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Signal-flow-graph analysis (p. 407)

C : -
| | S = I Lfﬂos T 7 T e =
)| ¢ P | AN STFE R
V,i(zk j (2 —;
% L 2 L C _r Cq _(Jb_l =
Z(Z)ojr ° }: . JTL :( VZ(lE}——-ut l.___|____| |—-—-'_LN..‘| |
¢2-||_1] TI‘|I-¢1 0, ¢, -IC e, 4= H\ Vo (2)
1 1 . - X — s
N WV()(Z)—-IT— “‘l; ‘_L ;_tj’/
— € — ¢, o, | g
V (Z = ( rL o | "
3 Ug (& = _1—‘_‘{-——{ | - |
q)Z-I I_q)z f-l-"a'_l'l—[ Co = @y
M M M M A .\.'T f L-,Tpr ; b { (Tl I
« Applying charge equations is tedious for [ndividaol  Cordd Duon. s -
larger circuits. Using some rules and Vo () ¢ (10.28) ¢ *’LJ‘I .

. . . . g * o =S ATdwA (/'_ 1
signal-flow-graph analysis simplifies V, (%) (a =2d “ 2
analysis and design of SC-circuits.

o Superposition (Wikipedia)ln allr_lear Vo (2) Ey - 57 . (Mot
system, the net response at a given . i B = e KB duley ing st akor
place and time caused by two or more = Li T ek )

independent stimuli is the sum of the |
responses which would have been Vo (2) Cx

oo (didoy - Ares
_— = - (105} ° J

. . - =
caused by each stimulus individually. Vy (2) T foa it e eq_ 1025)

UNIVERSITETET
I OSLO




Getting the transfer function..
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Signal Flow Graph (Fig. 10.13 in "J & M”)
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First-Order Filters

» I ’
Vin(s) Jl\/l\l/\/j »— — Vout(®)

e Select a known Active-RC circuit

e Ranlacre racictnre hv QC-aninvalante
[ ] CA 1 \ooJIl ~J U] \ W B > 4 U\.1UI \ Oy | (G ]

LI V LAl 1

* Analyze using discrete-time methods
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Making 1st order SC-filter from active RC equivalent
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SFG based on superposition, similar as in fig 10.13.

e A
First-Order Filter
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Switch sharing (p. 413)
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Fully Differential Filters (p. 414 (1/3))

- 2 3 4
Vpr = Kpvy +kovy +Kgvy+Kevp+

nonlinear

Vi o
! q element

3 5
+ Vaitf = 2Ky +2kavy + 2kgvy + L

nonlinear

-V
1o |
> element

2 3 4
Vpp = — klv1 + KoV —Kgvy +Kevy

* The signal is represented by the difference of two voltages

 Most SC-designs are fully differential, typically operating
around a dc common-mode voltage halfway between the
supply voltages

e Reduced common-mode noise

« Cancellation of even-order harmonic distortion, if the
nonlinearity iIs memoryless
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Differential implementation (fig. 10.18 p. 415)
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Example: Fully differential SC-sigma-delta ADC published May 2007

Vrets Vref- Vit Vref- A MICRO POWER SIGMA-DELTA A/D CONVERTER IN 0.35-uM CMOS FOR

I l LOW FREQUENCY APPLICATIONS
S5 Sz Adnan Gundel'?, William N. Carr’
- . Email: sdaangundel @ igee.org: willian.carr @ njit.edu

g ' o UNew Tersey Institute of Technology, Newark, NT 07102
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Figure 4. Nonoverlapping clock phases.

 Downloaded from IEEEXplore
( http://ieeexplore.ieee.org/Xplore/dynhome.jsp )
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Properties of Fully Differential Filters, compared
to single-ended solutions
e Requires two copies of a single-ended filter except from
the Opamp which is shared

« Common-mode feedback circuitry Is required

* The input- and output signal amplitude are doubled. The
same dynamic range can be achieved with half-sized
capacitors:

e Area reduction and less power consumption
* Reduced size of switches (less charge)

* More wires are required
* Improved performance with respect to noise and distortion
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Some Active RC 1st order filters (Sedra & Smith p. 779).
Filter in fig 10.14 in "Johns & Martin” lowermost.
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High-Q Biguad active RC-filter

/o,
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e Another circuit Is required for high Q-values and
small capacitor spread

« Q-damping is obtained by adding a capacitor around
both integrators instead of a resistive feedback
around the last integrator
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High-Q Switched-capacitor biquad filter (Fig. 10.25, p. 421) by
anaina the resistors with SC-equivalents
changing the resistors with sC-equivalents
by K,C, L
Vi@ o TT " +T (2) _q:_l
b 4{ PF ¢2 . o
K,C,
| S

UNIVERSITETET




High-Q Biquad Filter

 General transfer function: ,
Vo(@d Kz +(KKg+ KyKg —2K3) 7 + (K- KyKi)

Vi(2) 27+ (K,Ks + KsKg - 22+ (1 - KgKg)
 The function can be rewritten as:

H(Z) =

2
drZz +aZ tag
H(Z) = = 2
Z +bqiz+ Db

 The coefficients are then:
KiKs = ap+as+ap

KoKs = ap —ag

Ks = az
KsKs = 1+ Dby +by
KsKg = 1-bg

« A signal-flow-graph approach is used to find the transfer function. There is some
freedom in chossing the coefficients as there is one less equation than the
number of coefficients. K4 = K5 = SQR (1+b0 + b1l) defines the other ratios.
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Ex 10.5 1) BP-filter, peak gain 5 near fs/10 amd Q of about 10
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Charge Injection (chapter 10.5)

c o1

3 1 Q6

|
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Vi@ o |——|—-|_r

24
\ L :i
) 4 o Vi) _FT s
+ ti~lns fy ~5ns 1t ~1us
¢2 _| Qg Q3 jl_ ¢2a

Figure 4. Nonoverlapping clock phases.

» To reduce the effects of charge injection in SC circuits, realize
all switches connected to ground or virtual ground as n-
channel switches only, and turn off the switches connected to
ground or virtual ground first. Such an approach will minimize
distortion and gain error as well as keeping DC offset low.

e In this case 0,, and 0,, are turned off first to prevent other
switches affecting the output voltage of the circuit.
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Ex. 10.6
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Correlated Double Sampling ("CDS")

» Used to realize highly accurate gain amplifiers, sample-and-
hold circuits and integrators to reduce errors due to offset
voltages, 1/f noise and finite opamp gain.

 Method: During a calibration phase the input voltage of an
opamp Is sampled and stored (accross a C) and later
subtracted from the signal in the operational phase (when the
output is being sampled), by appropriate switching of the
capacitors.

» A detailed description is beyond the scope of the text in ’J &
M”. The interested reader may check : C. G. Themes, C. Enz:
"Circuit techniques for reducing the effects of opamp
Imperfections: Autozeroing, Correlated Double Sampling, and
Chopper Stabilization”, Proceedings of the IEEE, Nov. 1996.
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SC amplifier (left) and SC integrator with
CDS (right)

¢4
27T
¢ 1 0
. Gy 24'—11 ¢4
11 = L
o TC | ™ = T s

b2 4% l—‘/ 2

b2 = ,4)24': = o b2 $2(41) 42 61

L (j1 (12 4L N Cl o1
T, I} I} * -|_|-_ Vin TT I I =

© * 1l l ¢ - Vout

¢4 4% ¢1-||: ¢1-|% ¢1(¢2H% ¢l‘|E[ C'2 H>—t—-’ =,

For the amplifier: During 62 the error is sampled and stored across C1
and C2

The stored error is then subtracted during 61

For the integrator: During 61 the error is sampled and stored across C’2
The stored error is then subtracted during 62
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SC-integrator with CDS ("J & M” page 434)

Tl

"2 TT
b
L C ¢24% 21
e 1= - —( v
(|)2—|':T ), $ 0
¢zl C,¢24t TIC’ 0
_I_l__l_T I} * H2 T_li_l_
dmtl by H[C ¢14|j

e During Phi2 the error is sampled and stored
accross C2
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Main data converter types:

* Nyquist-rate converters:
e Each value has a one-to-one correspondencewith a single
iInput
 The sample-rate must be at least equal to twice the signal
frequency (Typically somewhat higher)

e Oversampled converters:

 The sample-rate is much higher than the signal frequency,
typically 20 — 512 times.
* The extra samples are used to increase the SNR

« Often combined with noise shaping
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The first documented flash converter was part of Paul M. Rainey's electro-mechanical
PCM facsimile system described in a relatively ignored patent filed in 1921 (Reference
5—see further discussions in Chapter 1 of this book). In the ADC, a current proportional
to the intensity of light drives a galvanometer which in turn moves another beam of light
which activates one of 32 individual photocells, depending upon the amount of
galvanometer deflection (see Figure 3.49). Each individual photocell output activates part
of a relay network which generates the 5-bit binary code.

—
SERIAL DATA TO RECEIVER

STATIONARY
ELECTRICAL CONTACTS
PARALLEL BINARY 77

OUTPUT DATA

SOURCE
RECEIVING

~~ PHOTOCELL

RELAY DECODING
LOGIC

TRANSPARENCY,

— (NEGATIVE)

/ GALVANOMETER

’i;z

_ L DEFLECTED
i ] 15,0 LIGHT BEAM

| H 2i6

L

57 5 # == éz&ﬁ" /9 +— PHOTOCELL BANK (32)
=z6 =20

Figure 3.49: A 5-Bit Flash ADC Proposed by Paul Rainey
Adapted from Paul M. Rainey, "Facsimile Telegraph System," U.S. Patent
1,608,527, Filed July 20, 1921, Issued November 30, 1926
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11.1 Ideal D/A converter

V
B.. > D/A » ' out
Vref T
B, = b2 0,27+ .42

Vot = Vig(bg2 ™ + 0,27 +..4by27)
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Example 11.1 : 8-bit D/A converter

V
An ideal D/A converter has Visg = _rNef
~ 2
Vref =9V
Find Vout when 11SB = lN
B;, = 10110100 2
B, =2 +2°+2"+27° = 0,703125
VOU'[
— . — v;'_e;‘ '
Vout - VreiBln = 3916V 14 2-bit DAC
Find 1 .
VLSB 12 | JA V\I/‘SB _ % 1 LSB
1a | I ref
VLSB = 5/256 = 195 mV Oob“ 0L 10 11 (160) - Bjp
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11.2 Ideal A/D converter ( Fig. 11.3 )

B
D out

V

ref

Vior(b127 + 0,270+ 427y = Vi + V,

where

1 1
_EVLSB <V < EVLSB
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|deal transfer curve for a 2-bit A/D converter ( Fig. 11.4)

V
A
BOut \I/‘SB = 1/4 = 1LSB_»
ref
< >
11 + —_—
10 +
01+
Vin
00 + — | > V_
0 11/4 1/2 T 34 1 ref
VOl /Vref Vll /Vref

*A range of input values produce the same output value (QA range of input
values produce the same output value (Quantization error)

*Different from the D/A case
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11.3 Quantization noise

Quantization
noise

V1
in AD |—| DA
\ +
NG
3
Y,
V. Q
In 1V
5VLSB
vV, —
1
.. 2'LsSB
(Time)
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Quantization noise model

A Vo
Vi, B A
> > H Vin -+ » Vi
T Vi = Vi +Vg
Quantizer Model

*The model is exact as long as V, is properly defined

*V, is most often assumed to be white and uniformely distributed between +/- V /2
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Quantization noise

*The rms-value of the quantization noise can be shown to be:

VLSB

Nl

«Total noise power is independent of sampling frequency

VQ(r msy —

*In the case of a sinusoidal input signal with p-p amplitude of Viet/2

SNR

V. V 2./2
ZOlog[ |n(rm3)] _ 20 Iog( ref/( «/-)j

Vo(ms, Vi sa/(4/12)
SNR = 6,02N + 1,76 dB
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Quantization noise (SNR as a function of Vin)

SNR
(dB)

ol  10-hbit \
S0+ Best possible SNR
40 L
30+
20 L
(Vpp i Vref)
10 + Y,
0 i : : | | : !‘ »V. (dB
760 —50 -40 —30 -20 -10 O in(c5)

*Signal-to Noise ratio is highest for maximum input signal amplitude
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11.4 Signed codes

e Unipolar / bipolar

« Common signed digital repr.:
sign magnitude, 1's

. complement, 2’s compl.
Table 11.1 Some4-bitsigneddigilolrepresentutions , ° Slgﬂ_ M_ 50101’ _51101,
Normalized Sign 1’s foset 2’s
Number number magnitude complement binary LU Al tWO repr Of O 2N'1 nu mb
+7 +7/8 0111 0111 1111 0111 . ) .
0 1110 0110
:g :gg 81{1)? 81(1)1 1101 0101 e 1’'s Compl_: Neg Numbers are
+4 +4/8 0100 0100 i é?? 8 (1) ?? _
i et Ao complement of all bits for
1 +1/8 0001 0001 1001 0001 ]
Dt OO O LSS equiv. Pos. Number: 5:0101, -
(-0) (-0) i
sy 1010 S oS 5:1010
& epone Vi i G .
Sttty o0 i on @ Offset bin: 0000 to the most
-6 —6/8 1110 1001 001 .
- s oun o @G 90 neg., and then counting up..

+: closely related to unipolar
through simple offset
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2’'s complement

A3a2ala0 Sign ud 2s complement
magnitude . —
0111 +7 7 < 510 : 0101 = 22 - 20
0110 +6 +6
0101 +5 +5
0100 +4 +4 . , _ _
0011 +3 +3 ¢ - 510 : (0101) +1 =1010+ 1 =
0010 +2 +2
0001 +1 +1 1011
0000 +0 +0
1000 -0 -8
1001 -1 -7
1010 -2 -6
1011 -3 -5
1100 -4 -
1101 -5 -3
1110 -6 -2
M1 7 1

o Addition of positive and negative numbers is straightforward,
using addition, and requires little hardware

e 2’s complement is most popular representation for signed
numbers when arithmetic operations have to be performed
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719-610 Via addition using two’s complement of -6
» 0000 0000 0000 0000 0000 0000 0000 00111, = 7,

N IS I J WY WY WY WY NI\ N\J vv-l--l—-l—

e 0000 0000 0000 0000 0000 0000 0000 00110, = 610

» Subtraction uses addition: The appropriate operand is negated
before being added

e Negating a two’s complement number: Simply invert every 0 and 1
and add one to the result. Example:

« 0000 0000 0000 0000 0000 0000 0000 0110, becomes
11171 17711 11717 1171 117171 17111 1111 1001,

= 1111 1111 17117 17271 1117 1717 1111 1111 1010,

0000 0000 0000 0000 0000 0000 0000 0000 0111, = 74
+ 1111 1111 1111 1711 11171 1171 1111 11111010, = —610
- 0000 0000 0000 0000 0000 0000 0000 0000 0001, = 14,
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11.5 performance limitations

Resolution
Offset and gain error

e Accuracy

Integral nonlinearity (INL) error
Differential nonlinearity (DNL) error
Monotonicity

Missing codes

« A/D conversion time and sampling rate

D/A settling time and sampling rate

Sampling time uncertainty

Dynamic range

NB!! Different meanings and definitions of performance parameters

sometimes exist. 2 Be sure what's meant in a particular specification or
scientific paper.. There are also more than those mentioned here.
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Resolution

* Resolution usually refers to the number of bits In
the input (D/A) or output (ADC) word, and Is

often different from the accuracy.

« Analog-Digital Conversion Handbook, Analog Devices, 3rd
Edition, 1986: An n-bit binary converter should be able to
provide 2n distinct and different analog output values
corresponding to the set of n binary words. A converter that
satisfies this criterion is said to have a resolution of n bits.

80

A Cost-Efficient High-Speed 12-bit Pipeline ADC : : : : ~sroR
in 0.18-p¢m Digital CMOS {‘R\/*\ ”””””” o |-=—sNR |
Terje Nortvedt Andersen, Bjornar Hernes, Member, IEEE, Atle Briskemyr. Frode Tel TABLE I 70 : : S S H
erje Nortvedt Andersen, Bjornar Hernes, Member, -EE. Atle Briskemyr, Frode Telstp, —_F —— SNDR
Johnny Bjornsen, Member, IEEE, Thomas E. Bonnerud, and Qystein Moldsvor KEY DATA FOr THE ADC | . .' _|._____.'_‘\. ' =
- ____'ZT‘_‘_-_—A:r_—_-:_—_i:Ni;___i__;..‘T_TAtﬁ_"__.L _____
Nominal sampling rate 110MS/s 60 i i —ﬁ\ \ :
Technology 0.18um digital CMOS o ' ' : : R '
Nominal supply voltage 1.8V T [ e E i i R oo A\ R
Resolution 12bit 50
Full scale analog input 2Vpp J L
Area 0.86mm’ i
Power consum ption 97mW 40 ; ; ; ; i
DNL +12LSB SR U IS S N S N S A L]
INL -1.5+1 LSB ' ' i i :
SNR {f;,=10MHz) 67.1 dB
SNDR (f,=10MHz) 64.2 dB Conversion Rate (MS/s)
SFDR (f,~10MHz) 69.4 dB
ENOB (f;,=10MHz) 10.4 bit ig. 8. SFDR. SNR, and SNDR versus conversion rate. The input frequency

nd signal swing is 10 MHz and 2\ p_p, respectively.
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Additional litterature

 Adnan Gundel, William N. Carr: A micropower sigma-delta
A/D converter in 0.35 um CMOS for low-frequency
applications, Proceedings of IEEE Long Island Systems,
Applications and Technology Conference, IEEE 2007

» [GrTe86]: Roubik Gregorian, Gabor C. Temes: Analog MOS
Integrated Circuits for signal processing, Wiley, 1986.

e [Haah94]: Nils Haaheim: Analog CMOS, Universitetet |
Trondheim, Norges Tekniske Hggskole, 1994.

o Adel S. Sedra, Kenneth C. Smith: Microelectronic Circuits,
Saunders College Publ., 1989.

 Kenneth R. Laker, Willy M. C. Sansen: Design of analog
Integrated circuits and systems, McGraw-Hill, 1994.

UNIVERSITETET




Additional litterature:

1506 IEEE JOURMAL OF SOLID-STATE CIRCUITS, VOL. 40, NO. 7, JULY 2005

A Cost-Efficient High-Speed 12-bit Pipeline ADC
in 0.18-ymm Digital CMOS

Terje Nortvedt Andersen, Bjornar Hernes, Member, IEEE, Atle Briskemyr, Frode Telstg,
Johnny Bjernsen, Member, IEEE, Thomas E. Bonnerud, and @ystein Moldsvor

ANALOG-DIGITAL CONVERSION
High speed data converters

Walt Kester fully integrated in CMOS
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Leif Hanssen
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