[_-
: (b)
Vs V4 V3 Vi
2 _a — —aC — )+ -
B s°bC1Cy V. + s <bC2gm2 V. aC18m3 Vi 8mi18m3 Vi
Vi 52C1C2 + SCngZ + gm38m4
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5th-Order G, -C Ladder Filter

[ el 1] ] T e
G, \_I G, \_l G, G, G, G,
+ A ] ] ] —
| TR —e— [t [~ [ [ O
Vol G [; G, G, G, G, ] V.S
- ._/\_\|+/|I;/\_/ — /N - /\_/\_+| I ]
—
Gy I /N—"N\ /N /NN I |C4 /1
+ - 1 + = + - + = + —L
v I V. I V.
oL " ¢, L L, c.L”

» Can show that capacitor network is unchanged from passive
ladder prototype
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Choosing an Implementation

Discrete active
RC filters

Switched-capacitor filters

Integrated active RC filters

Integrated active G,,-C filters |

Passive LC filters (discrete) Passive LC filters
(integrated)

Distributed (waveguide) filters

1kHz 1MHz 10MHz  100MHz  1GHz 10GHz
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Active RC versus G_-C

* RC filters (using op-amps)

— Superior linearity

— Dynamic range ~60-90 dB

— Usable signal BW typically up to few tens of MHz
- G,-C

— Linearity limited

+ Usually have to use degeneration, etc.

— Dynamic range ~40-70 dB

— Distortion performance limited to ~60 dB level

— Usable signal BW up to a few hundred MHz

« Both implementations typically require some form of tuning
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Transconductor Implementation

* Hundreds of papers on "linearized" G, cells

» Bottom line
— Very hard to beat a basic differential pair with (or without)

degeneration
» Let's look at a few ideas that have been proposed over the
years...
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Linearized G,,-Stage Using Triode Device

OO S w 19
lo=lo=lo=———=HCOX | (VesVrm )Vin- SVin
Rwmosret
;
2

V:n n
+5 o ko - . .
Second-order nonlinear term is cancelled by a

ﬂ duplicate MOSFET with small Vg control voltage:

. w 1
fo= HCOXT((VGSVVTH WVin- EV’Z’J
w 1
- HCOXT((VGSZ_VTH Win- Evlznj

w
= UCox T((VGS1_VGSZ)Vin)

%{_}
@ “Vgs1> Vaso” because V>V,

Z. Czarnul, Y. Tsividis, “MOS tunable transconductor,” Electronics Letters, June 19, 1986, pp. 721-722.

Ve
2
~
L4
Iy

@
_@
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Composite G, -Stage to Increase Input Range

| Wu & Schaumann ‘

The net result is increased input range.
Linearity is unchanged.

Vi Bipolar implementation by Schmook (1975)
2 and later modified/improved version by
DeVeirman (1992).
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Nauta Cell

Inv?2

B. Nauta, “A CMOS Transconductance-C Filter Technique for Very High Frequencies”,
IEEE J. Solid-State Circuits, Feb. 1992.
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Source-Follower Based Filter

S. D’Amico et al., “A 4.1mW 79dB-DR 4t order Source-Follower-Based Continuous-Time Filter for
WLAN Receivers”, IEEE J. Solid-State Circuits, Dec. 2006.
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Parameter Tuning

« Various objectives
— Tune out circuit nonidealities such as phase lead/lag
— Absorb global process variations
+ G, R C
— Vary filter bandwidth
— Vary other filter parameters
* E.g. “boost” in disk drive filters
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eference frequency in -— . i s w ::
i o o spicE
7| Master Biquad Predicted
Phase -locked B ’ " by Eaq. {2)
™ o9 -
Frequency : TR
Control Circuit i = .
{Phase Detector '
and LPF) o8
k. 08 -
- ot ]
Frequency Control Voitage, Vepq Phase Contral Voltage. Vohase o3 4
l 0.2 +
Signal 7
ignal in Signal out
--g+-—-— {Slave} Filter _...._g__._ o } -’ T T T

Frequency {f) (MHz)
Fig. 2. Prediction of filter response with integrator nonidealities.

Fig. 1. Master—slave tuning scheme.

V. Gopinathan et al., “Design Considerations for High-Frequency Continuous-Time
Filters and Implementation of an Anti-aliasing Filter for Digital Video,” IEEE JSSC,
Vol. 25, No. 6, Dec. 1990.
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Finite g, (R,) Tuning

n+
— i OTA_dif2
i EEEgo OTA_difl 1 F
Vrcf@E: — E’-Dk\/rcf
ol &1
<b
X
n- T _ \Offset control
(7] ( kd)l input
|
. . C]+ Cy
g is the total node conductance. The appropriate B

dummy OTAs are connected to n+,n- so that the
node conductance is the same as in the biquad

g =gm2 +Zgo

Dehaene et al., “A 50-MHz Standard CMOS Pulse Equalizer
for Hard Disk Read Channels,” IEEE J. Solid-State Circuits, July1997.
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Tuning of the Filter Time Constants

Ve .

GorGm

COMP|
% EXT.
RESISTOR

Lock R (1/G,,) or
frequency (G,,/C,
1/RC) in a replica to
a reference

Built using Ly
same RC or MAIN FILTER Slave replica's '
G,—C cell Ve control voltage into
used in main vco || PHASE |— crock main filter circuit
filter COMP.
Y.P. Tsividis, "Integrated continuous-time
filter design - an overview," IEEE Journal of
Solid-State Circuits, vol. 29, no. 3, pp.166-
176, March 1994.
©)
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) “Vc¢” controls resistance
Vin Main Filter Vout v
— —>
(slave) R, |
1 TR 7 -1
| |C’
R 11 C,
_______ : [ .
ref I Dummy Filter Ve o o R, oscillator
(master) | l o /\/\/
¥ S R | 1
TF(s) SRIC1SR2C2 G1G2
S) = =
/ L . ! S2C1C2+SC2M‘/M+G2G3
7 SR4C1 SR3C1SR2C» 0
osC.
»| phase [CP Vv )
(méster) freq c Without R, & D(s) = $*CiC2+G2Gs = 0
v detector
TT poles at *j, GGy Banu (1985)
Jrer T = a6,
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VCF Tuning Approach

+ Use of a low-pass filter, instead of an oscillator, as the reference for tuning
+ Two phases into XOR gate is offset by 90° when phase-locked

I
!

K 0)% Low-pass filter
LP(S) =5 w0 2 fou 0 (master)
S +63+(DO v”
i
1 °
4LP(S)| = Z— 5 =-90

S=jm
I%0 — 03+ 20 +03

Q

V. Gopinathan et al., “Design Considerations for High-Frequency Continuous-Time Filters and Implementation
of an Anti-aliasing Filter for Digital Video,” IEEE JSSC, Vol. 25, No. 6, Dec. 1990.
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Discrete Frequency Programming/Tuning

+  Switch in/out capacitors or resistors to control corner frequencies.

Possible settings/frequencies: <>
Pcz CE:CZC,C3, C;%CZ,CC%C& K
+C,, an +C,+
C1/ 2 3 1 2 3
- >
—

________ NERERREEEl: L
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Example (1)

Vin — ]
3 o
A ®
LU (N T Al T £
j A $33% |41\ s2gs |4t 53380 19
= aBE —T 1 L ”I ] L -
+ 111l [e= 31 = 241 s £
\s 3833 N> 233 (Lo 3832 + 5
M1 L ITTT ¥ M =
: £
Y | |4 | | A1 13
1e| | AR A Jr] | a

Wl @l by

L i 4 . H
1
G I — Vout
D%I“ Lt .4 a
4 oL, T
_ s |[&@ ¥ |¥ - H Khorramabadi, “Baseband Filters for 6-95
pl——o/ %7 |9 » CDMA Receiver Applications Featuring Digital
Tu’-[z Automatic Frequency Tuning,” ISSCC 1996.

Figure 1: Seventh-order active RC low-pass filter
with digitally-controlled variable capacitors.
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Example (2)

N -
[ o w :
o £ iz
o | K8
H. Khorramabadi, “Baseband Filters for 6-95 : DsP
CDMA Receiver Applications Featuring Digital 20MHZ
Automatic Frequency Tuning,” ISSCC 1996.
A/D
4b
10MHz
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Tuning G,, Over a Wide Range

Ydd

To main circuit é é

— vem+AY/2
vem-AV/2 _iE 5}_

. Ao I+ Vine

Lmze Lwmn Vdd
T Lmte Lwms
R IDAC .
1 Bias
e Lws =

by Y

G. Bollati et al., “An Eighth-Order CMOS Low-Pass Filter with 30-120 MHz Tuning
Range and Programmable Boost,” IEEE J. Solid-State Circuits, July 2001.
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History: 1873

« Maxwell recognized that a switched capacitor behaves like a
resistor in terms of average current

— James C. Maxwell, A treatise on electricity and magnetism. Oxford:
Clarendon Press, 1873, vol. 2, pp. 374-375

» http://www.archive.org/stream/electricandmag02maxwrich#page/n405/mode/2up

A TREATISE

ON
If the magnet of a galvanometer included in the cireunit is loaded,
50 as to swing so slowly that a great many discharges of the con-
ELEGTRICITY AND MAGNETISM denser occur in the time of one free vibration of the magnet, the
succession of discharges will act on the magnet like a steady current
whose strength is 2 EC
i
by

JAMES CLERK MAXWELL, M.A.

LLD. EDIN,, ¥.k.88 LONDON AND EDINBURGH
HONORARY FELLOW OF TRISITY COLLEGE,
AND FEOVESSOR 'OF EXPERIMENTAL PHYSICS

1IN THE UNIVERSITY OF CAMBRIDGE
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History: 1968

Rs sest
N -
e
- 70+
Vo oL
Inputs Yae—€ w0
s—LZ 1 Gmin * 61198
Output | 4
50
1 ¢ .
| v Sampling frequency
N A
201
|
20t
101 Omax *
Py 12548
auxiliary memory
100 200 300 00 S0 -

Tolerances ) -
o Precision resistors * 03 Fig. 4. Measured attenuation response of the digital Cauer low-pass.
B e * 0

other components L%

=" + et W. Kuntz, "A new sample-and-hold device and its
Fit 1. Reafized circuit and symbol for s sample-and-hold device. application to the realization of digital filters," Proc.
IEEE , vol.56, no.11, pp. 2092- 2093, Nov. 1968.

An important application of these sample-and-hold devices is the
realization of digital filters in the real-time domain, All presently known

methods use digital computers, but these are too slow and oo expensive for
some applications.
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History: 1972

J

ol

Fig.3. High-Q bandpass analog sample-data filter /fixed Q.

=
I ]

Fig.2. High-pass analog sample-data flter. D.L. Fried, "Analog sample-data filters," IEEE J. Solid-
State Circuits, vol.7, no.4, pp. 302- 304, Aug. 1972.

We would like to call attention to what we believe is a
rather interesting and previously unrecognized filter-design
concept.
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History: 1977

B. J. Hosticka, R. W. Brodersen, and P. R.
Gray, “MOS sampled data recursive filters
using switched capacitor integrators,” IEEE
Journal of Solid-State Circuits, vol. 12, no. 6,
pp. 600-608, Dec. 1977.

VOUTE

I(l:l Vouti o 40dB
Ll ||c )
taly 2
n Y R —- : 20
" a¢ [ 2,6 il fb Voute
_ L 2“2 T
= Q0
(b)
=20
+ a7 |+ azz”! v 40
- _.(f,___ - o -
VIN /| 1-z~1 d (-1 QuT 2
(c)
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Emulating a Resistor

Te=1/
c )
v, % b2 v,
_/_I_{ 01

ot f 111_ » LI

v
~ \/1 —V2 time
R
Ag=C(Vi-V2)
A A
lavg :A_(Z:qu:fs C(V1 _V2)
1 - ,
Ravg = e (Note: current flows in “bursts”)
s
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Switched Capacitor Circuits

( . (4,1 T SC low-pass filter (passive)

- _I—H—I—/"—' - SC integrator

_OE’_I_“_I—‘ 2 = SC gain stage

(Actual implementations are differential)

B. Murmann EE315A - Chapter 5 7

Discussion

» One of the most significant inventions in the history of ICs

» Predominant approach for precision signal processing in CMOS
— CMOS technology provides good switches & capacitors

« SC circuits have many advantages over RC implementations
— Transfer function set by ratio of capacitors
* RC product suffers from large process variations

— Corner frequencies (of filters) can be adjusted by changing
clock frequency

— Can make large time constants without using large resistors
* RC lowpass, 100Hz: R=16MQ, C=100pF
+ SC lowpass, 100Hz: f=10kHz, C,=6.25pF, C,=100pF
» Reference

— R. Gregorian et al., "Switched-Capacitor Circuit Design,"
Proceedings of the IEEE, Vol. 71, No. 8, August 1983.
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“Parasitic Sensitive” Configurations

R.yg is affected by parasitic capacitances (e.g. wire capacitance,
junction capacitance, etc.)

B. Murmann EE315A - Chapter 5 9

Inverting Configuration

v, O c 92y,
—G/ O
v, ® . ¢ ) 02y, v, 1 . ¢ ) > VA
_,_I_{ - S
During ¢1: ! I During ¢2:
o2 1 o2 1
9, =CV, 9, =-CV,

AG=-CV, —CV, =C(-V;-Vy) iavg =1:C (V4 V)

« Compared to the circuit on slide 3, the effect of V, is “inverted”
because C is flipped upside down during ¢$2 (+ terminal at GND)
— Provides signal inversion

B. Murmann EE315A - Chapter 5 10




RC and SC Filter Transient Analysis (1)

=
8
o
Xxom
rc
sM\-e ) 4 =—
1.
lw
» lock_g o1 P s4 P2
. e . iy’ S
p2! _\_/_ ideal ideal
VO C1 Cc2
Vo0 314.16f 1p
vail 1
freq:3K
f, = 1MHz, f, = 50kHz, f,,=3kHz
B. Murmann EE315A - Chapter 5 11

RC and SC Filter Transient Analysis (2)

e e + SC output is a “staircase
15 approximation” of the RC
1.0 . .

R - filtered signal

RC ~ .

! — Slightly delayed

—1:0 ]

-15 Transient Response

1.5

1.0 o — e — jusc

< 1 =
o \ &00.0
SC -
-1.0 i
-1.5 750.0
s0.0 100.0 150.0 z00.0 2500 300.0 ﬂ_.
time (us) =
=
700.0 ﬁ
650.0 Fll’j
375 40.0 425 A15(0 , 475 50.0 525
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Waveform Details

flclkfp2!
1.25

— hiin

— {lelk/p1!

— il

Transient Response

— fuse

1.0

75

p2

p1

p2

p1

p2

£ .
=

75

o

_ 75

&a00.0

575.0

=
5550.0

#5250

500.0

475.0

310

315

VC1
tracks
input

3z.0
time {us)

Veq New
held

value

325

output

330

Output

held

335

B. Murmann
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Waveforms with Larger R, (1Q = 100kQ)

thelkfp2!
1.z

— fin

— ihelkypl!

— el

1.0

75

W)

p1

p1

p2

p1

il

385

33.0

335

40.0

40.5

41.0

B. Murmann
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Frequency Response ?

» Looking at the transient waveforms is fun, but what can we say
about the frequency response of the SC circuit?

» Looks like a tough question since the output signal looks
“complicated”

— Not just a sine wave with shifted phase and altered
magnitude, as in the RC case

— Instead we have a staircase waveform with “rounded” edges
(due to finite switch resistance)

» Part of the problem is that SC circuits are time variant
— The configuration is periodically switched between two
states
« Time variant circuits, in principle, introduce new frequencies
— Think about spectral components caused by the voltage
“steps” at the output

B. Murmann EE315A - Chapter 5 15

First Pass Analysis

e ——— — \
TS i 1 R // ;——-——"—T\\ / \
jr/ S S

« Let’s try to find the relationship between V,,(t;) and V_(t,)

— This means we are looking at the relationship between
“discrete time samples” of the voltages and ignore the fact
that the output is really a continuous time signal

B. Murmann EE315A - Chapter 5 16




Circuit Analysis (1)

During ¢1, Vg, tracks V,,

t
Vin ¢‘1 2 V. !

1

Vei ¢ out
:—IEC1 ICZ
02

-

If we assume that the tracking is reasonably fast, such that there
is only a negligible difference between the input and V4, we can
write

Vea(t) =Vin(ty)
Qei(ty) = CVjp(ty)

B. Murmann EE315A - Chapter 5 17

Circuit Analysis (2)

During ¢2, the output voltage and V., are equalized

t

Vin ¢‘1
_—

2 V,

1

Ver ¢ out
:—I|i01 :|:CZ '
— to t

2

Again, assuming that the circuit settles precisely, we can write
Voa(ta) =Vour(ty)  Qoi(ta) + Qealty) = (Cy+ Co) Vo (ty)

The sum of the charges must be equal to the charges that were
previously on C, and C,, before the ¢2 switch turned on, i.e.

Qc1(ty) +Qca(ty) = Qoq(ty) + Qoa(ty)

B. Murmann EE315A - Chapter 5 18




Circuit Analysis (3)

Qci(ty) + Qea(ty) = Qeq(ty) + Qea(ty)
(C1+Co)Voue(ta) = CVin(ty) + CoVpue(to)

C C
Vout(ta) = 017102\%(1‘1) + C1TZCZVout(fo)

C T C
Vour(t) = —1—V, | t, - = 2V ui(ta-T,

» Laplace Transform
V(t) > V(s)

V(t-At) > V(s)e SN

B. Murmann EE315A - Chapter 5
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Circuit Analysis (4)

T

C -S> C -
Vout (8) = ! Vin (S)e 2+ C, +2C2 Vout(s)e oTs

.
C _sT, C -

Vo(s)|1-=—2—-€%'s |=—1_V (s)e 2

waf)[1-5 |5 W)

» Let’s plot this frequency response and compare to the simple
RC filter

B. Murmann EE315A - Chapter 5
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Frequency Response

S o

%_10 SC 777777777

S 20| RC [\ il g i M

© Lo

§_30 : Ll R R S S Rt S R R R
10° 10* 10° 10° 10’

f [HZ] Close only for f << f

Phase [deg]

f[Hz]

B. Murmann EE315A - Chapter 5
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First Order Approximation

TS
_Si
H(s):V"“t(S): e 2

Vin($) 1+22(1—e375)
1

joTs
i 2
H(jo) = Y12 e oT,=2n "
Vin (jo) 1+ &(1 _ e—jst) fs
1

e =cos(x)+ jsin(x) =1+ jx (for small x)

_ioTs 1—j7ti
Vout(jm)E 1 10)2 — fs
V(i) 1492 o, 14 jo
C1 fs' 1

H—/

C,

" Ravg "
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f.= SMHz (Previously 1MHz)

o

Magnitude [dB]
)
o

A
(&)

N
o
w
_ -
o F-
~
-
o
”
N
o

f [HZ] Better!

Phase [deg]

f[Hz]
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Linear Frequency Axis

Magnitude [dB]

The transfer
function is periodic
with period f

Why?

Phase [deg]
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Aliasing (1)

© fy = 1 =1000kHz
©
2 s
2
g f,, =101kHz
Time
f
ol -cosert, ) IR valn)-oos{m o]
S
n 101
t Ty =— =coS| 2n-——-n
o=y ( " 1000 j
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Aliasing (2)
¢ ; i
1

K fy = — =1000kHz

2 Ts

';—;1

< f,, = 899kHz

) f \ f

Time

v,-n(n)zcos(zn, 899 -njzcos 271{&_1]” =COS(27:- 101 -n}
1000 1000 1000

26
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Aliasing (3)

® l 1 A
1
g f, = — =1000kHz
2 Ts
Q.
£ f., =1101kHz
) |

Time

vin(n):cos(Zn.m.nj=cos 271;.[@_1]” =Cos(2n. 101 '”J
1000 1000 1000

+ Bottom line
— The frequencies f;, and N-f + f,, (N integer), are
indistinguishable when the signal is represented using
discrete times samples at a rate of f,

B. Murmann EE315A - Chapter 5 27

Spectrum of Continuous Time Output

» The previous analysis allows us to reason about the output
values at discrete time instances (falling edge of ¢,)

* What can we say about the spectrum of the continuous time
waveform?

» Let’s first simplify this question by assuming a very “sharp”
staircase waveform, i.e. assume R, 2> 0

a00.0

ss04— fpro-—oo——

55500
E \ 4

75250

S00.0

475.0

310 315 32.0 325 33.0 33.5
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Zero-Order Hold Signal

Vin(t) . : . .
@ Discrete time samples A basic way to think about this is to

Zero order hold approximation assume that the discrete time values
are held for one cycle to generate a

A continuous time staircase
— For simplicity, we’ll ignore details relating

to the “phase” position of the hold pulse
relative to the discrete time sample and
focus on the magnitude response

Amplitude

*— *  What will the spectrum of the
continuous time signal look like?
*— « We'll analyze this in two steps

> — First look at infinitely narrow
- Time pulses in continuous time

B. Murmann EE315A - Chapter 5 29

Dirac Pulses

Yiol® « V. (t)is zero between pulses
o Discrete time samples d'faC( ) p

= Dirac pulse signal Virac(t) — Note that the discrete time

sequence is undefined at
A * these times

Amplitude

y : Virao(t) = Vin(t)- S 8(t—nT,)

N=—o0

Multiplication in time means
convolution in frequency

— Resulting spectrum

L
[ ]

1 S n
< Time Vdirac(f) = ? Z Vin (f—T—]
T.= 1K, § == N
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Spectrum

[Vin(f)]

|Vdirac(f)|

« Spectrum of Dirac Signal contains replicas of V,,(f) at integer
multiples of the sampling frequency

B. Murmann EE315A - Chapter 5 31

Effect of Finite Hold Pulse

Vin(t) » Consider the general case with a

®  Discrete time samples rectangular pulse 0 < T, < Tj
e Zero order hold approximation . L
* The time domain signal follows from

A convolving the Dirac sequence with a
L— rectangular unit pulse

Amplitude

» The spectrum follows from multiplication
with the Fourier transform of the pulse

Sln(TCpr) ‘ e,jnﬂ'p
ip

T, sin(nfT,) _jr. & n
V. fl=_RPT 1" "P7 g7 /™p 2‘ Vil F=—L
| zon(f) T. nfT, meoT

Ly P n=—w
< Time
T, Ts=1/fs Amplitude Envelope

— Ho(f)=T,
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“Sinc” Envelope with T =T,

T_psin(npr)

T thTp

o
© =
T

*************************************************************************

77777777777777777777777777777777777777777777777777777777777777777777777777

e o
N o

77777777777777777777777777777777777777777777777777777777777777777777777777

o
o

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

e
I

Magnitude [dB]
o
(&)}

o
w

**************************************************************************

o
[N

************************************************************************

e
—

77777777777777777777777777777777777777777777777777777777777777777777777

o
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Overall Filter Magnitude Response

Magnitude [dB]

-20

Discrete Time Output ZOH Output (Continuous Time)

Magnitude [dB]
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Logarithmic Frequency Axis

Magnitude [dB]

ZOH Output (Continuous Time)

T T T T 17T
T

Note: These magnitude plots must be looked at
with a “grain of salt” (since the system we're
looking at is not LTI). They are not really
“transfer functions” in the traditional sense.

Example 1: When you apply an input tone at
2kHz, you get the same frequency at the output
(scaled by the shown magnitude), PLUS other
tones around multiples of f; (due to the ZOH
operation). These additional tones will have
amplitudes scaled by the sinc envelope (as
shown in the plot to the left).

Example 2: When you apply an input tone at
1010kHz, the signal aliases down to 10kHz
upon sampling. The “main” tone at the output is
therefore at 10kHz, scaled by the magnitude at
that frequency. Of course, you will also get the
additional tones around multiples of f (as per
the previous examples. Note that one of these
additional tones will be at 1010kHz; i.e. the
frequency you actually applied at the input.

We will usually not apply signals at high
frequencies. In fact, we will try to remove such
frequencies prior to sampling using an anti-alias
filter...

B. Murmann
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Periodic AC Analysis

« Can we simulate this frequency response using a circuit
simulator?

» Spice

— .op (operating point) - .ac (ac analysis)
— Works only for time invariant circuits

» SpectreRF
— PSS (periodic operating point) > PAC (periodic ac analysis)
— Works for periodically varying circuits

 Reference
— http://www.designers-quide.org/Analysis/sc-filters.pdf

B. Murmann
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Setup for PAC Analysis (1)

§.9831M

vrc

%

¢)=—ep

clock_gen 11 o 1) 21 Is1
— 4. pP1 o 2 s4. P2’
Iclk S
p1l__ /™/\ r—— x e Pin pout|—e==2T0 {7
ideal ideal i 1 -
P2M\__ /[~ (%P ideal samplel
314.?& Nin Nout—l
) Is2 )
2 Pin pout[—e~—=e—{]
ideal sample
in out —l
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Setup for PAC Analysis (2)
Analysis  wtan U de woao w naise | Analysie - = e -
o o sens o domaich o sth
o #f osens o demateh o tb
Upz o Cenip @ pss
wpac o psb _ praise o pef wpzZ isp s envip ‘o pss
SRR DD DRSO EEE & pac o pstb o pnaise o pxf
=S o i 5| =3 ac noise
Periadic Steady State Analysis et 6l
Engine _ Shooting _ Flexible Balance w 9P~ gpsp
Periodic AC Analysis
Fundamertal Tones
Irt Name Expr Value Signal Sceld PEE Baar Fraquency (He)
Sweeptype  defaull n Sweep is Currently Absalute
I [ ' (ol Input Frequency Sweep Range (Hz)
Clear/add | | Delete | Updaie Fram Scheratic | s Stan-Siop n Stan 1k stap 10e6
o BeatFrequency - AUt Calculate Sweep Type
& SearFered & Points Per Decade Toon
Qutput harmanics m’ ‘w Numberof Seps
Humber of harmanics B 0
Add Specific Paints
Accuracy Defaulis [enpreset]
_ conservative » moderate _ liberal Sidebands
‘Additional Time for Stabilization {istab) S—
aximum sideband n a
Save Initial Transient Fesuls (saveinity  _ no__ yes
Oscillator Specialized Analyses
Sweep _ LNone ‘
Enabled v Opiians.. | :
Enabled w Cptions... |
D (cancel) Detautis (_Apply )(_Help m, Cancel | Defaults| apply |{ Help |
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PAC Magnitude Response

Periodic AC Response

— harmonic="0"v fwrc; pac dB200A — harmonic="0"v jvsc; pac dB200)
25.0-

o _—_“\

N\/ rc

-25.0 w
£ -50.0 i W\‘
2
VSC
-75.0
-100.0-
-125.0-
103 104 109 108 107
freq (Hz)
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Periodic AC Response
— harmonic="0"y fwre; pac dB200W) — harmonic="0"y fvsc; pac dB200)
25.0
o
———-l\%\ vrc
250 w Droop
§ -50.0 /
” vsC
\
-75.0 I 1
i
-100.0
-1z5.0
10% 104 10% 108 107
freq (Hz)
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Transient Waveforms

Jelkip2! — fust
125

— dlclk/pl!

Transient Response

— hsc_samp

1.0:

75

W

580.0

5600

<
Es540.0
=

520.0

500.0

vsC_lsamp

time {us)
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Response After Output Sampler

— harmonic="0" /wrc; pac dB200

—gacrmunicé‘ﬁ",v fvsc_samp; pac dB200)

Periodic AC Response

— harmonic="0" fwsc; pac dB200W)

g5 o,
ass \
\ VSC_samp
\\ /
g-390
£ \1 1@\
W T
492 [\
-58.5
697
-50.0
103 104 105 10% 107
freq {Hz)
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Sampled Input (“Dummy” Sinc)

N
28, \ [\ Aha
|
Sinc Corrected Response
A o) \ |
S | O | B
RV/\VAVAVAVAVAVAVIVAV/
. \ vsc_samp/vi_samp

0

20

4.0

Matches Matlab result exactly

freq (MHz)

6.0

a.0 100

— But, of course, in SpectreRF we can now study nonidealities at the
circuit level...

B. Murmann EE315A - Chapter 5
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Anatomy of a Complete SC Filter

Analog Analog
In Out
— I — — - N
Anti- Input S/H Sampled Qutput Reconstruction
Aliasing Data S/H Filter (smooths output)
Filter Filter
(limits BW)

» All signals in this processing chain are continuous in time (as all
physical signals)

* However, the core of the filter ( “sampled data filter” block) can typically
be modeled as a “discrete time” system - z-transform
— The core takes voltage samples at the input and produces samples
at the output
— The internal transients that generate these samples are irrelevant,
as long as they have settled at the time the sample is taken

B. Murmann EE315A - Chapter 5 45

Signal Nomenclature

—
Continuous Time Signal /\me

T/H Signal — 1 S~

("Sampled Data Signal") [ k

Clock [

Discrete Time Signal P
Abstraction
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z-Domain Representation of Simple SC Filter

Vin_oﬁ Vi 92 Vout
:—I[C1 :—IECZ
_sls
2
H(s)= Vout(s) _ c € 7= GSTs
Vin (s) 1+ 2(1-6T)
C1
l
2
H(Z)_Vout(z)_ Cz
Vin (2) 1+—2(1—z_1)
C1
B. Murmann EE315A - Chapter 5 47

Noninverting Integrator Analysis (1)

n-1/2  n+1/2  n+3/2

[ 02 | ]

¢ G 42 1 1
Vi —/_I?}—IT_":ID‘ ¢2°—Vo1 ]
Vo Ve p n n+1
= T 11

Sample | Output held at end value
V, from previous half cycle

« Output can be sampled during

either ¢1 or ¢2 Charge
. redistribution
« Sampling at $1 means that there (output ready at
will be an additional ¥z clock cycle end of this phase)
delay (z'12)

B. Murmann EE315A - Chapter 5 48




Noninverting Integrator Analysis (2)

C
I n-1/2 n+1/2 n+3/2
II ; | ; | ; |
o1 G 42 o1 o2 [T [] [
Vi— ! I I - — Vor = | | |
eove o Lte o LTI L
— — — tTs n;1 | n | n;l-1 |
tITs Qs QI
n-1 C.V(n-1) C,V,(n-1)=C,V,(n-3/2)
n-1/2 0 C'V,(n-1/2) = C;'Vy(n-3/2) + Co-Vi(n-1) | —> v/,
n Cs'vi(n) CI'Vo(n) = CI'Vo(n"]) + Cs'Vi(n'1) - Vo1
n+1/2
B. Murmann EE315A - Chapter 5 49

Noninverting Integrator Analysis (3)

C/V02 (n - %j = CIV02 (I‘I - %) + CS\/I (n - 1)

1 3
CVo2(2)z 2=7 2CIV02(Z)+Z_1CSVI(Z)

1

Ho(z) = Voo(z)  Cg z2 “LDI Integrator”
2(2) = == — y
Vi(z) C 1-z 1 (Lossless Digital Integrator)
Vu(z) C ZT “DDI Integrator”
H(z)=""—"F=—"—-—+ . he?
Vi(z) C,1- 71 (Direct Digital Integrator)

« What is the frequency response of this integrator?
— First look at H,(z)
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Frequency Response (H,)

_1
C, 72 C, 1
Hay(o)=Hy(2)|,_jjoTs =~ —— -z 1
Ci1-z joT, ¢ - .
z=e® 22 -7 2[;_ooTs =cos(oTg)+jsin(oTs)
G 1
©i cos| 2L +jsin OTs ) _cos[ ©Ts +jsin T
:% 1 COTS ;—S 1 for (DTS I
G JoTs ZSIn(O)TSj C joTs 2
Ideal

%,—/
Magnitude error

+ Behaves like an RC integrator for low frequencies (f <<f)
— R replaced by 1/(f,C,), as before
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Frequency Response (H,)

-1

C, z
) _ s
Hi(0) = Hy(2)),_gjoTs =~ ———

C1-z T,

! z=¢/®'s
! T,
) _i®ls
Gy z? _Cy 1 oT, =
C/ 1 _1 C/ _/(DT . O)T —

S 2 S Phase error
2 _5 2 . 17 °S 2sin
2572 2 _gloTs Ideal

—_—
Magnitude error

« Magnitude error as before, but now there’s also a phase error
— Bad news if we are looking to build a high Q filter

* Numerical example for f=f,/32

— Magnitude error = 0.16% > may not be a problem
— Phase error = -5.6 degrees - big problem!
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Inverting Integrator

G n-1/2  n+1/2  n+3/2
||
I
p1 G o1 o1 62 J
Vi _/D_I_“_I_./o_q — V1 o
2
2 2 ¢
6 ¢ v, — Vo
1 tTs n-1 n n+1
Input induces Next cycle
C 1 charge change
H1(z) E— (output ready at the
C 1- 71 end of this phase)
1 Reset C,
C 2 (output held
HZ(Z) =__S5 z — “LDI” at previous value)
1 1-z
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General Building Block

C, z C 1 C
Vo1(z)_61_1 ‘1\/’1(2)_?2-1 —Via ( )—?3'\//3(2)
! - I - 1
1 1
c, 272 c, 272 C
Voz(z):éi1 = Vir(2) - 02_1 —Vi2(2) C? i3(2)
I - 1 - 1

B. Murmann
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Let’s Build a Biquad

2
-RIR, RLC Prototype
A
2
'Vin Vout 1_) Z 3
s 1-z

+ Key objective
— Avoid integrator phase errors

» Conceptually two possible solutions

— Try to use only LDl integrators
— Combine delaying (DDI) and non-delaying integrator to
achieve LDI behavior
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Realization
pll ptl
QLT e
pl! pl! & Qg
—— E— < “;l
o
clock_gen B Sy l i
Iclk
o\
A~ P
5 8
¢ ¢
3 P! ol L Al ptl p2! ) L2 : 1s1
— I 5t - ¥ i pain ced vot ¥ 3 - K e, ! P o | —a—osam =
§>l a ﬁ)l T“i)l % i>l l_ Nmeal Samp\er[N '_l
in oul
b b
Is2
Pin pout f—a—="a—
& NT }amp‘e, [>N
in out!
1 . s
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Component Values

Target:

Pick: C := 10pF

LC component values:

SC component values:

mpZZZ'n'

10kHz Qp:=5
Ry := 1Mo fy == IMHz
R:=——=31831'ka L:=
op-Qp-C 0 pC
. . 1
Cjp:=C=10-pF Cq1 = TR = 1-pF
s X
. L . R
Ci1 = — = 25.33-pF Cr = 5
Ry fs'Rx
C ! 1-pF C ! 1-pF
f;:7: P 521:7: P
fs'Rx fs'Rx
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Expressions 2
— harmonic="0";sinc corrected
20.0
10.0 //\\
o
=100 \\
_-20.0
E
o
T 300
-40.0 / \
- \/ \_/
-60.0
=700
103 104 109 108 107
freq (Hz)
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Linear Frequency Axis

— harmuonic="0";sinc correc ted
20.0 T

1000

|
A\ AR\ /
JIERN / L\ /

» \\ _// \\ _//

=700

Y0 (dB)
L
P |
—-'-'.._'
I ———

i} .250 .500 750 10 125 15 175 2.0
freq (MHz)

B. Murmann EE315A - Chapter 5 59

High Frequency Behavior

» Our RLC prototype filter has two zeros at infinity
— Where did these go in the SC realization?

* It would be great to have some zeros at high frequencies
— E.g. fJ/2 would be a great place!
— This can help improve the stopband attenuation, especially
when we’re trying to minimize f

» Need to think about how exactly frequencies are mapped from
the continuous time prototype to the switched capacitor
realization
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CT - SC Integrator Comparison

RC and SC (LDI) integrator transfer functions

Heo(z)= o 2" ¢ 1
SC Ci 1—271 Ci 2jSin(TEfscTs)

1 1

Hxe(S) = =
Re(8)="re 2njf2cRC

In our LDI-based design, we set the RC time constant equal to the
approximate SC time constant, i.e.

Ci

RC =
fSCS

Setting Hgc(frc) = HSC(fsc) therefore gives

fRC = fis’n(nf?—cj

n s

B. Murmann EE315A - Chapter 5 61
Frequency Warping (LDI)
1 ; frc = fisin(nfs—cj
! T f
S 1 intn SIREEER SR CERRRER
1 SRR S A S —
N R R ,,,,,,,,,,,,, « Frequency mapping is
08 777777777777 7777777777777 accurate only for fgo<<fj
05 e - RC frequencies up to f/n
04 A— - map to “physical SC”
03l IR I frequencies
] e ””””””””” * Mapping is symmetric
Ot T M about f /2 (aliasing)
OO 01 01.2 0}.3 04
fRC/fs
B. Murmann EE315A - Chapter 5 62




A Closer Look at Integration Methods

* LDl integrators apply a

g “midpoint integration
2
s o * A much more accurate way to
g mte_:grate is using a trapezoidal
® - (“bilinear”) integration rule
Time
o4 Vo (nTs)=v, (nTs-Tg)
3
£ T,
g +7S[v,-(nTS)+v,-(nTs—Ts)}
@ - « Many others exist, e.g. Euler,
Time Runge Kutta, Gear, ...
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Bilinear Integrator

Vo (nT) = v, (nT, —TS)+%[V, (nTy)+vi(nT, -T,)]

[1—z—1}vo(z)=%[1+z—1}v,(z)

(z)_Vo(z)_£1+z_1
B Viz) 2=

« Bilinear transform
21-z1

S>> — —
Ts1+2z
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Frequency Warping (Bilinear)

0.5

0.4

0.3

fBL/fs

—————————————————————————————————————————————————————

* No frequencies are lost
— E.g. zeros at infinity

0.2F
will be mapped to f /2
O B s S + Can show that bilinear
transform maps jo axis
0 in s plane onto unit circle
0 o in z-plane
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Possible Design Procedure
* Pre-warp “important” frequencies, e.g. passband edge and/or
stopband edge using
fRC = fitan(TCfB—Lj
n fs
* Note that pre-warping is important mostly for filters that try to
aggressively push toward minimum f
» Determine continuous time prototype filter function H(s) using
pre-warped frequency specifications
« Substitute 2 1_ 71
S—>—
T 1+ 27"
* Implement z- transfer function using a known (and well-
understood) Biquad realization, ladder, etc.
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Alternative

 Let Matlab do all of this...

« Design filter in z-domain, e.g.

[B,A] = BUTTER(N, fc fs)

« Matlab will then automatically
* Pre-warp the frequency specifications
» Carry out a bilinear transform (using function (“bilinear”)

» Give you the z-transfer function of the filter
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Martin-Sedra Biquad

Vout

K,Cp 77

Fig 2 Circuit capable of realising all bilinear-transformed biquadratic
transfer functions except for bandpass

Volz) _ (K3 + Ko) + 2(K, Ks — 2K4 — K3) + Ky
Vi(z) 22(1+ Kg) + 2(K, Ks — Kg = 2) + |

K. Martin and A. S. Sedra, “Strays-insensitive switched-capacitor filters based on the
bilinear z transform,” Electron. Lett., vol. 19, pp. 365-6, June 1979.
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“Low-Q” Biquad

~—{n

[1 ==

$:
Car? T Ca Gy

= - R. Gregorian, K.W. Martin, and
' G.C. Temes, “Switched-Capacitor
Jl_c' Circuit Design,” Proceedings of
1 the IEEE, vol. 71, no. 8, pp. 941-
. 966, Aug. 1983.
c,

Vau(z) (Gl + )2 +(CG - ¢l -2C7)z+ CF
Vin(2) QA+ C)2+(CC-C -2z +1
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“Hi-Q” Biquad

s

R. Gregorian, K.W. Martin, and
G.C. Temes, “Switched-Capacitor
Circuit Design,” Proceedings of
the IEEE, vol. 71, no. 8, pp. 941-
966, Aug. 1983.

Vo €22 +(CG + CIC, - 2¢{) 2 + (€] = C{Gy)
Vi 22 H(GG+ GG - 2)z +(1 - GGy) .

B. Murmann EE315A - Chapter 5 70




Lowpass Example Using Bilinear Transform

Specs: fpg =10kHz, Qp=5, f;=1MHz

Pre-warping (not all that significant in this example...)

foric = %tan(nfﬂj _ MHz tan( 10kHz j ~10.002MHz

H(s)=

T
2 n 1MHz
1 21-z1
2 S 1

1+

2
oprcQp OpRIC

Compute H(z)
Implement using Biquad

Simulate, plot frequency response...
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Frequency Response
0 ,,,,,,,,,,,,
200
by [
B 40
&
Z 80|
_80 ,,,,,,,,,
-100 R N IR
10° 10° 10*
f [Hz]
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Linear Frequency Axis

-20

-40

Magnitude [dB]

-60

-80

-100

f [Hz]
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LDI versus Bilinear Transform

* LDI transform
— Realized by “standard” SC integrators
— High frequency zeros are lost
— Simple filter synthesis
* Replace RC integrators with SC integrators, ensuring proper delays
around integrator loops (z'2 per integrator)
* Bilinear transform
— Does not lose high frequency zeros
— Biquad-based synthesis
+ Direct coefficient comparison with known realizations
— Ladders

+ See e.g. R.B. Datar and A.S. Sedra, “Exact design of strays-
insensitive switched capacitor high-pass ladder filters,” Electronics
Letters, vol. 19, no. 29, pp. 1010-1012, Nov. 1983.
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Nonidealities in Switched Capacitor Filters

« Finite amplifier gain
* Finite amplifier bandwidth and slew rate

 Thermal noise
— From SC resistor emulation
— From amplifiers

» Parasitic capacitance
— Use parasitic insensitive configurations

« Amplifier offset voltage and flicker noise
— Often not an issue
— If problematic use “correlated double sampling’
» Covered later in this course

Switch charge injection and clock feedthrough

— Use “bottom plate sampling”
+ See EE315B

i
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SC Filter Nonidealities

Analog Analog
In Qut
Anti- Input S/H Sampled Output Reconstruction
Aliasing Data S/H Filter (smooths output)
Filter Filter
(limits BW)
\ J \_Y_}
I
Sufficient to understand Must look at errors in the
errors in the discrete time continuous time domain

signal samples
- Much more complicated; signals

- Focus mostly on this are sums of reconstruction pulses,
aspect in the following continuous time feedthrough
discussion signals, etc.
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Finite Gain (1)

C
|| n-1 n n+1
” ; | ; | ; |
¢1 Cs $2 4)2 | | | | | |
Vi —/—I—{}—I—/o—< 92 JL_| L_| JL
02\ o1 — Ve [ ] [] [
— — — tTs n;3/2 | n-‘1/2 | n-i‘-1/2‘
tITs Qs QI
n-1/2 C.V(n-1/2) C,'V,p(n-1)-[1+1/a,)]
n CsVoa(n)/ag C"Voa(n)-[1+1/ag]
= C,'Vo,(n-1)-[1+1/a,] + C,-V(n-1/2) - C_-V,,(n)/a,
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Finite Gain (2)

1
1 1 1C -5
Vo(z)C/q|1+— || 1-2 — =3 1=V,(z)Csz 2
a(2) ,{[ ao}[ Fa c,} (2)Cs
A
Voo(z) _ Cs z 2 - Cs 1
vitz) G 1+i [1—2*1] 16 G 1+i sT, +i&
ag ap C a] ° aC
_ G 1
CiTs 1 a s+i Cs
g ag CTs
Compare to active RC A(s) = — 1 Bottom line: approximately
integrator with finite a,: (8) =y same gain requirements as
" s 'l+i + % ti QIJ?C |
a, a, active

B. Murmann
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Finite Bandwidth (1)

* First order result -051
— SC filters have much

g -04}-
smaller amplifier
bandwidth requirements -oak
than active RC 3
counterparts 3 o
K. Martin and A. Sedra, "Effects of the op amp -01-

finite gain and bandwidth on the performance of
switched-capacitor filters," IEEE Trans. Circuits and
Systems, vol. 28, no. 8, pp. 822-829, Aug. 1981.

L L 1 1 L
.n 02 .03 .04 05 .06 or

Ratio of ResonantFreq. to Op. Amp. Unity Gain Freq. (f,/1))

Fig. 4. A comparison of the deviation in pole frcgucncy Awg/wo due to

finite f, for: (i) Tow-Thomas active-RC biquad, (ii) SC biquad with
fo/f.=1/32, and (iii) SC biquad with f; /f.=1/12.
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Finite Bandwidth (2)

» Unfortunately, this first order result relies on perfectly linear
behavior in the amplifiers

* As we will see later, the amplifiers do not settle linearly when
large signals are present

« As aresult, it turns out that the bandwidth must be overdesigned
significantly to meet typical linearity requirements

« We will revisit this question once we have a better handle on the
amplifier settling behavior (at the transistor level)

» Everything considered, it turns out that the bandwidth
requirements in SC filters are comparable to those in active RC
realizations
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Noise Analysis Example

Vin ¢1
—

Voi b2 ~ Vou
:—kC1 :—kcz ¢
- LI L TL

» Partition this problem into several steps
» First understand noise in samples acquired during ¢1

* Next look at ¢2
— Average current into infinitely large C,
— Noise spectrum and total noise of $2 samples with finite C,
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Sampling Circuit

Ve T T

v 2=4KTRAf J—C V,
" I | o1 oM
v v v

. Vei(n-1)  Vea(n)  Veq(n+1) .

* Questions
— What is the rms noise in the V, samples?

— What is the spectrum of the discrete time sequence
representing these samples?
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Noise Samples

» The sample values V,(n) correspond to the instantaneous
values of the noise process in ¢1

» From Parseval's theorem, we know that the time-domain power
of this process is equal to its power spectral density integrated
over all frequencies

V2, 1
ZC1 _ 4KTR -
AF 1+ SRC,
% 1 P kT
var|[Vey(n)] =V 40 = | 4kTR | ——————| df =——
[ ] 0 g 1+ j2nf -RC, Ci
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Spectrum of Noise Samples

n n+1

n-1 n n+1 n-1
Vet —mihitl— et E> Vot ikt
- >
mTs mT,
» Strategy
— Realize that discrete time noise samples are essentially
instantaneous values (mT, apart) of the continuous time
noise process during ¢1
— Spectrum follows from Fourier transform of the process'
autocorrelation function (Wiener-Khintchin)
+ Samples show no correlation - white spectrum
+ Samples are correlated - colored spectrum
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Analysis (1)

Autocorrelation of

Calculate autocorrelation function

Impulse response Autocorrelation of

resistor noise (white) of RC filter filtered noise
R (1) =8(0)-2kTR Ry (1) = Ry (1) *h(t)* h(-1)
S h(f) _ %e—t/RC .
KT -0
R, (t)=—eF°
yy C1
R (=Ko e
C1 p y n clock cycles

B. Murmann
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Analysis (2)

Apply discrete time Fourier transform

N jonT,
X(co) - ZRW (n)e
2 kT 1_ 672M mT “number Of
X(f)= e - M = R_Cs time constants
s 1 1-2eMcos| 2n— |+eM ! in mT,”
f
25
R b M=1
5 20 N e M=3 ||
=< \s — M=5 . .
S Spectrum of noise samples is
<" essentially “white” for M>3
g A e
e | T
X 05}
00 01 02 03 04 05
fif,
B. Murmann
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Example Waveforms

e s S [ Sy PSP i 7—— \
e 7—_ \ / \\_ ! /\
. 1 p

3.5 29.0 395 40.0 40.5 41.0
time {us)

_mT, _~ 04-fps
RC, 100kQ-314fF

+ Large M (small RC,) means that the waveform “settles”
accurately to the present input; the previous state is lost

« Means that noise from cycle to cycle is uncorrelated - white
spectrum
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“Noise Folding” (1)

» The noise PSD of the samples is approximately

PSD; = %"C—T

s 1

* The noise PSD of the resistor that causes the noise is
PSD, = 4kTR

* The ratio of the two PSDs is

» This increase in the noise PSD is due to aliasing or “folding” of
noise from higher frequencies into the band from 0...f,/2
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“Noise Folding” (2)

s fon = —1
RC ENB —
4kTR e S 4RC,
— \“\ f
+4 +
Ken Kundert, “Simulating Switched-Capacitor
Filters with SpectreRF,” http://www.designers-
guide.org/Analysis/sc-filters.pdf
I
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Simulation Schematic

=
o
clock_gen p1! v.{r_
Ik s ro vet
P\
p2! _\_/_ ideal
\) C1
C1
C,=1pF
T, =1us
M=1,3,57
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PNOISE Setup

wpz o wemp o pss
o opac o psth & proise o pal I
PSP gpss Uigpac L gpnoise

~ qp¥ — qpsp

Periadic Naise Analysis

PS5 BeatPeriod (Hz) 1w,

Swesptype | default ' Sweep is Currently Absoluie

Output Frequency Sweep Range (Hz]

ferooy [ st T s EE “Number of sidebands” — typically ~20...200 to handle

unep Trpe N noise folding properly. Fast

o Step Size

Linsar ' & Numberaf Sieps

switches > more sidebands

__— needed. Be sure to set “maxacfrequency” in the PSS

REIEETRE 2 / analysis options to a correspondingly large value.
Sidebands
Maximum sideband ' 50

oo Posiive Outputhode  /wel  {_Seleat Gy sy .
T - e et timedomain” means simulator computes

spectrum of discrete time noise samples

Input Saurce /
=] Bt (no need to correct for “sinc”)

Fieference side—band

Enter in field '

Noise Type [umedomain

— sampling instant

timedamain: stabed nolse analysis

_ Maise Skip Caunt

¥ Number of Paints [i

Add Specific Poifts ¢ 0.4u
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Simulation Result

Noise PSD ‘ Noise Integral l

Expressions 1

— timeindex="450n";M="1";Output Noise {V*2/Hz) — timeindex="450n";M
— timeindex="450n";M="3";0utput Moise [W*2/Hz) — timeindex="450n"
— timeindex="450n"M="5";Output Noise (W*2/Hz) — timeindex="450n";M.

Expressions 2

=64uVrms

\

20.0 70.0

-

17.5

P

N

\
LN |
e A

—
=
™ 20.0
T’ \
™

5.0
\.\--‘_—_‘__

o

oo 4000 s00.0 1o00.0

u] 1000 oo.o 300
freg (kHz)

200

o 3000 4000 sooo
freq (kHz)
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Back to Lowpass Example

+ Circuit in non-overlap phase between ¢1 and ¢2:

2

)
I

kT —LC2 Noise from
? I previous cycle

» During ¢2, the following will happen
- Noise charge on C, will redistribute
- Noise from previous cycle stored on C, will redistribute

- Noise generated by R will move charge back and forth
between C, and C,
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Simplified Analysis (1)

» Goal: Calculate rms noise current into C,, assuming C, - infinity
- V. is essentially a “virtual ground”

2
—»

e
T l

+ Atthe end of ¢,, C, will be completely discharged, and therefore

kT
C,

- @, ke,
IC1 - T2 - T2

S
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Simplified Analysis (2)

i
R —*

Ves Vout

"1

I
+ The noise from R induces a noise charge of KTC, on C,

— This noise is separate and independent of the noise that
was already stored on C, (from ¢1)

2
2 _ Qo _KTC 2_72 .7 2
Ir = T2 - T521 I* =gy +ig = 2KTC
i 2 1 . o
— = 2kTC, 82 — =4KTCf, = 4kT — Noise PSD in f¢/2 is the same as
f f, R that of a physical resistor!
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Elaborate Analysis (1)

» The previous result indicates that (at least for C,—> infinity) a
switched capacitor behaves roughly like a resistor in terms of the
average noise current

» In order to compute the spectrum of the noise samples taken at
$2 more work is needed

» First, take a closer look at the ¢1 noise and realize that we can
directly refer its PSD to the input
— Allows us to re-use the transfer function that we already know

2 ¢4 2 2
JR— —o/
fs

* ot Qutput PSD

—Lc2 Af
1

kT
C1

<

Input PSD

I

48N

Vs ¢
:—I|i01
T

noiseless
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Elaborate Analysis (2)

T
. e 2
H(jo)=—=%=
i1+ 2(1 eJ‘OTS)
1
2
- - s —_ 2
_‘ e vl 1 | g L
AF  AF 1+g(1 &) " Af[1+joR,,,C, | a9 = C.
C1
. = 2 2
vjut;_[ﬂ- _1 df =Yin 1
o Af |1+ joR . C, Af4R,,C,

« At the output, the noise from ¢1 is lowpass filtered and
contributes a total output noise of approximately 1/2-kT/C,
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Elaborate Analysis (3)

» Next look at noise introduced during ¢2

e o)
\

4kTRAf
R Vou R

C out
Cr C. [ f AKTRAF C.

EARNE
i
L 1 L
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Elaborate Analysis (4)

« The final noise charge g, can be referred to an equivalent ¢1
noise charge on C,, and subsequently referred to the input

. w7 L1C2
2. 9,2 1 T \Cy+Cy) 1 kT<C1 +Cz> KT
c1 = = ==\ =&
c 2 C12 c 2 C12 ci\ C Cq
C1+Co C1+C
» Complete model
_ S — 2
ViookT2 Y Ve B Ve Vel 1
AT C _]_01 —ch Af T Af|1+ joR,,,C,
White input PSD I I Colored output PSD
' — — —— kT
. Vour =~
noiseless C,
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Lowpass Simulation Circuit

300K
00K

clock_gen | - !
-9 s1 p1! x s2 p2! &

Iclk vel vo
pt! /I~ \
p2! _\_/_ ideal ideal
Y C1 Cc2
C1 I C2I

3

C,=68.83fF
C,=1pF

f, =1 MHz
fags = 10 kHz
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Simulation Result

Noise PSD ‘ Noise Integral

— timeindex="450n";0utput Noise (WA2/Hz)(0 — timeindex="450n";inteqralil) — timeindex="450n";inteqralill
— timeindex="450n";0utput Noise (WA2/Hz)(1) — timeindex="450n";inteqral(2)
— timeindex="450n";0utput Noise (WA2/H2) (2 70.0
250.0
QrickT,/C2)
\ 60.0
200.0 /
R1 noiseless 500
l qQri{0.5"kT/C2y
Wt ——————————
e ey e et
\Z 40.0 ’ =
o =)
S P g A T Rt o By o
B - )
b100.0 A b bt
= \ L, =
= 30.0
R2 noiseless \
50.0
20.0
0
10.0
-50.0 0
10”0 10t 102 103 104 105 106 0 100.0 200.0 300.0 400.0 500.0
freq (Hz) freq (kHz)
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Experiment: Reset Output During ¢1

clock_gen p1!

Iclk vel
P\
p2! _\_/_ ideal
Vo c1
c1

noiseless
« Expecting to see
— White noise spectrum
— Total integrated noise power equal to
— «1( ¢, Y KT c, Y
Vou= | |+ ! =21.7uVrms
C, | C,+C, CC, C,+C,
¢1 noise referred to output C1 + C2
$2 noise
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Simulation Result

2.0

Noise PSD

‘ Noise Integral ‘

| |
MO{428.8kHz, 2,.202x10"
1.8
Good match!|
1. 20,0 -
» /
1.2 15.0 //
I I
R b
2 2
80 10,0
60
40 5.0
20 /
000 i
1000 2000 3000 100.0 s00.0 0 1000 2000 3000 4000 5000
freq (kHz) freq (kHz)
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SC Filter Summary

Pole and zero frequencies are proportional to sampling
frequency and capacitor ratios

— High accuracy and stability in response

— Large time constants realizable without large R, C

Compatible with operational transconductance amplifiers; no
need to drive resistive loads

Amplifier gain and BW requirements comparable to active RC
Noise

— SC resistor emulation has same noise as an actual resistor
— Arguing about amplifier noise requires detailed analysis
» Special issue in SC circuits: noise aliasing
SC filters typically require continuous time anti-aliasing and
reconstruction filters

— Sometimes first order RC will suffice, particularly for large f

B. Murmann
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Outline

» Basic considerations

— Application requirements for OTAs used in filters
— The case for fully differential circuits

« Transistor models, g,/Iy-based design
» Single-stage OTAs
— Basic differential pair

— Telescopic architecture
— Folded cascode architecture

+ Two-stage OTA
» Advanced techniques
— Gain boosting

«  Common mode feedback implementation
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OTA Application in Filters

hawerc] Gome] .

1|
Il
R
—NVV\N— R. 4@7 CL
Switched Capacitor ‘ (I:II
1]
e
l l 1
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Requirements (1)

Active RC G,,-OTA-C SC
High gain X X X
Low noise X X X
High BW X X X
Capacitive loads X X X
Resistive loads X
Fast settling X

B. Murmann EE315A - Chapter 6 4




Requirements (2)

» Special requirements in active-RC and SC circuits
— Tend to narrow design space

» Active RC - resistive loads
— Difficult to achieve sufficient gain with a single-stage OTA

+ SC - fast transient settling
— Must stay away from “tricks” such as pole-zero cancellation
* Pole zero doublets can cause long setting tails (more later)
— Hard to achieve fast settling for three or more stages

We will take these issues into account as we discuss the various
OTA implementation styles

B. Murmann EE315A - Chapter 6 5

Fully Differential vs. Single Ended

I
|
Vinm Voutp v
—NW ¥ ’
—ANN +— b— Vout
Vinp Voulm
— -
* Symmetrical * Lower complexity (component
— Immune to coupling and count)
power supply noise * Can build non-inverting unity
— Easy to analyze gain buffer without using any
« Caninvert signal via wire feedback components
crossing

* Requires common mode
feedback (CMFB)

B. Murmann EE315A - Chapter 6 6




Coupling Noise

Single Ended Signaling Differential Signaling
aggressor Vaggressor
Ccouple)\ V. C:couple)\ v
i ip
AAN 7 \ J\l/ —ANAA )\\( \ J\l/ Vie J\l/
VN \ _ !
v N 0)

« Similar arguments can be made regarding the rejection of
supply noise, ground bounce, substrate noise, etc.

B. Murmann EE315A - Chapter 6 7

Fully Differential vs. Single Ended

» Most precision analog integrated circuits are based on fully
differential stages

— Filters, data converters, etc.

» In contrast, printed circuit board circuits tend to be single ended
— Want minimum complexity and component count
 Since this course (and also EE315B) emphasizes integrated

circuit design, we will tailor our analyses toward fully differential
implementations

B. Murmann EE315A - Chapter 6 8




Transistor Sizing

M1A M1B

Gm =9m1a =9Im1b

ITAIL

» Typical problem
— Want to realize a certain amount of g,
— Need to determine W, L, l15,.

» Classical square-law equations are very inaccurate for modern

technologies
w
9m = [2lpuCox T

B. Murmann EE315A - Chapter 6 9

The Problem

[ Specifications j

v |
[Square Law HHand Calculatlons i

L Com ) X

| v |
[Bsuvl or PSPH Spice ] |
i |

[ Results ]

» Since there is a disconnect between actual transistor behavior
and the simple square law model, any square-law driven design
optimization will be far off from Spice results

B. Murmann EE315A - Chapter 6 10




The Solution

[BSIMHSpiceHDesign TabIesHHand Calculationsj

(

Specifications

v

v

\/ [ Circuit j
: v
BSIM H Spice j
v
[ Results

= Use pre-computed spice data in hand calculations

B. Murmann
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Simulation Data in Matlab

% data stored in /usr/class/ee315a/matlab
>> load 180nch.mat;
>> nch Four-dimensional arrays
nch =
ID: [4-D double]
VT: [4-D double] I L V V V
GM: [4-D double]
GMB: [4-D double] D( 1 YGS» ¥ DS S)
GDS: [4-D double]
CGG: [4-D double] Vt (L, VGS' VDS’ VS)
CGS: [4-D double]
CGD: [4-D double]
CGB: [4-D double] Im (L, Vc;s, VDs, Vs)
CDD: [4-D double]
CSS: [4-D double]
VGS: [73x1 double]
VDS: [73x1 double] /
VS: [1llx1l double]
L: [22x1 double]
W: 5
>> size(nch.ID)
ans =
22 73 73 11
B. Murmann EE315A - Chapter 6 12




Lookup Function (For Convenience)

>> lookup(nch, 'ID', 'VGS', 0.5, 'VvDS', 0.5)
ans =
8.4181e-006

>> help lookup

The function "lookup" extracts a desired subset from the 4-dimensional
simulation data. The function interpolates when the requested points lie off
the simulation grid.

There are three basic usage modes:

(1) Simple lookup of parameters at given (L, VGS, VDS, VS)

(2) Lookup of arbitrary ratios of parameters, e.g. GM ID, GM CGG at given
(L, VGS, VDS, VS) - -

(3) Cross-lookup of one ratio against another, e.g. GM _CGG for some GM_ID

In usage scenarios (1) and (2) the input parameters (L, VGS, VDS, VS) can be
listed in any order and default to the following values when not specified:

L = min(data.L); (minimum length used in simulation)
VGS = data.VGS; (VGS vector used during simulation)
VDS = max(data.VDS)/2; (VDD/2)

Vs = 0;
B. Murmann EE315A - Chapter 6 13
Figures of Merit for Design
Square Law
» Transconductance efficiency g 2
— Want large g,,, for as little I_m = —V
current as possible D ov
* Transit frequency
, Im _3uVyy
— Want large g,,,, without large C, =
gg 2 L

Intrinsic gain 2
— Want large g,,,, but no g,

B. Murmann EE315A - Chapter 6 14




Design Tradeoff: g, /I, and f;

40 T T T T ! T
0] S L S g
5 3 ! ! ‘ ‘ ! !
= Onllp | ! 3 : : : :
z 20— fffffffff o R ECT] EEEEEE
(2 ‘ Weak Inversion ‘ !
=) ; ; |
L S A s R
\ | | | ! | \
-84 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
VOV V]

+ Weak inversion: Large g,,/ID (>20 S/A), but small f;
« Strong inversion: Small g,/ID (<10 S/A), but large f;

B. Murmann EE315A - Chapter 6 15

Product of g/l and f;

250

200

150

g, /It [S/A-GHz]

50 ,,,,,,,,,, ,,,,,,,,,, i | Strong Invgrsmn |

S N
-(8).4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
Vv V]

* Interestingly, the product of g,/I; and f; peaks in moderate inversion

» Operating the transistor in moderate inversion is optimal when we value
speed and power efficiency equally

— Not always the case

B. Murmann EE315A - Chapter 6 16




Transit Frequency Chart

NMOS, 0.18...0.5um (step=20nm), V_ _=0.9V

g M ISIA]
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Intrinsic Gain Chart

NMOS, 0.18...0.5um (step=20nm), V, .=0.9V

gmfgds

30 At b bbb

5 10 15 20
g/ [S/A]
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Current Density Chart

NMOS, 0.18...0.5um (step=20nm), V_ _=0.9V

g N [SIA]
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Extrinsic Capacitances

NMOS, L=0.18um

I Typically OK to

work with
estimates taken
| | | at Vpp/2
oaf — A —
Y\ | 0.24 | |
0.2 _,,,,:'ITT,',',TTT,',FTT,‘,TT,‘,‘,TTQT,',',FT,','IT,'ZT,‘,‘,‘,T,‘,?T,',',Ti',','_
% 0.5 1 15
Vs M
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Generic Design Flow

1)
2)

3)

4)
5)

Determine g,, (from design objectives)

Pick L

=  Short channel = high f; (high speed)

*» Long channel = high intrinsic gain

Pick g,/Ip (or fy)

= lLarge g,/lIp = low power, large signal swing, low Vpg.t = 2/(9,/1p)
= Small g,/l = high f; (high speed)

Determine I (from g, and g,./Ip)

Determine W (from |5/W)

Many other possibilities exist (depending on circuit specifics, design
constraints and objectives)

B. Murmann EE315A - Chapter 6 21

Basic Differential Pair OTA

Common mode feedback
Half circuit model

Return ratio analysis
— Loop gain
— Closed-loop gain

Noise analysis

Step response
— Linear settling
— Slewing

B. Murmann EE315A - Chapter 6 22




Basic Differential Pair OTA

'Vod+

MN1a MN1b

* Suppose that in the operating point V=V, i.e. Vi3=0

im?

«  What is the output common mode voltage V,, = (V,+V,)/2 ?

B. Murmann EE315A - Chapter 6 23

Operating Point Sensitivity

I+/2

Io(MP1b)

> \/
oV Operating Operating VDD oc
Point 1 Point 2

* The operating point is very sensitive to small changes in the
device characteristics

+ Solution: Common mode feedback (CMFB)
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CMFB

| A
I+/2 '
Al/2
§
I,(MP1a,b)
- VOC
oV Voc desired Voo

« Common mode feedback loop adjusts Al such that V. is very
close to the desired voltage

B. Murmann EE315A - Chapter 6 25

Idealized CMFB Implementation

VDD
le ”._I MP1a | MP1b
MPB | | |
Vom V,
}_1 V° Ideal —V°"
op Balun 0C
Vip Vim
—| MN1a  MN1b |—
| Al
%h/z It T
Gewrs
— — §> - Voc,des
JT: VCCS
Al
Voe =V, + =V for G RS
oc,des oc,des CMFB
Gewmrs
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Ideal Balun

4

v 4

R =
%

xfmr
Bl

urn 4

v

Useful for separating common mode and differential mode signal
components

Bi-directional, preserves port impedances
Uses ideal inductorless transformers that work down to DC

B. Murmann EE315A - Chapter 6 27

CMFB Implementation

In practice, we won’t be able to let G5 > « for loop stability

— Nonetheless, the loop will get us to within a few mV of where
we need to be

— And most importantly help absorb variations in the device
characteristics

In the first few lectures on OTA design, we will use the idealized
common mode feedback circuit (as shown previously) to avoid
distraction from the main design task

Practical CMFB implementation examples (using transistors) will
follow later in this course
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Differential Mode Small Signal Half Circuit

VDD
le I"ija Illj MP1b
MPB
[ [ | _|
}—l Vom Vod
y Ideal v
op Balun 0C ::> Vod
Vip Vim
—[_wmna wn |- Vg .

\J IT/2 |T + —
? GCMFB

— — |: - Voc,des
—— VCCS

« With the circuit at the proper operating point, we can analyze its
small-signal behavior using a differential mode half circuit model

* Note that (to first order) the CMFB loop does not influence the
behavior of the differential mode signals

B. Murmann EE315A - Chapter 6 29

OTA with Capacitive Feedback

» Let’s get started by placing our simple OTA into a capacitive
feedback loop (as encountered e.g. in an SC circuit)
* Questions
— What is the phase margin?
— What is the closed loop transfer function?
— What is the total integrated noise?
— How fast does this circuit settle (in response to a step)?

B. Murmann EE315A - Chapter 6 30




Half Circuit Model

Ct
I
Crot Gm = 9mn
w o S Coen v Ro = ropllron
I !
L %} §R°J—CO lq Co = Capp *Cdbn
Cx GmVx T —‘7
— - = = — CX - Cgsn +Cgbn
B. Murmann EE315A - Chapter 6 31

Return Ratio Analysis

Vx =B Vo
C
B== fot I w
ftot * Cs + Cx Cs -c
“Feedback factor” ne

=—iy | R C =C; +Co +(1-B)C

Vo = It ( OHSCLtot) Ltot = CL * Co + (1-B)Criot
= _i_r— . . 1 — B-GmRo _ B-aq

1= It =FCm <R°”Scuot> " 1+8RoCrior  1+SRoClLiof
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Frequency Response of T(s)

|T(j0))| R, —®
/ o
To =BGmRo !
To :
1
Wpo = 55—
P2 RoCltot
> O
Opo ooc\,
BGmRo BGm BGm 1 w
T(s) = = = for Rg > =3 > 1
T+5RoCiot L +5C ppy Cltot ° 7 sCltot  Wpo
o
G G 2> R, is irrelevant for
..BTm =1 > we = C L understanding high frequency
JWcCLtot Ltot behavior around o,
B. Murmann EE315A - Chapter 6 33
Phase Margin
|T( _[(.1) )l Ro—mo GmR
AN T(jw) = £omie
T 1+
0 Wpo
GmR
Tlwg) = £ome
- W +j—C
Wpo wc\4 Wpo
[T(jw)] A[TCw ) =g = ~tan™] <&> = _90°
A w Wpo

\/
€

00
_450 | % PM = 180° — 90° = 90°
—90° -

EE315A - Chapter 6
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Closed Loop Transfer Function

_ Vo _ T(S) d
A = = AT T T T

* Needtofind A _and d

— Let’s start with A,
Gm—>oo =>VX—>0 2ix—>0
Cftot
||
Cs J 0= ViSCS + VOSCﬂOt
Vi Vx Vo
Ro==Cu+Co Aoo = @ = _&

Vi Gm—>oo CftOt

1|
Il
Cx GmVy

||—/\/V\,—o

B. Murmann EE315A - Chapter 6 35

Finding d at Low Frequencies

Cftot
Vx Vo
RO CL+C0
Cx
» Capacitors are open circuits
Vo
dp= — =0
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Low-Frequency Closed-Loop Gain

Ty dy

+ Cs
°°1+TO 1+T0

Cttot

= Ap = Cs 1
0 Cftot 1+ 'ﬁ
mmno

» Errorin low-frequency closed-loop gain

Ag-Ae. Ay . T 1 1 1
0==4 =&, ' TTery! =1 (1 )-1

Ag=A Ao = To=BGmRo dy=0

gg| = —
O—TO

B. Murmann EE315A - Chapter 6 37

d at High Frequencies

Cftot
I|
C. 1
vi I Vx
1l
c |
. C,
[y =V; -8Cgq.s =V:-sC C.,=(1-p)C
eq ICs +Cx +Cﬂot ftot IB S eq ( B) ftot
d :V—O :i ieq :B CS
Vi Gy=0 Vi S(Ceq +CL +CO) CLtot
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High-Frequency Closed-Loop Gain (1)

A(s)= A, T(s) . d
1+T(s) 1+T(s)
BGm BCs 1_ ¢ Ctot ;S
Cs SCLtot + CLtot - _ Cs Gm - _ Cs V4
Chot 15 POm 4, BGm  Chor 4, Cutot  Cror1_S
SCptot SCpiot BG, p
» Pole frequency:
o, = PG RO BGmfo =Ty ®po As expected.
CLz‘ol‘ RoCLtot
B. Murmann EE315A - Chapter 6 39

High-Frequency Closed-Loop Gain (2)

C
1_ g —ftot ftot 1_§
As)=-Ss Cm _ G 2
(s)=-¢ C S
f 14 g—Ltot Cf»]_i
BGnm p

« Zero frequency:

Gm 97 _ Curot

usually >>1
Chiot op  BCrot

0, =

» Therefore, the closed-loop -3dB frequency is approximately

BGm
CLtot

O_39B = (Dp =
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Putting it All Together

| 1 1S
T C 1 -
M s b :I + A(s)= —C—S 7 —g
Ly += z 1+ 1-=
, = To P
|
]
,,,,,, = TO = BGmRO
Voo BG
MP1b p =- C =
MPB Ltot
e el s
" = zx+ M
MN1b |— CftOf
12 Ir @Gw; B _ Cfz‘oz‘
- - JT: vccs- Yo Cftot + Cs + Cx
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Noise Analysis (1)
— 4KTYoGmp
MP R v R~ 1 Neglecting finite output
2 * = Bg resistance of the
MN l mn MOSFETs
A —| 4KTYnGmn —‘7 Clot
L )
2 2
Vo 1
O =4kT + ‘IR
Af (Vngmn ngmp) ” jo CLtot
2
=4KTY,9mn [1 + YpImp |, ; R |
Yn9mn ) |1+ JoRCpot |
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Noise Analysis (2)

|2
df

2 _ [ akT 1 ypgmp)| s
v ..[ Y”gm”[+yngmn |1+jCORCLtot|

Yo9mp 2 1
=4kTy,g [1+"—j-R :
e n9mn 4RCLtot

Y gmp 1 1
=4kTy,g (1+ P J :
remn Yn9mn ) B9mn 4CLtot

:1 kT ‘. 1_'_ngmp
B Cpriot Yn9mn
H—/

Noise due to
active load
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Noise Analysis (3)

* For low noise

— Make g,,, as small as possible, i.e. use small g/l for active
load device

* Issue: Smaller g,,/I means larger “V,,,” i.e. less available
voltage swing

— Maximize feedback factor

s Crot 1 _ 1 i 1
Crot +Cs +Cx 4, Cs . Cx 14]A |+ngn 1+|A, |+ Zmn 1
Crot  Chiot 1 Chor Chot OF
Want o, > «

(short channel)
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Noise in Differential Circuits

« In differential circuits, the noise power is doubled (because there
are two half circuits contributing to the noise)

» But, the signal power increases by 4x
— Looks like a 3dB win?

. N2
% 2V, V2

DRsingle o< ﬁ DRdiff oC (277) = Zﬁ
c C C

* Yes, there’s a 3dB win in DR, but it comes at twice the power
dissipation (due to two half circuits)

« Can get the same DR/power in a single ended circuit by
doubling all cap sizes and g,,

B. Murmann EE315A - Chapter 6 45

Settling Performance

» In switched capacitor circuits the amplifier is subjected to
transient pulses

« Output must “settle” within the ¢, clock phase, so that a proper
voltage level is sampled on C;
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Analysis

Note:

Replace C; with Cqoy = Cs + Cyq in
all of the following expressions if
1 there is extra feedback capacitance
TG (due to Cgyy) inside the OTA

out

H
L
/]

@

®

o
(@]

« Assuming a single stage OTA, we have

__ G
@) Veuls) . G 11 TomBGR PTeicig,
Vin(s) - Cf1 i 1 S G
+T0 +coc “)cEB'CL'tnt Cliot =CL +(1-B) G
0
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Step Response

Vout(S) = A(S) ’ Vin (S)

Voue (1) = LHA(S) Vi (s))

V, C T, 1
V. (t)=L U A(s) SV sy, 10 (q_gt/ _1
out() { ( ) S Cf step 1+T0 ( ) T o,
——
Ideal Due to Due to

Response Finite DC Finite
Loop Gain Bandwidth

+ Finite DC loop gain results in a static error g,

+ Finite bandwidth results in a dynamic error g4 that decays with time
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Graphical lllustration

Dynamic Static
Error g4(t) Error g
' z z z
] | L
V)F:] S A S — e .
3 |
s06f-f e -
2 3
T S — S — -
O2Ff - i ———————————————————————————— -
00 2 4 6 8 10
th
B. Murmann
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Design Considerations (1)

Need large DC loop gain for small static error
— legl 2 1/T,

— E.g. need T, > 1000 for better than 0.1% precision

* Need small T (large bandwidth) for fast settling

» Can define “settling time” based on tolerable dynamic error
—ts/1
~Eq o) =€ °
tS =—7T- ln(Sd}tol)
B. Murmann
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Design Considerations (2)

€d,tol t/e
1% 4.6
0.1% 6.9
0.01% 9.2
106 13.8

» Going from 1% dynamic precision to 106 necessitates only ~3x
increase in settling time

B. Murmann EE315A - Chapter 6
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Design Considerations (3)

» A switched capacitor circuit operates in two clock phases

 Fitting the required number of time constants within %2 period
lets us relate f, to a minimum bandwidth requirement

t=— (5 <%fl %»%m(gdm)
&g fIf,
1% 1.5
0.1% 2.2
0.01% 2.9
106 4.4

B. Murmann EE315A - Chapter 6
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Simulation Example

10gig ¢ TO
0 4| 3
—1OmVL Cs |_‘ Vod
| IS
Ideal ' ’ Ideal
Balun I Balun Voc
1 =
Vid VIC CS 4“—0
109'9 Cs =—C_
* Using single stage OTA
» Parameters
- C,=C=500fF, C,=10pF, p=0.48, G, =1mS, G,,R,=85, Vidstep=-10mV
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Result
1C.+(1-B)Cr v B-GmRo
— - ==V —Mm 2 _-9.76mV
T 5 G, 21ns od,final idstep 3 B-G.Ro
S
é ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
(0]
g
g ""Vid 777777777
! —V 4 (simulation) |
..... V 4 (theory)
0 5I0 1(I)O 1é0 200
Time [ns]
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Another Run

« Changed C, from 10pF to 300fF

AOF ’-——---__—_l---- '
| . o
I
I
%' 5 ,,,,,,,,,,,,,,, : ,,,,,,,,,, —V_4 (simulation) |-
= : ..... Vod (theory?)
S I ‘
S 3
0 ]
5 ; ; ; ;
0 5 10 15 20 25
Time [ns]
»  What's this ?
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Capacitive Feedforward
* In the first instant after the input step has been applied, the
output is completely determined by capacitive voltage division
 Half circuit during initial transient
Cf .............
. [ y .
| |m_| _"_op L
Vidsgeplz :|:Cin =, Vodstep/Z
Vodstep _ Cs . Cf
Viaster ¢+ C. +% Cr+Cp
s n Cf + CL
B. Murmann EE315A - Chapter 6 56




Analysis

« Can analyze this effect in two (equivalent) ways
— Using capacitive divider to find new starting point of
exponential
— Using inverse Laplace transform of A(s) with high frequency
zero included

» Recall that A(s) is more precisely given by

c. 11, ‘= (cg;_m
Als)=-s—1 2 f
Crq, 14_s
+ = 1- b s BG,,
0 CLtot
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New Resulit

v C T
— ! step | _ 0 P | -t/
Vsl = A1 52 =~ iy 1112

S
New
1—£—CL+(1_B)Cf+BCf_ C +Cr 1
z CL+(1-B)Cs CL+(1-B)Cr 4. Cr
Cf+CL
* For our example:
1
' o4g__ BOOFF =14 = Vyu(t=0)=10mV(1-1.4)=-4mV
"~ 500fF + 300fF

» Good agreement with simulation
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New Settling Time

C
tS =-—T- In [gd,tO/ |:1 — B . Cf +fCL :D

H_J

<1

» Settling time for given precision increases due to feedforward,
since the settling range is artificially enlarged

* E.g., in our simulation example, the time to settle within 0.1%
dynamic error increases from 6.9t to 7.3t

— Not all that significant, especially when B is low and C, is at

least comparable to C;

B. Murmann EE315A - Chapter 6
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Another Simulation

* Set Vigsep=-1V (C =10pF = insignificant feedforward to output)

1000-~T o —————————a
I Destt | |
800-f~=— ———————————— Ry GREEEEEEEEEEEEE Ry LLLLLLELELEE EEEEEEEEEEEEEEREELD
I 1 1 —-V.
o~ I s/ : d o
E 600.,”: ,,,,,, o —V 4 (simulation) | -
o} 1 ! A V_ (theory?)
] 17 | : od
= 400-777————:-777 e e R
> : : :
200} 4 RS S —
s e
0 50 100 150 200

Time [ns]
« What causes this discrepancy ?

B. Murmann EE315A - Chapter 6
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Capacitive Divider at OTA Input

 Half circuit during initial transient:

desleplz—‘_
Co
T c |
Vim _| | 500fF _’_V°P
Vd " p/z 500fF L Cin 4 CL Vodsteplz
40fF 10pF

C 500fF

vV =V S =\ =-480mV
xastep AR o, GG 500fF + 40fF + 500fF
son Cr+C,

« [Initially -480mV across differential pair input!
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Differential Pair Characteristics

- Differential output current saturates for |V,4| > v2 Vo,

» Beyond this point, current will be much less than that predicted
by linear model (slope at origin) )

1
Slope =1
VA, =V V, = 2
log/ltaiL 0 ov—res T = Im
Ip
-1 :
-2 -1 0 1 2
N2 | Vi Noy V2
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Differential Pair Input Voltage vs. Output Current

vV, V]

0 !

A00f----f - S oo g

200k | "Slewing" ..~~~ ___"Linear Settling" . ]

B P e ———— =
X 22 :

400} ----f--- | i T A oo g
| gn/ |

500 ¥ - [ Iy [ ~

0 50 100 150
Time [ns]
0
3
3 -100
5
2 200
=
a
-300
0 50 100 150
Time [ns]
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Slewing
[ ]

During "slewing", the amplifier drives its output with an
approximately constant current (equal to tail bias)

The slewing behavior ends when |V,4| has become smaller than
about 1.4-(2/g,,/1p)
— This is the point when the differential pair re-enters its "linear
region”
— Hence, the remaining portion of the settling is often called
"linear settling"

* Note that this is not meant to say that the output changes with a
constant rate during this time; it settles with a (1-et")
relationship

The total settling time of the amplifier in presence of slewing can
be calculated as shown in the following derivation
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Slew Rate

* In order to find the time it takes to complete slewing, we can first
calculate the "ramp speed" at which the output changes

— This quantity is called "Slew Rate" (SR)

SR = dVOd — ITAIL
dt CLtot
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Slewing Time

» The input of the differential pair changes at a rate equal to 3-SR,
where B is given by the usual capacitive feedback divider

* Hence, the time it takes to complete slewing is given by

- ‘sztep‘_2~8/(gm //D)
tslew = B~SR

* In our example, we have

SR = fra . 200pA _ 0 V'

Cuot 10pF ~ us

480mV -280mV
tyew = v =21ns

0.48-20—
us
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Subsequent Linear Settling

Once slewing is completed, the differential output voltage is

Vod stew = Vod final =Vod jin = tsiew - SR =420mV

The final settling value in our example is roughly 1V
— Almost half way there after slewing

This means that the dynamic error budget for the remaining
settling portion (V4 ;) has increased
— E.g. if we wanted to settle within 0.1% of the final value
(~1V), we only need to complete the remaining transient to
within 0.1%-1V/0.58V = 0.17%
— Not a very big win, usually a negligible change in the number
of required time constants
* 0.1% - 6.9t versus 0.17% > 6.4t
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Complete Expression for Settling Time

Vidstep|=2-87 (Im / Ip) Vod final
ts = tslew +t/in = ‘ ‘ B-SR —tln 8d,to/ ° (;173
od,lin

v, dstep — Vidste CS = V'dste L

Xi I i |
’ " Cy+Cp+ T ? Cs+Cin +Cr
Cr+CL —
<1

Note that circuits with large closed loop gain tend to slew less
— Since V4 4, Cannot be larger than V4 4,,/Gain
— E.9. Vogna=2V, Gain =8 = V,gep < Vigstep < 250mV

* The circuit won’t slew at all as long as g,,/l; < 2.8/250mV
=11.2 S/A
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Design Considerations

When slewing is an issue, it can be mitigated by biasing the
relevant transistors at lower g,,/I

— Increase |, keep g,,, constant

— Slewing performance improves, because of larger | and
also because the differential pair input range increases

(2.8/[9,/1p])
— Small signal performance remains virtually unchanged or
improves if f is a limiting factor (since f; increases)
— Issue
* Lower g,/I; means higher power consumption
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Slewing in SC Filters

Analog Analog

In

Out

BN \ T —— T \ L »

Anti- Input S/H Sampled Output Reconstruction
Aliasing Data S/H Filter (smooths output)
Filter Filter
(limits BW)
( )]\ J
| |
Slewing is not a problem Slewing is usually
provided that the waveform detrimental

has settled accurately in the
sampling instant
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Slewing in Output Stage (1)

Vo
K.-L. Lee and R.G. Meyer, "Low-distortion
switched-capacitor filter design techniques,”
Ideal waveform IEEE J. Solid-State Circuits, vol. 20, no. 6, pp.
1103-1113, Dec. 1985.

(a)
Ve A
Linear settling Initial slewing
) 0
(b} (c)
AR . Ve
Error o o Error
proportional proportional to
to signal ' signal squared
(d) _ (©
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Slewing in Output Stage (2)
=50
K.-L. Lee and R.G. Meyer, "Low-distortion switched- -80
capacitor filter design techniques," IEEE J. Solid-State
Circuits, vol. 20, no. 6, pp. 1103-1113, Dec. 1985. HDy
(dB).gp
o owTy? 9% i 2 3 a
Y(k) 1 4(2V031n 2 ) 1 Frequency (KHz)
HD, = = -
W ST k(KP4 @
[ . wDT:_‘l 30
8[sm B v
== k=1,357.--. (15)
mk(k*—4) ST, 60
HD5
(d8)
-30
For improved linearity: % 5 16 s 20 25
Increase slew rate or _ Frequency {(KHz]
reduce amplitude (b

Fig. 4. Calculated third harmonic (worst case) caused by slewing distor-
tion. Ky =3V, §,=1 V/us. (a) Sampling rate: 128 kHz. (b) Sampling
rate: 500 KHz.
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Bandwidth Requirements for Filter Core

« Initial slewing is not a problem provided that the waveform has
settled accurately in the sampling instant
* Rough calculation

— Assume amplifier slews for T /4
— Assume remaining linear settling occurs for 10 time

constants (precision ~0.01%)

100=10 _Ts _ 1 =20 gar
2nf, 4 4 2n
f, =10...100-f, f, = 64..640-f,
« Compare to CT filter (chapter 4)
f, =50...1000-f, Roughly the same.
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Slewing in a CT Filter (1)

+ If slewing occurs in a \
continuous time filter it \

will introduce distortion / ,
— Similar to the case av,

of the SC output b\

stage X i

 Is this a real problem?

B. Murmann EE315A - Chapter 6
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Slewing in a CT Filter (2)

) dv -
:|:CLtot lout (t) =Cjtot d(;m =0Cot Vout COS((Dt)

a a

fout = ©Cyot *Vout
» To avoid slewing, we need

A

i I/ 2l 2
O VG g e O °
out™Ltot out™Ltot VoutCLtot .BC m Vout Blﬁ
Ltot D
eg. o<——o,.=04-0 Not a significant constraint, since we
S C C
v.0.5-10— need o << o, anyway
A
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Output Swing of Simple OTA

ic vt

V'V
e ik
V. VAV, . Vo
o

Available output swing depends on input and output common
mode levels

+ May be limited by headroom for differential pair device (V) Or
active load (V yinp)
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Maximum Available Swing

* Input and output common
° ., mode adjusted such that all

I.:J ET Vo devices operate at "edge" of
/\ /\ active region
v, — Well defined using long
channel model, very
Ve —[% - gradual transition in short
Vic'Vt'Vo\/ o Vminn Ch a n ne | S
- v + Unfortunately, the choice of
™ V.. and V,, are often dictated
= - by the circuits that interface
with the amplifier
Vndpp,max = 2(VD - Vminp - Vminn - I/minl) - Eg Vic=voc=1 5V
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Example V.=V .=Vpp/2

ivminp
V,.=Vpo/2 /\ /\
Vie=Vpp/2 — _| |_ - \/
Vo /2-V.-V . 1\/”“””

* Assuming that we are limited by V.., and Vi,n~Voy, the
available differential peak-to-peak swing is ~4V,

« Since the transition to triode is smooth, which criterion should
we use find the "exact" output range of an amplifier?
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Gain vs. Output Swing DC Simulation

90
80F N -
-30%
S bl /o N ]
2.
he]
2” 60
| |
\YA
50k o?pp,max
40 -15 -1 -0.5 0 0.5 1
Vg VI

* In EE315A, we arbitrarily define output range as the peak-to-
peak swing that causes no more than 30% drop in V 4/V4
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How Much Gain Can We Get?

« Small signal gain (around V,;=V_,=0)

o, T 1 1
_ on 'op _
Ao =9mn - =Qdpp r Aon

Ton *Top 1+ 90 1+ 9mp aon
r a
op 9mn Qop
1

dp =3on

1+
(gm /ID )n aOp

ap =agy | Aop for (gm /g )p = (gm Ip )n

¢ Eg aOn=aOp=50’ (gm/ID)n= (gm/ID)p:> a0=25
« Static gain error ~1/T, ~1/a, ~1/25 = 4%
— Not precise enough for many applications
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Telescopic OTA

H‘j |
I::| |
Magic
battery I I
biasing Magic
i Vop ; Vom Battery
Magic
battery || R
Vi iasing |l/"p W VetVoy
;
W3 gy

VBN_| IraiL

« Voltage gain ~ (g,,r,)?, but smaller output range
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Half Circuit with Capacitive Feedback

Vi

*  Cgyqn Sees significant Miller
R amplification at low
* frequencies
Vo

— Since Z, ~ 1/g,, only at

vl

LY

I high frequencies
— See EE114 for a
i detailed analysis
Z:
Cg‘ji « Solution: Neutralization
I | T C
I |
Cs
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Neutralization

Vs Co = Cear |:> Cian =

Cian = Cgr1 + Coa1t(1 — agm) + Col(1 + agp)

C,

& Cean
Var Vi
vH%—AL M, My )ji Vo= %
=V
Gray & Meyer, 5 ed., p.837
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High Frequency Loop Gain
T T(s)=-Yc. v 1z Vo
o Vx Iy Iz
o 1 1
G =—B-G,, - -
[ 1_ S SCip
P2
|||—| ,
g
P2="c,
y
Vi Il Vx F’ =C.
r : C, = Cy +2Cy = 3C,4
— _or
= (Dpz = —
B. Murmann
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Example: f,, = 5f,

100 .
* Phase margin ~ 80
‘ | 1of degrees
Tuntas(f) .
e — Non-dominant pole
L p, is not an issue in
o1r \ I this case
0.21105 1x10° 1107 1x10% 1:10° 1x10'? ¢ Slnce ('OPZ ~('0T/3’ this
; means that o, (and
’ hence closed-loop BW)
0 cannot be higher than
B gD ~o7/15 in this scenario
E(f) - 100 el i | i
—150 \\
110 1:10° 110 1x10° 1x10° 110"
f
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Example: f, = f./5
100
o] | 1 « Phase margin ~ 28
i) ) (Ml degrees
r \ — Not acceptable in
-l \ o practice
* How much phase
0.01
1:10° 1:10° 1x10" 1:10® 1x10" 11010 margin should we
f .
0 design for?
-50
Phasel‘lﬂfas(f)
@(f) 7100-““‘* -----------------------
- 150 \

1x10° 1x10° 110’ 1:10® 1x10" 110"
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Frequency Domain Perspective

Closed
loop 1o Gray & Meyer, 5t ed., p.632
gain r
5 C Phase margin = 30°
g | 1 ®
% F 10 frequency T
P @
2 [
_tok
C + Typically want phase
b —6 dB/octave margin > 60 degrees
—12 dBfoctave
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Time Domain Perspective (1)
Step Response & .
0.0001 % s°=1000 Vv
(VOLTS)
1 ]
! <
14D - e w
1 I F
1-b -t — A — e — - — e g
1 1 p |
! : E
1 ! @
1 1 a
1 | o
1 ! O
1 1 o
L :
' I [Yang & Alstott, IEEE TCAS 3/90] 2
0 : '
0 tp ts (TIME) o
3 40 50 60 70 80 90
PHASE MARGIN (DEGREES)
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Time Domain Perspective (2)

90deg

Settling Time, Relative to PM

—_— —_—
N
7

* Typically want to
shoot for phase
margin ~70-75
degrees

o o o o =
o b N O o - N

50 60 70 80 90
Phase Margin [deg]

B. Murmann EE315A - Chapter 6 89

Phase Margin as a Function of o,

» At the crossover frequency, the dominant pole has shifted the
phase by about -90°

* The non-dominant pole's phase at o, is given by -tan"(o/o,,)

Q)]
PM =180°—90°—tan~'| 2c PM = tan" (ﬁj
®p2 Oc

0pl 0 Approximate PM
1 45°
2 63°
3 72°
4 76°
5 79°
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“Load Compensation”

« Nondominant pole is fixed at roughly /3
» The loop crossover frequency is given by
G

® :B m

0 C

Ltot

* Increasing C, will lower o, and increase o,,/®,, which
translates into larger phase margin

» A feedback circuit in which adding additional load capacitance
improves stability is often called “load compensated”
— Meaning that the load compensates or reduces the impact
of phase shift from p,
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How Fast Can We Go?

* Let's say we design for f,~ 1/3 f, ~1/9 f;

« At areasonable bias, the NMOS transit frequency in 0.18um
technology is roughly 20 GHz (nominal process and
temperature)

« Assume 0.01% settling and no slewing

fooo_ WV _20GHZ  oon bz

1
Smax- 29 9 0 30

IR

» In practice, it is hard to go any faster than 200 MHz in 0.18um
technology
— Slewing
— Timing overhead (have somewhat less time than T,/2)
— Margins for process variation, wiring caps, etc.
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Folded Cascode OTA

Voo hra L * High- and low-frequency
| ’__H [ behavior similar to
I h—l M telescopic OTA
agic . .
battery — But noise is much
:l "J biasing worse
| |
| |
; * Advantage: Input
fran/2 i 'TA'lei ITAIL/Zi |TAIL/2l common mode can be
+— Vom  Vop chosen without taking
Vom ll/xp ; away output signal range
| | Magic + If slewing is_ not an issue,
v :j battery the current in the output
BN [ | biasing
—] | 1 branches can be reduced
1 below I, /2
(CMFB not shown)
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Design Example: Folded Cascode Stage for

Gm-C Integrator

Vin ‘BT Vout
R, & =—C=2pF

3

0 &
|
H
.....

Specs
— Unity gain frequency = 100 MHz
— HD3 =-50dB for 100 mV differential input amplitude
— Low-frequency voltage gain = 300

B. Murmann
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Step 1

+ Unity gain frequency spec determines G,

fU

I

m u

16, G =2nfC
2n C

G, =2n-100MHz -2pF =1.26mS
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Step 2

+ Distortion specification determines g,,/I of differential pair

2 a
1 v, Vid
HDy = —| —id_ Vov = ————=
s 32(VOVJ oV~ [32-HD;
Voy =——20MY__ 344y I~ 2 _g36°
\/32.10790720 Ip Vov A

= The tail current is now determined as

9m 6.36
In A
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Step 3

« The DC gain spec will determine the channel lengths

* In order to simplify the design, we choose the same intrinsic
gain and g,,/I for all transistors (NMOS and PMOS)

— This is subject to optimization and further constraints (e.g.
required output swing)

» Given this simplification, the output resistance of the amplifier is

Ro :gmroz

1 2 1 2
ggmro :ngro

1 2
A\/o:GmRo:Z(gmro) 9mlo :\/4AVO :\/4'300:34
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Step 4

* We can now estimate channel lengths for the NMOS and PMOS devices
— Use charts or lookup function to find L that yield g,,r,~34 for g,,,/Ip=6.36S/A

* Always need to overdesign in practice to account for model uncertainty, etc.

NMOS, 0.18...0.5um, step=20nm PMOS, 0.18...0.5um, step=20nm

,,,,,,,

Ty
9,/ ISIA] g,/ [SIA]

= L,=0.26um =L, =0.34pm
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Step 5

We can now determine all device widths using the current
density charts or using the lookup function

396pA 396pA
/ /
W, =D -2 __5n W, =2 =—2 _=213um
b} 395 b} g3t
w um w um
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Amplifier Schematic
396UA 396UA
Voo MPTOPA MPTOPB
! 42.6/0.34 I T
Hjl I‘j |
D
Biasing
MPCASA  MPCASB
I I
21.3/0.34
*— Vom Vop
me_| |l/XP MNCASA  MNCASB
| |
MN1A MN1B | |
Van 5/0.26 :I Biasing
—][_ 396uA } |
10/0.26 MNT MNBOTA  MNBOTB
198uA 198uA
B. Murmann
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OP Output (1)

element O:mnla 0:mnlb 0:mnt 0:mbn 0:mnbota

model 0:nmos214 O0:nmos214 O0O:nmos214 O0:nmos214 O:nmos214
region Saturati Saturati Saturati Saturati Saturati
id 190.2597u 190.2597u 380.8886u 396.0000u 189.510%u
vgs 752.2426m 752.2426m 760.4818m 760.4818m 760.4818m
vds 810.9010m 810.9010m 497.7574m 760.4818m 440.1374m
vth 473.7197m 473.7197m 476.7170m 474.5689m 476.7964m
vdsat 198.8746m 198.8746m 202.5548m 203.7594m 201.7653m
vod 278.5229m 278.5229m 283.7648m 285.9129m 283.6854m
gm 1.236%m 1.236%m 2.4278m 2.4955m 1.2074m
gds 24.7544u 24.7544u 67.6983u 51.6464u 39.0347u
gmb 304.9489u 304.9489u 601.2780u 616.3676u 298.5179%u
cdtot 6.1455f 6.1455f 12.5546f 12.1007f 6.4814fF
cgtot 13.0810f 13.0810f 26.1930f 26.1782f 13.0936f
cstot 15.2437f 15.2437f 30.2189f 30.2241f 15.2409f
cbtot 10.7164f 10.7164f 21.3600f 20.9481f 11.0113f
cgs 10.0390f 10.0390f 20.0953fF 20.0934f 10.0435f
cgd 2.3846fF 2.3846fF 4.7917fFf 4.7770f 2.3977fF

r =1.2369m / 24u =51 (9o ) =
(gm ° )MN1A Imlo Jynpora

(Im /ID)MN1A =1.2369m /190u =6.5S/ A

(gm / ID)MNBOTA

0 :mnbotb
0:nmos214
Saturati

189.
760.
440.
476.
201.
283.
1.
39.
298.
6.
13.
15.
11.
10.
2.

5109u
4818m
1374m
7964m
7653m
6854m
2074m
0347u
5179u
4814fF
0936f
2409f
0113f
0435f
3977f

1.207m / 39u =30.9

=1.2074m /189u =6.4S/ A
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OP Output (2)

element O:mncasa 0 :mncasb 0:mptopa 0:mptopb 0 :mbp 0:mpcasa

model 0:nmos214 O0O:nmos214 O:pmos214 O:pmos214 O:pmos214 O:pmos214
region Saturati Saturati Saturati Saturati Saturati Saturati
id 189.5109u 189.5109u -379.7706u -379.7706u -396.0000u -189.5109u
ibs 0. 0. 0. 0. 0. 0.
ibd 0. 0. 0. 0. 0. 0.
vgs 759.8626m 759.8626m -741.7670m -741.7670m -741.7670m -708.6585m
vds 459.8622m 459.8622m -491.3415m -491.3415m -741.7670m -408.6588m
vbs 0. 0. 0. 0. 0. 0.
vth 476.6327m 476.6327m -453.0226m -453.0226m -452.8419m -468.1349m
vdsat 201.5108m 201.5108m -243.2913m -243.2913m -243.4279m -207.1220m
vod 283.2299m 283.2299m -288.7444m -288.7444m -288.9250m -240.5235m
beta 6.5064m 6.5064m 10.4161m 10.4161m 10.4164m 7.3460m
gam eff 584.0576m 584.0576m 536.0450m 536.0450m 536.0450m 535.6122m
gm 1.2105m 1.2105m 2.4223m 2.4223m 2.5111lm 1.4682m
gds 36.9367u 36.9367u 75.4521u 75.4521u 57.3564u 60.3266u
gmb 299.2095u 299.2095u 778.1057u 778.1057u 806.3873u 461.1078u
cdtot 6.4556f 6.4556f 62.4083f 62.4083f 59.9034f 31.7194f
cgtot 13.0917f 13.0917f 139.8713f 139.8713f 139.7711f 58.1141f
cstot 15.2410f 15.2410f 156.5909f 156.5909f 156.6170f 65.6594f
cbtot 10.9924f 10.9924f 100.0478f 100.0478f 97.8106f 47.0297f
cgs 10.0432f 10.0432f 108.1376f 108.1376f 108.0985f 42 .7560f
cgd 2.3954fF 2.3954f 28.0495f 28.0495f 27.9511fF 13.9541f
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AC Simulation

Graph
[dBV) 1[Hz)

. dBfuluod)
[5328.0, 47.605)

Level: -0.050506 .~ AV0= 1047'6/20 =240
-5 .0 4 \:9\230%@ fu =92.3 MHz

-50.04

S0.0

25.04

0.0

[dBv)

750

[deg) 1[Hz)
Fhaze[v{wvod)

oo

-25.01
-50.04

-75.04

[dea)

-100.04

-125.0 4

-150.0
R B L e e L e e L I L Bt

1.0k 10.0k 100 .0k imeg 10meg  100meg 1g 10g
1[Hz}
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Distortion Simulation

* Input amplitude of 100mV at 1MHz

* Measuring output current into ac-grounded output

fourier components of transient response
dc component = 2.28983e-12

harmonic frequency fourier normalized phase normalized
no (hz) component component (deg) phase (deg)
1 1.00000x 115.121u 1.00000 -0.0261328 0

2 2.00000x 41.3954p 359.582n 97.067 97.0931

3 3.00000x 309.879n 2.69178m -0.0343834 -0.00825056
4 4.00000x 13.5878p 118.031n 116.772 116.798

5 5.00000x 2.44211n 21.2135u 179.57 179.596

6 6.00000x 18.3837p 159.691n -78.8736 -78.8475

7 7.00000x 83.4923p 725.258n 159.704 159.73

8 8.00000x 47.303%9p 410.907n 108.197 108.223

9 9.00000x 92.1176p 800.182n -85.6562 -85.63

total harmonic distortion = 0.269186 percent

HD3 = 20/09(2.69-10’3) = -51.4dB
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Current Mirror OTA

* No Miller effect issues

Tj_ﬁ ltT © G,=Mg,

:“ ' | _ — But non-dominant
— | Magic pole due to mirror

battery
| It biasing scales as 1/M
V. Vet + Useful for
i applications that don’t
me_| IXXP i demand bandwidths
| I'_ Magic close to process limits
Ven | I::I basmy| + Example
N ~ Yao, IEEE JSSC
= = = = 11/2004
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Noise Analysis of Basic Cascode Stage

noiseless « The detailed analysis on the next two

Vo slides shows
M2 — 1 kT g
2 m2 9c
V Vg =— vl 1+
a ® B Cret [ Im1 COpzl

M1

Bvo—

Cliot M Im2

C
in ” oc =P Wpp ==
1 T T c CLtot P Cx

* To minimize noise from M2

— Maintain large phase margi_n (large oy/o,)
— Make g,,, as small as possible
Requires small g,,/I; and costs headroom
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Detailed Analysis (1)

KCL Analysis:

Given

gml'ﬁ'vo + 8maVx T 5 Cevy + inl - in2 =0

—8m2Vx + 8 CriorVo + iz = 0

ng‘inl + Cx'inZ'S

2
. CeCLiotrs + Crior@ma's + B'gml'ng
Fmd(vo,vx) - . . .
CLtot'an'S - CLtot'lnl'S + ﬁ'gml'ln2

2
CX'CLtot'S + CLtot'ng‘s + ﬁ'gml'ng

ng'inl + Cx'in2'S 1 O P2 . . S P2 = @
Vo= 5 = be : 5 |t 1n2~p— Cy
CLtot'Cx's + CLtot'ng'S + B'gml'ng ml S + 8Pyt OsP2 2 gl
m
®.=B-
¢ CI,rm
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Detailed Analysis (2)
Noise from M1:
o0
(" 2 ( : i Q
, ,
1y P2 0 || gf==2
N = | 4KTy gy o 115 df ) g 2 4
J Eml sT+ s py+ Opr J ElR 5'6 + ®
0 0
IV ocp: 1 KT
N; = 4kTy -gpu-| —— | - cr ——y Same result as without cascode
B8mi P2 B Criot

Noise from M2 (cascode device):

© r’o 2
2 2 2 ®y'S 0, Q
1 ¢ \' [OFS 253 _— df =
Ny = 4-kT-y-gm2-( j 1 I 27 df | 5 o, 2 4
“8ml ®O¢ P2 $T 4 5Py + 0Py s+ s — + 0,
0 0
c 8m2
NZ = Nl —
P2 8mi
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Circuit Example

186G

i Rdummy
=

“ o, = 1.94 GHz
vb 200u/0.36u PM =70.1 deg
= id=2m
gm=22.8m
. vy GEEL grnoverid=11.4 6L
= =@ 18ef
[ - 1
& 8 g “@m/zmu
1 i—l—{ Ao
gm=2Z 7/9m
grmoverid=11.39
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Noise Simulation
—mi — sqrtiinteqlmave_78im —m2 — output noise; W | Hz
— ;qﬁ‘ttimtegﬁwa\f&_?ﬁﬂn — sqrtfiintegfmae 800
i S
6.0
5.0
[Psp] N
40 TAatal
- rotai
£ .1 M2 noise rolls in at high freq. \\
CT: Noise may be filtered out \\
*47——SC: Noise will alias \ \\
1.0
noi .
Total
(0]
1500 P il
| Integral | / ——
1250 / \Vii
51000 /
; 750
/ M2
500
25.0: / //
0
107 108 108 1010 101l 1012
freq (Hz)
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Two-Stage OTA

» Analysis of a basic two-stage OTA
— Loop gain with capacitive feedback
— Slewing
— Noise

» Design example
— Separate handout...
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(Basic) Two-Stage OTA

VDD
H‘J Ver 'llj « High gain
"M M3a ' M3b ~ (Imlo)?
—I ™2 mo
||: M2a  Large output
VXI’TI VX ran e
= m1a Mib | vy, Ve ldeal [~ Vod |
op Balun » With cascodes
v in stage 1 the
BN | = | i
Ii e e gain bescomes
1 1™ ~(Gn'o)
B — _ Voe
GD > — Voc,des
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AC Model with Capacitive Feedback

R, R, Ry = o1l ro3
Cliot vV,
1T Ry =roo||roa
\ Vx C4
—“—‘TE{ It —[, gm CL
Cs Cx B= L
= = = = C;+Cs +C,
I
e,
Cx = Cgs1 + Cgvt +2Cga Cliot =Cp +(1-B)Cr +Cupz +Capa + Cyya
(assuming neutralization) (ignoring Cyq, for the time being)
C1=Cgs2 +Cgp2 + Cypt + 2C441 + Capsz + Cygs3
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Loop Gain

V-H*—%M G

Ce c
-
B 1
T(s)=p SrInRe _p o (s)ay(s)-poals) RO
i P
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Bode Plot of Loop Gain

Mag(jo) 4 B-a(s)
2 (8)
-
a(s) * Ifo,, and oy, are
o close to each
Op1 Op2 g other, the loop will
Phase( jo) have a very _smaII
A phase margin
B-a(s)
0T\
-90° 1 \—\
-180° ¢ | S o
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Miller Compensation

C

ImiRy - ImaRa '(1—3 ¢ j

4 2
a(s)=—2= m
Vy 1+s [(CLtot +Co )Ry +(Cy +Co )Ry + gm2R2R1Cc] + 32R1R2 (CiCliot +CcCriot +CcCh)

* Very messy; need to simplify
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Dominant Pole Approximation

 We can write the denominator as
2
D(s)=(1—ij-[1—ij=1—s(i+iJ+S—
P P2 pPr P2) PiP2

+ Since in a practical design outcome we'll have |p,|<<|p,|, we can
approximate

D(s);1_s[i]+i

P1 P1P2

« With this simplification, we can now easily identify p, and p, by
comparing the coefficients with the expression from the previous

slide
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Result
)
a(s)=zag- z ,—,+9m2  Right half plane
[1_SJ.[1_SJ C. (RHP) zero
Py P2
P = 1 N 1
1 = - = -

R (C1 +Cg ) +Ry (CLtot +C ) +9ImaRoRiCe Im2RoRiCe

Cl1otC
P == Im2 T [ S Cuot || 4, C1+Cuot

~1~Liot + C»] + CLfOt (Dpz gm2 gm2 CC

Ce
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Nulling Resistor (1)

R.
R, ?
I

Vo
.1 T
% e
» New transfer function becomes

1—300(91—1?2]
a(s)=a :2 -
(1‘;31](1‘@)[1‘%]

* p,and p, unchanged, new pole p;, and a knob to tune the zero
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Nulling Resistor (2)

—— —_—

— —_—
. ; TS s plane
/// Jw “\.\
// \\
o ~
» ~
#
P ™
s \\
Z () x X (s =G
1 e
R‘-/'.'r"— R/‘—C'
~ 8m

Gray & Meyer, 5t edition, page 647

+ R,=1/9,,, pushes the zero to +w

« Can use a transistor in triode region to implement resistor
— Helps track process variations
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Resistive Load

« Can show that adding a resistive load at the output of stage 2
helps in splitting the two poles

— For small R,, smaller C needed to obtain good phase
margin
« Cost
— Lower loop gain, precision
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Response to a Large Step

V\dstep |
T
Cs vV i V. _ Vidstep 'Cs
xd xdstep —
> R P Gy 4G+ CCuot
J i e C 4+ C
Vidstep | Cor = 7 s, T Cue f f T “Ltot

« Amplifier “slews” initially if

242
gm /ID

IodllTAIL

‘destep‘ > \/EVOV =
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Slewing in a Two-Stage OTA (1)

Slew Rate

Vom

Cuot =

~ “ac” ground
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Slewing in a Two-Stage OTA (2)

+ WantV,, to slew up at the same rate

that V,, slews down
dp g2 — Otherwise amplifier sees a large

common mode and bias point
V. disturbance
om
Cec

» This requires

Ciiot == :Il g Ig2 > lran 72

CLt‘ot + Cc - Cc

1 s a4, Cliot
B2=7, C,

1
I
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Slewing Time

SR = I
Cc
2.2

0 for ‘destep‘ <——

9m / ID
tslew = 2\/5
‘destep‘ - ﬁ
m’ D else
B-SR
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Total Integrated Noise

« Noise from 2"d stage
may be significant for
small C

 Want to minimize

gm3/gm1 and gm4/gm2 fOl'
low noise

— Sometimes not
possible due to
swing constraints

V2 1.£yn[1+y_l’gi3}+ KT |:1+yn[1+y_pgﬂ]:| (small g,,, means
p Cc Yn 9m1 Ltot Yn Im2 small (gm/ID)4’ large

VDSsat4)

Vi=-BV,

IR

A. Dastgheib and B. Murmann, "Calculation of total integrated noise in
analog circuits," IEEE Trans. on Circuits and Systems I, Vol. 55, pp.
2988-2993, Nov. 2008
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Dynamic Range

2
DR = Psigna/,max _ O-S'Ld,peak
R noise ng
Vb
° y 1
" ma ‘ Vbssatp Vo,peak < E(VDD ~Vpssatp —Vpssatn )
A
/\ /\ Y <(Vpp -V, —V
\/ U od,peak —( DD DSsatP DSsatN )
_| M2 4 <\ Ven 2 _ 2
Vbssa =1 VDD
® posam [ (gm / /D)p (gm / ID)N

* ForVpp=1.8V, V4 peak ~ 1V is practical
— Leaves 400mV headroom across loads, restricts g/l > 5
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Design Example

11 AA 11
vV—r YW—T C

| l |
! I |
lil lil lil Specifications:

Dynamic range = 75 dB
Settling time = 10 ns

Dynamic Settling Error < 0.1%
Static Settling Error < 0.5%
C.=1pF, C,=C;=1pF
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Divide and Conquer Design Flow

* Optimization in Matlab
— Step 1: Small-signal design
+ Ignore slewing; take into account only small-signal behavior
— Step 2: Large-signal design
» Compute slewing time; re-optimize design

+ Simulation and implementation
— Simplify simulation circuit as much as possible (while preserving
all important signal path features)
* Initially use ideal common mode feedback
» Do not worry about exact finger partitioning of transistors
» Do not worry about exact structure of bias network
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Prototype Amplifier

| 2x | ”__Tlvma | T o
| ! [ g !

i oy R

« 11 Variables: Ip,, W,, Ly, Wa, Ls, Ipp, Wa, Ly, W,, Ly, C.
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Summary of Design Equations (Small-Signal)

0.5-VZ, ook —
DR - %2 Yot peak Vg;1.£Yn[Hv_pm}i{w(ﬂv_pgﬂﬂ
Vg B Cc Yn 9m ) Cltot Yn 9m2
o. ~pgdm B= Cr
07 ¢t~ " e Cs +Cs +Cpgn
t = > In(eg spec) ¢ s 99
£ Im2
) ~ m
i ~750 PM = tan™"| —P% Op2 =
(No slewing, PM=75°) [ 0, C1CLtot +C1 +CLtot
(o]
~ 1 I9m 9Im2
e . To=B- ‘
0 9ds1 1t 9ds3 Gas2 t Gasa
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Optimization Approach

Impossible to find a closed form solution to this design problem
— Solution must be found iteratively

Iterations can be easily done using a spreadsheet or Matlab
— Using table-look-up of device parameters (g,,/lp, fr, -..)

Partition space into “primary” and “secondary” variables

— Primary variables are the main knobs in your design; these have
the largest impact on the critical tradeoffs

— Secondary variables can be set using reasonable design
choices and heuristics; subject to optimization in an “outer loop”

See separate handout for examples...
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More on OTAs: Outline

» Advanced OTA topologies
— Making more gain
» Gain boosting
» Three+ stage amplification

« Common mode feedback implementation
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Gain Boosting

» Use an auxiliary feedback loop around cascode
device to increase R, and thus low-frequency

gain of the overall cascode stage
! — Can be applied to either telescopic or folded
v | v Rout cascode OTA architectures
a(s)
Ve l—_— " » References
2 — B. J. Hosticka, “Improvement of the gain of MOS amplifiers,”
- IEEE J. Solid-State Circuits, pp. 1111-1114, Dec.1979.

_| — K. Bult, G.J.G.M. Geelen, “A fast-settling CMOS op-amp for SC

M circuits with 90-dB DC gain,” IEEE J. Solid-State Circuits, pp.

1379-1384, Dec. 1990.

- — D. Flandre et al., “Improved synthesis of gain-boosted
regulated-cascode CMOS stages using symbolic analysis and
dn/lp methodology,” IEEE J. Solid-State Circuits, pp. 1006—
1012, July 1997.

— M. Das, “Improved design criteria of gain-boosted CMOS OTA

with high-speed optimizations,” IEEE Trans. Ckts. and Systems
I, pp. 204-207, March 2002.
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Basic Low Frequency Analysis

« Can use Blackman’s impedance formula
— See e.g. Gray & Meyer, 5 edition, p. 608

1+ T (port shorted)
Zoow =2 k=0)-
g port po”( ) 14T (port open)
ri Rout _
Ve 2 Rout (80 = 0) = rop (14 mafor)
e
- T (port shorted) =~ @y — M2~ g,
9m2 T Imb2
_| M
T (port open) =0 ]

Rout =102 (1+gm2r01)'(ao +1)
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High Frequency Analysis (1)

* Focus on simplest possible
circuit first

* Assumer,>

— Finite r, does not impact high
frequency behavior

* Neglect backgate effect of M2

* Neglect C,, and all extrinsic
capacitances for simplicity

« It turns out that the key issues
— are still retained with these
simplifications
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High Frequency Analysis (2)

* Loop gain
9m3 1 O, 1
T(s)=22 =4
sC 1+s@ S 1+s@
Im2 Im2

For reasonable phase margin, we

need
Im2 _, 5
C p2 u
gs3
= Im2 _ k., k=2..4
CgsS
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High Frequency Analysis (3)
Given 0=gn3 vy +sCyvy
0= —gmy-(v2—vq) + $:Cgs3V1 + Vin'8m1
iout = (VZ - Vl)'gml
C2:8m1°S'Vin
2
CyCge3's” +Co g2 S + Em2 8m3
gm1 8m3 Vin
Find(vy,v2,igy¢) simplify — >
C3Cge3s" +C8m2S + Em2 Em3
Zm1°Zm2 Vin'(2m3 + C23)
2
| C2:Cgs38" +Co8m2°S + €m2 Em3 |
1+ 2 1+ i 1+ i
S - - 0, =0
G (5) gm3 Oy Oy z u
$) = gm1’ =EZml" = &ml" = .
m m Cy Cgs3 2 Cy m SZ s m SZ s 0)1)7\/?(60“
— s+ s+1 2+7+1 —2+ +1 1
Zm3 £m2 Zm3 ko,? ©u op> OPQp QP:ﬁ
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Voltage Transfer Function

.
[Das]
Bgtage () = L0UL = Gm(s)
stage - -
Vin sC;
Jrvzf,,:; “Pole-zero doublet”
S
1+ —
— gm1 Oy
SCL S 82
T+—+—
(Du k(Du -
[ [
D, @y Dy "
Freguency
B. Murmann EE315A - Chapter 6
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Issues with Pole-Zero Doublet (1)

Via Y S e 1 Loy ‘:; Vout
- Vg 42 [+
- L-1y W Weo
et sage Poubi P Vouelt) = V(1 = ks exp [—wet] + ko exp [ (t/r)]),
fort > T, (1)
where
Fig. 1. Operational amplifier model for ealculation of transient
response. o o Be @
Weo
5+ 1
;‘, Ty & ‘: (3)
= T. slewing period
) w, doublet zero frequency
& . w, doublet pole frequency
05 - 10 weo A X (amplifier dominant pole) ~ unity-gain
Time (psec) bandwidth
A open-loop low frequency gain.
5.}
B.Y.T. Kamath, R.G. Meyer and P.R. Gray, "Relationship between frequency response and
settling time of operational amplifiers," IEEE JSSC, Vol. 9, No. 6, pp.347-352, Dec. 1974.
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Issues with Pole-Zero Doublet (2)

5,24

8

Ampiitude {velt)

5.0+
0.0

1.22 Double! ot 1BOkHz
1.32 Doublet of 18kHz
4

e

(v~ T - T
05 No doubles 1O L5
Time [ psec)

For fast and accurate settling, need either

small pole-zero spacing or large o,

Setlling time [ usec)

Doublel ot 18kHz

Selhing to
Imv

180 kHz

180 kHz

18 kHz

10my

10 ' ] L2 L3

Doublet spacing , w, /w,

B.Y.T. Kamath, R.G. Meyer and P.R. Gray, "Relationship between frequency response and
settling time of operational amplifiers," IEEE JSSC, Vol. 9, No. 6, pp.347-352, Dec. 1974.

B. Murmann
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Observations — Gain Boosting

Assuming that fast and accurate transient settling is required

— The unity gain frequency of the auxiliary amplifier (o,) must
be at a high frequency to avoid pole-zero doublet issues

— On the other hand, we need o, < ©,; = gy,/Cqys; for stability

Rule of thumb

— Place o, between unity gain frequency of overall feedback
circuit (w;) and non-dominant pole (o)

Practical design outcomes have shown that gain boosting adds
only about 20-30% to the total power dissipation of an OTA

— Mostly because C, < C,

B. Murmann

EE315A - Chapter 6
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Implementation Examples (1)

Vad

[Bult]
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Implementation Examples (2)

M.M. Ahmadi, “A New Modeling and
Optimization of Gain-Boosted Cascode
Amplifier for High-Speed and Low-Voltage
Applications,” IEEE TCAS I, pp. 169-173,
March 2006.
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Implementation Examples (3)

VDD = 1.8V VDD = 1.8V
Hq Vemp M \_IE Ijl_\
size ratio |
;Z Ap 64:8:1 SEZ‘
Von Vop
vemp o[ o fo %‘1
An
Vcmn 1
Vip q —IF"_r_‘H_O Vin — \—Ilf1 ()

PD main amp Folded-cascode booster

[Chiu et al., ISSC 2004]

« Gain boosted gain boosters!
« Gain ~ g, r.%, design achieved a ;=130dB in 0.18um technology
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Implementation Examples (4)

VDD
BIAS1 L—'lﬁlf

[Yang et al., JSSC 12/2001] A,

 Differential pair (instead of CS stages) and separate common
mode feedback in second stage
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Four Stage Amplifier

VDD
Pa
S P
gm3 [ —
Cs Cs ;
. ou
[Mitteregger, ISSCC 2006] } utp
- outn
—
One I
:?)p \ Cy C. \ r
| T [T e
[ L - L )__l N4
nn
! Om1 Oma Oms VSS

1%Integrator 2™Integrator 3“Integrator Class-AB

* Uses “nested Miller compensation”
— See Gray & Meyer, chapter 9

* Manageable design problem for continuous time circuits

— Very hard to design for applications that require fast settling
» E.g. SC circuits

B. Murmann EE315A - Chapter 6
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Common Mode Feedback

H_\ Sensing

’ AVG

+ —_—

V

Control Vot t oc
Mechanism 4+—v
oc,desired
Comparison

* Implementation aspects
— How to sense
— How to compare to desired value
— How to provide a "knob" for adjusting V.

B. Murmann EE315A - Chapter 6
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Knob

Vom AVG

ITAIL

VOC

Voc,desired

» Typically generate ~50% of tail current with fixed bias, leave
remaining 50% as tuning range for CMFB loop
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Comparison Circuit

Vom AVG

Voc,desired

ITAIL

Ventr = IT__."

M=4

* Low frequency loop gain Ty = g9y Top1/2 *(Imp2/2)/ (Imx/2)
— Loop will control V. more accurately if M, is cascoded
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Sensing

0.5lraL

VOC Voc,desired

ITAIL

M=4

e 4
Vcntrl | _
[ 'l—_— M=1

» Using a resistive divider may “destroy” differential gain

» Solutions
— Use source followers to drive divider (headroom issue)

— Purely capacitive sensing

151
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Resistor-Based CMFB Example
VDD = 3.3V
wo—if £ i
X-I I-Y ‘W Vem
Vb20—| }_If/m'\/\,—:a . v N oP ﬁ/roON |_°

R. Schreier, et al., "A 375-mW Quadrature Bandpass Delta Sigma ADC With 8.5-MHz BW and
90-dB DR at 44 MHz," IEEE J. Solid-State Circuits, vol. 41, no. 12, pp.2632-2640, Dec. 2006.

152
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SC CMFB Implementation Example

Vrer VoMo
o, )|_°|~|1_)| @,
“’2),_1 ) P2 « Circuit uses switched
c Vo' :
[— %ﬂ capacitors (Cy) to set the
_}_| o Vo voltage across sensing
2 |_| @2 capacitors (Cqy)
(D-! \ CM \ ¢1

B. Murmann EE315A - Chapter 6 1

53

"Passive” CMFB (1)

0.25|TA|Ld>
}Voc‘desired

b1

1

ITAIL

* During ¢1: Initialize voltage across C. s, t0 Vi gesired = Vs
» During ¢2: Activate feedback loop
— If Voe>Voe desiredr Ventn DECOMeES >V and lowers V.

B. Murmann EE315A - Chapter 6
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"Passive” CMFB (2)

« OTA cannot be used during ¢1, because the common mode
feedback mechanism is inactive

— Often not a problem in switched capacitor circuits, where the
OTA is active only during one half-cycle

» Can use switched capacitor scheme shown on slide 181 to
enable uninterrupted common mode feedback

» Unfortunately, this simple circuit cannot be used if an additional
inversion is needed in the common mode feedback loop

— E.g. won't work for a two-stage OTA that uses a single
common mode feedback loop

— Will work for the two-stage OTA with separate CMFB loops
as shown on slide 171
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Common Mode Half Circuit

» Low frequency loop gain

—| Top TO ~ gmx r . Ccmfb
2 * C,
C mp T 5

¢ 2

gmj':“_ 1. %CL  Loop crossover frequency

\Vj . o = 1 Ccmfb gmx
0.5»gmx:“_°’”_o ¢ =75 c . C, C . C.., 05C,
L = 05C omb "~ TLC  +0.5C
y X cmfb - X

= = = * Nondominant pole

0 ~ gmn

P2=C

y
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CMFB Design Considerations

* The required bandwidth of the common mode loop strongly
depends on the amount of expected imbalance, common mode
transients or ac components

— In an ideal world, the common mode is not affected by the
signal and hence stays constant
* In this case, the bandwidth of the CMFB loop is unimportant

» For robustness in practical implementations, the bandwidth of
the common mode loop is often chosen to be about 30% of the
differential signal path bandwidth

— In a typical switched capacitor circuit with 10 time constants
differential settling, this means that the common mode has
about 3 time constants to settle

* Enough time to remove 95% of common mode disturbance
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Precision Analog Circuit Techniques

Partly adapted from Kofi Makinwa's EE315A guest lecture in Spring 2009
[http://ei.ewi.tudelft.nl/people/biography/projectieaders/makinwa_kofi.htm]

7

Ross Walker
Stanford University
rossw@stanford.edu

Copyright © 2013 by Ross Walker and Boris Murmann

R. Walker and B. Murmann EE315A - Chapter 7

Outline

» Precision analog circuit techniques
— Introduction, applications

 Fundamental circuit nonidealities
— Mismatch/offset
— Low frequency noise

« Circuit techniques
— Autozeroing / Correlated double sampling (CDS)
— Chopping

«  Summary

+ References
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Precision Analog Circuit Techniques

Techniques that mitigate low frequency circuit nonidealities

» Autozeroing, correlated double sampling, chopping,
dynamic element matching

— Used to achieve high precision in spite of device limitations
» Mismatch (leading to offset)

» Low frequency noise (primarily 1/f)
log Svou
o Sx(M 2 F{Rux()}

power spectral density

offset
+ drift

thermal noise

signal

»

log f

fcorner

R. Walker and B. Murmann

EE315A - Chapter 7

Where are these techniques useful?

Sensor interfaces requiring DC accuracy (uV, nV level offsets)
Low frequency signal conditioning (e.g. bio)

» Data converters (ADC, DAC)

Medtronic
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Mismatch

« Device mismatch results in circuit nonidealities
— Incorrect ratios (e.g. current mirrors, feedback networks)
— Asymmetry in differential circuits (e.g. amplifiers)

R‘\ Rg
] _ \ o8 al
Mismatch

+ D—l M1 Mz

Vi

- o

?
R. Walker and B. Murmann EE315A - Chapter 7 5

Offset

» Offset in amplifiers and comparators
— The offset V is the input voltage required to zero the output
— Equivalent to input-referring all internal sources of imbalance
— Typically on the order of 1-10mV for CMOS

|ldeal amplifier Real amplifier

R. Walker and B. Murmann
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Low Frequency Nonidealities

« Amplifiers and other electronic systems deviate from ideal
operation near DC

— DC Offset resulting from component mismatch
— Time varying offset (e.g. temperature induced)
— Low frequency noise sources
* 1/fnoise (CMOS)
log Svout

A

offset g
+ drift Zs
<

S

thermal noise

[

v fcorner |Og f

r 3

R. Walker and B. Murmann EE315A - Chapter 7

Dealing with these Nonidealities

» Using large devices improves offset and 1/f noise
— Difficult/inefficient to achieve <100uV V., <1kHz 1/f corner

os?

« Post fabrication circuit trimming

— Can reduce V to <1uV, but still can have 100pV drift over
temperature

» Precision analog circuit techniques are required for very high
levels of accuracy

— <1uV V,, <10mHz 1/f corner

os?

 Digital Calibration

— Static offset cancellation is fairly common, high precision
dynamic cancellation is difficult/inefficient
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Precision Analog Circuit Techniques

* Precision analog circuit techniques can be used to
— Reduce DC offsets (static)
— Reduce time varying offset and low frequency noise (dynamic)
— Improve PSRR and CMRR
» These techniques can be applied to amplifiers, sensors, at the
system level etc..
« Major classifications

— Autozeroing: measure the low frequency content and then
subtract it from the signal path

— Chopping: modulate the signal band to higher frequencies, far
removed from the low frequency nonidealities

— Dynamic Element Matching (DEM): periodically rotate
elements to achieve higher precision on average

R. Walker and B. Murmann EE315A - Chapter 7 9

Input Autozeroed Amplifier

VOS Vn
() (N

D, \I_-I) \g/ + Vout
DC AC

* Model the real (nonideal) amplifier by an ideal amp with input
referred noise and offset sources

« Two phase nonoverlapping clocks
@, Autozero M- --
— Autozero phase @,

— Amplification phase ®@, © Amplify =1 [ - -
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®, Autozero phase
DC Analysis

4_
5G
|

<
a

DC Analysis: Vp— 0

+)

Vaz = Ag(Vos - Vaz)

A
Vaz = 1 +(;)40 VOS

Vo, —/—— Ca

The amplifier‘s offset is stored on the autozero capacitor C,
Finite gain determines the maximum achievable accuracy

The amplifier is unavailable for signal amplification

1"

R. Walker and B. Murmann
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@, Amplification phase
DC Analysis

Vos .
@ h Ve, DC Analysis: Vp— 0
DC AO
P Vout =Ao( Vin + Vos - T+ Ag Vos
Vos

» The input signal is amplified, the amplifier‘s output is valid

» The offset is suppressed below the signal level by (1+A,)
— Imperfect cancellation due to finite gain during the AZ phase
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Input Autozeroed Amplifier
AC Analysis

Vh
g ’ @ + Vout
2
AC
Vin 1(1)1
¥
—_— Ca
v

« The amplifier's noise and drift are sampled and held on C_,

— The residual noise at V, is the difference between the sampled
noise and the ‘present’ value of the noise

— Low frequency noise doesn‘t change rapidly — good rejection
— High frequency noise is aliased, folds back into low freqs
— If the output is discrete time this is correlated double sampling
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Correlated Double Sampling

T p—
Vn(® + S s Voutk |Hops(s)| = |1—e T2
—— \ ; 2.5 : . , ,
—_—T =T
vl phi2 S
T — -—=Tohiz = T4
€ g 15|
- =
‘ e_Jf‘)T¢2 8 1t B
@, Autozero _I_I—J_L .. ost =TT ]
O, Amplify — [ L[ --- 3 il | |
LA 0O 01 02 03 04
1" sample 2% sample Normalized Frequency f/f_

» The discrete time case of autozeroing
— Common in switched capacitor circuits, data converters..
— Analyze at the output sampling instant - end of @,
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Noise Rejection and Aliasing

* Noise is filtered by Hspg(s) and folds into f/2

— Residual noise spectrum is approximately flat given enough
undersampling (see chapter 5)

— Should have f, >> 1/f corner for good supression of 1/f noise
Iog Svn |09 Sun

Jog [Heos(s)l?

Z 1 N z -
v f/2 log f

4 : white noise floor

i increases due to
! sampling and
e i ,

| reinjecting noise
1
1

e—ST¢2 ~ : R
v fs/2 log f
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Continuous Time Autozero Analysis

8(t-nTy) ZOH: zero order hold
Vn(t) . Vou(t) ,/\./L/L
A =
% Vnull(t) ~/ L/ I— ®, Amplify L1
Rect(t)
Vv .
=t
To2

» Continuous time analysis, similar to [Enz, Temes]
— Low frequency noise sees a high pass filter
— High frequency noise folds back into baseband and is shaped
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Baseband Noise Transfer Function

m=o
VsH(H) =HzoH() Vi (f - mfs)
m==c
m=e
Vaun(f) = amVn(f - mfs)
m=—o

[H,(HI dB

5 -

HzoH(f): Zero order hold sinc envelope _2

am : Rect function Fourier coefficients

At baseband: m=0

Vout(H) = agVn(f) - Hzop(H)Vn(f) = ...

sin(wT¢2)

2
+

X 10"

1- cos(wTgp)

10' 10
Normalized Frequency f/fS

w T(pz

2
2 T,
IHo (| = <%2> <1

w T¢2

)
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Noise Aliasing — Continuous Time

High frequency noise is folded back as a result of sampling onto C_,
— Noise samples are then held by the ZOH function
* Leads to sinc shaping
The held value is reinjected into the signal path during amplification

Similar to noise in a track-and-hold for high undersampling ratios [2]

3(t-nT) m=e
v Lt o vew e VSHUD =Hzon() Vn(f = mis)
WA m=—oo
M1 (Ron=3k) Vout Hn Sampled noise spectium
L4 o
vin 4 [Burt, Zhang]
ve) T~ 10pF 3 ' 9
Vclock >
nn Noise spectium
100kHz. 100 } with W1 tumed on A
- v‘x
< 100 1K 10K 100K M 10M 100M
EREQUENCYHa),
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Impact of Circuit Nonidealities

» Finite amplifier gain
— Limits maximum suppresion for input-referred schemes

* Finite amplifier bandwidth
— Dynamic settling errors degrade AC suppresion

« Can be complicated, C_, isn‘t reset each cycle

» Charge injection from switches (discussed in EE315B)

— Creates residual DC offset 0
— Can be mitigated to some degree X o
- Large C,, values, small switches Cov | Cov
 Fully differential design Rs %v—t A M
) s
+ Clock edge rates Vin® Cp= Anj LC, Vou
« Dummy switches - .
Fig. 18. Basic S/H circuit. i [Enz, Temes]
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Output Referred Autozeroing

* Here finite gain doesn‘t limit the maximum supression
— But maximum gain is limited, the amplified offset can rail the amp

« Charge injection from the autozero switches is less severe
— Input refers through the amplifier's gain
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Multistage Offset Cancellation

Vout

[Enz, Temes]

(M
» Autozero each stage of a multi-stage design
— High resolution comparator preamplifiers
— Distributed gain stages
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Offset Stabilized Amplifier

negative feedback
V_ main amplifier ]
s out
Am gain of main amplifier o 5 e V(: 4
. . o LV, ing ’
Apn gain of nulling amplifier ¢p LS amplifier Vos-m

Ap gain through nulling port

Aoverall = Am * AnAp

[Enz, Temes]

Fig. 26. Continuous-time AZ amplifier using feedforward technique.

» Also called continous time autozero amplifier
— Use an autozeroed amplifier in an auxillary path
— Can achieve very high DC gain
* Noise performance usually dictates large off-chip caps C,,C,
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Chopping

modulation signal

LPF DC
\ —© Vout
~0

offset, 1/f noise, drift

~DC

» Chopping is a modulation technique

— The input signal is modulated to higher frequencies, amplified,
then demodulated

— Low frequency nonidealities at the amplifier output are
modulated to higher frequencies by the output chopper, then
are filtered out by the low pass filter
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Chopping in the Time Domain

modulation signal
fehop LI

?
5 L LPF
Vin 0 %Y e X j_o Vout
DC signal offet o
Zero ——— ==l J|_||_||_||_||_||_

* Aninput signal at DC will pass through t_hé a_mBIifier as a square
wave and get demodulated back to DC by the output chopper

+ The amplifier's DC offset is amplified and modulated to a square
wave at the output, filtered by the LPF (chopper ripple)

* Residual offset occurs if the modulation clock is not 50% duty cycle,
can use a flip flop here
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Chopping in the Frequency Domain

log Svin square(t)

+1
LPF signal I—‘ []

LoV t « RN
N o _11 |_| |_ time
—
log f Tehop
log Sua logSye  Modulated
1 modulated SvostSvn
signal chopping
4 SVos":Sy J artifacts
/ demodulated
\—. signal — / /T\ \ 4
¢ v fchop 2fcjhop 3fchop 4fc:hop 5fchop |6gf fcrlmp 2f‘;h°p 3f‘;h°p 4fclh°P 5f°h°P |Orgf

« Square wave modulation signal contains only odd harmonics
— From symmetric positive and negative excursions
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Residual Low Frequency Noise

|09 SVout |09 SVou’t

A A
offset 1 Chop
+ drift 74;) _>

%@ Residual
thermal noise noise, drift “\ thermal noise
| and offset \
v 1:corner |og f v |Og f

* 1/fnoise of chopped devices is completely removed for ., >> f ;e

— Some residual inevitably remains
* 1mHz f,.., has been reported [Wu, Makinwal]

» Thermal noise is not increased
— No sampling, in contrast to autozero

— Shuffled around in frequency but no net increase
* High freq characteristics don’t change significantly if BW >> f .,
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Chopped OTA Implementation

Cll\im
Clock Clock
Cp21 S5 Cp22 Cp115_+ . Lp12 )
,‘\ VOSZ Nl A
/ \
V+¢ 1 \+r'\ x I | x AN
id Gm2>_¢ VeMot Gm1>
- & [+~ [ror 2 VoRef
Ch2 Ch1
| [Huising]
Cm12
Fig. 17 Chopper OpAmp with cont-time transfer. Vos =~ 10wV, Vrip =~ 10 mV

« Square wave modulators are easy to make in differential circuits
— CMOS switches swap the plus/minus signal paths

* Miller compensation network can act as the low pass filter
— Elegantly chop inside an amplifier
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Chopper Op Amp with Feedback

R
M\
Cm
fchop fchop H
R1
o+ - Vout
Gmt | At
Vmc + = +

"7

* Miller compensation filters out the high frequency components
— Output ripple at f.,,, can be large due to Gm1’s modulated offset
— High f,,, frequency minimizes chopper ripple

+ Feedback provides accurate gain

* High gain in Gm1 suppresses input referred offset due to A1
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Chopped Folded Cascode Amplifier

VDD
ﬁ » Ubiquitous topology for
—— chopped architectures
* Output choppers are
i“’;?s placed at low
i impedance nodes (fast
Vbias2 i
2 - transients)
°\7d « PMOS choppers
P = demodulate the signal
4o I B S0 *+ NMOS choppers
Vid  NMos modulate the NMOS
T e current sources
(i) Vbias4
ft:hop ’:”_9_”:‘
[Sanduleanu]
VZS
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Residual Offset of Chopping

Input chopper \
O I P Po

spikes at Va
Ve [LPF
Vin © qmw&

\\ —o Vout
Spikes at Vg
after demodulation  ___|\_____ A

» Mismatched charge injection and clock feedthrough at the input
chopper result in differential mode chopping artifacts [Enz, Temes]

— Demodulation by the output chopper results in residual DC
offset as well as chopping artifacts at even harmonics of f

— Residual offset = 2f,,,Vpike Tspike
» Can reduce by limiting the amplifier bandwidth — filters spikes
» Causes a typical offset of 1-10uV

* Tspike d€pends on the source impedance (e.g. feedback resistors)
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Amplifier Bandwidth

Tamp
N By

V amplifier /
output
@)
m Vs [(FF modulation
Vin o X w X square wave

N\ _ovout
DC mpUt Vg amplifier
output T T B A .
after Effective DC gain:
demodulation Ao(1 - 4Tamp/Tehop)

0

+ Finite amplifier bandwidth reduces the effective DC gain
— Effective gain = Ay(1 — 41,5/ Tenop)  [Makinwa]
— Applying feedback compensates the gain error (slide 28)
— Creates chopping artifacts at even harmonics of f,,,,

* Phase response of the amplifier and phase between the two
chopper signals also affect gain [Enz, Temes]
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Design Considerations for Chopping

» The input chopper and associated nodes are key for minimizing
residual offset

— Minimum size switches for minimum charge injection

— Highly symmetric layout to minimize differential mode charge
injection and clock feedthrough

* Choice of f,,,, is a tradeoff between chopper ripple and residual offset
— Should be higher than 1/f corner
— High frequency f,,, — need to make a fast amplifier

« Amplifier bandwidth is a tradeoff between gain error, spike filtering
(residual offset), and even order chopping artifacts

— Creating ‘extra’ bandwidth costs power

» Guarantee 50% chopping duty cycle with a flip flop
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Advanced Techniques for Reducing
Residual Offset and Ripple

* Residual offset is usually dominated by transient spike effects
— Bandpass filtering the spikes reduces wideband spike energy
» Fairly complicated implementation
— Nested chopping: add an outer set of lower frequency choppers
— Deadbanding the amplifier output during the spike transient

* AC ripple from modulated DC offset, finite amplifier BW, spikes
— Filter the artifacts in analog or digital domains
» Low cutoff frequency analog filters may be hard to realize on chip
— Reduce the initial offset before it is modulated
» Autozeroing, additional feedback, AC coupling

— If the overall output is discrete time then filter the ripple and
sample the output near the ripple‘s zero crossings
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Reducing Residual Offset (1)
Nested Chopping

Vnhoplow ]

Vchophigh_L__' _I__-|
| 1

L. L — LPF —+

A AAANAAANNAA. ©

ts)
Vopoplow Toigh ~ 2Thigh  3Thigh  4Thign  S5Thign

Sl E— — o
al M A E—

+Vsp,-kez N A AN N © [Bakker]
444 v

* Inner choppers run at high frequency to remove 1/f noise

» Quter choppers modulate the inner spikes, remove DC content
— Residual offset = 2f V

choplow spike’lT
« Can achieve ~100nV offset but bandwidth is limited (f,piow)
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Reducing Residual Offset (2)
Dead-banding

LPF
N\ _OVout

* Hold the output through the major
'np_ukt ChOF\r;er portion of the spike transient
spikes at Va
— Reduces the DC component of
the demodulated spikes

— Some noise and gain
degradation from S/H operation

Spikes at Vg
after demodulation

+ Can achieve ~200nV offset, don’t
— have to sacrifice bandwidth
[Menolfi]

Spikes at V¢ N N

Deadbands
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Ripple Reduction (1)
Autozeroing and Chopping Together

¢Fh

den
1000 : : . . ot bo L
— f ‘ ‘ 1 + o7 - ut -
- 1 1 Vin ] )\‘W gm,‘> casco} : lout
A no AZ or chopping ——+ - S A e -
L | L [
T 100 only AZ "'_\ | b
ey / = : + / = Z4
i —  —— = Vi ' :\d?z Q;n@ gm-r:-ull
£ ' ] “\“‘_T“ . ]
= 10 \AZ and chopping | et %’é’ Pertii
t t t T coarse ofiset tnm e |S
E 01 1 10 100 1000 10000 100000 [ J ]
Figure 19.2.2: Circuit diagram ol one of the input stages.

» Reduces chopper ripple by cancelling most of the offset before it is

modulated
— Low frequency noise penalty due to sampling
* fenop = 2f, mitigates aliased noise, averages residual offset
 [Pertjis] avoids this by incompletely settling in the autozero phase
— Need to use architectures like offset stabilization or ping-pong if
the output must be continuously valid
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Ripple Reduction (2)
Additional Feedback

C2
1l
L1
Vin Y Vos Vout, ripple
CH1
u Cint“ A
Vfbk§ 11 f1 Vfbk
C4
CH2 @ ém._p R
I 2
Vint Vos6 1DC cpys® 1AC
[Wu, Makinwal] %

» Use an auxiliary feedback loop to sense the output ripple and
null DC offset currents before they are chopped and filtered

— Ripple can be suppressed below the amplifier's noise floor
— Continuous time offset reduction — no noise aliasing
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Precision Analog Summary

Vn(t) tis s Voutt
 — h PR TN
* Autozeroing and CDS
— Can achieve 1-10uV residual offsets e~STo2

— Reduces 1/f noise (limited suppression)
— Sampled data technique

» Well suited to discrete time systems (data converters, SC filters)

* Noise aliasing increases thermal noise floor
No loss of amplifier bandwidth with appropriate topology (offset
stabilized, ping-pong)
Amplifier nonlinearity results in residual offset
Timing errors can generate noise (variable settling)
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Precision Analog Summary

LPF
N\ _OVout

+ Chopping
— Can achieve 50nV-10uV residual offsets
Technique of choice when noise efficiency is most important
» Eliminates 1/f noise of chopped devices
* No sampling — no thermal noise penalty

Well suited to continuous time applications

» The amplifier output is always valid/available
Amplifier nonlinearity results in residual offset
Some fundamental loss of amplifier bandwidth
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Sensor Interfaces
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Outline — Part 1

+ Sensors
— Trends
— Types of sensors

+ Sensor interfaces
— High level description
— Circuit techniques

» Sensor interface examples
— Medtronic neural field potential measurement
— Sony CMOS image sensor
— CMOS temperature sensor

*  Summary

» References

R. Walker and B. Murmann EE315A - Chapter 8




Sensors

Sensors are in everything these days!
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Evolution of Sensor Technology

Traditional Sensing System Analog Devices ADXL MEMS Accelerometer
+ MEMS technology is fueling a movement toward more cost
effective, highly integrated sensors
— Sensor and interface electronics in one package
— Precision is often reduced in integrated sensors
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Ubiquitous/Distributed Sensing Trend

Berkeléy Wieless Sensor Mote

- Sensor networks ' MAIN lab
— Building one ‘macrosensor’ out of many smaller sensors
» Many sensor types in one platform, multiple modalities
» Low power requirements for electronics, sleep/wake modes
» Wireless interrogation (RFID)
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Types of Sensors (1)

» Sensors can be grouped by their input energy domain

— Mechanical: inertial sensors, strain gauges, piezoelectric
Radiant: photodiodes, photocells
Thermal: thermopiles, bipolar transistors, thermoresistors
Chemical: ISFETSs, thin films
Magnetic: Hall effect sensors, magnetotransistors, NMR, GMR
Electrical: electrodes

» Sensors can be grouped by the type of output

— Voltage: thermopiles, piezoelectrics, NMR, electrodes
Current: photodiodes, Hall effect sensors, transistors
Resistance: strain gauges, photocells, GMR
Capacitance: inertial sensors, humidity sensors

Frequency: many MEMS sensors involve resonant mechanical
structures, e.g. chemical sensors
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Types of Sensors (2)

« Often differences between outputs are used as the ‘signal’
— ‘light’ and ‘dark’ signals in image sensors
— Temp differences between active sensor area and ambient
— Capacitance differences in inertial sensors

* Overlap in sensor domains

— May use temperature/heat flow to indirectly measure pressure
(Pirani vacuum sensor)

— Presence of chemical or biological quantities can cause
mechanical changes in microstructures (e.g. resonance shifts)

* The designer chooses which domain to process information in

* The designer picks the best format for signal conditioning
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Canonical Sensing System

————-1r°
|
| | DSP Final
of=m ADC | { , | [ Processed
s T Output
_____ I
_| l 01010010...
Analog Sampled Quantized
I I

Non-electrical l Electrical

* Front-end amplification boosts the sensor’s signal above the noise
floor of the interface electronics
» Filtering rejects interference, noise, provides antialiasing

+ System level optimization is needed
— Don’t want to waste power, money, area, accuracy, etc..
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Sensor Attributes

+ Typically low bandwidth, slow compared to FET switching speed

« Signal levels are usually small

— Corrupted by noise, may be fighting for each dB of SNR
— Can be mixed with undesired signals

» Sensors are sensitive to manufacturing variations, temperature,
mechanical stress (e.g. from packaging)

» Environmental conditions may require operation at extremes of
temp, humidity, pressure

» Dynamic compensation is often required to guarantee system
specs over all required operating conditions
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Sensor Electrical Modeling

108
B,
y ),
4 'r!::\;}:-
10°F i, [ 32n  1kQ
N "*::if‘*:\x
o 404 T,
=10 e
3 \‘:;:“\“n.
| g,
103 EEG/EC0G e
Medtronic 102 : : : :
L 10" 10° 10" 102 10%® 10*

Frequency (Hz)
* An electrical model of the sensor is important for identifying an
appropriate electronic interface
— Usually model the sensor as a LTI system
* Need to understand when this is valid and when it breaks down
* May have memory or may be considered instantaneous
— Can incorporate sensor input domain dynamics into the model
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Sensor Interfaces

» Extract the desired features of the signal and convert them to a
form that is easily processed

— Includes special functions like biasing, tuning..
— Processing usually occurs in the digital domain
+ Some analog processing may reduce overall system requirements

* The interface should not be a bottleneck
— Typically want to perform near the sensor’s intrinsic precision
— In the words of Kofi: “Do no harm! Digitize early! Be dynamic!”

» System testing requires input stimulus in the sensor’s domain

* Accuracy and resolution of the interface electronics are often
referred back to the sensor input (e.g. +/-1° for an angle sensor)
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Interface Circuit Techniques (1)

» Autozeroing, CDS, chopping IO%VW‘
— Reduce offset, drift, 1/f noise offset
— Leverage the speed advantage of CMOS B Y
thermal noise
signal
* Dynamic element matching (DEM) <—jf e

— Average out errors due to component mismatch
— Can achieve accuracy beyond intrinsic device matching

* Modulating the sensor response to different frequencies

* Methods to improve SNR
— Lock-in amplifiers
* |solate a narrowband signal from high noise levels
— Signal auto-correlators and cross-correlators
— Waveform averaging, integration
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Interface Circuit Techniques (2)

* Oversampling

— Leverage the relatively high speed of CMOS transistors, trade
bandwidth for higher resolution

— Can achieve resolution beyond intrinsic matching of IC devices
— Oversampling ADCs can have relaxed antialiasing requirements

 Feedback

— Apply feedback to the sensor
* Force feedback in inertial sensors

— Use feedback in conditioning stages to set accurate gains and
modify input/output impedances

* Replica tuning

» Post fabrication circuit trimming for static corrections
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Sensor Interface Example #1
Medtronic Brain Sensing System

I 108 ¢
Leakage
—_—
ECOG/EEG Electrodes ———— |\ . 10°
Amplifier DSP N
- 4| (Gain100) ADC |—| Biomarker 10
) ( ) Bandpass Extraction
(0.5-100Hz) 103
Vpclsriza(ion
02

10" 10° 10" 102 10% 10*

Denison
[ ] Frequency (Hz)

« Acquisition of neural field potential signals
— Sensors are high impedance Ptlr electrodes
— 1-100Hz bandwidth, mV amplitudes
— Signal is an average measure of brain activity

» Applications
— Sense/stim deep brain stimulation systems
— Brain machine interfaces for disabled individuals Medtronic
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Front-end Amplification and Filtering

lL KSI
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ECOG/EEG Electro a b
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Switcap
Integrator

. Vref Vref [th'z‘;” C ]
» Architecture

— Multipath feedback chopper amplifier

— 2nd order on-chip continuous time low pass filter output buffer
— Switched capacitor feedback integrator for high pass filtering

Noise/power efficiency optimization is a key requirement

R. Walker and B. Murmann EE315A - Chapter 8 15

Switched Capacitor Input Impedance
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Chopping the input caps results in a switched cap input impedance
— Looks resistive at low frequencies
— Need R, large to avoid unwanted high pass filtering

» Also need to minimize input current to avoid electrode corrosion
+ Constrains the choice of fy,,,, Cj,

Unmodulated capacitive feedback suffers from a similar problem
— The chopped input cap of the amp looks like a shunt resistance
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Chopping with Modulated Feedback

Chopper Amp with Feedback « The input chopper is pushed through

the summing node
— — The feedback path is modulated
N Vot — Allows capacitive feedback
T instead of resistive for this design

» Switched capacitor feedback is
compatible with the impedances
Chopper Amp with Modulated Feedback at the summing node
anop + Easier to realize on-chip
+ Less distortion, noise, area,
power than resistors

out

R. Walker and B. Murmann EE315A - Chapter 8 17

Chopped Transconductor

VDD

Output Buffer
(x5, 2-pole LPF)

Vout
| Ve
i .810. Chp o8 ol S
v e——— j o ’ Chopper Amp 3, Output Buffer
M M ! i Pl - + “l (x5, 2-pole LPF)
3 4 VA < < v
Ci Rb ]
Bias i M Vin- — S
N 20020 |- 200/20 N3 1 minus ; Lcep Lt X
200k 200k o Switeap
l F!nltgnmr
vss 1 Vref Vref [i;C’ C=
Transconductor Demodulator Integrator

» Source degeneration attenuates noise from the nmos loads
* Input and folded branch currents are scaled for low noise

» Large compensation capacitor for noise and ripple reduction

R. Walker and B. Murmann EE315A - Chapter 8
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Switched Capacitor Feedback

4kH
Choppefcmk‘[>’j v ’ Vret —
‘l _V?Jul
i — I I(’ :
I I s [y TR R
00 E rj'g [ VA < <+ o®
g Rb o s
e o — HT—T i .
Chopper yQOfF yﬂﬂnyBOﬂ: - ==Chp =—Cfb ‘l' “
Output IK ‘\ 0 Switeap :
+ l { . F!:l::gulor ']
Vref et ®vret \(TCN Cov ;'
LE N ] bl Sae "
—t i 2.5Hz bypass
R I G Lisyw Q2. (Lo
Chp 2rChy P

C

‘samp

« Anintegration in feedback results in a high pass corner ( <0.1Hz !!')
— Filters out DC polarization of the electrodes (up to 50mV max)
— Unity gain frequency of this loop sets the corner frequency

» Bucket brigade of sampling caps for matching and programming

* Noise penalty from sampling is low here
— In feedback, plus most of the sampled noise is low frequency
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Output Buffer

| | Xl‘-'.: L g N H}——l——lb ppppppp “(?sljlzri:‘nll:“l,n‘)',
8MQ 8MQ 10pF Signal C_VA< P Yo o’
i Rb ne
AN 2 Output Dol — BT .
200pF '
+ o
Vref

f Vref

« A continuous time filter is used to set the system’s low pass corner
frequency (180Hz) and to drive the ADC

— Uses on-chip high resistance CrSi resistors (special process)
— Suppresses chopper ripple
— Partitioning of 5x gain here for system level optimization
* Noise and DC rejection tradeoff, optimized with C,, and C,
— Input resistor contributes significant noise at the system level
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Noise Performance and Tradeoffs

Amplifier Noise Spectral Density (dBVrms/rtHz)

n
o

N
o

w
<

w
o

Y
o

o~
hoal

L g
o
o

Maximum HPF V max 2 Chp . Vaa
L rejection T T O 2
Integrated Noise = 0.98pV rms
AN 0.05 to 100 Hz . . .
MY ; Main amplifier noise
. Cin + th + C‘fb + Camp
< €net,RTI = - €n,amp
ULJL 1
| Nl - ,
| 1;0:0;]1Y§IrtHz TINC Ny ‘"\m Total noise PSD
[ 1/f comer = 1 Hz | : ) Crot \2 [ 4KT  4KTRipp
b ! Cn = C. g + 2
in 'm Ci
(%)
10" 10° 10" 10° 4KT 1 lrve
Frequency (Hz) +R—eq . 727rcquChop s

Residual 1/f corner frequency from the unchopped output buffer
Feedback scheme results in amplifier noise like a cap FB OTA

Input biasing network and output buffer contribute excess noise
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Measured Performance

TABLE 11
KEY BIOPOTENTIAL AMPLIFIER RESULTS

Specification Value Units/Comments
Supply Voltage 1.8t0 3.3 Volts
Supply Current 1.0 uA
Gain 41, 50.5 dB (High polarization),
(Diagnostic)
Noise 0.95 uVv rms, 0.05 to 100Hz
CMRR >80 SE dB (DC to 60Hz)
> 100 DE dB (DC to 100Hz)
Nonlinearity <0.1% Harmonic Distortion (5 mV input)
Aliasing <-50 dB (compared to baseband)
NEF 46/54 Diagnostic / Sense-Stim Modes
High-Pass 0.05, 0.4, Hz, digitally programmable
Corners 2.5 No external components
Lowpass Corner 180 Hz (-6dB, 2-pole filter)
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Sensor Interface Example #2
Sony CMOS Image Sensor (2006)

%1000
é

5 100
Q

6.4Mpixel g 10

2

2.5 x 2.5pum E 1 ‘ .

- 2 4 6 8

The number of pixels (M pixel)
A CMOS image sensors

[Yoshihara] eccos

CMOS image sensor arrays with integrated interface electronics

enable high performance digital imaging (6.4MPixel at 60fps)

— Parallel readout of pixels is a key advantage over CCD

Dual CDS scheme with column parallel architecture

— First proposed by Sony 2006, dual CDS is now quite common

R. Walker and B. Murmann
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Sony Image Sensor Architecture

1.75transistor/pixel

Serial S [ _ ixel Block v o =% :' TRn
Communication ||S.2 g p p Elg j’é A '. L VDD
28123 SEQESCES o K
© 3 ! \T Glblﬁ /ﬂ: TRm+1 | RSTn
p— : y -
g - T 2 o
Inout clock | O | /\/Comparator Ker Kilr K ' |
nput cloc| o > ! —
$4MHz g gg- e Counter == = — E"*‘z
Supply Voltage S< Latch : R Gw /ﬂ; | SELn —
3.0V —s | Output : ! i ! Gr
1.8V —p] [ Control LDVS I/F e i TR_"|:3 VSFn
[ ]

Built around a high density array of photodiodes

— On-chip microlenses focus light onto the active area
— Primary color filters process the light before transduction

Processing electronics are shared among the sensors

— One set of source follower buffering for each 4 photodiodes
— One bias current and one A/D converter per column of pixels

R. Walker and B. Murmann
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Column Parallel A/D Conversion

13bit Up/Down

Pixel Ripple Gounter
= ¢r Vco:n ¢IpLL Pup
5 .
29 [;\« Pixel Array Lt Ve L L
OQ Latch_
(V] Q @
2 s | L oD,
— -
[¢] J_ CK D
bt Counter
£g J\@_Comparator pAC Vsms-H; c oty
© q:) ! | o D,
0:8 o) C Clock selector
€ ounter —
al Array Compir;tor F der C L
[&] Yerex CR Counter
- 1 e 4 Q Q
C_Ll y l Veour e
[ Column Selector | | e o,
Counter M
Pup = Counter .
Output

* The photodiode signals are accessed one row at a time with ¢g

Columns within each row are converted in parallel
— One single slope A/D converter for each column of pixels
— Each of 4 shared photodiodes is accessed sequentially
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A Single Conversion Cycle
¢s L o
gﬁ ] |er¢T
T
N L ded
V, M |Z
SF _r N ~ sk
Veamp Analog CDS(5 steps) s
| T D At:Pixel Reset s
Al ,E] A A2:Comparator Reset
] A3:Reset Readout DAC VB:As—”; J—C
Per Ad:Charge Transfer !
Jup A5:Signal Readout " crocks
CTCK
bouT | s Comparator b= ¢
Gounter Output h]lmlm]lmﬂ[ﬂ]] - borex Ter
D2 I v Digital CDS(2 steps) l y .
SIG e Aot b N Venir e
D1:Down Count COUT __cuee"
L Vsic*VrsT D2:Up Count E—» ountor "13bit Data Bus
1st Digital Sampling 2nd Digital Sampling fuo = C(g)uurgtuetr

Down Count Up Count

» Analog and digital CDS are both performed

» Single slope A/D conversion is performed by counting clock cycles
before the comparator output flips
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CDS Noise Reduction

Analog CDS Dual CDS
Analog Gain 18dB i i Analog Gain 18dB
Analog [iiw [ Digital leliely) (Ce
cDS Digital Gain 30dB cDS Digital Gain 30dB
1000 =6 Do 21000
% g0 | Col. FPN—G.OeOrdes o 800 | 0.38e-rms
S 600 | (0dB) | 8 400 | (0dB)
g 400 | 8 400 |
w 200 r a w 200
0 ) 0
40 45 50 55 60 40 45 50 55 60

Signal Output (LSB)

Signal Qutput (LSB)

Pixel

DAC VBIAS_|% J—C1

Comparator
borox Y

Ce] | [Yeour o

Sup —]

13bit Data Bus
Counter

Counter
Output

+ DC offsets and conversion errors result in fixed pattern noise (FPN)

* Analog CDS reduces offsets in the pixel and comparator, 1/f noise

» Digital CDS compensates for conversion errors resulting from clock
skew, counter delay variation, comparator delay

R. Walker and B. Murmann
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Specs and Measured Performance

Specification Characteristics
Item Data Item Data
Process 0.18um 1P 3M Quantum Efficiency 48% ( at 550nm )
Pixel size 2.5um (H) X 2.5um (V) Sensitivity 14,000 electrons / Ix*s
At 3200K light source with IR cut filter of 650nm cut-off
Number of 2928 (H) x 2184 (V)

effective pixels

Saturation signal

12,000e at 60C

Aperture ratio

38% without on-chip microlens

Lag

Below measurement threshold

Dark current

15e/s at 60C

RMS Random Noise

7e rms At 60frames/s, Gain 0dB

RMS Vertical FPN

0.7e rms At 60frames/s, Gain 0dB

Supply voltage 3.0v/1.8V

Input clock rate 54MHz

Max. Data rate 432MHz (216MHzDDR)
Output 12bit parallel LVDS
Mode 6.4Mpixel 60frames/s *1

Dynamic range

64.7dB at 60frames/s

1.6Mpixel(2x2) 60frames/s *1

ADC resolution

10 bit at 6.4M 60frames/s
12bit at 6.4M 15frames/s

1.2Mpixel (1/5 line readout) 300frames/s

*1 Seamless mode change

ADC INL 4L.SB
ADC DNL <0.5LSB
Conversion gain 40uVl/e

Power consumption

360mW at 60frames/s

R. Walker and B. Murmann
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Sensor Interface Example #3
CMOS Temperature Sensor

;;:;{i. 4~;:> y /{%4‘
Eia;j,‘ Vi b

B e 8

=l

=]

Zhls : W\
%ﬁ 7 REER] . [Pertiis] \J

» High accuracy CMOS temperature sensor (2005)
— 3o inaccuracy of +/-0.1°C over -55°C to 125°C
— Outperforms commercial offerings of CMOS temp sensors

» Based on substrate PNP band gap reference

* ‘One shot’ operation, the sensor is queried then goes back to sleep
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Bandgap Reference Principle

V (V) —

1ol VREF=VBE*OCAVBE
VBE\><,' Plbias bias
+ AVee —
Vprar=o-AVee ™ +
. ,x'_’f:_A_}{l_ag/_.-—--: ------- Vee

-273 -55 125 330
Temperature (°C) —

Vee(T) = M (I_I;;ng;)) AVpg(T) = k(TThl(P)

« To 1storder Vg and AV are linearly related to temperature
— Vpge is complementary to absolute temperature (CTAT)
— AVg is proportional to absolute temperature (PTAT)

* Vg + aAVge is temperature independent given the right a
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Temperature Sensor Principle

5iplbias él Ibias

h
o
- VPTAT | ADC L~ Doyt
:/_l_\ >
+ AVBE— + Y VREF
[Ny 0 AV
- Doyt=A-—— —B
L VREF

* An ADC converts the Vge and AV information to digital format
+ Compares PTAT AV to temp independent Vggr = Ve + aAVge

— The resulting D, is a digital thermometer
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Sigma Delta Modulator

C+/k (1—p) - AVpg =y VBE
. | g
J V/nt= J : - bs
- ' 10001000 = o AVpg _ AVBE
. 1000.... T Vg +a- AV VREF
VBe ’—1 >A modulator I

A sigma delta modulator is used to compute the ratio (EE315B)

— A clocked comparator selects whether to integrate -Vgz or AVge
in each clock cycle

— Negative feedback drives the integrator output toward zero

The average value ‘Y’ of the output bit stream is the desired ratio

R. Walker and B. Murmann
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Temp Sensor Block Diagram

circuit core | modulator filter

bias Ibfai bipolar > IA | bS|decimation| :

* An off-chip digital filter processes the bit stream to produce D,

» Circuit errors are reduced to very low levels to achieve the full
accuracy of the temperature sensor system
— Their strategy is to reduce all circuit errors to 0.01°C level
+ Offset in AVge readout
» Mismatch in 1:p current ratio and error in o factor
» Offset in the sigma delta modulator

» A single temperature trim corrects for process spread of Vg
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DEM Current Source Rotation

VDD""
from bias _ _ PRI f
circuit [ [ I I [ |
6x1pA
Gl DEM |2 A A& ALL
02— control TT T T T T
| | I | |
— +
Via=£AVge
VSS“

« Dynamic element matching is used to create accurate 1:p ratio
— Need <0.011% error in the ratio for 0.01°C sensor referred error
— Current sources are rotated each sample period, the sigma
delta integrator averages out the error

* The pl,,, and |, Sources are also swapped between Q, and Qg to
average out Q,/Qg offset from the AVze measurement
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Sigma Delta Integrator

DEM control

Vint

» Switched capacitor integrator used in the sigma delta loop

+ DEM is used to create an accurate a gain factor for a-AVge
— Sampling capacitors are rotated each sample period

» Autozeroing during the sampling period ¢, is used to cancel the
offset of the integrator and reduce 1/f noise
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Full Sigma Delta Architecture

Cg b2
il k ]
ny EL AN gE=T
S8 1 ' h
P \%M T
Cs7 reset reset chop chop chop

e gk

br2g  Cp  OF
02 I C/nﬂ - —/T T/P S Cmtz —
. ~ 1L 11
d 0F2

i o =

1 1 [ | L | 2
SRS e SIS
Z - \:\ csl1 - — ‘ -+

" OF10 E 02 M o chop
. RN, 1r i} eval
T | G T — T | C T
02 int1 = 12 chop

H : in
—6.'\9—‘ — chop chop 020 CF oF1 chop
i Cs7 reset V. reset
o o—] pA—o —m——— CcM
CSS 01 —] T +— ZA cycle —» '
(576 | v |
It o i T T e
- Cg 2 T —
bs—»| DEM ; : o
control ber L LT
tr2] I L
Geval | 1 ans

+ System level chopping reduces the total offset below 0.01°C
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Final Measured Error of 24 Samples

0.1

0.05| =

Error (°C)

-0.05}-

-0.1

-0.15 H H H H H ! H H H
-60 -40 20 0 20 40 60 80 100 120 140
Temperature (°C)

» Several other techniques are needed to get the final performance
— P insensitive |, generation
— Curvature correct of the Vg temperature response
+ Slightly PTAT Vgge reference voltage, nonlinear decimation filter
— Vg averaging between Q; and Qg
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Summary

» Sensors and sensor interfaces are huge areas
— Hard to be comprehensive (see [6])

+ The trend is cheaper, highly integrated sensors and electronics
— Sensor performance is degraded somewhat
* Need to preserve sensor accuracy in the interface design

* Sensor interface examples show common techniques
— Chopping, CDS, DEM, sensor modeling

* Important ideas not covered by the examples
— Modulating the sensor
— Feedback to the sensor
+ See example in part Il of this chapter, slide 63
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Part Il - Capacitive Sensing

How the iPhone Works Mutual Capacitance Screen*

Touchpad sensors

Fingerprint sensors
Flow rate measurement
Biosensors

Inertial sensors
— Accelerometers
— Gyroscopes
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Fingerprint Sensor (1)

t | harizontal scanner | BUFFER
| oeseee® -
©
. ooeeee
o /
| BES8e8
& ;
5 PEG0® :
esaee - | . |-
control - Bynce
- - - . . . - &
.l _"_. | references |==— elk
TABLE I
CHARACTERISTICS OF THE SENIOR
techr.;ol;)gym o 2-1|1"ut.a1?|-‘?mn tiiéi;l cm;e;-
die size 15 x 15mm?
. array size 200 = 200
[Tartagni, JSSC 1/1998] = —
pixel pitch 65um
frame rate ~ 10 F/s
eNergy consumption ~ 2504J facquisition
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Fingerprint Sensors (2)

S e
reset — | T I ‘
switch ¢+« o SN U A =1 R

cr Si oxide
e [ sensor cell
A
% l/v ‘ Vo

Cout

metal2 plates

[Tartagni, JSSC 1/1998]
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Flow Rate Measurement
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Capacitive DNA Detection (1)
Ref Chip Area
signals W[ T & o rnm
- Control 1 521
1 <o} i -
Voltage 5| | part Counter| £
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W@ @ 6 @ —>| Row Decoder |
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Cascode stage
[}

Switching point: |Va-Vg|= V ef

Fig. 1. Left: electrical metal/solution interface model. Right: DNA hybridiza-
tion process and displacement of counterions. "
- electrodes cmpara 0 22 bit
N vV, counter
=2,
. | ; | i; | #rt o1
[Stagni, JSSC 12/2006] shift lout
I register
Vg :
Control
current v - Count
source ref - Reset
— - Clock
Switches
44
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Capacitive DNA Detection (2)

Output PCB pads  Bonding wires

7

4 T+ Co eloerod Functionaized sleciods
mGold electrode - Functionalized electrode after . : Two
a-specifc binding : paess
3,5 | acold electrode - Functionalized electrode after - - different
specific binding A Chambers
— 31
[m
£
&) Fig. 8. Photo of the PCB used to contact pads with the glued chip, bonding
<25 wires (top) and the applied fluidic cell (bottom right). The cell determines two
separated areas on the chip (hottom left) which can be functionalized with dif-
+ ferent probes.
2
. [Stagni, JSSC 12/2006]
) STEP 1 STEP 2 STEP 3

Fig. 15. The average behavior of all the pixels confirms that nonspecific and
specific binding are distinguishable.
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Automotive Inertial Sensor Applications

Accelerometers and Gyroscopes
for Navigation

Accelerometers for Airbags

cfon

http://www.semiconductors.bosch.de/pdf/SMB120_170_Product_Info.pdf

Gyroscope for Rollover
Detection

R. Walker and B. Murmann EE315A - Chapter 8 46




Electronic Stability Program (ESP)

Application Example - Angular Rate Sensors for ESP

Understeering

ESP brakes
the inside
rear wheel (red)

Angular Rate S
full scale:

resolution:

- ESP-brake force

Oversteering

ESP brakes
the outside
front wheel (red)

(J yawing moment
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Consumer-Grade Accelerometer

BMA145

Analog, triaxal acceleration sensor

Bosch Sensortec

@ BOSCH

Invented for life

Leveraging its ultra-low power consumption and its
wake-up feature the BMA145 senses tilt, motion, shock
and vibration in advanced gaming console applications
and all kind of mobile, personal communication and

entertainment devices.

BMA145 applications based on low-g sensing

Technical data BMA145

Sensitive axes
Measurement range
Package

Sensitivity

(factory trimmed) Non-

linearity

Cross axis sensitivity
Zero-g offset
(factory trimmed)

Zero-g offset tempera-

x/ylz

+4g

LGA, 4 mm x 4 mm x
0.9 mm

Voo/10 [V/e]

+0.5 % FS (typ.)

0.2 % (typ.)
+150 mg (max.)

+1 mg/K (typ.)

> Gaming ture drift -

. . RMS-noi 220 H
» Virtual reality -~ n_‘;‘tshe f%;/kHz
andwi . z

» Sports- and life-style wear BMA145 (1# order LP filtering)

» Handhelds * Supply voltage 1.8...3.5V
» Healthcare Current consumption 200 pA
» Cell phones (typ., normal mode)
» Navigation Idle current 0.9 pA
» Electronic compass compensation (max.,stand-by made)
Wake-up time 1 msec (typ.)
Temperature range -40°C ... +85°C
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A Closer Look at Accelerometers

Seismic mass Capacitor 1
! Spring

Direction of ,
sensitivity

Bond pad Silicon oxide
Metallisation Capacitor 2
(aluminum)

http://www.semiconductors.bosch.de/pdf/SMB120_170_Product_Info.pdf

k a
m \MMMJ Acceleration

F=m-a

F
X=—

k

mass

x m <
a k

™ spring constant

R. Walker and B. Murmann EE315A - Chapter 8

49

Displacement - Capacitance Change

Structure at Rest

TOP VIEW
mr——" a1 [ |
|
: cst | cs2 | TETHER _|
: CENTER/‘ :
E
_______ BEAM
|
CENTER 7
T

——————————————

1
1
——
HcmL Vunmcelt
I cs1=csz
cs2 :

[l DENOTES ANCHOR

[ADXL50 datasheet]

With Applied Acceleration

TOP VIEW

APPLIED
ACCELERATION

-
UNIT CELL
€81 <C82

1
v
=

. DENOTES ANCHOR
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Model of a Typical Sensor Element

— Cp
AMN—o s+
R A 1kQ2
M M IpF C }
oW == o
k e | ¢ | 100F 5
- M P
TopF AMA— .
Al 1kQ
- 1pF 1 =
==C
SpF
1 P [Petkov]
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High-Impedance Readout Circuit

Use chopper stabilization
to mitigate offset and 1/f
noise issues

Cp is often comparable to
sense capacitance
— Introduces undesired
attenuation

[Boser & Howe, JSSC 3/1996]

-errI:' I:| It
a2

Vo

i % Wm
\

Bootstrapping of
parasitic capacitance
(shield)

Need several MQ
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Sense Voltage

O 5=
- % VO
0
‘Vs
V,=—Vs+ 4 2V
Yo+,
Cl _Cz e
= - l.&'
C,+C,

X, +dx 2

For small displacement:

A

c,-C,=¢|—___Yo_
X, +ox  x, —ax
L —2x,0¢ 2
=c5Z . il &
X, —ox x;
C,+C,=2C
=%,
x5

Output voltage is linearly proportional

to the displacement

http://www.ee.ucla.edu/~wu/ee250b/Case%20study-Capacitive%20Accelerometer.pdf
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How Much Signal Can We Get?

displacement
X proof-mass -

F=ma

damper

gap| spring
x0

[Boser & Howe, JSSC 3/1996]

d? dz
md—t: + b‘C—lZ + kr = Fext = ma.

X(s) 1

A(s) 2455 w7
wr = Vk/m
Q = w,m/b

At

. x m 1
low frequencies == i
a

Want low o,
— But this limits the usable bandwidth
* Unless special “tricks” (like

feedback) are used

o,

Let’'s assume o,=27-5kHz and a=1mg
Displacement will be only ~10pm

(~x,/100,000 for x,=1pum)
Assuming C=1pF and x,=1

um,

capacitance change is only 10aF

— Assuming V=2.5V, and 2x
attenuation output voltage is

2.5V/100,000/2 = 12.5pV
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EE315A - Chapter 8

54




Noise (1)

TELT | rootmase + Damping “b” introduces noise
F=ma
— Due to Brownian motion of air
- sanper molecules
) _ \/E _ VARRTS _ [4kaT
O IO O Af m mQ

RN NN
reference frame

* For o,=2n-5kHz, m=0.25ug and

,.,,lé L % $ él_ Qi0-5,wehave

C~m L~1k a ~ 200 Hg
current -  force Af \/E
voltage ~*+—" velocity p—
flux " displacement V_f ~200 Hg 12 5ﬂ 25 ﬂV
®) : f JHz T mg T Hz
[Boser & Howe, JSSC 3/1996]
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Noise (2)

For vacuum packaged devices much higher Q can be achieved

Suppose o,=2n-5kHz, m=0.25ug and Q=50,000; we then have

1/::—g 1/2:1“9 1254 450V
- JH Af  JHz mg JHz

MOS thermal noise V2 1

Assuming y=1, equal noise from sensor and amplifier and no

other noise source AKT
g,=———5=1004uS
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Readout Circuit Variants (1)

* Correlated double

+Vs, Bhil_phi2
| ll:l t
Je

. Ci phid
sampling i} I /:l—
» Eliminates large bias Vnz /phi2
resistor and vx J_ | v
demodulator oh ] &»
a T I
* Noise folding penalty -Vs I i |
due to output - - -
sampling
[Boser & Howe, JSSC 3/1996]
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Readout Circuit Variants (2)
kY PAY 3.2V 2.2V
* Correlated double T LS T T [|So Ta
. AR ES [lipE I1520F
gampllng_qt output of g (e
first amplifier WV L AT [T T Zer |+ — 18,
AL o W C/V . Preamp TzsorV,
. . . . ! Cg S- - o B
Differential S|gnal J amep: - * I
path comes with .. G 115 T
usual benefits Yoo oF o fo T0m s,
v v 3.2V 22V
(PSRR, ...) & ¥ oy
i . AC, AC,
* KT/C noise on Cg is ¢ \
cancelled along with ‘:’
offset and flicker ¢’“‘
noise of the amplifier o
Phase A Phase B Feedback § T
[Petkov]
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C/V Amplifier Implementation

Small signals, 5V
supply—> plenty of
headroom for
cascodes

150/2

Bias

|
'|—| 90/0.6 !

3/0.6

1

3/0.6

3/0.6

18/0.6

In+
M
Hr_J 90.-6.6 B
T5uA
| 5
=

20/0.6 30,6 2o mmﬂ_ 40:”1]_
4 0T
:I' =806 't ' |_Dui :
90/0.6 90/0.6 " s
1= = = | Out-
'jl()s‘l}.(_v IH 4/0.6 'j 4/0.6 b= 20006
Y 1 | |
A 'jzwn.ﬁ 'j 4/0.6 ':] 4/0.6 ke 20/0.6
=M, . ; M, [Petkov]
""|3Uf3 ""[efs "'1 63 = 303
L
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Continuous Time Force Feedback

ADXL50

DENOTES EXTERNAL +3.4V +3.4V ey
PIN CONNECTION ; }
330 33K
c2 S 3 PREAMP
U PR
EXTERNAL f C1] externaL [ ©1 —O
OSCILLATOR Fm——b---- - DEMODULATION
DECOUPLING ! ! CAPACITOR
CAPACITOR '3 _"_ | !
1MHz | ! +1.8V
ORCILLATOR T—— | i SYNCHRONOUS ¥
| I
1800 I | DEMODULATOR
Lo 4 LOOP GAIN=10 | INTERNAL
w5y (O— +5v SYNC < y LOOP
T 2 ama nn
2V COMMON "
v ] $

INTERNAL
REFERENCE

+3.4V +1BV +0.2V

com Vin-

BUFFER

.8V AMPLIFIER
Vour

Rs;@,
-
=
|
50k
(;-! SELF-TEST
15T)
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Benefits of Feedback

» Sensing fingers are kept near zero displacement
— Improves linearity
— Prevents structure from pull-in/stiction when excited near
resonance (important for high Q, vacuum)
* Usable bandwidth increased by loop gain
— Can reduce sensor resonance frequency to improve
sensitivity
* Reduces drift
— Gain no longer set by sensor parameters
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Digital Force Feedback (1)

Input Vo

Acceleration Jm

Provides inherent
A/D conversion

Digital j Digital
Filter Qutput

Output is a pulse
density modulated

bit stream
— Sigma-delta S el [Petkov]
modulation, Feedback
see EE315B (@)

Brownian Electronic Quantization
Noise Noise Noise

Analo,
I -é~ -\ —r@—» 2
nput Front-end

Mechanical
Sensor

Oversampled
Digital Output

Quantizer

II DAC I
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Digital Force Feedback (2)

T a4

o

¢| 1].\ B2
ENENY
1T et %

A\

IL C"
/ ]
CI. A C. . Cy 100F Cra 400fF
__"T"__ Cp 300LF Cy 1pF
Car S0[F . 2000F
IL".- B Cy | 250fF | Cra | 100fF
= Caz | 2000F | Crs | 3.0pF

\IC'\,
. > HCMP_-
g

52 | Compensator

Sl

[Petkov]
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Architecture Comparison (1)

Interface type

Advantages

Disadvantages

Chopper-stabilized, open-loop

Discrete-time (CDS), open-loop

e High resolution — no
aliasing, minimal number of
noise sources.

o Low front-end power —
SNR not limited by capacitor
size.

o Suitable for discrete-
component implementation.

» Compatible with standard
VLSI CMOS process.

» Qutput can be digitized
directly.

e Low bandwidth and
dynamic range, sensitive to
process and ambient
variations (open-loop).

* Requires additional
filtering and ADC for
digital output.

o Requires large biasing
resistors.

e Large capacitors needed
for low kT/C noise.

e Low bandwidth and
dynamic range, sensitive to
process and ambient
variations (open-loop).

R. Walker and B. Murmann
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Architecture Comparison (2)

Interface type

Advantages

Disadvantages

Continuous-time force-feedback

Digital force-feedback (sigma-
delta modulation)

¢ High resolution

e Large bandwidth and
dynamic range — scaled by
the loop-gain.

e Reduced sensitivity to
process and ambient
variations.

* Analog-to-digital

conversion performed by the

feedback loop.

¢ Intrinsically linear with
two-level feedback.

o Large bandwidth and
dynamic range, low
sensitivity to process and
ambient variations.

* Requires additional
filtering and ADC for
digital output.

¢ Requires linearization of
voltage-to-force feedback.
e System stability atfected
by high-order dynamics in
the mechanical element.

* Quantization noise
affects resolution in
second-order modulators.
o System stability affected
by loop delay and high-
order dynamics in the
mechanical element.
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Gyroscope Principle (1)
Frame
~
Proof
L —
% 1 | Mass
g [ T <> [t
G
I S
Drive
[Chinwuba D. Ezekwe]
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Gyroscope Principle (2)

* Proof mass oscillates
~10um

* Rotation causes sub
pico-meter displacement
in sense direction

» Displacement is
measured through
capacitive readout,
similar to accelerometer

Clockwise rotation

[Chinwuba D. Ezekwe]
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Example: ADXRS150/300

* Resolves a capacitance
change of 102°F in a
BW of 1 Hz

» Corresponding
displacement is 104 m

— Classical radius of
an electron (!)

http://www.analog.com/library/analogDialogue/archives/37-03/gyro.html
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Part | — Physical Layout Basics

* Floorplanning
— blocks, power/ground
— metal density rule

« Passives: resistors, capacitors,
 Transistors

D.Su & B. Murmann EE315A - Chapter 9




Basics

Tapeout

mmmmm)) \ask B Silicon

Schematics )

« DRC: Design Rule Check
« LVS: Layout Vs Schematics
« LPE: Layout Parasitic Extraction
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Tapeout

« Layout database is
stored in gds format

» Transfer to foundry
was done on
magnetic tape
(Tapeout)

» Tape is not used
today.

Photo from wikimedia.org
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Chip micrograph
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Design Rules

Design rules defines geometry in x-y dimension
— Width, spacing, overlap

z dimension is pre-determined by the
foundry/process

Understand design rules

— Design rules: must

— Recommended rules: want

— Guidelines: nice to have

Following design rules ensures functionality and
yield
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Floorplanning

* Do planning before layout of cells
— Estimate area and package pins
— Organize block placement
— Package choice:
Size of package vs die
Length of bond wire and package trace (esp. for power/gnd)

Coupling between adjacent bond wire and package pins

Avoid a large output signal coupling back to weak input
signal

* lterative process
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Block Level Layout

* For each block:
— Determine pin location of each block including power/gnd
* Where are the signals coming and going
Place the transistors
Plan power routing (current path)

* A “ground” or “vdd” label on a metal line does not change parasitic
resistance or inductance

» “vdd” needs decoupling capacitors to “ground”
— Routing of sensitive nodes
» Separate noisy (digital, clock, ...) and quiet (input, bias, ...) signals
» Shield signal signals using ground, vdd, digital control signals that
are not toggling

* Decouple (add capacitors) sensitive dc signals (bias, supply)
* lterative process
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Reminders

» Resistance (including metal / poly)
V=IR

 Inductance (long metal traces, bond wire)
V = L di/dt

« Capacitance (charging current)
| = C dv/dt

D.Su & B. Murmann EE315A - Chapter 9 9

Metal Routing

« Width of metal:
— Electro-migration: ~TmA/um
— IR drop: ~50-100mohms/square/layer

— Wide metal rule < ~10um (process dependent) but
use multiple layers or parallel lines

» Establish metal routing ground rules to ease
layout
— Example: M1, M3 horizontal; M2, M4 vertical
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Routing Signals

Use low impedance node

— Example: route current instead of high impedance
voltage nodes

Watch for IR drop in current

— Voltage headroom

Shield sensitive signals

— Use return path shields

— Choose vdd or gnd

Shielding adds capacitance

— Consider spacing to reduce coupling

D.Su & B. Murmann EE315A - Chapter 9 11

CMP Effect

« Chemical-Mechanical Polishing (CMP) process
planarizes wafer surface after each metal layer;
Otherwise, unevenness of one layer that may
affect the next layer

* Relative hardness of metal and oxide affects the
polishing
« Solution:

— Metal coverage rule: Keep relatively uniform density
of metal/oxide over ~100um diameter

— Metal density rule to avoid large area without metal
- dummy metal fill

— Limit the width of metal to avoid large area with only
metal
- metal slot rules
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Dummy Metal Fill

« Automatic generation of small rectangles
in “empty” space to provide more uniform
density

 Dummy metal can impact parasitic
capacitance.

« Can block the automatic generation of
dummy metal (with a dummy block layer)
for critical circuits

D.Su & B. Murmann EE315A - Chapter 9 13

Wide Metal

» Metal width can not be too wide
— Copper is softer than oxide.

— CMP can over polish the copper, reducing its
thickness (increasing resistance) and making
the overall surface less planar (more difficult
for higher layer metal)

* Add slots to metal width to increase the
density of oxide

— Or, avoid using very wide metal, use several
narrower metal lines in parallel
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Matching

« A major advantage of VLSI design is device
matching:
— Fully differential circuits > CMRR, offset
— Current mirrors
— Ratioed devices: capacitors, resistors, transistors
 Random mismatch:
— Process: geometry, implant dose, ...
« Systematic:
— Mask gradient
— Thermal gradient

D.Su & B. Murmann EE315A - Chapter 9 15

Systematic vs Random Mismatch

Systematic

Random

[ E—

Distribution of Parameter

-36 20 o
« Systematic mismatch changes the average
 Random mismatch leads to fluctuation/spread
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Intrinsic Resistor

« Ohms/square, Rp; voltage coefficient
* Types:

— Poly (salicided vs non-salicided)

— Diffusion (salicided vs non-salicided)

— Nwell for kohm/square

L

R —=#of Squares| — |[xR
q W |

intrinsic
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Poly Resistor -

st Metal 1

contact

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

|||||
...........

Poly

______

______

+<— Salicide Block
« Types (consult design/electric rules)
— p or n doped
— salicided or non-salicided
— Recommended width > minimum poly width
— Choice: Rp, voltage coefficient, matching

D.Su & B. Murmann EE315A - Chapter 9 18




Poly Resistor 2

T Metal

contact

.......

.....

Poly

+—— Salicide Block

* Resistance =2 X Rend + Rintrinsic
« Keep W large to reduce R, 4
« Keep L large to reduce voltage dependency

D.Su & B. Murmann EE315A - Chapter 9 19

Resistor Matching

« Systematic Mismatch
— Use identical unit elements
— Keep same orientation, environment

* Use dummy resistors

» Minimize metal routing over resistors (keep all metal routing
identical) to reduce noise coupling

— Watch out for mask gradient, temperature gradient,
pressure gradient
* Keep devices in close proximity
* Use interdigitated layout

« Random Mismatch

— Keep W and L large to reduce random mismatch
— Reduce the contribution of R

end
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Interdigitated Resistor Layout

0 +A +2A +3A +4A +5A

Top View

* Interdigitated: ABAABA

 Remove linear gradient in temperature, mask CD,
pressure
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Capacitor

Metal sandwich capacitor

— Small fF/um?2

MiM: Metal-insulator-Metal (process option)
- 1-2 fF/um”2

— Best matching

Interdigitated metal capacitor

— Standard process

— Almost as high density as standard MiM
— Matching is not as good as MiM

MOS capacitors

— High density

— Poor voltage coefficient
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Intrinsic Capacitor

Top

Bottom

Cross Section

« Assume no fringing effect

€
Chnt = — Area

oX
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Sandwich Capacitor

v [

| - Bottom Cinr Top
ms -
|

M2

' Bottom » Capacitor Model

Cross Section
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Interdigitated Capacitor

me [+11-11+11-11+  Alternating fingers of
capacitors
M5 [ - L= L] L * Vertical separation is
larger than horizontal
M4 [+ -1+ -]+ separation; most
capacitance from lateral
M3 [_IT+I-1 11T flux
» Other permutations are
M2 -+ -] [+ possible (see references)

Cross-section

H. Samavati, et al, “Fractal Capacitors,” JSSC, Dec 1998.

R. Aparicio, A. Hajimir, “Capacity limits & matching properties of integrated capacitors, JSSC, March 2002.
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Capacitor Matching

« Systematic Mismatch
— Use identical unit elements in an array

— Keep same environment
* Use dummy capacitors

— Watch out for mask, temperature, pressure gradient
» Keep devices in close proximity
* Use common centroid layout

— Keep routing parasitics small and matched

 Random Mismatch
— Use large area to reduce random mismatch
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Common Centroid Capacitor

Top View

D.Su & B. Murmann EE315A - Chapter 9
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MOS Transistors

» Layout

« Random Mismatch
— Process tolerance - Large W and L
— Vi, beta - keep Vgs-Vt large

« Systematic Mismatch
— Gradient: Common centroid layout

— Implant angle: Step symmetry vs mirror
symmetry

— Neighbor effect: add dummies

D.Su & B. Murmann EE315A - Chapter 9
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NMOS Transistor Cross-Section

Metal 1

source

drain

D.Su & B. Murmann

EE315A - Chapter 9 29

NMOS Transistor Top View

gate
drain source
contact
i Metal 1
s N-diff
i Poly
+—>
L

D.Su & B. Murmann
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PMOS Transistor Top View

gate
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Gate Resistance

» Gate resistance:
— Keep W short
— Connect on one end: Rg = 1/3 x (W/L) x R
— Connect on both ends: Rg = 1/12 x (W/L) x R

Rg
——]

Ref: Razavi et al, “Impact of distributed gate resistance on the performance of MOS devices,”
IEEE Trans circuits & systems |, Nov 1994.
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Random Transistor Mismatch

1 w
1, zzﬂcox I(VG _VT)Z

By yy
Iy =" Vs =V,)

Random Mismatch in: 7, and /[

4572
AV, 2
2 : +0

Oaryir, = 2 N
o Vs = V1)

Ref: Pelgrom et al, “Matching Properties of MOS Transistors,” JSSC, Oct. 1989.
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Random Threshold Mismatch

< i
ks |
s i Random
S o)
0 |
: |
| L |
-3c6 20 -o© ! c 20 3o
.
AV, "~ -

Ignoring distance effect Process Dependent

Ref: Pelgrom et al, “Matching Properties of MOS Transistors,” JSSC, Oct. 1989.
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Example: Threshold Mismatch

ﬂlélsom ilélsom

If 4, =5mVum

A, SmVum
WXL \/50,um><1ym

Ignoring distance effect

=0.71mV

Ozyi-va) ®

Ref: Pelgrom et al, “Matching Properties of MOS Transistors,” JSSC, Oct. 1989.
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B Mismatch

Ay

AN )

Ignoring distance effect

Aﬂz0.5-3%
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V; Matching Data

50 T T T T
—&— 908 A -
A ¥ NMOST i X sl -=-- s0L A A
YT |oemost -~ s | e oo I p,ﬁ"
E. L o
15 mVim—t o NMOST o .- = A
w X = -
5 20
10 mVjume 5 *x o Avi=3_2rmy-um
X P 10 B - avi=a.omum]  90NM data
X O/‘ I T - Avt=5l.0rnv-um
§ mVpm— q’ g % 2 4 6 8 10 [Chang,
X At 1W*L)A0.5(mA-1) Trans.
50 o Electron
T T T T .
I I I —e— 905 Devices,
Tox Snm 10nm 15nm 20 nm e aof --E-- L a7 7/2005]
Feature size 0.25 035 06 0.8 1am £ o} e
s 30 'l
. n . . <
Fig. 3. Evolution of matching coefficient over process gen- w 20f
eration. Squares are derived from[4], the other mea o Avi=2. 7my-um
surements are by the authors. 10 B - AVt=3.3my-pri]
--------- Avl—;;!l.?mv—pm
0
0 2 4 6 8 10
kg A A
[Pelgrom, IEDM 1998] TAWLY*0.5(um?-1)
Fig. 5. fa) NMOS and (b) pMOS mismatch performance for 908, 90L. and
GOLL devices.
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Mirror Inaccuracy Due to Mismatch

1 V=V,

AV, = Supy AP
1
L H—O— s

M
p B+AB
2 ~gm 2 2
O-ﬂz 7 O-AV/+O-A75
2 | ¥

« Example: W=10um, L=0.35um, g,,/I=108/A, Ayx = 7mV/um, A;=1%

2
o= \/(10%-3. 7mVj 1(0.53%) =(3.7%) +(0.53%) =3.74%
I

* Threshold mismatch usually dominates
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Systematic Mismatch

» Gradient: Thermal, Mask, Pressure
— Common centroid layout

* Implant angle: Step symmetry vs mirror
symmetry

* Neighbor effect: add dummies
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Gradient Cancellation

» Gradient: Thermal, Mask, Pressure
 Linear gradient is easy to cancel
— Common centroid layout

« Other techniques exist for higher order
gradient cancellation

— Ref: G. Van der Plas, et al, JSSC, Dec 1999
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Implant Angle

iy

STI i - STI

« A small angle of 7 deg in implant results in slight different

in implant; modern processes will compensate for this
but ...

» Keep same orientation/direction of current for matched
devices

— Step symmetry vs mirror symmetry
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Step vs Mirror Symmetry

Step Symmetry

Mirror Symmetry

Not preferred
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Common Centroid Transistors 1

M1 M2

M1

Cancellation of offset due to current flow direction
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Common Centroid Transistors 2

Same current flow direction
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Differential Pair
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Neighbor Effects

« Keep the “neighborhood” of matched
transistors identical

« Add dummy transistors for the “edged”
devices

« Watch out for z-direction as well
— Metal layers must also match
— Avoid Metal-1 overlap
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Second order effects

« Second order effects of MOS transistors
— Antenna rule
— Strained silicon
— Well proximity
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Antenna Rule

* Implant/deposition process can induce charge on metal
and create voltage stress on gate capacitance

« Q=CV; If Cis small, Vis large > Damage! Large V; shift
— Q depends on area (Copper) and perimeter (Aluminum) of metal
— C depends on the W x L (area) of the transistor gate

: ' f Metal
V o Metal - Gate Ratio Area/Perimeter o eta

Gate area of transistor
» “Antenna rule” violation when induced voltage V exceeds
safe limits.

« Solution: Add “antenna” (reverse-biased) diodes to shunt
charge
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Length of Diffusion (LOD) Effect

Shallow
Trench
Isolation
Edge

Source: Sally Liu, ISSCC 2006 SET

« STI (shallow trench isolation) induces mechanical stress effect on
transistor - strained device

« Starting with 130nm/90nm and modulated by the distance between
poly and OD/STI edge (SA, SB)

* Applies to both NMOS and PMOS (see DRC)

» Effect can be extracted in Layout Parasitic Extraction (LPE)
simulations.

D.Su & B. Murmann EE315A - Chapter 9 49

Minimizing LOD Effect

Different SB

» Use unit devices for best matching
« Avoid using irregular diffusion shape

» Use dummy transistors on both ends of a multi-finger
device to keep the same SA and SB for matching
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Well Edge Proximity Effect 1

high energy ions

well photo resist edge,

Y V V bounce into the active region
and thus increase the device
threshold voltage

photoresist » Affects device matching

| ‘ « Well proximity ions scatter at

well

...... "~\ / Shallow . Impo_rtant for Well to gate

= ITrclench spacing: SC of 1um or less
p
“isty. | * Should be modeled by LPE
substrate extraction
» Well proximity effect reduced
Y-M Sheu et al, CICC 2005 by guard ring
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Well Edge Proximity Effect 2

well ion implant T3
a 13 T T T T
a) T T g
=
- 6 [B B Thessheld Voltase Difference =
- 2 8
Sonf 2
B | ;
5‘0 ::E
2 07 - 04 O
B &
= =
=0, S
= 006 2
g =
Za £
¢ &
008 &
=
b) gate gate
S S .01
. -
S-oriented D-oriented
device well device . . o 7 .
(S closest to WPE) - (D closest 1o WPE) Fig. 3: Vt versus well-edge distance for 3.3V nMOS device on a

0.13um technology.

P. G. Drennan et al., "Implications of Proximity Effects for Analog Design," Proc. CICC, pp.169-
176, Sep. 2006.
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Minimizing WPE Effect

Matched

TN

Keep SC large

NWELL

Keep distance between gate to well as large as
possible (>> 1um; see DRC)

For matching, keep SC equal and large
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Transistor Matching

Keep transistor area large

Use same size, shape, orientation, and in
close proximity

Keep same voltage, current, temperature
Minimize gradient effect. common centroid

Keep neighbors (up to >10um) identical in
X, Yy, and z directions

— Use dummy devices

— Avoid edge of chip
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Part ll: Design Related Issues

* Noise coupling effects
e Latchup
« ESD
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Noise Interference

_ Noise
Noise Coupling

Source \

Sensitive
Circuits
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Noise Coupling Mechanisms

Capacitive

— E.g. through on-chip wire crosstalk
Inductive

— E.g. through bond wires

Supply coupling

— Modulation of supplies due to IR or Ldi/dt drop
Substrate coupling
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Capacitive Coupling -- Bias
/-I v A—'t
Noise Coupling :3\2 ::c%very

small bounce

Can use decoupling capacitors to reduce the amplitude of noise coupling
into bias nodes

If noise is "deterministic" and occurs at a “don’t care” point in time, you
might be better off not decoupling, but making the bias node "fast" (small
mirror ratio, no decoupling cap) so it can recover quickly

Must go for either extreme case: no decoupling or large decoupling
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Capacitive Coupling -- SC

b o o— V02
+

Charge conservation node

* Must minimize coupling into charge conservation node
— Proper placement of “bottom plate” parasitics

— Substrate shielding
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C
Ideal Capacitor ——
C
n1 n2
. n1 n2
Typical Integrated ——
. . . aC pC
Circuit Capacitor T T
a<<p
Top metal layer.
~10, ~ [
Eg - A 1 /0’ B 1 O /0 MIM Inlp Ulnllc,_Ti\"m thinner metal
for a MIM CapaCItOF stack of TWTIN/AICu.
PECVD Si0; or SisNa.
r Standard BEOL me1al layer of
TVTIN/AICu.
[Ng, Trans. Electron Dev., 7/2005]
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Proper Configuration

G
Il
Il
01 Cs 02
02\ o1 v

Keep wiring as short as possible and do not cross with any other signal
May want to place a “clean” shield between wires and substrate
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Layout

{ Y
Gregorian & Temes, pp. 518, 524
op-amp1 op-amp2
op-amps
analog ground input
| ! lines output
"' ﬁ—‘;"\ llne'I . :
et/ 7 Vout 4 +-‘I Vout
p-well ¢ [ ‘FK ,
—+———+T—5t —}— @roun
n~ substrate / = le —“ﬂ; 777777777 —1EF-: well ‘?
/ b > capacitors
L e R
Can use metal shield in a modern SR . ... S
. - T f i ing
process to protect coupling to L.-ﬂis_,“7,",,,,,,,,3‘1‘1“‘1“@,1 o
. . o
output. Such a shield is usually not — = orouna
needed when the signals are N |
) . ——
differential — 5 |"
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Floorplanning

+ A common mistake is to do a great job of laying out lots of little cells
but then make a big mess when pulling the design together

* A good floorplan is essential to being able to quickly make a good
layout with few iterations

» Afloorplan is an evolving document that helps the designer organize
the chip into pieces that fit together well

— Don’t be afraid to change it as you go along and discover new
issues, just start out with one so you don’t miss the obvious
things that can be very painful later

*  Know when to stop! You can easily get so carried away with these
issues that your layout takes a very long time to complete

* The key is to do what is right for the application
— An RF mixer should minimize capacitance
— A 14-bit A/D converter needs well a very balanced layout
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Inductive Coupling through Bondwires

Package Bond Wire Silicon Bondwire Leadframe PCB

Source: Lawrence Larson, ISSCC 2009 SET I T

* The leadframe/wirebond interface may require careful modeling
* Ground pin is not “ground” (~1 nH/mm)

* Significant mutual coupling between two adjacent traces (K ~ 0.4)
* Parallel ground bonds is not very effective (reduction to ~0.7L)

» Sometimes better off keeping sensitive signals on chip
* E.g. VCO control voltage

|||—I
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Test/Application Board

Planning begins with chip pin-out

— Uhps, my analog pin is right next to a digital output...
Not "black magic", but weeks of design time and "thinking"
Key aspects

— Supply/ground routing

— Bypass capacitors

— Coupling between signals

Good idea to look at vendor datasheets for example
layouts/schematics/application notes

For good practices on how to avoid issues see e.g.

— Analog Devices Application Note 345: "Grounding for Low-and-High-Frequency Circuits®

— A Practical Guide to High-Speed Printed-Circuit-Board Layout,
http://www.analog.com/library/analogDialogue/archives/39-09/layout.html

— http://www.hottconsultants.com/techtips/split-gnd-plane.html
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Vendor Eval Bord Layout

B_ UOOOO0 i
OO

Y
As

Figure 21. TSSOP Evaluation Board Layout, Primary Side Figure 22. TSSOP Evaluation Board Layout, Secondary Side

[Analog Devices AD9235 Data Sheet]
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Supply Noise

» Typical culprits
— Digital logic
— Clocks
— 10 pads

* Preventive measures
— Reduce noise by turning off unused digital logic
+ Clock gating, etc.

— Avoid oversized digital buffers (large current spikes, high
frequency content)

— Stagger digital switching in time; try to minimize activity at certain
instants (e.g. when sampling switch opens)
» Avoid large number of digital pads switching simultaneously
— Work with “current mode” outputs where possible
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LVDS Outputs

Voo

¥
\.L l=T
a1 = —= | a2z

ﬁ—}—h—— . |—<A+ 10022 Rrgpy

Helps minimize 4 v
dynamic currents T = > 0= == A | s
RECEIVER
due to I/0
g a— e A = FD=50 E— &— V-
0?—~l} _'Od
Cost: additional pin Ass— ' |
—
¥
J} Iz B

Figure 4. LVDS Qutput Current

Analog Devices Application Note 586: "LVDS Data Outputs for High Speed ADCs"
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Basic View of Supply Noise

FI+ Ve ——

il id=] .
o Tia | BAD
-~ Analog Digital
section section
bonding pad (b.p.) =

| | —7]

{al b.p.

Digital
section

Analog
section

Gregorian & Temes, p. 515 (b)
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Proper GND Separation

F\Dig. Guard

| = Substrate Contact .\ Substrate Contact i

’ )

Package

M. Ingels and M.S.J. Steyaert, "Design strategies and decoupling techniques for reducing the effects
of electrical interference in mixed-mode IC's," IEEE J. Solid-State Circuits, pp.1136-1141, July 1997.
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On-Chip Decoupling

Cornell et al, ISSCC 2002
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IR Drop Issues — Mirror Example

| \2 Vo=V, |
: l l 2
AI:I] _12 = ngwire

M _ |} I M.

Al g

- Vuire + [_ = ]_m wire
. AN . Lo
Rwire

+ Want small g,/ ("large gate voltage overdrive") to
mitigate errors due to wire IR drop

— Unfortunately this means large V,;,
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Current Distribution (1)

« Typically, we'll only have one single reference current generator
on a chip

» Can generate/distribute currents across chip in two different ways
— Distribute gate voltage

» Can cause big problems due to IR drop and process
gradients

 Usually limited to local distribution
— Distribute currents

» Have one global bias cell close to reference that sends
currents into local biasing sub-circuits

» Disadvantage: consumes additional current
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Current Distribution (2)

M
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Substrate Noise

: :iﬂ_l]'\.’;
— i
% |
‘r")- %
7. 3
R Ak

= Frome | = B
e Vel e o e/ e &

A "2 A 1) i i
!; ¥CJ lﬂ v ) "[ s *'!\{-weu _.l_u) &23 B E
i | % ' H
1]'(-‘” L l ;R:m ‘U ) E
h I L 9 ! 27
- *\\\:1 (@) _:i: _;-'_/ il
B DIGITAL REGION | ANALOG REGION =
http://www-tcad.stanford.edu/tcad/pubs/theses/iorga.pdf
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I Iym$ p-type ~ 1Q-cm (pl;)
i p-type ~ 0.1 Q-cm (ph,) 1
Hm g 10um
4 p-type ~ 15 -cm (pl,)
X
400pm} 1300
p- sub ~20 Q-cm (phy) g praub. Imikem (ply)
v v
Back-plane contact epoxy (phs) Back-plane contact epoxy (ply)
Hich-Resistivity Substrate Low-Resistivity Substrate

"Epi Substrate"
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Epitaxial Substrate

Oscilloscope

Ring Oscillator

{on chip) 5V -3V -5V
Switching Noise RG 174
Source
Source Gate
T 0-2pE
I N+ N+ ——k p+
7 um Current Source Substrate
Transistor Contact

300 pm

D. K. Su, M. J. Loinaz, S. Masui, and B. A. Wooley, "Experimental results and modeling techniques for substrate
noise in mixed-signal integrated circuits," IEEE Journal of Solid-State Circuits, vol. 28, pp. 420 - 430, April 1993.
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Observed Waveforms

-0.434 '

L] L J | g L} 5 L i L] d
9 A o
0436 L Settling Time .
' i to within 0.8 mV 1
VP~P =68ns .

L 0438 | = 10.7 mV H

> -

S

~§ 0,440 b

> o
-(.442 ;
0444 L
D436 30 60 80 100 120 140 160

Time V(ns)

* Current disturbance roughly + 1%
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Coupling vs. Distance

16
o e x .
E L MR
- 12 |

¥ X » *

[
w
$ ol ¥,
=
K R
§ 8
s °r x Distance 1o nearest inverter
E sl @ Average distance to inverters
o
QO
a a2t

']

0 200 400 60 %0 1000 1200 1400
Distance from Current Source to Inverter Block (um)

» Essentially independent of distance!
— Why?
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Current Flow in Epi-Substrate

(Setup as in slide 77)

Substrate NMOS uivalent Substrate
Contacts  Transistor DraEgl Diffusion Contacts

o (1) (111

* Majority of current

flows in low-
§20 resistivity wafer
o
§ 30 » Coupling is very
o .
weak function of
distance

150 200 250 300 350 400 450
Distance (um)

0 50 100
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Guard Ring

Vss Vss

P

(@)

(b
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Effect of Guard Ring

16
L - B No P* Guard Ring
% L - With P* Guard Ring Large guard
= 2| «~— rings increase
a i coupling!
o 10
= 3
L £
] 8
m =3
8 sf
Q L
pond
% of
g L
o 2r

0 22-um 6m 22-um

dlstance dlstance distance dlstance
{dedicated package pin} (connected to large
. substrate contact)

Guard Ring Configuration
Epi substrate
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Backside Contact

Device Structure

-3V -5V
. . L'I _rl_
'[.= 500 %Vom L
t N

50 um

P~ Epitaxial Layer -
8
=
3

L4 (for backside contact only)

/(200 pm)

D.Su & B. Murmann
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Noise vs. L,

Peak-to-Peak Noise (mV)

ki
=]
.

0 2 4 @ 8 10
Inductance (nH)

D.Su & B. Murmann
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Summary (Epi-Substrate)

Closely modeled by a "single node"

The most effective way to reduce coupling in Epi-substrates to is to
provide a good, low inductance backside contact

Unfortunately distance and guard rings don't help much in reducing
coupling

If you decide to use guard rings, make sure to use dedicated guard
ring potentials

— Otherwise guard rings may increase coupling!
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Current in High Resistivity Substrate

Current trough p+ channel stop
Substrate NMOS Equivalent Substrate

Contact  Transistor Drain Diffusion  Contact
0 %'s . . é
10F
5 ]
[ 4
Q
§ ]
& 3ol :
(=}
40k
50L
¢ 50 100 150 200 250 300 350 400 450
' Distance (um)
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Coupling vs. Distance

150 v T T T
Lightly Doped 1
S
100 § ]
E
3 1
.6 50 L A 1 L
5 50 100 150 200
© : C
&, 15 — T T -r
) Heavily Doped
o 1 Epi
= 10} ] (Ep)
0 E.
o —_— = T
g 50 700 50 200
Distance (um)
D.Su & B. Murmann EE315A - Chapter 9 87

Effect of Guard Rings

Peak-to-Pea

k Noise (mV)

YT

No Guard
Diffusion

P* Guard

Breaks p+ Diffusion

channel > e

stop implant Gubrtyand Nowell

No Guard
Dittusion
P* Guard
Diffusion

N-well Guard
Diffusion

P+ and N-well
Guard Diffusions

(Epi)

Heavily Doped
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Example

300 um
wide P+

/ Guard Band

Figure 7: Ericsson single-chip Bluetooth design with
a 300-micron-wide, guard band isolation.

http://www.commsdesign.com/showArticle.jhtml?articlelD=192200561
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Deep N-Well

Benefits of
Process technology HipTlp IPW Isolation
Compatible with TSMC S ——

Gate length Lpoly  0.13um

Single gate Ox 304, [
Dual gate Ox 504 v
Supply voltage 1.6 to 3.0V I
Metal 5 layer Cu s
Substrate P+ [ — Rel'eren_ce
Nwell resistors 700 chmfsg. = oi = Guard ring

Salicided Poly res. 7.0 ohm/sq. — Triple well
Metal Cap 0.8 fFfum?2

- * iw i
. e L) T )

VD L] .
| Digital__| VPP Analog V55
[ ml ]
el Nl
P+ Subsirate

http://www.commsdesign.com/showArticle.jhtml?articlelD=192200561
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Summary (Lightly doped substrate)

« Distance and guard rings can help reduce coupling significantly
» Must connect guard rings to quiet, dedicated potentials

— Otherwise they may inject noise!
 Isolation and coupling effects are highly layout dependent

— If substrate coupling is critical, the designer should invest a
good amount of time to think about potential issues and
solutions

« CAD tools?

— Still being developed/finding commercial use
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Latchup

A
Q A 14
ﬂ PNP
N D
GO ﬂ NPN MI!"IImIZG Rs and Ry,
n G Q2 - using proper guard
rings!
O K vs v

FORWARD BLOCKING REGION 7o) Vbp
o
1 1 Rw
P+ N+ N+ l P+ P+ N+
Qi
Q2 Qi Rw
/ W
N-WELL 1 Q2
Rs Rs$
P- SUBSTRATE 1
http://www.analog.com/library/analogDialogue/archives/35-05/latchup/ GNDNVss
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What is ESD?

 Electrostatic discharge

« Example: Charge built up on human body
while walking on carpet...

» Charged objects near or touching IC pins
can discharge through on-chip devices

» Without dedicated protection circuitry, ESD
events are destructive
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Models

2000V 75uH  Rgpy 150V

1.5 kO
. DUT ("‘)
(‘HB)I

Vaen 100 pF Vi

o-MM_AAN,

0.75uH Ry
1.0Q

Capu
200 pF

DUT

Figure 2.1: Human Body Model (HBM)

Figure 2.2: Machine Model (MM)

6
500V 5 com
4
leso (A) 3
Veom T 2 HBM
1
Figure 2.3: Charged Device Model (CDM) 1 "
http://www-tcad.stanford.edu/tcad/pubs/theses/chun.pdf  © 20 40 60 80 100 120
Time (ns)
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Basic Protection Circuit
O Voo
[
Gie /A —L
- )
ASIC
(-) ESD I
strike A
[http://www.ce-mag.com/archive/03/ARG/dunnihoo.html]
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General Architecture

vDD2

¥zl {

Primary Secondary
ESD ESD —

- !
B E e | 5[]

Primary Secondary
ESD ESD Internal IC

T v [ ™

GND2

http://www-tcad.stanford.edu/tcad/pubs/theses/chun.pdf
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Rail Clamp Approach

VDD

AN EEEEEEEEE R

1_4441

;

T
WA

Ll

Internal IC . .
Triggering
circuit

Y 1

= GND () GND

Figure 2.9: Coneept of rail-based ESD Protection. ESD current is redirected to the Vpp power rail

and then shunted to GND by a power clamp.
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Testability

 How to test an SoC?

* Test circuits
— Probe pads

— Post fabrication: cut and short?
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