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ABSTRACT

Internal noise sources are the fundamental limitation
on the achievable dynamic range in switched-capacitor
filters. For low frequency applications the flicker noise of
the operational amplifier is the dominant noise source, and
its contribution increases as device slzes are reduced. The
objectives of this research project are the understanding of
the noi§e mechanisms and their contributions in switched-
capacitor filters, and the elimination of the flicker noise
from the filter by using a chopper stabilization technigue.
This allows both reduction in the physical size of the

filter as well as an improvement in the dynamic range.

A new fully-differential chopper-stabilized filter con-
figuration has been developed which improves both dynamic
range and power supply rejection in voiceband filters. An
experimental NMOS metal-gate fifth-order Chebyshev lowpass
filter has been designed and fabricated. This filter, with
a cutoff frequency of 3.4Kllz, achieved a dynamic range of
102dB, which is significantly larger than has been previ-

ously reported.
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Chapter 3 discusses .the effect of the operational
amplifier output impedance on the wideband noise contribu-
tion.to the switched-capacitor filter. A comparison between
a single-stage amplifier with and without an output voltage

buffer are used to examine this effect.

Chapter 4 describes the fundamental limits on dynamic
range versus the scaling effect of technological feature
size. Two low-frequency noise reduction techniques are dis-
cussed. Then the implementation of a modified chopper-

stabilized operational amplifier is presented.

In chapter 5, the advantages of using fully-
differential circuits in switched-capacitor filters are
described. The wmismatch problem in a fully-differential
switched-capacitor integrator is also described. The cir-
cuits of a modified differential chopper-stabilized opera-
tional amplifier and & fifth-order 1lowpass switched-

capacitor filter realized by MOS technology are presented.

In chapter 6, some considerations about chip design and
measurement are discussed, and the experimental results of
the prototype lowpass filter are presented. The noise con-
tribution and the distortion in the filter are also dis-
cussed. Two circuits are proposed to convert between

single-ended and differential systems.

Chapter 7 summarizes this research work.

. -4 -

In Appendix I, a theoretical noise calculation for the

sampled transient thermal noise ( %? noise) is shown.

Appendix 11 analyzes the effect of the %? noise and its
equivalent input referred noise in a switched-capacitor

integrator.

Appendix III discusses the square-wave modulation

erfect for both % noise and thermal noise.

Appendix IV describes the process }low of the HNMOS
metal-gate enhancement-depletion process which was used to

fabricate the experimental circuit.

In Appendix V, the layout rules used in chip design are

described.



CHAPTER 2

HOISE IN SWITCHED-CAPACITOR FILTERS

2.1. hoise Sources in Switched-Capacitor Integrator

The wost important sources of noise in switched-
capacitor filters are the noise of the operational amplir-
iers in the filters and the thermal noise from the channel
resistance of the MOS switches. These noise sources and
their effects on switched-cupacitor filters will be analyzed
from the circuit point of view with a simple bottom-plate
switched-capacitor integrator. (The detailed analysis is
contained in Appendices I and II.) Before going into the
detailed noise analysis, the circuit properties of bottonm-

plate switched-capacitor integrators will be explained.

A typical differential bottom-plate switched-capacitor
integrator with the output sampled on different clock phases
is shown in PFig.2.1(a). Here, ¢‘ and ¢2 are two non-
overlapping clocks, and transistors H‘ to H4 and M5 to Mg
are the MOS switches. C; i{s the integrating capacitor, Cgy,

RoNitRous  Ves

(b) ;E? Icm

¢, ON

o
Ronz*Rona’oe
-+

(c)

s S 1 --
(d)

Fig.2.1 Noise in switched-capacitor integrator,
(a) bottom-plate switched-capacitor integrator with output
sampled at different clock phase,
b) . 18 on, (c) &, is on, (d) equivalent input noise of
o%erationnl ampgirier.
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Cy, end Cys are the sampling capacitors at the input, the
output on phase d' and the output on phase g, , respec-
tively. If the charge is transferred completely from cs, to
cl. and to 032 or 033, the z-transform transfer functions

from two inputs to the outputs are

vor(2) =

[}
-
<
™
-
—
)
A
-+

—_— 2.1a)
— via(e) (2.1a

Vog(z) V“(z) + ""_—z:'i' Vlz(z) (2.]‘))

1-2-!

where Vi and vip are the input signals and Vot and Vo2 are
the output signals. The difference in the transfer function
between v,,(z) (or vio(2)) and vo1(2) (or vy ,(z)) is the
phase response, i.e. "01(2) is delayed one half clock cycle
relative to voa(z). This difference has no effect on the
noise calculation. Because the power transfer function is
the important factor in noise calculation, the equivalent
input referred noise at either Viy or vy, from the noise at
the output of the integr;tor is independent of the phase
response., Depending on the clock states, the integrator
will be in different configurations; numely, the state when
clock ﬁ‘ is on and that when clock ‘2 is on. Therefore, two
different circuits and noise analyses for calculating the

noise in the integrator are required.
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The steps used for noise analysis of s;itched—capacitor
filter in this research work are: (1) calculate the transfer
function in a simple switched-capacitor integrator from the
noise source to the voltage node(s) of interest; (2) calcu-
late the expected noise value across the capacitors in which
the sampled noise charges will be transferred and/or stored
in the subsequent clock sequence; (3) calculate the total
effective noise at the output of the integrator through the
integration function of the circuit; (4) refer the calcu-
lated noise back to the input (or if it is convenient, to
the output) of the integrator (this is the referred
equivalent noise in a switched-capacitor integrator in ques-
tion.); (5) calculate the transfer functions from each inte-
rior node of the filter, where the referred equivalent noise
is located, to the output of the filter; and (6) add all the
noise powers at the output of the filter by weighting each
referred equivalent noise with its own associated power
tranafer function. A atep-by-step analysis of this method

will be shown in this chapter.

Notice that in this chapter the thermal noise density
used in calculating noise variance and the culculated
equivalent wideband noise density are the noise power densi-
ties over the range of both positive and negative frequen-
ciea. If only the positive frequency range is of interest,
such as in noise wmeasurement, all of the wideband noise den-
sities calculated above should have double those values in

the positive frequency range and zero elsewhere. As an
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example, a resistor of value R will have a noise density of
4kTR if only positive frequency range is considered, while
it will have a noise density of 2kTR over the entire fre-

quency spectrum.

Also notice that the noise variance to be calculated is
obtained from the integration over the entire frequency
range; thus, all of the probabilities of a random variable
are considered, and therefore, the aliasing effect of the

thermal noise in the sample and hold circuit is included.

In a continuous-time RC integrator, if the operational
applifier is carefully designed so that its noise contribu-
tion is negligible, then Qhe dominant fundamental noise in
the integrator is the thermal noise from the resistor. Simi-
larly, a fundamental wideband noise can be found in a
switéhed—capacitor integrator. This type of noise (called %g

noise) will be analyzed first in this chapter.

2.1.1. Sampled Wideband Noise in Switched-Capacitor
Circuits ( %? Noise )

The finite channel resistance of the MOS switches pro-
duces a thermal noise which will be sampled by the sampling
capacitor through a band-limiting RC network. This type of
noise is often referred to as "transient thermal noise". The

details are shown in Appendix I [5]. This process can be

- 10 -
described as follows.

When clock 6, is on, the ecircuit is shown in Fig.
2.1(b). The total channel resistance of M, and M3 has a

thermal noise power density, VRl32' which is equal to
2kT(R0N| + RONB) through the frequency range from
-00 to +oo. Here k ies Boltzmann's constant and T is the

abaolute temperature. The voltage transfer function from

noise source le32 to the voltage across the sampling capa-

citor ( vgg ) is

. vgg(s)

H1(e) = 5o 507|400

= 1 (2.2)
=
T+ 8Ryy3Cg

where ROH13=RON1 + RONB' The expected noise variance across

the sampling capacitor cSI is

E{Vcs2 ( t ’m)}

+00 2
! 2kTR0“'3|H1(juﬂ' du
=00

= KT (2.3)
Tsy

This process is repeated every clock cycle and results in a

noise variance of é%% in each sample appearing across the

sampling capacitor 081. This sampled noise i3 dependent

only on the temperature and the size of capacitor, and
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therefore, is usually referred to as %? noise.

When clock ‘2 is on, the circuit is shown in
Fig.2.1(c). Charge conservation dictates that the noise sam-
ple stored in Cgy be transtferred and stored in the
integrating capacitor CI.. If the DC voltage gain of the
operational amplifier is large enough and if the time con-
stant (RONZ + R0N4)031 is smaller than the "on" period of
clock ¢2, then the stored noise sample has a variance of

[H
(1%1) ég%. (The details are shown in Appendix II.) Thus, on
3

each éz the output of the integrator experiences a change in
2

c
value whose amplitude has & variance given by (1%}) éﬂL. At

the same time, the thermal noise from the channel resistance

of M, and M,, VR242 (which has a noise density of
Zk'l‘(Ro“2 + Rong )), is sampled by C; through a network con-
sisting of the operational amplifier, the sampling and
integrating capacitors, and the switches. The effect of this
noise can be simply analyzed as follows: for frequencies
below the unity-gain frequency-of the amplifier, this noise
results in a displacement current which appears across cl

c
attenuated by a factor of 1%}. Por frequencies well beyond

the operational amplifier unity-gain frequency the output
stage of the operational amplifier behaves like an ideal
voltage source. This causes the displacement generated by
the thermal noise of M, and My to flow through Cgy and Cp.

The detailed effect of this noise can be analyzed as

-12 -

follows. The voltage transfer function from the noise

2
source Vpo,© to vop 18

i vei(s)
2(8) = VR24(BS ‘zoﬂ

-C '.3"'(“"“0)?0]
0(8+P°)+(|+8R0“24CS|)[9+(‘*A0)Po] (2.4)

c
where ¢ =1%} is the capacitor ratio which is an intrinsic

parameter of a switched-capacitor integrator, and

RON24 = Royo + Rong: The operational aomplifier for this
analysis is modeled as a single-pole circuit with finite

open-loop DC voltage gain Ao and pole freguency at

Bq.(2.4) contains two poles and one zero. The expected

noise variance of VCI2 resulting from VR242 is

E{VCIz ( t :m)}

+00
_£°2kTR0N24IH2(jm)|2dm

(1445)?PRon24Csy
(t+c+A )
2 kT 0
¢ £~ . (2.5)

1+

u

If Ao >> 1 and ¢ << Ao, then Eq.(2.5) can then be reduced to

2 2 wr [ 1+ AoPoRon24Csy
BYv (t,uﬂ} = e . (2.6)
{ ¢ Ci [T+ * AgPoRon24Cs;
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For different value of ¢, there exists two conditions. Con-
dition (1), ¢ << 1, which is usually the case of interest in
low-frequency filters or in high-Q filters; Condition (2), ¢
is not much less than unity, which is the case when the
integrator unity-gain frequency is not much below than the
filter clock rate. These two conditions will be discussed

separately.

If ¢ << 1, then Eq.(2.6) results in a simple %? noise

variance of c? éﬂL. This condition can be applied directly
S1
to Eq.(2.4) and results in a simplified transfer function
113(5) of
H. (S) = Tﬂ:c—-—c— (2-7)
3 *+ 8Ropn24Cs:

which is an one-pole equation as in Eq.(2.2). Therefore, a
similar expected noise variance as in Eq.(2.3) is obtained,
which is c? éﬂL. This noise variance is sampled and stored
in C1 when clock éz turns off, and gives a similar contribu-
tion as the %? noise from switches HI and M3. This result

disagrees with that of a previously published analysis [6].

If ¢ is not much less than unity, then the sampled
noise shown in Eq.(2.6) is less than c2 éﬂL which is the
S1

channel thermal noise of M, and M3 sampled during ¢, by Cg
and transferred to C;. 1In this condition the sampled noise

shown in Eq.(2.6) 18 also dependent on the two circuit-
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.

design parumeters: the operational amplifier unity-gain fre-
quency and the time constant RON24GSI‘ For different values

1
of AP Royo4Cgys the noise of Eq.(2.6) can range from ygz 1o
2 kT
1 of ¢ T
381

Another contribution results from the fact that during
the time when H2 and H4 are turned on, if H7 and Mg turn off
before M, and M4, then the instantaneous noise in their
channels 1s translated to the integrator output and is sam-
pled by the sampling capacitor CSS’ The noise contribution
due to this mechanism can be calculated in the following

manner: ‘The voltage transfer function from the noise source

VR242 to the voltage across the capacitor CS3 (vo2) is

Voz(ﬁ)

Ha(e) = 5o, TV |b0u

-C

~ 1+ 8Ryy70g3 (2.8)

8 [+]
(‘ + BRON24CS‘)(‘ + ‘r_oPo) + szr‘op—o

where RON78 = RON? + Royg. The associanted expected noise
variance sampled by 033, if Mg and Mg turn off before M, and

H4, is

E{vozz(t,uﬂ}

+00 2
_{ozkﬂ'aoua4'u4(3m)l dw

2 kT
= C K (2'9)
Cor A
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where
I I S oo s
0 0"0N24"~S1
) Repy0sC -
ONl24~81
R Cq- R C
+ RO"?BCSj 1 + ‘ e +0§7§ 23 c N (2.‘0)
ON24781 0" 0"0N24~81

Phe magnitude of the coefficient K, is dependent on the cir-
cuit parameters A P,, Rgy4Csy and RgyqgCg3, and 1s always
less than 1. This noise is important only when the output of
the integrator is sampled by a sample and hold circuit. The
noise in Eq.(2.9) has a similar form as the %; noise sampled
in C83 from the channel resistance of M7 and Ma (which is
kT ) If Coz i3 considered as an in

. put sampling capacitor
Tg3 s3

of the next stage, then the noise in Eq.(2.9) can be seen as
a part of. the equivalent input moise of the next stage.

c
Therefore, if c2 KA E§2 << t, then the noise contribution

St
due to this mechanism can be neglected; otherwise, it should

be included in the noise calculation of the next stage.

For the case of ¢ << 1, the integrator output consists

oxr (O51,
of a series of samples whose variance is g— ('C?) « In
R1
Appendix II, the spectrum of this waveform is calculated,
kT

and it is shown that the equivalent input - noise power

spectral density of the switched-capacitor integrator far

- 16 -

below the clock rate is cﬁ%%a or ZkTRscR over the range of

both positive and negative frequencies. llere “sca‘“cg%?g)
is the equivalent "switched-capacitor resistance", and fc is
the clock frequency. Compared with the thermal noise den-
sity of a resistor used in a continuous-time RC integrator
(2kTR), the %; noise power density at low frequencies is
equal to that of the resistor case. Diregt experimental

verification has recently been published }7].

The equivalent input %;

noise power density for fre-
2

quencies not far below the clock rate ( fc } has a 5195—5
x

shape as shown in Eq.(A.17). Prom the properties of an
ergodic process [9)], there is an interesting result from
Eq.(A.17). The total average %; noise power (P) at the input
of the integrator due to M; and M; channel thermal noise is
equal to the power in the time-varying AC component (the
noise variance). This can be proven by integrating Bq.(A.17)

over the entire frequency range.

+00 )
P = 8, (w)dw
4,5

+o0 81n° ¥
- KT ST s
Ts1fc —Bo utty 2
&%)
= éﬂt, (2.11)
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This result also supports the assumption in Eq.(A.8) that
the mean of the thermal noise VR13 is zero (so that the DC
noise power component is zero). Therefore, the noise vari-

ance (or the total noise power) of %g% at the input of the

switched-capacitor integrator shown in Fig.2.1 is a funda-
mental hoise power which is only a function of the tempera-

ture and the size of the sampling capacitor.

2.1.2. Operutional Amplifier Flicker MNoise
2)

1
(or ¢ Noise ) ( Vg

Fig.2.1(d) shows a typical equivalent input noise spec-
trum of an MO3 operational amplifier. The corner frequency (
fcn ) is on the order of 10 kHz to 1 MHz, and is process
dependent. This low frequency noise (flicker noise or %
noise) results primarily from the surface states in the
input stage transistors of the operational amplifier.
Because the power spectrum of the } noise is highly corre-
lated at low frequencies, if the clock frequency is higher

than twice the corner frequency (2f then the % noise can

en)?
be treated as a narrow-band noise. The same method used in
the signal analysis can be applied. The reason for choosing
2fcn as a Nyquist frequency of the % noise is that for fre-
quencies beyond the corner frequency the % noise density is
much less than the wideband noise density in the operational

amplifier; therefore, when compared with the wideband noilse

- 18 -

power, most of the % noise power is concentrated at frequen-

cies below f, .. The following analysis 1s based on this

assumption. FProm Fig.2.1, the recurrence relationships

between Vv, v , and v . are
vorl(n+1)70]) - v, (n2e)

= vpel (n41)2c] = vpelngol + vl (n45)Te]  (2.12a)
Vool (n#1)2:] - vyolnTg)

= Vool (n+1)26]) - vpelnTe] + evgel (n+1)]76]  (2.120)

where T, is the period of the clock f;. Egs.(2.12a) and

(2.12b) correspond to z~-tranaform functions of

vor(2) = vpelz) + fft:r voel2) (2.13a)
Voalz) = vpels) + T:i:r voelz) (2.131b)

which correspond to the power tranafer functions of

J“ﬂc) 2

Sopy (W) v (e

Spelw)

J“ﬂc)

vnf(°
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2
=1 + _—c_l'lﬂ'_ (2.‘48)
481n? —2
2
jufd®
Sora(w)  [vople™ )
Snﬂm) - juﬂ’c)
vprle
c2
=1 + ——UT + C. (2-‘4‘))
48in® —22

The integrator output contains two separate components which
are related to the } noise of the operational amplifier. The
tirst component (the "unity-gain® component), corresponding
to the first terms of Eqs.(2.14), is simply a translated
replica of the % noise. The second (the “"integration" com-
ponent), corresponding to the second terms of Eqs.(2.14), is
the % noise multiplied by the integrator transfer function.
The third term "c® of Eq.(2.14b) is due to the correlation

between the "unity-gain®” and the "integration" components.

This term is negligible when c << 1.

The,% noise of the operational amplifier can be modeled
2

as a noise source of value Vot at the input of the integra-
tor (input referred from the 212233rated“ ngggnent) and a
second noise source of value vnr2 or (1+°)an2 at the out-
put (the ®"translated* componenti. These noise components are

shown in Fig.2.2(a).
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-
I
I
<2

Lol
I3

Noiseless box with ideal switches

(a)

Noiseless box with {deal switches

(b)

Fig.2.2 Equivalent noise components for (a) L noise, '(b) total noise

of a svitched-caSacitor integrator.
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2.1.3. Operational Amplifier Wideband Noise ( Vnt2 )

The wideband thermal noise of the operational amplifier
can not be analyzed by the wmethod deacfibed in the % noise
analysis. This thermal noise (Vnt) in the switched-
capacitor integrator is a non-stationary random process
since the circuit with clock g, on is not in the same state
as with clock ¢2 on. A similar analysis for calculating the
thermal noise resulting from switches M2 and M4 can be

used.

Fron Fig.2.1 the noise sampled by C; from Vntz in the
sampling sequence has a simjlar integration function as the
integrated %? noise described in Appendix II. The detailed
analysis is as follows. If the operational amplifier has an
infinite input impedance or i{f the parasitic capacitance
across two input nodes of the operational amplifier is wmuch
smaller than the integrator capucitance CI, then the noise
sampled by C1 during clock‘él on can be neglected as com-
pared with the noise sampled with clock 52 on. When clock
¢2 is on, the circuit state is changed and the voltage

transfer function from Vit to Vo1 becomes

ver{s) 14c 1 1
) = cf(1455) + )R c 1r%§'
Vntls ¢20" c{( o 5| o ON24”31 * oo
2 Ronzq®s1 |
+ 8¢ et 90 (2.15)

LI
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In the usual case, A, >> 1 and fl << 1, Eq.(2.15) becomes
o

ver(e)
V(87 |f0n = Hs(s)

= c = (2.16)

(1+3Ron4C51 ) (4 p2) + 2 75

and the expected noise variance sampled by C; fron Vntz is
2 +00 2
x4v (t uﬂ} = [ 2kTR |u (jm)l dw
Cl ' 5o teq]"5
o2
= kTRteq (2.17)

1+c
Ron24%s1 + 75,

vhere 2kTR is the equivalent input thermal noise density

teq
of the operational amplifier with equivalent thermal resis-

tance Rteq' The band-limiting factor in Eq.(2.17) is deter-
AP

R I(: and 1°+c°'

0H24%81

‘ W\
Fon2aCs1 is dominant, then the expected noise variance is

If

mined by the smaller bandwidth of

R
2 2 k7 Pte
Efv,,<(t uﬂ} = ¢ (2.18)
{ cr " Cs1 Ronza

which, in fact, is one type of %? noise. This noise variance
will be sampled and stored by cI in every clock cycle after

clock ¢2 turns off. Thus, the noise analysis shown in
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Appendix II can be applied and results in a noise power den-

sity at the input of this switched-capacitor integrator of

R
kT te
, over both positive and negative frequencies. In
Csifc Roneg

some applications the operational amplifier has a narrow-
1
band design (i.e. A_P_ << ). In such a case the
o' Rou24Cs)

noise sampled by C; from Vnt2 is
Blva 2(tu) b = c® kTR, A P (2.19)
CI ! = teq”o*o :

and the equivalent input noise density due to this

APy

2
noise is equal to kTR over both
teq ?c

"integrated" Vot
positive and negative frequencies. This is the wideband

noise density of the operational amplifier ( 2kTR ) mul-

teq
A
tiplied by the effective number of aliasing ( 1;%2 ).
[

The above analysis considered only the "integrated"®
noise from Vg tO ver- Moreover, when clock ¢‘ is on, the

2 will be sampled through the operational

thermal noise Vot
amplifier by the sampling Egggcitor 032 of the next stage,
and when clock ‘2 is on, vnt2 will be sampled by 083 as
well. These noise samples are due to the “translation®
characteristic of the circuit. That is, if the operational
applifier is connected by the feedback network as a non-
inverting amplifier, the transfer function from the non-
inverting input to the output of the operational amplifier

is one plus the impedance ratio of the external feedback

- 24 -
circuits.

When clock ﬁ, is on, the voltage transfer function from

Vot to the voltage across the capacitor 032 ( Vol ) is

voi ()

Vntz 8;

: L (2.20)
l(‘*I;) + Iﬁ%;](' + 8Roy56Cs0)

gyon =

where R0“56 = RONS + RONG’ The noise variance sanmpled by
032 is

2 1
li!{vo1 (t,w)p = kTRygq - — (2.21)
oN56Cs2 + Wops

This result shows that the voltage transfer functions of
Eq.(2.16) and Eq.(2.20) have similar band-limiting effect on

the wideband noise of the operational amplifier.

The same discussion as in Eq.(2.17) gives the result
that the equivalent noise, over both positive and negative

frequencies at the input of the next stage is equal to

R
k? _“teq if 1 << AP (2.22)
Ts2 Ronse KonseCs2 oo*
and
1
. 2.2
kTRtquoPo ir ARy << RBE;EEEE (2.23)
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When clock $, is on, and 1f Ay >> 1 and £ << 1, the
o

noise Vot ) translated to thé capacitor 033 has the fol-

lowing transfer function

Voz(s) ~ “5(5) (|+0) + 8R0N24CS' (2 24)
Vael8) | 00 T e TRy 9603 )

where “ou7a = 30“7 + Rgyg- The noise variance sampled by

Cg3 is
2
E{voez(t.m)} = KTRygq — ‘f*"’ = Xa (2.25)
oN780s3 * TP
00
where
15 ct2
4 clt + Tve T;(‘ + ot A°P°t3)]
KB =1+ » (2.26)

t

1+(1+c)

R B f%
(1+c)2 AoPy

t‘ = R0H24CSI' and t3 = 30878083‘ The wagnitude of the
coefficient KB is dependent on the parumeters AOPO, R0N24cs'
and RON7BCSS' and is always less than 1. If c << 1, the

noise variance becones

D{vozz(t.m)} = KIRyoq L (2.27)
Ron7etss + 7y

o0
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Again, this result is similar to the result in Eq.(2.17) or
Eq.(2.21). They are all band-limited by the resistance and
capacitance of the switches and the unity-gain frequency of
the operational amplifier. Prom the analysis shown in Appen-
dix II, the translated wideband noise of the operatijonal

amplifier contributes an equivalent noise density of

kTR
teq L (over both positive and negative fre-

f
¢ PRowmlss + xp;
quencies) into the input of the next stage when clock dz is

on.

2.1.4. Sumbary

If the frequencies of interest are much lower than the
clock frequency fc, the DC voltage gain of the operational
amplifier is large, the (“ouz*“ou4)cs1 time constant is much
smaller than the turned-on period of switches "2 and M4. the

leakage in the integrating capacitor can be neglected and
c
1%}(=c) << 1, then the noise can be represented by two

sources, one at the input and another at the output. The

input noise density is

2 2
v kTR v
ni 2kT teq nf
IE C o + - - + (2.28)
S1°¢C R Cut + 1 P ar
0ON24~81 KoPo C
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and the noise density "translated® to the output node of the

integrator and sampled by c82 and 033 are

2 2
Ynot _ kTRy o q Vnt
nr = T + F (2-29)
RognegCan + 15— 2
0N56~82 KOFO [
and
2 2
v kTR v
no2 _ teq nf
o + R (2.30)

1
[ROMBCSB * IO_PO] fc

respectively, where Rteq is the equivalent resistance of the
input referred thermal noise of the operational amplifier.

These equivalent noises are illustrated in Fig.2.2(b).

In a ladder filter structure as shown in Fig.2.3 the
integrator A has a differential input sampling capacitor
with twvo inputs being sampled from two other integrators®
outputs. The sampling capacitor CSA will sample the two
“translated” operational amplifier wideband noise components
(the first terms in Egs.(2.29) and (2.30)) and the two
"translated® % noise components (the second terms in
Eqs.(2.29) and (2.30)) from integrators I and II and will

integrate these noise components into the integrating capa-

eitor cIA. If Kﬁrz is much smaller than the time constants

of the switched-capacitors in §13.2.3 (1.e. R0N24CSI'

R0N56682 and RON"BCS3 are much larger than ]—O!P;
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Cu
4% ¢E C;
o ]
Csi —O0V,g
. Vat1+Vni e,
C _
b L VHER )
- i | T

Fig.2.3 Noise in a differential switched-capacitor integrator.
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in Egs.(2.28), (2.29) and (2.30)) and the operational
amplifiers have the same thermal noise density (ZkTRteé)'
then the total equivalent This integration results in an

effective % noise power of 3 vnf2 (in Eq.(2.14a) case) or

C C hammar
{3+ (3%%) + (5%5)]vnf2 (in Eq.(2.14b) case) at the input

of this integrator, assuming these three operational amplif-

iers have the same % noise density.

2.2. MNoise Calculation in Switched-Capacitor Pilters

The steps used for calculating the noise in switched-
capacitor filters are described in the previous section. The
steps which have been used up to the point of celculating
the equivalent input referred and translated output noise
componenta in a switched-capacitor integrator are shown in

Sections 2.1.1. to 2.1.3.. The rest of steps will be shown

in this section.

2.2.1. Equivalent Noise Sources in Switched-Capacitor

Filters
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In order to calculate the total noise at the output of
a switched-capacitor filter, the noise sources or the
equivalent noise components inside the filter must be
weighed by their own tranasfer functions. In a RLC passive
filter the transfer functions from a voltage source “in
series with an inductance element or a current source in
parallel with a capacitance element to the output of the
filter can be easily found by a circuit simulation program
such as SPICE. To design an active filter one can translate
the passive filter structure into a signal flow graph with
the energy storage elements replaced by the integrators. By
doing this the voltage sources in series with the inductors
and the current sources in parallel with the capacitors
become the inputs to these integrators. This translation is
explained by an example of a fifth order 1ladder lowpa;s

filter shown in Pig.2.4(a). In this figure the v_.'s and

n
1n'a are the equivalent noise sources of the associated
energy storage elements simulated by the active circuits,

not the noise sources in these passive elements.

Prom Pig.2.4, the reason for analyzing the noise cou-
ponents in a switched-capacitor integrator and referring
them into the input and the output of the integrator is
clear. For example, the total equivalent no}se power at the

input node of the integrator E%; is the sum of its input

referred noise (Bq.(2.28)) and two translated noise com-
ponents (Bq.(2.29) or Eq.(2.30)) from two adjacent stages

5%5 and 5%- . This condition also occurs in the
4
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4
(inl) (in3) (in5)

(b)

Fig.2.h Noise calculation in the filter,
(a) a fifth-order Chebyshev lowpass filter,
(b) signal flow graph of (a).
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two terminated stages ( Eé; and E%; ). The total equivalent

input noise power at the input of the integrator E%‘ (or Eé‘
1

5
) is equal to the input referred noise of the terminated

stage 1itself plus the translated output noise components

from the integrator E%T (or aég) and the inner integrator

(3%5 or E%;)’ This evidence also explains the fact of three

noise power discussed in Section 2.1.4..

2.2.2. Pilter Noise Calculation -- An Example

A 5-th order Chebyshev 1lowpass filter shown in
Fig.2.4(a) and 2.4(b) will be used as an example for noise
calculation. In PFig.2.4(b) the voltage transfer functions
from each noise source at the input of the integrator to the
output of the filter are shown in Pig.2.5. The basic rela-
tionship between the input and the output noise spectrum in

a network with a transfer function of H (jw) is
2
80w = 8, (w)[H (ju)] (2.31)

where 'Hn(Jnﬂlz is the power transfer function from the

noise source to the output of the network. The total output

noise power spectrum of the filter shown in Fig.2.4 is

2 2
3ho0(w) = mgtsnim(“ﬂlunm(juol + 8,05 (w) (2.32)
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Fig.2.5 Noise transfer tunctions in the filter of Fig.2.h.
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vhere 8 . (w) is the total equivalent noise power density at

nim
the input node of the m-th integrator which includes the
input referred noise components of the present stage
(BEq.(2.28)), and the "translated" noise components from the
outputs of the adjacent integrators (as in Eq.(2.29) and
Eq.(2.30)); H,.(jw) is the voltage transfer function frow
the input of the m-th integrator to the output of the

filter; and 8 _ .(w) is the “translated” nocise from the noise

noS
sources of the 5-th integrator appearing at the output of

that stage (also the output of the filter).

It is assumed that the noise sources in the filter are
uncorrelated so that a simple noise power summation as

Bq.(2.32) can be performed.
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CHAPTER 3

EFFECT OF OPERATIONAL AMPLIFIER OUTPUT IMPEDANCE
IN HOISE ANALYSIS

The noise analysis shown in Chapter 2 is based on the
assumption that the operational amplifier is modeled as a
single-pole network with a finite open-loop voltage gain Ao.
This type of network is an ideal voltage-to-voltage con-

A
verter which depends only on the relationship of ———Jla—
1

Y
between the input and the output nodes of the network. In
other words, the output node of the network sees zero
impedance; thus, the amplifier contributes no band-limiting
effect in the calculation of the noise variance sampled by
the sampling capacitor of the next stage. In Chapter 2 when
calculating the translated noise from the operational
amplifier to the sampling capacitor of the next stage ( c32
or 033 ), the band-limiting factors for the wideband noise
were the unity-gain frequency of the operational amplifier
and the pole formed by the channel resistance and the sam-
pling capacitance of the next sampling switched-capacitor.

However, in calculating the noise contribution to 082 (or

033 ) from the thermal noise of the channel resistance of
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the next stage ( Ronse or Roygg )» the band-1imiting mechan-
ism is only in the channel resistance and sampling capaci-
tance of that switched-capacitor. This results in a simple

noise sample of %% to that stuge. This may not be true when

the amplifier is designed without output stage, as in a
transconductance amplifier. This chapter will only analyze
the effect of the operational amplifier output impedance in
noise calculation with clock ﬁ‘ on. The noise contribution
in different amplifier configurations such as a single-stage
amplifier with and without the output stage will be dis-

cussed.

3.1. A Single-3tage Amplifier

In order to understand the effect of the operational
applifier output impedance in the noise calculation of the
sampling switched-capacitor connected to the output of the
applifier, a single-stage amplifier shown in Fig.3.1(a) is
used. In Fig.3.1, C; is the integrating capacitor, cp is
the parasitic capacitance at the input node of the amplif-
ier, "L and Cgy, are the sampling switch and capucitor of the
load stage respectively, Gm is the effective transconduc-
tance of the amplifier, Ro and co are the resistance and
capacitance at the output node, and veq12 (=2kTRteq'Aw) is

the equivalent input wideband noise of the amplifier.
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(c)

Fig.3.1 (a) A single-stage amplifier with output sampling switched-
capacitor, (b) small-signal model of {a), (c¢) equivalentcircuit

for b=1 and cot‘zcsL‘
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The voltage transfer function from the equivalent input

wideband noise of the amplifier to the voltage across cSL is

1

vole) (3.1)

V.ai1(8) C,. + C t;C ‘

eqt ot SL 2 Lot

1+ 8(ty + v, ) + 8¢ —
Cy
where b = 5;—;—55. Cot = bcp + C,, and tp = Ryy;Cgqy. The
noise variance sampled by Cgy from veq12 is
2 2
E = . * '2
{vo (t.m)}‘ kTRte‘m e 7 CaL (3.2)

Roursr + — va_

Phe output impedance of the amplifier when it is connected

as an integrator is

1
2. = . (3.3)
ox (&- + me) + 8C¢
o

In the usual case bG R, >> 1, the voltage transfer function

from VRONL to v, is

Yole) L (3-4)
v ) © €. +C t,C :
RONL 1 ox sty + ot - 8Ly , g2 ‘L :t

and the associated noise variance sampled by CSL from the
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2
noise source VRoUL is

1+ 5322_
E{v 2(t,u)} = kTR n’L (3.5)
Yo MU, OllL Cot * o1 ’
Rourlsy + — w0
The total noise variance sampled by Cgy from Veq12 and
VRONLZ is then equal to
R c
teql ot
- (=35 + Roylt + sorpae) ]
v 2| = kT b o ONL”SL . (3-6)
o ltot Cot + Cg,

RopiCsy, + — i

If Cp << Cy, "b" approaches unity, and Vozltot is equal to

KTR
teqi K% [ 1
Cot * s« Csp |1 1 6.7
Ry Car + + T
ont®sL * —va_ 6 R 4 L0
wfonL * T

SL

Comparing the first term with Eg.(2.21), it can be seen
that the difference is the band-limiting factor in the
unity-gain frequency of the eamplifier. From Fig.3.1(b) the
open-loop voltage gain and the pole of the amplifier are

Ao = GmRO and Po s IF%I‘ respectively, which result in an

o o

G
unity-gain frequency of UE‘ This is the same case as that
o
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of considering the amplifier having an ideal voltage buffer
at its output such that the capacitance load ( Cgp, and bcp )
will not affect the intrinsic unity-gain frequency of the

amplifier. The non-ideal output impedance reduces the
G
“effective® unity-gain frequency ( zr——ffla——) and the amount
ot SL

of the noise to be sampled by c8L from v 2, the second

eql
term of Eq.(3.7) shows that the finite outhl impedance (due
to finite Gm and cot ) of the amplifier also has the effect
of reducing the amount of the %? noise to be sampled by cSL
from the channel resistance of the switch M. The net

effect can be seen as follows.

Because the equivalent noise resistance of the amplif-

ier R

tegt is approximately equal to % é—, an interesting
1]

C
result occurs when b( = U—-igﬁ-) = %. Substituting this
I p

value into Eq.(3.6), vozltot becomes ég%. The capacitance

ratio “b® is the feedback factor in the circuit configura-

tion of Fig.3.1. PFor different values of b, Vozltot becomes

2 KT 2

Vo ltot > -c-s-—L if b < 3 (3-88)
2 kT 2

Vo 'tot < -cs—L- if 3 <b<1. (3-8h)

Eq.(3.8b) is normally valid in switched-capacitor filters.
It is <fortunate that the amplifier with finite output

impedance as shown in Pig.3.1(a) will not only reduce the
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amount of the amplifier wideband noise sampled by Cgy,s but
will also make the total noise to be sampled by CSL even
less than the fundamental %? nojse in a simple switched-

capacitor ( gg% ), assuming the condition % <b<1t is
* 8

gatisfied. The minimum total noise variance (v 2 ) that
) o {tot

can be achisved is with b=i, cot << cSL and ROHL <« 'G‘_

o

These conditions will result in a value of % ég%. The

equivalent noise circuit for b=1 and cot << Cgy, is shown in
Fig.3.1(c), from which one can see the factor of % is from
the difference between the equivalent noise resistance (

% &L ) and the transconductance G, )} of the MOS device. In
o

the circuit configuration of Fig.3.1(a), if bG R, >> 1 and
me > Iecotl in the frequency range of interest, the output
impedance from Eq.(3.3) is equal to one over the transcon-

ductance of the circuit 2o ¢ é— ). This s; is also the

m
output impedance of an MO3 transistor when it is connected

as & “"diode".

3.2. A Single-Stage Amplifier with Output Source Pollower

A single-stage amplifier with a source follower output
stage is shown in Fig.3.2(a). The small signal model for the
noise calculation is shown in Fig.3.2(b), where Ro! and CO‘
are the total resistance and capacitance at node V', R°2 is

the resistance associated with the output current source,

<-
Y0

AA4}

0

e
4kaL,
Vi

Ce TGuft

- h2 -

2 -
Vi :8; Va ..]Vuo v Ronw v
] _[_ Raz_LCoz= f c I

T

T Tﬂnz(\‘-Vdeq
L

* (b)

\ g

<Zox2

Fig. 3.2 (a) A single-stage amplifier with an output‘source follower,
(v) small-signal model for noise calculation of circuit (a).
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002 is the total capacitance at node V2, v 2 and v 2 are

eql eq2
the equivalent input noise of the gain stage and the source
follower respectively, and Gm and 8,y are the effective
transconductance of the gain stage and the source follower
respectively. The voltage transfer functions from the noise

sources v, 4 and Veq2 to the output v, are

€q
vo(s) 1 1
= (3.9)
veqt(s) b l+a‘e+5282+a383
v_(s) 1 + 8t
1y = o 2! 3 (3.10)
eq2 ol l+a‘s+a23 +ags
where
a, = t; + bot + 1 (C + Cqr) (3.11a)
1 L EA°| 5I°lgm2 ot2 SL
o o (ot * b2 * %oy (Cgp, * 8uaty) (3.11b)
2= YY) .
01°m2
t ,t.C
ol "L ot2
8y = B —m— (3.11¢c)
3 o18p2
and
Cq

b= L Aoy =GRy > 1,

t

o1 = Bo1Co1r b1 = RonpCape
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Cotz = By + Coy  BuoRop 2> 1.
The impedance looking into the output node V2 is

1 + 8t
ol , (3.12)

2, =
ox2 2
bAgi8pa + 8(Coyp + gratoy) + 8% Copoty

the voltage transfer function from the noise source VeonL to

Vo is
8(Coyp + Buotoy) 82 C oot
. ot2 * &m2%01’ ot2%o1
vols) A4 82 DA 802
VronL{®8) 1+8,8+ay82+a 8"
(145) (142)
= — 2 (3.13)
l+a13+a23 +a3a3
where
LI B Cot2 * 8patos (3.14a)
Z, T2, DA .ago ‘
Zy % 018m2
1 _ Cot2bo (3.14b)

2,5,  DAjE’

and 8y, 8y, a8y are the same as in Eqs.(3.11). The total

[

noise variance sampled by QSL from the noise sources veqiz-

2 2
veq2 and VRONL is
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Ik a R (a, + ¢ 2)
v 2| = kT teql1™2 + teq2'®2 ol
o |tot 8,8, -8z l b2 bon‘a
+ Ry (a +:!- ! v L) (3.15)
OHL*®2 a. 2 2 2 2 *
3 2,2, z zy

The contribution from veq22 (the second term in Eq.(3.15))
is important as long as its magnitude is on the same order

as that of the rirst term. This contribution is mainly from
A
the zero ( w, = f:? ) in BEq.(3.10) which is located at a

lover frequency range as compared with the poles (

[
SL
PiePpiby = g + oLl + o1 + EoRoy)])  in Eq.(3.10).
ol L ot2
vo(
eq2
significant gain increase when the frequency passes through

8
Theretore, the voltage transfer function s shows a

v

the zero ( w, = ;lT ). ‘the bandwidth of this “gain-pesking"
o

in the transfer function of Eq.(3.10) can be narrowed by

making cot2+CSL(' + emZROHL) larger than c.,.

The third term of Eq.(3.15) is the noise contribution

from the noise source VRONL2 which can be simplified as

2 KT
\'J = K, (3"6)
° lRONL Cgp C

where
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c
Kt =1+ Sk = (3.17)
1
1+bA°‘ (*r‘ + “To-")
Cot2 * 82ty T
1 + + —
BT toi
. nd /
8u2to1 + Cog2 -
and h1 = oL . The magnitude of the coefficient Kc

is less than 1.

If the source follower ia an ideal buffer, 8o tends to
be very large, and Kc -1, Rteqa - 0, a3 - 0,
a, = (ROHLCSL + g&t). Then this cese is the same as in

Bq.(2.25) discussed in Section 2.1.3.. The total noise vari-

ance sampled by Cgy ( “ozltot ) is equal to

kTR
" teql  , kT (3.18)
SL

ol
RonrCsy * B0

Notice that for meRo“LCSL'>> col this noise variance is (

R
1§231 ) times larger than a single éﬂl noise.
ONL SL

3.3. Suanmary

The above noise analysis for considering the opera-
tional amplifier output impedance shows that the output vol-

tage buffer does have less band-limiting effect on the noise
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than an operational amplifier without output stage. Also a
ninimum %? noise can be achieved in a switched-capacitor
filter by using amplifiers without any output voltage
buffer. The analysis also shows that there is a factor of %
difference between the equivalent noise resistance and the
output impedance of an MOS transistor connected as a diode.
This difference does help the total noise performance in
active sample and hold circuits like the switched-capacitor

filters. . .

If the operational amplifiers in a switched-capacitor
circuit are only used to drive a moderate amount of capaci-
tive load, improved %; noise performance can be obtained by
designing & transconductance amplifier instead of a low out-
put impedance amplifier. But if a large capacitive load or a
resistive load exists in the circuit and is driven by a
switched-capacitor integrator, a low impedance output stage
is necessary in the amplifier. In this case an amplifier
design with low nteq1 and high 8,2 18 recommended in order

to minimize the net wideband noise contribution.
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CHAPTER ¢4

NOISE REDUCTION TECHNIQUES

From the discussion of Chapter 2, the important noise
sources in switched-capacitor filters are the thermal noise
in the channel of the MOS switches (%? noise), the } noise
and the wideband thermal noise contributed from the opera-
tional emplifiers within the filters. The K noise is the
fundamental wideband noise in switched-capacitor integra-
tors. Its noise density is inversely proportional to the
slze of capacitor used. The % noise component is dependent
on the process used, the operational amplifier design and
the gate capacitance of the input transistors in the opera-
tional amplifier. Its noise density is also inversely pro-
portional to the capacitor size (the gate ares). The wide-
band thermal noise in the operational amplifier is generated
by the MOS channel resistance whose equivalent input
referred voltage noise density is inversely proportional to
the transconductance of the amplifier. The contribution from
this noise source can be nade lnslgnif!can; by using an
amplifier without an output stage. If an output stage is
required in the circuit, this noise contribution can be made

small compared with the %? noise by using a large



- 49 -

transconductance input transistors in the amplifier. For-
tunutely, this wideband noise source is independent of the
physical device size. Therefore, with reductiona in techno-
logical feature size, the requirement for both low %; noise
and low operational amplifier % noise limits the ability to

scale down the physical dimensions of the filter.

This chapter will first discuss the fundamental limits
on noise and dynamic range in switched-capacitor filters
versus the scaling in technological feature size. Since the
% noisé is colored, noise translation techniques can be used
to shift the noise energy to a higher frequency from the
frequency range of interesé in the passband. Therefore, in
the second part of this chapter two methods for reducing the

% noise in the low frequency range will be described.

4.1. Fundamental Limits on Dynamic Range

versus Scaling Effect

The effects of scaling the device geometry in digital
MOS circuits have already been discussed [10]. PFig.4.1(a)
shows the relative changes in the circuit performance. Here,
K is the scaling factor related to the nominal value, tox is
the gate oxide thickness, and W and L are the channel width

and length, respectively. For a scaling factor of K

Dimension ( t W, L)

ox"
Doping Concentration ( N )
Voltage (V)

Current ( I )

Capacitance ( C )

pelay (&%)

Power ( IV )

Power-Delay ( ov? )

(a)

1/

K

KMR ®n 8 =

=

w
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Noise Source Scaled by Signal Voltage Swing Dynamic Range

EZ Notse 1/K
1 1/K
Y3 Noise

Op-Amp 1

Wideband Noise

(v)

Fig.h.1(a) Circuit performance for the scaling factor of K.
(b) Dynamic range versus scaling factor of K in three

noise sources.
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smaller than 1,the gate capacitance per unit area (cox)
increases by a factor of 1/K. With the same % ratio in the
transistor, the total gate area reduces by a factor of Ka.
and the total gate capacifance reduces by a factor of K.
Therefore, for a desired capacitance value in the circuit,
the capacitor area can be scaled down only by a factor of K.
In order to avoid the oxide breakdown and the punch-through,
the operating voltage has to be reduced by a factor of K. In
an NMOS transistor the relationships between the drain
current (ID)' the transconductance (gm), the % ratio and the
gate to source voltage (VGS), vhen the transistor is biased

in saturation region, are:

u C
_ _0°0X W 2
Ip = =7 1 (g - Vq) (a.1)
_ .|
8y = uCox T (Vg5 - Vo) (4.2)
where u, is the electron mobility. With the same % ratio

the operating current (ID) is reduced Ly a factor of K,
while the trensconductance remains constant, assuming

(VGS“VT) is scaled by the same factor K.

In discussing the noise performance of switched-
capacitor filters with device ascaling, the % ratio, an
important parameter in MOS device geometry (in both trensis-
tor and capacitor), is kept constant. For a scaling factor
of K, the noise performance and the dynamic range change as

shown in Pig.4.1(b). The %? noise and the } noise pover
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denasities increase by a factor of {. while the operational
amplifier wideband noise power density is unchanged. Since
the power supplies and the operating voltage are scaled, the
available signal swing 1is also scaled. To simplify the
analysis, the distortion due to scaling effect is ignored.
If either the %; noise or the % noise is dominant, then the
dynamic range (both signal and noise are in units of vol-
tage) is reduced by a factor of K3/2; and if the operational

amplifier wideband noise is dominant, then this factor is K.

In summary, the %? noise is the fundamental wideband
noise in the sample/hold circuite. This noise can be reduced
either by using the larger capacitor size or by operating
the circuit at lower temperature. The operational amplifier
wideband noise can be reduced in switched-capacitor filters
by designing the amplifier without an output voltage buffer.
The % noise can be reduced either by using large input dev-
ices to obtain large gate capacitances or by using buried
channel devices to avoid surface states in the device chan-
nels. However, these two approaches will increase the chip
size and process complexity. Another approach is to use
circuit design techniques for reducing the low-frequéncy
noise through the frequency translation methods such as the
correlated double sampling technique and the chopper stabil-
ization technique. -Both techniques require‘ discrete-time
systems to operate. Therefore, it is convenient to implement

then in switched-capacitor circuits.
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4.2. Correlated Double Sampling Technique

The correlated double sumpling method has been used in
implementing low noise readout circuits for charge-coupled-
device signal processing [8),[11],l28]). This technique is
based on the clock operation in sampling two different data
in the circuit: one sample is the significant n;ise com~
ponent of the circuit and another sample is the input signal
plus the noise component with aom? delay. The circuit for
thia technfque should also be allowed to do a subtraction
function between those two samples and an amplification of
the difference. Having this operation, the noise energy in
the circuit will be shifted to the clock frequency and its
harmonics and will be reduced in the frequencies in between.
This result offers the applicability of a system which has
its baseband in the low-noise frequency regions and obtains
.an effective higher dynamic range inside that baseband. The

details of this technique is shown in the following section.

4.2.1. Principle of Correlated Double Sampling

Fig.4.2 shows a conceptual correlated double sampling
(CcDS) system. The sample and hold (S/H) and the subtractor

are incorporated in the amplifier with an equivalent input

2

noise of Va whose spectrum is shown in PFig.4.2(a).

-5y -
Sw 2
Vinz Y Vout
O—e
S
= 4
Vv ON
POSITION | I OFF I
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¢ PosITION 2] og¢
¢ vplc
«—Tc—

(a) (b)

v
-

(c)

Fig.h.2 (a) Principle of correlated double sampling technique;
(b) control clocks of the switches; (c) equivalent
input noise of the circuit (a).
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The sample/hold and the subtractor are required to perform a
Yone minus one's delay" function. The switch is controlled
by two non-overlapping clocks with period of Tc as shown in
Pig.4.2(b), where pTc is the delay between two fall edges of
the clocks. In the z-domain, the noise, Vhoup: @appearing at

the output is equal to

Voour(z) = a vo(z) (1 - 27P) (4.3)

jufl
where 2z = e c. The associated noise power gz-transform

transter function is
[Mops,(2) |2 = a2 (2 - 27P - 2P ) (4.4)
in the z-domain and is
Hopgy( J0) |2 = 2 8% (1 - cos upT, ) (4.5)
CDSw wic .

in the frequency domain. Therefore, the equivalent input

noise of this correlated double sampling amplifier is

vneq‘a(uﬂ =2 (1 - cos wp?s ) vnz. (4.6)

1f Vn2 is a colored noise 1like the % noise shown in

Fig.4.2(a) (on a linear-linéar scale), then the equivalent
input noise spectrum will look like in Pig.4.2(c). The

“zeroes of the noise density function" appear at the
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integral multiples of

t’;.’;i_.

4.2.2. Circuit Implementation of Correlated
Double Sampling Technique

The best way to implement a subtractor in a sample/hold
circuit is to use a decoupling capacitor between the circuit
which is dealing with the input sample (the signal and the
noise) and the output amplifier. A circuit realization of
the correlated double sampling technique is shown in
Pig.4.3. Here, Ay and A, are the preamplifier and the output

amplifier, respectively, v and v, ., are the equivalent

ni
input noise sources assoéiated with stages A‘ and Ap,
respectively, R, and R, are the feedback resistors in the
preamplifier, CD is the decoupling capacitor, c,z is the
input capacitance of the output amplifier, and SWi1 and SW2
are two switches controlled by two non-overlapping clocks in
switching between positions | and 2. Conceptually, during ¢‘
the noise at the output of the stage 4, (with R, and R,
feedback network) and the equivalent input referred noise of
the stage A2 are sampled across CD, and during ¢2 these sam-
pled noises are still kept by CD while the input signal
passes through cD. Effectively, the sampled noise is sub-
tracted out by cD. The clock waveforms and the correspond-

ing switch positions are shown in Pig.4.2(b).
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Fig.4.3 (a) Circuit realization of correlated.double sempling (CDS)
system, (b) control clocks of the switches; (c) equivalent
circuit and noise of the circuit (a).
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In the g-domain, if CD>>c12, the total noise, VhouT»
appearing at the output is equal to

R
voour(z) = (1+ 72) a,(1-2"P)v . + a,(1-z~P)v 4.7
nout RT 2 ni 2 n2

where a8, is the voltage gain of the output amplifier Ay.
The system voltage gain from Vin to voyp when the circuit is

R
in the "“active" mode (switches in position 2) is Fg a,.
1

Therefore, the equivalent input noise of the circuit is
Ry - Ry -
Vieqi(z) = (14 ﬁ;)('"z Plvgg + ﬁ;("z PIvpa. (4.8)

If v,; and Vh2 8re on the same order and if the voltage gain
R

of the preamplifier {(determined by the resistor ratio Kg )
1

is much larger than 1, then the equivalent input noise den-

aity in the frequency domain becomes

VieqrZ(w) = 2 (1 - cos wpty ) vy,2 (4.9)

which is identical to Eq.(4.6). The equivalent circuit with

equivalent input noise v ! ia shown in Fig.4.3(c).

eql

The drawback of this circuit is that the output node of
the amplifier (VOUT) must slew back and forth between the
signal level and the initialized level (the level when both

switches are in position 1) during the clock sequence. This
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operation puts severe constraints on the amplifier's set-
tling time that will lipit the performance of a switched-

capacitor filter working at a higher clock rate.

4.3. Chopper Stabilization Technique

Another noise reduction technique is to apply chopper
stabilization in the amplifiers of the filter. This tech-
nique has been used in the past in the design of precision
DC amplifiers [12]. he basic concept of chopper stabiljza-
tion is to force the AC and the DC components of the incom-
ing signal to travel in two different paths withih the
amplifier. The DC path contains a DC chopper amplifier
vhich provides the DC bias to the AC amplifier. Pig.4.4
shows this concept. HP and LP represent high-pass and low-
pass circuits, respectively, vOSt and V052 are the
equivalent input offset voltages of the DC (A.) and the AC
(AZ) smplifiers, respectively, and Ay and A, are the voltage
gains of the amplifiers. After the DC chopper amplifier,
VOSI is chopped and shifted out of the low frequency range.
After the second low-pass circuit (LP2), Vogy is filtered
out. This will result in a net offset voltage of A2v032 at
the output Voup+ If A, is much larger than 1, the total
equivalent input offset voltage at the input of the amplif-
_V_g;:@-

ier Vin 18 equal to ~ 0. This stabilization will

Vin
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Pig.h.b Concept of chopper stabilization technique.
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reduce the equivalent input 1low-frequency noise as well,

provided that the low-frequency noise i3 colored.

A moditied chopper stabilization scheme is used in this
research work. This acheme simplifies the circuit complex-
ity by modulating/demodulating the signal and only modulat-
ing the noise without separating the amplifier into two
paths. This section will explain this modified chopper sta-

bilization technique.

4.3.1. Principle of Chopper Stabilization

The schematic of the chopper stabilized amplifier is
shown in PFig.4.5. The amplifier consists of two stages, the
first stage has voltage gain a,, and the second stage has
voltage gain ay. Inserted at the input and the output of
the tirst stage are two multipliers which are controlled by

a synchronized chopping square wave of amplitude +1 and -1.

The input referred noise spectrum of the stage a, (ana) and
a voiceband input signal spectrum (SIN) are also shown in

Fig.4.5(a).

After the first multiplier (at node A) the signal is

modulated and translated to the odd harmonic frequencies of

2
nl

After the second nmultiplier (at node B) the signal is demo-

the chopping square wave, but the noise v is unaffected.

dulated back to baseband, while the noise is modulated.

Sin Vo
h_ f k__, f +4

NOISE

SIGNAL m ' h f
N

Viy :.“' ’ ’ Vour

2
Vneq

4

(b)

Fig.h.5 (a) A modified chopper-stabilized amplifier and the
assoclated noise and signal spectra,
(b) equivalent circuit and noise of the circuit (a).

- 62 -



- 63 -

The spectru for the translations of the signal and the noise
at node A and node B are shown in Fig.4.5(a). This chopping
operation results in an equivalent input noise spectrum as
shown in Fig.4.5(b), where the low-frequency noise component

n12 (typically the % noise component in this example)

of v
has been shifted to the odd harmonic ffequenciea of the
chopping square wave. The noise density at low frequencies
is now equul to the "fold-back" noise from those harmonic }
noise components. Thérefore, if the chopper frequency is
much higher than the signal bandwidth, then the } noise
inside the signal band is greatly reduced by the use of this

technique.

Unlike the “zero noise densities" at the integral mul-

tiples of i%— in the correlated double sampling technique,
c

the noise density at the even harmonic frequencies of the
chopping square wave remains unchanged. The reason for this
is that the noise at these frequencies is not modulated
either by the first or by the second multiplier. Because the
phase change of the noise with these frequencies is exactly
equal to the phase changes of the multipliers, both multi-
pliers do not "catch® the phase change of the noise between
the clock sequence and have no modulation effect on the
noise at even harmonic frequencies of the chopping square
wave. This fact can be also verified by ueing Eq.(A.23).
Prom this equation, the equivalent input noise density at

frequency 21fp (1 is the non-zero integers) is equal to
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8, .0 (212.) = K /2 ozbl I [ RN WE—— —
ne(22fp) = 7= 2 iyl ezt ey
= m_K'/i (4.10)

which is equal to the original % noise density at frequency

21fp (Sﬂl(Zlfp)). This result explains that the net effect
for modulating the noise (or the incoming signal) with fre-
gquencies equal to the even harmonic frequencies of the chop-
ping clock is zero. The summation of all aliasing components

will bring the net result equal to the original value.

4.3.2. MOS Iuplementation of Chopper Stabilization
Technique

An MOS implementation of the chopper stabilization
technique lh\ghown in Fig.4.6, where a, and Vi (a2 and Vn2)
are the voltage gain and the input noise of the first
(second) stage, respectively. The multipliers described
before are réalized by two cross-coupled switches which are
controlled by two non-overlapping clocks ‘pl and ¢p2. ¥hen
ﬁpl is on and ¢p2 is off, the equivalent input noise is
equal to v , plue v, divided by a;. When dp“is off and ﬁpz
is on, the equivalent input noise is equal to -v,, plus
vy2/8y. If the voltage gain of the first stage (a,) 18 suf-
ficiently high, the noise contribution from the second
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Vaeq = ~ Vai + Va2 /0,

Fig.4.6 MOS implementation of a differential chopper-stabilized
amplifier.
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stage can be neglected and the sign of this equivalent input
noise changes periodically. Effectively, a noise modulation

function in the amplifier shown in Fig.4.5 is achieved.

fhis noise reduction technique is particularly simple
to implement by the MOS technology in switched-capacitor
filters. A low-noise switched-capacitor filter circuit
design realigzed by this chopper-stabilized technique has
been made to study the noise limitations discussed 1in

chapters 2 and 3.
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CHAPTER 5

DIFFERENTIAL F1LTER IMPLEMENTATION

The dynamic range of a circuit is defined as the ratio
of the root-mean-square (RMS) value of the maximum signal
swing with an acceptable distortion due to the circuit to
the minimum detectable signul. For a circuit with finite
bandwidth, the mininum detectable signal is the RMS value of
the total inband noise. Thus, relatively speaking, improve-
ments in signal swing with an acceptable distortion will
result in improvement of the dynamic range. By using a fully
dirferential circuit, the effective output signal swing is
doubled relative to an ordinary single signal path circuit,
provided that both circuits have the same power supplies. It
will be discussed later that if the dominant noise source
comes from the amplifiers used in the circuit, then the
dynamic range is improved. This fact will be explained in
Section 5.1.1.

The conventional circuits used to realige switched-
capacitor filters are of single-ended configuration. This

circuit configuration has poor power supply rejection
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characteristics which limit the application of switched-
capacitor filtering techniques to digital switching systems
where low channel crosstalk is required [13]. Also it limits
the application to high frequency switched-capacitor filter
where the adalog signal settling needs to be fast. The con-
tamination from either power supplies or clocks will produce
the feedthrough problem such as the “ringing” in the analog
signal path of the circuit. In a switched-capacitor filter,
the non-settled operational amplifier response or the incom-~
plete charge transfer is a losay process which limits the
ability of realizing the high-Q filters [14]). Some efforts

have been made to improve the power supply rejection

.[3),[15], and the clock feedthrough problems [16].

Since the power supply variations and the clock charge
injections from the channel of the switches are common-mode
perturbations to a differential circuit, by using a circuit
in which the signal path is fully balanced the poor power
supply rejection and the high clock feedthrough can be
improved. The advantages of using a fully differential cir-
cuit in switched-capacitor filters, then, are quite obvious.
This chapter will discuss the fully differential technique
and the realization of a differential switched-capacitor
filter incorporated with the differential chopper-stabilized

operational amplifiers.
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5.1. Fully Difrerential Technique in
Switched-Capacitor Filter

The original concept of using differential-in single-
ended output operational amplifier in a single signal path
circuit is that the input and the output DC levels of the
operationul amplifier can be easily set by biasing the non-
inverting input node to a desired DC level. In order to
achieve the maximum possible voltage awing with fixed power
supplies without dist;rtlng the signal, the output DC level
of the amplifier is biaused such that both positive and nega-
tive swings are equally spaced from the supplies. Therefore,
the effective AC signal swing at the output of the amplifier
is limited by the power supplies vt and V- as shown in
Fig.5.1(a), where Z‘ and 22 are two feedback circuits, VBI
and Vg, are the DC biases to the input and butput of the
amplifier, respectively. The peak-to-peak output voltage
swing (VOUTI) is equal to vt-v~ in this case.

Another concept to design a circuit is to use a fully
dirfferential scheme to have more effective signal swing for
the same power supplies. Pig.5.1(b) illustrates this. The
input common-mode DC in Fig.5.1(b) is supplied by Vp;. The
output common-mode DC is obtained from the common-mode bias
circuitry inside the amplifier. Both circuits in Fig.5.1
have the same power supplies and the same transfer functions

Your1 _ Vour2
(— = —).

Vin Since the signals at vg and vy~ are

VIN
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VI‘ v Ut Vour2
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14 V= Vourz t

(b)

Fig.5.1 Comparison of signal swing in
(a) single-ended case, and (b) differential case.



-7 -

180° out of phase by the nature of a fully differential net-
work, the differential output (voyq, = vo+ - vg") has an
effective peak-to-peak signal swing of 2(VY - V™) which is
twice of that in Fig.5.1(a) case. This explains the improve-
ment in signal swing in the differ?ntial output case. The
following sections will discuss fully differential circuits

in more detail.

5.1.1. Advantages of Fully Differential Circuits

The advantages of fully differential configuration over
single-ended configuration are: (1) dynamic range improve-
ment, (2) power supply rejection improvement, and (3) clock
feedthrough cancellation. They will be discussed in detail

in this section.

Balanced circuitry and differential signal paths are
two characteristics of a fully differential circuit. The
balanced circuitry can decrease the common-ﬁode effects such
as power supply variationa and clock feedthrough. The avai-
lability of both positive and negative polarity signals in
fully differential configuration simplifies the filter
design, especially in an elliptic filter configuration
(shown as an example in PFig.5.2). It also furnishes higher
dynamic range with larger effective signal swing. Since a
differential network needs more external bias and feedback

circuits to the amplifier, the dynamic range may be

Fig.5.2 (a) A third-order elliptic lowpass filter,
(b) signal flow graph of (a).

-2 -
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reduced due to the noise contribution from those circuits.
However, if the dominant no;se source is in the amplifier,
the total equivalent circuit noise will remain constant in
both single-ended und differential cases.This will be shown

as follows.

Fig.5.3 shows the comparison of the noise between
single-ended and difrerential RC integrators. The semicon-
ductor chip area of capacltors in switched-capacitor filter
is usually the dominant fuctor in the chip design. During
the comparison, the total amount of integrgting capacitance
in each case is kept the same. Since the major noise contri-
bution in the operational amplifier comes from the differen-
tial input stage in both cases. It is reasonable to assume
the equivalent amplifier noise densities to be identical.
The transfer functions for the signal from the input to the
output of the integrator are identical. For the operational
amplifier noise, the transfer functions from the noise
source to the output of the integrator are also identicel.
The total noise densities at the outputs of the amplifiers

are

v. .2

2
nol = _4kTR + (1 + 1 ) Vno (5.1)
Or -~ [ 2g2c2 wPR2c2 i

and

v 2

2
no2 16kTR 1 Yno
= + (1 + ) -TSgL- (5.2)
JaY; Ry wPRr2¢2

C
Y/ R Vaop
N Vourt
(a)
c/2
=] |
2R | Voor
+o—— - ¥ +
Vin 2R N . \;0_01'
I e I

Fig.5.3 Comparison of the noise in (a) single-ended,‘and
(b) differential RC integrator.
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in the single-ended and differential cases, respectively.
If the operational amplifier noise is dominant, Eq.(5.1) and
Eq.(5.2) have the same magnitude. But if the thermal noise
in the resistors is dominant, the noise power of differen-
tial integrator is four times larger. Portunately, the
dynamic range of commercially available voiceband switched-
capacitor filters are presently limited primarily by the
operational amplifier noise. Hence, the fully differential
‘configuration provides an effective method to improve the

dynumic range.

The second advantage is 1in improving power supply
rejection. Whether the amplifier is differential-out or
single-ended, the input stage is usually a differential
pair. As long as the voltage gain of this stage is suffi-
ciently high, the contributions of power supply variation,
noise and offset from the guin and the output stages can be
neglected. Fig.5.4 shows a simple differential pair stage
with positive (VDD) and negative (Vss) power supplies and

their varjations Vqa and v respectively, and the MOS

88’
transistors M, and M2 with small-signal transconductance &n1
and &,, and output lmpedanc_e r,y and r,,, respectively. I,
is the bias current with a shunt resistance of value Rc. RLI
and R, are the loads of M, and M,, respectively. The
response appearing at the outputs voi and Vo2 resulting from

the po.wer supply variations Vad and Vgg 8re

Vo1

= 8a r .
Vaa|Vse=0 = 2aRéai ol (5.3)
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Fig.5.4 (a) Power supply variation in a differentianl-pair stage;
(b) small-signal model of (a).
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v. =0 = 23Rém2T02

ol
-— -0 S 8.p8n T
Vas vdd‘o sR®mi o1
Yo2 - g T
- had ’
Vas vdd'o sRm2" 02
where
- Ry + Ry
dR - R R Rpo
€1 To1fL2 * EnuTo2fiLy TR
and
RyiRu2
a.p = Rc :
sR RLIRLZ

Ba1To1BL2 * BpaTooRpy + “Rg

1f the differential pair and the loads are matched,

8,'s, ro's and Rp's are identical, and

tor . Jo2
Vad|Ves™®  Vad|Ves=©
_ 1
ST Ry
t + ?-—1L-
8mroRC

(5.4)

(5.5)

(5.6)

5.7

(5.8)

then

(5.9)
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Vo1t Vo2
Ves)Yaa=0 = VaslVaa=0
=1 .
i g (5.10)
&xTo * 1q:

Eq.(5.9) and Bq.(5.10) represent the effect of the Vpp and
VSS supply variations to the outputs of this stage. They are
single-output responses. The differential output
QQNO = Vo1 - v°2) is zero provided that the circuit is per-
fectly watched. In real case, mismatches occur and the dif-

ferential output has responses of

v,
Vaa|Vss=0 = agr(&niror = 8u2ro2) (5.11)
Qv
Vos|¥34=0 © 8gp(8z1T01 - 8u2ro2) - (5.12)

The mismatches of g , r, and R; are defined as

Ls, Le,

8y = 8p*t 3 v &y = &y -7

Ar, Ar,

For =T+ 7+ Fo2=Fg -7 (5.13)
Ay, Mpy,

Ry =Ry +—75, Ry =R -5

where g_ , r, and Ry are the average values. Eq.(5.11) and
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Eq.(5.12) can be simplified to

A
Ao . Ba To (5.14)
Vid vss=0 1+ RL
ngroRL
and
- Day | Irg
Ao .2 To (5.15)
Ves|Yaas® © 4 2R’
er -RI.

respectively. In wusual case ngroRc >> Ry, , therefore

Eq.(5.14) and Eq.(5.15) are approximately equal to

% =0 :%*.é._o. (5.‘6)
Vad|Vss® &y Yo

and
[WOI Ne, N, Ry
— 0 - (—E+——9)g§- ' (5.17)
Vss vdd"o & Yo C

respectively. The improvement in power supply rejection is
clear when comparing Bq.(5.14) and Eq.(5.15) with Bq.(5.9)
and Eq.(5.10). The rejection improves by a factor of

m“m (5.18)
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in both cases, which is strongly dependent on the mismatch

of the two input transistors. If the 8, and r, mismatches

o
are 5% each, then the improvement from single output to dif-
ferential output is ten times (20dB). This calculation is
based upon the variations appearing at the outputs. If the
supply variations shown at the outputs are referred back to
the input of the amplifier, the single-ended case (Eq.(5.9)
or Eq.(5.10)) should be divided by the voltage gain of
%sm(RLllro) while the differential case (Eq.(5.14) or
Eq.(5.15)) is divided by &,(Ry|Ir,). This is another 64B

improvement.

Another supply variation mechanism occurs from the cou-
pling of power supply through the substrate to the bottom-
plate of the capacitors in the filter. This coupling can be
modeled as an equivalent supply variation at the input of
the switched-capacitor integrator as shown in Pig.5.%, where

acpd and a, are the capacitive coupling coefficients from

P8

Vad and Vgg tO node vp' respectively; cpSUB is the substrate

8
parasitic capacitance at the inverting node of the opera-

tional amplifier. The direct path from v_ through cpSUB and

p
CI to output Vo contrjbutes the supply variations of
C c

SUB SUB
-J%;—- acpd Vaa and _%EF_ acpa.ves, provided that the opera-

tional amplifier has sufficient voltage gain. This kind of
supply variation coupling is decreased in the differential
case which is shown in Pig.5.6. This is a fully differential

botton-plate switched-capacitor integrator with two sampling
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Fig.5.5. Capacitive coupling of power supply variations in a
single-ended switched-capacitor integrator.
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Fig.5.6 Capacitive coupling of power supply variations in a
differential switched-capacitor integrator.
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capacitors (CSl and CSZ) and two integrating cupacitors (CI‘
and C;,). v“+ and VI‘_ are one differential input. VIZ* and
v12‘ are another differential input. The differential output
supply variation QﬁyoSUB) exists only when there are

mismatches in acpd'a' a,5'8 and Cr's. If the nismatches

P
are defined as follows

Aac d Aac d
8cpdt = 8pa * T2 Bepa2 = 8pa - 2 °

Dag g Lagpe
Hepst = Bcps ¥ T2 Peps2 T Bgps - T2 !

ACssup ACpsup

Cosupt = Cpsup + —5— + CpsuB2 = Cpsup - 5.
. Acy Acy
(;:“ = CI + 3= 012 = CI -3 (5.19)

then the differential output supply variation is

c Na Ay Ay
SUB cpd SUB I
Avogyp = “%‘_I °cpd"dd[a g - 'c—]

cpd pSUB 1
C A% Ac Ac
SUB cps SUB I

+ —%——I ucpsvss[acps + TE—pSUB - -c-I-] . (5.20)

If the mismatches in 8cpd'8s 8cpg'8s Cpgyp's and Cp's are 5%
each, then the worst-case improvement in differential output
case is 6.7 times (16dB). Since this mechanism results from
the coupling outside the operational amplifier, and the
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transfer functions for both single-ended and fully-
differential integrators from the input to the output are
identical, therefore the improvement of the supply rejection
in the fully-differential caase due to this mechanism is the
quantities inside the brackets.

The improvement in canceling the clock feedthrough of
differential switched-capacitor integrators over single-
ended switched-capacitor integrators can be seen fronm

Pig.5.5 and Pig.5.6, where C g'8 are the parasitic capaci-

p
tances from the gates to the drains of the switches. If

Acys
mismatches of cpa, and Cpaa are defined as cps‘ = cps + —7£—

Ay
and cpsz = cpa - —1P§, then the improvement of clock

feedthrough resulted from ciock ;; through C is

ps's

4

‘Zgy——l—jﬁc— . This is the third advantage of using differen-
—BS _ TTl

cps 1

Fial circuits in a switched-capacitor filter.

5.1.2, Considerations in Differential MO3 Circuits

The advantage of fully differential cifcuitry is the
balanced differential signal path. However, due to the pro-
ceas variations and the mismatches, some common-mode signals
will appear in differential signal path and produce sone

undesired effects in the circuit. This section will discuss
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some of these effects.

The coumon-mode DC output of the fully differential
operational amplifier is set by an internal common-mode
feedback circuit. (This will be discussed in the next sec-

tion.) The common-mode DC input to the amplifier in the cir-

cuit of Fig.5.6 (!1—;—!1) is set by the bias voltage Vy end
the common-mode DC levels of the differential signals vI'+,
vy~ and V12+. vip~ (i.e. VI‘+. Vi~ and VI2+' VIZ'). Ir
the differential voltage gain of the operational amplifier
is large enough, the differential charge sampled by cSl and
CSZ will be transferred to the integrating capacitors. The
remaining charge held by the input capacitors of the opera-
tional amplifier forms the common-mode DC input to the

amplifier. This DC voltage is

+ -
b SR G Th oMt b ¥
2 B Cgy + Cs,

+ -
_ SV * CeoVny
Co1 + C5p

(5.21)

where VB is a constant bias voltage. Notice that this
common-mode DC input can be set at a negative value by the
bias voltage VB through the sampling capacitors that work
like a DC level shifter. By choosing suitable VB, the level
shift function in the single-channel MOS operational amplif-

ier can be eliminated and the frequency response of the
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amplifier is improved.

If vp,* end vp,”7, and vyt and vy,” are not exactly
180° out of phase (i.e. Viy's or vyp's have their conmmon-

mode components), and if Cg's have mismatch (defined as

Ac Ac
Cgy = Cg + —?§ and Cg, = Cg - —§§), then the common-mode of

vy and vy has an AC component which in z-domain is equal to

veledtvy(a)  Jviottvg” V11+*V11-] -1
2 = 2 2 ] °

Ac
35:[("12*‘"12-)“(V11+‘V11')2"]. (5.22)

The quantity inside the first pair of brackets is the
difference of two differential signals' common-mode com-
pénents. This quantity will not affect the differential sig-
nal path. The quantity inBIQe the second pair of brackets is
the difference of two ditfferential signals' differential-
mode components. This is exactly the differential signal
that the differential integrator is operating on. Therefore,
the common-mode bias path in a fully differential switched-
capacitor filter is contaminated by the injection of a dif-
ferential signal due to the mismatch in the sampling capaci-
tors. This contamination is linearly proportional to the
difference of two differential signals, that will cause the
overall gain and phase errors in the integrator's transfer

function. These errors are gimilar to the errors due to the
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finite operational amplifier open-loop DC voltage gain (ao)

in a single-ended switched-capacitor integrator as shown in

-V
Pig.5.5, where v, ia a function of v (v, = 1§?). and so

is a function of the difference of Vit and Viae The exact

z-transform transfer function in this integrator is

C
E%(vi'(z)z" - vio(2))

. (5.23)

Yole) = 1 Cg 1),-1
l' i’a—o-(‘ +'€1')] - (‘ +-a-;)z

The z-transform transfer function for an ideal bottom-plate

switched-capacitor integrator is

Cs 4
E;(vi,(z)z - vy,(2))
Voidea1(?) = P— . (5.24)

The difference between Eq.(5.23) and Eq.(5.24) is the devia-
tions of the coefficients in the denominator. By transfer-
ring to the frequency domain (g = ejuﬂc. Tc is the clock
period), these deviations will appear as gain and phase
errors [17],[18]. Por a low open-loop voltage gain opera-
tional amplifier implemented in the switched-capacitor
filter, the Q-value decreases from the nominal designed
value and so 1limits the applications in hlgh-d and Q-

sensitive filters.
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A similar result occurs in the differential case. For

the open-loop DC voltage gain of a_, in the operational

o
amplifier, the z-transform transfer function is

c
('*“m)E%l(V11+‘"1|-)z_"(V12+"“12')]

Vor(2)-v,o(2)= T
e L) - )
o [¢]

(5.25)
where a) is a mismatch coefficient of value
DcgfAc;  Acg
amzug—cT"-c's- . (5-26)

This is a second-order effect which comes from the contami-
nation of common-mode path by the mismatch of Cs's and Cy's.
Por a capacitor mismatch of 5% ap is 0.12§% of unity, and
for 1% mismatch a, is 0.005% of unity. By careful layout the

gain error due to a_ can be ignored, and the net transfer

m
function is the same as the BEq.(5.23) in single-ended case.

Since the improvements of power supply rejections and
clock feedthrough cancellations in the differential case is
mainly dependent on the chip layout, the symmetry and the
interconnection problems might result in a larger chip area.
Another problem for a fully differential circuit is that the

“real world" is not fully differential and neither are most
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of the circuits in other systems fully differential. There-
fore a conversion for single-in to differential and
differential-out to singled-ended is necessary. This
conversion should not degrade the performance of the fully

differential circuit.

The conuiderations discussed above should be made in
differential MOS circuit design in order to achieve the best

performance.

5.2. Reulizution of Differential Chopper-Stabilized
Operational Awmplifier in MOS Technology

A modified chopper-stabilized amplifier scheme is shown
in chapter 4 (Fig.4.6). A key design problem in the imple-
mentation of differential MOS operational amplifier of this
type is the realization of fully differential signal path
with a well-defined common-mode voltage. In principle
chopper stabilization could be implemented without simul-
taneously using a differential configuration. But incor-
porating these two techniques together a high performance
switched-capacitor filtering technique is obtained; the bal-
anced cross-coupled analog switches as phase reverser, the
doubled signal swing, and all the advantages discussed on

the last section are clearly shown.
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The schematic diagram of a differential chopper-
stabilized operational amplifier is shown in PFig.5.7. The
gate dimensions of the transistors are given in Fig.5.7.1.
Transistors Hc‘ to ”04 and “05 to Mgg form two cross-coupled
choppers which are controlled by two non-overlapping clocks
dp and ;;. Transistors M; to Mg, Mg to Mo and M;; to Mg
are the input, gain and output stages, respectively. The
operating points of the input stage are biased by the
conmon-pode feedback loop through the gain stage (M5 to "8)'
In order to get the maximum signal swing in both voltage
directions, the common-mode output DC of the operational
amplifier should be biased at the midpoint between two power
supplies. In Pig.5.7, Vpp and Vgg have the same magnitude,
therefore the common-mode output DC should be biased at the
ground level. This DC level and the operating points of the
gain stage are set from the common-mode feedback circuit
consisting of transistors Mg to M24,wh1ch is biased by a
grounded half-circuit replica reference string of transis-
tors H25 to Mpg. 1In order to ensure a well-defined common-
mode output DC voltage for large differential output swings,
the common-mode level shifter (H‘7 to H24) uses the deple-
tion transistors. By using these depletion devices,the sunm-
ming node (the sources of M3 and H24) voltage in the
conmon-mode level shift circuit will not change when the
gates of H'7 and "18 have a large differential voltage
applied. The common-mode DC voltage at the input of the
operational amplifier is obtained by the bias voltage
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VB shown in Pig.5.6.

Pole splitting compensation in the gain stage and a
feedf;rward path to the output stage (M, and My, ) are used
to improve the stability of the operational amplifier for
driving a large capacitive load. The triode-region transis-
tor in series with a 1pF capacitor in the compensation feed-
back circuit performs like an RC network which generates a
“feedback zero®" to move the right-half-plane zero resulting
from the low transconductance in the MOS drivers (H7 and Ma)
to the left-half-plane [19]. The function of a feedforward
path is illustrated in Fig.5.8, where —A1(u0 is the regular
capacitance compensated inverter, ‘Azﬁn) is the feedforward

path. The transfer functions are
v
1o _
ja‘(s) = -Al(S)

2 — (5.27)

and

V2o
Yy

20,  (5.28)

>
-

4
Ph(%‘“’» ot .

¥
L

Fig.5.8 Principle of a feedforward circuit.
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where p, and p, are the poles of A;(s) and Ax(s), respec-

tively. The net transfer function is

-(A;(8) + Ay(s))

V2
V.—‘(S)

(A'° + Agg) + (%}2 + P
2 . (5.29)

( + %%)(I + f%)

The feedforward path extends the unity-gain bandwidth of the
inverter from a low capacitive compensated one ( W61 ) toa

much higher w;,,. The effective bandwidth increases without

reducing the phase margin.

5.3. Differential Chopper-Stabilized
Switched-Capacitor Filter

The schematic diagram of a bottom-plate fifth-order
differential low-pass ladder filter is shown in PFig.5.9.
This filter configuration is used to implement a differen-
tial Chebyshev low-pass filter with cutoff frequency at 3400
Hz. The original passive filter network and the signal flow
diagram are shown in Fig.2.4. The circuit shown in Pig.5.9

is  fully differential-in and differential-out. Five

chopper-stabilized operational

Fi1g.5.7 with chopper clock ( ﬁp and ‘p ) of frequency

amplifiers as shown in

+
Vin

Vin

> 719"
———
T —

16 gv =

n :>< -3 —o e
Tef ,233::> ““'55
=

Fig.5.9 A bottom-plate fifth-order differential chopper-stabilized lowpass filter
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128KHlz, and filter clock ( ﬁs and ::. two non-overlapping
clocks) of frequency 256 KHz. From the discussion in chapter
4, the % noise is translated by the chopper to the odd har-
monic frequencies of the chopper clock. All the % noise com-
ponents will appear, in the frequency domain, equally spaced
between two adjacent integer multiples of the filter clock
frequency. This is exactly the Nyquist rate of the filter
clock. As a result, no aliasing effect of the translated %
noise back into the baseband occurs and no interference
between the odd harmonic frequencies of the chopper clock
and the harmonic frequencies of the filter clock occurs. The
chopping and the switching of the filter do not contaminate
each other. This choice of chopping frequency is optimum in

terms of a maxjmum reduction in baseband % noise.

CHAPTER 6

EXPERIMENTAL RESULTS OF A PROTOTYPE
LOWPASS FILTER

An experimental prototype chopper-stabilized fully dif-
ferential fifth-order Chebyshev switched-capacitor lowpass
filter was designed and fabricated. The purpose of this
experiment is to investigate the effectiveness of the
chopper stabilization scheme in reducing the low-frequency
noise, and the use of differential filter configuration in
improving the power supply and the clock feedthrough rejec-
tion. In this chapter the important factors in the chip
design and some considerations in measurements will be dis-
cused, and then the experimental results for the on-chip

test operational amplifier and the filter will be presented.

6.1. Chip Design and Measurement Considerations

An n-channel metal-gate MOS process with depletion load

was used for chip fabrication. The procesas flow and the
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layout rules are given in Appendices IV and V, respec-
tively. The minimum transistor gate length was 20um in the
operational amplifiers and 15um in the switches. One of the
objectives of this experimental ri)ter was to explore the
maximun achievable dynamic range. In order to minimize the
%? noise, which is the fundamental noise source, a rela-
tively large integrating capacitance was used for npaxioum
driving capability of the operational auplifier. This
integrating capacitance is about 100pF per stage (there are
two integrating capacitors in one fully differential

integrator stage). By using this capacitor size, the sam-

" pling capacitor was scaled down to about 4pF in the stages
C
with low integrating to sampling capacitor ratio (ci) and

about 2pP in the stage with high capacitor ratio. Pig.6.1
shows the capacitor ratios and the sampling capacitor value

for each integrator. Notice that the capacitor ratio in
c
stage E%' and E%" is 13.74268, but in the chip layout El was
1 5 8

chosen as 12.74268. The reason is explained as follows. fTwo
terminated bottom-plate switched-capacitor integratora in
the filter configuration of Fig.5.9 are redrawn in Pig.6.2,
where 1, and 14 represent the two internal voltage nodes in
the filter structure as shown in Fig.2.4. The z-transform

transfer function for Pig.6.2(a) is

CSI VIN(Z)Z-‘-IZ(Z) . -Vl(z)z-‘]

(6.1)
31 * Cpy 1 - g™} 1 - ¢! J'

Vilz) = g

Filter Clock Freguency : 256Kliz

Chopper Frequency : 128Kz
Stage Capacitor Ratio
[}
(Ref. to Fig.2.h4(b)) ( El )
8
1
e 13.7h268
1
A
oL, 16.43169
1 23.66752
803
i b 16.43169
aLh
a 13.7k268
505
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Sampling Capacitor Size
(cg)

3.9pF

3.0pF
2.1pF
3.0pF

3.9pF

Fig.6.1 Capacitor ratio and value of the filter.
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tages in the filter
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where CSII = CSIZ = CSI‘ The first term inside the brackets
is the regular bottom-plate switched-capacitor integrator
expression in g-domain. The second term is the one-clock
cycle delay negative feedback from the output through CSII
to the output 1tself. When f_ is high, Cg,, serves as a part
of the integrating capacitor; therefore, the net integrating

capacitance is 031‘ + CI, instead of just C;,. This mechan-

Cgy + Cpy
ism gives an effective ceapacitor ratio of g even
S1

) c
though the physical capacitance ratio remains Ell. In the
St

output stage the z-transform transfer function is

B 085 14(2)2-‘ + -VOUT(Z)Z-l

v ) = . 6.2
oue(?) = o |7 T (6.2)

1 - 27

Css + C15

The same effect results in an effective ratio of o
: 85

If Eqa.(6.1) and (6.2) are rewritten as

“tx -
Vy(2) = g%{"w‘”’z 2(2) | (=) (6.3)

1 - gt 1 - g

and

Vouz(2) = Tis(7 - o = . (6.4)

the capacitor ratio is #— and = The equivalent



- 102 -

termination in Eq.(6.1) (or Eq.(6.2)) is implemented with
one clock cycle delay from the output of the integrator,
while there is no delay in Eq.(6.3) (or Eq.(6.4)). For the
complex-conjugate termination [20], the second term inside

the brackets of Eq.(6.1) and (6.4) (or Eqs.(6.2) and (6.3))

c :
form a complex-conjugate pair. Thus the physical EL ratios
S
in the input stage and the output stage should be 12.74268
and 13.74268, or vice versa. Since the ratio of the filter
clock Trequency to the filter cutoff frequency is more than

75, the complex-conjugate termination is not necessary.

c C
Hence in this experimental prototype Uil and Eli ratio of
d S1 55

12.74268 is chosen in order to obtain a larger sampling

capacitor Cg, and CSS to minimize the %? noise..

The die photomicrograph of this experimental chip is
shown in PFig.6.3. This chip contuins a fifth-order dif-
ferential Chebyshev lowpass filter, a test operational
amplifier and six test transistors. An HP3580A spectrum
analyzer was used to measure both the frequency response of
the on-chip operational amplifier and the filter as well as
all the noise responses. The single-in to differential-in
and the differential-out to single-ended conversion circuits
as shown in Fig.6.4 were implemented by using LF356 (a low-
noise JFET input operational amplifier) and metal-film
resistors (having only pure thermal noise at low frequen-
cies). ﬁy using these two kinds of external circuit parts,

the noise introduced outside the test chip can be predicted

-

- 103 -

ig.6.3 Die photomicrograph of an experimentel fifth-order filter.

F,
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vINslng. +I5V
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1 "4 -15v
a)
Vourstns.

Fig.6.h The test circuits for (a) a single-in to differential-in
converter, and (b) a differential-out to single-ended
converter.
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and then be subtracted afterwards. The nominal power sup-
plies (Vp, and Vgg) to the on-chip operational amplifier and
the filter are + and - 7.5V. In order to obtain a low-
distortion external test circuit with large on-chip dif-
ferential signal swing, the LP356's were biased with + and -
15V supplies.

In order to ensure that the two filter clocks (ﬁa and

¢8 in Pig.5.9) are non-overlapping, the filter clocks were

chosen to have 30% duty cycle in all the measurements. Dur-
ing the noise measurements, all the DC power supplies to the
external test circuit and the test operational amplifier or
the filter were replaced by batteries except the power sup-
ply to the pulse generator which generated the filter master
clock. The noise contribution from the external test cir-
cuits (LP356's and 1K nmetal-film resistors) were much
smaller than the noise from the test operational amplifier
and the filter. The measurements were taken at temperature

of 25°.

6.2. NMOS Differential Chopper-Stabilized

Operational Amplifier

The experimental results for the on-chip test opera-
tional amplifier are shown in Fig.6.5. The voltage transfer

function measurement was taken by feeding an AC coupled
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b) FOR CHOPPER FREQ (fe) I6KHz

Fig.6.5 Operaticnal emplifier output noise responses with and
without chopper stabilization for chopper frequency at
(a) 128KHz, and (b) 16Klz.
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differential sinusoidal signal (which was internally gen-
erated by the HP35B0A) and passing it through the circuit
shown in Fig.6.5.(1). The differential input signal level
was -60dBV. The test operational amplifier differential out-
put frequency responses are shown in the curves labeled (1)
of both Figs.6.5(a) and 6.5(b). The low-frequency open-loop
voltage gain is about 57dB. The gain-bandwidth product is

about 15MHz and the power dissipation is about 4umW.

Curve (3) of Fig.6.5(a) is the operational amplifier
output noise response with the chopper frequency at its nom-
inal value of 12BKHz. Curve (2) of Fig.6.5(a) is the output
noise response without chopper (i.e. the chopper is kept in
one of the two possible states, eitlher ﬁp is kept on and z;
is kept off, or vice versa). In order to demonstrate further
the translation of the % noise the operational amplifier
output noise was measured with the chopper frequency at one
eighth of its nominal value, or 16KHz, with the results
shown in the curve (3) of Fig.6.5(b). This was done because
the frequency response of the HP3580A extends only to 50KHz.
Curve (2) of Fig.6.5(b) has the same response as curve (2)

of Fig.6.5(a) except with a 32KHz filter clock feedthrough.

The input referred noise, which is obtained by dividing
the operational amplifier output noise by the voltage gain
transfer function, is plotted in Fig.6.6. The dashed curve
of Pig.6.6 is the input referred noise response without

chopper stabilization. The bottom solid curve is the input
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Fig.6.6 Experimental input referred noise of the operational amplifier.

- 109 -

referred noise response with the chopper frequency at
128KHz. In this case the noise at 1KHz is primarily due to
the first fold-back 128KHe harmonic -}, noise and the thermal
noise of the operational amplifier. The total is about 404B
(100 times in noise power) less than that without chopper
stabilization. The upper solid curve is the input referred
noise response with the chopper frequency at 16Klz. The
noise at 1KHz is about 12dB (16 times in noise power) less
than that without chopper stabilization. The % noise peak
has been ahifted' to the odd harmonic fregquencies of the
chopper clock which are 16KHz and 48KHz in Pig.6.6. The
noise at even harmonic frequencies, which is 32KHz in
Fig.6.6, remains the same. This measurement confirms the
analyses shown in Appendix III and section 4.3. (Eqs.(A.25)
and (4.10)).

6.3. PFifth-order Chebyshev Lowpass Pilter

The experimental results for the prototype fifth-order
fully differentlaI' switched-capacitor Chebyshev lovwpaas
filter were taken with the same single-in to differential-in
and differential-out to single-ended conversion circuits
which were used in measuring the performance 'of the on-chip
test operational amplifier, except the differential input
wags DC coupled to the filter (i.e. the common-mode DC to the

input of the filter was at ground level). The filter output
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frequency response and the filter output noise response with
and without chopper-stabilization were measured at filter
clock frequencies of 64Klz, 128KHz, 256KHz, 512KHz and
1.06Hz. They will be shown and discussed in sections 6.3.1.
and 6.3.2.. The dynamic range of the filter will be calcu-
lated in section éég;g;. The po;er supply rejection ratios
(PSER's) for VDD' VSS and VBB of this differential filter

will be presented in section 6.3.3..

6.3.1. Prequency Response

The observed <filter differential output frequency
response for the nominal filter clock frequency (256KHz) is
shown in Pig.6.7 [27], where curve (a) 1is the overall
response for frequency from D¢ to 50KHz, and curve (b) is
the detailed passband response for frequency from DC to
5KHz. Curve (b) shows the passband response in a fine vert-
ical scale of 1dB per division. The inband ripple is about
+ 0.1dB. The cutoff frequency which is defined as the fre-
quency at which the response leaves the + 0.1dB window, is

about 3400Hg.

The filter frequency response for different clock fre-
quencies are shown in Figs.6.8(a) to.(f). The curves labeled
(1) in these figures are the measurements with 104B per

vertical division. The curves labeled (4) and (5) are
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Fig.6.7 Experimental filter frequency response with filter clock
frequency (f,) of 256Kiiz: (a) overall response, snd
(b) detafled ‘passbana response.
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the detailed inband responses without and with chopper sta-
bilization, respectively. The curves labeled (5) in
Fig.6.8(a) and (b) are ectually the same as the curves (4)
in these two tigures. As the filter clock frequency
increased, the filter suffers from settling time limitations
and shows a band-edge shift and larger inband ripple. The
curves labeled (%) of Plg.6.B(e){and (f) are the responses
with chopper in operating. At higher chopper frequency the
chopper becomes mixed between two chopper states, therefore,
the differential signal paths are no longer isolated .from
each other. Some of the differential signal charge has been
lost through the choppers and causes the droop in gain as
compared with those responses without the chopper operating.
lotice that at filter clock frequency of 1.06MHz and 30¥
duty-cycle, the available time for settling in one charge

transter is . less than 300nsec.

6.5.2. MNoise Performance and Dynamic Range

The filter output noise responses for different clock
frequencies are also shown in Figs.6.8(a) to (f). The curves
lubeled (2) (or the dotted curves) and the curves labeled
(3) (or the dashed curves) are the noise responses without
and with chopper stabilization, respectively. Curves (2) and
(3) in PFig.6.8(a) are the overall responses of curves (2)

and (3) of Fig.6.8(b), respectively. The noise energy at low

- N7~

frequencies has been shifted to the odd harmonic frequencies
of the chopper clock (shown in Fig.6.8(a) is the peuk
occurred at 32KHz). All these noise measurements were taken
with bandwidth of 100lz in the Spectrum Analyzer. 60Hz
pick-up was shown as the "humps® at the frequency below 30?
to 400Hz in the curves labeled (3) of Figs.6.8(b) to (e). In
order to see the 60lz pick-up in detail, a 10lz bandvidth.
noise measurement of curve (3) of PFig.6.8(d) [26] for fre-

quency from DC to 1KHz was taken and shown in PFig.6.9.

The experimental filter when operating at its nominal
filter clock frequency of 256Kllz had a maximum differential
output signal swing of 5Vrms at 1KHz and 1% total harmonic
distortion (THD). The filter output noise with C-message
weighted was 40uVrms. (The C-message weighting function is

shown in Pig.6.10.) This gives a dynamic range of 102dB.

6.3.3. Power Supply Rejections

The power supply rejection ratios were measured by feeding a
0dBV sinusoidal signal generated from the Spectrum Analyzer
into the V), (or Vggs or Vgp (body bias)) supply, and
observing the response at the output of the filter. The fre-
quency response appearing at the filter ou%put with and
without chopper stabilization are shown as the dashed and
the dotted curves in Fig.6.11, respectively. Since the per-

turbation to the power supplies is 1Vrms, which is a
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large signal level, the responses shown in Figs.6.11(a) to
(¢) are the large signal power supply rejection ratios. The
peaks (the frequency in which the wminimum supply rejection
occurs) of Lhe dotted curves appear at the band-edge of the
filter frequency response. This phenomenon will be explained
in section 6.4.%.. For frequency range up to 20KHz, the
winimum power supply rejection ratio is 504db for both VDD

and Vgy supplies when the chopper is in operating.

6.4. Discussions

The experimental results for the prototype switched-
capacitor lowpass filter have been presented in this
chapter. At this point some discussions are necessary to
clarify the correspondence between the theoretical calcula-
tion and the measured data for the filter noise and fre-
quency responses, the mismatch problem in the chip and the
distortion due to the filter structure. From the experience
gained in this filter design, some better circuits will be

proposed.

6.4.1. Contributions of lNoise sources in the Filter

-20—

40—

-60—

-80—

-100—
(dB)

e B S R e L 7
0 4 8 12 18 20 \KH2)

b) Vg PSRR

Fig.6.11 Filter power supply rejection ratios (PSRR's)
with (dashed curves) and without (curver (2))
chopper stabilization for (a) Vppe and () vy

5
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This section will only discuss the performance with
nominal chopper frequency (128KHz) whenever the chopper sta-

bilization is mentioned.

By using the filter noise calculation method discussed
in section 2.2.2. and the measured on-chip test operational
amplifier noise responses, with and without chopper stabili-
zation, a theoretical noise performance of the filter confi-
guration shown in PFig.5.9 is calculated and plotted in
Fig.6.12. The contribution of three noise sources, the %
noise and the thermal noise of the operational amplifier and

the %; noise, are individually calculated under the follow-

ing assumptions. The equivalent input } noise of the opera-
tional amplifier is the dashed curve in PFig.6.6 which is
about 400nV/ JHz at 1KHz. The theoretical % noise calcula-
tion with chopper stabilization is based on this measurement
and Eq.(A.23). The first fold-back % noise at 1KHz Tor
chopper frequency Of 128KHz 1is about 23%nV/ JHz. Therefore
the noise density of 40nV/ JJUz at 1KHz in the bottom curve

of Fig.6.6 can be used as the equivalent input thermal noise

of the operational amplifier.

Fig.6.12 shows each of the three noise components with
and without chopper stabilization. Since the operational
amplifier thermal noise and the %? noise are the wideband
noise, they are not affected by modulation schemes like
chopper stabilization. Eq.(A.25) explains this fact. With

chopper stabilization in operation, for frequency range from
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PC to 5000Hz, the total %? noise density is about 104B
higher than the total chopped -} noise density, and the total
operational amplifier thermal noise density is another 104B
higher. Without chopper stabilization, the " } noise corner
frequency" of this filter is about 3000Hz which falls near
the band-edge; therefore, the total noise without chopper
stabilization is mainly dominated by the unchopped é noise .
The total noise with chopper stabilization primerily follows
the total operational amplifier thermal noise curve. With
chopper stabilization in operation, at 1KHz the operational
amplifier noise is reduced by 404B, while the filter output
noise decreases only by 10dB. The reason is that a 40dB
noise reduction in the operational amplifier is the reduc-
tion in the “noise density” of a single operational amplif-
jer. For a sample and hold process 1like the switched-
capacitor filter, the aliasing effect of the wideband noise
(the operational amplifier thermal noise and the %? noise)
wmust be considered. In this prototype filter the aliased
operational amplifier thermal noise becomes the dominant

noise mechanism when the chopper is operating. The result

is 10dB improvement.

Fig.6.13 shows the theoretical and measured filter out-
put noise response for with and without chogper stabiliza-
tion. Comparing these results, a very good matching occurs
in the case with the chopper operating. There is about 2dB
difference in the case without chopper stabilization. The %

noise density in the calculations is obtained from the
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measurement of the on-chip test operational amplifier and is
assumed constant through the five operational amplifiers in
the filter, although this may not be true in a fabricating
process having large variations. A 2dB (or 25%) variation

among the operational amplifiers is reasonable.

6.4.2. Mismatch Effect in Pilter Frequency Response

An inband ripple of 0.1dB and an operational amplifier
differential open-loop voltage guin of 2000 were assumed in
the design of this Chebyshev lowpass filter. The process
variation brought down the operational amplifier voltage
gain and the unity-gain frequency, and increased the inband
ripple as well [21). The operational amplifier chip layout
was not mirrored to insure balanced matching. However, this
is a goed opportunity to study the mismatch problem in the
fully differential circuit. One effect of ‘this problem is
the different filter frequency responses at the two dif-
ferential outpdfs. Pigs.6.14(a) and (b) show the frequency
responses at the outputs Vo+ and Vo“, respectively. The
curves labeled (2) are the detailed passband response of the
curves labeled (1). A transmission-zero-like drop occurs at
a frequency of 20KHz at one side (Fig.6.14(a)) but not at
the other side (Fig.6.14(b)). This drop was merged in the
filter differential output frequency response (Fig.6.7).
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6.4.%. Distortion in the Pilter

The filter is a symmetrical ladder structure (a Che-
byshev lowpass filter). Its passive filter configuration
shown in Fig.2.4(a) has C, equal to C; and Ly equal to I,.

Therefore the transfer functions between voltage nodes and

14(3) VDUT(S)
currents obey some identities, for example V.. (5] =71 &)
IN 2

d dghaly Yol The t ‘er  functi (sh i
an VIETET = -v;TET*. =} ransfer unctions shown n

Fig.2.5) for the noise from the internal nodes to the output

can be used as the transfer functions for the signal from

the input to the ‘“mirrored" internal nodes such as
v I V- 1 v
out 3 2 1

H = H = H = H = and 1l . = —.

nt T Wyt Tn2 TVt Tn3 T V' Tnd T Wy ns = Yy

Hn2 to Hn5 show the peakings around the band-edge. Hn4 has
almost a 6dB peak (twice in amplitude) at the band-edge.
These internal node peakings cause larger signal swings than
that appearing at the output. With fixed power supplies in
the active filter shown in Fig.2.4(b), the peaking signal is
clamped and the distortion increases. Furthermore, the phase
responses of the internal nodes show phase diversification
as the frequency increases to band-edge. Fig.6.15 shows the
examples for frequencies of 1000Hz and 3400Hz. The refer-
ence is VIN (0dB, 0°) in phasor representation. If V

is
IN
(1v, 0°), the E%; stage at 3400Hz will sample two signals of

(1.68v, -54°) and (1.5V, +177°). The net input to the Eé.;

stage is then equal to (2.87V, -27°) at 3400Hz, which is
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Fig.6.15 Gain peaking and phase diversification in the
internal nodes of the filter.
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total of a 9dB gain increase. (The net input is (0.56V,
+55°) at 1000Hz.) The gain peaking and the phase diversifi-
cation in the internal nodes of an active filter are the
important considerations in designing a 1low distortion
switched-capacitor filter. They can be suppressed by using
the loop-scaling technique [22]. The loop-scaling technigue
requires more sampling capacitors and therefore may intro-
duce higher %; noise at the output of the filter. This

effect should be considered in filter design.

6.4.4. Proposed Hew Circuits

In light of the discussions of the previous sections,
some considerations for designing a high performunce low-
noise chopper-stabilized differential switched-capacitor
filter can be achieved. These suggestions are:

(1) use a mirrored layout in the operational amplifier
to insure full balancing of the signal paths and matching;

(2) design a low thermal noise input stage for the
operational amplifier;

(3) design a low wideband noise output stage for the
operational amplifier, or design an operational amplifier
without an output voltage buffer; and

(4) ecale node voltages (loop-scaling technique) in the

filter so that optimum dynamic range is obtained.
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In order to interfﬁce with the single-ended input and
output systems, a single-in to differential-in and a
differential-out to single-ended conversions are necessary.
These conversions can not degrade the good power supply
rejections in the differential circuit. Two circuits shown
in Pigs.6.16 and 6.17 are proposed to meet this requirement.
Phey are bottom-plate parasitic free and chopper-stabilized.
The input signal to one side of the integrator shown in
Fig.6.16 is delayed by one-ha1f=clock cycle from the other

side. Therefore, the effective differential input |is

1
VIH( 1 + 2 2) in the z-domain. At a filter clock frequency

to filter cutoff frequency ratio of more than 75 (%gg%g%).
the maximum phase error is less than 2.4° and the maximum
gain error is less thun 0.022% through the frequency range
from DC to 3.4KHz, that will not degrade the filter

response.

Fig.6.17 shows a chopper-stabilized differential to
single-ended converter. This converter is essentially a ter-
minated differential switched-capacitor integrator (a one-
pole lowpass filter). The chopper-atabilized operational
amplifier used in herd here is a fully differential type
with only one output connected to the negative feedback net-
work: The switched-capacitors cRSZ and °n12 and capacitor
Ciop attached to the non-inverting node of the amplifier are

the replica circuits of those in the signal path (which con-

tains Cpgy, Cpyy and Cpgy). Here, Cpgy = Cpgps Cpyy = Cpi2

Fig.6.16 A single-in to differential-in converter.
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and cIOI = 0102. The g~transform transfer function for the

converter is

1
CRS‘ —VI-(Z) + VI+(2)_2 2

v () = . (6.5)
ou? ROTRITTI CTYRN
Ceiv |Crny

If Cppy = Croys then

1
c -
vouele) = uﬁ%% -vi (2) + vI+(z)z 2 (6.6)

which is a function of the difference between vI' and vI”
delayed by half of a clock cycle. When ‘a is turned on the
instantaneous charge Qinat' in g-domain, transferred into

the integrating capacitor is

- - _ +
Q st = Cr11Vourinst * CRs1(VIinst ~ VIinst ’

Cray [;Iinst*(z) - Vlinst"(z)](l -z (6.7

which is the charge difference between sampled differential

input signal vI+

- vI' and that with one clock cycle delay.
Compared with reversing the clocks ﬁa ahd ;E: in the
switched-capacitor cRSi' the clock scheme as described
minimizes the output voltage change per cycle. Notice that

da and 7; to the switched-capacitor Cpg, are chosen such
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that when the differential outputs of the filter (vo+ and
vo‘ of Fing.Q) are connected to vI+ and vl’. there is no
delay between vo+ and vy~. This is due to the fact that when
¢s

§é‘ stage at the same value as it was one half clock cycle
5

is high v, is held by the integrating capacitor of the

before (when ﬁa is turned on).

Thése tvo circuits, " which perform differential to
single-ended and single-ended to differential conversions in
sample-data domain without losing all the advantages of
using fully-differential circuitry, solve the input/output
problems which are inherent to a fully-differential

switched-capacitor filters.
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CHAPTER 7

CONCLUSIONS

A  new low-noise chopper-stabilized differential
switched-capacitor filtering technique has been developed.
This technique enables the filter to be scaled down in size,
in accordance to the decrease in the technological feature
size, without increasing the uae of any additional capaci-~
tors in the filter. The noise analyses in a sample and hold
circuit, such as switched-capacitor filter, and in an opera-
tional amplifier with and without the output voltage buffer
were made. The results from these analyses have led to the
design technique of a low-noise switched-capacitor filter

circuits.

An MOS differential chopper-stabilized operational
anplifier without internal level shifter and an experimental
prototype fifth-order lowpass filter have been designed and
fabricated. The operational amplifier meets the requirement
of driving a total of 100pP integrating capatitance in one
stage of a switched-capacitor integrator. The prototype
filter demonstrated a power supply rejection ratio of 504B
and a dynamic range of 1024B.



- 138 -

APPENDIX I. TRAUSIENT THERMAL NOISE |5)

A basic switched-capacitor circuit contains an MO3
switch and a sampling capacitor. ance the switch 18 turned
on and off by a clock, the process of this system is nonsta-
tionary. This Appendix will show the transient analysis of
the thermal noise from the channel of the MO03 switch.
Fig.A.1 shows the model for the transient thermal noise
analysis which includes a noise source v“(t), a noiseless
resistor R and an ideal switch turned on at t=0. In this
linear system, the autocorrelaiion function of the station-

ary thermal noise source VR(t) is

2kTRE(ty, t5) 420, t520

RRR(tI,tZ) il [ otherwise (a.1)

wvhere 6(t) is Dirac delta function, and t, and t; are two

time variables. The system impulse function is
hyy(t) = ﬁc o~ ¥/RC (1) (a.2)

where u(t) is the unit step function.

The output autocorrelation function for vc(t) is

Fig.A.1l Model for transient thermal noise analysis.
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Rogltyatp) = Rpgltyatp) * hyy () * by, (85)

-2t,/RC. -(%4-t,)/RC
kT 2 172
Ml-e le for t; > t,
= -2ty /RC_ =(t -ty )/RC
KT 1 2-%
e Je rY <t
(A.3)

where “*" is the coavolution operator. For a long observa-

-2t,/RC -2t,/RC
tion time, e 2/ K1 (or e '/ << 1), Eq.(A.3)
becones
Rocltre,t) = %} e-lel/RC (A.4)

which corresponds to the expected noise variance of

E{vca(t,m)}

Rgel(t,t)

k2 (A.5)

This result matcnes the result in Eq.(2.3) under the condi-
tion that the time constant RC is much smaller than the
observation time ( t, or t, in Eqg.(A.3)). This is always
true, because for a complete charging or discharging of a
sumpling capacitor in the switched-capacitor filter, the RC

time constant must be much smaller than the switch turn on

time (the observation time).
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APPENDIX II. SAMPLED WIDEBAND MOISE ( XT noise )

IN SWITCHED-CAPACITOR INTEGRATOR

This appendix will analyze the effect of the %; noise

sampled by CSI from u“‘jz in a switched-capacitor integrator
configuration, and its equivalent noise in the integrator.
The same model as shown in Fig.2.1(b) and 2.1(c) will be
used in the analysis of this Appendix. The voltage waveform

across the integrating capacitor GI due to the noise source

VR13 is shown in Fig. A.2. The noise sampled by 051 from

Vﬂ]jz will transfer to C; with a time constant Ron24Csi
derined as 1/B. Assuming the clock has a 50% duty cycle and
the leakage through C; has a time constant 1/), the impulse

response of the system is

Q i t <0
hy,(t) = de /¥ (1- e7BY) 0<t< /2. (.6)
-BT./2 ;
E_Yt (1- e C ) t > Tc/g
The voltage waveform across CI is
(v = % ( ) (A.7)
Varlt) = 2 Vi oz h t-m'l+0 AT
cI neeoe  H13m'A2 c

where VR13m is the m-th sample from VR13 which has the fol-

lowing properties:

ver (1)

=
a —

(nn—I;Tb

Fig.A.2 vcl(t) waveform due to v,

—— |

——— e —

mT, (m+1)Tg

R13

in Fig.2.1.
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el v‘i = o2
St m=n
Elvgysn(t) vgysa()) = | o#n (4.9)

assuming that the R0"24cs‘ time constant is much smaller
than the dg clock turn on time and the DC voltage gain of
the operational amplifier is high euough. The variable 0 is
uniformly distributed on [0,T] to insure a stationary random

process. 6 and VR13g are independent.

The autocorrelation function of VCI(t) is

Rpp(t) = Elvgp(t) vop(t+w)}

e

o2 2 ,116 £hA2(t-mT+9) hy,(t+c-nT+0)do

"

+

00

= %25 _{ohAa(u) hAz(uﬂf)du (A.IO)

where u = t-nT,+8. The power spectrum Spp(w) corresponding

to vg;(t) 1s the Fourier transform of Ryp(v), that-is

- 145 -
8oy (w) = gg tize'j“"’l :E:hna(u) hyp(ute)du ] dv
. g‘% j:hAz(u)e'J'mdu t,i:hAz(v)eJ‘wdv
= ,g% I}{Az(jm)lz (A1)
where v = u-v , and Hy,(jw) is
Hyp(g) = ' hyp(u)eHtau
i e-(B+¥)E.29 -ngg][mﬁ%ﬂﬁﬁf]' (1.12)

In most cases, the leakage is very small, therefore B >> ),

and Scl(uo becones

¢’

o B?
8 = — ]
er® = g _(Bz+mz)()'2+ma)]
Te
-BT -
C_ 2 cos ui?]. (A.13)

1 +e

L

Por the typical velues of 1/B and Te on the order of 10'8

sec and 10~ sec, respectively, SCI(uQ becomes
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2
s & — B (A.14)
orfw) g% (B2+uf) ( y2+uf)
which can be simplified further as
Sgp(w) = g‘%l—:ﬁ
s c2cli£§ (A.15)
81 uf

under the conditions that the frequencies of interest are

much smaller than B and the leakage is negligible ( Y = 0 ).

From Eq.(2.1), the power transfer function of a

switched-capacitor integrator is

2
2 .
‘Hsc(,jm)l = ; 1"2 T (A.16)
81in
-t

thus, the input power spectrum from Eq.(A.15) is

8j(w) = g ——5— (A.17)

For x << 1, sinx = x2, Eq.(A.17) then becomes

~ kT
8;(w) = L (A.18)
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which is the equivalent input %? noise power density due to

the thermal noise in the channels of switches M‘ and H3.
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APPENDIX TII. MODULATION OF THE -;, NOISE

Phe modulation effect of the-}. noise by the use of the
chopper-stabilized technique will be exawmined in this Appen-

dix. Let x(t) be the sign function shown in Fig.A.3(a). The x(1)
Pourier transform functions of x(t), v,,(t) and "neq(t) (= y |
+
v (t)x(t) ) of Fig.4.4 are ) —
0 ol
Tp
X(£) = Plx(t)] |
-1
R (a)
= 2 tzmrywyt bl e-(2o- 1)1 )-8l £+(2a-1) 2,1} (A019)
4
vn](f) = Flvnl(t)] (a.20) 'T.SNEQ(‘)
SNl(f) _"' ‘\
[}
Vyeg(f) = Plvp (£)x(1)] \_// ,ll _‘)/\'/
A \\‘ .
= % o2yt Vyy [£-(20-1)2, 1y, [ £+ (20-1)2, 1) ———— — -;-\_
ooy C2E=-TJw] L EmieB=t gl t frlem=1)1 11, -3p-21p -fp O fp 2fp 3fp
(a.21) (b)
vhere fp = ’1"; is the chopping frequency. If Yol is the -}
noise, its power spectrum can be defined as Sm(f), and the Fig.A.3 (a) Sign function x(t) with frequency fp= %..
1 ?
power spectra corresponding to Vm(f) and VNEQ(f) are (b) modulated 1 notse. P
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K,/2 _
Sy, (£) = -fér (a.22)

00 2 12, K/2 Ky /2
Supq(f) = mg,[rzarrvi] llf—(?m-l)fp| * ]f+(2m-l)fp|]

(A.23)

where K, is a constant of the % noise. Pig.A.3(b) shows
these "harmonic } noise” components, they are shifted to the

odd harmonic frequencies of fp.

But, if v, is white noise with power density of

S, (f) = 2kTRy, -00 ¢ £ < +o00, (A.24)
then
00 2 2 .
Supe(f) = 2 lragorys) 4kmhy,
= 2kTRy, -00 < £ < +00. (A.25)

This result indicates the‘ vhite noise has no modulation

effect due to the sign function x(t).
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APPENDIX IV. NMOS METAL-GATE DEPLETION-ENHANCEMENT PROCESS

The proceas used to fabricate the experimental proto-
type circuits in this research work is described in this
appendix. The process evolved to its present form through
previous efforts [23),[24],[4]). Boron implantation is used
in channel-stop (p* isolation). Positive photoresistor is
used in all photolithographic steps in the process. The sub-
strate is boron-doped p-type <100> orientation with 25 to 50
ohm-cm resistivity. This process is intended to fabricate
the threshold voltages (without body-bias) of 0.7V and -3.0V

for enhancement and depletlén devices.

Fabrication Sequence:

1. Initial Wafer Cleaning:

1) TCE, 60°C, 10mins.
2) Acetone, room temperature (R.T.), 2mins.

3) Deionized water (DI) rinse, 1 to 2 mins.; N2 blow

dry.

4) Piranha clean, H,80,:H,0, (5:1), self-heat to
about 90°C, 15mins.
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5) DI rinse, 1 to 2 mins.; N, blow dry.
6) Dip in HF:H,0 (1:5), 30secs.
7 DI rinse, 1 to 2 mins.; "2 blow dry.

Initial Oxidation: N-type drive-in furnace, 0.92um wet

oxide.
1) Push @ N, 0.65 liters/min, 1150°C, 3mins.
2) Dry 0, @ 1.0 liter/win, 1150°C, Smins.

3) Wet O, e 0.5 1liters/min, through 96.8°C Hy0,
1150°C, 90mins.

4)  Anneal @ N, 0.65 liters/min, 900°C, 15mins.
5) Pull @ N, 0.65 liters/min, 900°C, 3mins.

Photoresistor Step:(p* field isolation implant, MASK 1)

1)  HMDS vapor, with N, flow, 5mins.
2) N, flush, 5wvins.

3) Apply positive photoresistor (A21350J); spin @
5000rpm, 30secs.

4) Prebake, € 90°C, 15mins., with Ky flow.

%) Expose mask, 15secs.

5.
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6) Develop with AZ developer:Hy0 (1:1), 60secs.
7) Light DI rinse, 60secs.
8) Light N2 blow dry.
9) Postbake, @ t10°c; 15mins.

10) Oxide etch, & buffered HF (HF:NH4F(1:5). aged at
lease 4hrs.), R.T., 9.5mins.

11) Light DI rinse, 1 to 2 mins.
12) Light N, blow dry.
13) 1Inspect under microscope for complete oxide etch.

Field Ion Implantation:(p* field implant)

Bake wafer under IR lamp for 10uwins.
1) Boron:8x10'3/cm2, @ 150KeV.

2) Strip photoresistor in Piranha, Smins.; DI rinse,

1 to 2 mins.; Nz blow dry.

Field Oxide Growth: N-type drive-in furnace, O0.4um wet

oxide over p+

1) Piranha clean, 5mins.; DI rinse, 1 to 2 mins.; N2

blow dry.
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2) Dip in HPF:li,0(1:10), 10secs.; DI rinse, 1 to 2

mins.; H2 blow dry.
3)  Push @ N, 0.65 liters/min, 1150°C, 3mins.
4) Dry 0, @ 1.0 liter/oin, 1150°C, Smins.

5) Wet 0, @ 0.5 1liters/min, through 96.8°C 150,
1150°C, 16mias.

6) Anneal @ N, 0.65 liters/min, 900°C, t5wnins.
7)  Pull @ N, 0.65 liters/mim, 900°C, 3uins.

Photoresistor Step:(n' diffusion, MASK 2)

1) Same as step 3. except oxide etch for 10mina.

2) Strip photoresistor in acetone, 5Smins.; DI rinse,

{ to 2 mins.; N2 blow dry.

Phosphorus Predeposition: H-type predeposition furnace,

(cool phosphorus source, POCIB, 30 to 40 mins. before

use.)

1)  Piranha clean, Smins.; DI rinse, | to 2 mins.; N,

blow dry.

2) Dip in HP:H,0(1:10), 10secs.; DI rinse, | to 2

mins.; N2 blow dry.
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3) Push @ N, 0.65 liters/min, 1100%C, 3wins.

4) Dry 0, @ 0.1 liters/wmin, and Ny, 01.25 liters/min,
1100°C, Somins.

5) Dry 0, @ 0.1 liters/min, N, € 1.25 liters/win, and
POC1; @ 0.096 liters/min, 1100°C, 20mins.

6) Dry o, @ 0.1 liters/min, and N, @ 1.25 liters/min,
1100°C, 2nins.

7)  Anneal @ N,, 0.65 liters/min, 900°C, 10mins.
8) Pull @ N, 0.65 liters/min, 900°C, 3mins.

Etch Phosphorua Glass

1)  Dip in HF:H,0(1:3), 1.5mins.
2) DI rinse, 2mins.; N, blow dry.

8/D Oxide Growth: N-type drive-in furnace, O.5um oxide

over n* 8/D

1) Piranha clean, Smins.; DI rinse, 1 to 2 mins.; N,

blow dry.

2) Dip in HF:ﬂzo(l:IO), 10secs.; DI rinse, 1 to 2

mins.; N2 blow dry.

3) Push @ N, 0.65 liters/min, 1100°C, 3ains.
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4) Dry 0, @ 1.0 liter/min, 1100°C, Smins.

5) Vet 0, @ 0.5 liters/min, through 96.8°C H,0,
1100°C, 34mins.

6) Anneal @ N, 0.65 liters/min, 900°C, 15mina.

7) Pull @ N, 0.65 liters/mim, 900°C, 3mins.

Photoresistor Step:(Gate oxide, MASK 3)
1) Same as step 3. except oxide etch for 6.5mins.

2) Strip photoresistor in acetone, 5mins.; DI rinse,

1 to 2 mins.; N2 blow dry.

Gate Oxide Growth: N-type drive-in furnace, O.lum gate

oxide

1) Piranha clean, Snins.; DI rinse, 1 to 2 mins.; N2

blow dry.

2) Dip in HF:H,0(1:10), 10secs.; DI rinse, 1 to 2

oins.; “2 blow dry.
3) Push @ N, 0.65 liters/min, 1000°C, 3mins.
4) Dry 0, @ 0.5 liters/min, 1000°C, 110nins.

5) Anneal @ N, 0.65 liters/min, 1000°C, 15mins.

12.

13.

14.

16.
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6) Pull @ N, 0.65 liters/nim, 900°C, 3mins..

Photoresistor Step:(Depletion implant, MASK 4)

Same as 1) to 9) in step 3. (No oxide etch!)

Phosphorus Depletion Implant:

1)  Phosphorus: 2.10x10'%/cn?, @ 150KeV.

2) Strip photoresistor in Piranha, 5mins.; DI rinse,
1 to 2 mins.; N2 blow dry.

Boron Enhancement Implant:

1)  Boron: 7.80x10'1/cn2, @ 50Kev.

2) Strip photoresistor in Piranha, Smins.; DI rinse,

1 to 2 mins.; N2 blow dry.

Back-side Oxide Etch:

Use Q-tip with small amount of HF, etch back-side
of wafer only; DI rinse, 1 to 2 wins.; N2 blow

dry.

Phosphorus Gettering: N-type predeposition furnace

1) Piranha clean, 5Smins.; DI rinse, 1 to 2 mins.; N2

blow dry.

2) Dip in HF:H,0(1:10), 10secs.; DI rinse, 1 to 2
mins.; N2 blow dry.
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18,

19.

3)

4)

5)

6)

7)
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Push @ N, 0.65 liters/min, 1000°C, 3mins.

Dry 0, @ 0.1 liters/min, and Ny @ 1.25 liters/uwin,
1000°C, Smins.

Dry 0, @ 0.1 1liters/min, N, @ 1.25 liters/min, and
POC1y @ 0.096 liters/min, 1000°C, 2mins.

Anneel 6 H,, 0.65 liters/min, 1000°C, 10mins.

Pull @ N, 0.65 liters/min, 900°C, 3mins.

Photoresistor Step:(Contact, MASK 5)

1)

2)

3)

4)

5) .

Same as step 3. except oxide etch for 1.5mins.

Strip photoresistor in acetone, Smins.; DI rinse,

1 to 2 mins.; N2 blow dry.

Piranha clean, Smins.; DI rinse, 1 to 2 mins.; N2

blow dry.

Pip in NHP:H,0(1:10), 10secs.; DI rinse, 1 to 2

mins.; N2 blow dry.

Bake under IR lamp, 15mins.

Evaporaute 0.4 to 0.6um of Aluminum:

Photoresistor Step:(metalization, MASK 6)

20.

1)

2)

3)

4)
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Same as 1) to 9) in step 3. except spin AZ1350J @
7000rpm, expose mask for 12secs. and develop for

45s8ecs.

Aluninum etch @ type-A etchant, 50°C (etching rate
0.01um/sec), 50 to 70 secs.

DI rinse, 1 to 2 mins.; N2 blow dry.

Strip photoresistor in acetone, Smins.; DI rinse,

1 to 2 mins.; N, blow dry.

Sintering Treatment: Sintering furnace

1)

2)

3)

Push @ N, 1.0 liter/min, 450°C, 1min.

Sinter @ forming gas (N;:H,(9:1)) 1.0 liter/min,
450°C, 15mins.

Pull @ forming gas 1.0 liter/min, 450°C, imin.
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APPENDIX V. NMOS METAL-GATE LAYOUT RULES[X]

The layout rules given in this appendix are very
conservative, which 1is designed for fabricating the
prototype circuits with a relative high-temperature
process as described in appendix IV. The spacing shown

as follows is the minimum value in the layout.
MASK 1: p* Isolation
width 10um
spacing 7.5um to 15um

(for those low reverse-bias voltage across
p*, substrate and n* use 7.5um, otherwise use

15um. )
HASK 2: n' Source/Drain (8/D) Diffusion
width 10um

8/D  spacing 15um (for

switches)
20un (for op-aups)

MASK 3: Gate Oxide

MASK

MASK

MASK
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width 10um
S/D overlap 2.5um

(also contains all the contact windows in

MASK 5.)

4: Depletion Implant

larger than gate oxide 1Oum

9: Contact

pinimun size 1 Oumx1Oum

or 7.5umx!2.5um

to edge of 8/D Sum
6: Metal

width 10unm
spacing 1Oun

larger than gate oxide

and contact window 2.5um
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