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Folding and interpolation

{Cuarse ADC I: > 2-bit MSB
Folding Cm:u;
VIN —= /:V;\ Fine ADC [ > 2-bitLSB

Fig. 1 Block diagram of 4 = folding ADC
ng&m : l.'{d\iih

.

G E_)L: &) O vouT
O Co I
g0t & 2 1 /
b0 b % Yy

Bloo Y4 £

cioy © 9 ®

I T < la :

0 1k 4 e :

{ et &

t &Hd = |I _— g
| D La e i
Aopty, A i gt
| LR % - e R
L~ 'y eyt T VIN
I ) |

I

| [
e Amaboz Ml Ciee Sig Process [000) 63273281
3] FEL FOCTT S B M. SRR

..  Fig. :Iil-blding characteristics (, \J
. Y FL

A threshold inverter quantization based folding and interpolation
ADC in 0.18 pm CMOS

Miket Agrawal - Roy Paily

for the folding amplifier.

Total resolution: Nysg + N sg

If the input is in the lower ¥ of Vg .the two MSBs,
b.b,=00.

If the input is in the range 1/4 Vi gto 2/4 V. the two
MSBs, bsb,=01.

If the input is in the range 2/4 Vg to 3/14 Vg .the two
MSBs, b,b,=10.

If the input is in the range 3/4 Vs to 4/4 V¢ ,the two
MSBs, bsb,=11.

If the output from the folding circuit is above the

lowermaost folding level ("), but below the 2nd fl, the
two LSBs are b,b,=00.

If the output from the folding circuit is above the 2nd
fl, but below the 3rd fl, the two LSBs are b,b,=01.

If the output from the folding circuit is above the 3rd,
but below the 4th fl, the two LSBs are b,b,=10.

If the output from the folding circuit is above the 4th fl
the two LSBs are bybs=11.

Example 1: Vin 2@16 VEs: byb,=01 , Output from the
folding circuit between 2nd and 3rd 1 b,b,=01.
0101 = 0*8+1*4+0*2+1* 145,



Switched Capacitor Circuits

Sensing / sampling the input only at
periodic instants of time, processing
the each sample and producing a
valid output at the end of each
period; "discrete-time” or "sampled-
data” systems.

Simple building blocks like samplers,
amplifiers and integrators provide
the foundation for more advanced
circuits and topics.

Filters, comparators, (oversampling)
ADCs and DACs.

Well suited for CMOS
implementation, due to good
switches (low R, no offset) and
high input impedance amplifiers.
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Figura 12,7 General view of switched-capacitor
amplifier.

Figure 12.4 Switched-capacitor am
lifier.
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Properties of SC Circuits g f=

\
Popular due to accurate frequency response, good™feari
and dynamic range

Easily analyzed with z-transform
Typically require aliasing and smoothing filters

Accuracy is obtained since filter coefficients are determined
from capacitance ratios, and relative matching is good in
CMOS

The overall frequency response remains a function of the
clock, and the frequency may be set very precisely through
the use of a crystal oscillator

SC-techniques may be used to realize other signal
processing blocks like for example gain stages, voltage-
controlled oscillators and modulators



Basic building blocks in SC circuits; Opamps, capacitors, switﬁcs, GlOEK
generators

DC gain typically in the order of 40 to 80 dB (100 — 1

Unity gain frequency should be > 5 x clock speed (rule of
thumb)

Phase margin > 70 degrees (according to "Johns & Martin®)

Unity-gain and phase margin highly dependent on the load
capacitance, in SC-circuits. In single stage opamps a
doubling of the load capacitance halves the unity gain
frequency and improve the phase margin

The finite slew rate may limit the upper clock speed.

Nonzero DC offset can result in a high output dc offset,
depending on the topology chosen, especially if correlated
double sampling is not used



Basic building blocks in SC circuits; O
capacitors, switches, clock genera
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» Typically constructed between two polysilicon layers
« Parasitics; Cp1, Cp2.
« Parasitic Cp2 may be as large as 20 % of the desired, C1

 Cp1 typically 1- 5 % of C1. Therefore, the equivalent model
contain 3 capacitors



Basic building blocks in SC Circuitsiﬁ .

() amps, (‘ana(‘l’mrq switches, clock ge

o o
Symbol 1 1 n-channel

V. o || 5 V V°] o V
1 2 1 2

¢ o—1 1 transmission
0 % ¢ gate
p-channel v 1 . D_i:b_a
o

Desired: very high off-resistance (to avoid leakage), relatively low
on-resistance (for fast settling), no offset

Phi, the clock signal, switches between the power supply levels
Convention: Phi is high means that the switch is on (shorted)
Transmission gate switches may increase the signal range

Some nonideal effects: nonlinear capacitance on each side of the
switch, charge injection, capacitive coupling to each side




AQ = Cl(Vl_VZ) every clock period eq 1

Qx = C Vi

C1 is first charged to V1 and then charged to V2 during one clock cycle
AQq = Cy(V1-Vy)

The average current is then given by the change in charge during one cycle

L Ci(V1-Vy)
avg — T

Where T is the clock period (1/fs)




SC Resistor Equivalent .-

_—

¢1 ¢2 R
eq

vV Jr_ljr_cvz Vie MA—o V2
C
I 1

T
AQ = Cl(Vl_Vz) every clock period eq ~ Cl

The current through an equivalent resistor is given by:
Combining the previous equation with lavg:

L Vi-V;

€q Req

The resistor equivalence is valid when fs is much larger than the signal

frequency. In the case of higher signal frequencies, z-domain analysis is

required : R.q = I = 1
97 C, T Cf

S




Example of resistor implementation

- What is the resistance of a 5 pF capacitaf
sampled at a clock frequency of 100 kHz??

* Note the large resistance that can be implemented.
Implemented in CMOS it would take a large area for
a plain resistor of the same resistance

1
— = 2MD
A (©x10 ]2)(1(D X 103)
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vi(n) = vci(nT) — — vo(n) = VCO(nT)



» I ’
Vin(s) J/\/I\I/\T » - Vout(s)
L2

« Select a known Active-RC circuit
* Replace resistors by SC-equivalents
* Analyze using discrete-time methods
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Figure 12.29 (a) Unity-gain buffer, {b) sampling circuit followed by unity-gain buffer
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Figure 12.30 (a) Unity-gain sampler, (b) circuit of (a) in sampling mode,
(¢) circuit of (a) in amplification mode.

A unity gain amplifier can
realized with no resistors and
capacitors in the feedback, but
still requires a sampling circuit
(Fig. 12.29 b))

The input-dependent charge
injected by S, onto C limits
the accuracy.

We’'ll see a SC-implementation
that does not have significant
problems with charge injection
, if proper clocking is used

( )-

Three switches control the
operation.
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Figure 12.5 Circuit of Fig. 12.4 in (2) sampling mode, (h) amplification mode.

out

amplifier.

Figure 12.7 General view of switched-capacitor

Sample: S, and S, are on, S; off. For a high gain opamp, Vg=V
the voltage accross C, equal to V..

Amplify: S; on, S; and S, are off.A to ground. Since V, changes from V,,

to 0, Vout changes to V. ,C,/C,
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Figure 12.5 Circuit of Fig. 12.4 in (2) sampling mode, (h) amplification mode.
 The SC implementation the input, setting the and

provides amplification of the input in the next period, while ignoring the input
voltage. The circuit configuration changes from one phase to another, raising
stability concerns.

 When V have settled, the current through C, approaches zero, while R,
continously loads the amplifier.
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Figure 12.32 Effect of charge injected by §; with (a) zero and (b} finite op amp input
(b) (c) capacitance, (¢) transition of circuit to amplification mode.

Figure 12.31  Operation of the unity-gain sampler in slow motion. « Suppose V,,=0 and S, injects Aq1 onto
P .C, is the total capacitance from X to
ground. The total charge at X cannot
change after S, turned off (no dc path
in or out). The same holds true after C,
is placed around the opamp. The
output voltage is not influenced by
charge injection due to S,.

* Fig. 12.31 shows "slow motion”; S,
injects Ag2 onto C; producing an error
Aqg2 / Cy, which is quite independent
(The body effect makes V. a function
of V,,) of the input level since node X is
at virtual ground. Only an offset (rather
than gain error or nonlinearity is
produced) « After the feedback circuit has settled, the

«  Ag=WLCqy V5=WLCpoy (Vgs — V1u) = charge on C, equals V,C,, unaffected
WLCqyx (Vok — Vi - V1) by S; (S5 introducing no error).
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Figure 12.33 Generation of proper clock edges for unity-gain sampler.
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« With proper timing the charge
injected by S, and S; is
unimportant and the charge

injected by S, results in a constant

offset voltage

uses two sampling capacitors,
so that the charge injected by
S, and S, appears as a
common-mode disturbance at
nodes X and Y.

The finite charge injection
mismatch between S, and S,
is resolved by adding S, that
turns off slightly after S, and
S’, (and before S, and S'),
thereby equalizing the charge
atnodes Xand Y.




unity-gain sampler precision considerations

S3
oo

PR, W

Sy
V ¥i
in ﬂ-—ﬂ—"—"‘y—x' o Vot V. = o (12.43)
H |+ (C— + l)
Ay \C

H
(a)
ol | 8 = - L( ) (12.44)
Vv, L A Cy
0 c

o= X X H
e o_"-'I"|-| Cin Vou 5 I L_°Vout
I An cirlI . .
* The input capacitance
Figure 12.35 Equivalent circuit for accuracy calculations. Should be mlnlmlzed even
If speed is not critical.
- A finite input capacitance, C,,, is (Larger input transistors
assumed. mean higher C..)

« |n the amplification mode the circuit
from Fig. 12.30 operates as @  gxample 124

un |ty-ga| N buffer. How close to i e circuit of Fig. 12.35, €1 = 0.5 pF and Cy = 2 pF. What is the minimum op amp gain that
. guarantees a gain error of 0.1%?
unity?

Solution
Since Cip /Ty = 0.25, we have A, min = 1000 = 1.25 = 1250,




Noninverting amplifier ; final output having same polarity as V,,, and
possibility of gain > 1.

s, © | \
Vin s - Vip o —+ . _
Is g l:[> o TP X H> o » Since V,, goes from V,, to

: : 0, the output voltage

@ ® changes from 0 to
c ' .
. e ‘. approximately V, ,(C,/C,).
_LIP—'FTH>«H>V0N C : * Input dependent charge injection
: T ? Is again avoided by proper
© ) timing, turning S, off before S,.

Figure 12.41 (a) Noninverting amplifier. (b) circuit of (a) in sampling mode, (c) transition .
of circuit to amplification mode. V. Is free for errors due to S,

and S; and offset due to S2 can
be suppressed by differential

« Sample: S, and S, on, S; off. i i
ample: S; and S, on, 53 0 operation (Fig. 12.46).

Virtual ground at X. The voltage
accross C, tracks V,,. At the end of
the sampling mode, S, turns off,
injecting A, on X.Subsequently S,
turns off, and in

mode, S; turns on.

Figure 12.46 Differential realization
of noninverting amplifier.



Vip o—oo—H |-
in 5 CIF-ED_O Vout

5 turns off.

Voo V%P

ing amplifier to amplification mode.

S, — Ve + \

Figure 12.42 Transition of noninvert-
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Figure 12.43 Effect of charge injected by §.

« S, turns off before S; making the
circuit insensitive to charge injection
(total charge at X constant) of S, or

charge "absorption” of S.

« Aqg1 gives rise to AVp= Aq1/C,, and

the output voltage by -Aq1/C,

After S; turns on, Vp drops to zete
Thus the overall change in V is equal
to 0-V,,=-V,.0, producing an overall
change in the output equal to -V (-
C4/C,)=VinoC4/C,

Vp goes through an intermediate
perturbation but the output of interest is
measured after P is connected to
ground, so that charge injected by S,
does not affect the final output.

From S, turns off to S, turns off, V,,
may undergo changes that does not
introduce any error; sampling instant is
defined by the turn-off of S,.

: Proper timing ensures that
node X is perturbed by only the charge
injection of S,, making the final V, free
from errors due to S, and S;. Offset
due to S2 may be suppressed by
differential operation



Noninverting amplifier — timing and behaviour

Agq >
- zr % :
o , : Proper timing ens
Cy o y .
= i st node X is perturbed by only the Chal’ge
injection of S,, making the final V, free
S turns off. A
S from errors due to S, and S,. Offset
&
s, O T D due to S2 may be suppressed by
Vi o—” £ v : . . .
aa g S Moo ; differential operation.
5 c, . . . . .
. Ve ¢, "™ « Differential implementation shown in
Figure 12.46.
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Switched Capacitor Integrator

=
m

R
Yin X —o Vout . . .
Figure 1252 Contimuous-time ine-  UUS€d N filters and oversampling ADCs.
= grator.
For sampled data systems we use a

{ discrete time counterpart to the continous
Vour = ——— | Viudt, time integrator.
RCF « Continous time resistor:l = (V,-Vg)/R
A R B A 51 52 o, * SC:ly = Cy(Va-Ve)iok™ = Cy(Va-Ve)fck ' the
V‘WV“ V‘Wﬁ%% average current flowing from A to B being
I g L I° the charge moved in one clock period.
@ ® » Aresistance is simulated by the SC-circuit.
* Figure 12.54 shows the discrete time

Figure 12.53 (a) Continuous-time and (b) discrete-time resistors.

integrator.
X " *%mn * In every clock cycle C, absorbs a charge
s e s [ _\_\_\_\_ equal to C,.V,, when S, is on and deposits
L "H>‘"""°“‘ the charge on C, when S, is on.
1 : T Approximating the staircase with a ramp,

(a) (b)

o . I we note that the circuit behaves as an
Figure 12,54 (a) Discrete-time integrator, (b) response of circuit to a constant input )
voliage. integrator.



Switched Capacitor Integrator -drawbacks

Cy
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{a) {b)

Figure 12,54 (a) Discrete-time integrator, {b) response of circuit 1o a constant input
voltage.

The final value of V,,; in Fig. 12.54(a) after every clock cycle can be written as

C
Vour kTe) = Vi [tk — DTk ] = Vinltk — DTe]- é (12.64)

* Input dependent charge injection of S, introduces nonlinearity in the charge
stored on C, and hence the output voltage.

« The nonlinear capacitance at node P resulting from S/D junctions of S, and
S, leads to nonlinear charge to voltage conversion when C, is switched to

X, giving an nonlinear component at the output.
* An integrator topology that resolves both issues may be found (in Fig. 12.56
a)) in "Razavi’.



Transfer function for simple discrete time integrator
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Figure12.56 (a) Parasitic-insensitive integrator,r(b) circuitof (a) in sampling mode, .

{¢) circuit of (a) in integration mode.

* Aq=WLCoyx Ve =
WLCox (Vgs = Vn)

Sampling mode: S, and S; on, C, track

In the transition to the mode S,
turns off first, injecting a constant charge onto
C,. S1 turns off next, and subsequently

turns on (Fig. 12.56 c)). The charge
stored on C, is transferred to C, via the virtual
ground node. Since S, turns off first, it
introduces only a constant offset, which can
be suppressed by differential operation.

Moreover, since the left plate of C, is "driven”
(section 12.3.2), the charge injection or

ahenrntinn nf Q and {_ ~antrihiifae NN arrnr
uu\J\JI'JLIUII Ul \J CAI INA \J2 WUVUVIILTINULWNULDUOY 11TV VUITVIL .

1
Also, since node X is a virtual ground, the
charge injected or absorbed by S, is constant
and independent of V..

Nonlinear junction capacitances of S3 and S4
have voltages going from near zero in sapling
mode to virtual ground in integration mode -
negligible nonlinear contribution to the output
voltage.



ensuring that S, turns off after S, does

« Similar integrators widely
used in oversampling ADCs
exploiting SC A2
modulators/Z A modulators
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A MICRO POWER SIGMA-DELTA A/D CONVERTER IN 0.35-uM CMOS FOR

LOW FREQUENCY APPLICATIONS

TNew Jersey Institute of Technoloey, Newark, NJ 07102
“rrelephonics Corporation, 815 Broad Hollow Road, Farmingdale, NY 11735
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Figure 12.56 (a) Parasitic-insensitive integrator,-(b) circuitof (a) in sampling mode,

(¢) circuit of (a) in integration mode.

tracks V..

In the transition to the integration
mode S, turns off first, injecting a
constant charge onto C,. S1 turns
off next, and subsequently S, and
S, turns on (Fig. 12.56 c)). The
charge stored on C, is transferred
to C, via the virtual ground node.
Since S; turns off first, it introduces
only a constant offset, which can be
suppressed by differential
operation.
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* Next week: Oversampling converters, from chapter 14 in
Johns & Martin.

Messages are given on the INF4420 homepage.

* Questions: sa@ifi.uio.no , 22852703 / 90013264




