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Catalog

2"9_Order L owpass

Architecture: Single-bit, switched-capacitor
Application: General-purpose, low-frequency ADC

5t"-Order Lowpass

Architecture: Multi-bit switched-capacitor
Application: Audio

2-0 Cascade

Architecture: (Multibit MODZ2, pipeline) Cascade
Application: Wideband communications

6!"-Order Bandpass

Architecture: Single-loop with LC, Active-RC and switched-
capacitor resonators
Application: High-dynamic-range radio receiver
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1. MOD2
Specifications
Parameter Symbol | Value Units
Bandwidth fg ~1 kHz
Sampling Frequency fg 1 MHz
Signal-to-Noise Ratio SNR 100 dB
Supply Voltage VDD 3 Vv
Assumptions

» Single-bit switched-capacitor realization

* Input voltagerangeis 0-VDD (single-ended)
Reference voltageis VDD
Op-amp swingis2 V, (differential)

3

\_

r

R. SCHREIER ANALOG DEVICES, INC.

Toolbox Design

OSR = 500;

H = synt hesi zeNTF(2 SR, 0, 2) ;
[snr anp] = SI nmul at eSNR( H, (BR)
pl ot (anp, snr, ' bd', anp, snr,"'b-");

120 | * Very high SONR
L 0 Quantization noise

100 | will be negligible.
%3 80 - * Maximum input
~ T A AL signal = -1 dBFS
& 60l A 0 Let’'snot worry
= IS N N 40 B o about instability.
o ol S o
9] N 2

005 /S

0 I I I I I I I I I I I
-120 -100 -80 60 -40 -20 O
Input Amplitude (dB)
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Block Diagram & DR Scaling

1 X2
U h’ z-1 Q v
form="C FB ;
[a,g,b,c] = realizeNTF(H, fornm;
b(2:end) = 0;
ABCD = stuffABCX a, g,b,c,form;
[ ABCDs umax] = scal eABCD( ABCD) ;
[a,g,b,c] = mapABCD( ABCDs, form;
« Codeyieldsa=[0.27,0.24], b =[0.27], ¢ = [0.34 5.1],
Umax = 0.9
Quantizeto a; = by = a, = 1/4, ¢, = /3 for convenience.
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Simulated Spectrum
0 : : * T T T T T T
————————— T e _JSTF
; . B . . p | . . . NTF
m (scaled)
Z ;
0
LL |
= i
= 3
a) ?
N o
(al . i :_4
| | | | | ~ NBW = 1.8x107* f |
—120,— | 0.25 0.5
Normalized Frequency (1 - fg)
» Coefficient change has negligible performance impact
Peak SQNR = 115dB, |H|,, = 2.2.
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Simplified Schematic

i g
i i 2

Difference Equations Timing

Xy(n + 1) = xy(n) + byu(n) —a,v(n) 1 2T 12

X,(N+ 1) = Xy(N) + ¢;%5(N) —a,v(n) XCxim Xxam+)
v(n) = Q(x(n))

» Verify that thecircuit follows the difference equations.
Check the quantizer and feedback timing car efully!
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First Integrator

VDID VISS

1’Vd 1-Vd (I:IZ
C 1
2 1 1
Vin I :l_,-z/
2
| S

1
I - o1
2eV/ 2eV/,
¥ d AVyq = 2C4/Co+(Vin—VppVy)

11
VDD VSS

Homework: Verify timing & polarity
» Want input (full-scale) range=[0,3] V and
want op-amp swing = [-1,+1] Vdifferential
X1 = Vq/1V, u = (Vi=1.5 V)/1.5V

0C/Cy,=D0by/3=1/12
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Absolute Capacitor Values

» Absolute capacitor values are deter mined by ther mal
noise consider ations

Capacitor ratios are set by the desired dynamics.

» For example, assume noiseispurely kT/C noise
i.e. device noiseis negligible.

» Sincethermal noiseiswhite, we get a factor of OSR

reduction irll th?(iTn-band noise

OSR C
e Vv, =10 PV, 0 C;=83fF O Cy= 1pF
These capacitor values are quite reasonable!
C, getssmaller if the output swing of the op-amp isincreased.

ievZ =
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Second I ntegrator

vss—/ Va

VDD—\\7 Homework: Verify capacitor ratios  +1
Hint:
-V 4 AV, = (4C/12C)-V, —(C/12C) Vppv)

* In-band noise of second integrator isgreatly attenuated
8 (OSR)3 _ . 6
y afactor of 12° 10

[1 Capacitor sizesdictated by chargeinjection errorsand
desired ratio accuracy

10
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Building Block— Op Amp

VDD

|bias4 |
| |

[bias3 |

VON V(I)P_": ]I_V(I)N VOP
vocm _1/T2/ Ibiasz I \2r1¥ vocm
bias1 _l/IZ/J_F_J= "J h:L_L\zLL bias1

» Folded-cascode op-amp with switched-capacitor
common-mode feedback

11

Op-Amp Specifications

50% of T/2=0.25ps; Qn = C,;VDD = 0.25pC
O lgey = 1 HA issufficient
T/2=10t; 1 = C/ 9, C;=01pF 0O gy, =2pHAN

Power consumption can be very low!

Asaruleof thumb, Ay, = OSR for negligible SQNR
reduction

Assumesthat the op ampsarelinear and that the integrator gain
factorsarecloseto 1.

SOQNR margin can betraded for reduced op-amp gain requirements.

In thisimplementation, the integrator gain factorsare
1/3and 1/12, and the gain requirements are relaxed

For example, A =40 dB is sufficient for 110 dB SQNR
and the width of the deadband around 0V isonly 4 pV if A =40 dB.
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Building Block— L atched Compar ator

VDD
V+o—| |—oV—

S To DFF

24 |2

VSS

» Falling phase 2 initiates regener ative action
Sand R connected to a Set/Reset latch
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Building Block— Clock Generator

% = Delay Control
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2. MOD5
Specifications
Parameter Symbol | Value Units
Signal Bandwidth fg 50 kHz
Sampling Frequency fg 8 MHz
Signal-to-Noise Ratio SNR 110 dB
Supply Voltage VDD 3 Vv

Assumptions

» Single-bit switched-capacitor realization
* Input voltagerangeis*2 V (differential)

* Referencevoltageis2V (differential) and
Op amp swingis4 V, (differential)
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Toolbox Design
OSR = 8e6/ (2*50e3); % OSR = 80
H = synt hesi zeNTF(5,0OSR, 1, 1. 5);
anp = [-140:5:-15 -12 -10:0];
snr = sinmul at eSNR( H, OSR, anp) ;
pl ot (anp, snr, ' bd',anp, snr, ' b-");
“m—
r * Very high peak SQNR
0 Quantization noise
will be negligible.
% |« Maximum input signal
~ = -4 dBFS
DZ: [0 Scale such that
O input range is 50%
wn of full-scale.
0 SR S S S B B S A S S S
-140 -120 -100 -80 -60 -40 -20 0
Input Amplitude (dB)
16
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First Integrator
C

VREFP—/j—l C,
VREFN—"~ c, ”
1
Vin -Ll ‘E Vxl
o—
VREFN —-
VREFP—

* Input-referred differential noise power isP,, = 8k—T

Peak signal power isPg = (2V)2/2 = 2V? Cs
. 110dB SNRrequiresC, = SKT*SNR _ 51 oF
o . OSR « P,
Thisisa big capacitor!
17
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Dynamic Range Scaling
& Topology Selection

form="'CRFB'; % or ‘ CRFF
[a,g,b,c] =realizeNTF(H, form;
b(2:end) = 0; % for CRFB only

ABCD = stuff ABCD(a, g, b, c,forn;
[ ABCDs umax] = scal eABCD( ABCD) ;
[a,g,b,c] = mapABCD({ ABCDs, form;

« form= *CRFB yieldsb; =0.1,i.e. C, = 10C,!
Theintegrating capacitor isVERY large!

« form = ‘ CRFF yieldsb; =0.39,i.e. C, =2.5C;

Theintegrating capacitor is still large, but ismore reasonable.

18
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Simulated Spectrum
—10 dBFSinput
0 — ) STF

PSD (dBFS/NBW)

~100 ;ﬁﬁfﬁjfjﬁﬁﬁfﬁ'”' 'jﬁﬁ,]"ﬁﬁﬁﬁﬁjﬁ2\H(e2“”)\2ﬁ;,,,,,,,,ﬁﬁﬁjﬁ,,,,ﬁﬁjﬁﬁﬁi

azf || N

~140 | SR S T TS S : A SR TR S
S I R b NBW = 370 Hz

_160 1 1 1 1 1 111 1 1 1 1 1 I 1 1
104 10° 108

Frequency (Hz)

e Used k derived from ssimulation to calculate“true’” NTF
Need to set bg = 1/k to maintain unity STF.

19
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Block Diagram

€1, €2, 01 C3, €4, 02
u(n) L Integrator |- Resonator -»|Resonator v(n)

by a; ap ag ay as

e Summation isusually performed by a single passive
switched-capacitor network

20
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Timing Check

2 1 1 2 2 1 1
pp el T
|

Desired Difference Equations Timing

X((n+1) = x4(n) +byu(n) —c,v(n) 2T UZUT U2

Xo(N+1) = c,yX4(N) + X,5(N) — gy X5(N) >G<1(n) )@(nﬂ)

Xa(N+1) = CaX (N + 1) + X4(n)

)N+ 1) = Col) + (1) — Gyxe() ) ﬁzmﬂ){

xs(N+1) = Cox,y(n+ 1) + x5(N) K X3(n) [Xx3(n+1)

y(n) = a;x;(n) +a,%y(n + 1) +asxs(n) X Xan) Xxa(n+ 1K
+a,Xx,(n + 1) + agxs(n) + bgu(n) \ >l<5‘(h) 5@5(” 1)

. ‘ ‘i

]
v(n) = QLy(n)] X v X

[y, =Yy+Dbg(un—=1)—u(n)) O STF,(2) = STF(2 - (1-z1HNTF(2)]

21
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Behavioral Schematic
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| mpulse Response Verification

0 - -
-4 _\—)(—IL
-6 -l—x—
-8 .\ >
-1
-1.2
14 X Expected Impulse Response
' — Simulated Impulse Response 3%
-1.6
14 _ _
o 1 2 3 4 5 6 7 8 9 1 11 12 13 14
Time, Ys
23
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Potential | mprovements
» Clock faster

Reduces modulator order.
Reducesthe size of all capacitorswhose values aredictated by noise.

» Usemulti-bit quantization
Reduces modulator order.

Increases by (after performing voltage scaling), thereby reducing total
capacitor area.

24
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3. 2-0 Cascade

Specifications

Parameter Symbol | Value Units

Bandwidth fg 1.25 MHz

Sampling Frequency fg 20 MHz
Signal-to-Noise Ratio SNR 90 dB
Supply Voltage VDD 5 Vv

Simplified Block Diagram

Vq
| 5-bit [ 75 >~
MOD2 |E; Pipeline Vo 1N2
'< apc |70 |d27)
25
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Toolbox Evaluation

BW = 1. 25e6; Fs = 20e6; OSR = Fs/(2*BW;
M= 32; nlev = MH1;
nb = 7; kpipe = 2"nb;
Ha = zpk([1 1],[0 0],1,1);
anmp = [-120:5:-15 -12:2:-6 -5:0];
sqgnr = zeros(2,length(am));
N = 8192;
ftest = round(0. 16/ OSR*N);
ul = Msin(2*pi*ftest/N[0: N-1]);
for i = 1:length(anp)
[vl junkl junk2 yl1l] = simul ateDSM undbv(anp(i))*ul, Ha, nl ev);
v2 = ds_quanti ze(kpi pe*(v1l-yl), kpi pe+l);
v =vl - filter([1 -2 1],1, v2/kpipe);
specl = fft(vl. *hann(N))/ (M N 4);
sqnr(1l,i) = cal cul ateSNR(specl(l:ceil (N2/CSR)),ftest);
spec = fft(v.*ds_hann(N))/(MN 4);
sgnr(2,i) = cal cul ateSNR(spec(1:ceil (N2/OSR)),ftest);
end
pl ot (anp, sqnr(1,:),
hol d on;
pl ot (anp,sqgnr(1,:), ' m-"',"'LineWdth', 3);
pl ot (anp, sqnr(2,:), "' bs'," MarkerSi ze', 10,' Li neWdth', 2);
pl ot (anp,sqnr(2,:)," ' b-","LineWdth', 3);
figureMagic([-120 0],10,2, [0 120], 10, 2);

"m' " Marker Si ze', 10, ' LineWdth', 2);

26




R. SCHREIER ANALOG DEVICES, INC.

|deal SONR Curve

120

100 | 'I <a— Overall SQONR

(0]
o

J< SONR of MOD2

N
o

SONR (dB)

N
o
T T

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

0 -, o R R R S
120 -100 -80 60 -40 20 O
Input Amplitude (dB)

» Simulated peak SQNR =105 dB

Again, thereisalot of margin, so quantization noise should be small.
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Gain Mismatch
(Capacitor Ratio Error)

v2 = ds_quanti ze(kpi pe*(vl-yl)*(1l+gai n_mi smatch), kpi pe+l1);
110

Peak SONR
(dB)
S

90 L RS LN
1073 102 1071
Gain Mismatch

* Need gain error < ~0.5%

Not a problem if moderately large capacitors are used.

28
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NTF ZeroError
(Dueto Finite Op-Amp Gain)

Ha = zpk([1 1]*(1-1/gain),[0 0],1,1);

110
m
©
N’
o
5
#1001}
Y4
<
()]
o
o0 70 80 9

Op-Amp Gain (dB)
* Need op-amp gain > 65 dB

Again, not an unreasonable requirement.
29
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Block Diagram [Brooks 1997]

Vin

N
N
BN

Z_
D z-1

PACH-= 2

Y N

Correction/Cancellation Logic

* Dout

» Has1 bit of overlap at each stage

30
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An Integrator Stage

Vrefp

1
| 2'b03_c|:1p'0
! ! !ibo/ : !
Lo &

[z 3_?@,31 ‘ 9 Il

2+b31

‘E Vxl
2 b31

™ 1= b31 ] él

"IN 31 T\

" 200N

|
200 N
~— “IN©

Vi

(o]
Vin Vrefn

31
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4. Bandpass M odulator

_ 3 MHz IF BPA>
Vin —
X 300 kHz BW ADC
LO 24 MHz CLK

» Want high dynamic range (~90 dB)
with low power consumption (=50 mW)

e Desireacontinuous-time architecturefor itsinherent
anti-aliasing properties

e A Toolbox indicates we should use a 6th-order, 8-level
modulator

Use a FB topology to get a clean STF.

32
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Simplified Architecture

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

/
Feedback | : More Resonators !
DAC ;  and Feedback DACs
' L :
" Flash b
' ;o ADC —
j " — - :
: ¥ Q '
| ;! |
I ;! |
I ;! |
| e :
> VAl | b |
- I f I
I Converter | | ! |
[ Iy [
T S A :
ADC Front En ADC Back End
LNA+Mixer Bandpass A ADC
33
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Features of the Architecture

» Themixer output current is processed by passive
components which yield gain without adding noise or
distortion, and without consuming power

More front-end gain makes back-end noise lessimportant.

» Thefirst feedback DAC cancelsthe bulk of the in-band
portion of the mixer output, effectively passing only a
residueto the ADC backend

L arge signal-handling capability is not compromised.

Only the LNA, Mixer and ADC front end have to deal with thefull
dynamic range of the signal.
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Choicesfor the Second Resonator

? —<FLASH

» A second L C tank would requirethe least power,
but would also need more pins

« Active-RC:2 mA for 50 nV/./Hz i.r. noise
Switched-C:Estimate >10 mA for samei.r.n.
Om-C:Tough to get linearity and stability
[0 Use Active-RC

* Tuning implemented with 8-bit capacitor arrays

2:1tuning range, regardless of process.

35
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Choices for the Third Resonator

? —<3-bit

e Active-RC:Q and drift areuncertain;
might need a fourth resonator
Switched-C:Q ishigh (>100) and drift islow
[0 Use Switched-C

« Consumes1mA and hasani.r.n of 300 nV/./Hz.
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SC Resonator
oC 4C

R TR TN

F VI [ >

I
7c
I-Q = acos%[—lduﬂ] = 0.1247

f 200 D

» Center frequency isset by capacitor ratios
“LDI” structure guaranteespoleon unit circle (A = ).

37
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AGC

* For a—18 dBm input, the mixer output is2 mApp,
so DAC1 needsto sink 2 mA

* Power consumption can bereduced at low signal levels
(theusual case) by reducing DAC1’sfull-scale

Reducesthe FS of the ADC and thus givesthe ADC more*“gain.”

* Lowering DAC1'sfull-scale also reducesthe output
current noise of the DAC
Includes mismatch-induced and dynamic errors aswell asthermal
noise.
» Placing avariable-gain element after the LC tank
compensates for thereduced signal level and also saves
current by minimizing thei.r.n. of the ADC’s backend

38
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Full ADC

External Tunable
LC Tank Elements
fCLK =13-26 MHz

._\;”_\ RC | | SC 9-level

LI | ™| Reson.[”|Reson. Flash
)

(o,
LO Q Q ¢
o—.-KL‘ .-;I-l DAC1 |« ESL
To
IFIN Vel FLXSSC?G Decimation
10-300 Converter Jus Filter

MHz J_

e AchievesNF=8dB and II1P3=0dBm with P =50 mW

39
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Noisevs. AGC
150 kHz BW

Noise Density
(dB relative to a 370-ohm resistor)

Full-Scale (dBm)
40
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Spectrum of Undecimated Output
fCLK =18 MHz

O <—— 2dBFSOUBUl [7., = 18 Mz
: : : . ; 1 : IF = 7335 MHz

dBFS/NBW

My NBW 33kHz
0 1 2 3 4 5 6 7 8 9
Frequency (MHz)

41
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Spectrum of Decimated Output
BW = 270.833 kHz
S [ S S S B S B
Dok =26MHz |
20 |Decbyds |l
= Lo ool 18dBminput A
2 eop 9 e | @108.25MHz + 25 kHz |
S b ]~ -1dBFS output .
L . INF =-83 dBFS
m
©
ol iNBW =200 Hz
270  -180 90 0 90 180 270
Frequency Offset (kHz)
42
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Spectrum of Decimated Output
BW = 15 kHz, 24-bit data

M folk =26 MHz |

—20[| dec-by-900
= L. No signal
(a] _GOwa,lNF:—lO4 dBFS
Z SRR N U N
S S T SO SO
L —80F it
a8}
S _100

-120r-

-140

_15 ~10

0

=17 dBm input

. @103.25MHz + 1 kHz |

. —0.5dBFS output
INF =-95 dBFS

e NBW=11 HZ|

5 10 15

Frequency Offset (kHz)
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Measured SNR
f”: =273 MHz, fLO = 269 MHz, fCLK =32MHz

100

80|
700
60l -
50|

SNR (dB)

40t

90k Lo B B Lo
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Summary

Design | OSR |DR (dB)

Lessons

MOD?2 500 100

High OSR is helpful.
AX can yield a very robust design.

MOD5 80 110

FF topology has lower cap. area than
FB.

2-0 Cascade 8 90

Multi-bit quantization is needed to get
high SNR at low OSR.

Must be watchful of gain mismatch and
NTF zero error in a cascaded system.

CTBP(LC) | 48 | 85

An LC tank enables a power-efficient
bandpass Mixer+ADC.

The loop filter can use both continuous-
time and discrete-time resonators.

* Many design choices: AZ/ZA, single-loop/multi-loop,
single-bit/multi-bit, lowpassbandpass, discrete-time/
continuous-time, real/quadrature...
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