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" etc. are brlefly mentioned. Reallzatlon of some of these configurations are dis-

- {f 0 ~ ABSTRACT - o

A Reahzatlon Technique for

\

Dlglta.l]y Programmable Analog Active Filters

Biplab K. Datta

N

This thesls p‘ropos\és a realization technlque for diglitally programmable ana-
log filters. The baslc bullding block In t\hls technlque Is a Digltal to Analog Con-

verter (DAC) In which the welghted butput ‘current’ of the DAC Is directly

Integrated to _obt,aln a'vprogrammable Integrator. ‘The tlme constant of th's

Integrator t,'hen becomes dlgitally programmable. »

'
e “\\ .

ST .

. The erﬁpﬁasls Is on pfogramrrgablllby employing pyogrammab]e lntégrator. A'

’

second-order digltally programmable ’ﬂlter configuration Is deslgned ba'sed, on this
prograrrirr}able Integrator and Its results are anaﬁ]yzgd.' A 4th order version of the

same fMter conflguration is constructed using cascading method and alse using

Butterworth (BW) and Chebyshev (CS) approtlfnatlons' The tesponscs of this

/4th order verslon are analyzed to see how the programmabllity _ concepL performs

\ R N 4
In these cases.

The effects of non-ldeal charac\terlst,lcs of real components, especlally Opera-
tlonal Amplifier (OP-AMP) and DAC, on the performance and llmitation for the

proposed programmable fllter structure are lnvestlgabed Experlment,dl xesulbs on

a second order diglitally programmable fllter 4re also obLalried\and compared

with the theoretlical results obtained earller to {”;erlfy the proposed concém.

-

Applications of this fiiter structure In realizing general purpose programm-

able fllters, tracking fllters, adapmve,ﬁlters,‘ speech and frequency syntheslzers,

N

cussed.

e
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. . ' ’ i -
. . R - e ' - .
B : Bandwldth SR _ N
v BP : Bandpass : R - ! .
’ ' - Y R - . - N
BW : Butterworth:
‘ /
cs " :Chebyshev’ . .
Fd
=, : W, control capaclitor .
" M . s\. .
- Ce - : Q-control capacltor ‘ ) . .
. ¥ “ . . . H 0 .
"CMOS : Complementary metal oxlde s_eml;:onductor
. D/D(s) :penorplnator.;iolynomlal v .
. DﬁxC_’l » :”Dlg‘ltal to analog converter - _ . . Lo
DTL, . : Dlode translstor logic B e 2
5 Ji - .+ Lower passband llmlt In bandpass response - ) - )
- ¥ \
— ‘- . ° : p '
fa ‘\ : Upper passgand Iimit in bandpass response : ' )
H : Transfer function N,

- \

\ ' < . I * .
Hpp (8)/(yw) e Second order bandpass transfer function/amplitude response.
M € - l 4 , L4 N
_ Hup(s)/(jw) :Fourth order transfer function/amp. response .

3

¢~ Hgs_pp(s8)/(jw) : Chebyshev bancipass transfer function/amp. response

. ' . - i . \l ¢
« "Hgs_1p(8)/(jw) ¢ Chebyshev bandpass lowpass transfer function/amp. response

v

Hip(8)/(jw) Second order lowpass transler runc;olon/amp. response

g

N Hgp(s)/(jw) :Fourth order lowp\gss transfer function/amplitude response

-

Hpy_gp(s)/(jw) : Butterworth bandpass transfer function/amplitude response:

- v -
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Hpw-1p (2)/(jw) : Butterworth lowpass transfer rg\x\ctlpn/ampllt’ude reai)onée
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- CHAPTER 1

1

INTRODUCTION

i .1 General

—

In general, a fliter 1s a two-port 4net.work that transforms an Input signal In
some specified way ta yleld a deslred output slénal. The signals may bter“‘cgn-
leiered In the time domaln or In the frequency domain. In the latter case, ; ﬁltér
Is ofnen a‘rrequency selectlve device which passes slgnals In a certaln frequency

band and blocks or attenuates slgnals ln\;'other frequencles. Filters are !mportant

N >
“buliding blocks of many electronic and cominunicatlon systems.,

. Fllterg may be classifled In a nu;nber of ways. Analog fllters are-used to pro-’
céss analog signals, which are functions of a continuous-time varlable. Digital
filters process digitized waveforms. We may also classlr& fllters as 'passlve or
actlve depending on .the type of elements used In thelr cgnstr;xctlons. In addition,

Some fliters employ mechanical, crystal and switching devices [1].

In thls thesls, the dlscusslon 1s focussed on digitally programmable actlve
analog ﬁlters Digltal-to-Analog Converter (DAC) and Operatlonal— Ampllﬂer
(OP-AMP) are the two main components of thls programmable fllter. Itg/transfer
functions, group delay characteristlcs and the effects of non-ldeal components of

Its pefformance wlill be consldered. ) ~

The princlple behind the digitally programmable filter is slinple and stralght ‘

forward. The output, current of the DAC Is directly Integrated to obtain a pro-

grammable lntegrat,or The time constant (7) of this Integrator then becomes dlgl-

t

tally programmable wlth the blnary 1nput, or the DAC. In thls thesls‘, the

emphasls ls on programmablllty of the fliter’s characteristies, bobh dlgltally and

Independently. Employlng programmable DAC and capaclLor, .t.he characterlstlcs
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of the ﬂlt.—er can be lndependently; Tcontrolled. The -center' frequency, the
bandwldth sharpness (Q- factor) and the galn or the fliter are all Independently
programmable There are other ways—t,e obtaln digitally programmable fllter.
Digltal @lter and Swltched-Capacl;or filter are such e\xamples. In fact, digltal
fliters are 'well-known for thelr progra‘mmablllty; adaptabliity and flexibility.
However', they are also known to requlre an extenslve development system, thus
maklng them expenslve for most appllcatlons On the other hand, analog filters,
though Inexpenslve, do not provide many of the features found In digital filters. /
For these reasons it is necessary to develop (digitally programmable) d_esli_z,n tech-
" nlques so that analog fllters becorPe ﬂelxlble and easy to use. The switched-
c'apaclt,or‘ ﬁlt,ler technlque Is based on i:he realization 'tha‘m a capacltor switched
between two circult nodes at a sufficlently high rate 1s equlvalent to.a resistor
connecting these two nodes. The 'swltched-capacltor programmable ﬂI\Lers have
some drawbacks. The maln one bélng its frequency limlitatlon. These ﬂlte_rs also
use large selectable-capacltor arrays to achleve programmablllty;’ln most general
lczla'se where each coefliclent of a transfer function must be programmable individu-
ally an.d many such/ arrays are required, occupylng a lot of space in a chip area.
Even iIf the cdpacltor arrays were to be tlme-shared, these have to be large in
order to obtaln sumclgnt resolutlon and such a resolutlon 1s fixed once the fllter

has t;een fabrlcated. Finally, under VLSI (very-]arge scale Integration) brocesslng

capacltor ratlo accuracy may deterlorate In certalin fabrication process [2].

In our - approach, the programmabllity Is obtalned by jusing DAC thus,

removlhg some br the problem faced by conventional fllters. Digitally programm-

able a,ct,lve' filter deslg"n technique 1s unlque and stralghtforward In the areas of ‘

electronlic clrcult technology. It Is fast galning popularity because 1t offers cost-

'
N

effective deslgn of analog chlp In the VLSI environment.

\\
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The maln com}ponents requlred for the. deslgn of this type of programmable
-ﬁlter are OP-AMPs and DACs The avallablllt.y of monolithic G’AIvIPs as
actlve elements has made slgnlficant Impacts on the design or active ﬂlters The

-'ampllﬂer, which was a éystem composed of many dlscrete components In the
[4 |J

early days, has evolved Into a discrete component }tself Thls has changed the

ent;re plctqre of linear clrcult design. TI;e IC OP-AMP has redeﬁneﬁﬂihe ground

0"

rules of electronlc elrcuilts deslgn' f)y placing the -emphasls of circult deslgn on a

systems basls [3]. -
. \.' '
The Digital-to-Analog Converter (DAC) provides an Interface between the

)

"y

digital signals of discrete systems and contlnuous slgnals of -the -analog world.

The baslc converter conslsts o[ an arrangement of welghted resistance va'lues,

‘each controlled by a partlcular level or significance of digital Input data, that

develops varylng output voltages or curreng In accordance with the digital Input
N et

code. We employ current output DAC ln,{,thlswhesls. Althbugh converters have

fixed rerer‘ences, for most applications, a specfal class of DAC’s exlsts, with a

capabillty of handling varlable and even ac reference sources. These devices are

‘ terlf‘;’éd multiplylng DAC’s (MDAC's) because their output value s the prc‘xiuct, of -

the number represented by Llie digltal input code and the analog reference vol-

tage [4]. ‘ -
The important pf'opertles and applicatlons of thls type of programmable

fllters will be discussed and analyzed 1n detall In the chapters ahead.

1.2 Scope and Organization of the Thesis

Tl_le entlré thesls Is organlzed In slx chapters. Chapter one Introduces the

subject with a brlef summary.

In chaptei‘ two, a comblete overview of the fliter deslgn approach 1s con-

sldered. The concept of prqgr’arnmablllty and Its application In designing digltally

v
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programmable filter Is develéped. ' ) e

,/
- J—

e TN @

In chapter three, the concept of programmablllt,y is applled to _propose a -

T

‘ P
B ,,/ ’COnﬁguratlon of 2nd order dlgltally programmable filter and lt.s results are

\

analyzed ‘A study on awAth order verslon of the S’ame filter is done using Bdtter-

worth (BW) and Chebyshev (CS) approximations.

Chapter four lnvest,lgat,es t,he effects of pract,lcal DAC's 4nd OP- AMPs.‘ such

as nonllnearity, finite galn}‘etc. on t,‘he performang{ of the progosed fllter struc-
. .

ture. New transfer functions were derlved using non-ideil elements. Using the

)

theoretical knéwlé.a‘dge already discussed, a 2nd order structure 18 lmplemented\
- . “ .

using current-ty;ie DAC'’'s and wlde Baﬂdwldth OP-AIvE_’s. Experimental results

of this filter are obtalned and analyzed Limltation on the center rrequency due

. to OP-AMP saturamon has been' studled and methods to ellmlnate lmpedance

mismatching arealso discussed. Flnally, a deslgn guldellne Is presented for future °

deslgners. . L ' . '
I * {

A"

Chapter five looks Into the applicatlons of this type of ‘filter 1n the fleld of

communicatlons. Deslgning various filter strdciure using the baslc element (pro-
N \ . .

-

grammable Integrator) are discussed.

k4

Flnally, concluslons and some suggestions towards further research are made

In -chapter six. , ‘ ‘ SN

1.3 Research Contributions . N . , -
L e 1

The major contributions of research work lnclude the proposal of a- design

,.ilt

‘technlque for digitally programmable analog ﬁlter based on programmable

Integrator. Some specific contrllgucléns are su:ﬂm’gyrzed belowy: - .

+ Proposal-of programmable Integratar based on DAC for digital - programimabll-

ity. Lo
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CHAPTER 2

— . -

. .. . AN OVERVIEW.
. o 3

. . “
roy » ) . . ;
.

2.1 Criteria & Param

-The technologlcal achlevement in the area of Imtegrated circult comblned
'

wlt.h': t};’e theoretical developments have enormously broadened the scope of fiiter

L d

. ? deslgn technlques which, not to'dﬁm‘any Yyears ago, was primarlly concerned only

. with methods for lnterconﬁxectlng lumped resistors, capacltors and Inductors. '

4 —

3 Active filters are now avallable In hybrid Intégrated clrcult forms and are used In | b
~ 7 - ’ . ' .
" many areas. Thelr applications Include telephony, volce channel and some chan-

nel bank fliters, telemetry and tré.cklxig filter for satellite systems, phased locked
loop (PLL) filters, etc.... The performance of active filters has many advantages

over passlve fllters. Some of these advantages are mentloned here [.;3,6]:

Ay

1) Active fliters are more practical for low frequency applications

‘i

because they can be designed at higher Impedance levels which
reduce the capacltor magnltudes. At silb audlo frequencles,
the passive fllter deslgn require bulky Inductors, therefore

active filter Is a good cholce to ellminate bulky Inductors.

¢ ' .
2) Active ‘_ﬁlt.ers are generally smaller (slze) In the low frequency range
p | , than thelr passlve counterparts. Further reductlon in slze Is possible
with VLSE technology. This could,be accomplished by uslng SC
v -

(swltched-éapacltor) networks and monolithic operational amplifier

chips or with hybrid technology. ' ‘ e

3) Actlve filters can realize any circult while passive fliters Y N

t
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can reallzé only real rational functions whlch are analytic

<
’

in the left half planes.

4) Active fliters can be cascaded without buﬁers as long as they are

. R N
+  designed with low output Impedance or high Input Impedances.

o
»

In modern fliter design technlques, t.he? reallzation of actlve ﬁlger( involves
z‘ ) ] . - ( .
n\any crlt‘erla and parameters. The performance of a fiiter may be represented by
. 1ts amplitude and/or phase response The amplitude response is a plot of the

amplitude | H(jw) | of lts pransrer function H (s) versus frequency. The phase

response 1s a plot of the phase ¢(w) of 1ts transfer function versus frequency. An

\
example of a lowpass ﬂlter with Its ampmude response Is shown In Flg. 2.1 [7].

'In actual practice 1t Is Impossible to achleve the ldeal response (Flg 2.1) because
of the sharp corners 1t requires. A central problem In fllter deslgnols, thererore,l to
approxlmate the }de_al.'response to some presc:rlbed degree of accuracy with a real-
1zable response. One 'such realizable amplitude response 1s represented by the
solld llne 1n Fig. 2.1. In practice, the passband, stopband, cutoff frequency and
sther parameters are essential to obtalnla particular ﬁlter‘ ;esponse. The princl-

pal characteristics commonly used to speclfy the deslred performance of an active

fillter are mentloned here:
. N
Pasgsband 1s defined as the frequency band (0< f <*s ) occupled by the

. desired signal. In this band the Ideal requirement for the fllter 1s to provide con-

stant galn and constant envelope dglay so that the wanted signal will be

transmitted with no distortlon. )
r : -~ ) .

In practice, one cannot achleve exactly constant gain over a flnlte band of -

frequencles, so 1t Is customary to speclfy some acceptable upper and lower limits
. N R

P

(200
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.(ﬁg. 2.1, 2.2) between which the, galn can vary. These Iimlts are chosen to

accommodate not only the varlations of-g4in that would exist even with an ideal

-

new{ork, but also the effect of component tolerances. .

Stopband 1s referred to the bands ( f/ > f.< ) occupled by the unwanted sig:

. nals In a fliter response. In these bands the common form of speclfication merely

. e eed

<
requires the galn.j::glgtlve to the lower limit-set for the passband, to be equal to
‘ G2 . N

g .
or greater than some minimum amount, such as A, in Flg. 2.1. This\property 1s
lmf)drtant In the sense that 1t 1s a measure of the extent to which lt; rejects

unwanted signal. Typlcal values of this type of signal may range from a modest

-

20 dB for certain high-power transmitter filters to 2 more than 100 dB for some

tunable filters [8]. - ‘ ‘

-~

v

W)

A

° . e r, f .

Fig. 2.1. Amplitude characteristic of a lowpass fllter..

" to the stopband Is called the ‘transition—band. “In Fig. 2.1 the transition band 1s

between [, <[ <[,

o -

. s TSN
The Interval 1n which the response continually decreases from the passband _

.

Cut-off Frequcncg 1s defined to be the frequency between the signal accep- - -

\, g
tance and rejection bands. Theoretically the cutoff frequency could be Infinity

and practically 1t could range'-rroni 30, 40,50 Hz... depending on the appllcai:lon.
L ) \ ’
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. Bandw:dth (B) lsfthe frequency acceptance window. For lowpass filter the
bandwldth Is between zero rrequency and the cut-off rrequ@ncy or slmply ‘the
~ : cutofl trequenc’y {(B=f_,). For bandpass filter, the bandwldth Is defined as B =

Sy~1L;> where [ 1s the upper cut-off and [ is the lower cut-off frequency.

Q-Factor 1s the ratlo of the center frequency to 3 dB bandwldth in describ-

. ing bandpass fliters. The center frequency Is the geometric mean frequency

»

between the 3-dB cut-off frequencles and may be approximated by the arithmetic

\ mean when Q factot Is higher than gbout 10.

[l

\ -— ‘e
" All these parameters are clearly indicated In Fig. 2.2 [8].

-\

A ) ‘ ‘Q
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. : 2.2 Conégurdtion & Selection

\

In“"the previous sectlon the lmportant criterld & parameters "required to
design any filter structure are copsidered. In this sectlon the reallzatlon pro-

cedures of fliter network are briefly loolgeg Into. : .

The reallzation of avdesired fllter network may be categorlzed 'lnpo ‘varlous

< steps: selecting the desired frequency respohse; synthesizing a network which will
. ; yleld'trar;srofmatlon of the desired response; transforming the prototype to the
. . -ﬁnal fiiter configuration; and the physlcal reallzation of the filter network; Includ-
- ing component §élect,lon and tt?nlng and measuring [8]. \
- Let us focus on the transfer functlon first. To obtaln 1t, we conslder a nth-
- ’ © order linear network whose output slgnal can be found in terms of the lnput sig-
\ nal by sqh:lng a linear nth order differential equation of the form [9]: N
.r t. . n n—l' - ‘
, Ve, iz"y+a"“_‘¢ii-t-'}_-il;+ +a,-‘%+aoy | )
~ =4, ‘;tm”+bm_l-:’—itm—:§+ b2 +boa: Sy
where xd') ls the lnp/ut signal, y(t) is %he output slgflal and n >m.
e o Applylng the Laplace transform to the Eq. 2.1 we obtain.the transrer func-
X tlon T(s) = Y (s )/X (s)as
A .- T\(; )'= ]gg)} - b s': +Jb;,,_lsn":‘~+.... +bhs +b, | e
. L i . \ 6, 8" +a,_,8 + <+ a5 + a,

; , where s = a+'jw Is the complex frequency and N(s) and D(s) are polirnogﬂals in
s with real coefliclents a; an.d bﬁ.E’xpress;ng Eq. 2.2 In factored form, we obtaln
po\les and zeros of the transfer function [9]: . ‘ o '

‘ . . , | { -

- N » . ’
- » . .
.. . .
R .-

1

. .s
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* (5-2,)8-25) " * ~ (8-2m) N - o

= K . X -
T(s) (s-p 1)(3 -p 2)---(3 P ) .
- TI(e-2%) ‘

= Ko . RS
~H(§—p1) . ’ - L

I e -

©

The poles. p; and zeros z; may be elther real or complex conjugate. Combining
Y

conjugate pole palr, we obtaln the speclal case of a second order transfer functlon P
which represents a general form of blquad. -
N 2 2 .

8%+ (w,/q,)§ +w

T(s) = K— : ’?’ - (2.4) .
§ +(wp/Qp)3+wp i '
- - N ’ — ”/
™ ‘where z =-0, + ], . _ . T

. p=-0,+7T,
~

'In Eq. 2.4, the poles ( uNp ) and zeros( w,,q, ) are used to control the -

filter characteristics and hence these poles and zeros can be digitally and Indepen-

. dently programmed to obtaln a sultable fliter characteristlc when the proposed

gitally programmable concept is applied. Eq. 2.4 can be modifled to obtaln any
paniticular transfer function by substituting the appropriate values. Lowpass and
bandpass transfer functions are consldered rér analysis of the programmable fllter

in _thls theslis.

Bandpass filters fall into t.;zvo categorlt:as, narrow-band and wi e-band. If the
ratlo of the upper cutoff frequency to the lower cutoff frequeney-is 2 (an octave),
the filter 1s considered as a wide-band type. Wide-band ﬂlte;‘ specifications can be

N ' =~ - '
separated Intor Individual lowpass and highpass requirements which are accom- -

o

plished independent(lé. . -
. -+

[l

Narrow-Band Bandpass ﬂlg;s have a ratlo of upper ¢itoff frequency to jower"

cutoff frequenéy of approximat 2 or less and can not be deslgned'és separéte

N

©



lowpass and hlghpasé filters. This is, since the ratlo of upper cutoff to lower cutoff

decreases, the loss at center frequency will Increase and consequently it may

.,
-

become prohlbltive for ratios near unity [10].
5 '

The center frequency for bandpass fllter lsf defiried as

v
1

Jo=VTi]u o ©(26)

where f; 1s the lower passband lim1t and fy s the upper passband limlt, usually .

i

3-dB attenuatlon frequencles, ‘ ,

An Important parameter of bandpass fliters which measures bandwldth

sharpness is the Q factor deflned as ! -
LT -~ fo ’ o
= ' ’ ‘ 2.6
Q=55 (26)
where BW 1s the passband. bandwidth f,—f;. S A

Our discusslon so far revolved around frequency response of fllters where
!nfmt, signal was a sine ‘wave. In reél-world application of fllters Input slgnal con-

sists of a complex wave forms. The gesponse of filters to these non slnusoldal

Inputs Is called translent,_response.

The group delay Is one translent response éurve that 1s useful for estimating

filter responses to nonsinusoldal signals. The group delay is deflned as the deriva-

tlve of phase versus frequency as llneér phase shift results ln"

\dé .

) . T=2%2 @7)

' o dw =

o

ponst.ant group delay slnce the llnear functlon Is a constant. If the group delay Is

A

not .{:onst,ant over the bandwidth of the modulated signal, waveform dlstox_'tlén

will occur. Narrow bandwidth signals are more llkely encounter constant group

13

e
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1

delay than signals havlné a wider spectrum. It Is a common practice to use group
delay varlation as crlt_erldn to ev‘aluat,e‘ phase non lméarlty and subsequem.

waveform distortion.

-

2.3 Concept of Programmability ‘

'The application of the progr;mmablllty ‘;concept In realizing active .analog
filter 1s the maln focus If this thesls. Standard actlve filter design involves resls-
tor, capacltor and re_:;dlly avallable OP-AJVIPS. In‘jthe ﬁresen‘t age of VLSI tech-
nology, the stanc'l‘ard‘RC-actlvm ﬂlﬁers are not vei;‘y at,t,rac‘t,lve because they lack
many propertles"‘(l such as parameters of RC ﬂlt,ers are not easily tunable, lack}
accurate RC time constant and they occupy larger space) required to program a
circult digitally or to mlinlaturlze a clvcult Into a VLSI chlp. It 1s also not cost
effective to make them Into analog IC's. It Is well known though that analog IC's

could easliy be Integrated with different diglital systems such as mlcroprocessor

for wlide range of applications. Therefore the problem can be avolded by replacing
. .

- R in an*RC Integrator circult by a DAC. This will enable a partlcqlar filter's

coefliclents to be digltally programmabie and be sultable for chip lm'pleme.ntatlon.

L]

\ .
This will also enable the fllter structure to be easlly Integrated with various sys-

Y

.
tems and be useful In many areas of communlcation.

»

The princlple lnvﬁivéd In reallzing programmable filter Is straightforward.

The output current of DAC Is dlrectly Integrated to obtaln a programnable .

Integrator. The resulting time constant of the DAC-Based Integrator then’

-becomes digltally pgogrammable with n-bit binary digital input of the DAC.

N

In the proposed programmablé filter, the center frequency and the galn are

)

controlled digitally by employing DAC's. Simllarly, to obtaln Q programmabil-

1ty, a capacltor 1Is coggyeﬂ'éa digitally. This Is achleved by arranging an array of

[J

~

~
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"binary welghted capacltor with switches In sgrl'eé‘rorming{the digital Q-control as
¢ B R . =, .‘ . - - . "

\

. shown In Fig. 2.3. . s A , . ',’
4 ’ . N v\ ,.a
. : 2%c o o L
. Input —/k —Qutput . )
S . ' 1 2 Ce e ' S
. ‘m C~a‘.’ , ¢ ‘ . N ‘.\\'
- - , Ty " < . . ! , . N
“I'bg. &

Fig. 2.3. Array.of blnary welghted capacltdr for digital Qacontﬁol.
b ‘ ‘ ". . * ) k. t . , ' ] .
Now the C of the fig. 2.3 can be represented by Y 294, C; where.q Is digltally
5 T . -7 - - N q =0 . . .t .

prog}'amrhablé with bq =0 or 1 and q'= 0,1,2, ....k. Now ‘any combinatlon’of Q-
factor can be obtalned by u‘slné varlous combinatlornt of C. The switchés are: con-
trolled dlgitally‘i)y" a logle circuit (DAC). If array of ten blnary welghted capacl-

tor 1s used, 1024 different values of Q could be ¢hosen for Q-prograﬁlmlhg.l

The programmable filter haé many advantages. The coefliclents are easlly -
9 )programmable (dlg!ially), 1t bééixples less space, 1t 1s easlly lntegrata\ale with
other systems and most of all it 1s sultable for analog chip design. Uslng DAC

" and C, theé characteristics of filter can be Independently c¢ontrolled and dlgltally'
\

' programmed as shown In the block dlag'l;am of'Flg. 24.

PO

.;-_‘ — e



2nd order,

input N 3
N state—-variable
' T filter ‘

output

(\P,HP, BP,ETC.) S PP

function

o

freq. Q- gain & ,
control|! control control _ | control

] . ’
4Fig. 24. Concept’ or programmable filter 1n block dlagram.

The center rrequency, the bandwldth sharpness (Q-ractor) and the galn of fllter

are lndependently controlled through the dlgltally programmable DAC and capa-.

cltor, The output of ﬁlter responses can also be dlgltally controlled as shown In

¢

the above figure (Fig. 2.4). This I1s done by connecting all the output of filter

reéponsqs through an analog multiplexer (readily avallable as IC) and thereby

digitally controlling the fliter response at. any partlcular lnstance.

’i‘he DAC'’s are easlly programmable and could easlly be Integrated with any

dlgl‘tal processor for varlous application. Another important use of this type of

ﬁlter Is In the analog chlp design as m‘entloned earller. Anzlog chips are normally

costly a.nd are scarcely avalla.ble compared to digital chips. Since DAC's and OP-

AMPs are readlly avallable as standard cell, the proposed analog deslgn Is sult-
l

able for VLSI implementation In the semi-custom environment; moreover It may

be implemented 1n hybrid technology.

. Lilterature supvey on programmable analog fllters shows varlous contribu-

tions. P. Anandamahon et all [11] describe a mew universal ‘programmable SC
filter based on KHN (Kerwin, I—iuelsman, Newcomb) biquad with {independent

control of ceﬁter frequency anql Q-facbor. The orlglnal\KHN biquad uses both

LY
v 'an.
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the inputs of the OP-AMP and thereby causes s.ray sensitlvity In the SC
conflguration. This Is avolded In theﬂpropbsed structure by\§lmulat}ng the action
of OP-AMP one [11] bﬁy'OiD-AMPs with grounded noninverting lgput. The pro-
posed clrcult useé four OP-AMPs for deslgning a 2nd-order blqualci and it requlres
filve capacltor arrays for programming the pole frequency, the Q-factor and the
gain. Also, the programming of Q-factor changés the DC galn of the lowpass n’et—
work. In the proposed clrcin'.b',h' the OP-AMP one [1‘1] output Is short clrculted to
ground during one phase and therefore, the OP-AMP has to slew from ground
level to the amplitude of the output sample, which Pdaces a restrictlon on't,he
maximum speed of the operatlbn. D.B. Cox [12] has developed a 2nd ord?er' SC
filter conflguration whlfh has been 'rabrlcated on an NMOS chl'p'; This
conflguration can berrorm all five basic fliter types wltho,f]p requlring any external
components. The device has ten TTL compatlbl‘e programming plns that can‘be
elther electrically p;ogrammed or I\la‘rd wired. Tl;z primary advantage of thils
structure 1s that, Q and center frequency are Independently varlable. The galn Is
preset 1n thils design. This particular deslgn has a é‘nd order\ eflect of Co/Cy4 on
the Q and w, programming, whlere C, controls Q and C, controls w, Though
It Is possible to compe’nsate for this effect by adjusting C, and CA for a speclﬂ;:
value of Q and w, they can not be matched for all values of Q and w, Thus Q
and W, programming are not tdtally Independent of each other. .It also requlres
large total capacltance area. B.B. Bhattacharyya et all [13] proposed an economl-
cal, stray Insensltlve digitally prograﬁmable switched-capaclitor blquad based on
\
Cox's blquad [12] but with less total capacitance area. The w, and Q, are
lndepgndently adjustable with a constant galn. However, It requires addltlonal
chlp area for Its seven phase clock which controls the programming coefliclents of
the conﬂguram)on. The chip area lIncreases for low. value of Q gnd more for

\ .
Q <1. Referénces [2,14,15] also Investigate varlous programmabllity aspects of

analog active fliters. These have some advantages and disadvantages as with the

[
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others already discussed. In light of these, our proposed conﬂguratﬁlon' of pro-
grammable fllter avolds some of the problem mentloned above. The use of DAC
. ma{es it easler for programming the varlous coefficlents of the filter ‘structure. It

uses less capacltance arrafs compared to others. In SC Implementation for analog

——

chlp, the digital programmability wlll be easler to obtaln with DAC and therefore
would be versatlle for varlous applications. As with the advantages the proposed
conflguration will have/some drawbacks llke frequency llmitation, non-linearity of

DAC’s causing praoblem In programming filter coefliclents in higher frequency

!’-

v~ range, etc. The detall discusstons on these will be done later.

2.4 Concept of Digitally Programmable Analoﬁ(&ctive Filter

Conlcepn of diglitally programmable analog fllter s based on digltally pro-
g.ramxriable Integrator as discussed earller. All bas ‘ be bum' based
on thls programmable Integrator: lowpass, highpass, bandpass, state-varlable etc.
A 2nd order state-variable' structure 1s designed and consl.dered here to analyze
the concept of programmabllity as 1t applles to control and vary the important
coefliclents of the fllter conflguration. Center frequ‘elncy, Q-factor and galn are all

diglitally programmable and lndepe‘ndently controlled - In the proﬁosed

\ .
conflguration. Limltation of thls programmable concept 1s also consldered In-
llght of the practical applications.
Modern network theory has Jprovlded us with many different shapes of

amﬁllt-ude responses. The concept of this digitally programmable is applied in
var?fbus approximation theory to see how the results vary. The major categorles

of these responses dlscussed here are Butterworth (BW) and Chebyshev (CS)

approximations.
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’i‘he BW approximation Is applied on the assgx_nptlon that a flat response at
zero frequency is more important than response at other frequencles for a lowpass
_ fiiter. The BW approximation results In a class of fiiters which have niodergt.e

» attenuation steepness and-acceptable translent characteristlcs.
/;/ ) -
The CS approximation to an ldeal fliter fias a much more rectangular fre-

quency response -An the region near cutoff than the BW fliter. This Is accom-

plished-at the expense of allowing ripples In the passband. Flg. 2.5 compares the

response
o=
L)
' b s St v atman.
- gﬂ‘*'i .
Q70 —————————
: r
2 I | Chebyshev
! |
- . 2 \ I
(B Butterworth
(|
T
A [
. Ll -
) 11

8
@
>
S
Va

rod/s

-

Fig. 2.5. Comparls‘onpf BW. & CS lowpass response of 3rd order Fllter.
L] . .
‘qor. an 3rd order BW & CS lowpass fllter [10]. Both fliters have the same 3-dB

'bandwldths normalized to 1 rad/s. .
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. " CHAPTER 3 .

S L _ K
GENERAL STRUCTURE OF A DIGITALLY‘
PROGRAMMABLE ANALOG FILTER

¥ = he
- ~

»

~

3.1 General

>

-

In thls chapter a general configuration of a Digitally Programmable Analog
Fllter 1s consldered. First, the principle behind the digitally prograr;;mable con-
cept Is developed. Examples aré then taken to Investigate the principle of diglval
programmablllty by programming the varlous fliter coefliclents. These pro-
grammable parametell's (center frequency, Q-factor, galn)/are also fhdependent,ly
controlled. Llmltatlons of these programmable parameters are also observed.
Here digitally prc;grammable means that the fllter’s characteristics are pro-
grammed by some elements which are ‘d)gltally programmable. The output of
the fliter response can be digitally controlled as well.

v
N

DAC s the Important component In thils programmable concept. The

~

current-type DA(; used hc\z.re is also called multiplylng DAC because 1ts output s
the product of the blnary digital fnput and the varlable analog Input voltage,
The DAC uses CMOS current switches and drlve clrcultry to achleve low power

o

consumptiop (30 mW max) and low output leakages (200 nA max) {17]. DAC

ar

combining with C forms a programmable Integrator, the baslc element of digl-

tally programmable filters.

A}

3.2 Principle of the Proposed ;Approach

A novel reallzatlon strategy for digitally programmable anallog filters Is stu-
dled here. it employs DAC rg)r programmabllity instead of regular passive ele-

ment. The welghted current output of the DAC 1s directly Integrated to obtaifi a
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programmable Integrator, It 1s well known that the,plme cor.xstant of an Integra-
. tor ¢ontalns the poles and zeros of the fliter which, In turn control the filter
characteristlcs. Therefore, an lﬁtegrator Is used as a basic bullding block In the
fllter design. In our prSgrgmmﬁble concept, the time constant of the Integrator

m hence the poles and zeros of the glven filter are digitally. programmable. ‘

To lllustrate the concept of a digitally programmable fliters a simple first ‘

order RC actlve filter (lntegrator) 1s copsidered In Flg. 3.1. In ldeal case, the

input lmpegance of OP-AMP Is

T N Q o
+ A= .

- ' . Fig. 3.1. A simple Integrator.

Infinite, l.e., the current flow Into the Input terminal is zero. All of this current

]
flows through the feedback capacitor C. Thus

. e
x" ! v R N V. ’/ .
| Vo — =it 3.1
0 CE . @ 31
‘ Vl'n ('t ) ‘ :
. b =—p— '
. then, V, = - -(1-7- [L(t)dt ‘ (3.2)
In Eq. 3.2 ], contalns R but this R Is not digitally programmable. To make the
— - { ' . .
. digitally. programmable concept work, we replace R in Flg. 3.1 wilth a current-
- | ‘ | \ '

o
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ts;pe DAC as shown In Fig. 3.2. 7 .
-~ - . . . C 'é,,,\‘p _
‘ H : \
| [y | ~Jo o ‘
+ o———DH \ ‘ 1
I 0 — .+
b ’ / \
\% in n | ‘ \/o
mro mo 7
‘ Eig. 3.2. I;ltegrator ba.sed on DAC, - o ‘ )

“a

The DAC has its welghted output current directly fed into an ldeal !nt,egra.t,or

By utilizing the electronlc propertles, the output J o (t) of the DAC Is glven
by ; i T : ‘
v ' ‘ v

_’ . i . . . k
] * Ig(t) = gn 35 2" by Via(t) - (3.3)

* . ' ) n =0 ’
' where S
9m 18 the effective transconductance of the DAC and b, its binary input:

B bgsrernb g

where
by 1s the most significant blt and

1

b y.ls the least significant bit. . P

Since these Inputs are binary, b, is either a1 or 0 and n == 0 1, 2 .., k.

L

Substltutlng Eq. 3.3In Eq 3.2 we get

©J

Vo) =-22|f 53 2" b, Jop (8) dt

n =0

' -
' o
+ * . N ) A
° . B - '
- . ‘
N . . .
.
* +
. N ,
v - . 'y

k)
L ’ , R Yy ~ B . \—‘\k oa
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In the s-domain Eq. 3.4 can be written as -

[ ]

k 2" b,
Vols) = Via (6 )0m 33— ‘  69)
- n=0 s
t
Vin (8) !
From Eq. 3.5 and comparing 1t-with V(s) = - — 1t can be seen that the
time constant 71s
4 g k -1 ‘
7= |— 3] 2"}, : (3.8)
G n =0 * .

) To see the relatlon clearly between passive-element R and digitally programmable
DAC

we replace 7 by RC In Eq. 3.6, we see that : . ‘
\
‘hl k e _1 )

B R=_[gm N 2"b,,] (8.7)
l n =0

rrom,‘)Eq. 3.7'1t lg cl\ear that R Is replaced by a component which 1s digltally p

grammablg using g¢,,\, the’ transconductance constant and b, , the binary digity

Hence, 7 of Eq. 3.6 ls digitally programmable. Thils forms the basis for ’Yhe

development of the‘ programmable fliter. As we mentloned before, programmabile

9

- e

means that the lmportant’ memclentls (center frequency, Q-factor etc.) of filter »

characteristics can be varled by prohra_mmable methods Instead of-normal (by ‘

changing components) methods. ( —

DAC’s are aw}allable in dlﬂeren}, blt sizes. It varles from as low as 4-blt to as
hlgh as 16-bit. For a 10-blt DAC (DAC 1020) the binary digit varles from 0 to
1023 and g¢,, varles from 65.01E-9 to 66.60E-6 under ldeal conditlons. In real
situation the ideal condltlons such as temperature range, llnearlty, current oﬂse:t

etc. of DAC are Imposslible to meet. If Is tperefore Important to tonsider practlﬁ

1
AN

A}

[¥*°S
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cal lmpllc'atlons of I?AC'S and study thelr effects. This w!ll be consldered In tl;e
next chapter. '
! T
3.3 Example of a 2nd Order Filter : ’
In chapter two a general case of a‘2nd order biquad transfer function was
obtalnéd as:

-

X 824+ (w s +w,?
H(8)=K : ( z/qz) 2
. 824 (wy,q,)8 + w7

(3.8)

with 2=-0,4 )W,

p =-0, )0,

The poles and zeros of Eq. 3.8 can be programmed to Independently vary-all
filter’s charac\terlstlcs using programmable approach. From Eq. 3.8 any type of
Qlter response can be obtalned by substituting appropriate values. Low'pa.%’
- transfer functlon Is obtalned by substituting zero In 82 and s terms !n the
numerator. “‘For‘hlghpas; transfer functlon, the s and constant terms In t‘hc;,
numerator are substituted by zero. élmllarly. all other t,yr;es of fllter transfer
ﬁinctlon.s can be derlved. Based on Eq. 3.5. we consider a particular example of a
2nd order ;)rogrammable state-varla,bl.e filter structure for detall analysis. The
" structure of a 2nd order state-varlable filter based on programmable Integrator 1s
proi)osed here in Fig. 33 Both bandpass (BP) and iowpass (LP) filters a\;é Incor-
porated In the design of the: clrcult of Figure 3.3. Other filter types .could be

Incorporated in this figure If required.

- »
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' i T A ,2Ce
. * _/g Ce
. 'l . "l . Ll
} - 3
N A I ba (Q control) ‘
‘ mnﬂc : — -
v 1 ? d
G l :(l l'h -
vV, . 72
. Vi . [:3 V_z—
v b, (Galn ' \ '
- (Frequency o
, control) S , b, control)
Fig. 3.3. Clrcult dlagram of 2nd order programmable filter.
- If the above figure 1s reppésented In block dlagram QFlg. 3.4), the hjnpor_tant
/ fllter. chalr Stlcs can be clearly and easl\ly e)}plalned. 4 - _' '
o ' Ny
‘ v \ lnput ‘ 2nd order‘ .
= - . —'——’n/ Programmable .
AN f '
S filter output
. , - (BP,LP) (BP,LP)
N~ .
' |
P I g +‘ulnction o .
! req. | N ain . -
- -contrz 1{| control ccgmt rol control - .

Flg. 3.4. Block dlagram of 2nd order programmable ﬁlt.er (Fig. 3 3).

AN \
It shows the programmablllity concept. of lmportant filter characterlstlcs using the

N

ro block diagram approach. In the above block dlagram, the second order fllter

~

conflguration 1s shown connected to an analog multiplexer (MUX) for digltally

controlling the output function responses as an added.feature. Any partlcular

=]

s SEP
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function response can be selected at the eutput employing thls technlque.’ "Fune-
tlon control switches select the type or response required. The number of runc-
tlon comrol switches depend upon t’he number of inputs glven at the multiplexer.
Suppose, we have k Inputs (at the mult.lplexer) and F = number of cont.rol (=

log(lc )/log(2)). Now If k=4, then F=2 (two control switches required for four

Inputs) and If k=8, then F=3, etc. Other parameters of fllter configuration are

-

also varled digltally as discussed earller.- -

To start the .analysls of Flg. 3,3, we obtaln the transfer runct.‘lonsy first.

B

Amplitude and group delay resbpnses were then derlved from theseé transfer func- ,

7

[ ] . * ' s '
tions and are used to Investigate the programmablllty concept of the Alter param-
N .

eters. The-derlvation of transfer functions Is shown In Appendlx A. The transfer

3

functions for BP and LP fllters are ¥ , o
) ©
- . B — . /
. \ « N //
- NI(S ) —.SCQGI :
Hgp(s) = = ‘ -~ (3.9
. BP ) ) D(s) 820102+803GQ+ GzGa )
' No(s) - G,G,
. . Hip(s) = = - (3.10)
~ ) = DY T SP0.C, 4 C.G, 5 GG, .
The above equatlons are rewrltten In standard format as
\ . 1 _ ;
—_— 3.11
h Har(®) ! CTC'E) CyG, G,G, (811)
\\ 82+ 8( ) +
N . C.\C, C,C,
\\ .y :
| 1 1
“ H §) = — v ) (3.12)
) Hire), (0102 ,82+8(03G2)+ G,G3 .
T ] l C,\C, ] C,C, <
‘Where the output of DAC Is represented by
C oy |
' Cm Y 2"b,

Fian . N s T N I S |
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DAC 1s represented by G 1n all equatlons

and C, Is represerited (basedon Fig. 2.3 of chap. 2)by

i - k- B
. [y . . ) ' ‘03 =“22q. bq Co’ * LY
. . q'=o > -

- * with b, 1s elther a 0 or-1 and ¢=0,1,2,...,K. Comparlng the denominators of Eq.

. ‘ w
3.11 & 3. 12 with standard second order equation, s 5245 (To)+wn2 , glve the fol-

e .
[

lowing 1dentitles | ’ “

G G g ‘ .
Wy = 2 \/_ center f requency - (3.13)
with G = Ga-*-G' '

-

A . woC"‘C2 0102 ' ' “:." ' : l )
= = , .— f actor 3.i4
Q‘ €3G, .- Cj @ j Lo (8.14)
. kN -‘D" T [ N ~ k . N * - ,
oo Q= Im, 33 2", ' gaincontrol (3.14a)
. “ n = 0 ~ ‘ 'Y ) . ’

1

Ideally, for given values of capacltors and ldentlcal DAC's (G2 G 3=G)

!

T———Q-factor will_ remaln unchanged w0 wlll .-vary lnearly with G and 3 _dB-
bandwidth will also Increase linearly wlt;h G Ir we want to keep 3 dB-bandwldth "

‘unchanged {common In most applications) then we have to vary wg and Q In the

» ‘ s~ w -
same -direction as G so that —fQ—O- = constant. The DAC G, appears in the

- numerators of the transfer functions Indicating G, controls ga{n. Eq. 3.14 Indi-
cates that Q Is Independent of the DAC If the DAC's are ldentlical. For tf.he

'« DAC's to be ldentlcal, the transconductance constaht g, of all DAC’s should be
| .

o k \
exactly same and the lnearity of the blnary word ( ¥ 2" b, ) should hold. In
=0

practice, these conditions are difficult to achleve. These practical (non-ideal) cases

-

Y
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will be consldered In the next chapter.

)
* ‘

actlve fllters. The components of active fliters sre sublect to change due to tem- |

perature, humldity, aglné etc. It 1s deflned as the change In flliter performanée

- cﬁange AF 1n some performance characteristic F, resulting from'a change Az; In

) R
‘a network parameter z; to be the sensitlvity (S) with respect to z;,.glven by

SF__AF/F * *

: SN2 g{
where F Is functlon and z; 1Is element in that function. In the proposed? pro-

grammable filter, we have

A /

G,G, G

Wy = = , centerfrequency ,
0- . 00102 \/QICZ o ) L/:.aa-.—-
with G ,=G =G . N -
o A
and
o K ~
Q = 2e01 = CiC%. Q-factor .
T CaG, S C ,
-Thus W, and Q sensitivities are as follows: - '
w G 9W,
~\ S s S
: ¢ ~w, aG
W c, W,
. Sp ' =—mr =-1/2 ®
N "o T W, 80, -
f i w 02 3W0_ '1/2 o
¢ —w, ac, .
Cl aQ N
o ——1/2
S6=33c,
\ -C2 3Q :
N == — =1/2
; %= 5c,~ |
c K
S(?‘ —.._E.._a_Q...—-l -

Sensitivity 1s an Important parameter, particularly for higher rreq"uencffbm

-

N\

- due to drift or change In component values. Mathematlcally, the measure of the.

-

4
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Sensltlvl,tle; are identical for both lowpass and bandpass fliter configurations.

In the above analysls, all sensl_t,,l.vlt,y‘ values are found to be <1.

R N
e . \

3.4 Discussion & Analysis ' e

In a conventlonal active @a/lgg_ﬁlteﬁ'thé‘ capacltors and reslstors are gen-

\ . -

erally fixed, although varlable capacitors may be used In tunable fliters, The alm
of thls new concept Is to reallze a programimable filter by using digltally pro-.
grammable elements; this would then permlt the filter to be programmed by a

dliltal methods, such as, logle circult or microprocessor. To accomplish Bhls, the

N

Y

conventional reslstor§ are replaced by DAC's.

L

Conslderlné Eq. 3.13, 3.14 & 3.14a It Is clear that the abllity to alter thé
value of G and C, can be employed In the filter function to progr';am the ce'nter
frequency, quality factor and the galn of the response. Hence, Q Is dlictated by
the value of Ca.' while the center frequency Is determined by Gand C, & C,
which are common In both parameters. Galn varles as wg Is varled. Gal;i can be

programmed Independently If G, Is assumed Independent of G.

Like any other fllters, programmable fllters has its llmitation In respect to its
. . -
components and parameters. Most OP-AMPs above 50 kHz have Insufficlent

open-loop galn for the active ﬁlt;r requirement. However, OP-AMPs with
" extended bandwlcit,h are avallable at frequencles upto SOOKHE The 6P-AMP
used In the experimental r¥allzatlon 1s wide bandwidth (5 MHz) type and has
high Input Impedance. The clrcult works well at: frequencles upto about 150 kHz.
Above that frequency the OP-AMP starts saturating due to the varlation In the
Input Impedances and ﬁence limiting the <_:enter frequency. Bandwldth of the
fllter response Is controlled by capacitors value. Q-factor upto 10 glve good accl:u-

‘racy. For Q's above 10, the Q capacltor C, must be made smaller to obtaln

Al
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desirable response. RIS

- ’ ¢
—

3.4.1 Analysis of Amplitude Respongé R S

~

The amplitude functlon 1s used to classify the varlous t.ypes of fllters accord-

ing to the locatlions of thelr poles and zeros ‘The amplitude response s the most

-

Importam; characterlstic since its value at a certaln frequency determines whether

-

the rrequen.cy passes or blocked. H

N v " Y
The amplitude responses of Fig. 3.3 (In dB) are:

| Hpp (jw) | == 20log,,wC,G, - 20log,, D (3.15)
similarly,

| Hip (Juw) | = 20l0g,,G G, - 20log,, D (3.16)

where

L4
-

D =+\/(G2G$ -2w?G,G,C,C, + wiCEC2 + w2G?CY

) .
‘The amplitude résponse of Egs. 3.15, 3.16 are plotted in Fig. 3.5, 3.8 for

varlous values of Q and G. The amplitude response shlrts‘as the center frequency

-

Is moved by programmable G. THe plots Indlcate that w, varles linearly with G
A

and 3 dB-bandwidth also Increases linearly for fixed Q. The Important fliter

parameters are digitally programmed as ev1dent in these graphs. The cent,er fre-

quency Is shifted by changing the bits of DAC’'s. The Q factor 1s varled by dlgl-

tally programming the C parameter. The bandwldth of response curve becomes // -
sharper as Q Is Increased. ‘ - n P
' . -
. (’ /‘ -
. . - -
3.4.2 Analysis of Group delay Response 4 e

Another quantity of interest In our study of fliters Is the group delay. The

group delay response 1s used to see If constant delay occurs when the desired sig-
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\»
Y

- . .»\ N : v
! nal pass through the filter [3]. This s the second parameter that will be usec} to

verify the programmablility concept ‘of_ digitally programmable analog filter.

The group delay,1s deflned as

d
\ Tw)=22
N . . ", -~

»

where ¢ Is the phase response. The group délay is derlved In Appendlx B. The

. group delay response of both BP and LP filter of Flg. 3.3 1s -

S

! C.G 2G.+ w?G,C,C,C
\ T(w) = 3 2 2 22 128 - (3.17)

e

The group delay response of Eq. 3.17 s plotted In Flg. 3.7 for varlous.valueés of Q
\and G. The response $hows that the center frequency 1Is varled by programming
the G. The concept.of w, and Q programmlng‘ln a flter response are verified

. B 1 LAY .

‘through plots of group delay response as well. , ’

i

-

A}

3.5 Higher Order Filter Realization

-

This sectlon deals with the constructlon of higher order fliter. There are . ;
different ways of constructing a fllter with higher ordef‘{(n>2c) transfer function.
One popular method Is cascading method. In this method, the transfer function is

expressed as a product of factors H,, H,, .., H, and construct sections
’ b

corresponding to each factor. Finally, the sections are cascaded (the output of the
first Is the Input of the 2nd and so forth) as shown In the example of Flg. 3.8.

Flg. 3.8 Is constructed using cascading method wheret each block represents an

-

Independent second order filter structure. In thls fashlon any filter structure of — - - —

e .

desired order can be constructed and employlng the programmabllity concept, ﬁhe -

parameters of this type of fllter structure can be digltally programmed and
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independently controlied as shown In the block dlagram (Fig. 3.8).
| \

. , _l_’ o 1 utput
input- 2nd >~ | My 2nd Rl M .,
—P order :. U ‘t. order e | U ’ :
section [P{X|p ‘section X
- u
1 t 1 1
v funct.| funct.
freg Q gain cont freq a1n ont.
cont. | cont.| kont. : - kcont. cant ont

!

® Fig. 3.8. Block dlagram of a higher order fliter.
If the sections do not Interact with each other Jt;o change thelr indlvidual transferh
functlons, the overall conflguration has the transfer function of glv;:n order n [18].
Cascading structure of Flg. 3.8 can accommodate any filter regponse' (LP, HP,
kB’P, etc.) If so deslred. To llustrate the concept of realizlng higher order fllter
using cascading method Hand the stralghtforwarci applicatlon of digital program-
mabllity, .we dlscuss a deslgn of bandpass fliter with varlable bandwldth using a
LP and HP fliter section (assuming both ﬂltf,(r types are avallable in Fig. 3.8).
'Supﬁose, a lowpass fliter response Is chosen i‘rom the first section with a cutoff
frequency f o and a hlghpass fliter response Is chosen from the second sectlon
with a cutoff frequency of f ,. The two response will comblne to glve a bandpass
response at Lhé output as shown In Flg. 3.9. Using the p‘rogrammablllty concept
the bandwldth can be controlled by controlll.ng f ,andf , digitally. Using the
Cascadlng anii; the p'rogrammablllty“ concept varlous higher order fllter response
can be easlly obtalned and the}r parameters %an easlly be digitally programmed
and lndgpendently controlled. For even order n>2, the usual cascaded clrcult
" has n/2 seéond-order sections. If the order n>2 1Is odd, there will be (n-1)/2

second-order sectlons and one first order section [16].

N
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high Tow

~ pass pass C

[ ] £ f’ -

g

"Fig. 3.9. Amplitude response of a cascading 4th order bandpass fliter.

3.5.1 Amplitude Response of 4th Order LP & BP Filter ,
N .

In the previous sectlon a BP fliter is deslgned using a LP ‘and BP secbfon p
merely to demonstrate the cascading rile?hod of bﬁlldlng fliter. In this sectic;ri a
4th order programmable fllter configuration Is constructed using cascading
method using two sécoild order BP fllter sectlon. The transfer functions Lr this
4th order programmable conflguration are obtained using Eq. 3.9, 3.10

P

- ‘ L

Hpp(s) = H,pp(s) *+ Hypp(s) .

§) =

_ 48P { 62C,C, + 603G 4 + G,G 4
H 82022G‘2 g , ) ”I » ,/ "
H,pp(s) = MGE) . . - (3.18)

stmllarly, for 4th order LP fllter —_-

_ ]
Hyp(s)=H,yp(s) * Hyp(s) :

-GG, }
B { 82C,C, + 5C3G, + G,G
" A
N | ‘ G12022
H,p(s)= M@)

i

30y
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where M for both Eq. 3.18, 3.19 Is
M@)= 8‘012022 +%83010203G + 28201020'2 + 52 3202 + 230303 + G*

The corresponding magnitude responses In dB are glven by::

. |

; | H4pp (gw) | = 20log,,w2C2G 2 - 20 ong\ (3.20)
and ‘ \
f ] N \I
\;
| Hyp(jw)| = 20Log oG 2G* - 2010g,,D (3.21)
. |
where / \]

; D = wC 0] - 4w°CC PG + 2000 CFCIG, + 6w'C  0FG*
-4w*C,C,CJG* + w*C,G* - 4w?C C,G% + 20?C7G® + G® (3.22)
%t}e amplitude resgonses of Eq. 3.20 & 3.21 are plotted In Flg. 3.10,3.11 with
Q =.-~1.,55Q‘l whére Q, = 1,5. When 4th ofder filter Is obtalned by causcadlng '
method, the new Q-factor Is calculated uslng’ Q@ =1.55Q, [7], where @, Is of 2nd’
order fllter. Thé response Is flat for Q < 1. ’_I‘he response shows sharp peak for Q’

>1.G , 1s used to program galn and Is Independent of Q varlatlon. .

The procedure for finding practical element values for cascading filter is
identical to that or\ 2nd-orde}‘ filter, except, of course there are more elements.
For 4th-order cascading filter ‘conﬁguration, each of the sectlons has to be "
designed to have the square root of the galn. Thus the 4th-order cascq‘dlng
configuration has ‘a galn qr th'e product'or square root of the Indlvidual second

order galn. If the designer wishes, the sectlon galns may be assigned differently
’ ' Y .
as long as thelr product Is the gain. |

t

3.5.2 Group Delay Response of 4th Order Filter [

|
|

We use previously derlved Eq. 2B from appendix B to ¢btaln group delay

response of 4th order filter as i
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\ t ~ ‘ N . ~.
Tw) = — 2wC 3CJC,G -2w*C 0 2C,G% + 2wiC,C,C3G?
: wBCACSH - 4wBC 2C3G2 +2wPC2C2C2G, + 8wiC2C 2G*
—2w?C,C,C,G% +2w*C2G% + 2G7C,
(3.23)

~4wiC,C,CFG*+ w*CG* - 4w?C,C,G® + 2w?CFG® + G®

Fig. 3.12 shows group delay responses of 4th order fllter for varlous Q's. The
responses are similar to LP amplitude responses with peak amplifying distortions.

. \
The center frequency and Q-factor are programmed to obtalned desired

responses.

3.6 Analysis of Higher Order Filter using Approximationg .

In modern fliter theory the design problem s divided into two distinct parts-
the approximatlon problem and the reallzatlon problem. In the following sectlons
we shall constder ways to apprbxlmate the given re.spltonsé by a reallzable trax;sfer
functlon. Many such approeximations have been dérlved In the fleld of filter
theory. Wé employ commonly used Butterworth (BW) and Chebyshev (CS)
api;roxlmatlon to analyze the proposed programmable fliter conflguration. Both

[
approximations are useful in the fleld of fliter deslgn because of thelr many desir-

N

able characterlstics. , ~/

3.7 Butterworth (BW) Approximation

'/ The lc}eal response of fllter Is unreallzable In physlcal sense for two reasons: .
They ‘are (1) transfer functions are ratios of polynomials and (2) the magnitude of
" the transfer functlon cannct possesé the discontlnuities necessary for the clearly
. deflned boundarles betweep pass and stopbands. Therefore, various approxima-
tlons are used to analyze the fllter responses. We start with Butterworth approxi-
‘matl,on.. ‘Tl-me Butterworth (BW) fliter s characterized by its monotonic response.
It has maxlmally flat respc}nse\ In the passband. The BW response s

\

AN
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monotonlcally decreasing In the stopband and thus it attalns 1ts maximum value,
Wy - '

| H(Jw) | max=1, at w=01]. The overall response Improves as n (order of the
o .
filter) Increases, since for n,>>n,, we have v’ '<<w®"*on 0 < W < 1, ang

w?"'>>w?" for w > 1 [1]. The amplitude function Is defined In the n-th order -

case by
¥ o
3

| H(jw)| = L n=1,23,. (3.24)
L i@l |

w
L

+ The response Is flattest near w==0 of any nth order all-pole filter and “1s called .
2 maximally flat for this reason. Mathematlcally, this can be seen by expanding Eq.

3.24 using the binomlal theorem; this results in (1]

»

. . 1 3 ) 35 ’ .
- Hw)| = 1 - =w?® 4 —wih - —_b® 4 87 3.25
| ‘(*L*) | 2 8 10 128 ( )

b

L3

/
which Is valld {or w near 0. The first 2" -1 derlvatives of | H(jw)| In F.q. 3.2{»
will cqxitaln a factor w, and thus will be zero at w = 0, therefore for a1 large the

function | H(jw)| near w = O Is exceedingly flat or maximatly flat as 1t was

rd

- mentloned earller.

3.7.1 Amplitude Response of BW-LP & BW- BP Filter -

)
Butterworth approximation method 1s used to design a clrcult mode] of a
, | v R L
lowpass second-order filter (Flg. 3.13). Using galn one, the transfer function Is

N Lol . . Ny
s

found to be
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Fig. 3.13. Butterworth n=2 lowpass programmable filter.
R -~ G2 ’ i . '
- I . AN A 0102 . NN
Hpy.1p(s) = > )
‘ 8245 ( 2G') + <
. . - Cl . 0102
where \ o i

The logarithmle amplltude)respop e of BW-LP fllter is

. / ' . a
¢ | Hpw(jw)| = -20logpy /1 + ()" n=24  (3.26)
/ ¢ 7 : wc N\
/ - | G

The a}pplli\{de response 1s plotted In Fig. 3.14 for 2nd and 4th filter. The .

plots verlfy that the digitally pro‘gram‘mablefconcept based on DAC's works. The

)

~

general characterlstics of amplitude response Improves as order of the flter
™,

Increases. The plots show that Q has fo effect on the response’ as flat passband Is

the characterlstlc/or BW-LP fiiter. The response ls flat In the paésband as

expected. In the ~BW-’LP ﬂltg?\ response, for frequencles near the cutoff point and

In the stopband the response is distinctly inferlor to CS response as we shall see

Y C | LY

"%

w, Is shifted by .prog\rammable DAC's. The plots also Indicate thatt Indeed the.
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later.

» The 4th order BW-BP transfer ruqctlén Is obtalned from normalized 2nd

-

_order BW-LP transfer function of S by the following transformation [5]f‘

g — Q(s? + wg)
: Wo.6

(3.27)

N

When transformation 1s used to derlve a BP fliter transfer function the order of
YBP filter 1s twlce that of its corresponding LP fllter and is always even. The

resulting BP amplitude response resembles its LP counterpart shifted upward In

frequency from O to wgy. A structure for second order Butterworth-BP filter Is

3
lllustrated in Fig. 3.13. The 2nd order BW-LP transfer function is [6]

. ) |
e H LP (S) = ( 8)
i 52 4+ V28 +1 ?,e
substituting Eq. 3.27 Into Eq. 8.28 we obtaln new 4th \order_ Butterworth-BP
transfer functlon: ‘ " ,
) ”
. . o
H (s) s’w02 ) %) .
-BP\8 ) = - , 8.2
X BW -BP D) (
where 3

D(s)= §'Q2% +25%w Q%+ wiQ? + ﬁsaon + \/EswoaQ-i- s%wg
*The amplitude response’In logarithmlc form:

»
.

.
| Hpw_pp (Jw) | = 2010g10(w2113§ ) — 20log,0v/(MZ - N3 ) | s=ju (3.30)

-

where

C My(s)=5'Q% + 2s"’w02Q2"+‘w(.;‘Q2 + 52w
Noy(s) = V2(3woQ + swlQ) ' A
G ‘ ' .

'w\o —a )

c
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Y | ,
Q = c.

The BW-BP amplitude response 1s plotted In-Fig. 3.15 for various Q. The
diglitally programmable concept 1s employed to shift centyer frequency and Q-
factor. The BW-BP amplitude responses vary inonotonlcally on both sldes of its

& -
peak with a maximally flat passband. It Is clear from the graph that higher Q's

correspond to sharper passbands.

-
The group delay response for 4th order BW-LP fliter Is derlved u ng stan-
- .

+

3.7.2 Group Delay Response of BW-LP & BW-BP Filter \

dard polynomlal [9]. The 4th order polynomial Is given as

(82 + .7655 + 1)(s? + 1.8485 + 1) -
=814+ 2.61353 + 3.41425% + 2.813s + 1

using Eq. 2B from Appendix B, we obtaln

Ll

2.6131w°% + 1.082847w* + 1.0820847w? 4 2.8131
N

v Tgw_rp(w)= . & (3.31)
(
where
wal ‘ /
w, \
G
 Wo = T

The 4th order BW-BP fliter group delay“response is derived from Eq. 3.29 as

follows:
s (w);\/E('wﬁona-w‘w(?Q3+ viwdQ - wiwgQ®
BW -BP wiQ* - 4wlwdQ* + bwiwd Q! - wwiQ!
< | +wiuiQ +wiQ? (3.32)
o . B . + w‘wﬁ4 + U)‘()SQ4 ’

i
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Egs. 3.31 & 3.32 ar; plotted in Flg., 3.16 & 3.17 for BW-LP and BW:BP filter
regpectlvely. The center frequencyris changed by progrémmlng the DAC's. The
BW-LP response does not change as Q-factor does nqt play any role in this case
but for BW-BP, the response becomes sharper as Q gets higher. N

A

3.8 Chebyshev (CS) Approximation for 4th Order Filter

‘CS Is the 2nd approximation technlque used here to analyze the ‘proposed
fillter conflguration. If steepness o;' attenuation slope, especlally in the reglon of
cutoff, 1s more lmportant ;‘than passbandﬁat.ness ‘or phase llnearity, then CS
response Is often applicable. The CS fllter response Is superior (In the sense that
the Chebyshev translition width Is smaller) to the BW at cutofl and In the stop-
band, 1t Is, In fact the optimum all-pole fllter In this respect. The ‘BW 'amplitude
response 1s better than the”Chebyshev amplitude response In the vlélniby of w==0.
because 1t Is flattest In the /y!clnlt,y of w==0. However, In almost all other
respects, the CS response ls ‘f)etter To lllustrateﬁll these polnts, we proceed to

-

analyze flilter characnerlstlcs employing CS approximation.

3.8.1 CS-LP & CS-BP Approximations of Amplitude Responses

We pave seen In sectlon 3.8.1 that the BW-LP amplitude response 1s the
flattest 1n the vicinlty of w= 0 and for large values of*w than the Chebyshev
response. The Chebyshev amplitude response has better roll off (>6 dB/octave)

than the ButterworKh (6 dB/octave roll off) response.

The CS-LP filter is an optimum all-pole ﬁlter. Its amplitude response 1s

given by [1] )

o

| H(jw) | = — k , n =123,. . (3.33)

* w
1+ 620,.2('")—‘)

4
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~ where
¢ 1s'a constant and
C,(w)=cos(ncos'w) = - (3.34)
is the CS polynomlal of the first }(lnd of degree n.
and w==cosf "
| By Eq: 3.34 we see that ' i ’
. Co(w) == cos0 = 1
‘ © Cyw)=cos(cos'w) = w . (3.35)
The amplitude reaches Its peak value of k at the polnts where C, Is zero,
Since these polnts are distributed across tihe passband, the CS response has rip-
ples In the pasépand and Is mon’o_tonlc decreasing elsewhere. Tlie width of the rip-

L ‘}o—a )
ples Is determined by the value of ¢ and the number of ripples iIs determined by

v n. The value k determines the galn of the fliter.

The £S-LP response for 4th order fllter 1s plotted in Fig. 3.18 with 3 dB rip-

ple width. To find ¢ we use

. ) L
- — 3 = 20log,, , € == 09763
. - . ;1 + €2
S N — )
P " The CS polynomlals are taken from table [1]. ~

For ‘
2nd order, C, (w)=(2w?-1)
4th order, C, (w )=(8w*-8w?+1)

%
The amplitude response for 4th order CS-LP (in dB) iIs

H

- . | Hgg_tp (jw)| = - 20log,oV1 + e 2(8w* — 8w? + 1)? (3.36)

The passband' shows ripples as Its characteristics..In return for the lack of

' smoothness In the passband there are advantages In a very much higher roll off

-
4
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(>6 dB/octave) of cutoff polnt around the edge of the passband. The center fre«

quency Is varled by using programmable components In the amplitude response. .

To understand why the CS polynomlalﬂ ylelds a good approximation lﬁ ‘Eq.

A Y

3133, let us conslder some of Its propertles. From Eq. 3.35 we have

b

C,{1) = cos(n cos™'1) = cos0 =1 (3.37)

Usling the expression cos™(-w )=m+cos™ w, we may write

S - . < \
C, (-w )=cos [n cos“(; w )] = COoS [n,(vr + cos‘fw')T_ * (3.3¢)
o == cosn 7 Cos (n dos™'w )—slnn wsin(n cos w.)
or , a S

. C Gw) =G w) | (3.39)
Thus C, (w) Is even or odd according to whether n Is even, or odd, and therefore

/ -

ke d

C',,Q(t?) Is an even function [1].

v

*

The zeros of C, (w) are all real, distinct and 1}3 In the Interval -1 <w < 1.
. : M ' -

Since C, (w) = 0 requlres §=(2k —1)‘—2-751- and thus the zeros w; are given by
) 4

L4
W = cos(\2k - 1)—"— ; kK =1,2,.n
2n.
. ] iy
also on -1<w <1 we have | C, (w)| <1 slnce C;(w) Is the cosine of a real

number In that case. Outslde this range, on | w. |->1, C,(w) has no more zeros
and thus 1s a monotonlcally Increasing9 (or decreasing In the case of negative 'w)
function (1],

\ ' >
The 3 <§ frequency Is

WadB =,co$h(-:-‘-cosh"—i-) - (3,.40)
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4

we note that for exactly w, = wy4p If €=.00763 In which case we have the Che-
. “ . . AS

byshev ﬂltér with 3 dB ripple width.

Chebyshev bandpaséI transfer functlon.ls obqalned from normalized CS-LP

2nd order function of s by uslng the transformation of Eq. 3.27. From Table [9] >

2nd order CS-LP transfer.runctl‘on with 3 dB ripple Is given as:

, :
- 1 .
Heg_1p(s) =4 - : (3.41)
| 52 4 .8455 + .708 \
' | )
using transfornations of Eq. 3.27 ' L i k\
1 — hd 1
s2+wg . s+ wd X
(———— .5 )2+ .845 .8 + .708
Wo Wo
m———— L e
Q : Q o - .
— 1 2 . »
Q%+ 252w lQt + wiQ?  .845(s,+wd )Q
: : + ~ + .708
N w0232 Wq.8 .
wis?

: : ' (3.42)
Q%+ 252w PR+ w Q? + .8455%w,Q + 6455w FQ + .7085 2wg

where . N <
G o

—_— ' Y
W= . )

. C
C

=-b—;-

~ ' '

multlply!n’g the denominator of Eq. 3.42 by its complex conjugate we obtaln the

amplitude response (In“dB) of 4th order CS-BP filter. {

‘ ‘ M .
| Hog_gp (Jw) | = 20log,q(w?w ¢ ) - 20log,oV D . (3.43)
where ' -

‘i

!

D.=V(M22_N22)|a=jw f :

«

A



N

M,=s*+2:°wiQ?+ wiQ? + .7085%w
. N, = 84553w,Q + .8455w3Q

-

The CS-BP amp]ftude.response Is plotted In Fig. 3.19 for varlous Q's. The

responses show passband ripples (varles smooth to shérp as Q Increases). In Che-
byshev response the Q programrmabllity method can be applled to obtaln pro-

grammable ripple 1n the passband. For example, to obtain a 4th order (2 ripples)

CS response, two second order responses with appropriate Q should be cz_ascaded
using programmable metho& as descrlbed earller which will glve a 4th order
response with two ‘rlpples. Programmable DAC’s are used to shift the center fre-

quency'as desired. In BP fllter the center apd cutoff frequencles are related by

where

\
1 1 o O
W =wel-oQ +4/1+20% -

1 1 '
w, = wo(=Q .+ ‘\/ 1+ —Q?
2 ' 4
The CS-BP amplitude responses are plotted for 3 dB ripple.

+ ’ '
3.8.2 CS-LP & CS-BP Approximgtio%pf Group Delay Responses Co

Derlvation of 4th order group delay response is done as follows: From Table

[9], the denominator with 3 dB ripple Is glven as ’ ~

« (6% + .4115 + .106)(s2 + .170s + .003) .
= %+ 58153 + 1.1688752 + .4044535 + ./178988

so the group delay response of CS-LP filter Is |
.. |
-‘ Cle

.58w8 —.53424553w* +.16426280w2+.071583328

, (3.44)
w8 —2wb +1.25025860w* —.2561(69'036w 2 +.031324752

Tes-tp(Jw) =

—
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simllarly, the group delay response of CS-BP filter Is derived from Eq. 6.42 and

found to.be 1
¥

. N - . N " '

. . Tes-pp (W) =35 . (3.45)
A 4 * .

where
’ N = .845w°w,Q° - 845w w°Q° + .456655w *w Q
- .0450%w g Q° +.4560850 *w i Q + 645w Q° ~ _ )
R and ‘ ' ‘

3

14
D = wiQ* - 1w wlQ*- ww Q% + swiw Q"
+ 2wt fQ?-1wlwlQ* + 501204w'wt - wiwfd Q2+ wfQ? “
-\ The responses for both Eqs. 3.44 & 3.45 are plotted In Fig. 3.20, 21 for varl- ' ’
ous Q's. The response shows 2 ripples as expected. As the order goes higher, the

-

;' distortion of the slgnal l.s peaked moré.
- -

In thls chapter a structure of a digltally programmable analog fiiter 1s
presented and throughly analyzed. At first, a 2nd or;der clrcult diagram 1Is
developed based on the proposed princlple. Amplitude and 't,he group delay
responses of thls clrcult wetze.analyzed with emphasls on the progrgmmabllli}y of

different parameters. The varlous fllter parameters are programmed digitally and

independently as was the objective of the proposed%pproach.

AY !

Secondly, higher order Sfilter reallzation was éonsldered. The cas_cédlng

method was employed to realize higher order fliter structure and again the pro-
~

grammabllity concept was applled to verlfy thé proposed approach. The results

were as expected. Finally, the approximation methods (Butterworih & Che-

.\\ byshev) were applle‘d to verlfy the programmabllity approach. In approxlmation
analyses, a 4th order filter structure\was consldered. Respbnsés for 4th order

e fiiter were better than 2nd order responses In many aspects. The '4t,h-order fllter

\
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lga:ve a sharper response. The concept-of digitally programming the center fre-
. . N .

quency and other parameters were verified for both BW and CS responses. ’

In this chapter the digltally programmable fliter principle 1s examilned
assuming ldeal conditlons and ldeal components. In the next chapter, the non-
1deality of these components 1s examined and a second order structure of digitally

programmable filter 1s Implemented and its results are obtalned and compared

with the theoretical results. The practical llmlitatlons of the programmable
parameters are Investigated as well. 4

2

Sy . *

Vi
PPN, "o



CHAPTER 4

¢ S

NON-IDEAL EFFECTS OF OP-AMPS AND DAC'S
IN PROGRAMMABLE FILTER CHARACTERISTICS
J ,

" In the precedlng chapter we have Introduced a concept of digitally pro-
grammable analog filter realiZed by current-type DAC’s and OP-AMPs. It was
assumed that the OP-AMPs and DAC's were 1deal. In practical realizatlons, such
a network will deviate from the ldeal responses malnly due to flnite and fre-
quen;:y dependent galn of the OP-AMP, due to Input Impedance, offset voltage
and currents. Similarly, DAC's Introduce varlous undesirable parameters such as
non-llnearity, finlte resolutlc;n and speed. Still other effects are Introduced by the
feedthrough capacltors of the switches In t,k;e DAC. In thls chapter, first, the alm
1s to study some of thegffects of these non-ideal characteristics of these real com- . -
ponents, especlally on éne perro;;g]ance, limitation, deslgn guldes for the proposed’
programmable filter struciure. Secondly, a hardware Implementation of the pro-
posed filter conflguration on a second order progtlammable Alter 1Is realized to ver-

ify the proposed concept and the analytlcal results obtalned In the last chapter.

4.1 The Non-ideal OP-AMP

In analyzing the ﬁl‘ter characteristics In the previous chapter we have
a.ssumedvldeal. condltion for OP'-AE\AP. In practice, the influence of finite and fre-°
quency dependent galn of L(Qe OP-AMP 1s well known and has to be taken Into
consideration. The tyﬁlcal one pole \model of a finlte galn 'OP‘AMP is
representeci by (3] \

°

Aqw ’ . .
Alg) = —22_ : S (a1)
. " § + w,
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\ S S
wme%o denotes the dc gamn, l.e,, the ga!n\a\s——o and w, Is the 3 dB frequency

or the ﬂnlte galn OP-AMP The above gnodel wlll be substituted for finite galn

OP- AMP to derlve new transfer function in the next section.

4.2 The Transfer Functions with Finite Gain OP-AMPs

In chapter t:hree. we obtalned transfer function of the proposed filter
conflguration with 1ldeal pafameters. In thls section, we f),,roceed to derlve new

transfer function of Fig. 4.1 using a model for finite OP-AMP and see how the

real OP-AMP affects the programmabllity of the varlous filter coefficlents.

Fig. 4.1. Second order prog_rammabfe filter with non-ldeal OP-AMPs.

_ Using Eq. 4.1 for the finlte galn OP-AMP model and the Fig. 4.2,
% . ' »

-



'T(s)=(y1 —Vz JA(s)

Fig. 4.2. Finlte Galn OP-AMP.
_we syntheslze new*rans\fer function ror: the second order prograrﬁnfable filter of

Fig. 4.1.

N
Vi (G + G + sC, + sCs)- Vin G1 a+ V1sC, + V(G + soa) (4.2)

Xy ) :
V"k(G+so)=Vc+stc S (3
, : : .
' i T ‘ where "V, = -——m(vl + Vg)
S T
. v V k A(s) 2
A = Ao
! ~ k
- . G =g, Yy 2t b, '
. n =0
: k
-~ . .and G,=0m Y 2", ,
X N n=0
from Eq. 4.3 )
: | ’ .
) V(G + sC, + A(5)sC,) )
s V = ’ * .
s 6E s
> S V.4 (s)G : |
. : V= 14 (6) . : (4.5)

G +sC,+ A(s)sC,
substituting Egs. 4.4, 4.5 In Eq. 4.2 we obtaln expresslons for BP and Ll5 transfer

A

* functions.

The new BP transfer function,
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\
Glew (82C, + 8Cow, + sG + sC,Aow + Gu, )

Hpp(s) =

— . pp(8) M, + N, (4.6)
. . . . N '
The LP transfer function,
q A 2wlI,QGGl '

LP ()= W (4.7)

wherie T -

M, -_s‘(CC + C,C, +s"’(G + GG, + 2C,Gw, +2CG’w +2C, Gw
+2C,G,w, + C,Cw? + C,C uw,? +C eGAw, + C,G A, +2C, C’ngw

+CCaAOw + €¢,Gagw, + C GAowp-i-C‘pA w, + C,CA fw)

+ G?w, +GGw + G?Aw,® + GG A qw,’ -i-GA"’w2

and

N, =5%C,G + C3G + Cy,G + C,Gy+2C,Cow, + 2C,Caw,
+ 2C C,Aow + C,C3A 0w, ) + 8(2G%w, +2GG,w, + C\Gw,? + C,Gw,?
+CGw +CGw,, + C,GAw,* + C,G 1 Agw,? +G’"’A0w ‘
+ CIGAOw + CGGAOw 4+ C’,G’Aowp + C,GA wp + GG A qwy)

The amplitude responses for the above transfer runct\ons were plotted using loga—
rithmlc function in Flg. 4.3a, 3b, 4a, 4b for center frequency of w, .10, 100 K
rad /s . The numerlcal values for Ayw, were taken from data sheet of LF 356B,
~ the wide bandwlidth OP;-AI\/IP used In our‘,experlment. This particular OP-AMP
IS a monolithtc JFET Input operatlc;nal amplifier wixlch Incorporates 'well

matched, high voltage JFETs on the same chip with standard bipolar transis-
tor[11]. This OP-AMP Is deslgned for high slew rate (12 _;v; ) and low voltage

and current nolse. A ,’= 106 dB and w, = 2n+40 rad /s [17].

Al ~

We notlce ln the plots t,hal:. no significant changes took place betv)een ldeal *

and non-1deal responses for lower frequency ( wy=10 Krad /s ). For higher fre-

duency the response vary as observed In the plots. For low frequency the finite
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{
gain (106 dB) OP-AMP behaves almost like an ldeal OP-AMP. For higher fre-
{ » . - [3 .

quencies (In the 100 k range) OP-AMP starts devlating from its ldeal characteris-
tics p.nd provide undesirable responses. Evidently, this deviation 1s due to finite
gain bandwlidth product of the OP-AMP. The devlation also occ&rs due to dc
errors. There are two sources of such error, namely offset current and offset vol-
tage. The offset current 1s deflned as the difference between two blas currents

modeled as Ig, and Iz, and shown In Fig. 4.4C.

. TR O ’
v
oS

1
I
B2
13 + _EC/ . ¥
I
Bl

@)

e——n,
——

\ ) .

S |

Fig. 4.4C Programmable Integrator model with dc errors

i

' Matliematlcally,

- !

. ‘ Is=[1Ip,-Ip, |
where I,, = offset current '
Ig, = blas current In non-Inverting terminal

Ig, = blas current In Inverting terminal ‘ -

the offset’ current 1s typlcally 5 to 10 percent of the Pias current. Blas
currents are small, typically In the 100 nA range. Blas currents are even smaller

In FET-Input OP-AMP ( 30 pA in LF 356). %

A
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_ The second source of dc error in the OP-AMP characteristics Is the offset
volt,agg. When an OP-AMP Is operated with no differential input, a voltage will
appear at the ‘output, even though the input voltage 1s zero. This effect Is m[odeled
by the offset voltage ( V,, ) as shown In Flg. 4.4C. The offset voltage accounts
for any transconductance varlation of the OP-AMP Inputs. The combined effects
of these'two dc errors on t,he~ programmable Integrator (i?‘lg. 4.4C) 1s derlved

below to see thelr effects on the programmable fliter [25,26].

#

<

Irrespective of the input slgnal there will'be a dc current through the feedback

capacltor glven by L

I=(V,-V,, G-Iy

LSRN
after a tlme of Integration { has elapsed, the following voltage appears o

. 1 t :

° - Vo=Vo -5 {w | .

4 ¢ ‘
1
= Ve [(Va =V )G ~Ip )
¢

e ¢! |

! . _V,,}x (V,,a )-—CT [v,dt . (4.8)

-_—0 . .

output offset output signal

The additlve error of integratlon is chlefly glven by the second comxgonent of the
output offset term which lncreases\ llnearly with time from zer,b to a maximum
value. However, the e;rczr contributed by the dc components In the proposed gro- ’
grammable lntegritor is negligible (.195). This can be easily seen by dolng a sam-’

ple calculation using Eq. 4.8 ( values are taken from LF 356 data sheet where

Vos =1mV , Ip —30}7/\1 ). Furthermore, th reduce the output dc voltage due to

the blas currents In nhe proposed conﬁgujratlon, a reslstor 1s connected with the /

I
!
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noninverting terminal of the OP-AMP. In thls sectlon, we examlned the maln
sources of error In the OP-AMP and thelr eflects on the programmable fllter.
These effects are negligible. In the low (audlo) frequency range. The devlation

4

becomes significant If the frequency increases to higher ievels.

a

.
K

4.3 The Non-Ideal DAC's

« This section deals with the non-ideal parameters of DAC’s. The DAC used
to construct the prpgrammable Integrator Is, a current-output type DAC. The
current output of this DAC Is iIntegrated directly using a feedback caf’pacltor
across the OP-AMP to obtaln the programmable lntegrator\ model. The DAC of
this type usually consist of welghted resistance v'alues, each controlled by a par-
t;lcular level of digital Input data with varylng output currents or voltages in
raccordanfe with the digltal Input code. DAC's, made of FET or conventibnal
transistor are also avallable for thls type of appllcatlon.. However, the; are not
very ’u,serul in this particular appllicatlon since they requlre' ‘a blas resistor. This
blas reslstor eventually appears In parallel with the Integrating capacltor of the
integrator. The net result 1s a lossy Integrator which 1s undeslrable in this appll-

cation.

To overcome these problems, a R-2R resistive ladder DAC Is chosen for this
design. The DAC used In our hardware experllilent (DAC 1020) 1s a 10-bit
current-type multiplylng DAC. A deposlted tilln film R-2R Yesistor ladder divides
the reference current and provides the clrcult with excellent characterlstics. One
of the advantages of the R-2R ladder 1s that the lmpedance as seen rrom‘t;he
Input to the OP-AMP 1s constant. Hence bandwlidth and resolutlon do not
change with digltal setting. Another Important fact Is tli(at all the resistors are
elther R or 2R and the accuracy 1s not dependent upc;'i}' the absolute value of all

¢ . .
R's, but rather only thelr differences. Simllarly, temperature effects are only
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significant with respect to how well all the R and 2R resistors track each other,
—

resbectlvely. The clrcult uses CMOS cilrrent swltches and drlve'clrcultry to:.

achleve low power consumption (30 mW max) and low outp\;f, leakage currents
(200 nA max). The digital Inputs arer compatible with DTL/TTL loglc levels as
well as CMOS loglc level swings [20]. This part, combined with an external
amplifier . and voltage reference Is very attractlve for multiplylng applications
s}nce its linearlty error Is essentl.ally independent of the voltage .reference. Flg.

4.5 shows the schematic of the DAC where the binary welghted current Is glven

'by

Note: switches shoun 1n digital high state
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Flg. 4.5. Equlvalent circult of 10 bit DAC 1020 [11].
I, = Klgg [blz" +b6,27% 4 -+ + b2 ]

where .

ny ~—

I, = binary weighted oﬁtput currént
" K = galn - ’ ' \
| IFS' = Full-Scale output current
: Ifi,bz,---vbn = n-bit Input word

! -

The key polnts discussed in the next few sectlons are the non-ldeal parameters of

the DAC and thelr Influence to the proposed programmable fiiter configuration.
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4.3.1 Re;olution of DAC's

The term resolutlon as applled to a DA\C refers excluslvely to the\ number of
bits or the corresponding ﬁumber of discrete output levels. The resolut,lpn of a
DAC affects the step slze of the programming rar}g‘e In thls digitally programm-
able filter structure._ The resolu'tlon of a DAC !s determined by the width of the

Input word and by the full-scale output current or voltage of the DAC [4]:

DAC resolution in' volts = (4.9)

S 2"

.

A 10-bit Fconvert,er with a full-scale voltage of 5-volts has a resolution of 4.88
Fmv, for example. Howe\;er, resolution can be stated In different ways. A 10-blt
* DAC may be sald to have 10-blt resplutlon, a resolution of .097 percent of full-
scale or a resolution of 1 p'art In 1024. DAC'S are avallable with resolutions rang-
lng~rrom as re\w as 6 blts to 18 or 20 bits. Resolu'tlofxs of 8, 10, 12 and 14 bits are
quite common and economlical. Above 14 bits, DAC's become more‘expenslve an&

‘greater care must be taken to obtaln thelr full precision [4,22]. .

R . ' \ '
4.3.2 The Effects of Non-linear DAC's

A .
Fig. 4.6 shows the graph for -an-ldeal 3-bit DAC where analog output 1s a

linear r'unct,lon of dlglta] input.

\ ) w .
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.. ture, age and varlations In supply voltage. The galn and offset volta,ée of a con- ‘
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. Fig. 4.8. Ideal 3-bit DAC relationship [22].’

However, In reality, the gerformance of the DAC will change due tc}/tempéra,-

verter drift with time and temperature, as do 1ts integral and differéntial linearity
s ’ /
errors. o

.

. . . . ‘ .
- Linearlty errors, and- more lmportant- thelr varlatlon with temperature are

" affected by varlatlons of resistance in both the resistors and switches of the DAC

e o

[4). The errors produced by the analog components used to bulld a DAC can be

malnly attributed to errors caused by bit switches and resistance tolerances. The
. )

purpose of this section Is to lllustrate thé lmﬁortant converter limitation (non-

llnearity) and_, Its effects on the frequency'responses of tlié program_mable fllter

’

conflguration.

A%

" The llnearity error In a DAC Is usually specifled as.a fraction of an LSB or

" as a percentage of full-scale voltage or current. Typlcally, this value 18 4-1/2 LSB -

(DAC 1020). Consequently, an n-bit DAC will have a resolutjon of the order of -
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where Ag¢,, =+ ) , , L
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'%T' Since the proposed technlque provides a binary welghted conductance as

.’ . . k .
A ‘G=gm Z2nbn ¥

n =0

> .

We can conclude that the effectlve transconductance dué-ta a non-ideal DAC will’
be , AN
9" m = 9m A+A9,) . (4.10)

g hY

2*2"
We replace g,, by Eq. 4.10 In the appropriate BP and ‘LP transfer runct!on
and plot them to see the varlatlon ' ln the amplltude response. Using different n’

(b1t s1ze), we observe how non-linearity varles.

Forn=4

. <
2nb, - 1 k 2"b

((——) % —

o

G
wO='E"=

2*2" n=0

using C = 10° F, g,, =10, highest bit and the positive value only; we get ~ *

1 | 15+10*

w,= (1% ) = 154687.5rdd /s )
° 2+¢9%" 107 .
) o w, linear ~w, non —linear
% linearsty error = ¥100 ,
: W, linear e .
. . . < & 4 — i
&;lmeantycrror == 15 10” - 154687.5, *100 = 3.125%
15 # 104
similarly, n=6 p :
1, 63%10°%
Wo = (1;};—-)——‘73—- = 634921.875rad /s -
2#2%° 1078
° . o *10% -6
% linearsty error = 83¢10~ 34921 875 *100 = 781%
- : 4 )
t T 83+10

R
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“for n=8
ey 1 ¥10* ' -’ ¥
w, ='(1+ )255 10 _ 9554980.460rad /s
- s 2*28 10-8 -
. : *10% - .
% linearity error = 255 * 107 - 2554080460 *#100 = .19% = 0.2%
/ 255 * 101
for n = 10 (DAC 1020)
L} ‘ \ . e
- * 4 . . -
wo = (1% 1 ) 1028710 _ 10234995.11rad /s
hd 2*2!0 10‘8 . : . ‘g
fee : g ¥10% - . ,
% linearity error = 102310 - 10234995.11 , 100 = .05%
1023 + 10 , y
for n,= 12 . ) —

|

+ 101

wo = (14 1 )4095 19 = 40954008.77rad /s
2+#2127 1078 :

4005 *10* - 40954998.77
—
4005 *10*

% linearity error = *¥100 = .012% -

LY

To see the numerical value In graphlcal form, we plot them In Flg. 4.7,8,8
for n=4,68,10 uslng llnear and non-llnear expressﬁis/( of the DAC In the the
transfer functlons of Eq.t 4.6,.4.7. The graphs acknowledge that center frequency
does not shift In a llnear fashlon. This was due to the linearity error In DAC.
The dinearlty error 'calc'ulét’edi above Is same as specified In the data sheet. The
linearlty error éoes lower as resolution of the DAC Increases as evident In the
above calculations and In the graph;s. The error 1s very low for 10-bit DAC andv
upwards. It should be mentloned that the DAC above 12 bits are difficult to use

because 1t 1s more expensive and greater care 1S needed to obtaln full precision as
\ " . ‘4 .

+

mentioned earlier.

The shift in center f;'eq‘uency due to the non-linearity of the DAC can be

~ corrected 1n the programmable fllter.”"For a DAC-wlthl n (n=0,1,.,k) bits there

will be 2" varlous bit pattern generating 2" different center frequency. Any

5 ¥
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non-lnearity In the‘ center frequency can be corr?cted by appropriately repro-
gramnming the bit pattern of the DAC to take care of the error. There Is an
exception to this caise. When highest blt pattern.(all one‘s) is used) Lo obtaln a
center frequency and If thls cause a shift (error) In the center frequ'enc,v, this can
not be corrected using above mentloned- method. This 1s because t.lie bit pattern °
can only be changed In the -ve (sm'all“er value) direction to correct the errof, not

in both directlon as may be requlred.

°

The le‘ékage currents assoclated with the OFF state resistors of t,he‘ swlitches
can be a problem If the clrcult ls_operated at very low current levels ( LSB
current of << 10 uA ). This Is due loss of gch.arg,reg' from tﬁe Integrating capacltz)r.
In most designs (as In ours) where falrly high (mA) current levels 1s malntalned,
lthe le:«;kage currents are ngg’llglble except at very*h!gh t,empéerat,ux"e. Yet another .
parameter, the OP-AMP blas current ( Iz ) may lng‘)'oduce error when it flows

through the Internal feedback resistor (15 k) of the DA.CC. However, It Is found to

be negligible ( Ip *R; ==30pA * 15k =454 V ) for the given configuration.
. , 3

4.4 Summary . - . /

-

:An'overvlew of DAC characteristics has. been discussed with emi)hasls on Its
non-linear eflects, speclifically on the amplltude respor;ses of the programméble
lE’m‘pass and bandpass fllter. \jVe obéerved that the non-linearity of D;\C decreases
as resolutlon.- of DAC Increases which was clear In the plots of the of the ampli-
tude responses. We also observed that non-linearity of DAC In programming the
center frequenqy or galn can be corrected by reprogramming the blngry digits of
the DAC. Both DAg.and OP-AMP have non—ld%?;z)parameters Lh‘at\aﬂect tpe
performance of the digltally program'mable filter. These non-ldeal paramf:ters

r

prevent the fllter IEom performing well at higher frequency range.

e



