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SUMMARY

| The sWitched-capacitor (sC) technique is a very attractive method fori
'implementing‘fnllv integrated fiiters in MDSitechnology; .The filters,
consisting only of switches, capacitors and operational-amplifiers,
can be realised through a number of design procedures. This thesis

rdescribes these design techniques and their applications.

Many of the suitable designs.use SC integrators wnich can be easily
derivedvfrom the analogue active integrators. Parasitic—insensitive
imnlenentation is:possible realising either the lossless discrete.
»integrator (LDI) or the bilinear transfornation._ The efrects of noise
rand otner non—idealities of the switches and operational amplifiers on
these integrators are described Avgenerai biquadratic structure based
on the SC integrators is given from which a circuit capable of realising
bandpass transfer functions is derived The SC biquads are cascaded or

coupled for the design of higher order filters.

Higher order SC filters are also designed by simulating doubly-
terminated 'LC ladder networks with integrators using the LDI
'transformation. Other methods of simulating the ladder network include
using‘voltage—contr011ed current sources, the impedance simulation
method:and voltage inverter switches. These methods mostly produce
icircuits wnich are sensitive to parasitic capacitances and are only

briefly‘described.

- These design techniqnes are nsed'to design SC filters which meet
the one—third octave bandpass filter specification required for the

analysis of acoustic noigé and vibration. The midband frequencies of
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the resulting SC bandpass filters can be varied from 10Hz to 20kHz.
The designs are made using clock frequency at a minimum value possible
and another at 48 times the midband frequency. The suitable circuits

are compared with regard to their requirements and performances.

The antialiasing problem due to the wide range of required midband
frequencies is overcome with the use of an SC decimator circuit. This
allows the antilaliasing filter, the decimator and other accessories to

be implemented on a single chip with the SC bandpass filter.

The SC circuits are analysed using their z-transform relations.
The nodal analysis technidue and the equivalent circuit method are
‘described and used for deriving z-transform transfer functions of the
SC filters. These are then used to predict the frequency responses
of the filters and their sensitivity as to variation of one single

capacitor value.
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CHAPTER ONE

INTRODUCTION

Filters for frequency selective filtering are among the most‘common'

circuits in electronic systems. .With the advent.of integrated circuit.’
technology, it has also been desirable to produce filters in monolithic

fform. Towards this end, filters have been successfully reduced in size.-
"and cost with the replacement of RLC networks by active-RC circuits. |
Avoiding the bulky and costly inductors, thin-film resistors and capacitorsi
can be realised with silicon integrated circuit operational amplifiers.
This'hybrid integrated circuit can be fitted into a small 16—pin>dual-in—line'

package.

Further reduction by realising resistors and capacitors on tne silicon

chip together with the operational amplifier (OA) transistors has been
found to be unsuitable for implementing precision filters. In order to
define accurately the RC product, the absolute values of_R and C have toj
be well cOntrolled which are.difficult in current integrated circuit (IC)N
technology. Integrated_resistors‘have poor linearity and temperature .
characteristics and they do not track with those of‘the capacitors on’the

same chip. HoweVer. tracking inIVariations of'the-same_components alloms
the possibility of defining resistor or capacitor ratios accurately.
Active-R filters‘have been .implemented,'- which use the 0A as-integrato_rs

with their filter parameters established via resistor ratios.[1]

In metal-bxide-semiconductor (Mbs) technology;,however,.it'is more
accurate to implement capacitor ratios since high quality capacitors can
Be conveniently realised in MDS IC. Furthermore, they.are less prone to.
drift and use less silicon area than resistor ratios. »Thus active-C filters,

which are readily obtained by replacing the resistors in active-R filters



with caﬁacitors, provide a better possibility for full integration of

analogue filters.[2]

Another approach for.full integration of filters has also been
possible due to accurate capacitor ratios and aﬁother unique property
of MOS IC. The MOS IC offers the ebility to store charge on a node for
several milliseconds and to sense this stored charge continuously and A
non—-destructively. This feature enables the implementation of analogue
eaméied-&ata filters such as theebucket bfigede fiiters [3]; the cﬁarge-
coupled deviee (CCh) filters [4], the direc;—fonn recursive filters [5]

and the switched-capacitor filters (SCFs).[6]

Thus a ﬁumber of ways have been attempted for the reduction in size
and cost of filters. Among these, the ewitched—capacitor (SC)_technique
seems to be the most attractive for the implementaﬁion of precise fully
inteéreted‘filters especially in the voice-frquency rénge. The SCF
consists only of capacitors, 0As and analogue‘switches.ﬁhich are all'eaéily
implemented in MOS IC. The filter paraﬁeﬁers are determined by capacitor
retios‘and the freﬁﬁency at which the SWitchee.afe cioekea.’ The input signal
£§ the SCF is sampled in time thus.it‘ehould be bandlimited es diefated~.
by the sampling fheorem. Hence an ehtialiesing filter is required. However,
a simple continuous-time fiﬁter with no stringent reqeirement cen be easi;y

: impleﬁented on the same chip and is usually sufficient for this purﬁose.

Fully integrated‘fileers have now been implemented in a number of
applications using the SC technique. Transmit and Receive Filtere for
e Pulse-code-modulation (PCﬁ).eoder-decoder (CObEC) sysfem,have been
fabricate& together with the CObEC and otherlinterfeCe eircuits oﬂ.the

same chip.[7] A Dual Tone Multifrequency (DTMF) receiver can now be



fabricated on a single chip including all its required filter circuits.[8]
Prqg rammable SCFs with applications such as in adaptive filters, and
- speech and music synthesisers, can also be easily implemented due to the

filter parameter dependence only on capacitor ratios and clock frequency.[9]

The parameter dependence on the clock frequency allows the -
possibility of implementing_an integrated bandpass filter with fixed
capacitor ratios but having its centre frequency tracking the clock
frequency. This SC bandpass filter may then be used in.applications such
as in acoustic noise measurement which involves measuring the level of
noise components in different bands of the audio spectrum [(10] The
different filters required from the set are obtained by only adjusting
the clock frequency of the sC bandpass filter instead of altering the

component values as had to be done when using aCtive-RC filters.

This thesis describesbthebdevelopment in’SCdeesigns;' their
advantages and 1imitations'when compared to active-RC filters or other
ways of impiementing monolithic filters. A number of techniques haye been
proposed for the design of SCFs.[11] These techniques are described and
applied here for the design of the bandpass filter required for acoustic
noise measurement. The requirements and. performance of the resulting SCFs
are then compared‘to determine their suitability for integrated circuit

implementation.

1.1 Switched-capacitor circuit principle

The above discussions have shown that in order to implement filters
in MOS technology, it is desirable for resistors to be avoided. In switched-
capacitor (SC) technique, the resistors are replaced by utilising capacitors

and switches. Current flow in resistors is simulated by charge transfer V



on rapidly switched capacitors. This can be 111hstrated by the switched- -

capacitor circuit in fig. 1:1.

- Assume the switch is initially at position e,then the cgpacitor CA _
is charged to voltage vj. When the switch is thrown to position o, the
capacitor C is discharged (or charged) to voltage vy.  The amount of
charge that flows intd (or from) tﬁe voltage source vy is C(vy - vé)..

If the switch is tﬁrown back and forth every T seconds, then:the current

flow, on the average, is

1 =,.ESXLE;;IZQ. | (1:1)

If the switching rate, fc = 1/T is much larger than the signal
frequenciés of interest, the sampling time Qf the signal which occurs in
the circuit of fig. 1:1 can be ignored, thus the éircuit is equivaleﬁt

to a resistor of value

=T = . o
R= "= (s (12

The MOS iﬁplementation ofithe SC circuit in fig. 1:1 is given in

- fig. 1:2(a). The two MOSFETs are operated as ideaivswitches which are
..coﬁtroiled by a two—phése non—ovérlappiﬁg clock at thevfrequéncy, fc as
shown in fig. 1:2(b). Tﬁe e&en (e) and odd (oj clock phases,‘denotéd by

-¢e and ¢o respectively, close the switches when they are high. In practice;
slightly less than 50% dpty cycle is required to ensure the two s&itches
never close simultaneously. However, for simpliciﬁy, 507% duty cycle is

‘assumed in subsequent analyses of biphase SCFs.

The SC circuit shown in fig. 1:3 also simulates a resistor as in (1:2).
These circuits can thus replace resistors in any active-RC filters to form
the SCFs if the assumptions in:the above illustration are all satisfied.[12]

[13]



.Fig, 121 A switched-capacitor circuit Simulaﬁing a resistor,
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Fig., 1:3 A series switched-capacitor,



IndﬁctOrs can also be simulated using the simulaled resistors, capaéitors
and OAs, hence passive filter~response can also be obtained by an SCF.
There are, however, a number of other considerations to be taken into
account to ensure that high performance filters are achieved. These are

discussed in detail in the following sections.

1.2 Properties of MOS components

As have been mentione&, it is relatively easy cp implement capé;itors,
bswitches and OAs in the MOS technology. These high quality MOS élemeﬁ;s
have made the implementation of precise SCF possible. However certain
properties of these components do impose some limitations on the range
of realisable filters. In this section.:he‘propertiés of these components,

produced through the CMOS or NMDS'processes, are described.

(a) MOS capacitors

In the NMOS and CMOS processes, capacitor plates can be.made of metal
(usually aluminium), or polycrystalline silicon (polysilicon), or heavily-
doped crystalline silicon. For examples, é heavil& doped region iﬁ fhev
silicoﬁ'supstrate can be ‘made the bottom plate with the interconnéct |
metallisation madevthé toplplate or both plates can be formed by two
ﬁélysilicon layers. These materials are very conductive. Thg dieléétric
‘material is $i02, aﬁ exéellent insulator, which can be therﬁally grbwn ffom
the silicon layer. These capacitors exhibit good ratiq agcurécy and low

vvbltage and temperature coefficients.

The value of the capacitors is determined by the dielectric constant,
the thickness of the dielectric and the area of the capacitor. Assuming
that the dielectric constant and thickness do not vary, the ratio of two

capacitors, made withln the same ihtegrated circuit, will depend only on



their area ratio. This is primarily determined by the geometrical shape
of the capacitors definedbby'the photolithographic mask used to make the

"integrated circuit.

Error in the ratio can thus result from uﬁcertainties in the
photolithographic edge definition. The possible variation of the dielectric
thickness with distance across the integrated’circuit can also contribute.
to errors.‘ These effects can be overcome by careful layout of the components.
The errors generally get smaller as the capacitor dimensions are made
largqr. The achievable ratio accuracies range from 1 4 2% for small
capaeitor geometries (~ 400um2) to abeut 0.1Z'for'cepacitor geometries
which approach the limit of economical size (40 000um2) [6] This implies :
that as the capacitor ratio increases the accuracy decreases since the

smaller of the two capacitors must be decreasing.

Voltsge coefficients of MOS capacitors are in the range of 10 to
100'ppm/V. Temperature coefficients are generally in the range of 20 to
50 ppm/©C. These variations are much lower for the value of a ratio and

can be considered.insignificant in almost ell»applications.

The manner in which the capacitor is constructe&, as described above,
renders psrasitic capacitance unavoidaBle._ The bottom plate, which is in
the substrate or close to it, is coupled to the substrate by a parasitie'
capacitance with a value of 5 to 20% of the MDS.capacitor itself. The
interconnecting lines conﬂected to the top plate causes a parasitic.
capacitance to be present from the top plate to the substrate. Tﬁis'has a
Qalue ranging from 0.1 to 5% of the capacitor. Hence sizeable parasitic
capacitances are present and they are non—liﬁear; thus,.eannot be neélected

if high performance filters are required.[6]



(b) MOS switches

The MOS transistors can operate as good switches. When the transistor
is in therff—mode, the off-resistance is, for practicél purposes, infinite.
The on-resistance depends on the area allowed for the MOS transistér.v In
NMOS silicon'gaté technology, switch device with a channel'length of Sum
can be achieved. 1In this casé, for a &idth—to-lengﬁh ratio of unity, the
-on—fesistance is 5kQ if the gate drive voltage is 5V with respect to the
source. However, in a larger area, 1lkQ on-resistance can readily be

attained.

The 5um device has a leakage current from source and drain to substrate-
on the order of 10—14A at 700°cC. The,parasiticVcapacitanceé from source
and dréin to substrate is abouﬁ 0.620pF'each. The“overlap capacitance
from drain to gate and soufce to géte is about 0.005pF. The chérgé induced
iﬁ.the channel, Whén ihe géte potenfial is 5V more poéitive than the sburce
and drain, is approximafely 0.03pC. [6] These properties needvto Se considered

in appiicétions where the switches cannot be assumed ideal.

(c) Mos operétional amplifiers
The recent trend towards higher level of integration on MOS Large.
Scale Integration (LSI) chips has led to considerable works being done in
realising CMOS and NMOS OAs. A number of high performance 0OAs have been
designed to date.- Opérationél Amplifi;rs with uﬁ to 90dB 6pen'loép gain,
| unity—gain béndwidth of 10MHz or power dissipation of 2mW are now practical.

[11]1017]

Typical values, which are easily achievable invbbth CMOS and NMOS

techndlogies for OAs with 5V supplies, are 70dB open loop gain, unity-



-gain bandwidth of 2MHz and power dissipation of about 3 to 6 mw. Thg>

- common mode and power supply rejection ratios are about 70dB. The OAs
have 0.17% settling time of about 2us for 1 V step wi;h~a 20 pF 1oad

and slew rgte'of about 3V/us.[14]1[15] MOS OAs have higher offset voltége
and 1/¢ noise than bipolar OAs. bThe MOS OA_dc offset is usually less
than 15mv. In the overall filter, thisvadds up according to the'filter
coﬁfiguration and the number of OAs used. A typiéal inpuf noise versus

frequency characteristic of an MOS OA is shown in fig. 1:4.[14]

The MOS OA occupies about as much space as a 50pF capacitor, that

i1s about 0.1 to 0.2 mm’

of silicon area. It does not require 1argeﬁ
capacitive and/or resistive loads driving capabilities since OAs used
in SCFs are only required fo drive small capacitors. Output buffer stage'

is, however,-required for an OA to be used for driving,off-chip»lpadSs

1.3 Practical considerations for MOS implementation

The above properties of the MOS elements placed some constraints on
the type of SCInetworks which can be used. A number of circuif conditions
have to be avoided in the MOS implementations of preciéionvfiltéfs; The
gui&elines which must be observed for practical SCF configurations are
listed below. |
(1) Closing the OA feedback path. The OA feedback path should at least
be closed by an unéwitched capacitor to provide the continuous-time feédback
| necessar& to stabilise the OA. The switched-capacitor alone cénnot be used
sihce the OA will be leffyopeﬁ-loop duriﬁg part'of ﬁhe clock éycle. The
switched-capacitor can, however, be used in parallel with the unswitched
capacitor. It can provide the dc feedback path to prevent latch-up of the OA.

(1i) No capacitor only nodes. All capacitor plates are subject to charge
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accumulation from a variety of parasitic sources. 1In ordgr to insure
stability of the circuit there must be a péth either direcf;y.or through

a switched-capacitor from every node to a voltage source or ground.

(iii) Connection of capacitor bottom plate. This plate should be connected
to a voltage source/ground or switched between voltage sources/gfound.

Thé large non—l;near parasitic capacitanée between this plate and the
substrate will then Be charged and discharged, but will not affect the filter
response. |
-(iv) Connection of OA poéitive input. This iﬁput should be connected to

a constant voltage. If it is connected to a signal vbltage, then the
filter response is sensitive to all the parasitic capacitances due to
switches, bus lines and substratg that are connected to the negative input
of the OA. In addition, increased common;mode performance is:réquired of

the OA. [6]

1.4 Further considerations in designing switched-capacitor filters

Despite the above limitations, there are still a variety of possiblé
active filter organisations which can be used for monolithic implementation.
These can be-arrived at through a number of design érocédures starting with
an LC 1adder or an active-RC filter as a modél; These design approécﬁes
and the resulting SC.circuits differ widely. Certain practical considerations
make'soﬁe of these usefﬁi networks preferable to othérs.- The features
»1isted:below are among the consideratiomns ﬁhich can be used to compare
the vérious'SCF circuits achievable'for a particular_specification.[lé]

(1) The sensitivity of the transfer function to parasitic capéciéances;
(2) The sensitivity to changes of the capacitor values;’e.g. caused by

fabrication inaccuracies. The tolerance scheme for the filter will



(3)

(4)

(5)

(6)

(N
(8)

12

not be violated if a capacitor value, Cj lies between its upper
limit, Cjmax and the lower limit, Cimin. The value

Cjmax - Cjmin
C3

x 100% (1:3)

is used as a measure of the sensitivity ofvthe filter to deviation

of one single—capacitor value. | |

The total capacitance required which reflects on the substrate

area needed.

The number of OAs in a circuit which determines'the'power consumption
and the generation of noise. The OA is also a major factor in |

determining the silicon area required for an SCF.

. The spread. of the'capacitorvvalues which affect the accuracy of

capacitor ratiovdefinition in monolithic implementation.
The number of switches.
The number of clock phases required.

The allowable clock frequencies.

Prior to designing the filters, chapter 2 gives two basic analysis

techniques which can be used for obtaining z—transform transfer functions

of the SCFs. Chapter 3 deals with the SC integrators which are used in

many realisable SCFs. Then the specification for the one-third octave

bandpass filter is given with some preliminary design steps in chapter 4.

Using this specification, SCF designs using SC biquads are done in

h chapter 5. Designs by simulating the doubly terminated LC ladder networks .

are done in chapters 6 and 7. Finaliy, in chapter 8, some aspectsvfor

the implementation of the SCFs are discussed.
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CHAPTER TWO

ANALYSIS OF SWITCHED-CAPACITOR NETWORKS

In chapter one, it was shown that a switched—capacitor can approximate

5 resistor under thevassumptions'that the samplihg frequency is muchv
greater than the signal frequencies and that the.resistor.ié voltage
driven at both ends. 1In this case, the SCF can be considered equivalenti_
to the active-RC filter it replaces and analysed as such. However, such
assumptions are not always practical in the analysis of SC networks. For
example, it is desirable fof the signal.freqdencies to be as high as half
the sampling frequency, thus the time delay’through the switched capécitér

has to be accounted for.

A ﬁpre‘exact analysis'can be»obt;ined by applying.the i-transform
techniques, if the voltage sources and intérpal voltagés of the SC nefﬁorks
are assumed to be sampled at times kT (where k is an integer, see fig. 1:2(b))
and héld over one—half_clock period. The resistor/switched—capagitOr
correspondence is still useful for deriving topologiés of SC netwﬁrks from
the active-RC circuits. Then the SC netwérks #re considered to be pure
vsampled-déta systems and analyse& uéing the z—tranéform techniques.A For
this analysis to be exact, the SCF E#s to be preceded‘by a sample-and-hold
(S/H) stage. However, in many SC networks, this is not‘nééessary since

the S/H operationé are inherently.performed'by the - SCF.

Without the above assumptions, the SC networks can still be analysed
for érbitra:y input signals and arbitrary switching patterns where both
frequency domain and time domain information can be derived.[l] The
analyéis, however, is considerably more complex. For convenience or fpr

practical reasons, most SC network designs are based on Ss/H input signal.

15
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Thus this chapter only deals with the analysis of biphase SC network
assuming sampled~and-held inputs.. For this class of.circuits, simple

and fast analysis techniques are available but they only provide for the
| analytical evaluatién of transfer functions and frequency respdnses of

the SC circuits.

2.1 Analysis Techniques

The use of the z-transform in the analysis of SC network is first
_illustfatéd here for the SC circuit in fig. 2:1(b) which correspondé to
the simple RC circuit of fig. 2:1(a). Tﬁe resistor of tﬁe RC circuit
is replaced by the switched-capacitor of fig. 1:1. The SC circuit is
éssumed to comprise of ideal switcheé and capacitors. The.switches are_

controlled by clock phases as shown in fig. 1:2(b). .

The topoldgy of the SC network is thus chaﬁged periodically between
two states'as shown in fig. 2:1(c) and (d). The port variables can ﬁe
characterised in terms of discrete time voltages, vx(kr) and dis;rete time
’chgrge variation, Aéx(kt), where # represenfs nodes in Fhe éircui;.'bAt
thé'switching time, kT, when k»is even, thevSC network becomes that of
fig. 2:1(c), and chargés are 1nstanfaneously redistributed with the
principle of charge conservation maintained at evefy node. Using this
principle, nodal charge equations can be written at each node‘for the even

sampling instants. These are
e : e N :
Aq1 (k1) = Clvl (k1) - Clyz [(k -1)T] (2:1a)
e e o .
Aq2 (k1) = C2v2 (kt) - szz [(k -1)1] (2:1b)

The superscripts e and o differentiate the variables of the two states.
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At the switching time, kr, when k is 6dd, the network becomes

that of fig. 2:1(d) and the nodal charge equations for this instant are

Aqlo(kt) =0 .(2:1c)
8q,°(k1) = C1v,°(kT) + C,v, (kt) = € v, [Ck - 1] - €,v, [ (k - 1)1
(2:14)

Applying the z-transform, where z

exp(sT) in which s is the complex

analogue frequency variable gnd T = 21, eqns (2:1) becomes

AQle(z) = clvle(z) - z;*c1v2°(z) (2:2a)
8Q,%(2) = ¢,v,%(2) - 2 ¥c,v,°(2) (2:2b)
8Q;°(2) = 0 , (2520

8Q,°(2) = €;V,%(2) + C,¥,°(2) - = ~%c v1 (z) - z ¥ v2 (z)
(2;2d)

where AQ(z) and V(z) are z-transforms of Aq(kT) and Vv(kT) résﬁectively.

Thus at a particular node of the SC network of fig. 2:1(5); two
distinct, but coupled, nodal charge equatibns are réqﬁifed to characterise

the charge conservation. ’Eqn-v(2:2)_can be written in matrix form as

follows
_ . - o1 )
8% [ | ¢ 0 0 -z *cl el
8Q,° 0 c, 0 —z’*c2 v,°
AQ1° 0 0 0 0 v1°
(o] "'lf ?"} o
,AQZ | [z C; -z VC2 0 C1+C2 | V2 :

The transfer functions describing the circuit can be obtained from
(2:3) using cofactor techniques. Let [Y] represent the matrix, these

 transfer functions are
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oV

v, o- Aﬁyvv -0 5 1 ii? o— —°V>
1 a, Aq,
C —_—
2 C C
1 2
1 L L
(a) (v)
Ao © e o o
% qu, Aaq, Aa,
O Snmy r——————0 o—> ——0
) e ) e (o} lo]
V1 2 Vi Va2
¢ C2 Cy 2
(¢) (a)

Fig. 2:1 (a) RC circuit. (b) A switchéd-capacitor network
simulating the RC circuit, (c) network (b) during
the even clock phase, (d) network (b) during the
odd clock phase.

—_— -
+ 00— P +
v.%(2) ,3(2)
Switched-
- | capacitor | -
o[ equivalent P
Aq,%(=)| Aq,°(=)
n oo | mnetwork I - S
o} o
v,%(2) v,°(z2)
Fig.,2:2 Four-port equivalent of a two-port switched

capacitor network,
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e -1
H®® = Y2 2] o (2:4a)
vle |Y11| ¢, +¢,- sz—l
-3
Y C,z '
o V2° - IY14| . o 1 ~ (2:4b)
vle | ]_]_l Cl + C2 - sz .
. v e Y ’
Ho® - 2o - :Y32: = 0 (2:4c¢)
v 33
1
v,° Y
goo - -2 _ 13l _ (2:4d)
A £

The SC network is thus fully characterised by the input—outﬁut

~ relation,
Vze(z) Hee 1°e Vle(z) |
= (2:5a)
Vzo(z) He° Hoo Vlo(z)
where
v, (2) = Vle(z) + v1°(z) - ' (2:5b)
V,(2) = V,5(2) + V,°(2) (2:5¢)

The SC network can fhen also be represented by an eqdivalent four-port
as shown in fig. 2:2 where the equivalent z-domain network is described

by (2:5a) or (2:3).

Signal conditioning performed at the input and output determines
the relevant transfer function relations of the SC network. As an example,
if the output is sampled only at the even kt time instants, then the

rélevant relation is

V,%(2) = B°%V,%(2) + ﬁ?evl°(z) (2:6)
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In the circuit of fig. 2:1(b), however, the input at the odd kt time

instants is not sampled, thus for this case only the transfer function

Hee is involved.

If a general SC network is now considered, the twb z-tranéformed

nodal charge equations. at a particular node x are written as’

e Nex e , -3 Nex o |

AQ k(z)_' jzl .Q xj(2) -z jil Q xj(Z) . (2:79)
o Nox -3 Nox . .

8Q°, (2) = jil P yy(2) - 2 jil Q xj(z) (g.7b)'

where Nex, Nox denote the total number of capacitofs connected to node X
during the even and odd clock phases respectively. Qexj(z), Qoxj(z)
are z-transforms of the instantaneous charges stored on the j-th capacitor

connected to node X at the even and odd kt time instants respectively.

As the circuit increases in complexity, it becomes very difficult
to wri;e down (2:7). The transfer functions as in (Z;Sa) can no longer
be easily obtained as for the case of the simple circuit of fig. 2:1(b).
- A number of analysis‘tecﬁniques have been proposed which simplify these
steps. The following sections deal with two basic methods whicﬁ are capable
of handling any two—éhase SC network containing ideal elements with»S/H
inputs. These are the nodal analysis technique [2] and the equivalent
ciicuit method.[8] Based on these, more general methods have been
developed but the following sections only elaborafgvthem in their simplest

forms.
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2.2  Nodal Analysis Technique

Using (2:7), the total number of equatioﬁs involved to describe
a SC getwork.is 2n, where n is the number of nodes in the network. .In
this nodél analysis technique, the network is broken down into switches
and capacitors networks. Using matrices which describe these netwgrks,.
equations such as in (2:7) can be assembled in a logical manner. .
‘This method is particularly'attfactivé for éomputér analysis of

SC networks.

In this analysis,‘it is fi:stvassumed that any braﬁch between two
nodes in the network cpnsisté bnly of a,capaéitor and a switch.‘»Thus
another node has to be introquced fof-the circuit of fig.'2:l(b) for.its
an;iysislhsing this mefhod. Tﬁe circuit is rearaﬁn in fig. 2:3:broken down
into its switches and capacitors networks‘with the nodes renumbered.' In
this &ay, the same capacitors.are connected to each node at ali time
instants. Thus, from figf 2:3(b), abfi#ed.capaci;ance matrix can'bg

written as follows,

0O . 0 0
[c] =1 o0. I C - (2:8)
0 -0 C,

" The voltage at each node is determined'by the switch connection.
Thus when switch e closes, taking Vle as the reference in fig. 2:3(a),

e e e e e e (2:9)

These can be written in matrix form as
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e e
v, 1 0 0 v
vze = 1 0 0 vze = [s¥v® (2:10)
e . e
vy | _ 0 0 1] [ Y5

where [Se] is the even switching matrix and V€ 1is the corresponding
vector of the voltages at the nodes of the circuit. Similarly, when
switch o closes, the switching.matrii [S°] can be obtained and the

corresponding vectér Vo_defined as

1 v
s°1 =]o o 1|, Vv° = v2° (2:11) .
[e]
0 0 1 _V3

'Eqdations such as in (2:7) can then be written in matrix form as
" follows.
a®| [te1: to1f f1s®1 - EsCyffve|

= . : (2:12)

2°| |01 [e1] |21 1s°1]|v°

" where, due‘to the different node definition, AQ(z) is now used to denote
the z-transformed charge variation. Aerand AQ° are vectors of‘fhe

z-transformed charge variations at nodes of the network when switches e

and o close, respectively.

The closing of the switches reduces the actual number qf nodes : in
the circuit. This has to be taken into account by usiné the dharge
matrices (1%] and [IO]‘for the even and odd kT time instants respectively.
When switcﬁ e closes in fig{ 2:3, the actual charge variation at the
combined node is the cbmbinafion of Aal and Aaz whiéh have been:assumed
to be present on nodes 1 and 2 separately. Thus taking nbde 1 as feference,

. the combined charge variations are
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| Aq, -A&ﬂ
‘ L1
o I C4 | I 2

(v)

Fig, 2:3 (a) Switches metwork of the c1rcu1t in fig, 2: l(b)

(b) Its capacitors network,

(a)

xe re xo ro
[ . | i . . . . 17, B
: e . . . ) : e
AQX . . . P . 'Vx ’
. . . . . .
. . . . . .
e
AQre L] L] [ [ [ 4 [ [ 4 ® [ ] L] L] [ ) * [ 2 vr
.. - [ ] L4 [ 4 L] )
: o - . * ° . ! : °
AQx o o . . Vx
. . o . . .
. .

PY . . . . . .
AQro ¢ o ¢ o o o 0 e o o o o o o Vro
. . ¢ . . .

o D)
| e i . o . . d L |

(v)

‘Fig. 2i4 (a) An ideal voltage amplifier between nodes x
| and r in a switched-capacitor network, (b) The
matrix [Y] showing the affected rows and columns
with the inclusion of the amplifier._
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e

8Q,® = AQle + AQZe , AQze = 0 (2:13a)

and since switch o is open at this instant,

8Q,° =.Aa3e | (2:13b)

These are written in matrix form as

el 107 ¢
AQle 1 1 o0 AQle
8% = (20, =] 0 o o |20 = [1°]4Q° (2:14)
. e ! “e .
A 0o o 1 A
LQ3_ L . L Q3-

Similarly when switch o closes, the matrix equation is

a1 T 10 oo
AQl 1 0 0 AQ1

e =[aQ,%|=[0 0o of |8,° = [1°1Q° (2:19
AQ3° o 1 1 AQ3°

L. a 3 o

. Hence, in generai, all the nodal charge'équatioﬁs can be assembled

in matrix form as follows [2], using (2:12), (2:14) and (2:15);

aQ® (r®10c1s® -z—i[Ie][C][SO] ve
o | Tl -3 0yrnqrce o o o | (2:16)
8Q -z “[I°1[C1IsT) [17][c][s"] v
or
AQ = [Y]V

For the circuit of fig. 2:1(b), the same matrix equation as in (2:3) is
obtained after elimination of rows and columns of the matrix [Y] which

are zero, and their corresponding variables.

The switches and capacitors have been assumed ideal. The preseti'ce
of parasitic capacitance can, howéver, be easily incofporated in the
analysis. The analysis can also accommodate the presence of an ideal

voltage amplifier with gain, —Ao as‘shown in fig. 2:4(a) connected between.
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nodes x and r, The volgages at the nddgs are related by

e vy o Ve
Vx = - 5 Vx = A (2:17)
(o) o

The mé;rix [Y] is shown in fig. 2:4(b) showing only variables,
rows and columns of the relevant nodes. Using (2:17), colum X éf
the matrix is divided by A, and subtracted from colum r® and column x°
is discarded. Similar steps are done for columms x° and_ro. Thevrows .
involving AQer and AQOr are also discardedAsinée they express the current
' outputs'from a voltage source and thus are redundant. When Ao+ oo for '

an ideal OA, these steps merely involve discérding columns xe, x° and

rows involving AQer, AQor.[3]

Thus normally the matrix [Y] can be reauced'to at most a 4_x 4
matrix as in (2:3). If necessary, pivotél cohdénsation.can be applied to
reduce the matrix. Then, after considering tﬁe Sigﬂal conditioning to |
the SC network, cofactof techniques are used as beforé to deriveitﬂe'

relevant transfer functions of the network.

This technique can be extended for the analysis pf nmltiph;sebsc
networks [4] and SC network using amplifier with finite géin and finite
bandwidth.[S] Computer programs for the analysis of SC networks based
on this technique have been implemented. Howeve:, most computer-aided-
design (CAD) programs use the ﬁore efficient modified‘nodél analysis.(MNA)

techniques for the computation of SC network.[6][7]

2.3 Equivalent Circuit Method

This method involves deriving simple z-domain equivalent.circuits

or building blocks for several elements bfftheiSC netwak using the
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z-transformed nodal charge equations as in (2:7). Any SC network can
then be transformed into a z-domain equivalent circuit by interconnecting
the appropriate_building blocks. - It is then possible to appiy familiar
network analysis techniques on the SC network equivalenf circuit'to
derive the transfer relations between ény pair of nodes of the network.

This method is appealing from the practical insight view.

The circuit showﬁ in fig. 2:5 is the most general switched (single)
caﬁacitor element. Other SC elements are specific cases of its configuration.
Thus only its equivalent circuit needs to be derived directly from thé
z—traﬁsformed nodal charge equations. By ﬁanipulating this equivaient
ci;cuit, the other useful SC building blocks can then be derived. These
blocks, together with the equivalenf circuits for independenf and.voltage-
controlled voltage sources form a library of buiiding blocks which can be
used for both the analysis and synﬁhesisvof biphase SC. networks. [8][9]

This method qf analyéis has also been extended so that it can be applicable
for multiphase SC network [10] and biphase SC network with continuous

input-signals, and duty cycle not equal to 50%.[11]

The z-transformed nodal chafge'equations for the toggle~switched

floating four-port (TSFFP) in fig. 2:5 can be written as follows

80,%(2) = cv,%(2) - cv,(2) - c[*vf + cZ’J"v4° (2:18a)
AQlo(z) = 0 | (2:18b)
8Q,%(2) = CV,°(2) - CV,°(2) - dz'*v4° + cZ‘*v3° (2:18c)
8Q,°(z) = 0 | | | - (2:184)
8Q,°(z) = 0 - (2:18e)
8Q,°(2) = cv,°(2) - ¢v,°(2) - Cz"l‘vle + Cz'J"_vze (2:18f)
8,%(2) = 0 e

20,°(2) = €v,%(2) - ev,%(2) - €z 3v,® + czHv,® (2:18m)
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Toggle-switched floating four-port, [8]
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Equation (2:18) describes an eight-port equivalent circuit with
féur open ports. These open ports can be deleted and the remaining
equations 1nA(2:18) are used to derive the four-port equivalent circuit
.éhown in fig. 2:6(a) for the TSFFP. Note that the even (e) and odd (o)
ﬁhases are interchangeable on the SC circuit,'i.e. if the capgcitor in
fig. 2:5 is connected to V; and V, during the o phaée and to V, and V;'
during the e phase, then the equivalent circuit is obtained by interchanging

the superscripts of the variables of the eqdivalent circuit in fig. 2:6(a).

The TSFFP is equivalent to the floating capacitor in fig. 2:6(b)

3 = V1 and V& 2°

capacitor can be derived from that of the TSFFP by making similar

if v =V Thus the equivalent circuit for the floating
replacement of the subscripts for its variables. The toggle—switched
capacitor of fig. 2:6(c) can be obtained by grounding V and V4 of the .
TSFFP. Thus the corresponding equivalent circuit is similarly obtained.
The series—switched capacitor of fig. 2: 6(d) is obtained by shorting V3

and V, of the TSFFP and its equivalent circuit is as shown. Other SC

4
z-domain equivalent circuits can similarly be derived.

Thg independent voltage source and its corresponding equivalent
circuit is shown in fig. 2:7(a), where the voitagé source is split into
two for the even and odd phases. The equivalent cir&uit for the full
cycle sampied—and—heid independent voltage source, the_voltége controlled
voltage source and the ideal OA are shown in fig. 2:7(b), (c) and (d)
respectively. Thus fig. 2:6 and fig. 2:7 glive a sample of equivalent
circuits which are'Often used, from the library of z—domain equivalent
circults for switched~capacitor building blocks;[8] From these equivalent

circuits, the SC network of fig. 2:1(b), for example, can be analysed
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Discrete~time circuit z-domain equivalent circuit
. e o

Aa . qQ - AQ -3 AQ
] 4253 + + =] EE <3+

-9z qy

(a) Toggle-switched
.floating four-port

Ad, -~ Ma

= [
ro ] o+
Vi _vaf
- O ;1? —0

(b) Floating capacitor

e e
e s &
o e | "
Aq1 e * ' e e
+ f> c V1 v2
21. Vz'

HF$ 1

(d) Series-switched capaci tor

Fig, 216 z~domain equivalent circuits for switched-

capacitor elements
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Discrete~time circuit z-domain equivalent circuit

vik )

-

g o,

v v
O

ol
IH—

(d) Ideal operational amplifier

Fig, 2:7 z-=domain equivalent circuits for voltage sources,
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by appropriately interconnecting the blocks in fig. 2:6(b) and (c),

and the source in fig. 2:7(a).

2.4 Examples

The SC network shown in fig. 2:8 will be used to further demonstrate
the two methods of analyses described. The network isvactually a circuit
for the switched-capacitor integrator (SCI) as ﬁill be shown in chapter 3.
The relevant transfer functions as defined in (2:5) for this girquit are

. derived.

1. Deriving transfer functions using nodal analysis techniqUe.
' The circuit in fig. 2:8 has its nodes numbered as shown. The -

' switches and capacitors networks of the circuit can then-be drawn
' separately as in fig. 2:9. From fig. 2:9(a), the following matrices can

be written

1= [1 o o o] [s°7=[1 o o o]
1 0o 0 o o 0 1 0
o 0o 1 0 o o 1 0
0o o o 1| o o o 1
| ‘ (2:19)
(*l=[1 1 o o] IT=[1 o o0 o
| o 0o o0 o0 o .0 0 0
o 0o 1 o o 1 1 o0
o 0o o 1] o 0o o 1]

From fig. 2:9(b), the capacitor matrix is

- -

[c}]=| 0o o o o

0 c 0 0 (2:20)

0 0 C
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[
Y
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Fig, 2:8 A switched-capacitor integrator,

—_!_-_- | O

- - (a)

A4 s M. |, Ad

o 1 2 3 4
, C1 '

T .
= (b)

Fig, 239 (a) Switches network of the switched-capacitor
' ‘integrator, (b) Capacitors network of the
switched~capacitor integrator,
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‘Putting (2:19) and (2:20) in (2:16), the following matrix equation

is obtained,

T..el T I L e 1
Aqy c, o 0 0 0 o0 z ¢, 0 Ll
que 0 0 0 o0 o0 o0 0 0 vze,

el | o _ - v o PRENENES SURN | N
AQ, o 0 c, €, 0 0 z °C, z°C, |V,
ael - ' -3, _ -3 e
.AQa =l 0 0 C2 C2 0 0 z C2 | z C2 V4_.

o : ' : o
AQy 0 0. 0 0 0 o 0 Q vy
AQ2°, 0 o 0 0 ©o0 o0 o0 0 v2°

) -% -3, -% o
AQ3 z C1 0 -z sz C2 0 0 C1+C2 —C2 V3
-3 -% o
28q,° 0 0 z ’C,-z °C 0 -C c, |lv
aa i 2 2 2 : 2 1IN
(2:21)

The zero columns and rows of the matfix in (2:21) can be eliminated.
'.Also, the presence of the ideal OA between nodes 3 and-4 makes 1t possible -
to discard colums 3 (even), 3 (odd) and rows 4 (even), 4 (odd). Thus

the féduced,matrix equation is

- - - - -

e . e
AQI. Cl 0 0 V1
el _ o ot e .
AQ3 =l 0 c, z°C, V4 (2:22)
o -3 -3 _ o
.AQ3 | -:z C1 2 C_2 Cz | .Va |
Note thatlvloiis absent in (2:22) since the input is only sampled during
the even clock phase. The relevant transfer functions of the SCI are
e -1
A Y -C.z ‘ ,
He = 4e = |Y12| = 1 - (2:23a)
v | "11] 02(1'- z ) \
. o . ' v_ -'} ‘ ,
I/ M b €1 < (2:23b)
e 'Y -1 .
vy |"11} C,(L -2z 7)
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2. Deriving transfer functions using equivalent circuit method.

By properly interconnecting the SC building blocks of fig. 2:6(b),
(c) and fig. 2:7(a),(d), the SCI in fig. 2:8 is transformed into its
z-domain equivalent circuit sﬁown in fig. 2:10(a). _ThisAcan be.simplified
by removing elements shunting virtual ground points and Qoltage sources.
The simplified ci:cuit is shown in fig. 2:10(b) which can be reconfigured
into the circuit in fig. 2:10(c);[8]. The relevant transfer functions can

then be easily obtained to be

e -1
pee o u o 4f (2:24a)
e R A
Vl Cz(l z ")
, ve ¢ ? o
B = A - o (2:24b)
Vl : 02(1 -z )
$ eo

which are the same as in (2:23). Note that ue¢ =z H™", i.e. the

output of the SCI is held over the full clock cycle.

3. PFrequency responses

The above z-transform techniques accufately predict the inpuﬁ-output
relationship of the SCI on a sample-by-sample bésis. .The frequencyl
reéponse on this basis is obtained by setting z = exp(jwT). However, in
between these samples, the output of the SCI has the held, staircase-iike
‘wave shape. This ana1ogue‘chéracter of the cifcuit can be taken into
account by multiplying the z—trénsform—comp'uted frequéncy response with -
L(si;mT/Z)/(qT/Z); For high sampling rates,.where wT$<1,_the passband

of the freqdency response is virtually unaffected..
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Fig, 2:10 Equivalent circuits of the swltched—capa01tor

integrator in fig,

1

2:8,
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CHAPTER THREE

SWITCHED—CAPACiTOR INTEGRATORS

An attractive technique.for the design of switched-capacitor filters is
based on active-RC filters whiqh use integfators as building blocké.

Theaé inélude state—variablé'biquadratic'circuits which are use& in
cascade design and léap-frog filters which simulate‘the‘oéeratibn of
,1qw-sensiti§ity, ddubly-terminated LC ladder networkg. ‘Thg iﬁtegrators

in aétive—RC filters can simply be replaced b& active swiﬁche&—capécitorv
integrators (SCIS) such as given in fig. 2:8. The presence of'the
operatiqnal amplifier in each integrator makes it possible to eliminaté
effects of parasitics, thus ensuring accurate and reproducible filtersfﬁ
Tthe’feétures make the technique a popular épproach for -SCF désign.. Thus

the SCIs form an important part of many realiséble_SCFs.

Hence, its development is discussed in detail in the following

sections.

3.1 Transfer Functions

Fig. 3:1(a) shows the conventional analogue integrator with tranéfer
. function

1

H(s) = - Rlczs :

(3:1)

. Originally, thé SCI 1is developed from the aﬁalogue integrator by replacing
the resistor with its sﬁitched—capacitor equivalent discusséd iﬁ chépter
1.(1][2] ' Using the switched-capacitor "fesistor" of fig. 1:1, results in.
the SCI in fig. 3:1(b) as iﬁ fig. 2:8, which has been referred to as the
toggle-switched integratorf With R1 = 1/(fcc1), assumipg frequencies

much less than the clock rate, f£., the frequency fesponsé of the SCI is

given by, (setting s = jw)

37
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e
C2

1 _ .
3"& (3:2)

Hw) = - fc[

Using the series switched capacitor in fig. 1:3, the integrator
in fig. 3:1(c) is obtained.

Eqn. (3:2) shows that the integrator gain is dependent on a capacitor
ratio and the clock frequency. The ability to obtain precise caﬁacitor
ratios and a very stable Elock means that precision integrator géin can

be produced.

However, the actual frequency response of the SCI deviates from that
of the analogue integrator, especially for frequencies approaching the
‘clock frequency. Due to its sampled-data nature, a more exact analysis
using z-transform techniques as discussed in cﬁapter 2 has to be used.

The transfer function of the SCI when the output is sampled during the

even interval is (see eqn. (2:24a))

pee = - 1 21 (3:3)

By setting z = exp(jwT) where T = 1/fc, the frequency response is then
given by

1 wT

HW) = - o 1

: exp (- J-Q’--T-) (3:4)
Cz jh) 2sin(‘-§-'£) . : 2 :

Comparing (3:2) and (3:4), both magnitude and phase deviations are
present in‘the frequency response of the SCI, especiélly when wT<<1l is
not satisfied. The magnitude deviation is not significant. However, the
excess phase shift is important in that it will cause distortion in the
form of Q-enhancement in which the response of the complete filter shows

some undesired peaking. [3]

If eqns (3:1) and 3:3) are compared, then it can be seen that
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Fig. 3311 (a) Analogue integrator. (b) Toggle-switched

integrator. (c) Series-switched integrator.

I

Fig, 3:2 A two-integrator loop with proper switch phasing,
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implementing the integrator as in fig. 3:1(b) realise the mapping

NG REY < (315

which is the forward difference transformation. This transforms the -
imaginary.axis in the s—-plane to the vertical line going through z = 1 in-
the z-plane instead of onto the unit circle. AThus it maps high-Q s-plane
poles and zeros into z-plane poles and zeros which are very close to the

unit circle or even outside it.-

For the integrator in fig. 3:1(c), its transfer functions can be
obtained from its equivalent circuit in which blocks of fig. 2:6(b), (d)
and fig. 2:7(a),v(d) are interconnected. When its output is sampled during
the even interval, the traﬁsfer function is,

ee _ Cl 1
C, 1- z 1

H- = (3:6)

Comparing (3:1) and (3:6), this implements the backward difference
transformation. .

sz a-zhH (3D
This maps the imaginary axis of the s-plane inside the umit circle of

the z-plane.

The excess phase shift in (3:4) can be eliminated if the outpuf is
sampled during the odd interval. [4] Hence, as in eqn. (2:24b), the
transfer function of the SCI is

eo C“. z‘% '

H- = -1 : ' . (3:8)
cZ 1-2-1 v

~which gives the frequency response,

. wT o (3:9)
) ‘ '

H(w) = - fccl 1
< ZsinawT/z

C;  Jw




41

Thus, if the switch phasing in the overall circult of the filter_'
. ensures that the output of the integrator is sampled correetly, thent.

' the undesirable effects due to the excess phase shift can be avoided.
This implementation is equivalent to realising the iossless discrete .
ihtegrator (LDI) transformation | |

1l - z‘ll

(3:10)
2%

/1]
3l

The LDI transformation, meps the imaginary axis of the s;plane onto
the unit circle of the z-plane and ehsure stable s-ddmain‘transfer
functions map into stable z-domain transfer functions. The me’ghitude
deviation as in (3:9) is due to the_fact thet only the portion -~% <Q<'%
of the imagihary”exis'ef the s-plane is'mapped onto‘the_uhit_eircie.’
The deviation can thus be.adjusted, if necessary, hy prewarping the
continuous-time filter frequehcy, Q.using

a=2 sin ) o (3:11)

i.e._by replacing w in (3?2) by , (3:2) becomes equivalent to (3:9).

As an example, the two-integrator loop'shown.in'fig.b3:2 hes'proper:
witch phasing and thus is free from phase’ errors. This lobp forms an
important section in building switched—capacitor ladder filters .as discussed
in chapter 6. Note that integrator 1 in fig., 3:2 realises the switched—
capacitor differential integrator, since capacitor C3 is charged to the
difference between two input voltages, Vg, and Vb' Using the equirsient
circuit method in chapter 2, the input-output relation is determined to be i

-Vﬁ = - C3 z;%
EZ 1-z1

(VaO - Vbo) (3:12)

From (3:12), it can also be noted that integrator 1 in fig., 3:2

becomes a non—inverting integrator if V is grounded.
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3.2 Effects of Parasitic Capacitances

Another deviation of the SCI from ideal behaviour could oe contributed.
| by parasitic capacitances as shown in fig. 3:3 with the SCI of fig. ﬁzi(b)
drawn in its MOS implementation. fhe gate—to—diffusion overlap capacitance,
.such as C gd feeds a portion of the clock signal N onto-the output, ' The
effect of this feedthrough is to produce a dc offset voltage at the output
of the integrator.: Self-aligned MOS technologies with small overlap
capacitances can be used to greatly reduce this,effect.[SJ' Also, if CMDS_
vswitches‘are used, the positive rieingvand negative falling edges-causing

feedthrough are nearly matchediand almost'exactly cancelled. [6]

;Another technique to overcome’ciock feedthrouéh is by adding a network
to the positivelinput of the OA to cancel the signal injected By clock '
feedthrough at the negative terminal. [7] The cancellation, however, is
dependent upon matching of the switches involved and assumes infinite
common mode rejection ratio (CMRR) of the OA - besides requiring double

the total amount of capacitances.

‘Parasitic capacitances.Cyp and Cy9 from the top and bottbm plates,
respectively, of the'integrating capacitor Cz, have no effect.on circuit
operation. This is due to their being always connected to virtual gr0und
and a voltage source respectively, The top plate of the capacitor, which
has lower parasitics, neede to be connected to the negative input of. the

‘0A . in order not to impose stringent requirement on the OA lon frequency

'gain;

The parasitic-capacitance, Ctla from the top plate of capacitor C),
includes parasitic capacitances from the source or drain of the switches

connected to Ci.. It is charged to VIN‘and discharged onto the integratingb
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capacitor. Thus error is introduced into the integrator gain. To attain
a required accuracy, large C; is needed which increases the required
circuit area. Furthermore, thé parasitic capacitance is non-linear, hence,

unacceptable harmonic distortion may be generated.

The noh—inverting-integrator 1, with_Va grounded in fig. 3:2,
however, is free from effects of paraéitic capacitances. The top plate
parasitic of C3 is switched between ground and virtual ground while the
bottom plate parasitic capacitaﬁce is éwitched bétween a voltage‘source
and ground. The same arrangement is used to obtain parasitic-insensitive
inQer;ing SCI aS shown in fig; 3:4,18] vThis circuit realises the.same
transfer funétion (3:6) as the series-switched integrator of‘fig. 3:1(e)

-éxcept that the latter is sensitive to parasitics.

Eqn. (3:6) shows that this inverting integrator is delay free, and
thus, in order to realiseithe same function as provided by thé loop in :
fig. 3:2, it is necessary to connect it with a non-inverting integrator
having one'tycle delay as shown in fig. 3:5.[9] On the average through the
loop there will still be half-cycle delay pgr.intégrétor as required to -
realise thé;LDI transformation. Integrator 1 iﬁ_fig. 3:5 alsd implements-
a éwitchedfcapacitor différen;ial integrator. It reméins parasitié 
,insensitive:since the bottom plate'parasitic'capaciténcg'of'capacifor'c3
is now switched befweén voitagé sources.‘ The inbut—output relation of
the integrator is

C; 1
G I-z71

ve = -

f (z~% v,o - 1 v.e) (3:13)

Although the parasitic-insensitive integrators above provide efficient
and practical solutions to many SCF proBlems, there are certain advantages

in keepiﬁg the toggle-switched topology as in fig. 3:1(b). As an example,
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the toggle-switched integrator does not have a continuous path between
input and output at any time. Thus other ways of overcoming the top-plate

pafasitics in the toggle-switched integrator have ‘been suggested.

bne éuch metﬁod is through the use of the parasitic compensated
integrator shown in fig. 3:6(a) togétherﬂwith the fele?antvparasitic
cépacitances, C¢1 and Qt2° The equivalent cifcuit of the integrator is
shown in fig. 3:6(b). -Asspming linear parasitic capacitances, the transfer
function is given by |

: -%
_ ch(.zcl + Ctz)z
Ca(d€; +Cyy +Cep) @ - 27D (3:14)

Heo

The same transfer functions as in (2:24) are obtained if C¢y=C.,. This
is possible 1if the routings associated with nodes 1 and 2 are made equal -
and eqﬁal4sized switches are used.[10] The same is true when non-linear

parasitic cépacitances are considered as shown in’[ll].-

The métchiﬁg COndiﬁion may»be difficult-tésengure in practiée.
Nevertheless this method is better than pred;storting the caﬁacitor Cl
in fig. 3:1(b) to compensaté for the top plate parasitic capacitance. The
compensated integrator'of fig. 3:6(a), however, requires two capacitors
for Cl, eacﬁ having double the value of Cy in fig. 3:1(b). The parasitic
compensated non-inverting integfator is obtained by changing the phasing
of the switcheé connected to nodes 1 and 2 of the 1ﬁtegrator'in fig. 3:6(a).

It differs from the'non-inverting integrator in fig. 3:2 in that it

produces an extra half-cycle delay.

3.3 Frequency Limitations

Non-ideal switches and OA used in the SCI are further causes of

deviation in its behaviour. Their effects, however, are mainly frequency
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Fig. 3 6(a) Parasitic-compensated invertlng integrator.
(b) Its equivalent circuit.y .

' 'Fig. 3:8 Equivalent circuit for a discharging,half-period;
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dependent. A range of frequencies can thus be found where the effects

of these non-idealities are negligible.

Low frequency use of the SCI 1s limited by leakage_currents from the
 gwitch source and drain to the substrate during its off-state. These |
cause a dc voltage drift which shows up as a component of the output
VOltage offset. This offset can be reduced by limiting‘the usable clock
frequency to a few hundred Hertz. 'dther major offset‘contributionsfduesf"
to clock feedthrough and offset of the OA have also to be reduced for

.low frequency_applications. The dc input offset of the OA can_be reduced;_

by employing auto-zero techniques.[12]

The.switch'on-resistance, R, on the other hand, has an effect °#,£ﬁe-p
maximum‘allowable clock frequency. 'Its effectsbhave-to.be analysed together‘A
with that of the OA non—idealities due to their interaction.[13] The OA
is assumed to have a finite low frequency gain, A and a single pole, with
output resistance, Ro. This represents a practical.model for the OA with

-its gain function given by

A(s) = - “oPo L (3:15)
.8+ py ' . :

where Agp, = wy = 2 7 £ is'the_unity-gain bandwidth of the OA.

.The analysis involves‘considering'the.charginguand discharging'

. transients of the integrator stages. In'fig; 5'5, during the even half
period, amplifier 2 is charging capacitor C3. "If the integrating capacitor
Cy is assumed to have been fully charged to attain a voltage V, across it,,

then the equivalent circuit in fig. 3 7 can be used -The output is‘given by

Vout = - AoPoV2

(R, + 2R)C382 + [1 + (R, '+ 2R)p0C3 + 2RAp,C 3]s + Po +Aop°
' (3:16)
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The final value of Vout is

\'

out |t 200 = = ° vy E (3:17)

Large A, is thus requiréd to ensure complete charge transfer. If Ay is
large, then P, and the second term of the coefficient of s in (3:16) can.

be neglected.

The time V,, takes to reach an accéptable percentage of its final-
value caﬁ be estimated from the poles of (3:16). For complex polés, their
real part can be taken as the controlling time consﬁant. In case of real
poles, the one with the lowest absolute value can usually be takeh as the
“controlling term. These estimates gi§e an indication tﬁe ninimum length
of time required for the even half period and thus the maximumAélbck

frequency for the integrator.

During the odd half period in fig. 3:5, capacitor Cj is now discharged
‘through the following émplifier 1. if V, is grounded, the equivalent
circuit for the discha;ging transient_is given in fig. 3:8, where V3 is
néafly equal to the final value in (3:17). Thevoutput, in this case, is
-given by, (neglectiné Po in (3:15)), |
(C3/C4) (RoCys? = AgPo)V3 + [RoC3s2 + 2RC3Agpes + AoPo 1V
(R, + 2R)C3s? + (1 + C3/Cy + 2RAGPGC4)S + Agpo

' (3:18)

Vout =~

Thus an indication for the minimum length of time required for the odd

half period can similarly be obtained.

It should be noted that in fig. 3:5, the charging and discharging of
C; occurs in the same even half period as the charging of'C3. Hence, in
actual fact, for this case, the time for the even half ?eriod need to be

longer than that estimated using (3:16). The switch on-resistance can be
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reduced to 1kQ or less by increasing the width-to-length ratio of the
switching transistors but ieakage will increase. A choice can thus be made -
between the two extremes depending on whether high or low frequency

application is desired.

L)

In practice, the capecitance level is usuall? low -enough for the
.effects.of switch on-resistance to be neglected, if the frequencies of
interest are not too higﬁ. As an example, using capacitor values Cg3 = 10pF
C4 = 30pF and pessimistic values for R = Ry = SkQ A, = 500 and Po = 2H(1kHz)
-in fig. 3:8, eqn (3:18) gives an estimate that the maximum allowable clock
frequency is about 230kHz for V,,. to reach 99 5 percent of its final

value. If R is made zero, the maximum allowable clock frequency is estimated
to be ebout‘245kﬂz, showing iittle variation over the whole range of R.

Thus keeping the clock frecnency'below 230kHz, the effecte of the switch

on-resistance can be neglected.

In this cese, tne;effects of tne OA finite bandwidth,wtumy become
dominant. Thev;ransfer function of the SCI, incorporating these effects;
can be derived throughvfime‘domain analysis assuming input signals which
are step functions as shown in Appendix Af In the loop of fig. 3:5 with
V, grounded, OA.1l receives a step input at che beginning of the o clock
phase andlthus Vp 1s assumed to be sampled at this instant. Vq is sampled
at the beginning of ;he e clock phase and it is assumed to be constant dufing
this phase while being received bj OA 2. Under these conditione transfer
funccions ‘Hloe and H23° vof' integrators 1 and 2, respectively, are given by

(let €3 = C3, Cy =Cy for convenience),

1 =y 1 -[1-kz™1(1-exp(-kp)) lexp(-ky) -
H %€ = - H,€0 =

fl - Kz~ exp(—kl—kz)
(3:19)
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where

C.
- y - .——2__. *

lIf an integrator_nas more than one input cepacitor; then the sum of
all the input cap‘acitor'svreplacesle1 in (3:19).~AHowever, the signals
.intobthese”capacitors mnst,be step functions, as assumed in the analysis.
If the sum of the input capacitors is smaller in value than the integreting
capacitdr, and ft/fc >5; (3:19) shows that the effects of the OA bandnidth

are negligible. [14]

The transfer function of the SCI, incorporating the effects of only
the finite gain, A’ can be obtained using the equivalent circuit analysis
as in fig. 2: 10, with the OA replaced by voltage controlled voltage sources.

For the inverting integrator in fig. 3: 5, the transfer function is

©.ee 1 1 - 1. (3: 21)
B =-c 1721 T 1+ X I
€, 1 z__l*Ao(l*cz 1= 0

The same error expression as in the bracket in (3 21) is obtained for the
non—inverting integrator-in fig. 3:5. The error consists of the magnitude
~ error, M(o)'and the phase error, O(w), where [14] |
R B

Ao ) 2
. :

'y 1 |
02 'ZAOtan (wT/2)

.AM(w)

ofw) = (3:22)

The phase error requires'the clock frequency to be low compared to the
signal frequencies. Otherwise Ao has to be made large: to keep the error

below an acceptable level.

' The OA slew rate and settling time are other factors which limit the

'highest possible clock frequency. The aﬁplifier needs to respond to change



51

in signal which occurs each clock cycle. The amount of change is
dependent on the ratio of the clock to passband frequencies. Knowing
the maximum instantaneous change in the signal, and given the 0A slew

rate end settling time, the maximum clock frequency can be determined.

3.4 'Noise Considerations

Noise is another limiting factordin the use of the SCI. The.imoortant
sources of noise in SCI are the thermal noise in the MOS transietor’ewitcnes,
tne wideband thermal noiee'and the i/f noise of the OA.[Iﬁ] g The thermal
noise in the switches is due to their on-reeistances. The total inpot— -
referred rms noise wi_thin-the bandwidth of theintegrator is applrolx'imateiy'
kT/C where C ie the integrating capacitance'énd,kT is the thermel,voltage.[lol
This is assuming the clock frequency is much larget than;the ftequenciee

of interest. Thue C needs to be large to reduce this noise. Powerhsopply

',noise coupled into the integrating node by parasitic capacitance also

'require that C be large for good power supply rejection ratio (PSRR) [17]

However, circuit area consideration poses a limit to the size of C.

‘.Tnevwideband noise of the OA has bandnidth_greater than tne ciock:
rate of the SCI. Hence a portion of the high frequency components of'thie
noise is aliased ‘into the passband when the integrators are cascaded [18]

A low level of noise output at frequencies beyond the ft of the OA can be
achleved by using one or two stages OA without an output stage. f, of the
OA in excess of the settling requirements, ae_dictated by'clock frequenciee;

has also to be avoided in order to reduce the effect of this noise.

1/¢ noise is concentrated at low frequencies and'arises'becaose of
the surface behaviour in the channel of MOS tranmsistors. Its megnitude’is

. dependent on the process used, the design of the OA; and the size of input
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transistors used in the OA. This noise is often the dominant_source’in
low frequency applications. Approaches which involved modifying'the:

'.channel of the transistors havelbeen,used in the past to reduce the 1/¢
noise.- Two other approaches, using'circuit:techniques,4have:a1so been

suggested;

~ One method is through using the correlated double sampling (CDS)
technique. This involves replacing the SCI such as integrator 1 in: fig..'
3:5 by the integrator shown in fig. 3: 9. The OA is replaced’ by a very
. high gain inverter, ensuring virtual ground at the amplifier input. Thus :b
the ‘same stray insensitive function as for integrator 1 in fig. 3 5 is:.»
obtainable with the advantage that it is also insensitive to offset of the.
amplifier and to slow variation with respect to the clock frequency [19]
The effect of 1/¢ noise component generated in the amplifier will now. be ,

'reduced.

An inverter with a'lower noise.factor than the OA can also be used
to reduce the wideband thermal noise component as well. Thus, in'this'.
case, the.thermal noise of the switches becomes . the dominant noise source.r
'.The signal output of the integrator, however, is now only available during'
the odd half period. Hence an extra clock phase is necessary for its use

'in the loop as in fig. 3: 5.'

" Another method of l/f noise reduction is by using chopper stabilisation
{technique. This involves modulating the noise using a chopping squarev’
wave causing the llf noise component to be shifted to the odd harmonic
frequencies of the chopper. If the chopper frequency is much higher than
the signal bandwidth, then l/f noise in the signal band will be greatly

,_,reduced. The maximum reduction occurs when the chopper frequency equals fc/z-
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Fig, 3:9 Correlated double sampling differential imntegrator,

|
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Fig., 3:10 Fully differential switched~-capacitor integrator,
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The chopper circuitry'is amenable for incorporation in an OA with
differential output configuration such as for the fully differential SCI1
shown in fig. 3:10.([20] VM sets the common mode voltage at the OA input.
‘This configuration doubles the effective signal swing, thus increasing .
.the dynamic range further. It also reduces clock feedthrough and has _'
good PSRR. However, the circuitry is more. complex and a differential

~to single-ended conversion may be necessary in some applications.

These techniques enable the dYnanic range of SCF to be extended
| beyond 100dB. [20] However, without these modifications, dynamic range
, of up to 90dB is still possible. This is usually sufficient in many

applications.

3.5 Daﬁped Switched-capacitor Integrators

It has been shown in sectiOnS»B.lvano 3.2 that integrator;structuree V
imnlementing the LDI transformation can pronide accurate.switched—
capacitor realisation of the analogue integrator; aHowever, a problem
arises when damping resistance has to be realised in damped SCI.,'Thev
damped analogue integrator in fig. 3:11 has transfer function,“

1

s

R+C. . L : . .
H(s) == _!'_.2—— X0
. + 1 (3:23)

R
Applying the LDI transformation.in (3:10),Athe transfer.function becomes
I; T :z‘i )
1+ Tt - z—l A_ _ 2(3:24)
Rs5Cy
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The z_%'term in the denominator associated with the damping resistor,

R5 is not realisable by switched-capacitor circuits. Theoretically, a

-1 _ -%

new z-domain variable 2z 2

-%

can be introduced in (3:24) to eliminate
‘the z * term; but the circuit so obtained is unstable. Thus damping
in biquadratic circuits and termination in ladder networks cannot be

realised exactly through the LDI transformation.

The'z-* term can, however be approximated by (a) 1, (b) =z -1 or

() 1 + z )/2 [21] Using approximation (a). is equivalent to- realising
the resistor through the backward difference transformation in (3:7).
damped SCI which 1mplements this approximation is shown in fig. 3:12 and

" has the transfer function.

& o _
1 = - C2 - T (3:25)
1+ bt z_1
C2

The forward difference transformation in (3:5) is used to realise the
resistor when adopting approximation (b) ~One circuit implementing this

approximation is given in fig. 3:13(3) with transfer functiqn,_ﬁ'

‘1 -4
eo _ - Cs o )
Ho =2 - (3:26)
l+-—5-z-l~- z-l '
C,

‘This circuit is sensitive to the top-plate parasitic capacitance of C5.

iFortunately when C. is less than Cz, which is true in most practieal

5
‘cases, the parasitic ineenaitive circuit in fig. 3:13(b) can be used to -
obtain the same transfer function (3:26).. The above approximations .can

elso be implemented for non-inverting damped SCI circuits.[9]

" Errors associated with approximations (a) and (b) have*both,reel

and imaginary terms resulting in significant frequency response distortion.[22]
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Fig. 3‘2*1'1.’Analogue integrator with damping.

£

‘*"\_”__f
1 I

Fig, 3:12 LDI integrator with backward difference damping.

vw iy @—os\o_cil
l L

Fig. 3:13 (a) LDI integrator with forward dkfference damping.
- (b) Parasitic insensitive equivalent of (a).

e | C

Fig. 3:14 LDI integrator with bilinear damping.
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Erfor assoclated with approximation (c), on the other hand, is purely
real. Thus approximation (c) only affects the element values with no
dissipative effect and hence causes less distortion. However, for all

r

threé apprdiimationa, the distortion caﬂ be made small by having mT<<l.

A stray insensitive damped LDI integrator implemen;ihg approximatibni
(c) can be derived from intégrators in fig. 3:12 and fig. 3{13(b). If

is shown in fig. 3:14 and has transfer functionm,

‘1 4
%% = - (3:27)
C c .
5 5., -1
14> - (1~-+>)z
€y X,

' In this case, the resistor is implemented through the bilinear tfansfdrmétlon

-1

1l - v o
B8 S (3:28)

vThe<bilinéar transforﬁation, as the LDI, also ﬁaps fhe imaginary axis df
the s—plane onto the unit circle in the z-plane and ensure a stable |

continuous-time filter is transformed into a stable discrete-time filter.
 In this case, however, the entire imaginary axis of theﬂs—plane is mapped

onto the unit circle and prewarping is done using

Q= T tan (9%) _ | . (3:29)

" ‘This shows that the bilinear transformafion compresses the frequency scale
fhus it enhances the high frequency attenuation for lowpass and ﬁandpass

- filters. This 1is especially advantageous whgn the cloqk to signgl'

' frequency .ratio is low. The LDI tr:'ansfotmation, V_on the other.h;nd,,expar-ld's'

the ffeguéncy scale.[22]

The possibility of. implementing the bilinearly transformed resistor

implies that accurate switched-capacitor realisation of the analogue integrator
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i is also ﬁossible through the bilinear transformation. Also, damped .
'bilinear SCI can be realised exactly without the restriction wT<<l,
Thus the Nyquist frequency is the lowest frequency the clock ¢an take

though anti-aliasing requirement may set a higher limit.

The circuit in fig. 3:15(a) has the transfer function, [22]

c a1
gt - -1 Ltz . (3:30)
c =
2 1-2 :

‘ 'ThiS is equivalent to putting (3:28) in (351)'and replacing Rivby'
;/kfccl), i.e. the bilinear integration is performed; The circuit in
fig. 3:15(b) also realises the transfer functién (3;30) if tﬁe input
1s full cycle sampled-and-held.[23] The circuit in fié.A3:15(a)'does‘
noﬁ havg tﬁis limitation but requires two operatioﬁal amplifiefs. A .
number of other ciréuits have'been suggested to implement bilinear
integration but they are semnsitive to stray-capaci;ances.[22][24][25].'
ﬁon—inverting bilinearvintegration is possible with the:ciréuit in fig.
3:15(a) 1if the switch phasing.of the,switchés at the OA input is
1nterchanged as shown 1n brackets. qu thév¢ircu1t'in1fig. 3:15(b), a
unify-gaiﬁ inQerting'amplifier is requiréd at»i£3fou£put to realiée}tﬁei

non-inverting bilinear integrator.

Fig. 3:16(a) shows a damped bilinear SCI»with trans fer function,

C, .
1 -1
= 1+ 2z7)
Hee = e ZCZ
. (3:31)
1+5 - -5 1
'2C.2 | 2,
Putting (3:28) in (3:23); the transfer function becomes,
s T -1 '
" 3pc. @t z7) :
H(z) = - “MC2 s
) (3:32)
2 5C2
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Fig. 3:17 A circuit realising first order filter with finite zero.
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If:H(s) in (3:23) is‘the prewarped desired function, then the
capacitor ratios, for the switched-capacitor circuit in fig.-3f16(a)
realising the desired function, can be obtained directly from the'constantste
of H(s) and the clock frequency. 'Fié. 3?16(b) also realises a damped
bilinear SCI with the same transfer function (3:31) if its input.is full'

cycle sampled-and-held.[26]

The damped integrators can be used to- realise first order lowpass fi"
transfer functions, as illustrated by (3 23) and (3: 31) Finite zeros

can also be realised by such circuits by including switched-capacitor, ,é

: as shown in fig. 3:17. If the input is full cycle sampled-and-held, its_
transfer functions are

| L -1
ee .. _Cy - 06z
05 + C2 C

H

» ‘_rv o N .(3:335

Heo - z-iHee

" The output is thus also fully held over the clock period [26] Similar
transfer function as in (3 33) is also obtained if the backward forward

or bilinear transformation is applied-to the - s-domain transfer function,%

H(s) =- 28 t8, C ()
e | o T

For example, ‘'using the bilinear transformation by applying (3 28)

to (3: 34) the following transfer function is obtained

(a ‘+a T/2) - (a - a T/Z)s

H(z) _—
- 1+b T/2 -(1-b T/z)z-l

‘(3:35)

The capacitor values in (3:33) can thus be designed, in this case, by
‘equating the coefficients of z in (3:33) with those of (3 35) A first ;

- order highpass transfer function can be obtained by setting a '=»d.in"

6

(3.35);and'c1-? C,. in (3&33).
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3.6 Summary

In this chapter, the defivationa of SCIs through the various
tranéformations are shown. The pagasitic insensitive inverting and
non-inverting integrators derivable through the backward and forward
difference transformations resﬁectively, can be combined in a lpop to
vrealise the LDI transformatioh. The LDI iransformation is a suitable
"s#z:transformation but LDI transformed resistor is ngt realisable by
SC circuits. The bilinear transformation is a morevsuitableAtransformation

but its use results in SCIs which require more OAs in order to be

insensitive to parasitic capacitances.

  'Besides the effecté of parasitic capacitances, other factqré
limiting the use of the SCIs are noise contribufiéns from the:MDS componénts.
aqd non-idealities in the switches and OAs. Modifications of the SCIs
to reduce noise are poésible if very largé.dynémié range ié required.
N§n—ideal MOS switchesland'OAs restrict the uséful frequency r#ﬁge 6f’
thé SCFs. Ifs extension is possiblé with further improvement. to MOS

components especially the OAs.,



1]
2
13

(4]

[5]

. . for a PCM Voice CODEC", ibid., 1979, Vol. SC-14, pp. 970-980.

[7]
181
[9]

[10]

1]

62

REFERENCES

B.J. Hosticka, R.W. Brodersen, P.R. Gray, ''MOS Sampled-Data
Recursive Filters Using Switched-Capacitor Integrators", IEEE

- J. Solid-State Circuits, 1977, Vol. SC-12, pp.600-608.

J.T. Caves, M.A. Copeland, C.F. Rahim, S. D. Rosenbaum, "Sampled .
Analog FR1ltering Using Switched Capacitors as Resistor Equivalents",

ibid, 1977, Vol. SC-12, pp. 592-599.

G.M. Jacobs, D.J. Allstot, R.W. Brodersen, P.R. Gray, "Design
Techniques for MOS Switched Capacitor Ladder Filters", IEEE Trans.
Circuits Syst., 1978, Vol. CAS-25, pp. 1014-1021.

L. T Bruton, - "Law Sensitivity Digital Ladder Filters"; ibid. , 1975,
Vol. CAS-22, pp.1l68-176.

D.J. Allstot, R.W. Brodersen, P.R. Gray, "MOS Switched Capacitor
Ladder Filters", IEEE J. Solid-State Circuits, 1978, Vol. SC-13, -

pp. 806-814.

R. Gregorian, W.E. Nicholson, Jr., "CMOS Switched-Capacitor Filters

K. Martin, "New Clock Feedthrough Cancellation Technique for
Analogue MOS Switched—Capacitor Circuits", Electron. Lett., 1982

K. Martin, "Improved Circuits for the Realization of Switched—Capacitor' )
Filters", IEEE Trans. Czrcuzts Syst., 1980 Vbl .CAS- 27 PP. 237—244

T.C. Choi, R.W. Brodersen,b"Considerations for High—Frequency Switched-

Capacitor Ladder Filters", ibid., 1980, Vol. CAS-27, pp. 545-552.

K.R. Laker, P.E. Fleischer, A. Ganesan, '"Parasitic Insensitive,
Biphase Switched Capacitor Filters Realized with One Operational
Amplifier Per Pole Pair", Bell Syst. Tech. J., 1982, Vol. 61,
pp.685-707.

P.E. Fleischet, A. Ganesan, K.R. Laker, "Parasitic Compensated . -

* Switched Capacitor Circuits", Electron. Lett., 1981, Vol. 17,

2]

(3]

[14]

PP.929-931.

B.J. White, G.M. Jacobs, G.F. Lanasburg, "A Monoiithic Dual Tone

:Multifrequency Receiver", IEEE J. Solid-State Ctrcuzts, 1979,
- Vol. SC-14, pp. 99l~997. ‘

G. Szentirmai, G. C Temes, "Switched—Capacitor Building Blocks",;:

K. Martin, A.S. Sedra, "Effects of the Op Amp Finite Gain and .
Bandwidth on the Performance of Switched-Capacitor Filters", IEEE
Trans. Circuits Syset., 1981, Vol. CAS-28, pp. 822-829.



63

[15] R.W. Brodersen, P.R. Gray, D.A. Hodges, 'MOS Switched-Capacitor
'Filters", Proc. IEEE, 1979, Vol. 67, pp. 61-75.

[16] H. Ohara, P.R. Gray, W.M. Baxter, C.F. Rahim, J.L. McCreary,
"A Precision Low-Power PCM Channel Filter with On-Chip Power Supply
Regulation", IEEE J. Solid-State Circuits, 1980, Vol. SC-15,
pp.1005-1013. '

(17] w.C. Black, Jr., D.J. Allstot, R.A. Reed, "A High Performance
Low Power CMOS Channel Filter", <bid., 1980, Vol. SC-15, pp.929-938.

[18] B. Furrer, W. Guggenbiihl, "Noise Analysis of Sampled-Data Circuits",
Arch. Elektron. Uebertr., 1981, Vol. 35, pp.426-430.

[19] F. Krummenacher, "Micropower Switched Capacitor Biquadratic Cell",
IEEE J. Solid-State Circuits, 1982, Vol. SC-17, pp.507-512.

[20] K.C. Hsieh, P.R. Gray, D. Senderowicz, D.G. Messerschmitt, "A Low-
Noise Chopper-Stabilized Differential Switched-Capacitor Filtering .
Technique", ibid., 1981, Vol. SC-16, pp.708-715.

[21] M.S. Lee, C. Chang, "Low-Sensitivity Switched~Capacitor Ladder
. Filters", IEEE Trans. Circuits Syst., 1980 Vol. CAS-27,
PP. 475 480,

[22] M.S. Lee, C. Chang, "Switched-Capacitor Filters Using the LDI
and Bilinear Transformations", ibid., 1981, Vol. CAS-28, pp.265-270.

[23] A. Knob, "Novel Stfays—Insensitive Switched—CapacitorvIntegrator
" Realising the Bilinear Z-Transform", Electron. Lett., 1980, Vol. 16,
pp.173-174.

[24] G.C. Temes, I.A. Young, "An Improved Switched-Capacitor Integrator .
ibid., 1978, Vol. 14, PP.287-288.

[25] C.F. Rahim, M.A. Copeland, C.H. Chan, "A Functional M0S Circuit for
Achieving the Bilinear Transformation in Switched-Capacitor Filters",
IEEE J. Solid-State Circuits, 1978, Vol. SC-13, pp.906-909.

[26] P.V. Ananda Mohan, V. Ramachandran, M.N. S. Swamy, '"'General Stray-
Insensitive First-Order Active SC Networ ', Electron. Lett., 1982,
Vol. 18, pp.l1l-2,



CHAPTER FOUR

DESIGN OF SWITCHED-CAPACITOR BANDPASS FILTERS

The design of switched-capacitor bandpass filters are used'as examples

for the application of the various techniques possible in switched-
Capacitor fil;er design. 1In partiéular, the béndpass (BP) filter required
for acoustical measurement, i.e. the one-third octave bandpass (OTOB)
filter is designed. This chapter éiveé the preliminary designs necessary
before the application of the SC techniques such as ﬁhe prewarping of -
the specifications. Also, procedures'for obtaining the,fransfer function
and fhe ladaer net&ork which meet the specification are given. The SC BP
‘filters are then designed according to the various techniques in the

following chapters as the'techniqueé are described.

4.1 'Specifica;ion of the Bandpass Filter

' The specification of the OTOB filter can be obtained from the British
Staﬁdafd 2475:1964 and is given in fig. 4:1 and Table 4:1.[1] A set of
these filters 1s required for acoustic noise measurement. The preferred

midband frequencies, fm are given by

0n/lO

fm = 1000 x 1 (4:1)

where n is a positive or negative integer or zero.[l] The list of
midband frequencies intended to be achieved by the SC BP filters are

given in Table 4:2.

64
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Table 4:1 Specification for one-third octave Bandpass Filter.

Frequency Rauge Attenuation
AdB
.f;..l. = 12 = -
Erom 0.944fm to fm vri 1.060fm 0.5; A< 1

From 2 = 0.891f to £ {2 = 1.122f | -0.55 45 6

At fm: 8~ ' '
: 8]7' = 0.794fm to £ 2 = 1.26Qfm - 213
Below . e and above 4 f 2 50
' fn | |
Below N apd above 8 fm . 2 60

Table 4:2 Preferred Midband Frequencies for one-third octave Bandpass

Fil ter.
Midband fréquencieé. f, (nominal values)

Hz " -’HZ kHz kHz
10 100 1.0 10
12.5 | 125 1.2 | 12.5
16 | 160 1.6 - 16
20 200 2.0 20
25 1 250 2.5

31.5 - 3s 1 3.15

40 400 1 4.0

50 500 5.0

63 630 6.3

80 800 | 8.0
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4.2 Transfer Function Satisfying the Specification

From the specification in Table 4:1, the frequency values are
normalised to fm and rewritten in Table 4:3. These frequencies are
geometrically symmetric, i.e.

£ 2
m

frgfog = fisefos '

(4:2)

= ety = fpf, T it
Thus the specification for the reference lowpass filter can be obtained

by using the lowpass to bandpass transformation
e=a @+B (4:3)
In this case

a = ———— = 8,651359 (4:4)
-1

and QR = 2n. Thus using (4:3), the frequencies for the specification of
the lowpass (LP) filter in fig. 4:2 are given by

g = a(f+ - £) (4:5)
The calculated frequency values are given in Table 4:3.

Table 4:3 Specified Frequencies of the OTOB Filter and its corresponding
reference Lowpass Butterworth filter gain response.

Frequency = a(f+ - £f) magnitude (dB)
values = 8.651359 d = 0.337106

fm 1.000000

f+l 1.059463 8, 1.000000 -0.467

f_l 0.943874

ﬁ+2 1.1224§2 gy 2.003337 -4.52

f_2 0.890899

£+3 1.259921 g3 4.033441 -14.9

f__3 0.793701

f+4 4,000000 g, 32.44259 | -51.0

f_4 0.250000

f+5 8.000000 85 68.12945 -63.9

f_5 0.125000




?

magnitude (dB)
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The specification in fig. 4:2 can be satisfied by a second-order
Butterworth LP filter with magnitude function
H(g) = (4:6)
1/1 + ngi

Using 4 = 0.337106, the magnitudes as given in the last columm of Table
4:3 are obtained at the specified frequencies. These values satisfy the
given specification with allowances for droops which may be caused by the
antialiasing and smoothing filters and the sample-and-hold function, and
also for some tolerance in the element values. With the above d, the

Butterworth LP filter transfer function is given by

Ho(s) = 14 “:7)

2+ 274 s + 1/d

Applying the transformation in (4:3), the BP transfer function is

QRZ s2
H . (s) = ald
BP
2 33 4
+—/ +sz (2+-—)s + s+9

(4:8)
For the design of filters using cascaded biquadratic sections, the BP

transfer function can be factored as

2
Hp(s) = Kps
wp )
2, A 2, 2. % 2 .
(s + q s + w, ) (s + q s + Wy ) (4:9)
where both biquads are set the same Q. Equating (4:8) and (4:9), we have
Q? = a2a+ 5+ Ja2a)? +1/16 (4:10a)
2 2
2 _ 2 Q- _ - Q 2 _ .
" QR[(2 1)4_‘%2 1) -1 | (4:10b)
a“d a“d
2
)
S TR (4:10¢)

a d
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Thus for values in Table 4:3, using BP functions for both factors,

the two biquadratic transfer functions are -

K.s8
> A (4:11a)

s” + 0.822243s + 34.2865

hA(s)

.KBS
2

. (4:11b)
8° + 0.946754s + 45.4566 .

hB(S)

where I(T = A'KB = 1.56468.

4.3 Transfer function satisfying the Bilinearly-prewarped Specification.

If the SCF is to be desigﬁed using the bilinear transvformatidn then
it is neceésary to prew#rp the specification according to (3:29)
especially whe.n low fc[fln is usgd. {: The clock frequency,-} £ 1is chosen to
“be 16 tifnes_the midbapdi fréquency .of the BP filter. This is the lowest
possible, ‘80 as.to account for the magnitude specificatién at Sfm. The
other consideration is that of the requirement for the antialiasing and
sﬁ;oothing filters as may be desired. With this low fc at least a third-
order LP function is required for the antialiasing filter. H;gh fc’
however, results in large capécitor spread and large ;otél capacitance
required by the SCF which means more sﬂicm area. Thu_s the emphasis,
in .this choice, is to achiéve the lowest total capacitan»ce possible for

the SCF.
Using (3:29) which, in this case;' is
2 =32 tan &5 | (4:12)

the prewarped frequencies are shown in Table 4:4. The prewarped frequencies
are no longer synmxetrical; The symmetry factor can be calculated as
A = 9+4.$_2_.4 , (4:13)

B T
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which is greater than unity. The prewarped specifications are made

geometrically symmetric by using the reference frequency

QR = ’ Q+l'Q_l (4:14)

and decreasing the upper stopband frequency, £,,. [2] Thus

"+,
g = Eﬂ g = _l..
’ — -3 .
+1 2 1 B (4:15a)
= 2 5 = 1 : .
2_4 = __?2_4_ ’ g+4 2_4 (4 . 15b)
R

Similarly the other frequencies are calculated and are shown in
Table 4:4., From this the specification of the corresponding reference

LP filter is obtained using

g = a(g, - &) | (4:16)
wheré .

a= 1 = 8.429955 (4:17)
841~ B

Using a second-order Butterworth LP function, the specification is

satisfied, with allowances as before, at values given under g in Table 4:4

with d = 0.343383. Following similar steps as in section 4.2, the two

biquadratic transfer functions are

_ K,s
Hy(s) = ; A (4:18a)
s + 0.845999s + 35.1098
_ s
Hy(s) = ‘s (4:18b)

s + 0.976431s + 46.7706

where KT = A‘KB = 1.66063.
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Table 4:4 Bilinearly prewarped frequencies of the OTOB filter and
its corresponding reference Butterworth LP filter gain
response.

magnitude
Sub- £ f g g (dB)
script 2w QRf6.365762 a=8,429955 {d=0.343383

m 1.000000

41 1.059463 1.075015 1.061070 1.000000 -0.484
-1 0.943874 0.954831 0.942445
+2 1.122462 1.125591 1.999321 -4.60
-2 0.890899 0.900098 | 0.888422
+3 1.259921 ‘ 1.266129 4,015356 -15.0
-3 0.793701 0.800189 0.789809
+4 4.000000 5.092958 4.049315 32,05372 -51.0
-4 0.250000 0.250201 0.246955
+5 8.000000 8.103513 67.27196 -63.8
-5 0.125000 0.125025 0.123403

4.4 Transfer function satisfying the LDI-prewarped specification

When the SCF is designed using the LDI transformation, ﬁrewarping
is done according to (3:11l) if low fe/f; is used. As mentioned in
chapter 3 this transformation reduces the high frequency attenuation
of the BP filter. If very low f. is used, the high frequency attenuatibn
may not meet the specified values. In fact fc = 16fm cannot be used if
a fourth-order Butterworth BP filter is required to meet the specification.

Instead, fc = 24fm is chosen. In this case (3:11) becomes

Q = 4881&("}5‘) (4:19)

The prewarped frequency values are shown in Table 4:5. These are

also not symmetrical but the symmetry factor is less than unity. They
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are made geometrically symmetric by using QR as in (4:14) with é+l’ 2_1
as in (4:15a) and increasing the lower stopband frequency as follows,

By = B, T (4:20)
R Eas

The other frequencies are similarly calculated and are shown in Table
4:5. The specified frequencies of the reference LP filter are given
under g with a = 8.701280. The specification is satisfied by a second-

order Butterworth LP function with d = 0.342392,

Table 4:5 shows that less allowances for tolerance in the element
values are available for the stopband attenuation. However, it is not
detrimental in this case since the higher frequency attenuation will be
enhanced by the antialiasing filter response while for the lower frequencies
of.the BP response, a margin has been created when the prewarped values
are made geometrically symmetric.

Table 4:5 LDI-prewarped frequencies of the OTOB filter and its.
corresponding reference Butterworth LP filter gain response

. magnitude
Sub- 2 B , g _ (dB)
script 27 QR=6.265137 a = 8.701280 d=0.342392

m 0.997147

+1 1.056070 - 1.059112 1.000000 -0.481
-1 0.941475 0.944187
+2 1.118428 1.121650 2,002212 -4.60
-2 0.891544
+3 1.254217 1.257830 4.027043 -15.0
-3 0.795020
+4 3.819719 3.830722 31.06074 ~-50.4
-4 0.249955 0.261047
+5 6.615947 6.635005 56.42162 -60.7
-5 0.150716
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4.5 Ladder network satisfying the specification

The normalised LP ladder network satisfying the second-order
Butterworth function with a given d is shown in fig. 4:3.{2] The
lddder network for the OTOB filter is then obtained by applying the

transformation in (4:3). This is shown in fig. 4:4.

r l1
1
AT
r1=r2=1
Cop—= ? Ty Ly=c,=v2d
A 4

Fig. 4:3 Ladder realisation of second-order Butterworth

lowpass filter,

R, Ca Ly
o——W— 000 —. 4—o
R,=R,=1
Cp —— ;L L =al Mg
— R i
L3 omi/(alag)
1 LB=1/(ac2nR)
] ] N CB=a02/ﬂ.R

Fig. 4:4 Ladder realisation of fourth-order bandpass filter,
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CHAPTER FIVE

SWITCHED-CAPACITOR BIQUADS

One common method in the design of high order active-RC filters is

through cascading biquadratic circuilts. Similar procedure is possible

for SCF realisations. As mentioned earlier, the biquadratic networks

which are of special importance to SCF design are those which use integrators
as building blocks. These integrators can be realised in SC forms through
the LDI and bilinear transformations. Thus by directly replacing the
integrators of the active-RC biquadratic circuit with SCIs as described

in chapter 3, the resulting SC biquad can simply be designed.

However, in this case, the SC biquad obtained using LDI 1ntegrétors
requires that wT<<1, fhe SC biquad obtained using bilinear integrators
does not have this limitation but requires more OAs so as to be insensitive
to the effects of parasitic capacitances. Nevertheless it is desirable
that the bilinear transformation be used in order to achieve a wider

range of usable frequencies.

A better design possibility involves findihg a SC biquad which has
transfer function equals to the bilinear transformed transfer function of
any biquadratic continuous-time filter.[l] This is illustrated for fhe
first order transfer function by eqns (3:33) and (3:35) in chapter 3.
A general SC biquad can be obtained based on the two-integrator loop
topology as in fig. 3:5. The biquad requires only two OAs and is free
from the effects of parasitic capacitances. The capacitor ratios are
designed by equating coefficients of the SC biquad z-domain transfer function

with those of the bilinear transformed s-~domain transfer function.

75
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When using the bilinear transformation{ the s-domain transfer
function must be ﬁrewarped by adjusting the cdt-off and stopband edge
frequencies according ﬁo eqn (3:29). The prewarping of the specification
presénts no difficulties but it does require a new filter table look-up
or a new run through an approximation program. This can be avoided by:
using another ﬁethod of designing SCF which works quite well for biquadratic
sections. It involves setting up désign equations based on matching ﬁhe
z-domain transfer function directly with the s-domain transfer f_unction'..[Z]
These two design methods fbr the SC biquad are described further in the

following sections.

5.1 General Biquadratic Structure

. A general switched-capacitor biquadratic structure based on the two-
integrator loop topology is shown in fig. 5:1. It has z-domain transfer
functions from both V1 and V2 of the form,

2
2

I { + ez—l + 8z
0+ az—l + Bz

H(;) (5:1)

In the general structure, all possible parasitic insensitive switching
arrangements for each required switched-capacitor of the integrators are

included, such as, PCZ’ QCZ’ R02 and 802 for the SC between the two OAs.

. Only oné of the two integrators need to.be damped. In this case, it
does not matter on whiéh OA the damping SC is placed since the Qutput can
be taken from either V; or V,. .In fié. 5:1, the damping is provided by
either of Tsz UCZ’ WC2 or Y02 on OA 2. Alternatively, démping can be
provided by connecting an unswitched capacitor between the OAs. An

unswitched capacitor in the analysis is equivalent to the set of all possible

gswitched-capacitors. If aﬁ unswitched capacitor E'C2 is required between



Fig, 5:1 A general switched-capacitor biquadratic structure.

AL
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V2 and the negative input of OA 1, then this is equivalent to making

E=F=G=J=E'.

This equivalence is illustrated in.fig. 5:2. The z-domain
equivalent circuit of the set of all possible switched-capacitors shown
in fig. 5:2(a) can be derived from the block in fig. 2:6(a). When both
ends of the circuit are either voltage driven or at virtual ground then
the equivalent circuit is given in fig. 5:2(b). When E=P=G=J, this is
equivalent to thg equivalent circuit of the floating capacitor in

fig. 2:6(b) under the same terminal conditionms.

The transmission zeros for the biquadratic transfer function are

IN
in fig. 5:1. Many of these SCs can be removed depending on the.application

realised by the multiple feed-forward paths provided by the SCs from V

dééitEd'of_the biquad. Also, for reasons of stability, neither capacitors

EC, and PC2 nor capacitors JC1 and SC2 can both exist in a practical

1l
circuit. [3] Further reduction in the capacitor and switch count can be
effected using SC element transformations which are specific cases of

that shown in fig.,StZ.

Some examples of thé SC element transformations are shown in fig.
5:3.[3] 'Uﬁless specifie&, terminals 1 and 2 are either volfage driven or
at virtual ground. Iﬁ fig..5:3(c5, 1(a) and 1(b) must both be driven by
differént voltage sources or both at different virtual grounds. If ECl
and GC1 are unequal reduction is still possible by the transformatiéns
shown in fig. 5:3(d).[4] The switches’marked (*) cén be removed and the
capacitors GCl and ECl are connected directly to terminal 2, if terminal 1

is connected to a full cycle S/H source and 2 1s at virtual ground.
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Fig, 5:2 (a) A set of parasitic-insensitive switched-
capacitors with ali possible switching arrangement,
(1,2 are either voltage driven or at virtual ground),
(b) z-domain equivalent circuit of (a) equivalent to

that of an unswitched capacitor when E=F=G=J,
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Fig. 5:4 z-domain equivalent circuit of the biquadratic structure in fig L:1
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5.2 Transfer Functions of the general bigpad

The SC biquadratic circuit of fig. 5:1 can be replaced by its
z-domain equivalent circuit uSihg the equivalence in fig. 5:2 and the
blocks in fig. 2:7. The equivalent circuit is giveﬁ in fié. 5:4, from
which the transfer functions from the input to V1 and Vz respectively

f are determined to be

v,® :
H% - .;l R slz’l + 612_2)/A  (5:2a)
IN -
v,.©
1o A R R Y/ S C 15
and
' v © : : . ‘
B2 = 2 = (it T+ 6,2 /8 (5i3)
IN
v.e - , |
oe 2 - -1 ' .
Hz = 'V—""o = 2z (¢2 + ozz )/A (5’3b)
VIN |
where
b o= ©+az 4B (5:4a)
© = (L+7T-EP)(L+Y - JS) (5 :4b)
o = (L+T- ER)[JQ-(141)] + (1 4 -GP) [FS ~(1 + 1) ]
+(® - R[FQA+Y) - JA+ V)] +(Q = SHEDL+W - L+ 1]
(5:4c)
B = (L+W=-GR)(1L+U - FQ) (5:4d)
and | | | |
y; = Q1+ Y- JS)[EK - A1 + D] (5:5a)
e, = (L+T-ER)[B(L+7Y) - JL]+ (1L +U - FS)[ACL +W) - &K]

+(AR - K)[F(1 +;Y) J(i»+ U)] + (BS - LY[E(L +W) - ctl + 7)]

(5:5b)
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6§, = (1L+W=CRIFL - B(L +1)] (5:5¢)
¢, = QA+ T~-ERUIN-DA+Y)]+ @A +Y-J39[c@ +T) - EM)
+ (N - DS)[E(L + W) - G(1 +T)] (5:5d)
o = (1+W-6GR)[D(L+U) -FN]+ (1 +U-TFS)[GM-c(1 + W]
+ (M- CR)[F(1 +Y) - J(1 +U)] (5:5e)
and
Y, = (AP K)(1L + Y - J5) .(_5':6a)'_
e, = K - AR)(1L + Y - JQ) + (L - BS)(L + W - GP) |
+(R -P)[B(L+Y) - JL] + (S - Q) [A(L + W) - CK]
- o (5:6b)
6, = (BQ - L)(L + W - GR) | (5:6¢)
6, = (DS - M)(L + W - GB) + (1t - CP)(1 + Y - JS)
+(R - P)[IN - D(1 + Y)] (5:6d)
o, = (N-DQ(L +W~- GR) + (CR -~ M)(L + Y - 3Q)
+(S - Q) [GM - C(l + W] - (5:6e)
The other transfer functions ﬁloo’ Hleo’ H2°°, Hzeo are derivable
ee oe ee oe . ’
from H1 ’ H1 ’ HZ ’ H2 respectively by recognising and interchanging

the SC elements which are relevant to the transfer functions. A, B, E, F,

K, L, P, Q, T, U are replaced by D, C, J, G, N, M, S, R, Y, W respéctively_-

and vice versa. Aiso, Hloe’ Hzoe can actually be derived from Hlee, H2ee

: - +
respectively by replacing A, B, K, L in Hlee’ Hiee with ~CZ %, ~-DZ %
—Mz_i, -NZ+£ respectively.

In thé above analysis for thev transfer functions, the input signal is
assumed to be sampled and held twice per clock period. Eqns (5:2) and
(5:3) show that the biqﬁadratic transfer functions are achieved when the
input and output are sampled synchronously, i.e. bpth during the even clock

phase or both during the odd clock phase. Thus for a particular biquadratic



84

transfer function, the structure in fig,15E1 needs to sample the input

voltage only once per clock period.

As an example, for the transfer=function'Hzee, the switched capacitors

which are connected to the input during the odd clock phase can be removed.

The modified structure can then take input which is held for any time

" interval less than or equ#l to fhe clock period. The'cléck.phases, however,
have to be adjusted so that the even élock phase is not longer than the

timg the input 1s held. In the limit, the S/H function is not necessary

and an analogue signal can be applied directiy to the input of the modified

biquadratic structure.

eo -3, ee
zs‘zuz

the odd clock phase is different from that during the eﬁen clock phase.

Note,vhowevér,,that in-ggneral H thus the output during
‘If'a fully held outﬁut'signal is desired, the biquad has to be followed by
a suitable S/H circuit. A fully held output signal can be obtained

direétly from-the_biquad if charge transfers onto the integrating capacitor'

of'thé OA, from which the output is to be taken, are allowed only during'-

one of the clock phases.

" 1f. the input signal to the biquadratic structure in fig. 5:1 is

sampled, say at the start of the even clock phase and held over the full

clock period, i.e. VIN°‘= Z—iVINe,rthen from (5:2) and (5:3),
e ee . =% oe . e | E .
‘Vl = (Hl + 2 HI )VIN (5:7a)
v€e_ .ee -} oe . e ' -
V2 = (H2 +‘Z H2 )VIN (5.7b)

Thus biquadratic transfer functions are still achieved duriﬁg the even

clock phase.
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5.3 Derivation from the gemneral biquad

All the second—orderiswitched—capacitor circuits in the literature
vbased on the two-integrator two-clock phase.structore can be .generated
froo the general biquadratic structure in fig. 5:1; The transfer functions
,of_these circoits can also be easily derived from eqns (5:2) or (533).
Many different biquad realisations are possible,from.the general structure
for-any deaired,transfer function. For examples, there are cholces between
using V1 or VZ,'and between damping with a switched—capacitor or using

the unsﬁitched_capacitor.

There is no aingle biquad realisation which can be_suitable for all
applications. 'Also, gso far, there is no general method to determine the
'biquad realisation which is most suitahle for any particular application.[a]
'Thus it is necessary to compare all possible realisations in any particular
design if the most efficient realisation is required. Some of the

considerations for making this choice are as given in section 1.4.

Fig. 5?5 shows.an exaﬁple of afsecond order circuit generated from
the general structure which is capable of realising bandpass transfer
functionsr - The SC element transformations in fig.‘5:2 aﬁd fig. 5:3 are
used to re&uce the nuaber of capacitors and switches. Further switch
reduction is obtained by making similarly switched capacitors share a common
switch as shown'at the negative inputs of the OAs. The.damping for the

circuit is provided by the unswitched capacitor E'Cl.

'Using eqns (5:2) and (5;3), setting'to zero all unused capacitors,
the following transfer fahctions are obtained,

ee

B°® = [(BK +E'K - &) + (A - GZ 1)/ (5:8a)



EC

—_—
qk————ov Q\1$

E'C1 = FCl = GCl = JCl
]
G ‘
1
- i
AC. =CC , e _
1 1 L 1\ - RC o
’ l | / A
KC2 = M02
I
|
5:5 A circuit for realising»second-order bandpass transfer functions,

Fig.

98



87

% = 273 - M- E'M) + (M = ©)Z 11/8 (5:8b)
% =27t g % | (5:8c)
n, % = _z’J" n |  (5:8d)
and
%% = [K + (K - a0z 11/ | (5:9a)
H,"¢ = ZE + (cr - 27/ “ (5:9b)
B, = Tk B, ,* (5:9¢c)
Hzé’o_ S A | | v(5v:9d)

where

A= 1% ER+ER-2ZT 4 A -0RzZZ (5:10)

1f fhe inﬁut,signal to the circuit in fig. 5:5 is full cycle sampled-
 :and-held,“then usihg eqns (5:7) to (5:10), noting the equality of some of

the capacitors, the transfer functions of the circuit becomes

e

H' (2) =_Vl (E + 'K = A) + (2A -~ EK - ZE'K)Z-l + (E'K - A)Z_Z
1 v_© (E + E'R-2)2"1+ (1 - E'R)Z™4
h ' | (5:11)
o_ ,~t,e
v,® o
H.(z) =2 5. K+ @AR- 2K)Z + (K - AR)Z
" | (5:12)
o _ % e
V2 YA VZ

The outputs from both Vl and V2 are also held over the full clock period.

This circuit and the transfer functions can also be derived from the general

biquad given in [4]. The denominator such as in (5:11) and (5:12) eﬁsure
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that -all stable poles can be realised by the cirhuit; The numerators,
-on the other hand, allow the different usable forms of the bandpass

function to be realised as shown in table 5:1.

The generic forms are referred to as BPij, where i, j denote the
lnumber of 1+ 2 ), factors respectively. The BP10 function arises
when the bilinear transformation is applied to en s—domain BP transfer
function. .The BPO1 end BPOO are achieved from the s-domain BP transfer
function.through the forward difference and backward difference transformations
respeetivelyf ‘Table 5:1 also shoﬁs that Hl(z) realises positive BP functions

whereas Hz(z) realises negative functions.

_The circuit in fig. 5:5 can be modified for an input signal which
is not held for the full clock period by switching the input capacitors to
: the signal during the even clock phase. This means only-switched capacitors
Acl and KC2 ere used at the input. From (5 8) and (5 9) H oe ﬁloo’v

329e and'_Hz°° become zero. The outputs are still fuliy held but only the

Table.Szl-»'Design Equstions for realising the different generic forms -
of the bandpass functions using the circuit of fig. 5:5.

Generic Numerator : Design Equations
form : H, (2) , H,(2)
: -1 2 '
L, 4 1 A=%IS+EK " 2K = AR
BP10O RK°(L -2z 7)A +27) , . :
: : b4 EK ) z
: 1 K== . K"=-K
2 .
S ' , - A = EK + E'K K=0
o1 | KZzZl@ -z h z 2
‘ » o K™ = EK K" = - AR
: 2. -1 A =E'K K=AR"
BPOO | K (1 s.z ) K% = EK K% = - K
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BPOO function can be realised. If the BP10 function is required with this

input signal, then AC, = BC and KC, = LC

1 2
switched—capacitcrs, and switched-capacitor RCZIin fig. 5:5 has to be

9 have to be used as the input

replaced By the switched capacitor QCZ. The same transfer functions as
(5:11) and (5:12) are obtained with R replaced by Q. The output, however,

is no longer fully held. [4]

In the folloﬁiug design examples, the input signal is assumed to be
ﬁeld cver the full clock period. The circuit in fig. 5:5 is used for the
design of BP filters which fit the specification given in chapter 4,
Circuits for realising other second-order transfer functions, such as the
'lowpass, highpass (HP), notch and allpass (AP) can also be generated from
the general biquadratic structure in fig. 5:1 but are.nor discussed in

deteil here.

5.4 Design using the Bilinear Transformation

Higher order SCFs can be designed using the circuits realising
bilinear'transformed biquadratic transfer function which can be derived
from the general structure in fig. 5:1. The following sceps can be used.
1. The frequencies, at which‘the,filter magnitudes are-specified, are

: prewarped according -to eqn:(3§29).

2. Filter tables or computer programs are then used to find a transfer
function HT(B)'whose magnitude function HT(jQ) méets the specification.
The procedures shown in chapter 4 are used in our case. |

3. If HT(s) 1s even, then it is factored into the product of biquadratic
transfer functions of the general form,

2
azs 4+ als + ao

H(s) = e (53

2
AAs + b_ls + bo
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These second order transfer functioné_are chosen taking into
consideration conditions for>optimum pdie-zerq pairing, cascading
sequence and gain distribution.[5]
4., The bilinear transformation as in (3:28) is then applied to (5:13).
V The bilinear transformed biquadratic transfer function is then

| 2 a. T2/4 - -1 - w2y g2
H(2). = (a, + a)T/2 + a T°/4) + 2(a,T"/4 - a,))Z ~ + (a,~ a;T/2 + a T°/4)z

' 7 1 7 =2
(1+b,T/2 + bo’Izla) + 20, 1T/4 -2 + (1 - b T/2 + b_T%/4)2

(5:14)

5. Biquadratic circuits with transfer_functionfequivalent to H(z) in
(5:l4) can be derived from fig; 5:1 and thé éapaqitox ratios are
désignea.by equatingktheir coefficients.

6. They;esqlting biquadratic circuitsvare then cascaded to realise the

>.Q§erg11 filter trénsfer>function.[1] |

7; If‘HT(s) is odd, the remaining firsg ordervfactof can be realised

 as described by eqns (3:33) to (3:35) and the circuit such as in
‘fig. 3:17 is appropriately cascaded to the other biquadratic circuits.
Third order SCF sections cén also be used in caécade'with the

biquadratic circuits for odd transfer functions.[6]

if.the filter”requirements are already given by its s-domain transfer
function, the easier,abproach is to first factor thg.transfer function into
éecond order.sections. The prewarped s-domain functions are tﬁen obtained
by prewarping critiéal frequencies of these second ofder se@tions. Then
steﬁa (4) onwards can bg used. This approach allows different clock.

frequencies to be used for different sections.
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5.5 Design by matching transfer functions

The prewarping step above can be avoided by matching the factored
second order s-domain transfer function directly with the z-domain
transfer function of the biquads. The s-domain first and second order

transfer functions can be expressed, in general, by

K3 (s +0)
ha(s) = 2 =z (5:15a)
s +0
P
2 W, 2
K® + =235 +
hy(s) = p® Tg 2t (5:15b)
w .
32 +-—2 s +w 2
QP

The corresponding z-domain transfer functions are expressed as

K% (1 + y'z Y |
Ha(z) = a (5:16a)

1+o0z?
, bi(l +e'zl 48772 :
H (2) = — — (5:16b) -
1+0a'2 " +8'Z

The coefficients 0',a' and B' of the denominators in (5:16) can
be expressed in terms of the pole frequencies cp, wp and pole quality

factor Qp of (5:15), which are

o' = exp (- op/fc) (5:17a)
5 f 1
' =-2exp (- 5% ) cos (2 f1 - 75=2) (5:17b)
P P
Q
B! = -B (5:17¢)

exp (- Qp
w.
where € = wT is the normalised frequency, i.e. Qp = p/fc.[7] Y', €' and

§' are given by similar expressions as for ©', a' and B' respectively,

with the subscript p replaced by z.



92

The matching of the gain of the functions at any desired frequency, w

can be done by noting that

Il + uz-1 + vz—zl z=ej9 = in + u2 + v2:+ 2veos (2Q) + 2u(l + v)cos®

(5:18)

can

Thus for gain matching at low (L) frequencies (s = 0, z = 1), bi

be obtained from (5:15b), (5:l6b) and (5:18),

KZ - l1l+a' +8' ( Y2 2.8
1+e' +68 % b

(5:19)

For matching at high (H) frequencies (s = 00, z = -1),

oot '
KZbH = l-o +8 Ksb (5:20)
1 -¢' +6'

Kza can similarly be obtained using (5:18) when v = 0.[2] The transfer
function of'any first or second order switched-capacitor circuit can then
be equated to the z-domain transfer function in (5:16) and design equations

for the capacitor ratios can be derived.

5.6 Design Example using the Bilinear Transformation

The transfer functions of two biquad sections which when cascaded
satisfy the bilinearly-prewarped specification of the OTOB filter are

derived in chapter 4. These are

KAs ‘
HA(s) = KATA = = (5:21a)
s~ + 0.845999 s + 35.1098

(5:21b)

Hp(s) = KTy = — 3

8% + 0.976431 s + 46.7706

where KT = KA.KB = 1.66063 and HT = A'HB'
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The pole-zero pairing in (5;21) is .chosen so that hoth sections
can be realised by the BP circuit.of fig. 555. Both the denominators
have,the same Qband the zeros are both at s =i0. Thus the sensitivity
of.theﬂfiiter to component variations ia quite independent of'the pole-
zero oairings.[S] With}reepect:to the section dynamic ranges equalisation,
.the'pairing‘in (5:21) is not far below the optimum. Sections with the

- optimum pairing are,discussed'in section 5.7.

' The overall dynamic range ot the filter is alsorcontrolled by the
ordering of the sections and the gain distribution among the sectioms,
such as KA'and KB.in'(S:Zl);- The,ordering is determined'using the method
ot minimising the maximumeto—minimum ratios at each.hiquad output'in the
:cascade'[Sj For the sections in (5 21), the ordering has very slight
;veffect on. the dynamic range. The section with the 1ower centre frequency,

‘_A(s) is chosen‘to he first in_the cascade on the basis it provides more
' attenuationuat high'frequencies; In this case, however, . it only gives a

very slight advantage in terms of. antialiasing requirement.

After the pole-zero pairing and ordering of the sections are determined,
- the gain distribution is done by making all the biquad outputs in the o
" cascade have the same peak voltage. This is achievedvfor the.sections in
(5:21) hy ueing
| - . max l |
- 0<m<00H'r
A max |TA|‘
05w<0? ,1}~ -
.max : - '
a ' 05w<00HT K :
K3 ° Tmax [T,T.| ~ X, (5:22b)
A’B A

0<w<00

'(5&22a)

Ihus KA = 0.845999 and KB é‘1'96292'
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The transfer functions in (5:21) are now fully determined. Firstly,
the biquad corresponding to the transfer function in (5:21a) is designed.
With the circuit in fig. 5:5, two designs are possible, using either
Hl(z) or Hz(z) in (5:11) and (5:12) respectively. The design equations
are obtained by comparing these to (5:14) with a, =a = 0. The

denominators are the same in both cases.

As examples, the coefficients of Z_l, Z-2 in the denominator of (S:il)

are equated to those of (5:14) to give respectively

ER + E'R - 2 = 2m.(b°T2/4 - 1) (5:23a)

1-E'R=n(l-b1/2+ boT2/4) (5:23b)
where

m=1/ 4 b T/2 + b_T%/4) - (5:23¢)

If R is first chosen to be unity, then

- 2 v o= .
E mboT , E mblT (5:24)

The expressions for the other capacitor ratios can similarly be obtained
and are given in Table 5:2.

Table 5:2 Expressions for capacitor ratios of the circuit in fig. 5:5
with its transfer functions equated to (5:14). a, =a = 0.

o
Capacitor Hl(z) Hz(z)
ratio
R 1
' .
E ' mblT
E mb T2
0
K al/(boT) malT/Z
A ma, (T/3 + by/b) ma; T
2
m=1/(1+b;T/2 + b T°/4), T =1/¢,
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‘From Table 5:2, the unscaled éapacito: valués can be calculated
for the transfer'function;in (5:21a) . These are shown in Tables 5:3
and 5:4 for the designs using Hl(z) and Hz(z) respectively., The extra
degree of freedom in R can be used to maximise the dynamic range within
..the biquad. This ié achieved by making thé outputs Vl and V2 of the OAs

in the biquad of fig. 5:5 have the same peak voltage.

| For the design using Hl(z), the voltage 1evei of V2 needs to be
adjusted‘without affecting fhe gain level of Hl(z). 'This can be done by |
scaling all the capacitqrs‘connected to‘Vz, i.e. Cz; ECl and E;Cl'
Thus if the‘gain level of Hz(z) is to be scaled by H, then these capacitors
must be scéled by 1/u.. When uéing the Hz(z) design, the capacitors C1
and RC2 »

. 'adjustment made to Hl(z).. These scaled capacitor values are also shown

connected to V1 have to be similarly scaled according to the gain

in Tables 5:3 and 5:4.

‘Note that after the adjustment, E becomes approximately equal to
R. E_and R actuAli& reﬁresenf thevgainsffor the two integrators of the
“biquad_circuit; Thus fgf a qﬁick design, a near bptimﬁm solutidn for -
m#ximum dyﬂamic range can be obtained by making'these gains equal when

,'dériving the éapécitdr ratio expressions as in Table 5:2.[1]

Finally, the admittances associated with each stagé are adjusted so
that the minimum capacitance value in fhe circuit becomes unity. This
allows easy comparison of the capacitor spread and the totai capacitance
required by the biquad in eacﬁ design. Two groups of capacitoré may be
scaied together. One group.consists of Cl’ ACl; ECi and E'C1 which are all
, conngcted ﬁo thé negativeiigput of QA 1 in fig. S:S. The others are CZ’
KC, agd RC, connected to'the negative input of QA.Z..vThus the final

capacitor values in Tables 5:3 and 554 are obtained.
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Table 5:3 Capacitor values for the circuit in fig. 5:5 realising
HA(s) with Hl(z) design (using bilinear transformation).

Capacitor Unscaled Dynamic-Range- Final
Adjusted
p = 0.35116
Cl 1.0000 22.654
E'C 0.049848 0.14195 3.2158
EC1 0.12930 0.36819 8.3411
AC1 0.044142 1.0000
C2 1.0000 2.8477 7.3864
RC2 1.0000 2.5938
KC2 0.38553 1.0000
Total capacitance (pF) 46.2
Table 5:4 Capacitor values for the circuit of fig. 5:5 realising
’ HA(s) with Hz(z) design (using bilinear transformation).
Capacitor Unscaled Dynamic-Range- Final
Adjusted
u = 2.8096
C1 1.0000 0.35592 7.1401
E'C 0.049848 1.0000
ECl 0.12930 2,5938
ACl 0.049848 1.0000
02 1.0000 40.122
RC2 1.0000 0.35592 14,280
KC, 0.024924 1.0000
Total capacitance (pF) 67.1
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It islobservec tnat the design using Hl(z) p;ovides,a lower total
capacitance and smaller capacitor spread. chever, the Hz(z) may afford
the less sensitive realisation.[4] Comparing.(S:ll) and (5:12), the
numerato;:coefficients of Hl(z) are more dependent on the cancellation
of terms than those of Hz(zj. On the cther hand,.Hl(z) has pole-zeto o
' dependence ptopertylwhich can have a beneficial effect on sensitivity.
Thus the advantage in capacitance saving has tc‘be compared with the
sacrifice.in sensitivity, if any, before a choice between the‘two designs

. can be made.

Hence both designs are also used for the biquad to realise the
transfer function in (5:21b). The final capacitor values are shown in

'Table 5:5. The complete circuit for the OTOB filter isAobtained by

.:appropriately cascading the biquads realising the two transfer functions

u: in‘(5.2l). The total capacitance with the H (z) design is 106.0 pF and
the capacitor spread is 1:40.1, The Hl(z) design requires a total

' capacitance’cf 69.8 pF and has capacitor spread of 1:22}7.

If.the design were to be donelusing the-cther cascade sequence, 1.e.
'having HB(s) first in the cascade; the total Capacitance'fot the filter
with the Hl(z) design 18 69.5 pF and the capacitor sprea& is 1:21.1.
‘Thus the differences in this context are very slight. Also, there are
other SC B? circuits, defivable from the general biquad in fig..Szl;
nhich can realise HA(s) andvﬁﬁ(s) through the,bilinear transformation.
These circuits,‘such.as those‘using switched-capacitof damping, however,
have 1arget capacitor spread andllatger total capacitance for this particular

filter realisation. -
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Table 5:5 Capacitof values for the circuit in fig. 5:5 realising

HB(s)'with Hl(z) and Hz(z) designs (using bilinear transformation)

Capacitor - Hl(z) Hz(z)
(pF)
c; 10.518 7.1790
E'C, 1.4844 1.0000
EC. 4.4438 ©2.9937
AC 1.0000 2.0104
c, 3.7063 17.544
RC 1.4892 ' 7.1422
KC, '1.ooqo ' 1.0000
I6£a1 B 23.6 38.9

5.7 Realising sections with the optimum pole-zero pairing.

The optimum pole-zero pairing for seétion‘dynaﬁic range equalisation
is obtained when both zeros of the fourth order BP function are pairedb
~with the closest poles. Thus the filter is made up of a.highpass and

a lowpaés section. Their transfer functions are

| | o2 .
. RSt (5.
R RO p——— (3:252)
BT s* + 0.845999 s + 35.1098
, HL(S) = 5 KL (5:25b)

s” + 0.976431 s + 46.7706
‘where KT= KL.KH = 1.66063 as before. The_ordering of these sections has

no significant effect on the d&namic range.

The bilinear transform of the transfer functioms in (5:25):can'5e

realised by circults of_simiiér structure to that of fig. 5:5. The HP
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circuit can be realised with A = C = O for the Hz(z) design or with

K =M= 0 for the Hl(z) design. The LP circuit is realised for the

Hz(z) design when C.= 0 and for the Hi(z) design when C = 0 and K # M.
Considering both possible ordering of the sections, the OTOB filter

is designed using 5oth.t§e Hl(z) and Hz(z) designs. The capacitance
requirement and the capacitor spread for each case are shown in Table 5:6.
Table 5;6 fotal capacitance (pF) for the OTOB filter using sections

with optimum pole-zero pairing. Capacitor spreads are
given in brackets. '

Design ‘Hl(z) Hz(z)
Ordering

H .Hy 85.8 - 280.8

1 KL=6;6607,KH=0.24932 ‘ '(1:24.8)_» ' (1:165.5) -

HH - 56.7 | 173.2

| %,=0.14241,K =11.661 (1:14.2) (1:94.5)

Tabie'5:6 shows that the least total capacitance is obtained using
" the Hl(z) design when the HP section is piaced first'iﬁ the casqade.
The complete circuiﬁ for this realisation is shown in fig. 5:6. Note
-. that the SC elemenf transformation of fig. 553(d) is used for K and M
to redu;epthe total capgcitaqce and the number of switches. 'The_cg§a§itor
vaiues are also shown in'the gsame figure. Though this realisation affords
'the least total capacitance and the 6ptimum with respect to maximisingv |
the possible signal level, it ig often not desirable to have the HP
section at the Beginning of the cascade. This ordering isvonly suitable
if the input is expected to have a sizeable dc or low frequenc?, out-of;

band components.[5]



Fig, 5:6 Switched-capacitor one third octave bandpasé filter using cascaded.

ool

high-pass and low~pass sections. (Capacitor values in pF, fc-léfm).
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Otherwise it is desirable to have eithef a LP or a.Bvaéction
at the beginning of the éascade for simpler antialiasing requirement as
well és preventing strong high frequency noise from entering the |
succéeding'stages of the cascade. Also, it is,desirablé‘to have either
va:HPbpr a BP at the ena of the éascade'to eliminate dc 6ffsgts of ‘the
‘preceeding stages aﬁdvto reduce intenrally gengréted Iéﬁhfrequenéy_ﬁqise.
Under these conéidérations, usagéhof two BP sécfioﬂs for the filtef.

provides a better solutionm.

5.8 Design Examples by matching transfer functions

The two cascaded biquadratic functions which satisfy the specification

for the OTOB are giveﬁ by

0.822243 s

hy(s) = — , =t (5:26a)

AT 6% 40822243 s + 34.2865 o
by(s) = e BN CE S
N 87 + 0.946754 s + 45.4566 : : .

’  These are‘defi&ed from. chapter 4.f§110wing the,samé considérafions.as in
- section 5.6. Also, the same BP10 realisation from the circuit inv

fig; 5:5 is used fof this desigh, Thus the z-domain traﬁsfer function,

:  vbbtained.fr§m (5:16b) with e'.é 0, 8' = -1, is |

-2

)
1 + B'z

Kz(l -z
1+a'z

CH(z) = = (5:27)
Thé tfansfer funétibné'iﬁ (5:26) can be written in the form of -

(5:15b), i.e.

':h(s)lé gP. . : . (5:28)
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Hence, the values for a' and B' can be obtained using (5:17). The value
of K? is obtained by matching the peak gain of the bandpass functions in

(5:27) and (5:28) atva. Using (5:18),

kZ2=%x% J1 + @)+ @Y%+ 26'cos(26) + 2a'(L + B')cosq_

2 8inQ
P

(5:29)

The capacitor ratio expressions for the Hl(z) and Hz(z) designs
can now be derived in terms of a', B' and & by comparing (5:11) and
(5:12) with (5:27). These are shown in Table 5:7. The Hl(z) design
is used to design the SC biquads for the transfer functions in (5:25).
Using Table 5:7 and following similar steps as in section 5.6, the final
capacitor values for realising hA(s) and hB(s) are shown.in Table 5:8.
Comparison of these values witﬁ those achieved in Tables 5:3 and 5:5,
shows that the matching technique provides a very close approximation to

the desired transfer function as provided by using the bilinear transformation.

Thus this technique is further used to design the OTOB filter with
a higher clock frequency. A clock frequency of fc = 48fm is chosen. 1In
this case, the antialiasing requirement can be met by just a second-order
continuous time filter such as the Sallen & Key section. It has been
noted earlier that the use of high clock frequency will cause the required
total capacitance for the circuit to increase. The higher clock to
midband frequency ratio, however, may allow the BPOl and BPO0 realisations

to be used. These circuits usually require a lower total capacitance.
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Table 5:7 Expressions for capacitor ratios of the circuit in
fig. 5:5 with its transfer functions equated to (5:27).

Capacitor Hl(z) Hz(z)
Ratio

E' 1 - g

E 1+a'+8'

K 2K /E KZ

A K%(3 + o' - B")/E K%

Table 5:8 Capacitor values for the circuit in fig. 5:5 realising _
hA(s) and hB(s) with Hl(z) design (using matching technique).

Capaci;or - hA(s) hB(s)
(pF)
c, 22.481 10. 331

CE'Q 3.2098 1.4774
EC, 8.2725 4.3682
AC, 1.0000 | 1.0000
c, 7.3461 3.6615
RC, 2.5772 1.4710
KC, 1.0000 | 1.0000

Using the matching technique and the quick design method suggested
in section 5.6, designs are carried out on all possibie realisations

given in Table 5:1 with fc = 16 fm and fc = 48 fm. These simple designs
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can be used to compare the total capacitance required by each realisation
of the OTOB. filter and the effect of the clock frequency on the capacitance
requirement. The results are shown in Table 5:9 together with the

éapacitor spread of each realisation.

It is observed from Table 5:9 that the BPOl realisation using the
Hz(z) design gives the least total capacitance and capacitor spread. It
also requires one less capacitor than the other realisations, since K = 0.
The increase in clock frequency only results in a slight increase in the |
capacitance requirement. The high frequency attenuation of this
realisation, however, will no longer be enhanced as the case for the BP1l0
realisation. With fc = 16 fm, at 4 fm and 8 fm the attenuations are
49.3 dB and 56.0 dB respectively'which dé not satisfy the spgcification.
This effect is less significant when using the higher clock frequency.
With fc'= 48 fm, the attenuations at 4 fm and 8 fm are 50.8 dB and 63.1 dB

respectively which satisfy the required attenuation given in chapter 4.

Table 5:9 Total capacitance (pF) required for the OTOB filter using
the realisations given in Table 5:1. The capacitor spreads
are given in brackets.

Design Hl(z) Hz(z)

Clock

frequency | 16 fm 48 fm 16 fm 48 fm
BP10 69 (1:23)} 89 (1:36) 106 (1:40) | 215 (1:118)
BPO1 52 (1:15) | 73 (1:27) 32 (1:7) 40 (1:8)
BP0OO 138 (1:52) j120 (1:51) 67 (1:20) | 120 (1:59)

The z—1 factor in the BPOl function constitutes a delay which is

usually immaterial. However, if additional feedback is required around
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the biquad, this delay term becomes critical.[4] Thus, for cascadc
realisations where very high clock’frequcncy 1s necessary, the BPOl cifcuit
will be the best choice with a greatly reduced capacitance rcquirement.
However, if the advantages of the bilinear transformation are desired
then the Hl(z) design with the BP1l0 realisation requiréé a reasonable
amount of capacitance. Also, the increase in capacitance with clock
frequency is not very drastic for this case. The completc c;rcuits for
‘these minimum capacitance BP0l and BP1l0 realisétions_of'che OTOB filter
are given in figs 5:7 and S:é respcctively. The capacitor values for'
the BP10 circuits with-fc = 16fm are given in Table 5:8. Using similar
procedures the. capacitor values are cbtained for the BPOL cnd BP10

circuits with fc = 48fm and are given on the figures.
5.9 Summary

This chapter describes a variety'of design possibilitieé using SC
' bidqads. A general SC biquadratic structure is: first given from which
all second-order filter transfer fﬁnctions-ccn be generatcd.' In particular,
a circuit is derived which can realise the bandpass transfer functions,
BP10, BPOl and BP0OO where bdth inverting and non-inverting functions are

available. The capacitor values of the SC biquad circuit are decigned by

~using either the bilinear transformation or the matching technique.

SCFs meeting the OTOB specificaticn are obtaihed b§ eithec cascéding
two BP sections or cascading an LP and an HP section; iAﬁpng the satisfactory
ccschdea{ﬁf cifcuits, the cascaded non~inverting BP10 realisation affords
the least total capacitance when théiclock to midcénd fréquencics ratio is

low. If the ratio is high then the cascaded inverting BPOl realisation

requires the least total capacitance.



Fig. 5:7 Switched-capacitor OTOB filter using cascaded BPOlL sections.

(Capacitor values in pF, £, = thm)

901



RyCoy
=1,000

21

=8,370
|

EYOn

=5,063
11

K G

=1.153

Fig, 5:8 Switched-capacitor OTOB filter using cascaded BPLO sections,
(Capacitor values in pF, fc - hsfm)‘

RoC22
=1 .IOOO

*xl

22

O
O

12

Lot



(11

(2]

(3]

(4]

(5]

(61

(7]

108

REFERENCES

K. Martin, A.S. Sedra, "Strays-Insensitive Switched-Capacitor
Filters Based on Bilinear z-Transform", Electron. Lett., 1979,
Vol. 15, pp. 365-366.

U.W. Brugger, D.C. von Grunigen, G.S. Moschytz, "A Comprehensive
Procedure for the Design of Cascaded Switched-Capacitor Filters",
IEEE Trans. Circuits Syst., 1981, Vol. CAS-28, pp.803-810.

P. Gillingham, "Strays-Insensitive Switched Capacitor Biquads
with reduced Number of Capacitors", Electron. Lett., 1981, Vol. 17,
PP.171-173.

P.E. Fleischer, K.R. Laker, "A Family of Active Switched Capacitor
Biquad Building Blocks", Bell Syst. Tech. J., 1979, Vol. 58,
PP.2235-2269. ‘

M.S. Ghansi, K.R. Laker, Modern Filter Design: Active-RC and
Switehed Capacitor, Englewood Cliffs, New Jersey, USA: Prentice Hall
Inc., 1981.

R. Gregorian, "Switched-capacitor Filter Design Using Cascaded
Sections", IFEE Trans. Circuits Syst., 1980, Vol. CAS-27, pp.515-521.

B.J. Hosticka, R.W. Brodersen, P.R. Gray, '"MOS Sampled Data Recursive
Filters using Switched Capacitor Integrators", IEEE J. Solid-State
Circuits, 1977, Vol. SC-12, pp.6004608._



CHAPTER SIX

SWITCHED-CAPACITOR LADDER FILTERS

It has been shown in chapter 5 that high order switched-capacitor filters
can be realised by cascadiﬁg sﬁitched—capacitor biquads. Anothér method
of designing high order SCF is by simulating the doubly terminated LC
ladder network which is the subject of this chapter. The SC biquad has
sensitivity to component variation which is at least comparable to any
active-RC biquad. However, cascading the non-interacting biquad sections
result in sensitivity which is the sum of the sensitivity for each of the
sections. Thus, as the order of the filter increases, the cascade can be

too sensitive to meet high precision filtering requireﬁmnt.

On the other hand, the ladder filters can be made to have the
minimum sensitivity possible when designed fbr maximum power transfer.
The passive ladder networks have been simulated exactly in active filters
through the leapfrog or active ladder systhesis using integrators. Thus
SCF can also similarly simulate the passive ladder network by using
switched-capacitor integrators. Through this approach, the low sensitivity
property is retainedvand large dynamic range is possible in the SCF. This
chapter describes the development in the design methods for the SC ladder

filters and designs for the SC OTOB filter are given as examples.

6.1 Design using LDI transformation

This design method starts by transforming the differential equations
describing the passive ladder network into asignal flow graph. This graph
is manipulated in order to obtain a representation which can be realised
using integrators. Then the graph can easily be transformed into a SC-

circuit.[1] The parasitic insensitive LDI integrators such as given in

109
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the two-integrator loop in fig. 3:5 are very suitable in this realisationm.
The detailed design procedures are i{llustrated by designing the SC OTOB

filter using this method.

The RLC ladder network which can meet the specification for the
OTOB filter is given in fig. 6:1. A complete set of loop and node

equations for the ladder network which involves only integrations is given

below,

Vy=Vg -V -V, -V, (6:1a)
V1 = IlR1 , (6:1b)
-1 1 )

A
-7 1 )
v, =1, sC, (6:1d)
I, =V, —= (6:1e)
1 3 8L e
A
I, =V — (6:1£)
3 4 8L :
B
v,
I, = R_z' ‘ (6:1g)
I,=1;,-I,~-1, (6:1h)

A signal flow graph (SFG) representing these equations is given in
fig. 6:2. It shows that four integrators are required with two of them
damped to incorporate the terminations of the ladder network. The

implementation of this graph by the SC circuit is shown in fig. 6:3.

The summations at the relevant nodes and the switch phasing are
appropriately arranged using the two-integrator loop of fig. 3:5 to
achieve the SC circuit realising the LDI transformation. This necessitates
the inversion of the path with l/sCA in the SFG and the correspohding

inversion of the path out of V,. The capacitor ratios can be obtained by
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Doubly terminated LC fourth-order bandpass

filter,

Fig, 6:2 A signal flow graph describing the LC ladder

of fig, 6:31.
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Fig. 6:3 A switched-capacitor implementation of ‘the LC ladder in fig. 6:1
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observing figs 6:2 and 6:3, and comparing equations (3:23), (3:24),
(3:25) and (6:1). Note that, in this case, the z—% term associated with
the terminations is approximated by 1, i.e. the circuit in fig. 3:12

is used for the damped SC integrators. The capacitor ratios are given by

R =L | g =t
9
171, 27T,
= I = I :

Kz'cA » K Ly (6:2)

T T
K =% , g =4
4 " Cy 6 " R,Cy

The approximation used for the termination introduceé distortion
in the frequency response of the filter. As ﬁentioned in chapter 3, thié
distortion can be made negligible by having a very high clock frequency
compared to the frequencies of intereét. The following sections describe
other methods which can reduce this disﬁortion when lower clock frequency

has to be used.

6.2 Minimising distortion by correcting the pole locatiomns

The switched—capacitor implementation of the ladder filter in fig. 6:3
can.be represented by the discrete-time flow diagram shown in fig. 6:4.
The LDI inteérators are represented by the appropriate blocks in the
figure. The approximation used in fig. 6:3 results in the termination

paths having the zi

term, i.e. a minus one-half delay, instead of a
constant term. The transfer function of the SC circuit can be derived from

fig. 6:4, 1i.e.

KNz—l(i - z-l)2

. -1 -2 -3
Bo + Blz + Bzz + B3z + z

H(z) = (6:3)

-4
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where

Bo = (1 + Kl)(l + K4) (6:4a)

By = (1 +K)KK, - K - 2) + (1 + KKK, - K, - 2) + KK,
(6:4b)

82 - (KlK2 - Kl - 2)(K3K4 - K4 -2) + Q1+ Kl) + (1 + K4) - ZKIK4
(6:4¢c)

83 = (KlK2 - Kl -2) + (K3K4 - K4 - 2) + K1K4 (6:4d)

KN = KOK4 (6:4e)

The distortion in the filter magnitude function due to the
approximation used is minimised by moving the poles of (6:3) back to
the "correct" positions.[2] These "correct" poles are determined by
mapping the analogue pole positions to the z-plane such that the LDI
transformation in (3:10) 1is satisfied. ¥For a pole 5, ™ Gk + ij in

the s-plane, where 6k< 0, let § = sT and P = z*. Then (3:10) yields
2 .
P -8P-1 =0 (6:5)

One of the roots of (6:5), say Pkl’ will be inside the unit circle in

the P-plane. The correct value of zZ, corresponding to 81 is then given by
= 2 '
2e = P (6:6)

From these ''correct' pole positions, a new set of values for B's
in (6:3) are obtained. Using these new values, the non-linear equations
(6:4) can then be solved for the correct values of the capacitor ratios,
Kl, KZ’ K3 and K4. In this case, K5 = K6 = 1, The modification of the
capacitor ratios as above will affect the sensitivity characteristics of

the ladder structure.[2] Thus the trade-offs between achieving optimum
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VOUT
z%. K.I(z) K I(z) K I(z) K,I(z) z%
1 2 3 4
Fig, 634 Discrete-time flow diagram of the switched-
capacitor laddexr filter of fig., 6:3. R =R, =1,

I(z) = 1/(zf - 27%),

Fig, 6:5 A switched-capacitor ladder filter with complex

conjugate terminations simulating the circuit

in fig, 6:1,
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magnitude response and sensitivity of the filter have also to be examined.
Furthermore the transfer function as in (6:3) will become more involved

when higher order filters are designed.

6.3 Minimising distortion by using complex~-conjugate terminations

%

This method involves replacing one of the z° terms in the

termination paths in fig. 6:4 by z-*, which is the complex conjugate of
z%. The error for a doubly terminated ladder network with complexrconjugaté
terminations is expected to be less than that for the case when they are

not complex conjugates. It has been shown in [3] that a first order

improvement can be expected for the SCF with complex conjugate terminations.

~%

The z © term, i.e. an extra half delay in the termination path can
bé implemented by using the circuit of fig. 3:13(b). The feedback loop
in this circuit has a full clock cycle delay as shown in eqn (3:26). For
bandpass circuits, another method can be used to implement a full clock
cycle delay around the integrator to realise the LDI termination with an

extra half delay.‘

This is shown in fig. 6:5 where there is an extra half delay in the
source termination. The output I1 of the source integrator is inverted
through OA 2 and fed back via the non-inverting input of the source
integrator. Thus thé SC circuit in fig. 6:5 realises the filter with
comples conjugate terminations where the capacitor ratios are simply given

by (6:2).

6.4 Minimising distortion by using bilinear terminations

It has been shown in chaptgr 3 that less distortion is obtained if

the approximation (¢) is used. The LDI integrator with bilinear damping
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implementing this approximation is given in fig. 3:14. Using this
integrator for the SC OTOB ladder filter results in the same circuit
as in fig. 6:3. However the capacitor ratios for the source and load
' integrators have to be modified. From fig. 3:16,

c./c .

1'>2
K, = ——75 (6:7)
1 1 c5/2c2

where Cl/C2 is the ratio of the input SC to the integfating capacitor
and C5/C2 is the ratio of the feedback SC to the integrating capacitor.
Using (6:2) and equation such as (6:7), the modified capacitor.ratios

for the filter are given by

K = ;Zgéfi"7if s Kg = ;E%£;%"7§f
172y 1/2Ly
/ (6:8)
K = 1T-Cg/2R » K = ;igg;%EE_E_'
2% 2B

Kz and K3 are the same as in (6:2).

6.5 Design Examples

The SC OTOB ladder filter is designed here using the method given
in section 6.4. A reasonably low clock frequency, fc = 24fm is chosen.
The specification is-prewarped according tq (3:11) as shown in chapter 4,
from which the element values of the LC ladder are obtained. These are
given in fig. 6:6. When using a very high clock frequency compared to the
frequencies of interest, the specification may not be prewarped. For
lower clock frequency, prewarping may also be avoided by using the

approximation whereby T in the capacitor ratio expression is adjusted to
2 gin on/Z

Yo

T' = (6:9)

where w, is the critical frequency in the filter response. {4]
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It is also desired for the SC realisation of the ladder network
to be scaled for maximum dynamic range. This is done by analysing the
passive circuit to determine the maxima of the relevant voltages and
currents. These maxima are then used to scale the capacitor ratios such
that the maximum outputs of the OAs in the SC circuits are all equal for

a constant-amplitude swept frequency input,[5]

In the SC realisation of the RLC ladder, the OA outputs simulate
Il’ V2, 13 and V4' The maxima of these values are obtained by analysing
the ladder network of fig. 6:6 using a constant amplitude of IV and are
given in Table 6:1. In scaling the capacitor ratios using these maxima,
it can be observed in fig. 6:3 that for K,C

1°LA°

are required to scale the OA outputs V, and V,. Similarly, two different
2 4

two different capacitors

capacitors are required for K4CCB'

The SC implementation of the RLC ladder of fig. 6:6 with optimum
dynamic range is given in fig. 6:7 where switch sharing is impleﬁented
to reduce the number.of switches. The expressions for the scaled capacitor
ratios are given in Table 6:2. The.capacitor values for fc = 24fm are also
given in the table where they have been adjusted so that the minimum
éapacitor vélue in the cifcuit is unity.->Usihg the same procedure as
above, the SC OTOB lgdder filter is also designed with a clock frequency
of fc = 48 fm. The final capacitor values are also given in Table 6:2.

Table 6:1 Voltage and current maxima for the circuit in fig. 6:6
with 1V input sinusoid.

Voltage or Maxima Maximum
current symbol value
Il Ml 0.63601A
V2 M2 4.96015V
I, M3 3.69892A
V4 M4 0.50000V
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P
R =1 ‘ Ly
VINo——W\ 00—t +——o Vour
ot I, I
A 3
P Cy L
L,=Cp=1,14929 B_F_ . §R th
1 - . B =1
C,=Lp=0.022167 _ 2

Fig, 6:6 RLC ladder meeting the LDI-prewarped specification

for the OTOB filter, fc = Zufm.

Fig, 6:7 An optimum dynamic range switched-capacitor

implementation of the circuit in fig, 6:6,
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Table 6:2 Design data for the circuit in fig. 6:7. with
fc = 24fm and 48fm.

' Capacitor Ratio Capacitors Capacitor Values
Expressions = 24fm fc = 48fm
TR TR
5=( )/(1 KSCLA 1.2720 1.2720
= _1_
Ko— M1K5 | KoCLA 2.0000 2.0000
M) 7 TRy
K.=(=— = )/(1- ) K,C 9.9201 9.8769
1 Ml LA 2LA 1°LA
" M TRl . '
Kl G———- )Y/ (1- A) Kl CLA 1.0000 1.0000
CLA 34.449 69.051
1<=—MlI K.,C 1.0000 1.0000
2 MZ C 2°CA * *
B A
CCA 4.1491 8.2834
M1
IK3= 'ﬁ; I KBCLB 1.0000 1.0000
B
CLB 3.9357 7.8557
M
K,=( - T y/- ) |K,C 7.3978 7.3640
4 M4 CB ZRZCB 4°CB
M T
w '=¢ — X - '
K4 ( M C )/ (1 PR.C ) K.4 CCB 1.2720 1.2720
4 7B 2”B
WKG ( )/(1 2R C K6CCB 1.0000 1.0000
‘CCB 27.083 . 54,286
Total Capacitance (pF) 95.5 165.3
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The design using the LDI transformation can also be used to
realise other types of SC ladder filters besides the bandpass. It can
be observed that it involves simulating the active elements in the ladder
network with LDI integrators. The error in the tefminations is minimised
by using the approximation suggested. The termination error can be avoided
altogether through the use of bilinear integrators which are either
sensitive to parasitic capacitance or require a larger number of OAs. A
method of design is, however, available where the ladder network is
simulated by low sensitivity coupled-biquad structure.[6] From chapter 5,
it has been established that parasitic insensitive, two-amplifier
biquads can be realised via the bilinear transformation. This method 1is

well-suited for bandpass realisation.

6.6 Coupled-biquad structures from lowpass prototype

This method is used when a geometricaily symmetrié bandpass filtgr
function is to be realised. For this kind of filter, the specification
for the lowpass prototype can be obtained as shown in chapter 4. A lowpass
RLC ladder network which realises this prototype can then be obtained.
A signal flow graph of this network is obtained as before, from which a
diagram consisting of only first-order blocks can_be derived. The first-
order blocks are transformed into biquad'blocks using the lowpass to
bandpass transformation to achieve the coupled-biquad structures. The SC
biquads can then be designed using the bilinear transformation as in

chapter 5.

For the OTOB filter, the corresponding lowpass RLC ladder network
shown in fig. 6:8(a) can be derived from chapter 4. From its set of loop

and node equations, the signal flow graph in fig. 6:8(b) can be obtained.
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Fig, 6:8

snR/dL1 -sn_R/dc2
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8 +s(nRr_/dl1)¢nR s +s(nR/dr2c2)tnR
]
(M, /M,)
(a)

Deriving the coupled-biquad structure., (a) RLC
realisation of the lowpass prototype, (b) A signal
flow graph of (a). (c) Active block diagram
simulating (a) with scaling factor to maximise the
dynamic range, (d) Coupled-biquad structure derived
from (c). .
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This graph can also be represented by the structure with first-order
blocks shown in fig. 6:8(c). The summing coefficients shown in brackets
are for the purpose of scaling for maximum dynamic range. M1 and M3

are defined, as before, as the maxima of Il»and V3 respectively.

Applying the lowpass to bandéass transformation in (4:3) to the
first order blocks, the diagram in fig. 6:8(c) is transformed into the
coupled~biquad structure in fig. 6:8(d). vThe second biquad bloék of
the figure is inverted so that both VINand —V3 are summed into the first
block. This is also achieved if the first biquad block is inverted but
the resulting SC circuit has higher total capacitance and larger capacitor
gspread. The values of s ré, Ll,-tz d and QR can be obtained from
chapter 4 for the.bilinearly—preﬁarped specification, with fc = 16fm.

The values of Mi and M3 are given by

M o= 0.636010 , M3 = 0.500000 (6:10)

The denominators of both biquad blocks are the same in this case
and are given by
b = 6% + 0.911215 s + 40.5229 (6:11)
Including the scaling facto;s in (6:10), the transfer functions involved

can be derived as,

I

5 = L.43271 e/a (6:12a)
IN

I, ,

- = 0.716353 s/a (6:12b)
3

..V3

- = - 1.15908 g/A _ (6:12¢c)
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The non-inverting aﬁd inverting transfer functions can be designed
with the Hl(z) and Hz(z) design in Table 5:2 respectively, using the
circuit of fig. 5:5 to realise thg SC biquads through the bilinear
transformation. The complete circuit for the SC implementation of the
coupled-biquad structure is given in fig. 6:9. The final capacitor values
are shown in Table 6:3. The capacitor values have been écaled to maximise
the dynamic range within the biquad and adjusted so that the minimum
capacitance is unity. Table 6:3 also gives the capacitor values.obtained ,
when fc = 48 fm 1is used. |

Table 6:3 Capacitor values for the circuit in fig. 6:9 with
fc = 16 fm and 48 fm.

Cépacitors (pF) fc = 16fm fc = 48fm
Cli 27.745 44,275
E'lcll 3.9381 6.2066
Elclll 10.946 5.7709
ACqyq 1.0000 1.0000
AINC11 ‘ 2.0000 2.,0000
C21 9.4113 9.0920
R,Cyy 3.5355 1.1827
K,Cyy 1.0000 1.0000
KINCZI 2.0000 2.,0000
C12 ' 7.1399 7.6633
E'2012 1.0000 1.0755
E,Cyo 2.7795 1.0000

- A,CqH 1.2619 ‘ 1.3680
Cyy 29.486 86.222
R,CoHp 11.226 11.203
K,Cy, 1.0000 1.0000
Total 115.5 182.0
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Fig. 6:9 A switched-capacitor impleméntétiori‘.pf the coupled-biquad: structure in "fi'g, 6:8(d)
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fhis design requires more total capacitance'than those obtained
using the cascade realisation and the SC ladder filter.realised using
ﬁhe LDI transformation. However the circuit in fig. 6:9 has good
.sensitivity and dynamic range properties, is insensitive to parasitic
capacitance and can be designed without any.abproximation~to the

~ termination resistances.

6.7 Coupled biquad structures from bandpass prototype

A different procedure is required to achigve the coupled-biquad
structure for the general parameter bandpass filter which is not derived
ifbm a lowpass prototype:.. A suitable LC ladder nefwork meeting the
prewarped specification has to be obtained using Lé synthesis programmes.
Then the coupled-biquad realisation is derived using the metho&.;o be.
illustrated bélow.EG] Fof simplicity, this‘illustrétion uses the bandpass
RLC ladder network which satisfies the biline#rly prewarped specification
" . for the OTOB filter as derived in’ chapter 4. The ladder network is given

in fig. 6:10(a).

From this ladder network, equations can be written to express the '
voltage at each node in terms of voltages at the preceeding and succeeding

nodes, i.e..

Ve = Tonx Vin ¥ TuxVs ' (6:13a)
Y, = Ty o . (6:13b)
where
o - X } s (6:14a)
INX  Vinl V=0 sz+k_1$+fl—c‘
L A
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o

1 1
Vx Ly LyCy
T, = == = (6:14b)
4X = V|V = 0 Ry
4| VN 2 1
S +E—S+ﬁ
A N
1
X Vy 62 4 1 S+LA+LB  (6:l4e) -
R.C LL.C
2“8 alsCa

Note that one pair of the transfer functions have the same poles,
and can be.realised-by one biquad. The ladder network can thus be simulatéd'
by the active blocks as shown in fig. 6:10(b).  The scaling factors:fdr
maximum dynamic range are also included in the figure. Actually, the
coupled-biquad structure obtained does not fully simqlate the ladder
operation,'but it simulates the interaction of the nqdal voltages. HoweQer,

the sensitivity behaviour of the structure is still good. [6]

This coupled-biquad realisation can be implemented by SC circuits

INX’
T4X and TXA can be realised by the SC biquads used in fig. 5:6. This

which have been used in chépter 5. The two biquads reduired for T

iﬁplementation, however, resuits in very high total capacitance requirement.

For fc = 16fm, the total capacitance required is 358pF.
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Fig, 6:10 (a) RLC ladder meeting the bilinearly-prewarped

specification for the OTOB filter, (b) Active

blocks simulating the nodal voltages of (a),
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CHAPTER SEVEN

FURTHER APPROACHES FOR SWITCHED-CAPACITOR LADDER REALISATIONS

The low sensitivity property of the doubly terminated 1adder network makes
it an attractive starting point for the realisation of SCFs. Chapter 6
shows that SC ladder filters simulatihg the ladder operation can be realised
via the LDI transformation. .One drawback of this method is that the
simulation of the terminating resistances has to be approximated.

Chapter 6 also gives another approach where the coupled-biquad.structure

is used. The structure, however, only simulates the interaction of the
nodal voltages of the ladder ﬁetwork.- Nevertheless its sensitivity is

still good.

This chaﬁter deals with a number of other approaches towards realising
the ladder network in SC forms. Each approach is dealt very briefly

and realisation of the SC OTOB through these approaches are given.

7.1 Using voltage-controlled current sources

This method involves replacing'the series branches of the passive
ladder network by voltage-controlled current sourcés (VCCS) and the shunt
branches by current-controlled voltage sources (CCVS).[l] The method is
illustrated here for the SC realisation of the first.order RC filter shown
in fig. 7:1(a). The resistor R is replaced byithe VCCS as shown in
fig. 7:1(b) without changing the voltage across and the current through

capacitor, C.

The node with_V2 is then transformed into virtual ground and -V, is

2
instead generated as the amplifier output voltage as given in fig. 7:1(c).

The voltage across and current through C remain unchanged. Replacing the

130
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grounded capacitor C by the CCVS and creating the virtual ground
facilitates the realisation of parasitic insensitive grounded VCCS. If
there are two nodes, such as for V2’ connected together by an impedance

the sign of the generated voltages at the OA outputs should be opposite.

‘The relationship for the VCCS in fig. 7:1 is given by

I(s) = (V1 - VZ)/R (7:1)
and the charge-voltage relationship is thus

Q(s) = (V; - V,)/sR o (7:2)

Using the bilinear transformation in (3:28); the equivalent relationship

in the SC realisatidn is

-1
Qz) = %R—i—*——zq (v, - V,) (7:3)
L - 2

In terms of charge variation AQ(z) for full-cycle sampled-and-held voltages,

the relationship is

8(z) = (L - 279 =% a+2hH - vy
(7:4)
This relationship can be realised by the circuit in fig. 7:2. Thus the
RC circuit in fig. 7:1 is realised in SC form by the circuit in fig. 7:3.
The negative capacitor across the OA can be incorporated with the feedback
capacitor, C. This circuit is equivalent.to the bilinear integrator shown

in fig. 3:16(a).

If the series branch is a capacitor, C, then using the same procedure

1
as (7:1) to (7:4), the charge-voltage relationship becomes

2Q(z) = ¢, - z'l)(v1 - V) (7:5)
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."F— .
8 g

Fig, 7:1 Transformétion of thq RC circuit for switched-
capacitor realisation using voltage-controlled
current source, a ' o

CR ' AQ

Fig. 7:2 A circuit for the resistive curremt source, I.

Cg = T/R_,
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This relationship is simply realised by the circuit in fig. 7:4. For an

inductance, L the charge-voltage relationship is

2 -1,2
MQ(z) =57 %—i—zq) (v, = V) (7:6)
- 2z

The current source for an inductance in the series branch can be realised

by the circuit in fig. 7:5 which has the relatiomship

, C,C. é—l ,
AQ(z) = Cb N —1(V1 - VZ) (7:7)
-z
The expression in z-1 can be expressed as
z-1 1. 1+ z.l)2 -1
— = 7 —= - (1 -2z7)] (7:8)
l1-2 14 l1-2z 1

Thus the circuit of fig. 7:5 represents a current source of an inductor
in parallel with a negative capacitor in fhe bilinear—trénsformed domain. [2]

For realisation of an inductor, the negative capacitor can be compensated
c.cC
a

by connecting capacitors as in fig. 7:4, where C1 = , across the

. 4Cb
terminals.

Any ladder network can thus be transformed into an SCF by appropriately
replacing the branch eleﬁents of the ladder with circuits described above.
However, a problem arises in certain realisations such as for the source
termination in the case of a highpass ladder network. The overall transfer

fuhction of the filter can be>written as

Vour _ Vour %
IN R IN
AQg |
where v is the relationship for the source termination given by equation
IN

such as in (7:4).
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Fig, 7:¢3 A switched-capacitor realisation. of the RC ¢ircuit

in fig, 7:1.\'

Aa

c,. vi=0

V. o—

-

VY O-

N
Q

Fig,. 7:5V An inductance current source,
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For a highpass filter, the passband includes the frequency f = fc/2,
4Q ,
i.e. z 1. -1, thus e 0. This requires

vIN

in instability in the overall highpass.circuit.[ll This problem can be

\'/ vt} :
5Q |+ 00 which results

overcome by scaling the impedance of the highpass ladder network such gs.
transforming fhe terminating résietance'into a capacitor. In thiS»case;
the inductors in the circuit are transformed into resistors and the :

capacitors into frequency-dependent negétive-fesistors'(FDNR);

7.2 Sﬁitched—Capacitor OTOB realisation using VCCS

The ladder:nétwork_which satisfiéé the spééification for the 0TOB
filter ﬁrewarped according to (3:29),His redrawn 1n.fig; 7#6(3); Fof h
this ladder, only one grounded capacitor is present and it is not possible. 
to realise'ali the series-braﬁcheS’using circuits given in.section 7,1,
One suggeétioﬁ to overcome this is by intrqducing grounded_tépacitopé Cx
ahd~cy from.nodes x and y respectivel& where Cx's c .= 0.[31 -waeve;,
for this example,‘tﬁe séries Sranch consiéting of Rl’ Cy gnd LA caﬁvbg'

replaced by an equivalent VCCS involving a biquad circuit.
Using steps as in éectidh'?.l, thefladder'netWOrk can be replaced
by the circuit of fig. 7 6(b), where

s/L

(Ve = V) (7:10)

I(e) = v - Vour’

82 + sR1/LA + 1/LACA

Using bilinear transformation, the charge-voltage reiationship becomes

2
-2 -1
AQ,(z) = : '

1 ' _

’ TR 2 2 TR 2 .

1 I -1 1. T - =2

(1+ )+2( -1z "+ Q1 -77—+5——)2

4L CA 4LACA _ ZLA 4LACA

(7:11)

= 20+ 2 HE) (Vg - Vo)
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Fig. 7:6‘v(a) Ladder network for the OTOB filter. (b) Replacing series
branches by v.c.c.s. and shunt branch by c.c.v.s. (c) Switched-

capacitor realisation. H(z) is a biguad circuit as in fig 515,
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. where H(z) is the transfer,function of an-SvaandpaSS circuit realised
. through the bilinear transformation as discussed in chapter 5. . The.

'%'(1 + z-l)'factorican'be'realised by the circuit of fig. 7:2 with Cg=T.

' The current source I, is given by

P | "_;xf S A
I,(8) = (g * R )(—VOUT) - L - (].12)
) B. 2 . oo -
This can be realised by the VCCS: discussed in section 7.1. The»inductance s
' ' ccC. . 2.
-chrrent source is realised by the circuit in fig. 7:5 with g €= %f and

2 b B
4 Thus the circuit of fig. . 7: 6(b)
LB .

can be realised in SC form by the - circuit as shown in fig. 7: 6(c),

using a compensating capacitor, Cd

where 0 T/R2

The SC circuit of'fig. 7‘6(c)'requires 5 OAs when the two-OA biquad

. 1is used for H(z) . The OA’ for the inverter can be avoided if the circuit
,such as in fig. 7: 7 is used for the. —-(1 +z ) factor. " This circuit
however, is sensitive to top plate parasitic capacitance. Another method'

' to reduce the number of OAs is to make the adJustments as' shown in fig.,7 8.-
It can be observed that these adjustments resulted in a structure similar

to the coupled-biquad as described in chapter 6. In fact, the method
‘discussed in section 7. 1 involves simulation of the node voltages of the

: passive ladder ne twork which is also the case in the coupled—biquad
realisation.'.The difference in the approaches towards the SC realisation

is4only in'the'way toirealise'the VeCs. (4] '

7.3 Using scaled VCCS

In section 7.1 it was shown that R, L and C branch.elements of the
1addernnetwork have»VCCS equivalents given by the bilinear-transformed -

charge-voltage relationship, These are
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Fig, 7t7 An alternative resistive current source

Cc
—— 1

oo }
VIN+ e ' JSDEL If°4
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Fig. 7:8 A switched-capacitor realisation of the ladder in

fig., 7:6 wusing four OAs, C, = Cy + Cy - Ce/2,
cg = cRcb/zcc.
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(cR(l +z ) (7:13a)
-1.2
_ 1+2z7)
%l -%CL 1- 2= , (7:13b)
;C(l -4 ' (7:13c)

where CR = T/ZR, CL ='T2/4L for the R, L and C branch eiements respectively,
which are realisablevby pé;asitic insensitive SC circuits. However, for

an inductor, the reiatidnship is recursive and thus requires an OA f§r its -
realisation. This OA can be avoided by multiplying the charges in (7:13) .

with the frequency-dependent factor (1 - z_l).[l] Equations in (7:13)

become.
-2 - (7:14a)

s - ¢ (1 +z7h? | (7:14b)
ca-zH? | (7:14c)

Thus another way to realisé the VCCS invdlving only passive elemgnts,
i.e. capacitors and switches,iis possiBle which_results in reduced numbet
of OAs required in tﬁe overall filter cirquit. The OAs are only needed in
‘the shunt bfanches to create virtual grouﬁds at the appropriate nodes of
. the ladder network as in the method of section 7.1. The relationships in
(7:14) can be realised by tﬁe SC circuits such as given in fig. 7:9. There
are other'possible reaiisations which include SC circuits for paraliel

combinations of R, L and C elements.[1]

Thesekcircuits, however,_are-sensitivevto top-plate parasitic

. capacitance and require a.more involved clocking scheme. Using the same
argument as in (7:9) for the reiationships in (7:14), the passband of the
overall filter cannot include f=0and £ = fc/Z,.i.e. z=1and z % -1

respecitvely. Thus thé method is best suited only for bandpass realisaﬁion.
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"Fig. 7:9 Passive branches for (a) ‘a. resistor, C1=C -CR;

(b) an inductor, c /3=c =cu-c and (c) a

2" 3

2= 3=04=C. (d) The clocking scheme, .

capacitor,'c1=

IN

Flg. 7:10 A switched-capacltor reallsation of the ladder in

fig, 7:6(a) using scaled RLC equivalents.b A
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For the ladder network example such as in fig. 7:6(a), the series
Rl, LA’ CA combination does not have a passive realisation. Using the
same procedure as in section 7.2, eqn (7:11) is multiplied by (1 - z—l)

then the charge-voltage relatiohship for the series combination becomes

AQ *% (1 - z'z)n(z) (Vg - V

OUT) ’ (7:15)

This is realisable by the same biquad circuit as before, in cascade with

a resistor equivalent.

Iz(s) in (7:12) is due to the inductor LB in parallel with resistor,
R2. Together with capacitor CB’ they form the parallel RLC_combination.
Instead of realising these elements individually, the combination can just

be realised by the circuit of fig. 7:9(c) with C; = C - 3¢, - Cp, C, = C

2 3
=C+ CL - 3CR and C4 =C + CL + CRf Thus the‘ladder network is realisable
in SC form using the scaled RLC equivalents as shown in fig. 7:10. The
clocking scheme is as shown in fig. 7:9(d). The switched capacitors in

_the biquad H(z) are switched as for capacitor Cl'

The overall circuit requires at most three OAs. The four-phase
clock does not increase the OA settling time requirement since there are

still two clock phases per period. The slew rate requirement may increase

with more capacitors to be charged and discharged.

7.4 Using Impedance Simulation Method

This method involves one-to-one replacement of each elemen; in filter
ladder network by its SC equivalents. Thus the topology of thé ladder is
retained in the SCF and the Kirchoff'iaw relations for the voltages and

charges are the same. Equations in (7:13) give the charge-voltage
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relationships of the R, L and C branches obtained through the bilinear
transformation. In the SC realisations of these equations, the virtual

ground as for the circuits in section 7.1 is no longer available.

The capaéitive branch of the ladder network, however is unchanged
in the SCF. The resistiQe branch is simulated by the circuit of fig.
7:11.[5] A number of SC circuits have been suggested for the inductive
branch. A circuit is given in fig. 7:12(a) which has reduced capacitance
spread and reduced output swing of the 0A.[6]. The clécking scheme for
the circuit is shown in fig. 7:12(b). The four-phases per sampling period
may incre#sé the settling time réquirement for the QA coﬁbared to

realisations of»earlier sections.

In the circuit of fig. 7:12, when éwitches 1 are closed, the charge

on C0 becomes CQZ-IV (z), as an example, and C2 obtains charge from C1

L
C,C,z~ .
equal to E——;TE-VL(z). The charge on C1 was as a result of charge sharing
’ 0 1 , : '
with Cb_during.clock phase 2 of the previous fampling period. Thus when
) . ’ C
switches 2 are closed again, C, has charge B z—lv (z) which is lost
0 Co+Cl L
to C, during 3. Then the voltage at the output of the OA becomes
Co/Cy coz'? +1c1z“2 '
Vo(z) = = CO s =1 VL(z) (7:16)

1 1-2
During clock phase 4, this voltage is connected across CO' Thus
when Co is connected again to VL(z)_ddring 1 of the new sémpling period,

the charge variation 1is

AQ(z) = COVi(z) - COVO(z)
.C2
-0
CZ(Cd

. (7:17)
-1, %% =2

a1 + C -Lllé., * e rc)?
c2(00 + Cl)

0

+C¢D
-1

1l -2z

v, (2)
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Comparing (7:17) with the charge-voltage relationship for an inductor
in (7:13), the capacitor values are determined to be
” ‘
T

C0 = 3C1 = 4C2 = CL =i (7:18)

The circuit of fig. 7:12 can also be used to realise a parallel
LC circuit if 3CL>C and the capacitors in the circuit are given by
2 2

C0 : Co

Co=C +C,C = —30—-——,.c2=-4c— | .(7_:19)

0

if CZ3CLthen a better circuit, in terms of capacitor sptead and OA output
swing is available and is shown in fig. 7:13._ Its clocking scheme is
the same as in fig. 7:9(d) which means a faster OA is not required. _It
is also advantageous with respect to the effects of element tolerance end
finite gain-Bandwidth of the>0A though it is more sensitive to stray

capacitance.[6] The capacitor values are given by

Cy = 4C, » clv =¢ - 3c, | (7:20)

Using the above branch equivalents, the SC realisation of the
ladder network.of fig. 7:6(a) is shown in fig. 7;14(a). One possible
clocking scheme for the circuit is given in fig. 7:14(b). Since the
topology of the ladder network is retained, the sensitivity of this SCF
to element variation is very close to that of the ladder network. The
slightly unfavourable effects are in the element variation inside the
active circuit simulating the inductot.' The ﬁumber of 0OAs required for

this SCF is equivalent tovthe number of inductors in the ladder network.

The direct simulation, however, results in the overall filter having
a basic loss of 6dB which has to be corrected to satisfy the OTOB

specification. Also, this realisation is very susceptible to stray
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: Fig. 7:12(a) A'switéyed-capacitor cifcuit simulating an inductor.

(b) Its 61§Eking scheme.’
- —9/1?>

Fig, 7:13 A -switched-capacitor circuit simulating a parallel LC.
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capacitances especially when floating inductance is required. Floating
inductance may be avoided by scaling the ladder network into a circuit
containing FDNR but SCF derived from this is more sensitive to stray

capacitance.[5]

Another method is to use the "reac;ive—active" scheme to obtain
a stafting ladder network which.contains.only groundéd inductors.[7]
The SCF Qill then have reducgd sénsiti?ity to stray capacitance. However,
negative capacit#nce may be present in the ladder network wﬁich has to be
realised using additional OA and the Sensitivity of the filter to element

variation is increased due to this.v

-An inductor can also be simﬁlated'by SC circuit through the LDI
transformatibn which needsonly a two-phase clock. Under tﬁis transformation,
a capacitor remaips unchanged. The resisto;, however, has to be
approximated. Thué the overall SCF realisatiog is hotvexact. Also, thg

realisation is sensitive to top-plate parasitic capacitance.[8]

The simulation of a resistor by a series switched-capacitor has been
discussed as éhown in fig. 1:3. In chapter 3, it is shown that this
simulatioﬁ is equivalent .to iﬁplemen;ing the backward differénce
transformation. A capacitor is also unchanged under this tfansformation
‘and grounaed and flqating inductors can be simulated by simple switched-
capacitor circuits needing only a two-phaSe'clock.[9][ld] The SCF
realisation, however, is sengitive to stray qapacitance. It also requires
that the clock frequency be.much greater than fhe frequencies of interest

or that prewarping be done.[11]
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S(v) '

Fig, 7t114 (a) A switched-capacitor realisation of the
ladder in fig, 7:6(&)'ﬁsinglimpedance simulation
method based on the bilinear transformation,

(b).Ifs‘qlocking scheme,
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7.5 Using Voltage Inverter Switches

 Another approach for simulating the branches of the ladder network
is by_equétingvthe voitage V(s) and current I(s) of the analogue ladder
. clrcuit as follows,
Va(2) + Vb(Z_)'_

2

V(s) = N f(7:21a)

I(s) = 4Q(2)/T ‘ ) S (7.21b)
where Va(z) and Vb(z) are z-transforms of voltages across the diséréte
éircuit after and before a current pulse arrival, réspectively. For a
capacitor in the discrete Eircuit;

I(s) = C(V(2) - V,(2)/T » . (7:22a) -

- Vb(z) = z_l'Va(z) v | o | - (7f2.2b)

Thus, from (7:21a) and (7:22),

V() _ T l+z> _R a2y
I(s)  2C 1 s

1-7
takiﬁg the stép resistancé.definifidn.of‘reébnant tranéfer cirguité, [12]
R = MK i
and uéing a hofmaiiéed:veféidn'of the bilinear transformation in (3:28),
i.e. |
1-2z

1+ 2z
-Eqn (7:23) éhows that a capacitor in the analogue circuit is also realised

1 (7:25)

" by a capacitor in the SC circuit. The SC realisations of other elements
of the ladder network are given in Table 7:1.[13] All the realisations '

~ use only cépacitors and switches.
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Switched-capacitor realisations of capacitance,

inductance, resistive sources and grounded unit

element. using equivalences in eqn, (7:21).'

SC_réélisation Network glement equation in
S in s-domain s-domain
v v
-— -——
g I .
of—b—%}——f—o o—q»—{};———o .V ?.%.I
V'# sRI -
V = IR
V = VIN + IR
B . - r 1
94 92 o_i1 {23 vy 1 sR||V, {
: I ‘ S
v c |v v R,T/3 \'s Vi-s?| s
. 1 - 2 1 21 - s
. » . ‘ : I R 1Tz
fo! 0 o— v, ‘
’ L . . JL
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‘When these SC elements are interconnected, Kirchoff Laws have to
be fulfilled. The current law is automatically satisfied. The voltage
law is only satisfied if each critical loop, containing at least one
switched capacitor is closed via a voltage inverter switch (VIS).
Including the VIS in the loop, the voltagé acrbés the VIS,VVv(s) must

be zero. Therefore from (7:21a)
Vva(z) =T va(z)

Thus the VIS is a switch which periodically inverts its terminal voltage.
It controls the pulse currents flowing in the SC circuit and prevents the
operation of the switches in the simulated elements from causing charge

flow.

The symbol given in fig. 7:15(3) iS'used_for the VIS. A number of
circuits have been given for the realisations of grounded VISs. The
implementation in fig. 7:15(b) makes use of a voltage follower amplifier
for voltage invefsion.[14] When switchés.l are closed, the voltage across
CH'becomes equal to the voltage, Vvl at the terminals. When switches 2

close, the voltage appearing across the terminals becomes Vv2 = - VV

1.
The VIS in fig. 7:15(c) uses an integrator.[15] During 1, the

C

outpﬁt of the OA becomes --EI Vvl where CT is the total capacitance of
H

the network at fhe VIS terminals. During 2 the OA output is connected

to the terminals. If CH = CT’ voltage inversion is 6btained as required;
Switéh 3 is required'to initiélise the VIS. The VIS in fig. 7:15(d)

makes use of the principle Af'inverse recharging.[16] During 1, the
términal voltége.is made zero; the charges are made to flow out from the
network and are stored on CH'> During 2, the same cﬁarges are made to flow
thfough the terminals in the saﬁe direction as during 1. This produces

the voltage inversion at the terminals.
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(d)

Fig. 7:15 (a) The VIS symbol. Realisations of the VIS using (b) a voltage
follower amplifier,(c) an integrator and (d) the inverse
recharging principle.
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The ladder network for the OTOB filter in fig. 7:6(a) can be
replaced by the elements of Table 7:1. This is shown in fig. 7:16(a)
together with the necessary VISs. Fig. 7:16(b) shows the clocking
scheme for the filter. If the integrator VIS is used, it can Bé initialised
during 6. Switches 5 are added to sample the filter output across C6'

No 6dB loss is incurred in this case.

It can be seen that the SC realisation in fig. 7:16(a) is sensitive
to both top and bottom plate parasitic capacltance. The number of OA 1is
reduced to the number of required VISs. The complicated clocking scheme,
however, increases the settling-time requirement of the OA. The influence
of the bottom plate parasitic capacitance can‘be eliminated if all
.'capacitors in the filter realisation are grounded directly or via VISs.
This is possible through the use of unit elements as in Table 7: 1 or by

transforming floating)elements into grounded ones. [17]

Grounding via VIS is possible if the integrator VIS in fig. 7:15(c)
is used. The requirement that_C = C for voltage inversion, however,
increases the sensitivity to the network element variations. This
disadvantage can be overcome by using modified voltage follower or inverse
‘recharging VIS but this method requires an amplifier for each reactive

element in the circuit.[l8]

Despite these modifications, the filter realisationsvusing these
VISs are still sensitive to top plate parasitic capacitance and usually
require complicated clocking scheme. A few recently-proposed VIS circuits
do allow the possibility for fully stray—insensitive realisation of filters
with érounded elements.t19] These VISs make use.of dynamic amplifiers [ZO]
and their performance depends on the matching of capacitors. They also

require more components than the circuits in fig. 7:15.
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Fig. 7:16(a) A switched-capacitor realisation of the ladder in fig 7:6(a)
using voltage inverter switches. (b) Its clocking scheme.
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7.6 Summary

A few moré design methods for SC ladder realisations have been
described in this chapter. The realisation using VCCS can be made
parasitic insensitive and.the resultant circuit is similar to the coupled-
biquad structuré. When ﬁhe scaled VCCS is used, it is possible to reduce’
- the number of OAs but the filter becomes éensitive to’thektopéplate

parasitic capacitance.'

The possibility of simulating an inductor by SC circuit allows
each element of the ladder network to be replaced directly by its
corresponding SC equivalent. Only the.iﬁductors reﬁuire OAs. The ladder
network elements can also be replaced directly by'passive SC_circuits
with the inclusidn.of the VIs in each critical loop. Both theSe-tealisations
are sensitive to parasitic capacitances whiéh can be overcome by the
»inciusion of additional components which in tﬁrn increases their sensitivity _

to element value variations.
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CHAPTER EIGHT

 IMPLEMENTATION OF SWITCHED-CAPACITOR FILTERS

A number of cénsiderations for designing aﬁd impiementation of SCFs have
been listed in chapter 1. _Some of these have been noted wheﬁ designiﬁg
;he»SC OTOB filters in previous'chapters. These considerations and a few
other éspects of SCF implementation ﬁili be further discussed in this
chgpter. Particular reférence is given to the possibility of 1mplemehting

the SC OTOB filter with all its accessories on a single chip.

Amoﬁg the filters designed.in preceding chapters, the p#rasitic-
insensitive feélisations Qre mést éuitéﬁle»for integra;ion. Thus only
these filters afelfurther considered here. Their requiremén;sAunder the
various considefations are compafed. Also, their péiformances afe tested
by implementing them using discrete ciréuits. From_these, conclusions are
made on circuits which can éuitébiy.bé used to realise variable frequéncy

OTOB filter in int‘egrated form.

- 8.1 Antialiasing and Smoothiﬁg Filters

An antialiasing filter (AAF) is required at the input stage of an |
SCF to bandlimit its input signél. .To avoid any. external components, the
continuous-time AAF has also.to be realised on the same chip with the SCF.
The Sallen and Key (S & K) section, designed to havé a second-order
Bﬁtterworth lowpass response, is usual}y t;tsed and is shown in fig. 8:1.
The resistofs are implemented by the polysilicon laye: of the IC. The
absolﬁte value of the resistance formed in this way has large variation
though the ratio of two resistors will generally track very closely. Thus
fhe Q of.the pole pairs>6f the AAf remains constant while its cgt-off

frequency, fo varies with .the resistance absolute value.[1]
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The variation‘o.f.fo of the AAF imposes requirement for a higher
elock frequency of the SCF. 'For the OTOB filter, if 0.15dB droop is
allowed at 1%f§f then the minimum f has to be about 2.5 f . Assuming
2:1 variation in the absolute value of the RC time constant [2], then
the maximum fo is S.Qfm. Thus fc needs to be at least.IGQfm_so that the

AAF has 608 attenuation at'fcfe £.

Furthermore, the f 1g variable between 10Hz and ZOkHz. ‘Thus:it
his desired that the AAF has enough attenuation at f for the 10Hz filter
while not affecting the 20kHz filter. Hence the'required fc'becomes
extremely large'combared to the fm. One-alternatiVe is for a variahlel
" AAF to be enoloyed'onfchib but'prohlenS;erise'when large RC_hes tohbe :

_reeiiSed for low fo."

A better solution? however; is found with the application of a
recently'pronosed cireuit.' An‘SC Decimator circuit is shown in fig. 8:2
with its_tining diagrem.[3] iIts input signal .is sampled at a»higher |
frequency, nfc andvthen'integrateé over Co' : The output is sampied hy the
follouing S/H circuit at the.cloek frequency, fc after-which Co.is ghort-
circuited as shown in fig. 8:2. Adding the samples in this way results in
the transfer function, - | |

' el o,
H(z) = 1 zfl/- ' z-i/n.

- X
co i=o
o - (8:1)
I G V1 N |
| ' 1l - z-;_p
The megnitude’response,is given by'
¢, [einnf/f
H(E) = — < (8:2)

Co sin'rrf/nfc
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ouT

"1
1

Fig. 8:1 Sallen and Key lowpass for antialiasing filter,

(k=1)

(a)
i | - | 4
] ] RS
_ 1L %
T s/m Lo
(b)

‘Fig. 8:2 (a) A sw1tched-capacitor decimator circuit with a sample-and-hold

circuit at its output. (b) Timing diagram.
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which has zeros at integer multiples of fc up to (nfl)fc; Thus the

: decimator circuit (DEC) attenuates,the input'signal with frequencies
around these multiples of f . The AAF which is now placed before

_the DEC is only required to attenuate the signal components at nf and

“above. The term in bracket in (8 2) has a dc gain of n. ,-

The»S/H,Circuit provides a full cycle-S/H inmput to the SCF as

i requiredoby circuits'designed in previous chapters.' Also,.it provides
furthér attenuation around‘thefinteger'multiples'of f o+ A suitable f

. can then be chosen for which the attenuations around its integer multiples
’up to (n—l)f are all above 60dB.f Choosing f = 48fm, the AAF needs only
ﬂto have -26 6dB at 47fm after taking into account the effect of the S/H

_ operation. Choosing a nominal f of 70kHz (R 160k9 C= lOpF) the o
droop on the 20kHz filter will be less than 0 15dB, ‘and 60dB total
attenuation is achieved above SOOkHz. " Thus for fC 1ower than 500kHz,i ‘

vthe DEC_is included. :

‘The DEC is particularly suitable for the variable frequency OTOB
filter since the values of n can be easily varied instead of varying the
lAAf. However, it 1is undesirable to have large n since the capacitor ratio
. C1/C will be inaccurate. Thus it is necessary to have at least another
AAF response with a lower f . This will require large values of R and C,

_ and occupy ‘a sizeable portion of the chip.

Table 8:1vgivesnone possible_arrangement‘for providing sufficientv |
.prefiltering:to the.various f of the OTOB filter. .The change in Capacitor- :
vratio corresponding ton can be effected by using a bivary-weighted
capacitor array as used in [4] Another possibility of avoiding large
‘-capacitor ratio C /C to achieve the required n is by cascading two DECs

together.[S]
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A smoothing filter (SF) is sometimes required at the output of an
SCF to attenuate the residual high frequency component of its S/H output.
The SF is usually implemented‘in the same way as for the AAF. Variable fc
such as for the OTOB filter can be accommodated, through the use of an -
interpolator circuit (INT) before the SF. FThe INT increases the sample
raté of the S/HVsignal to nfc and thus attenuating thg residual frequen;y
components around ﬁhe lower intege: multiples ofvfc. Ihis necessiﬁateé the

SF to attenuate only the components around nfc and above.

Table 8:1 Prefiltering arrangemeht_for all the preferred midband
frequencies of the OTOB filter as given in Table 4:2.

fc = 48fm.
Antialiasing Filter Requirement _

fo=70kHz(R=160k s C=10pF)'fo=2.8kHz(R=800k s C=50pF)

960 - 768 608 30.5 24,2 19.2
Without
Decimator , 20 16 - 12.5

2 10 8.0 6.3 0.315  0.25 0.20
g 4 5.0 . 4.0 . 3.15 | 0.16 0.125 0.10
35 8 . 2.5 2.0 1.6 0.080 0.063 0.050
S ,
: 8 | 16 1.25° 1.0 = 0.80 | 0.040  0.0315  0.025
'§'§ 32 : 0.63 0.5 0.40 | 0.020 0.016 0.0125
a & . | ' '
64 : 0.010

An SC interpolator is shown in fié, 8:3 with 1té timing diagram.[6].
The outbut of OA 1 is held at a value proportional to the SCF output
voltage step. A charge proportional to this voltage is then féd into C4
by C3 n.times before the output of OA 1 is updated. The capacitor ratios

satisfy
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(a)

(b)

nfc

Fig. 8:3(a) A switched-éapacitor-Intehpolator._(b),Its timing diagram,
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C C
2 . A . n (8:3)
¢ C ‘ ' ‘

‘Large n is thus possible, in this case, without excessive increase in

the capacitor ratios.

8.2 Requirements on the MOS componenté

The.maximtﬁ_clock frequency_required when using the arrangement in .
'section 8.1 is 960kHz. This is now possible, and SCF clocked at 4mHz
hés been reported. [7] S;nce the circuits to be considered.are parasitib
insenaitiﬁe, the capacitance values on-chip can be made‘asvsmali as 0.1pF.
Thus the effect of switch on resiétance is still negligible at this high
fc. The OAs‘require_unity-gain bandwidth of about 5mHz for its effect
to be negligible as discussed in chapfer 3. Fast MOS.OA is now available :

without significant increase in power and area.[8]

The MOS OA settling time and slew rate, now achieved, are also
sufficient ét the required fc.v‘fhe OA offthe DEC.and 0A 1>oflthé INT need
more stringent settling time and slew rafe properties due to their outputs
being set to zero periddically. Howeﬁer,awﬁen using + 5V supply voltages, .

the OAs such as in [8] can meet these réquiremehts.

When implementing the SCF with discrete components, the capacitance
level 1is increased significantly; The bandwidth of the OAs used are
cqmparable to the above. In this'caséAthe RC due to the switch on-resistance
and the maximum input switched—capacitor to the intégrators usually

determines the maximum allowable clock frequency.
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8.3 Requirements of OTOB filter realisations

Table 8:2 lists out the requirements-of the parasitic insensitive
circuits realising the OTOB filter in'chapters 5 and 6. The sensitirity
- of the filter to variation of a'single capacitor value is calculated
usingvk in (1:3). Each capacitor is varied until the filter frequency
response iails'to meet the specification;after allowing for droops cansed
by the AAF, SF and S/H responses. Tne frequency response is calculateii

using the minimum clock frequency possible for the filter.

The most and least sensitive capacitors for each circuit and their
values for A are given in Table 8 2. The most sensitive capacitors are
marked (**) and the least by (*) on ‘the circuit diagrams of the filters
in chapters 5 and 6. Table 8 2 also lists the capacitance requirements
and the capacitor spread of the filters at both the minimum clock frequency
andfc = 48fm. Other requirements listed are the number of capacitors and

switches needed by the_circuits.r

- The Table shows that the,LDI ladder provides tne least sensitive
realisations while the cdupled-biquad structure giveS'an improvement over
the cascaaed biqnad circnits,.'However;'these realisations require large |
capacitor spread and total capacitance especialiy witn_fc =>48fm. 'Tne
cascaded circuits are more sensitive‘but.some‘realisations,reQuirei

significantly less capacitance and have less capacitor spread.

The,increase in sensitivity of the cascaded circuits is not very
drastic since, in this case, only two biquaas_are involved. It:is still
possible to implement them.on a chip. This is considering that capacitors
in integrated circuit.generally track each other'giving quite accurate

ratios especially if the capacitor spread is small. Taking also the
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"Table 8:2 Comparison of Filter Requirements
L Sensitivity Total Capacitance Capacit‘or
*3ilter Ci;cgit Fig. ?in. ‘ ‘ in pF spread no. of no. of
¢ A(%) | Gapacitors |min.f_|f =48fm |min.f_|f =48fm | C3PBCLTOTS | switches
Cascaded BP10O ' - ' ‘ .
(H1 Design) 5:8 16fm 1.92-179 chzz—AZC12 69.8 - 89.8 1:22.7 ;:35.7 14 16
Cascaded BP10 A ) :
(H2 Design) 16fm 2.14-299 Cll-KZC22 | 106.0 | 215 1:49.1 1:118 14 16
Cascaded BPOL : |
o ! . o
(H2 Design)‘ 5:7 48fm 1.90-13.4 52012 E 2C12 .40.1 1:8.3 12 16
~|Cascaded HP-LP e » A - : . o '
(H1 Design) 5:6 16fm 1.93-56.2 R20225A2C12 56.7 | 282 1:15.2 1:119 . 14 18
. . - l ~ et T 1. . _
.LDI Ladder 6:7 24fm 5.65-21,2 CLA Ky CLA 95.5 165.3 : 1'34f4 1.§9.1 13 22
Coupled-Biquad} 6:9 16fm 3.13-176 Clz-AINC11 115.5 182.0 1:2975 1:86.2 16 16

"ot
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antialiasing requirement into consideration, with fc = 48fm, the cascaded
BPOl circuit is the most economical realisation needing the least total

capacitance and smallest capacitor sfread.

All the circuits considered in Table 8:2 require four OAs and
two-phase clockiﬁg scheme. This number is usually needed for a parasitic-
insensitive fourth-order éircuit,b Reduction in the number increases its
sensitivity to parasitic capacitance as shown in chaﬁter 7 and also
complicates the clockiﬁg scheme. Another possible methiod to reduce the
number of OAs while retaining a two-phase clock is through time-sharing
the integrator OAs in the biquad or the ladder circuit. The'circuit,
howéver, is stiil'either sensitive to parasitic'capécitance at some nodes
[9], or that parasitic capacitances at two nodes are assumed matched.gs

for the parasitic-compensated integrator of fig. 3:6.

8.4 Performance of SC OTOB filter

‘The circuits compared in Table 8:2 were implemented using discrete
componénts. The CD4016 CMOS switches and TLO84 quad JFET-input operational
amplifiers were used. The capacitor values»were chosen in the 100pF-10nF
range. In implementing the cascaded circuits, the switched—capaci;ors
determining the integrator gain constants have to be chosen accurateiy
with the integrating capacitors to achieve»the desired result. On the
other hand, for the LDI ladder circuit, the capacitors were just choéen td

within + 1%.

Fig. 8:4 gives the gain response of the OTOB filter implemented Sy
the LDI ladder circuit using discrete componenté with fc = 48fm. The
plot is made with fc = 48kHz. Fig. 8:5 gives the passband'dn an expaﬁded

frequency scale. The figures show that the specification is met
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satisfactorily with fm = lkHz achieved, Satisfactory fesults are also
‘obtained for lower clock frequencies with similar performances achieved
even fbr fm’= lOHz. For higher frequencies, the results become
‘ﬁnsatisfactéry as the clock frequency exceeds 60kHz. These are due to
thellevel of capacitance chosen being about 1nF for the'makimum switched-

cépacitance.

The performance achieved as shown in fig. 8:5 is alsovtypitai of
the other circuits. This is also the case when £, = 24fm is used for
~ the LDI ladder circuit and fc = 16fm for the cascaded circuits~except

the cascaded BPOl.
8.5 Conclusion -

-SCFs have been shown to be derivable through a number of desigﬂ
approaches. The designs wﬁich canlsuitably be considered for accurate
implementation are mostly based on the parasitié-inéensitive ;ﬁoFintegrator
loop such as shgwn in fig. 3:5. _This integrator loop is used in the SC
biqﬁad circuits which can bé cascaded or coupled fo realise higher ordef
filferé. -The LDI”SC,Iadderfdircﬁit simﬁlating'the.doubiy-tgrmihatéd LC

- ladder network also uses the two-integrator loop.

The LDI SC ladder circuit g;ves the least sensitive realisation
though it requires more capacitance. The coupled-biquad structure overcomes
the termination error present in the LDI ladder while retaining good
sensitivity but its capacitance requirement is also large. Some cascaded
biéuad realisations, on the other hand, reqﬁire very low total capacitance
witﬁ increase sensitivity. The fourth-order circuitxrequired by fhe OTOB

filter, however, can'suffigiently be realised by the cascaded biquads.
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Insensitivity tc parasitic capacitances and low sensitivity to
element value variations enable SCFs implemented on-chip to be very accurate
aﬁd reproducible. These have made the SC technique the most attractive
in a number of applications. A wide range of interest in_SCF design is

pointing to further use of the technique in more applicationms.

The variable frequency OTOB filter for use in noise measurement and
vibrational analysis requiring midband frequencies from 10Hz to 20kHz
can also be implemented on chip. The problem of providing antialiasing
response for the different midband frequencies can be.overcome through
the uee of the SC Decimator circuit. SC Interpolator circuit can also be
used to supplement the smoothing filter operation. These circuits,-tcgether
with the digital control for varying the clock frequencies can all be

implemented on the same chip as the SC OTOB filter.

High clock-to-midband frequencies ratio (f /f ) 1is used for the
OTOB filter to simplify its antialiasing requirement. This permits the
use of the cascaded BPOi circuits. For higher frequency applications,
when the highest clock frequency is reached, it is necessary to reduce
the fc/fm‘ In this case, circﬁits based on the bilinear transformation
are most suitable. If antialiasing filter is required, then higher order .
. continuous—-time filter need to be realised on-chip or that improvement be

made on the variation of the on-chip resistors.

Developments in MOS operational amplifier fabrication allows the
possibiiity-for further increasing the clock frequency of the SCF while
also decreasing its size. Thus video frequency appiications for the SCF

may soon be realised.



(1]

(2]

[31
[4]
[51
3
)
(8]

[9]

170

REFERENCES

P.R. Gray, D. Senderowicz, H. Ohara, B.M. War}en, "A Single-Chip
NMOS Dual Channel Filter for PCM Telephony Applications', IEEE J.
Solid-State Circuits, 1979, Vol. SC-14, pp.981-990.

I.A. Young, "A Low-Power NMOS Transmit/Receive IC Filter for PCM
Telephony", ibid., 1980, Vol. SC-15, pp.997-1005.

D. von Grunigen, U.W. Brugger, G.S. Moschytz, "Simple Switched-
Capacitor Decimation Circuit", Electron. Lett., 1981, Vol. 17,
pp . 30_31 .

D.J. Allstot, R.W. Brodersen, P.R. Gray, "An Electrically-Progrémmable
Switched-Capacitor Filter", IEEE J. Solid-State C%rcuits, 1979,

"Vol. SC-14, pp.1034—1041.

R. Gregorian, W.E. Nicholson, "Switched—Capacitor Decimation and
Interpolation Circuits", IEEE Trans. Circuits Syst., 1980, Vol. CAS-27,
pP.509-514,

M.B. Ghaderi, G.C. Temes, S.Law, 'Linear Interpolation using CCDs

‘or switched-capacitor filters", IEE Proc., 1981, Vol. 128, Pt G.,

R. Beresford, "ISSCC features familiar areas", Electronics, Deéémber
15, 1982, pp.1l01-104.

T. Ishihara, T. Enomoto, M. Yasumoto, T. Aizawa, "High~speed NMOS
Operational Amplifier Fabricated using VLSl Technology", Electron.

‘Lett., 1982, Vol. 18, pp.159-161.

D.J. Allstot, K.S. Tan; "Simplified MOS Switched-Capacitor Ladder
Filter Structures", IEFE J. Solid-State Circuits, 1981, Vol. SC-16,
pP.724-729.



APPENDIX A
TRANSFER FUNCTION OF SWITCHED-CAPACITOR INTEGRATOR WITH

FINITE OPERATIONAL AMPLIFIER BANDWIDTH

The derivations of the transfer functions for the integrators ip
fig. 3:5 iﬁcluding the effects of finite OA bandwidth given here follow
those shown in [Al]. It is assumed that a step input is applied to the
OA and the output is sampled one half-clock period 1a;er. ’The non-
inverting intggrator 1 in fig. 3:5 is redréwn here in fig. A:1(a) with

V, grounded. . The clock timing of fig. 1:2(b) is redrawn in fig. A:1(b).

Neglecting py, in (3:15), the OA transfer function can be written

as
w
Ay =t = YW a:)
o V1) )
This can be expressed in the time domain as
dud(t) ="“’tui(t) ' (A:2)
dt '

Thus although vj(t) can be discontinuous at the switching instants, the
output signal Ud(t) will be‘continuous.l Fig. A:1 shows that v (t) will

be discontinuous at t = (n -%)T. At this instant, capacitor Cyis

connected to the negative input of the OA and charge on C4 is.instantanebusly

‘distributed between C3 and C4 according to
+ -
v (=17 = Koy (-1~ - (1-K) vy, (a-1) (A:3)
where K = c4/(c3 + C4) and, vj(n-%)~ and ul(n-i)+ refer to v, before and

after the discontinuity respectively.

The analysis then considers the transients during clock phases, ¢e and
¢o a8 in (3:16) and (3:18) but now assumes all. resistances to be zero.

During ¢°,
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V() v @ = ) = gy (®) = v @ - D] (A24)

Differentiating (A:4) gives

dvg() ) dvy (D)

de K dt

(A:5)

" Substituting (A:5) in (A:2) and solving results in the value of vy at

't.= nT as
» (§»> = v (n - &)*le' (<k;)  (Az6)
1 1 cexe T } :
~where k; = KmtTIZ.‘ Putting (A:6) in'(Azéj'gives

Yd(n) = vd(n,- %) - %(1 - exp:(-kl))vl(n - %)+ (A7)

- During ¢e’-

()
Fig. Azt ‘(a):Non-inVerting switched-capécitor integrator.b

(b) Timing diagram,
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vy(t) = vg(a-l) = V(L) - vy(n-1)  (Ar8).

and following in a similar manner as above,

vy (n=3)" = v, (n-1)exp (-ky) (A:9)

where k, = weI/2. Putting (A:9) in (A:8)

vy(a=1) = uy(a-1) - (L-exp(-k))v;(n-1) (A:10)

If the output, bd is sampled at t = nT, then using (A:3), (A:9)V
and (A:10) in (A:7), ’
0g@) = v @-1) + LT (L-exp(-ep)) vy (n-) = [L-exp -k =kp) 1oy (0-1)
: o ' (Ai11)
Also, using (A:3) and (A:9) in (A:6) -

'ul(n) = Kexp(—kl—kz)gl(n—l) - (1—K)exp(—k1)ub(n-%) (A:12)

From the z~transforms of (A:11) and (A:12), the transfer function, HO®

of‘the non-inverting integrator can then be solved as,

G [1 - 1Rz} (1-exp(-k,)) lexp (-k;)
1 1

Vbo(z) C, 1-z | 1 - Kz exp(—kl—kz)

(A:13)

The transfer function, H°° when the output is sampled one clock
period after the discontinuity can also be solved from the above. This
is given by [A2],

VO ¢ 2 [1- [1-R(-exp(-k,)) lexp(-k;)

(A:14)

-1
Vbo(z) , 1-z"1| 1 - Kz exp(-kl—kz)

The magnitude errors of both transfer functions are approximately equal. [Al]

Thus it is reasonable to assume that ud.is constant during ¢e.
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With_this assumption, the inverting integrator 2 in the loop of
fig{ 3:5 can also be analysed'using similar proce&ures as for obtaining
';(A:13). In this case, 1(t) is discontinuous at t = (n—l)T and the
| output,vUb is sampled st t = (n-3)T. The transfer function H® has the

same expression as given in (A:13) except that it has a negative sign.

Note that the loop of fig. 3:2 does not tequire.the assumption that
' the integrator output is constant during any of the clock phases for the

above analysis to be used.
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