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1) Field of the Invention.:* The invention relates &

nmet hods and apparatuses for the realization of frequency band- stop,
band- pass and | ow pass filters as integrated circuit el ements on a
silicon chip for use in a quadrature noddal ator which can 10 generate

conpl ex nodulated radio signals. 2) Di scussion of Related Art.

The - prior art for the construction of frequency selective filters

I ncludes: (1) passive inductor-capacitor filters; (2) passive

resi st or-capacitor filters; (3) active RC filters; (4) distributed
RC filters; (5) gyrator-capacitor 15 filters; transm ssion |line or
wavegui de filters: (7) swit QS4DRA MODULATOR f rs; and (8) digital
filters, each of which is RNTRGRATEDHRISFRIBUTED RC FILTERS The construction
of inductor-capaC|tor filters on a silicon chipis constrai ned by
the very small inductance values that can be achieved with spi ral
metal lization patterns within a frequency range above about 2 GHz. 20
Passive resistor-capacitor filters can only synthesize a |imted subset

of the possible frequency responses that m ght be required, and at | ow
frequencies are linmted by the avail able RC product that can be made while

S - ackground
1) Field of the Ivention.

" The invention relates to methods and apparatuses for the realization
of frequency band-stop, band-pass and low pass filters as integrated circuit
elements on a silicon chip for use in a quadrawre modulator which can

10 generate complex modulated radio signals.

2) Discussion of Related Art.

The prior art for the construction of frequency selective filters
includes: (1) passive inductor-capacitor filters; (2) passive resistor-capacitor
filters; (3) active RC filters; (4) distributed RC filters; (5) gyrator-capacitor

15 filters; (6) transmission line or waveguide filters; (7) switched capacitor
filters; and (8) digital filters, each of which is discussed below.

The construction of inductor-capacitor filters on a silicon chip is
constrained by the very small inductance values that can be achieved with
spiral metallization patterns within a frequency range above about 2 GHz.

20 Passive resistor-capacitor filters can only synthesize a limited subset
of the possible frequency responses that might be required, and at low
frequencies are limited by the available RC product that can be made while
also being limited at high frequencies by stray (parasitic) capacitance and

resistance.




al so being limted at high frequencies by stray (parasitic) capacitance and
resf $t ance. -2 -
Active RC filters can provide useful performance up to a few

megahertz, but are limted by the performance and bandw dth of anplifiers
as well as the parasitic effects nentioned above. Unfortunately, the
anplifiers consunme power and limt the dynamc range. 5

Distributed RC filters are, on the other nd, inherently based on the
parasitic capacitance ' [%tﬁﬁr SHER i bed in

"Ti dskonti nureliga La%%ggsggﬁ?ﬁﬁg\r%g@ y lggffgrl naeagntgggt%wand Mat s
Tor kel sson, LUTEDsgahdes, tbur @eolitited by theogerformgnte. and bandwidth of amplifiers

Gyr at or - capaci t or

filters use, an_active.. ance.pnverti ircuit to 10
make a capaci torasf‘fﬁ‘tﬁ %‘ﬁ ARSIt ﬁfﬁﬁ'ﬁm,"g@g&m&t Lt‘%’we&gltgﬁt filters may
be built. These ﬂﬁ]{'ﬁéﬁ@o@mﬁ_eP@Q&bm fiit tg@aﬁ@_aﬁén{uigg‘ters up to a few

or filter can be

megahertz. The Gyrator-Capaci classed as a formof active
RC filter. S Distributed R{s filters ase, on the atier\handijoherently based onthejui r e

el ements that ar : VR Ca : rier vel ength |0 SO their
construction on ézr%sﬁlxcpcapég Lﬁ&%mw& 15‘*%.“8&?%e5ﬁ%ﬂ%ﬁ§%@g?é‘hgt hs above 2
CGHz. "TidskOudirfue¢lipd ippagi Fikéri OMOST, DyoRfakiCHagE6m dhd Matd a
nunber of different rinciples, but all require transistor swtches
to operate at a VEK§IssoBck X/GEEEﬁﬁgsi’)/ﬁ’Peéﬁér(égs han the operating

frequency range of t 'ok&%ﬁgpiage£%emﬁtﬁé%bg&ﬁcé {iFErind Wrch o8 T W

hundred kil ohertz. Moreover, nam c range
swi t ched- cdfaci tmakefa tdpacitori fandtioni dseatl ibuctdreso that GO equivatent Gitedsamay
Digital filters are very flexible in the _frequenc reag’gtgsae repertoire

they can real i z e Bl 73 FIFITE AT _%f?ﬁb : %%@F@_ _ fo¥ t he ot her
roqui red 25 0 BHApets. Thi Cytliofahckl Rl dan e il 1 o AR
range and speed.RCfilter. Digital |ogic power consunption is also a factor
o o, 12501 1CES SUCh Habdon e or el iR HEHRER ARV, e
present inyenti ogpicABks gefrdrSwiveRngth long so their construction on a chip is limited
to the micro-wavelengths above 2 GHz.
Switched capacitor filters operate according to a number of different
principles, but all require transistor switches to operate at a very much
higher frequency than the operating frequency range of the filter. This
20 restricts their use to a few hundred kilohertz. Moreover, the dynamic range
of switched-capacitor filters 1s limited by their high noise levels.
Digital filters are very flexible in the frequex;cy response repertoire
they can realize, and have the advantage of no tolerances. On the other
hand, the signal to be filtered must first exist in digital form and the required
25 analog-to-digital convertors restrict both the dynamic range and speed.
Digital logic power consumption is also a factor which restricts such filters
to the 300 kHz region or below in practical applications.
The frequency range upon which the present invention focusses is the
0.3 MHz to 300 MHz region. This is above the range of most of the
30 . techniques mentioned while being below the range for transmission line



0.3 Miz to 300 Mz region. This is above the range of nost of the 30

techni ques nentioned whil e being below the range for transm ssion |ine

- 3- solutions. Htherto there has been no practica
silicon-integrable solution for t hese three decades of frequency,
whi ch enconpass virtually the entire radio communi cati ons frequency
spectrum Accordingly, the present invention "~ was conceived to
address this |nportant range of frequent?és The present 5 i nvention

Thove. 1%¢ O OGNS Bimbn ok hds'vee 56 pRcaldl ol EiRelBl LRARH for

The present in\f?'égg'ﬂ&@e t&dadb et th&ﬁchaéﬁéoﬁp \ﬁimmysthéenutdlﬁdm

- realization of guency band- stop, band- pass_and | ow pass filters as 10
integrated ci rcummlmioanmﬁﬁ‘eqmma' qzetmmﬂ Assprlingly, the present inventiphe | nvent i ve

met hod al l ows the manu of ..cont u filters in
frequency rangd&S QR rﬁd Y QUSRS %# %g?q nlce)s\/vnTﬁg%&’gnt

techni quess SUCiﬁvethbﬁ BiakeP iR dﬁa@he@kslafmeaismcbm RC ttivhniipes nthiigedof
conpl ex- nodul ated radio signals with the aid of digital signal

processors and abeve. guadr ature nodul ators. The inventive filters are
ainmed to be suitable for construction as part of integrated
circuits for analog or mxed anal og/digital radi o communi cati ons

si ghal processing applications. Summarv In the present invention,

new di stri buted RC filter structures and . I |cat| ns.are

di scl osed, and in mlﬂVMﬁ#‘F@&/W@Gﬂ%@‘ﬁgg tuses I8 46| ers creat ed

by manufacturi 3 SNy Pa8CHiltdrS as | ayer
properties. W{lrl g{'f;@ﬁ% P&ﬁt st r u %Sgggllncl ude means for
sel ecti vely SWllﬁtﬁﬁmw du‘d:uﬁrdkmmts mfaslheomclnpw t i ncrerrent al RC lines and.

analog filters in frequency ranges not conveniently covered by other, known
techniques. Such filters are typically required in the generation of complex-
modulated radio signals with the aid of digital signal processors and

15 quadrature modulators. The inventive filters are aimed to be suitable for

construction as part of integrated circuits for analog or mixed analog/digital
radio communications signal processing applications.
In the present invention, new distributed RC filter structures and

applications are disclosed, and in particular, means to overcome the

20 problems created by manufacturing tolerances in the resistive and dielectric
layer properties. The distributed RC filter structure include means for
selectively switching in and out of the circuit incremental RC lines and for
selectively switching in and out of the circuit incremental nulling resistors.
Several embodiments are disclosed.



- 4 - Brief Description of the Draw ngs

Thes i nvention wiii" now be described with reference to the

acconpanyi ng draw ngs in which: - Figure la is a partially
schematic diagramof the structure of a 5 distributed RCline in
accordance with the present invention; Figure Ib is the
circuit sypbol for a distributed RCIlne fc‘*]lter such as shown in
Figure | a; Fi gure 2 ts a schematic di agram of a prior art

distributed R err] 1 ure 3 is a schematic
diagram of a prior art quadrat e, 9 fog,of the me‘ rangenene for
synthesi zing an ar bi t T ivermion will edwsbe)d&tiibed with reference to théi gure 4 is a
schemati c di agram of a quadrature nodul at or arrangenent in

gccordance with MMWWMMWME ' Figure 5is a

schematic di agram sh a?cfag; xer | anced
nodul at or s; owg&g ﬁIJEQ'L}J Yissih scﬁganga %fﬁea%ﬂﬁ%g?é section of
a bal anced Bil t edistributed RC line anmondameewimﬂ&ﬁrbsenpinesmmh i nventi on;

feesg

Figure 7 is a schematjc dlag,ramof conpl ete balancedfllter in
accordance with the ’S'é'@nlt ‘Fﬁ%ﬁm 91 or a distributed RE ling flter sush as
schemati c di agr ageh %ﬁ.g%se adjustable RC line in accordance
with the present | nvent| Figure 9 is a schematic diagram

of a switched nul | i ngFigemsiZisar schematic diagramiofrasguiior ani diberibed RE G ehed RC i ne
of Figure 8 in agcordance with the present invention; 25
Figure 10 is a s tic diagram showi ng the use of an adjustable

notch filtqp accordi nejehe 3 89 &mﬁtmww'%rmw%%dm&for

obt ai ni ng an adj ust abl € bandpass anplifier nse; Fi gure
11 i s a schemat | aragementfonsynthesizing anrasbitraryr modulated sigodl; a

swi t ched-tunabl e R] eﬁirg'lreqf%'acs%héxﬂau%c lggrrgr%no 2 quaﬁ:an}rg(xandp soernt I nventi on;
arrangement in accordance with the present invention;

Figure S is a schematic diagram showing prior art Gilbert mixers as

15 balanced modulators;

Figure 6 is a schematic diagram of a section of a balanced filter in
accordance with the present invention;

Figure 7 is a schematic diagram of a complete balanced filter in
accordance with the present invention;

20 Figure 8 is a schematic diagram of a stepwise-adjustable RC line in
accordance with the present invention;

Figure 9 is a schematic diagram of a switched nulhng resistor
combinable with the switched RC line of Figure 8 in accordance with the
present invention;

25 Figure 10 is a schematic diagram showing the use of an adjustable
notch filter according to the present invention in a feedback loop for
obtaining an adjustable bandpass amplifier response; ’

Figure 11 is a schematic diagram of a preferred arrangement of a
switched-tunable RCyyy, device in accordance with the present invention;



- 5- Figure 12 is one possible stepw se-adjustable nullling
resi stor for use with the switched-tunable RCerr] device shown in
Figure 11 in accordance with the present invention;

Figure 13 is a schematic diagramof a preferred arrangenent of a 5

stepwi se-adjustable nulling resistor for use with the sw tched-tunable

RC[ err] device shown in Figure 11 [n accordance with the present

i nvention; and ' Figure 14 i%s”a graph of the frequency

response of the filtet shown. in . Figure. 7. . .

Det ai | ed Descri pti one%ﬁ?ﬁlgn'ﬁrogf Persidle Eﬁgg&eg&w@blf&unmg resistor for usf o

i nventive filterwigptetswithedfunable| ROGS, devideSihowalih Feuré 11 i ccdbdance
shown in Figure la which utilizes the sheet-resistivity properties of
deposi t ed witl: theresent VERioRs such as a polysilicon filmresistive

filter 10, and the . C ' per-und i - | etween the
resistive filter 10 z;r%ﬁurg 13 ﬂ&%ﬁé@%&%@%ﬁ;\%&j 5‘?26?%5%{%43?@5% 0 a
common by a5 conrseepwiseradjustatile iuliing sesistorlfor use with tthd nvid:hed-ﬁmhblbdltt,ﬁ,\{@r 12

i nt erposed betwegn, the |layers 10 and 14. The |, resistive filter 10

i ncl udes an i npAEVIEE FREWR iR &15¢ ﬁ? 18, @ceogiancs, Wil the, present inventions #dect i on

[0 top lovel, the  Figwe TsEa O gk Moo SopoBRR b BiEs oWl B3I 1, ©

e.g., silicon, dfigmerta, 20 gal | i um arseni de, sapphire or pol yan de, an
insulating film211 conprising silicon dioxide, alumna, gallium
arseni de, sapphire, polyam de, etc., a conductive plate 14 of

heavi | y doped pol ysi || corpeun et by kel ibogimenss @ thin film
dielectric layer 12, and aresistive 11rter CONMpoSed o
pol ysilicokdor the |iThe inpentive filter constructiorsinctudessa distributediRC tine apol ysi | i con
L 10 2o L ot i 1 S s o Ay SRR AL oy e
descri bed by theon@sdtive AR sBEH as'4 pblysilibeH film ¢@siivk FRMBCEONRE the unit
| ength, and length. | The circuit synbol for a distributed RC
line i s shown i rfapacifapee-pas-unit-area properties between the resistive filter 10 and a
conductive plate 14 (connected to a common by a connection point 14a) with
15 a thin dielectric layer 12 interposed between the layers 10 and 14. The
resistive filter 10 includes an input connection point 102 and an output
connection point 10b. .
In order of the layers’ appearance from substrate to top level, the
filter is composed of a substrate 13 comprising, e.g., silicon, alumina,
20 gallium arsenide, sapphire or polyamide, an insulating film 11 comprising
silicon dioxide, alumina, gallium arsenide, sapphire, polyamide, etc., a
conductive plate 14 of heavily doped polysilicon, aluminum, gold or the like,
a thin film dielectric layer 12, and a resistive filter 10 composed of
polysilicon or the like.
25 Resistors formed by the polysilicon film 10 are treated as distributed
over and insulated from a capacitor plate 14 and, thus, as a distributed RC
line that may be described by the resistance per unit length, capacitance per
unit length, and length.
The circuit symbol for a distributed RC line is shown in Figure 1b.



-6 - ~Such RC I'ines have an inherent | ow pass type of
frequeney response that attenuates higher frequencies, but the
cut-off is rather gentle. Sharper cut-off | ow pass filters
‘generally achieve their characteristics with the aid of notches in
the stop band. 5 A notch in the frequency response nmay be
formed using a distributed - RC linggby connecting its capacitor
plate 14" termnal to ground 22 through a resistor 21 of specific

val ue, such as shown gehROULEs FaveRAlinkkedt WwIpREs type of {rﬁqdeh@e&spédﬂé not ch
e

I's conpl ete when the resistor connected to ground has

appr oxi mat e val ubatrtgseatey higher: fieguennies, buhhe eytoff ds rathes gentler: Skarpdr t he 10

Fadi ans per secbofeRs Bfi-Refralt SR e SRR Wil de A 1 ¢ e
total distri but efbtehey it thieastseband. Once a conplete or partial
notch can be forned, "ot her frequency " responses, can be_.synt hesi zed,

such as banfistop, or ‘2AEH48she fraquepey fesponss may be formed wsing @ disgabugrs: ch
device in the f | RBReRh cﬁﬁ% L %}nﬁﬁil '}{Hﬂ L g Figure
10, discussed b;‘?g?\?ﬁ'ﬁyé& g E:tg{)*,%fengyto a i‘?é?“é“s‘&gc ogﬁtghe

i nvention, mat chesistobal alﬁsp?iﬁd malue,suchasshgm&al in Higdre & sle?ﬁﬁnrm\r/]R(ded in
conjunction with,a so-cal |l ed quadrat ure_ nodyl ator oy, t pur poses
Of Synt hesi zi ng JRSciHemOIH 1 ORISR, VEA1e FERTeF qanaeriehioygrotnd bas 1 gna
According to a sag,gmm @054 fifed H4Bia] BRoughBRLiSardcR FRYESCAEE t he

hi gh producti on ocess spreads (1.e.; deviation fromideal val ues on

resi stive 3d diresistiverfilter| 18)candothe metchifrguency ds pprrokitately Lh280Ge processes,
typi cal spreads on the sheet, resi §fivity and capgcitance r~unjt area 25
paraneters can R PG sf?%ﬂﬁ“ﬁi%%‘c‘?t‘%n@gﬁmg 'mﬁlﬁxéﬂcea&%l%&’/ébﬁax/ min
rati o on sheet rig&l 8istitiuted caphdita@ed. the inventive neans, the notch
frequency given by the RC product could not be guaranteed to within

an octave. The Ondera/complete onpartial geteh san be farmed, esbemfzequeacihot ch
reeney i (1 B g8 e ot ol AR e Wl RSP U0
15 including the notch device in the feedback loop of an amplifier such as
shown in Figure 10, discussed below.
According to a first aspect of the invention, matched, balanced, low-
pass filters are provided in conjunction with a so-called quadrature modulator
for the purposes of synthesizing an arbitrarily modulated radio frequency
20 signal.
. According to a second aspect of the invention, means to overcome the
high production process spreads (i.e.,; deviation ﬁ:om ideal values on

resistive and dielectric layer properties) are provided. In some processes,
typical spreads on the sheet resistivity and capacitance per unit area

25 parameters can be up to 15% on capacitance and as much as 100% max/min
ratio on sheet resistivity. Without the inventive means, the notch frequency
given by the RC product could not be guaranteed'to within an octave. The
inventive means can be used to bring the notch frequency within a desired
tolerance when such processes are used. The present invention achieves this



-7 - ...by effectively providing a stepw se-variable |ine I ength that

can be : programmed in-circuit to set the filter frequency to a
desi red val ue. Figure 3 shows a prior art arrangenent of a
. quadr ature nodul ator for synt hesi zing an arbitrarily nodul at ed
signal. A digital signal processor 5 (DSP) 30 cal cul ates tinme-spaced
sanples of the real and imaginary parts of a desired conpl ex
. modul ation. The real part i's given by t heldesired anpl i tude . tines

the cosine of the desired phase angle, whil .he | | nar art is given
by the anpli tudgyt‘ rawelroviing %f@m&e-ambie L‘H@F@gﬁﬂi’ﬁ#%’gway bot h
Ampl i tude Modul gieuntri®d instigtuit s@fﬂB‘ﬁé@ﬁMﬁﬁBﬁh?‘t@dd&M valighal s can be 10
generated, or signals corTErisi ng both, the result of which is generally

‘known as conpigure $3 Prios Ay amangement ohy quadrature modyates for

Digi Lal-to- Anal Beizing 3 apimoay Hisfublel Medkl.' Kby BidtRl roftssar. o,

nunerical ganpl 5%30 tdMulatés fink spatied 3BMpIRY oF tetréglemnd kg parts of 84S |

(I n-phase) and adrature) signals. A sequence of such nunerical 15

sanpl es gener at desired gomplexvpqdilasions B replpast istgdysm byethe dssiredramplitude

The steps in th for | .
that would | nt oRFEY BB EHE o e deltel BRc AR, RRAC W Am pRROBR ikien o,
techni qules for aym%mpmﬁmmmemém¢mpmmpghau?mmg\hm sanpl es 20

i ving sl opi ng wavef or et n .acent sa val ye hi ch redquces

gut dges ngt guﬁﬂm{ﬁﬁwéﬁ\%ﬁgﬁé %rﬁ’é?%&“@@ﬁ@mﬂ@aﬂdﬁ uently,
| and Q sngpt hi g%%&,%%%ﬁnmmﬁmﬁmw ey khdy! S ! hat

pass all nodul alion spectr I nterest but Suppreéess the higher
frequency conpoaecdmplex modelatadesignalsn Ehesnumericalisamiplés aaloalatedehytiee or

T D eH SR o e A B A LA o

modul at ors 33 t gpethiRertWatk nbekicE sifiple Pall o pdifsf idaRipIaYesSkibial S, this

arrangenment bei ng known as a quadrat ure "nodul at'or. The arrangenent

described so fans hfld-phase) and Q (Quadmtnre) sigoals Yeseguense of suchemigagricak nown

pri or 15 agz;[mples generates I and Q waveforms but in a stepwise fashion.

The steps in the waveforms cause undesirable spectral components
that would interfere with adjacent radio channels unless suppressed. Some
techniques for D-to-A conversion provide interpolation between samples
giving sloping waveforms between adjacent sample values, which reduces

20 but does not sufficiently eliminate the undesired components. Consequently,
I and Q smoothing filters 32 are necessary. These are low-pass filters that
pass all modulation spectral components of interest but suppress the higher
frequency components of the spectrum associated with the stepwise or
piecewise linear I, Q waveforms from the D-to-A convertors 31.

25 The smoothed I, Q waveforms are applied to a pair of balanced
modulators 33 together with cosine and sine carrier frequency signals, this
arrangement being known as a quadrature modulator. The arrangement
described so far and illustrated in Figure 3 belongs to the well-known prior

art.



-8 - It is inportant for accurate signal generation that
(1) the:two bal anced m xers are accurately matched, (‘2) the |evels
of the I and Q signals are accurately controlled relative to each
other, and (3) the bal anced m xers have | ow carrier |eakage or
offset, that is, the output signal of a balanced 5 nodul at or shoul d be
zero when its respective | or Q nodulating signal is zero.

Since the | and Q signals vary from posi~i8~e to negative, if a circuit -

is required to operate only froma single positive supply, then the zero
poi nt of an [t isimporen Senaceieais pignal generatiomtbat (1) thectwochatanced t age,

but nust be 10 . fi i1 ref.er.en vol tage such as
hal f the supply %gﬁa%gs&mdp%%h%te\gﬁslﬁg}e %‘q%:gé%?‘ﬁ] i ngs bel ow
this reference wotirawgly dontrolldd relative to eaddeothet, Qhd (3)!thé bAlsncee Gikéry Bavernd

IS

positive when it sw ngs_above. Unfortunately, it

difficult to gerl@V&sagics leakager erifsel dhatdgethe oytput pignal of a balang®P 30 that s
exactly equal t t s t oL Y W th an
I nput nurret?cal %@%&&%&?&%ﬁ%%&%ﬁﬁ% 18{1/-6 cone #?’ﬁ%ﬂg\n

I nvention by useem the bal anced configuration shown in Figure 4, which
uses special D-to-A gonversjon technjques _to generate | and _Q signals as
wel | as thei SRR bR Sighals; ary from Bosiive to negative, if 3 circut)
accordance wi t h i RauRECRSPerdd bR il 255ingld PUitive SubhigV bR

nunerical | and Qﬁgi gnal ?i%‘erom DSP 30'a are ??ﬁgnse{ckgﬁ?lgafﬂt:g‘i%e %égﬁtpé-&sti gna
([err]- of an Aoy Q wavefom canmt by definadetoi beazeros vditags,t bua aust e ng t o

Kk t t .. Di o] t ' ‘1 d'O
naving . siir O~ CERCioBe sgme popite Seiobd Wbk b slle e Sy v ca1
i nput val ue. W tiheR wiBx aff 0 ¥r QP veTben swinfs beloRH BB refefénck Woltge\iwite ¢ he bit
stream produced would be 11111 ... (the 25 voltage of a~ 1' condition

bei ng equal to bﬁéntema%mpﬁy% {Psitiye When i swiegs above. i ni num
[ i t | ' t ' e A

el T scal e noner | cal Cofdstipaf B\ Sa o ebadfl LA Yl srostipe

havi ng DSPa3Cthagis exadtlyogmaboithe vohageahé DifoeA SuiNekisrsvsappiroe.

Accordi ng an aspect of the present invention, extra invertor

gates 42 at®k pr Srbanqgingyt qumerisak YalHe ofi zeto)  Thispreblemds pxersomendn envert or 41
to additional |y GRRGPHPude 6t the BRafEa YoRfiYuration shown in Figure 4, which

uses special D-to-A conversion techniques to generate I and Q signals as well

as their complements 1and a
In accérdance with the present invention as shown in Figure 4, the

20 numerical I and Q signals from DSP 30’ are transferred to a delta-sigma (A-
L) convertor 41. This device is built according to known art to generate a
high bitrate stream of binary ’1’s and '0’s having a short-term average value
proportional to the mumerical input value. With 2 maximum possible
numerical input value the bit stream produced would be 11111 ... (the

25 voltage of a ’1’ condition being equal to the chosen supply voltage) while the
minimum numerical input value will generate the bit pattern 00000 .... A
half-scale numerical input will produce the bit stream 1010101010 ... having
an average voltage equal to haif the supply voltage. According to an aspect
of the present invention, extra invertor gates 42 are provided at the output of

30 each delta-sigma convertor 41 to additionally geﬁcrate the complementary



-9 - bitstreans. That neans when delta-sigma convertors 41 produce a

bi t: : stream 100100100100 ... having a nean of 1/3 the supply voltage,
t he conplementary bit streamw || be 011011011011l ... having a nean
of 2/3rds the supply voltage. The difference between these two is
1/3-213 = -1/3 of 5 the supply voltage. If the convertor produces
111011101110 ... having a mean of +3/4 of the supply voltage then

t he conpl enentary si gnal 000100010801 ... will have the nean 1/ 4, so

that the differgn 4-1/4 = &1/ 2 supply.,.Consequent |y, by using
the difference '&%5% ﬁf%t %R;evy?c&delta sighd vag&f’%s‘*lg?fgﬁmgr?de&ft S

conpl ement to r apRASEI00100100... Ba¥ing Pnear 6£1/33the Su voltdgepgResent ed can
be positive or negative even with a sin Ie1805|t|ve vol t age suppl vy,

and no ref er enceomplemenjary e srasen yihbe M L10THY 1ha) bavingia meapo§2/3rds 433
and 43b are thepef LAyl dedd dzebal.a -\ ' s_ratkh t han
si ngl e-ended | n%lgtsgi,spl?ré#i fe%éﬁﬁﬁ%‘b\?gg%fltﬁﬂe&?i%?zsryr%’(%gi—n '?/Re(%l;i gnal s

on the 5  tie supply vohsge. ulfrthe pomvettoe ptodutdsel 1405 DI0A1 £0 O hewfgnan- node
vol tage (sum 15 of the voltages) on the two wires Hi gh

bitrate delta- sP§HRohddA af thersupplysyoliagariben the complementary signal to

t he anal og volt 066@\08 epr. {nggﬂrg ) | : |1 age
over a large nuregjear 0 |its ihl sc%cy e or’lesszgalt%é/a con ig?lsﬁ%%ély‘?i me,

| ow pass filter -Hlé¥supplyy Cansbquelitly, \biyi using the differenide Hetveerni the)carfvettbe
bitrate, 20 but still sufficient to pass all desited ul ati on
conponents. For “¥H¥ sxg.na& m&%gpgg@ggngfdpﬁamﬁpi ftfr ﬂ%gl?gréﬁ/@tl?fped inthis
i nventi on,jgbal apgAderdtkd E81 Be fdsitive or negafiveeteRl Wit @ 381F1OFsHRR Vol
delta-sigma.convertor outputs and the'l, Q bal anced nodul at ors 43.

The bal anced no&pplit 3od noFefeagnce Yolageenesd begenerated; | Buer halarcsdmixersa 25
and 43b such as4§§n§a@ﬁ§ng§%ﬁé¥%®ﬁd§maﬁﬂwﬁl QS Svire dinbggt‘ﬁgéraﬂgﬁd I

or Qinputs 50a 4 mxers-Ts”applie bases of
two t r agiggieleaded mpats e orelresponsive no tHeedifferthed fiethe wignalk anshst or s
51la and 51b are commonl y, connect ed through respective resistors 52a

and 52b to a colWRlvires and unrespossive 4o theabsalyts, erecommon=fode yplageswB| | ect or s
to the tmqstranafalrbqfoﬁageésgogr%wﬁﬁ&gkgglb are respectively connected to a

pai r of comonly connec
High bitrate delta-sigma modulation bitstreams are simply converted

to the analog voltage they represent by forming the moving average voltage
over a large number of bits. This may be done using a continuous-time,
low-pass filter having a bandwidth which is a small fraction of the bitrate,
20 but still sufficient to pass all desired modulation components. For the
balanced signal configuration developed in this invention, balanced filters 44
are interposed between the delta-sigma convertor outputs and the I, Q
balanced modulators 43.
The balanced modulators 43 may include so-called Gilbert mixers 43a
25 and 43b such as shown in Figure 5. As shown in Figure 5, the balanced I
or Q inputs 50a and 50b of the Gilbert mixers is applied to the bases of two
transistors 51a and 51b. The emitters of the two transistors 51a and 51b are
commonly connected through respective resistors 52a and 52b to a common
bias current source 53. Each of the collectors to the two transistors 51a and

30 51b are respectively connected to a pair of commonly connected emitters of



- 10 - two pairs of transistors 54a, 54b and 55a, 55b. The base of
one'transi stor 54a, 55b fromeach of the transistor pairs 54 and 55
are comonl y connected to one side of a cosine or sine signal
generator 56, with the other base of one transistor 54b, 55a of
each of the transistor pairs 54 and 55 5 bei ng comonly connected to
the other side of the cosine or sine genpﬁ?;or ‘ 56. The collectors
of one transistor of each of the two transistor pairs 54a and 55a

are comonly COW@&E&QOY%&?@OB%@“MH irdes 527 35 WThE bhdeCorYnR Hansistor

coll ectors of one FEI of each of the two transistor pairs 54b and 55b bei ng
comonl y connect¥d, §3 from eschof theutrangistor ipaiss S4rard 85 brel commeblyodul at ors 10

be f din_th bst r.at t he bal d i | .
The out put s of AR 208 SR R OsRE of e SRARLERE IOt o JAD the e
added together Ihasebf astd@insitetz 54b055£6fUeakh bf thd tERRIL paitP W had §§ 1 adi o

si gnal . . The bal anced | or Q input signals sw ng around a
mean vol t agé of bedig conhaerly comnected o the(athey sideznf g epsinesonsine genemtora 5 vol t

supply) but the | 1 : f . - Q¢ L . rsions
shoul d be sorrevw%?%sg(’,qﬁftgfs of one “oméggﬁgt?%h oﬁh@@@ﬁ#&%@g@gﬁégs' gna
convertor out putand 5eyRreEomfiaily dbnrected to one ourpgidinecITas withi the ot Wween 0 and
5 volts on each output line_or its conplenent, and therefore a 1/20

attenuation of toRBeqsersof ose FRIRS escly afthe; twosepsistgr pajrs H4b and 55hbeieg no

attenuation of t&wpwmvahtﬂggiog@?w&' &'ﬁgseibih'ﬁg%é%g%épgﬁ ng to the

this enbodi ement. er “secti1on
i nvention ¥hi ch can be formesiciaahe bansensmbstrdte anitherbajancet lowagdse filtedsi on of t he

bal anced node signal _is shown in Fjgure 6. Two_ideniical RCerr]
devi ces 61, 62 provi 3@"&“%?%‘9%%‘9“@ mﬁ“&l“gﬁ ﬁgﬁ“&{\%‘bff?@%ﬂ'%al anced
(push-pull) and aﬁ&é&%@eﬁ&?ﬁyeﬁ%gpgmc%&&mm,a complex'¥béillakd ridi§ fr equency

response. nced filter inclddes two input termnals
for 1, [err] or sigmal.err] and two output termnals 50a and 50b, and

a comon term nal coRpected t . qraund.:. A series resistor S
connect ed between an%ﬁ&fmﬁg!méﬁgﬁmg D ?&ﬁe(ferm' nal
50a, and apsi denfaifGAé sippl &£, alunil 2.5 e6lBCRE 8% VAL WRHK) but the amplitude

of the peak-to-peak voltage excursions should be somewhat less, for

example, -+/-250mV. The delta-sigma convertor output, however, can at its
extremes swing between 0 and § volts on each output line or its complement,
and therefore a 1/20 attenuation of the balanced mode signal is called for
20 while no attenuation of the common mode voltage (2-5 volts) is required in
this embodiment. |
A basic filter section 44 according to the invén:ion which
accomplishes the appropriate attenuation of the balanced mode signal is
shown in Figure 6. Two identical RCyy;, devices 61, 62 provide a low-pass
25 filtering action to both balanced (push-pull) and common mode signals, with
a notch in the frequency response.
The balanced filter includes two input terminals for I, I or Q,Q and
two output terminals 502 and 50b, and a2 common terminal connected to
ground. A seﬁe§ resistor Rs is connected between an input terminal I or Q
30 and an output terminal 50a, and an identical resistor Rs is connected between



a second input termnal Qor [err] and a second output term nal 50b. Each

of " the resistors Rs can be fornmed by depositing a pattern of
resistive materi al over respective conducting plates with an
intervening dielectric |ayer, such as shown in Figure 1, to provide
di stributed capacitance between the resistive 5 pattern and the
conductive plate. A resistoy, or resistors Rerr] are
connect ed bet ween each of the conducti ng pIates to the conmmon

osistor Ry i chiea SRR QRS Hereornd qypn ol ate. WA |

one of the filt ethesresisionyRs cahbe forard ¢ ddpositingti patifiteftrebietivinadetial 10
reference to Figure 7). ThIS filter, 44 has_a commobn node

attenuation of uRYerresRecys eenducting plates E'GPraérWe%[ﬁ%lng iglecric;layer isueh ans
there is no resi %ug._r ﬂfsﬁ‘ﬁ:gxe of
bal anced, | owpasgﬁ(ﬁlf%er tten&n?ea?o a Ff e? 8{3%5!1&9:6{&%%5 not

at all, theSConnpatmdndmd;;cmidudwhlpmd as the sum of the voltages on 15

the two input lines or, two output es, Eg)ar ed the baI anced node
defined as the differSntcaiSOF qﬁ@‘%‘?ﬂ‘ §I"'o tput lines.

I*h the b Eﬁ?ﬁ , Shingi aigsﬁ “ﬁﬁ@m’% o the
resistor Rp ELInﬁﬁco g%t e(§°bet V\eenﬁ?ﬁe out’gtt% tta;el'éI£ m nal's )7 be set
to 1/20 or ot heror both. Asﬂmnimﬁstomapdscdmedbmwecmepulwtcdmmﬁoﬁatt he

shunt resistor rel at sistive. filt.er .. Jhe desired val ue
i s defined as t% b?%se\x;g?qs gxgqmscadeed, a’o&f‘iﬂé@ IF%E"WGS i nput
lines or the tm,g%gtolp, 7. Anot her effect of the shunt
resistor Rp is to enphasize the high frequency response in the

bal anced node rel ati VEhSd'ﬂteh&Ihawafcpmmgde attenuation o€ spisy sedire t he hi gh
frequency attenuation t nds o unity asllﬁtjes has_the Zgof eiu ?hel e effect
of sharpening up" &é%fff%?‘tﬂ‘? P PR IHISEnGT & $9

further shar penedoms ehePsuReOf balhnckd,Mowpa§ fiderstddemizxe tol ) @ifferent degree, A

conplete filter de5|gn consi sting of a cascade of such bal anced
sections is showfF Rof atjaffy the qommon mode sigerl dstincdasdhe Aup of e wltageren7o, 71,

el e e by s 1o
capaci t ance defined as the difference of the voltages on the two input or output lines. In
the balanced mode, the attenuation is Rp/(2Rs+Rp) due to the resistor Rp
connected between the output terminals. This may be set to 1/20 or other
desired value less than unity by choice of the shunt resistor Rp relative to
20 resistive filter Rs. The desired value is defined as the difference in voltages
between the two input lines or the two output lines.
Another effect of the shunt resistor Rp is to emphasize the high
frequency response in the balanced mode relative to the low frequency

response, as the high frequency attenuation tends to unity. This has the
25 desirable effect of sharpening up the rate of cutoff. The fate of cutoff may
be further sharpened by exponential tapering of the RC line.
A complete filter design consisting of a cascade of such balanced
sections is shown in Figure 7. A series of balanced RCyyy; devices 70, 71,
72, 73, each characterized by a starting line width, an exponential tapering
30 factor (MAX/MIN width ratio), a total resistance Rtot and a total capacitance



- 12 -

| i nes havi ng

Ctot ~are cascade connected by depositing distributed RC
resistive patterns deposited over a conductive plate

over an intervening dielectric filmon a substrate, such as shown
in Figure 1. Shunt resistors Rpl, Rp2, Rp3, Rp4 are connected

- between the output terminals of each 5 section to provide graduated

attenuation.
t he desired value by choice of these shunt resistors, but there is
a continuum of Vv@eatecad@de féenﬂeatealwmeﬁés&mgadkaaﬁ&@wlm&wmgt he

first section Rpl to all attenuation in the |last section Rp4. An optinmum

di stribution of tesistivetpastatnstdepesitd O¥RIehcanductiye plate Qyercamintrsvaningnd by tri al

and 10

cut of f .
found within
filter area that

The total attenuation in thegs. bal anced node is set to

T il SR € o, B B8 oo PR Sl URER. (2 0e

Rpl, Rp2)Ryi3; RpAtate connsited betWedr the cmpsitt kermishlgiéaghim al | owed

gives the_ shar pest rate of cutof f. The values of a

near opti nuf desﬁegmrerprawde graduated gftesmation. o £he i3l agenuation ipghesr ¢ shown i n

L and'1 £ s e W o BESHURRFORSRPEIRG, oOnSRy Rgr 11

TH CK END= 20. Qﬁﬁﬂ&m&i&nuum of ways to do the rhAgihRIftdm B@TiCRmtion th he000
TOTAL RES| STAN %ﬁaaé3687 k[err

Tabl e
- 13 -

Rl err]

10

15

nuation ]last section Rp4. An optimum
distribution of the attenuation between the sections can be found by trial and
error using computer simulation which gives the sharpest rate of cutoff.
Likewise, an optimum set of line widths and tapers can be found within

first section

constraints on minimum line width and maximum allowed filter area that
gives the sharpest rate of cutoff. The values of a near optimum design for a
cutoff frequency of 150 kHz are shown in Table 1 and its resulting

frequency response is shown in Figure 14.



Clerr] TOTAL ‘CAPACI TANCE= 47.53474 pF R err] NULLI NG RESI STOR=

3.16380 ‘k[err] ATTENUATI ON FACTOR= 1. 41410 Rl err]
SHUNT ATTENUATI ON RESI STOR= 286. 97623 k[err] 71 Werr] LI NE W DTH
AT TH CK END= 1.01000 MCRONS TAPERI NG FACTOR= 1. 010000
Rl err] TOTAL RESI STANCE= 271. 01572 k[err] Cerr] TOTAL
CAPACI TANCE= 5. 47452 pF Rlerr] -1I8ULLI NG RESI STOR= 15.22687 Kk[err]
ATTENUATI ON FACTOR= 2. 82820 Rl err] SHUNT ATTENUATI ON RESI STOR=
194.20894 k[err] 72 Werr] LI NTARBLBTH AT THICK END= 1.01000
M CRONS FAPERHNG~FACFER=—4+04+886———Rfetr+——FSFAL
RES|I STANCE = 110 405 Mlch er r JLINE WIDTH AT THICKENME C20200000 MUCRONS 3. 46239
pF Rl err] NULI NG RESI _Nc;e,uﬁ:aﬂ;’t?: k[zardob _ATTENUATI ¢N :
FACTOR= 4. 0000p L ALLEL - 08187
k[err] 73
TAPERI NG FACTORE : ' $B47#4) :
k[err] Clgrrl R[E,é)g L <W\@5Toﬁ=999%3@'in Rlerr]
NULLI NG RESI STQR= $ h L g TQR= 1 ALLENUATI ON FACTQR=
1. 25000 R[ er I'] St ‘"uu” !' A RE= STOR 55 -
2 14- Ry SHUNT ATTENUATION RESISTOR= _ 286.97623 kO
71 Waaxn LINE WIDTH AT THICK END=  1.01000 MICRONS
_TAPERING FACTOR=___1.010000 '
Reor TOTAL RESISTANCE=_271.01572 kQ
Coor TOTAL CAPACITANCE=__ 5.47452 pF
NULLING RESISTOR=  15.22687 kQ
ATTENUATION FACTOR=__ 2.82820
Rer SHUNT ATTENUATION RESISTOR=___194.20894 kQ
7] Wiom LINE WIDTH AT THICK END=  1.01000 MICRONS
TAPERING FACTOR=__1.01000
Renes TOTAL RESISTANCE=__171.40543 kO
Cror TOTAL CAPACITANCE= _ 3.46239 pF
. N NULLING RESISTOR=  9.63032 k0
ATTENUATION FACTOR=__4.00000 _ |
Rz | SHUNT ATTENUATION RESISTOR=__ 98.98187 k0 |
5 73 | Wy | LINE WIDTH AT THICK END=  1.01000 MICRONS
TAPERING FACTOR=___1.01000
Reors TOTAL RESISTANCE=__98.96096 kQ
Crore TOTAL CAPACITANCE=_ 1.99901 pF
) N NULLING RESISTOR=  5.56007 kQ
ATTENUATION FACTOR=___ 1,25000
Ren SHUNT ATTENUATION RESISTOR=  692.78949 kQ




A practical problemis howto control in mass production the

resi'stivity of the deposited filnms to be equal to the target val ue assuned
in the design. If the resistivity varies, the whole frequency
response scal es proportionally. For exanple, double the resistivity
woul d hal ve the cutoff 5 and null frequencies while half the
resistivity would double all frequencies. 4. In"the case where
practical production tolerances are too wide to permt the frequency -
response to be held W pratdvall probleatlis how te cordve its Gmengroasdion thef t he

i nvention may be applied to adjust_the frequency response to be within
limts afresistiviey of thedepp@ted fHms to desgpal 19 \ihe,agges valpe asfumed dit i ve

means for 10 S LAl s s Nghal d l&g%ﬁ, A
first configur aﬂ%@gbgfﬁﬁ%ﬂ%%ﬂégé%&?ﬁ@%e Inve ﬁsg%nsfsfc% own

in Figure 8. |t propotipnaity.uFderesimple, dduble thecresistiviayi would hilve treccuboff an

repl ace agg\t/m?f resistive li (ﬁ of .the bal ed. n i devices 70, 71,
72, 73 showh in 11 frequengies ?bfge e resistvIty W°“%ﬂé° %%-&F%ﬂﬁ‘ﬂf'ustabl e
|ine or notch f eguancy yhile!RicticChiddioh tolerances are hGP#ide B Pebtivtle 702, at

| east one output 70b and a comon term nal 70c. nunber of
resi stive el emefitequ@ny ré&spongXodecheBBwithin desired limitd, the sedond aspectref the

deposited over a_correspondi ng,.n. conductin | a wifh .an.

i nt erveni ng di e|%vgpﬁ?%n$§@gpp3gﬁﬁﬁba§ius§mwﬁ 5:8903’“1?086%81”?]@51% ve 20
el ements are copfgcmaghfhdtu®e’ THS iPEne medit dfiRlhveridide aftehofer put 70b
term nal s. A nunber of switches 85, 87, 89 are arranged to

be abl e tol0 stepwise|vapatiareefthp Jiga dengtr- shortout a respective resistive

Co b bl e to 25 ABrn ool IERaRIE 3l Ber ul huvcBhon Wl 1) 070

plates with resiigFigee 8. It is to ¥ wdesstebdwhatcthe biwet opFighredichyppheed and

hence through a resistance connected to compn termnal 70c. The
val ue of the selpp&f ssiftye liges of the balanged s} devices 70s7bnEndéFha¥R MR di ng t o
whi ch of the re%ié&rgv,e el enents is bypassed. :
- 15 - . "An RC line 80 of a normalized length of one unit is
permanent| ¥5in The step-wise-adjustable line or notch frequency filter includes at

least one input 70a, at least one output 70b and a common terminal 70c. A
number of resistive elements 80, 81, 82 and 83 may be formed as thin films
deposited over a corresponding number of conducting plates with an
intervening dielectric layer, such as shown in Figure 1. The resistive

20 elements are connected in series between the ixiput 70a and output 70b
terminals. '

A number of switches 85, 87, 89 are arranged to be able to

selectively bypass or shortout a respective resistive element. A
corresponding number of switches 84, 86, 88 are arranged to be able to

25 selectively connect together respective conducting plates with resistive
elements which have not been bypassed and hence through a resistance
connected to common terminal 70c. The value of the series connected
resistances is changed according to which of the resistive elements is
bypassed.



circuit, whil'e other RC lines 81, 82, 83 of lengths, for exanple, 1/2, 1/4,
1/8, etcc., units may be switched in or out of circuit by switching sel ected
paris of switches 84, 85; 86, 87; and 88, 89. The effective line |length may
5 t hus be switched between the values 1, 1.125, 1.25, 1.375, 1.5

1.625, 1.75, and 1.875 in this exanple. Since increasing the |length
I ncreases both the total through-isesi stance and capacitance, the RC
product follows the square of these values, and thus is controlled

over alnost a 4:1 raAg&C line 80 of 2 nonnahzetiflexigth of onsiuyit ihepermedkntlp ivary the

RC pr oduct overca 2 &hﬁlﬁn%}ﬁfﬁﬁﬁ §1r1682 m | i 3‘? Iengegl ??:elldéonl y be

root(2) = 1.414 ’f‘?“llfe XA

achi evabl e Wt higwe {cchﬁgsqﬁytb@mt&gdllﬁagbﬁ&g%u SS};Q fing sf'engt ] 0. 052
0

units, etc. Wth onlght hree "such sw tched secti ons, .
st eps cor r esponparisoftswvitthesn 84, Bda86.c §7;sand B8, e 'Elmemf&tabéhnstangjtmmay he

So6 15 3 hs B SR Ralhet e R B LTS LS, sl B,

arrangerrent thmdlsvsmzwse@tamqu' Sr@mﬁdﬂ&smnﬁ&lén@mﬁh&ms%em%eund i s
also varied to maintain a certain fraction g., 0.056) of the

t hr ough- r esi st atotad thrppghsresistagog andheapacitance, the B&P@dmt folows thersquirs al so
used, such as S@Piﬂ@se i@sgkﬁde %Eoéonn‘?@%)%ﬁ oétfﬁ"él \ t28 be under st ood

that the switched nullI'ing resrs repl ace

one or nore of the rHﬁtBtomlySdﬁﬁxedltd vtdyrthelm: ﬁoamft]ovefalil Dnge, /the
As shown IH Figure 9, LPS swi .t ched nuI g resistor_usable in
conj uncti & WI tﬁapﬁ@% lengthoeetiogly; e rpofR) =14 44 dimas,the minigwmslipg chabl e

nul | géth%d s 4 Séi:tlﬁra bie! vk Wﬁﬁ@h lﬁ?ctﬂ:% nug{hoo.%'i, 1055

connect ed one en ree series connec I'ési’stanceés 91,
92, and 93. The0.052 eaits)leétd. ¥ith only rthree stehnsweicched sectidns, $3% liae-length el ati ve

I f : 1/ d 1/8 . ,
{espoct | vel y. - e ArEspnd iedD A Gogeacy stegs s A6 et S e
swi t chabl e int opapd: fidfuddby 588 tGhrdék&édPa)Iud)ﬁrséiel:@h &e%ﬁ@&'@# ghes 94,

95 and 96. Wiile the circurts shown in gure 8 and
Figure 9 iy be 30 To creatsuf tamable abtch filter iwgithf the labiovsf dreangementn thest or

_svmlgc?es there ca %‘?@P g%g?”f‘%?ﬁ@k‘%ﬁdg%‘é‘f S a0 verise t?ﬁ’éa%ntaches as wel |

as linmitations mmmfmtmn (elze, dysenbolthe AoagRteshtpbal THAS, ta@eched Ng t hr ough
the filter inposed by the
resistor to ground is also used, such as shown in Figure 9 for example. It is
to be understood that the switched nulling resistor circuit of Figure 9 can
20 - replace one or more of the resistors Ry through Rygyy s of Figure 7.
As shown in Figure 9, the switched nulling resistor usable in

conjunction with the circuit of Figure 8 includes a ﬁrst, non-switchable nuil

resistor 90 with a relative value Ry, to which is connected one end of
three series connected null resistances 91, 92, and 93. The three null

25 resistances 91, 92, 93 having relative values of, e.g., 1/2 Ryqny, 1/4 Ryure
and 1/8 Ry, respectively. The three resistances 91, 92 93 are selectively
switchable into and out of the circuit by parallel connected switches 94, 95
and 96.

While the circuits shown in Figure 8 and Figure 9 may be
30 manufacturable using field effect transistor switches, there can be problems



switch transi stor characteristics. The preferred

i npl'ementation of a tunable notch filter in accordance 5 with the
present invention, such as shown in Figures 11 and 13, |argely

el iminates these problens and gives a notch filter that can operate with a
rail-to-rail signal sw ng. ' It will be appreciated that once
a notch filter can be forned on a - 1§esired frequency, | ow pass
filters can be copstructed by the cascade 10 connection of _such devices

to position notcH %c%m@%ﬁ“do%’d%? Fs‘gitq:hcs,asweuaq.k@éfgmi% above
may not have { etk oA ARREHE St vORSl i gh e WG imposed by e [
but the present switchrtransistod@haractetistios.pr act ical and useful filters to be
made in t he f'h?c uepcy .ange 0.3 t0.300 nd such a filter has
been successfully 15 q?‘ﬁ'fl’\yeéd{n@&w °58§§§§“3BE feIdn 3acqrdaneso ;e 3
Miz with |i5tle wich @prlesddf invention, suth/ds shadmhh BNaRe i?%lyﬂ Mz and
above by the positioning-of notches at_12.5 MHz, 35 , 52 Mz and
300 MHz. Becauseelmn@tcagm problemseand gives a noghoffiitar thatsameperpterwith kes furt her

away fromthe pagshand.have li.ttle effect on t he passband, it was
determ ned that %ﬁ%ﬁ%ﬁ%m they did not need to be 20  tunable, and
that only the filter ¥pailne appreciaetabationes iy aoel fiiAtasbe fdified on a

passband had to be tuable to renove the effect of process spreads.

Fi gure 10 shows $RSiEhfreguAngy. \gBaashGitem caR be epnsguered By daserseasieobt ai n
a bandpass gnpl 'édnﬁéctﬁoﬁ%?%ﬁa?d@iﬁé ‘i@k@sifi&{ ngéﬁgﬂ?ﬁ%%to%eﬁ tdo\fiat all

i nternedi ate requency anplifircation 1nradi o systens of
appropri at e bandfseqiiehcieshatitive a cettainathgs are sugpreised wea didRedextentdi Such 0 t he

invention is conpected as the f eedback t h around ,an lifier 101
such that the gat'ffT P H ve;thg same smu%?éq‘-’é&?% OHSI‘@"PIIF*%&@M when
the fiiter 102 abhqHdpRsat ilAgtion GSIaINE practical and BEHPARErs T 98 dhadehOUN,

while the gainis hig e notch frequency en the negative
f eedback effect the frequencydangs @3 da 30@ Mz, and isuchum fikkerchaB(been sucressfudlyi ve

2 LIS Pt e e s s wif Bl e
“tuning bits" sShqiMbas high attennation at 12 MHz and above by the positioning of notches

at 12.5 MHz, 35 MHz, 52 MHz and 300 MHz. Because tolerances on the

higher frequency notches further away from the passband have little effect on

the passband, it was determined that in this instance they did not need to be

20 tunable, and that only the filter having its notch frequency nearest the
passband had to be tunable to remove the effect of process spreads.
" Figﬁre 10 shows how an adjustable notch filter can be used to obtain
a bandpass amplifier response suitable for frequency-selective, intermediate

frequency amplification in radio systems of appropriate bandwidth. A

25 tunable notch device 102 according to the invention is connected as the
feedback path around an amplifier 101 such that the gain is suppressed
outside the notch frequency when the filter 102 allows a strong, negative
feedback signal through, while the gain is high around the notch frequency
when the negative feedback effect is reduced. A cascade of such tunabie

30 selective amplifiers can be used to form an integrated circuit intermediate



i.n Figure 10 refer to control signals which operate swi tches 125-132 of

Figure 11 and 140- 143 of Figure 13." A preferred arrangenent
for an adjustable notch filter that does not 5 suffer | oss of dynam c
range due to the transistor switches is described bel ow.

Adj ust nent of the notch frequency is provided by nmeans of a stepw se

adj ustabl e line I ength using an advantagiﬂus, I nventive
configuration. This is used with a natchi"fhg stepwi se adjustable resistor to

10 f h dj hl. i L ge . . 3
o et ati o BRSSP 120kt FRHANE radio recsivers. The "B URS Mtk |

mai n, per manent jnyFigreCi)r RfErito bortfol Sipakls awhidhl Operate eoritctd €125-132 of connect ed
with sw tchable_sections 111, 112, 113, 114 on either side. Two
swi t chabl e sectFighs thand 405143 pfilfigurect3: hand side as shown in Figure 11 15

e | S S 1 ch R ROk o sl o AR Rl 06 S

fractional 5 suffet dusg ol dydaftic ragesiue tatheomansisfor switches it dessribechgt hs can be

achi eved by swi tching by correspondi ng switches 115, 116, 117, 118,
119, 130, 131, below. the switchable sections in or out of circuit in
the fol | owi ng conbi gkl QfRnr of BY notch frequency is provided bylBeank bt a 114
Effective line Iengt% oo o0 Tt Bt OL!I%' out

L _ stepwiseadjustable lioeilengthuusing an advantageous, inventive| +dL

inoIn o out e eurarion, Tuis is yged with a duiéithy sepwise adiustable resistto Ot 1N
L+4dL 10 form the adjuitdble nbieh devige. out L+5dL

out out in I n . . L+6dL . .. out in in
in A prefemred) implementation of the adjustablg RC fige is shown in,

;:rsghgenggt S FW HTeAéQinl' mrj}l?l@ysec [ or?gmg\%m%tg’églgoit}%tc%cragaﬁ are
al ways cont i guogénnetted withrswitchable sections 111, 112, 113, 114 on either side. Two
switchable sections 111, 112 on the left hand side as shown in Figure 11
15 have linelengths that are a first fraction dL of the main line length L. The
two switchable sections 113, 114 on the right hand side have fractional |
lengths 3dL. Thus, various effective line lengths can be achieved by
switching by corresponding switches 115, 116, 117, 118, 119, 130, 131, 132

the switchable sections in or out of circuit in the following combinations:

20 111 112 113 114 Effective line length
out out out out L
out in out out L4+dL
in in out out L+24L
out out in out L+3dL
25 out in in out L+4dL
in fm in out L+5dL
out out in im L+6dL
ot in in in - L+7dL
in in in in L+8dL
30 An important feature achieved by the above arrangement is that the

line sections switched into circuit are always contiguous, i.e., no



- 18 - conbi nation of lines such as "in out in" is used. Thi-s

enabl es-sinplification of the switching so that the capacitor plates
only of the lines need to be switched. In other words, the swtching
is thereby sinplified as it is only necessary to switch the
capacitor plate termnals of the line sections, and not 5 the series

resistive part. To switch a line section;gl or 3dL to add to the _
main line length, its capacitor plate is " connected to the capacitor plate

of the | 0] q-1ngs SY bt inl Eused. TTHR @MSIRS sitdpfifichdim Section
adding to the %n{blﬁ%lég |nsempéﬁlgm1,lﬁ?xtls caf)aci tor pl atg I's either left
unconnect ed or gftheewiteliing so that the capacitonplates ogly, ofithe dines nded 10 8. The

swi tched out sections therefore, agpear. 10 sepatate., .short RC |ines
or series resi stgichedindn °§°§Wﬁ5cﬂ§cﬁﬁ§gﬁgt%@@y&b@&@d ds s on&%nd not
addi tive to thephlds fovs%aﬁ'ﬁitﬁk éa'gﬁlﬁtoi'ﬁ_ﬁ% Rrhinai§lofihe WAL Sectibss, B Rot

line termnal is connected to ground via the nulling resistor of Figure 13,
for 5 i nsthareres tekistiver pag cFe ywiteh a Hige saeripn dh ariddlstoagddadie r esponse

so created is not, .. affected b e ' . t

To provide a Rl ling leagthy iy ?@gﬂf?fgé‘églcg%#ﬁ%’hﬁgﬁ?%ﬁrélﬁ?%&é
arrangement of FhgUi ¢%.CBYsWi115)] T prevend chelidsectidt addimstoatheni n
resistor Rlerr] 123 of .nom nhal value 0.056 of the resistance of the main RC
line total resisaiaring lenyth, ¥swapesitos plate caither ety upsgonegsd or Sonpected P on gL/ L

times the main gilli oo 65 Sk (ROET e siished UE: RUiGENAELRSSHI0PRS (124,

125) 20 are prav , enabl1ng e sane control signals

t hat sel eqp separatd, $Roft IRC:lisessatriseries resistbrs thateare imcaseddeovitt terdsyisondi ng

swi tchabl e parts of the,_ . ulLling resistqr.of Figure 12. .

A di sadvant age #d Mé‘dﬂﬂ”ﬁﬁ%%#%‘fe ]P&BL}P& 1‘1“5%? L. Tgs: P"ﬁ?ﬁn hfs ance

of the swiich tFANGLANAN s doiflt Oukio iedivtitheOfRsistop bf Figafe O fori s 25
[0

appreci abl e conpare e swtched resistance. Therefore, the inproved
arrangemment  of instages, ahd Srequeencly tocthe sl in the frequency response §cneatgd isnot3

adjustnment of the tojal effeciive resistance Ris acconpl i shed by
swi t ched shunt ?-&%qt%dtﬁl‘éheo’fw’ﬁ#@ﬁ‘wéﬁ%@ ‘nstead of swtched series
resistors af |ow val 4g.5 \Qéemda S s@bwise-dajustabl& nuillingiresister, kBe i s now 30
shown in Figure 13 divided into a fraction aR and a fraction ga-l)R. I n

arrangement of Figure 12 could in principle be used. This a

resistor Rygy, 123 of nominal value 0.056 of the resistance of the main RC

line total resistance. Two switchable sections (126, 127) of fraction dL/L

times the main nulling resistor Ry, and two switchable sections (1?4, 125)

20 of value 3dL/L are provided, enabling the same control signals that select
the line sections to be used to select corresponding switchable parts of the

nuiling resistor of Figure 12.

A disadvantage of the arrangement of Figure 12 is that the resistance
of the switch transistors that can be fabricated on a silicon chip is

25 appreciable compared to the switched resistance. Therefore, the improved

arrangement of Figure 13 is disclosed.

In Figure 13, adjustment of the total effective resistance R is
accomplished by switched shunt resistors of high value instead of switched
series resistors of low value. The main resistor value R in Figure 12 is now

30 shown in Figure 13 divided into a fraction aR and a fraction (a-1)R. In



- 19 - - parallel with the first fraction aR are connected two -
resrstors Rl and R2 switchable into and out of the circuit by two
transi stors 135, 136. Switching in RL will reduce the effective
value aR to aR-dR where dR is equal to (aR[err]/(aR+R), while
switching in both RL and R2 will reduce the effective 5 value aR to
aR-2dR Li.kewi se, the two additional resiigors R3 and R4 connect ed
in parallel to (1-a)R and sw tchable intd*and out of the circuit by

educed O paAEl iR AP abdln B phlibhE MG RARGS: RN R © 0P
resi stance fromsRitigable into andRo@ét the citeip by elo ndidiqen 136, #3611 Swaching0
Since the adjustnent of Ris in _the dowward direction, the value o

R must initiallynBd wilkreducesdr ebisrtiveyalproaR it aR-dR wherg ¢Reis equaldad t he

swi tching transi.ste . &gﬁﬁ t ' ﬁﬁﬁi% t Ial . ..Si gnal s
to those(té)lp {(%g;si\?}’tlgﬁ%ﬁ 5 %ﬁg%gtﬁé? d@é%ir lelf i Eeﬂgvegféﬁgé%f t he
fraction "af value aRety dR-2dRoJeiRewise ! thattwe editiesl reﬁst%rleMRﬁV\li tchabl e
resistors Rl, R2, R3 15 and R4 is as, great. . as possible in order to
minimze the i ncPIRsAted 1ppatalie] o (1- )imd gﬁ%%f@ﬁ“?‘ and putRfthe circuig by 5 ¢ oo
small, then Rl . L . SEqr 4 : A ' nd R4
are large, and \??ggﬁ?/lgpgzg #%gwgawlggﬂt%? %ﬂgf&g? mmmmé_@%%w;?%feg&%cﬁ

opti mum exi sts ttdéd-1)ReBdR@rf(@1)R-6dR. cBhusy laHtvaluas of total resistance from R

constructi on of notch frlters and ,adjystable notch filters and 20
their applicati #}g&fﬁé’ésﬁ@%ﬂk Efggﬁ‘?”r E%adﬂé € under the assunption that .
integratiopgon a sil iggpe dx@h&jﬂﬁtﬁic%@oﬁkfiﬁ%ihe!dbvh%@&ﬂ&cﬁ@ﬁ} th@rﬁh%kdﬂ led in

the art can readily ddapt the invention to other forns o
fabrication or &ppustciaitialyde set to 8dR obmsthighss fhaatin Figiureddetndibeess bei ng

considered to be_within the scane Hak : [ i QLL._8S.. orth in
the clains. The Sg‘#g@yggaqagblatgg g%ez#é Le%ex%Pr?ﬁt%drw %‘3{%& cgmosa?ﬁn%sn{os is for
pur poses of explthdsatof e swidctieotl 15it611180f Figurd he. Thevaluefof the fraction! ta®

i nvention should be determ ned by reference to the a nded. cl_ai
20 may be chosen so that s%;zallest of the four switchable I[i'gsei‘stm'sq(l 1&,%

-

15 and R4 is as great as possible in order to minimize the influence of series
switch resistance. If "a" is too small, then R1 and R2 will be unnecessarily
small while R3 and R4 are large, and vice versa if "a" is too large.
Therefore, an optimum exists that can be found by calculation.

The construction of the notch filters and adjustable notch filters and

20 their applications has been described here under the assumption that
integration on a silicon integrated circuit is the aim, but one skilled in the art
can readily adapt the invention to other forms of fabrication or applications,
such adaptations nevertheless being considered to be within the scope of the
invention as set forth in the claims. The above discussion of the exemplary

25 embodiments is for purposes of explanation and not limitation. The scope of
the invention should be determined by reference to the appended claims.



An integrated circuit |ow pass filter,
conpri si

S’!!/!u”uw(lm“u lujmnunber of filter sections each having two input
termnal s «'5 termnals and a common terninal, each filter

section conprising: a first-re@istor connected in series
between a first input termnal and a first out put termnal of said
filter section §h8IMSsubstantially identical second resistor connect ed
in series between a second .input ferm pal- and a second output term nal of
said filter section, ‘E'achAdPW@éﬁﬂlélF?frsg?&éHﬁ&%%nm’@Bm Jndgtegratads bei ng
formed by 10 d | 1ol riéingat tern of resistive material over respective
conducti ng pl at S‘g&%{cﬁﬁgn " intervening dielectric layer to provide

di stributed capacitance bzoumber of {ildr sectioss each having tpatinputrterarinals ai d

conductive Pl ate; . g resistive neans connected between each of
sai d conduc ingmﬁﬁgfoegumutwmmaalsméécpgg}q&t&pn%%&@aermn t he out put
termnals of atchfipgdinggne of said filter 15 sections, sai d

filter sections being integrated and cascade-connected such that the output
terminal s of one section &#esies &esiscartaonnected: basweena, first dnpwe texinénadand Re next .

2. A | ow pas i C ' cl ai: Lel.n.at least.one of said
20 resistive pa?‘fsgrokéﬁ{tse&%&e%ﬁ h&:&@ﬁéﬂh&“@%ﬁ&nﬂﬁgy ﬂg@? S8 ding to
claim 2 wher ei ncoiftiested bEreeen & s€oRO fgyut tedminal and a second outpuf terminafofievi ce
according to claim.l wherein a product_ of a value of said series 25

resistor vi@h asaidfilfer srtiemicachiptiaid myistars beips femmaddy dapositing 8 psttemne of

sai d sections bgf NQ:es: ﬂbl“?’ie ﬁﬂ:gg al .Q_det erm ne
a notch frequengf;/&glfs?‘éerm?%rna igge éé e% sal )S%Vkéi(éggﬂ;m?%?&ﬂg

5. A st epw sdiekdiriesthyste providendiftribaped eapacitidce GerweRiRtid Tesigive 30

at | east one input termnpal and_at |east one output term nal and a ground
termnal attern and said conductive plate;

I cIaimrJ

3

a resistive means connected between each of said conducting
15  plates to said common terminal, or connected between said conducting
plates, or both;
a resistor connected between the output terminals of at least
one of said filter sections,
said filter sections being cascade-connected such that the
20 output terminals of one section are connected to the input terminals of the
next.

2, | A low-pass filter according to claim 1 wherein at least one of
said resistive patterns is tapered. '

3. A device according to claim 2 wherein said taper is
25 exponential.

4. A device according to claim 1 wherein a product of a value
of said series resistor with a total of said distributed capacitance of at least

This Sheet Has Been Rerlaced




a nunber resistive el enments constructed as thinfil ns

.depOSI tMspondl ng nunber of conducting plates with an
i nt erven I’ﬂm sai d resi stive el enents bei ng connected
in serie m MB rl east one i nput and said at | east one out put

term nal of Said a nunber of sw tches arranged to

sel ectively bypass certal n of said resi.gfjive el enent s; a
correspondi ng nunber of switches arranged to be able to selectively connect
t oget her cert aione of saidisetrionscincie afjuspdab asdesiied ¢ilaé idorder 1o detdntigs s ed
resistive elenments and to_a common termnal which is connected through
a resistance t 8 n9tehfrequencyafiep formagion of said Jow pass filter. means to change

t he val ue of said resistance depending on which of said resistive

el ements are switch-bypassed. 6. A devi ce according to
claim 5 wherein the 5.engAhstepsfisesafjubtzbi forth: fréquencefiet cobiptisingsi sti ve

el enents are in-the blnary ratios 1:1/2; 1/42...1/2[err], where n is equal
to the nurber of re¥ least o IOPUGS Igaseone output terminal and7 A
devi ce accey di pGrdddGbMiAa® Wherein one of said resistive elements is
permanently in Circuit and’ the remai nder of said resistive elenents are
switch sel ectabl e 20 anda mamberlafrrgmnweadmts constrigitedaas)thinr filnse s si on.

ai 1 cast ono. | MR A Pl ioados AR B eonkheeB R MAS and & common

termnal; 25 intervening axeiebfrfctlayunaﬁd ré%isufr@i!eﬁfeh&%eﬁk%ﬁﬁ&&d%%&ﬁ&mt ed as
thin fllns deposi ted over correspondi ng nunbér of conducting plates

with an i nteerﬁgléﬁlélﬂémloéemmdwdﬂeaSt one euput levminal ofsaid s bei ng
connect ed 4ign sﬁ{tées bet ween an i nput and an output term nal of sai d
filter; a second nunber of switches arranged to selectively

connect. certain of said 2 Buraberf Gwithesirfanged odedbieeto defecively bypass

resi stance-connected to_said comon term nal; and
certain of said resistive elements;

a corresponding number of switches arranged to be able to
selectively connect together certain of said conducting plates associated with
'15  unbypassed resistive elements and to a common terminal which is connected
through a resistance to said ground terminal; and '
means to change the value of said resistance depending on
which of said resistive elements are switch-bypassed.

6. A stepwise-adjustable notch frequency filter comprising:
20 at least one input terminal and at least one output terminal and
a common terminal;

a first number of resistive elements constructed as thin films
deposited over a corresponding number of conducting plates with an
intervening dielectric layer, said resistive elements being connected in series

25  between an input and an output terminal of said filter; ’

a second number of switches arranged to selectively connect

certain of said conducting plates together to a resistance connected to said

common terminal; and

eet Has Been Re laced
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means to change the value of Said resistance dependi ng on whi ch of sai d

(2:(2)ndUCt 'ng pll "mw,ﬂ"mm,'jﬁﬂ"ggngggg?gl LS tsgi gl ;?fni gt%gféi n said swtches

are operated to ¢ donrfect sel ected conducting plates alternatively to

said common term nal or through said resistance to said comon
termnal. - 5 10. A devi ce -ae@2-ding to'claim9 wherein said
switches are operated only to sel ect .conducting plates associated with

sequential |y contiguous rdBeagsitqghange the yalue f said resigancefaperdiag oBoget her .

11. A devi ce - o ?:ﬁicﬁh' néé’ha‘?é | ‘ | £.C perat ed 10
i ndependent | y t?@glgggﬂ%tgg congngc I'ng g‘f’g‘%hz&t“g e {c?o%ﬁgﬁegégn%"t her to

said common term nal through a separate resistance for each plate or
to be connected to a conmon . resjstance, connected to sai.d conmon
terninal . S1. 1A devige geopraing a-¢laimyi6, hewinsad syviabescaR Be n sai d

switches are opegalad ohndR g&ﬁmﬁgl- R Temy Q@ﬁ@ d with
sequenti al ly coﬁlel guoufsarer esl sts%l\%égtl;enent %ﬁ& gieﬁ}c}?%nsgge %get her .
13. A de\h ce aecminali orghtongh|saidrresistativeteisaid cainthonvietiinals ar e oper ated only
to sel ect conducting plates associated with sequentially contiguous
resistive elenments to 20 be connected together. 14. A

devi ce according to clgai MmAl deHBERRLRLIRY R aiimsgi WhERR4Aid Sricited CBF bé S

per manent|ly connected to permanently connected to said common term nal and
t he operated independently to select each conducting plate to be connected either

to said common terminal through a separate resistance for each plate or to be
connected to a common resistance connected to said common terminal.

10. 9. A device according to ¢laim 6 wherein said switches are
operated only to select conducting plates associated with sequentially
contiguous resistive elements to be connected together.

10. A device according to claim 7 wherein said switches are
operated only to select conducting plates associated with sequentiaily
15 contiguous resistive elements to be connected together.

11. A device according to claim 8 wherein said switches are
operated only to select conducting plates associated with sequentially
- contiguous resistive elements to be connected together.

12. A device according to claim 5 wherein the lengths of said
20 switch-selectable resistive elements are in the binary ratios 1 : 1/2 : 1/4
...1/2°, where n is equal to the number of resistive elements minus one.
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r emai nd conducti ng pI ates can be selectively sw t ch- connected to
said 25 I II" 15. A devi ce according to claim 14
wherein sal conducting - pl at es being swi tchable are

e

di sposed on each si of said pernanently connected pl ate as di spersed
on a sem conductor substrate. 16. A device according to
claim15 wherein said SMAtChab|e pl ates d?@posed on one side of said

.(

permanent|ly connected_| i ne have assogi ate ve el emenxs of

23 length one uni t 1|3ncr e‘?*rgﬁ‘fm%?ﬁﬁ‘”fd §va e‘iSr"a?‘Es" ffAldssigdveon t he

ot her side have idefeNF1 uni t
| s & ﬁ%&%ﬂ?%?&cﬁ{ Exilﬂiik réxﬁili&é?%f@%l spose§

I ncrenent s Wnere e nunbe sw tchabl e pl ates on said
first side. elements are switch selectable and have length ratios in a binary progression.

14, A device according to claim .9 wherein one of said conductor
5. plates is permanently connected to permanently connected to said common
terminal and the. remainder of said conducting plates can be selectively
switch-connected to said common terminal.

15. A device according to claim 14 wherein said rémainder of
conducting plates being switchable are disposed on each side of said
10 permanently connected plate as dispersed on a semiconductor substrate.

16.. A device according to claim 15 wherein said switchable plates
disposed on one side of said permanently connected line have associated
resistive elements of length one unit increment and the switchable plates
disposed on the other side have associated resistive element lengths equal to

5. N+1 unit increments where N is the number of switchable plates disposed
on said first side. '
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