RELAXATI ON CCO FOR |' LL- BASED TI ME CONSTANT TUNI NG OF Gm C FI LTERS
BACKGROUND OF THE INVENTION | . Field .of the Invention The invention
relates to relaxation oscillators for use in I'LL circuits and in
particular to current controlled oscillators w thout start-up or.
anplitude control problens used in PLLs for . _) automatic tinme-constant or
bandwi dth tuning of gmC filters. 2. Description of the Related Art The
design of a two-integrator based sinusoidal quadrature oscill.ator, which'is
wi dely used in phase | ocked | oop (PLL) bandwi dth tuning of g,,,-Cfilters
(wher e BELAXATIGNATO ¢OR P u eRaG Tt A i SOCi ith
anplitude control/start-up %rgf)]%fglrlrg ﬁ%gléq@ﬁhén @@gngj%[%d’gﬁlﬁaﬁéﬁlﬁ{?fgguay,
"Fully Integrated Analog Filters Using Bipol ar-JFET Technol ogy", |EEE
Journal of Solid-State Crcuits, vol. SC2, pp. 814-821, Dec. 1978, and
John M Khoury, "Design G][?Mgg] . {0 sdime Filter with
On-Chi p Tuning", |EEE Jougr){‘]gﬁ 0 olm%g&%@rﬂgﬂﬁ% vol . SC-26, no. 12,
pp. 1988-1997, Dec. 1991. The above-nenti oned PLL-based bandw dt h-tuni ng
schenme is shown in Fig. | and the two-integrator based quadrature '
si nusoi dal lcﬁf)\“{!ﬁnf C%I’\lt roll ed oscillator (CCO based on the traditional
concept is's of he dpyPntion THa pL| - based bandwi dt h-t uni ng scheme 10 of
Fig. | is onpri sed of phase detector (PD) 12, a charge punp (CP) 14, a
| oop fil terﬁ‘(“‘l_'F‘}e“ﬂGP relaigs ke epdaxation espilaons foomesn Pl (iNLE) adBin EiRkcAarayr T ent
controlled oscillator (CCO 20. Block 1.2 receives as input the reference
f r equénggnticontroertosciltators vathoul Gatttup i aaplingie kohtpluirobles Bkasih A geds
bl ock o

L} automatic time-constant or bandwidth tuning of g-C filters.

2. Description of the Related Art

The design of a two-integrator based sinusoidal quadrature oscillator, whic:h is widely
used in phase locked loop (PLL) bandwidth tuning of gm-C filters (where g,-C sta:nds for
transconductance-Capacitor), is associated with amplitude control/start-up problen;1s. Sée Khen
Sgng Taq and Paul R Gray, “.Flu]ly Iqteg{ated 5nal_lo_g F iltgrs Using Bipolar-JFET ‘Technology”,

IEEE Journal of Solid-State Circuits, vol. SC-?, pp. 814-821, Dec. 1978, and John M. Izhoury,

i
R

“Design of a 15MHz CMOQS Continuous-Time: Filter with On-Chip Tuning”, IEEE Journal of

Solid-State Circuits vol. SC-26, no. 12, pp. 1988-1997, Dec. 1991.

The above-mentioned PLL-based bandwidth-tuning scheme is shown in Fig.l | and the
two-integrator based quadrature sinusoidal current controlied oscillator (CCO) based on the
traditional concept is shown in Fig. 2. The PLL-based bandwidth-tuning scheme 10 of Fig. 1 is

comprised of phase detector (PD) 12, a charge pump (CP) 14, a loop filter (LF) 16, a voltage tc




14 which feeds block 16. The output of bl ock. 16 is a voltage whi ch get
converted by block 18 to the current, Signal 'Lu"c feeds ot her bl ocks for
tuning (not shown) and block 20. Fig.:. 2 is a nore detailed dlagran1of

20 whi ch shows transconduct ance anpllflers 22 and 24 coupled in series,
each with a transconductance of g,,,.- The output OQUT 2 of 22 is coupled to
the negative input 1NA of 24. The output OUT4 of 24 feeds the positive

i nput I N2 of 22. The negative input -of 22 and the positive input of 24 are
grounded. Bl ocks 22 and 24 receive equal signals ltune; 28 and 29,

r especuireat gonvdite (VUICP U8 san@dRr@ncecdUblicdoeiiCoon(GRD VIR Rigulali 2 eagaek hors 26
and 27, respectively, to ground. This type of sinusoidal oscillators
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some bearing on the present i nvention are: 6, haki ba et al

or 7 AR TSR REKIR. JRELMRRBphek B4Rl 8 ldﬂﬁiwf'“@uw(gﬂwce,bﬂﬁ,' o™

(Luo);discloses a time constant tuning CI(CUIt whi ch uses a frequency of a
cl ock thecurmens lihe Signat Lid: fecdsotheo hischnfor uring G 455V Dad hlipk ). dagcY iskhes a
time constant tuning circuit in which a reference clock frequency is used

to adjN&l dehiffled dia erifx oRCUERPS GANIUBHRS 1rafsBAfudRtec b rnmsazzeindah dou Pﬁcaches_

a relaxation oscillator with I'ow phase noise particularly applicable to

EIS_I(EISI I“g is%?& Z&% \((IIH?L a4 tond@étar)ce%? er 'Thg %%J%upbffél:f bPﬁ‘z g.eclogﬁl'%(tj L Pqe |1(cg=alwc

tenpera ure conpensation ce d
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(G lbert) discloses an OSC|IIator whi ch includes two gnf C stages.
5, 418,H(F2 antheposative) inpetafl?dsare rounded. dBlogks 72 and 24 receive equal signals 1y, 28

and 29, respectively. The outputs OUT2 and OUT4 arc coupled via u_:qﬁal capacitors 26 and 27,
respectively, to ground. This type of sinusoidal oscillators suffers from amplitudé control and

startup problems

US Patents which have some bearing on the present invention are:

- 6,201,450 (Shakiba et al) describes a relaxation oscillator which provides a very wxde linear
range of frequency variation versus control véltage (or current). 6,111,467 (Luo)jdisclc;ses a
time constant tuning circuit which uses a frequency of a clock to tune the circuit time constant. .
6,084,465 (Dasgupta) describes a time constant tunihg circuit in which a referen’c%: clock

- frequency is used to adjust the g of a transco,ntl:iuctor. 6,060,957 (Kodnja et al.) teaches a

' relaxation oscillator with low phase noise particularly applicable to PLLs. 6,020,:792 (Nolan et
al.) describes a precision relaxation oscillator:with température compensation to produce a stable

~ clock frequehcy. 5,497,127 i:arescnts a voltage controlled oscillator with a wide range of
frequencies and which includes a relaxation oscillator. 5,489,878 (Gilbert) disclo:scs an

oscillator which includes two gm/C stages. 5,418,502 (Ma et al.) teaches the use of an R-C



I 2 relaxation oscillator where two conparators control the -
charge/ di scharge of the capacitor viaan SCR 5,093,634 (Khoury) shows
using a triple input. triple output |linear transconductance anplifier as
an oscillator by feeding back the outiput of the anplifier to the Input.
5,070,31 1 (Nicolai) describes using current sources, selected by a
register, to control the charge/discharge of a capacitor and thereby
adjusting the frequency of an oscillator. 4,977.381 (Main) presents a

rel axation oscillator where the direction of the current to the capacitor

h I ' . bi st abl rcuit.
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oscill ator where a capaci arge and

| ower (Nf?:bla‘"i‘ﬂ&sl:ﬁ%%lus*?@sz%ﬂjreﬂpso%r&kg&ﬂ.cu rt%ml Eé"'”?er aX é)f1i)r8hlh8§mrg1:/§is'8purﬁgi ng a

(Matsuo et ‘al.) describes transnlsS|on
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Pat entdaxalidg oséiv . i-val ent rellaxation CCOs
that overcome stgtrag h%/e ﬁpﬁéﬁ%‘ggﬁ%ﬁﬁﬁfé r&g’ﬁ ﬁ.}" Jii m”" s 8P ‘I?l °tBos, are
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]} above but in addition reduces power consumption. 4,725,993 (Owen ct al.) discloses a Iijw duty
o cycle relaxation oscillator which periodically gates an ultrasonic frequency relaxation oscillator.
4,377,790 (Zobel et al.) teaches a relaxation oscillator where a capacitor is charged and
discharged between an upper and lower voltagé level based on a signal from a comparator.
4,535,305 (Matsuo et al.) describes a transmissiidn gate relaxation oscillator using d comparalor .

which compares the charge/discharge voltage with a reference voltage. The invention is

different from all of the above cited US Patents. .

The invention below describes several equivalent relaxation CCOs that overcome

Y startup/amplitude control problems of sinusoidal CCOs, are simple to design and totally

.compatible with modern PLL circuits.-
SUMMARY OF THE INVENTION

It is an object of at least one embodiment of the present invention to providﬁe a circuit and

a method for a relaxation current controlled oscillator (CCO) for phase locked loor_; (PLL)-based

time constant tuning of g,,-C filters.



It is an object of at |east one enbodiment of the present invention to
provide a circuit and a nmethod for a relaxation current controlled
oscillator. (CCO for phase |ocked | oop (PLL)-based tine constant tuning of
gmnC filters. 3 It is another object of the present invention to provide a
CCO whi ch does. not have-anplitude control problens. It is yet another

obj ect of the present invention to provide a CCO which does not have
start-up problenms. It is still another object of the present invention to
provide a CCO which is sinple to design and is totally conpatible with
nodern PLL di is@ubther objéctios i greschhavemijraetprefidé he (U asaM ddeBMeNiuiven is to
provide a CCO where there is great flexibility in choosing the reference
frequepgmpiitudeicon@sl frhgicRsci |1 ation frequency f0. It is yet a further object
of the present invention is to provide a CCOwith a truly 50% duty cycle
out put waveform It is still a further object of the present 'invention is
to provide a CCOw th a non overl appi ng -out put waveform These and nmany

ot her obj ects have been achieved by form ng a test integrator. out of a

t r ansconductbidst anather ebiet alffie aresaparyanyien torpevisisiadat Oorhichdossmat et or i s
fed to conparators which in turn feed a bistable circuit such as a SRflip
fl op. Ftaet-eppgeblen® and its inverse QB of the bistable circuit controls
either the polarity of the input signals to the transconductance

It is still another object of the present invention to provide a CCO which is simplg to

design and is totally compatible with modern PLL circuits.

It is a further object of the present invention is to provide a CCO where therc is great

flexibility in choosing the reference frequency i) or the oscillation frequency f;.

It is yet a further object of tlie present invention is to provide a CCO witﬁ a truly 50%

duty cycle output waveform.

It is still a further object of the present invention is to provide a CCO with a non

overlapping output waveform.

"These and many other objects have been achieved by forming a test integratdr out of a
transconductance amplifier and a capacitor. The output of the integrator is fed to comparators -
which in turn feed a bistable circuit such as a SR flip flop. The output Q and its jnverse QB of

the bistable circuit controls either the polarity of the input signals to the transconductance




4 anplifier or the polarity of the input signals to the conparators (when
the transconductance anplifier-has a differential output). Swtches,
controlled by the bistable circuit, in turn control the polarity of the

i nput signals. The feedback path created by the transconductance anplifier,
conmparators, flip-flops, and sw tches causes continuous oscillation to take
place. A 1)C current input adjusts the gmof the transconductance
anplifier allowing the oscillation Frequency of the CCOto be adjusted by
varying the DC current input. There iis great flexibility in choosing the

ref erengsiike REE: QL - oscillation frequency f0 by the proper

choi ce o? a l‘ra%lls{ﬁg% l\;/lieﬁgllﬁvt%éé&? Sgél‘%ﬁ‘a LﬁﬁW)"“‘E&HZwﬁ%bﬁhéé?@s%?ﬁﬂ”fdﬂ%{nt ages
of the ent inyenti wll bg readily apparent to one skilled in the
art t oa&hﬁgﬁrw%@ﬁﬁgﬁﬂﬁ%&?t%?'t \"’H%“"F’ﬂf%rﬁﬁb&’n sy bigipble gircdl.an fwn cotteol
append&% dramﬁngs,_and the follow ng detail ed description of the preferred
enmbodi Hgrodaritpef tre ippgcrimaly. Ghediecdbaek PRAYNGS B ge (hns@ndudhackn jliggf,am of
a time-constant Tuning PLL for g,,,-C filters of the prior art. ig. 21is

a_ bl ockordpargroasnttip-tlapsjuadisaiuhe G@unssohGRlo@GE I h@s Pl e ﬁ:!}&%ﬁﬁ it
Fig. 3ais a schematic of a first preferred enbodi ment of a for a

i-me- o ion. 5 Flg. 3bis h of
the 1 nabn st el OB b feoh i BlaREieP i ang oy eilofon BsavensSof vt

second %r ef erred enbodi nent ofa CCO For a tinge-constant :
CCO to be adjusted by varying the DC current input. There is great llexibility in choosing the

reference frequency frer or the oscillation frei;uency fo by the proper choice of a resistive

divider.

These and many other objects and aclvantages of the present invention will be readily
apparent to one skilled in the art to which the invention pertains from a perusal of the claims. the
appended drawings, and the following detailed description of the preferred emboaiments.

‘BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a block diagram of a time-constant Tuning PLL for gn,-C filters olf the prior art.

Fig. 2 is a block diagra{q of a quadrature sinusoidal oscillator of the prior art.

Fig. 3a is a schematic of a first preferred embodiment of a CCO for a time-constant

tuning PLL of the present invention.



tuning PLL of the present invention. Fig. 4b is a graph of the input and
oyt put. waveforns of Fig. 4a. Fig. 5a.is a schematic of a third preferred
enbodi ment ofa CCO for a tine-constant: tuning PLL of the present .
invention. Fig. 5b is a graph of the input and output wavefornms of Fig. 5a.
Fig. 6a is a schematic of a fourth preferred enbodi nent of a CCO for a

ti me-constant tuning PLL of the present invention. Fig. 6b is a graph of

t he input and out put waveforns of Fig. 6a. Fig. 7 is a graph .of the tuning
characteristics of the typical CCO of: the preferred enbodinment of the
present i nvétg.idbris algiaph o theinpubdrmdaatslitagivarerek of By paef erred nmet hod of the
invention. 6 DESCRI PTION OF THE PREFERM 1) EMBCDI MENT Fig. 3a shows the
schematic of the first preferred enbodi nent of the inventive relaxation
CCO 30. Atest integrator is fornmed out of the test transconductance
anplifier 3Z:.(ql':.trans:..GC: wiend nand a capacitor .34 (of
capaci t ance%ééga' l% 5%@&&?’%& H%%&ﬁér&% H‘éa 1“1?1"58%1}]5?@8?‘? g‘kﬁa’c?r "tlémt'%“’l"m
conpar at qQr s EEafa]?fgp 36b. . The .out puts of the conparators feed a SR latch 38
wi th of¥Hg ELLOIbpresent 4eptigny 38 i's not further described here since it
is a basic conmponent of digital ciircuitry and well known. The | atch
controls:the polarity of the input DC voltage (across RB) to the
transconduct ance anplifier. A sw tchiing network conprising sw tching neans
S, S2, S31/Fig. 4bis a graph of the input and output waveforms of Fig. 4a. :

R
+

Fig. 5a is a schematic of a third prefei"red embodiment of a CCO for a time-constant

tuning PLL of the present invention.

Fig. 5b is a graph of the input and out;put waveforms of Fig. 5a.

Fig. 6a is a schematic of a fourth preferred embodiment of a CCO for a time-constant

tuning PLL of the present invention.

Fig. 6b is a graph of the input and output waveforms of Fig. 6a.

Fig. 7 is a graph of the tuning charact:eristics of the typical CCO of the preferred

embodiment of the present invention.

Fig. 8 is a block diagram of the prefeﬁed method of the invention.



and S4 is coupled across resistor Rn:of a resistor string and the plus and
m.us knputs of transconductance anplifier 32. The resistor string itself
is a series network of resistors with values RA, Rc, Re, Rc,. and RA
coupl ed between voltage supply VO[) and its return side (typically ground
G\D). VH and VL are nodes along the resistor string which couple to the
plus and m nus inputs of conparators 36a and 36b, respectively. The out put
Vcap of transconductance anplifier 32 couples to the mnus and plus input
of conparators 36a and 36b, respectively, and to.. capacitor 34. In

addi tion, current |tDESCRIFECM O BEEPRENANTNMMBOIIRA:NMP! i fier 32 of
Figs. 3a as well as all transconductance anplifiers 32 of,Figs. 4a, 5a

(i ncluding transconductance anplifier: 52), and 6a. If Qis high and @B | ow
(latch set), switching neans S, and S4 are open and S2 and S3 are cl osed.

| f i's hi nd, Q low (latch rese swi tchin ans S |.and. S4 are.
cl oggdI Wi t L%géggﬁgoqgﬁ1\évﬁgh.mallf‘FeOtﬁE‘t bé‘? Pl ‘ép‘('ﬂﬂ‘éﬁ"?‘t’ﬂle‘?lllg‘t Ell’{“i“é"crrégét“)o“

| i || .volt R6.at the i t to the integrat d
2 ConcEbAReR itdM et g mpCeLl b onsgBiductints Pt & Cotnucs 7

till Vcap reaches V1 and the upper conparator trips setting the latch (Qis
hi gh afendustangeun) andavgagicitasfddpbenpagititness). $hc onwey campl Ge alsgampp icds
the small voltage across R' to the input of the integrator, but in the
opposi taetwit easppargars 368 aad3ébu(Tihe oviwaps afdhe guepardowntcld nS&r layehdistvath durputs
till it reaches VE,. At this point, the |ower conparator trips and resets
t he | aQund QBelSH latch I8hie notfucther dasoribaicheen siese itii$ & basipemhpagai ¢f digital agai n
causing continuous oscillation to take place. ' ' "

{ )} circuitry and well known. The latch controls the polarity of the input DC voltage (across Ry) to

the transconductance amplifier. A switching network comprising switéhing means S1, S2, §3,
and S4 is. coupled across resistor Rg of a rcsigtpr string and the plus and minus iﬂputs of
transconductance amplifier 32. The resistor s:lring itsclf is a series network of resistors with
values Ra, Re, Rg, Re, and Ry coupled between voltage supply VDD and its returh side (lypicaliy
ground GND). Vy and V) are nodes along the resistor string which couple to thé plus and minus
inputs of comparators 36a and 36b, respectivg:ly. The output Vcap of transcondu'ctanc_e amplifier
32 couples to the minus and plus input of comparators 36a and 36b, respectively,. and tg

capacitor 34. In addition, current I, is applied to transconductance amplifier 32 of F igs. 3a as

well as all transconductance amplifiers 32 of ;F'igs. 4a, 5a (including transconductance amplifier

52), and 6a.

If Q is high and QB low (latch set), switching means S, and S, are open and S; and S3 afe
closed. If QB is high and Q low (latch reset), switching means S; and S, are closed with S, and

Ss open. The latter state (when the latch is reset) applies the small voltage across Rp at the input

to the integrator and as a consequence, its output Veap rises linearly with time. This continues




Fig. 3b displays the waveshapes at nodes Vcap (Curve 31), Q and Q3
(Qurves 32 and 33, respectively). Note that the graphs of Figures 3b, 4b,.
5b, and 6b represent voltages in the: vertical axis. Belowis the
calculation to find the oscillation frequency f,,. Wr.= RA Vol) ,Vs =

R " +2Rr +RnVuo, where ER =2R, i +2Rc-+Rn ER ER Jo EVon R

Ti=Tz-C(Vrr-Vr.)=(l+ 2Rc C. to Rn) iget, 1 1 grN f~ TI+4T2 21+2Rc C
RH From (4), f o 1 gill if . R 1.07 2rr CRie Also, | grr~.fo=2Cif
Rc =0 (1) I
till Veap reaches Vy, and the upper comparator trips sciling the lateh (Q is high and QB low).
Now S, Sq opens and S». Sz closes. This also applies the small voltage across R.lg to the iput of
the integrator, but in the opposite direction. As a result, Veap now goes down linearly with time
till it reaches V. Al this point, the lower comparator trips and rescts the laich. Therefore the
above two sequences will repeat again and again causing continuous oscillation to take place.
Fig. 3b displays the waveshapes at nodes Vcap (Curve 31), Q, and QB (Curves 32 and 33.
respectively). Note that the graphs of Figures 3b, 4b, 5b, and 6b represent voltages in the

vertical axis.

Below is the calculation to find the oscillation frequency fi.

Vl’.=£VDD,VH =w%;ﬁ , WhereZR = 2R1+ 2R+ Ru ' (1)
" ZR ZR :
Io= g»;%lfnn | | | , . - (2)
op G (20 .
+ I(J‘ ' RH gm
1 n
foet - & @
Ti+T ( 21&) C : : ,
21+ C :
Rs ' :
: . 1 Buw o . :R('
¥ 43, == f —=1.07 5
rom (9 fes0rc YR ©)
1 B . :
Also, =2 if . Re=0 6
S0 fo > 3 ¢ (6)




(2) (3) (4) (5 (6) 8 Equation (5) shows that the circuit can he adjusted
to have a frequency very nearly equal- to that of the traditiona
two-integrator sinusoidal oscillator. Itunc is the DC current input to

adj ust the gmor the transconductance anplifier. This means the
oscillation frequency to of the CCO can be adjusted by varying Wen this
CCO in used in the PLL shown in Fig.' 1, we have: : 1 9. 2 1+ 2Rc-J C R 9
(7) (8) Since Re/RBis a constant, the g,,,/C of the test integrator is
determned directly by If all the integrators in a g. -Cfilter are nade

i dent i?ﬁ]atibﬁ () oh8 That kK SRR baadjubied o have.a frequntheciPlnCarly tqualigedhat 0
control each transconductor (using current mrroring), then the bandw dth

of 1t Northi lhifiohdl T8 '=g§nﬁor@xmgmd9045ma%nso deternined by fRF and can be
y TU. Equatio t shows . :

tuned n

line is the DC current input to adjust lhc g ol the transconductance umpli'ﬁcr. This
means the oscillation frequency fy of the CCO canbe adjusted by varying Iy,n.. When this CCO

in used in the PLL shown in Fig. 1, we have: |

0 ﬁea-:~-=f°=T12_R(-)§ci | o m
21+ — , .
Rs
from (7) we have: LA 2[1 + 2R('] S : (8)
C Rs ' .

Since R¢/Rg is a constant, the gq,,/C otj‘ the test integrator is determined dir:ectly by fup. If
all the integrators in a gn,-C filter are made idientical to the test integratqr and if ly,,, from the
PLL is used to control each transconductor (ﬁsing current mirroring), then the ba:ndwidlh of the
filier (determined by gn/C) is also determined iby frer and can be tuned by it. Equation (8) shows
that there is a great flexibility in choosing fkér or fy due to the ratio RchB. In the case of the

~ traditional sinusoidal oscillator, the constant émultiplier of frer in (8) would be ﬁked at 2n.
The transconductance amplifier and fhe integrator formed by it are referréd to as ‘test’ .

integrators because they are identical to those used in the main filter for which time-constant or

bandwidth tuning one wants to do. The problem is to find out the ‘g’ of the ones in the main

filter. Since this cannot be done directly without affecting the filter performance, an additional

9




that there is a great flexibility in choosing fREr or f4 due to the ratio
Rc/Ra. In the case of the traditional sinusoidal oscillator, the constant;
multiplier of fREa- in (8) would be fixed at 2n. The transconduct ance
anplifier and the integrator forned by it are referred to as ."test’ )

I ntegrators because they are identical to those used in the main filter for
whi ch time-constant or bandw dth tuni:ng one wants to do. The problemis to
find out the "g,,," of the ones in the main filter. Since this cannot be
done directly without affecting the filter performance, an additional

| nt eghatQlaiod, ARALEAW theQrchs RS b 49 d 180" cliBiemsad i8S A is Tasid ol ement
and its "g,,," 1s found out instead and corrected with a PLL using the.

inventive circuit. Fig. 4 hows a second preferred enbodinment of a ('COin
t he FdF‘ﬁ*P%fa'éﬁrﬁEFEdPgr“baa&i‘f‘fSB}get EIEPORBIRY A (+) and B(-) are used for
the transconductor 32. However,.again only one timng capacitor 34 is
used. This inplenentation uses output sw tching instead of input swtching
of Fig. 3a. This helps in getting rid of any delay through the

t r ansconducFigr 4astthws 4 seeord prefgrraall dabeslitegieen GGQ@ authwdyror! & 40 Yare 1t is
to be noted that non-overl appi ng output waveforns are generated, as shown
i N Fi odiffRenGdl Meputd A @nAnd B(-)tabe a3 for thie Saharogilngood2.t Hewetdrigan edpace t or
34 during switching. Curves 47 and 48 are enl arged sections of Curves 45

and A0 RBE AR usdt? TR ﬁxgﬂ&'ﬁ@ﬁlhﬁonﬁjﬁ’ﬁgB%fp?%@ilﬂf?ﬁ}; fuend appboo- Fig. 4b

al so str\ wavert or s tputs A an rves 41 and 42,

respectiyvely), .L.he eform at Vcap .gn node yrves 43 d.. 44

r espectyijehipg of g‘;&j?’ %ﬁ'@( hi§ ﬁe‘e(Bé\VégfbtPHEna 6’? al (g]ﬂ%l ﬁﬁ&%re \?/rggscgg&g:rt]%r Wiy ,
respectively). The resistor string off Fig. 4a is the sane as that for Fig. |
3a i ncthedifore, elbowekighenfrequeney efirresigncdios tabe netgdHhat a?'ange,ri‘?@

RgRYR8L, VDD

and ground. A sw tching :

waveforms are generated, as shown in Fig. 4b Curves 47 and 48, to avoid discharging of the

timing capacitor 34 during switching. Curves -%I? and 48 are enlarged sections of Curves 45 and

46, respectively, to more clearly demonstrate non-overlapping. Fig. 4b also‘shoWs the

waveforms for outputs A and B (Curves 41 aﬁd 42, respectively), the waveform at Veap and

node C (Curves 43 and 44, respectively), and output waveforms for ¢§2 and o1 (C!urvcs 45 and

46, respectively). The resistor string of Fig.‘i4a is the sémc aé that for Fig. 3a in_cludingv
connections to transconductor 32, comparato:rﬁ 36a and 36b, Vpp and ground. A switching
network comprising switching means $1-4 is coupled between outputs A and B and nodes Vcap
and C. Vcap in turn is coupled to the positiv;e and negative inputs of comparatorEs 36a and 36b,
respectiveiy, and via timing cap_acitor 34 (of ;.c_:apacitance () to ground. Node C 1s coupled via

resistors Rp to both Vpp and ground. Note {also that capacitors Cd are connected at the NOR

gates of SR latch 38 to help generate the non-overlap. Ry for Fig. 4a is defined as:

Rp=Ra+Rc+Rg/2
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network conprising switching nmeans S1-4 is coupl ed between outputs A and B
and nades Vcap and C. Vcap in turn is coupled to the positive and negative
i nputs’ of conparators 36a and 36b, respectively, and via timng capacitor
34 (ofcapacitance C) to ground. Node .C is coupled via resistors RD to both
VDD and ground. Note al so that capacitors Cd are connected at, the NOR gates
of SR latch 38 to help generate the non-overlap. RI) for fig.. 4a i.s defined
as: RD =RA+Rc+Ra/2 10 Note that the suffix for S| to S4 indicates during
whi ch phase the switching neans is active, such that: S 1-42 and S3-42 are

on when out %tcﬂha@tf@suﬁﬁ ﬁtsqnoaﬁ lhélcm'x.geruﬁbngrhkhgﬁmglzlhu s\]vuclﬁﬂgrb%nérb 1are

on when output 4, 1 1s shows a third preferred e | ment of

out put RS UL s RSB SRS CEER AT

switching. The resistor string of Fig. 5a is the sanme as that for Fig. 3a
i ncl udiand Sdepingeonovientatput dhgsbigtiuct or 32, conparators 36a and 36b, V-)o
and ground. A swtching network conprising switching neans S| to $4 is
coupl ed between outputs A and B of transconductor 32 and node Vcap and
outputs C and D of transconductor 52. Mre specifically. A is coupled via

S4-41 to C qﬂg 5’& :ﬁm% éhgd ‘iaﬂ.lt\,/r? c.mﬁ)dtﬁu.ﬁloclﬂpa' @@()Vlh%usﬁm%u% A @oaﬂﬂ. Vi a

S2-41 to Vca cap I's cou he positive and negatl ve
o SRS A R B PR PP T AR ERSF
and VHIa’lsoréarﬁgl%% (In\lltgllltys'mm(ljnis T\l'{é rcs:azti(n Sll'\I/DE (l)t hg 5a E%I;c;[ w?r];c ziib tfsu?tcfgp glg,r gas stive,
including connections to transconductor 32, comparators 36a and 36b, V), and ground‘ A
switching network comprising switching means S1 to S4 is coupled between outputs A and B of
transconductor 32 and node Vcap and outpuls Cand D of transconductor 52. More specifically.

A is coupled via 84-41 to C and via S1-¢2 1o Vcap, B is coupled via S3-¢2 to D and via 52-¢1 to
Veap. Asin Fig. 4, Vcap is coupled to the pzoéitive and negative inputs of comp:arators 36a and

36b, respectively, and via timing capacitor 34 (of capacitance C) to ground. Outputs C and D are

boupled to nodes V. and Vy’, respecti_vely.l Nodes Vl_"’ and Vy are part of a sf:cond ;fsistive
network comprising two resistor strings in p;ara]lel having resistors of value R and Ry, in series
between Vpp and ground, respectively, anci,z similarly, resistors Rp and Ry in seiries between
Vpp and ground, respectively. Rpis defineci:l as: Rp=Ra+Rpg+2R. Note that the voltages at

nodes Vi and Vy’ are ideatical, so are the voltages at nodes Viand V|,

Current from one output of the fransconductor (32) charges the timing capacitor 34 of

capacitance C and the other transconductor 52 helps to maintain continuity of the current from




network conprising two resistor strings in parallel having resistors of
val ue. RA and RD in series between VDD and ground, respectively, and,
simlarly, resistors RD and RA in series between VDD and ground,
respectively. RD is defined as: RD=RA+RB+2Rc. Note that the voltages at
nodes VH and VH are identical, so are the voltages at nodes V -, and V L'
Current from one output of the transconductor (32) charges the timng
capacitor 34 of capacitance C and the other transconductor 52 helps to
mai ntain continuity of the current fromll the other output ﬁf
t r ans @B dtek oltpalof Fhecadinatr 3ge ThE advantagic b ERPISMEBIUIPY 15 IHsk
transconductor 32 outputs A and B do not see. voltage junps when the
SW t ChirlgcHRARTr3RvGSRIs Aldn@B dendthec voltgegumppabicn e, switshingangansichenssécond
enbodi nent of Fig. 4. 'T his enables higher frequency of operation. Here
al so, - AR 08 iR0aN ef OlcBEn dreb@rmentairedy . sl inekibdes higase
capaci?%ﬁygﬁﬁ%gﬂgﬂé 8%3%??3 SR latch 38, which help to generate the

non- OVE’%‘?‘%‘E; gﬂ 8@’%‘1{.’% A e aN}%t ﬁox{-g%rlayﬂﬁg%ﬁtﬂdl YvalOornds hretiRn&iddn A Ciatiag.

during € SW tChing nean active, such that: S1-4)2 and

S3-42 .Wh t put, |0 R latch.38 is, high,. LoRaveR 256t d
S4-$ 12é$@ggfﬁmﬁ%en"r£‘g%‘gléﬂfl“€‘f0§%aﬁ?%ﬁ’%‘%&%%ms%%\?\gu? g&/ﬁ\%}gf @rgpré%lforascap
(Curve 51), A (Curve 52), B (Curve 53), C (Curve 54), D (Curve 55), 4)2
(Curvewag¥formnd +1 (Curve 57). Curves 58 and 59 are enl arged sections of

Curves 56 and 57 to nore clearly denonstrate non-overl apping.. Fig. 6a shows
a fourth preferred enbodinent of a CCO in the formof CCO 60. This is.a.

Note that the suffix for S1 to S4 indicates dusing which phase the switching means is i

active, such that: S1-¢2 and S3-¢2 are on when output $2 of SR latch 38 is high, and that $2-91

and S4-¢1 are on when output $1 is high.

Fig. 5b shows the waveforms for ch:xp (Curve 51), A (Curve 52), B (Curve 53), C (Curve
54), D (Curve 55), $2 (Curve 56), and ¢1 (Curve 57). Curves 58 and 59 are enlarged scctions of

Curves 56 and 57 to more clearly demonstrate noq-over[appin_g. ,

Fig. 6a shows a fourth preferred emBodiment of a CCO in the form of CCO 60. Thisisa { "
fully‘ differential implementation employing both input and output switching and four timing
capaéitors 64a-d each of capacitance C. Each timing capaqitor is charged to thé appropriate
reference voltage and applied t.o. the output 6f transconductor 32 for integration. The integration
of a pair of capacitors is conducted while cﬁarging of the other pair is carried out. In this case

also a non-overlapping output waveforth is generated. However, the output frequency is double

of the previous embodiments. Being fully differential, this circuit provides a truly 50% duty -




fully differential inplenmentation enploying both input and out put sw tching
and four tim-ng capacitors 64a-d each of capacitance C. Each tining
capaci‘tor is charged to the appropriate reference voltage and applied to
the output of transconductor 32 for integration. The integration of a pair
of capacitors is conducted while charging of the other pair is carried out.
In this case also a non-overl appi ng output waveformis generated. However,
t he out put frequéncy is double of the previous enbodi nents. Being fully
differential, this circuit provides a truly 50% duty 12 cycl e out put
wavef OffRIGuUT W FelEke at Errdis BIAE (oinswaatnsibmalches inhibe dilfdreniahtrimdistens dnkinst or s
bal ance off. Still referring to Fig. 6a, the circuit is:explained in nore
detail ,gResistive strings RA-RE- RA and RD-RD-RD are both coupl ed between
VDD ana a reference potential (typically ground as shown in Fig. 6a). The
node between RA and Rl is l|abelled V11, and the node between RI. and RAis
| abelled VL. In the | denti cal smﬁtching arrangenent as that of Fig 3a for
swi t chi ng neans to S4, the gh.sid
S 431 Lo ¢ RAlISBrEnG D BHcom U I8 1 RGP R Rey g ires KR,
respectively. The |ow side of RI3 couples via S3-4) | and S4-4)2 to the
POST I Y&, . REAR G Soth EBEBIuPBetWL@ﬁ‘%?,%U‘ht@ﬁréﬁu poRAEitypidlly.prdine 8l us
ou

and m nys transco ductor 32 couples to the plus and m nus i nput

of dual - out put conpar at or respectively. The plus and m nus outputs of
conpar ahown 66 Fig: 6a). Shel rmﬂsrbewen(ﬁouuwde‘élt bé?b@ébﬁ Vin@ad shaagdg bgtwaen dhigand,
series switching neans S5-4)2, S6-4)1, 57-4)2, S8-4)1. The junction

g?g\/;gr%% 1#1}]11‘33‘19 Sh 1A Richticd gﬂﬁcﬁ{ﬁggnmﬁ;&%@ﬁé 1At 048, 3:5of me:lﬁﬂg hehMeen

S1 to S4, the high side of Ry couples via Sl—‘¢2 and S2-¢1 to the positive and negatlve input of

transconductor 32, respectively. The low side Qf Ry couples via S3-¢1 and S4-¢2 to the positive |

ané negative input of transconductor 32, respectively. The plus and minus output of
transconductor 32 couples to the plus and minus input of dual-output comparator 66,

respectively. The plus and minus outputs ofi‘ gomparator 66 feed SR latch 38. Coupled between
nodes Vi and VL are in series switching 1n¢ans S5-¢2, S6A-¢1 . .87-¢2, S8-41. Thejunction_
between S6-¢1 and S7-¢2 is node Vcap. A :capacitor 64a is coupled between ground al;d the

(7 J  junction of 85-¢2 and 86-¢1 and capacitor 64b is coupléd between ground and the junction of -

S$7-02 and S8-¢1. Node Vcap connects to the plus output of transconductor 32. Sxmllarly,

coupled between nodes Vyand VL, are in senes switching means S9-¢1, $10-92, S11-¢1, S12-

$2. The junction between S10-¢2 and 51 1-;¢1 is node Vcap® and connects to th‘e negative output

of transconductor 32. Capacitor 64c is coubled between ground and the junction of S9-$1 and

SIO-¢2, and capacitor 64d is coupled between ground and the junction of S11-¢1 and S10-¢2.
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junction of 55-4)2 and S6-41, and capacitor 64b is coupl ed between ground -
and the junction of S7-4)2 and S8-4).1. Node Vcap connects to the plus

out put of transconductor 32. Simlarly, coupled between nodes V Hand Y L
are in series switching neans S9-4) 1, S 10-02, S| 1-4 1, S 12- 02. The
junction between S10-02 and S11-41 is node Vcap' and connects to the
negative out put of transconductor 32. Capacitor 64c is coupled between .
ground and the junction of S9-11 and .S 10-4)2, and capacitor 64d is coupl ed
bet ween ground and the j unction of S| 1-4) 1 and S 10-4)2. 13 Node

Vcap' connegt s st o t ' - {sBdlauendue! Rksididr RRasdefingd & . i s
defin O‘Qes:ec%é%}{'fggtg}a% lrnggfog%l}w%&rirsgadefined as: Rl;Réalgl3+2Rt c. Note
that the suffix for S1 to S12 indicaties during which phase the sw tching
means g ‘RgﬁngﬁgxeggorR§ii¢4h%da§4ké¥2ﬁéﬂd;85-4)2 are on when output 02 of
SR latch 38 is high, and S2-4 1, S3-4)|, and S6-4)| are on when output 01
is high. Fig. 6b shows the waveforns :for Vcap (Curve 61), Vcap' (Curve 62),
42 (Curve 63), and $1 (Curve 64). ). Curves 65 and 66 are enl arged _
sections of Curves 63 and 64 to nore cl éarly denonstrate non-overl appi ng,
caused by capacihhohs siltix hB1 to8 | Divdimgtesaloting shasksplase theswplehingdneass 1§ he
four enbodi nents: Enbodi nent no.H F. icapabilityC rcuit conpl exityWveform

symmet [ v 1Low auGood 4 gy HVEALABAMERAGRIpuL §2 of SR latch 38 is high, and S2-41,

$3-¢1, and S6-¢1 are on when output §1 is high.

P

| Fig. 6b shows the waveforms for Vcap (Curve 61), Vcap’(Curve 62), $2 (Curve 63), and
$1 (Curve 64).). Curves 65 and 66 are enlarged sections of Curves 63 and 64 to more clearly |

demonstrate non-overlapping, caused by capacitors Cd.

The following table shows the comparison of the four embodiments: .

Embodiment no. H.F. capability | Circuit complexity Waveform .
P : symmetry
1 Low ; Low Good
2 Medium ? Medium Average
3 High - High Average
4 Low . Medium Very good

Simulétion'Results:

Simulation results show that the circuit functions as expected. The calculated (with

formula) and simulation frequency are very close. The curve of Fig. 7 shows a typical tuning




3Hi ghHi ghAver age 4LowMedi unvery good ‘Sinulation Results: Sinulation results
show that the circuit functions as expected. The calculated (with fornula)
and simul ation frequency are very close. The curve of Fig. 7 shows a
typical tuning 14 characteristic of tthe CCOrelating the bias current to
the CCO frequency (1i?), valid for any of the above described preferred
enbodi nents. The nethod of providing .a relaxation current controlled
oscillator is shown in Fig. K and conprises the follow ng steps: Block 1:
form ng an integrator froma test transconductance anplifier ‘and.

capaci t v ng t.he of | nt egrator .t
corrpar%l}aﬁ%t%gz fﬂ%l @@é rglan BrFey' DR U‘t‘gﬁ? “B‘fc{:ﬁgﬁ“é‘b‘h‘b @t)DY‘ﬂWgrﬁﬁg“Xo a
bi st abl ircuit; ock 4. ap n DC tuning current to adjust the
transc I&E@E’%YFC Sﬁrﬁ?ed C’Eeﬁggfﬁ'ﬁ’ﬁ 'E'ger%‘hct ance anplifier; Block 5:
controlling switching neans via the bistable circuit to al ternate the state
of the bistable circuit thus producing continuous oscillations. In sumrmary

the advant a\?\;ﬁf?gﬁ:fthotdkb (579 A3%0 |e"°%¥?ﬂ‘§'1 aheng& M m%lémo Rsﬁé\%t&'ngi‘ﬁ § and

oscil | at or IS C ase
comprises the following steps:

Block 1: forming an integrator from a test trahsconductancc amplifier and capacitive mcans;

Block 2: coupling the output of the integrator to comparator means;

Block 3: applying the output of the comparatc;)r means to a bistable circuit;

Block 4: applying a DC tuning current to adjlilsg the transconductance g, of the tr:ansconduétancc
amplifier;

Block 5: controlling switching means via the :bistable circuit to alternate the state of the bistable

circuit thus producing continuous oscillations.

In summary the advantages of the présent invention include:
(1) A relaxation oscillator which is compatlblc with PLL-based tummD of gn-C ﬁltu‘s
(2) No start-up/amplitude contro! problems have to be overcome. : -4

(3) There is more flexibility in deciding frgf or fo.

While the invention has been particul:arly shown and described with reference to the
- preferred embodiments thereof, it will be understood by those skiited in the art that various

changes in form and details may be made without departing from the spirit and scope of the

invention.




(2) No start-up/anplitude control problens have to be overcone. (3) There
is more flexibility in deciding fREN.or f4. Wile the invention has been
particularly shown and described with reference to the preferred :
enbodi ments thereof, it will be understood by those skilled in the art that
various changes in formand details may be nmade w thout departing fromthe
spirit, and scope of the invention. dgafké&l M5. 1. A rel axation current
controlled oscillator, conprising: an integrator having a first and a
second input and at |east one output, said integrator integrating a

vol tage signal applied at its inputs, said integrator further: conprising a

transcqnductance anplifie aving a first.and a second input and at |east
one out'pdt relaxaliog C{’TBE'}%&’B{{B@%‘{ ﬁﬂlél?oarn‘fﬂ“l] l]"Sél'?!"havi ng a transconductance
b,,,, said transconductance anplifier providing at its output a signal
proportional to its inputs, said inputs of said transconductance anplifier
coupled to said inputs of said integrator, said output of said to ,

t r ans c andnegmtardasimg|a fisstandopseeprdiinpat ang & lengt gt owputs wiinleRraigr Hiratinggng
capacitive nmeans coupled to the output of said transconductance anplifier,
wher e saidltage sigaslidpplied amanapats, saldanggdtefubhetdemmisinput  si gnal of said
transconductance anplifier; 15 first conparator neans for conparing the

out gut signal of said transconductance anplifier against a first reference
vol tage, said first conparator neans setting a Set-Reset type flip-flop

a transconductance amplifier having a first and a second input and at least one output, |
said transconductance amplifier havﬂi'lg a transconductance g,,, said tranéconduciancc
amplifier providing at its output a siénal proportional to its inppts, said inputs of said
transconductance amplifier coupled {o said inputs of said integrator, said output of said

10 transconductance amplifier coupled to said output of said integrator; and

capacitive means coupled to the output of said transconductance amplifier, where said
capacitive means is charged up by the output signal of said transconductance amplitier;
15 first comparator means for comparing the oﬁtput signal of said transconductance amplifier
against a first reference voltage, said first comparator means setting a Set-Reset type flip-flop

when said output signal of said transconductance amplifier matches said first reference voltage;

second comparétor means for comparing the output signal of said transconductance amplifier:

20  against a second reference voltage, said second comparator means resetting a Set-Reset type flip-




when said output signal of said tranéconductance anplifier matches said
first reference voltage; second conparator neans for conparing the output
signal of said transconductance anplifier. 20 agai nst a second reference
vol tage, said second conparator neans resetting a Set-Reset type flip 16
fl op when said output signal of said transconductance anplifier matches
said second rclcrcncc voltage; and first and second switching neans in
comuni cation with said inputs of said transconductance 5 anplifier for
controlling the polarity of said.voltage signal applied to said inputs of
sai d 1t fapshendaiaatesigiRl difshRMraneonlli@ah&l ﬁﬁﬁlm@ 'Euﬁél{crb ?{ﬂj SEQIH’ QRLLQ\QL
oscillator of claiml, wherein said output of said op anJ
|nversee5ﬂ?% 4y output of said flip-flop control sald flrst and said second
smntchlng neans thus producing continuous oscillations. 3.. The .
rel axation current controlled oscillator of claim1, wherein a DC tuning
current is applied to said transconductance anplifier to adjust the
transcopductance gr, of said transconductance anplifier. 15 4. The
r el axat N6 26435°8RY SWisshing Meas Bsonmutieionrwith shdimputsMerish trunseanductance
oscillation frequency fO of said relaxation current controlled oscillator
can be- ampliierddr pgnteodling thg palabity o&mld\golc,agersqgml aypbied admdmfmm:bl said -
transconduct ance anplifier.

transconductance amplifier.

) 2. The relaxation current controlled oscillator of claim 1, wherein said output of said ﬂ-ip-rk)p

and the inverse of said output of said flip-flop control said first and said second switching

10 means thus producing continuous oscillations.

3. The relaxation current conirolled oscillator of claim 1, wherein a DC tuning currcnt‘is:
applied to said transconductance amplifier to adjust the transconductance gy, of said

transconductance amplifier.

)} 4. The relaxation current controlled oscillator of claim 1, wherein the oscillation frequency f of -

said relaxation current controlled oscillator can be adjusted by varying a DC tuning current

applied to said transconductance amplifier.

20 5. The relaxation current controlled oscillator of claim 1, wherein said voltage signal at said

input of said integrator is derived from a network comprising resistive means.




20 5. The relaxation current controlled oscillator of claim1, wherein said
voltage signal at said input of said integrator is derived froma network
conprising resistive neans. 17 6. The relaxation current controlled
oscillator of claim5, wherein said network conprising resistive neans is
coupl ed between a positive voltage supply and its return side. 7. A

rel axation current controlled oscillator, conprising: 5 an integrator
having 'a first and a second input and a first and a second output, said
integrator integrating a voltage signal applied at its inputs, said

i nt egr@t ghe balhtdiRh GREM dohirBlePodcliAGCTHIM R MAR réRAId fncBvork @umpgsiagf | 1 st
and a second input and a first and a .second output, said transconductance
anpl i f i ef. AE Akafs Esr&%ﬂéﬁﬁ%g%eﬁ%%sﬂﬂ)e’voﬁﬁﬁ@mﬂa?lfz_ﬁfﬂﬂﬁ%ﬂ@#ﬁl@.ﬂce anmpl i fier
providing at Its outputs a signal ‘proportional to Its inputs, said inputs
of said transconductance anplifier coupled to said inputs of said

I ntegrator, said outputs of said transconductance anplifier coupled to
said outputs of said integrator; and capacitive neans coupled to the

out putd o redanation came saaeles RsellBRs SAMRIISINGhere the 15 vol tage across:
said capacitive neans is controlled by the output .signals of said

t r ans canitrgranckavamga fifst and af¢gond inpnpad attoyt and arsscdnsroudRitpaid WECLEPT 1 st

out put signal of said transconductance anplifier against a first reference
vol t agiptegpating £ voltige Sighpleapptiod aniesinputsedaid miematSeturReseampryyee f | i p-f 1 op

g

a transconductance amplifier having a first and a second input and a first and a second
output, said transconductance amplifier having a transconductance g, said

10 transconductance amplifier providing at its outputs a signal proportional to its inputs, said
inputs of said transconductance amplifier coupled to said inputs of said integrator, said

outputs of said transconductance amplifier coupled to said outputs of said integrator; and

capacitive means coupled to the outputs of said transconductance amplifier, where the
: A

15 voltage across said capacitive means is controlled by the output signals of said

transconductance amplifier;

first comparator means for comparing a first.output signal of said transconductance amplifier

R

ag'ainst' a first reference voltage, said first compmator means setting a Set-Reset type flip-flop

20  when said output signal of said transconductance amplifier matches said first reference voltage;




20 when said output signal of said transconductance anplifier matches said
fi'rst reference voltage; | 18 second ‘conparator neans for conparing the
out put signal of said transconductance anplifier against a second
reference voltage, said second conpariator neans resetting a Set-Reset type
flip- flop when said output signal of 'said transconductance anplifier

mat ches said second reference voltage; 5 first and second sw tchi ng neans
coupl ed between said outputs of'said transconductance anplifier and said
first and second conparator for controlling the polarity of said voltage
si gnal seaqpl doptpdraiot MeaOBi towiPari iyt oofpussipahl ol k&l 1A5RANB A ceamthiifee
negative input of said second conparator, respectively; and said first,

and saiAhafRES BstoRlhdrelth8IvaTRAR SsafdIsdcbifd g&ﬁ?kﬂhl%ﬁ' n{@aﬁm&miﬁghgcpﬂ&m@%p
said transconductance anplifier and a first termnal of résistive reans. 8

The rel ' 0 . -0l ar, of: . L ML JAREr e aid
out put N s DUBRH ST oE B Rl B Qaninl By Tty sHPSEEHE g fce
flip-flop control said first and said second sw tching neans thus producing
contindgﬁ?yﬁscillations. 9. The relaxation current controlled oscillator of
claim7, wherein a DC tuning current is applied to said transconductance
anplPi fier to adjust the transconductance gm of said 20 transconductance -
anmplifier. : o ,

first and second switching means coupled between said outputs ol said transconductance

amplifier and said first and second comparator for controlling the polarity of said voltage signal

) ‘.

applied to the positive input of said first comparator and the negative input of said second

t’""\‘

comparator, respectively; and

10
said first and said second switching means further coupled between said outputsl of said
transconductance amplifier and a first tcn‘nir;xal of resistive means.
8. The relaxation current controlled oscillat!or of claim 7, wherein said output of said flip-flop
15 and the inverse of said output of said flib-f]op control said first and said second sWﬁching
) means thus producing continuous oscillaiti.ons.

9. The relaxation current controlled oscillator of claim 7, wherein a DC tuning current is
applied to said transconductance amplifier to adjust the transconductance gm of said

transconductance amplifier.




19 10. The rel axation current controlled oscillator of claim7, wherein the
oscillation frequency tj of said relaxation current control |ed oscillataor
can be adjusted by varying a DC tuning current applied to said
transconductance anplifier. 5 11. The relaxation current controlled
oscillator of claim7, wherein said voltage signal at said inputs of said
integrator is derived froma network conprising resistive neans. 12. The
rel axati-on current controlled oscillator of claim1l, wherein said network
conprising resistive nmeans is coupled between a positive voltage supply and

Its T eae'.rﬂ'lesriematiéfpc&%nl Th@rd R %&11heR o E&laine 1t whehv 1k badl ke frdqutmry ol
claim 12, wherein a second termnal of said resistive nmeans is coupled to

said positiye vol.tage suppl turn side. 14. A relaxation.eurrent

Sont r ol T eibEPlion Birrent Sharqlladageritor s b pdigetsd By VARV LG hiBd ey

I nputs and outputs, said integrator _integrating a voltage signal applied
at its i ranplied tossgidiranscepdustance pllig: conprising a first transconductance
anplifier having differential inputs .and outputs, said first 20
transconductance anplifier having a transconductance gr,,, said first
transconduct ance anplifier providing at its outputs a signal :proportional,
to kts NP felaxation cirpgiticenedllciaisdil 26 fof chiimt7r vhsonsiid valtepe sampl atfsiigr
coupled to said inputs of said integrator, said outputs of :

inputs of said integrator is derived from a network comprising resistive means.
12. The relaxation current controlled oscillator of claim 11, wherein said network comprising i)
resistive means is coupled between a positive vollage supply and its return side.

10

13. The relaxation current controlled oscillator of claim 12, wherein a second terminal of said

resistive means is coupled to said positiv:e'voltage supply return side.
14. A relaxation current controlled oscillator, comprising:
‘an integrator having differential inputs and outputs, said integrator integrating a voltage signal !

applied at its inputs, said integrator further comprising

" a first transconductance amplfﬁer heiving differential inputs and outputs, said first
20 transconductance amplifier having a transconductance g, said first transconductance

amplifier providing at its outputs a signal proportional to its inputs, said inputs of said

20




said first transconductance anplifier coupled to said outputs of said

I ntegrator; a second transconductance anplifier having dif ercniial inputs
and outputs, said second 5 transconductance anplifier having a
transconductance g,,,, said second transconductance anplifier providing at
Its output a signal proportional to its inputs, said inputs of said second
t ransconduct ance anplifier coupled to said inputs of said integrator, said
outputs of said second transconductance anplifier coupled to said outputs
of said integrator ; and 10 capacitive nmeans in comunication with the
differenti al | | ’ = o & : ki er e.said
capact t1ve Hoaneibondibianel SphfloohfipT R <fPIFHE F35R AL Bhg ptlafl i
first transc ce.a i fier ending.on.the state of. first and second
Sw ¢ chi ng. meAnceh GAREo Rt EhafiBEGRIE f T5d BEimBl Ra nleepli {1 ve

out put signal of said first transconductance .anplifier against a first
reference voltage, said first conparator neans forcing a Set-Reset type
flip-flop to a first state when said output signal of said transconductance
anpl i fier nexseRerd Bansgonductaste praplhertasingslitiergetialdopwe swhoutpepaiditwpndreans
for conmparing the negative output signal of said first transconductance

anpki fi er againBédndactaREOAplifRd BRGREQ tiabdordBeian&®dl,d s8IRGLEChIAPIFR&S L OLndEaNS
forcing said Set 21 Reset type flip-flop to the opposite of said first

state when sai d.out put ..Si | of sai.d trans conductance anp|ifier matches
S second Punifee pRiBE BBR o Rburigng bR b OhERGYior B iguesAa
coupl ed between said outputs of said first trans L

second transconductance amplifier coupled to said inputs of said integrator, said-6utputs

of said second transconductance amplifier coupled to said outputs of said integrator : and

10 capacitive means in communication \:wilh the differential outputs of said first trans-
conductance amplifier, where said ca:pécitive means is charged 'up by differentia] output
signals of said first transconductanceéampiiﬁer depending on the state of first and Second
switching means;

15 first comparator means for comparing the po;sitive output signal of said first tran;condll;:taﬁce |

: ‘ _,‘) amplifier against a first reference voltage, sa;'dl first comparator means forcing a Set-Reset typcl

flip-flop to a first state when said output signal of said transconductance amplifier matches said

first reference voltage;

20 second comparator means for comparing the negative output signal of said first transconductance

amplifier against a second reference voltage,: said second comparator means forcing said Set-



5 conductance anplifier and said first and second conparator for
controlling the polarity ofsaid voltage signal applied to the positive
i nput of said first conparator and the negative input of said second
conparator, respectively; said first and second sw tching nmeans further
coupl ed between said outputs of saidifirst and said 1o second
transconductance anplifier; and a first network of resistive means coupl ed
to the outputs of said second transconductance anplifier. 15 15. The
rel axation current controlled oscillator of claim 14, wherein said output
of sai di&sel ype¢ flpllante theeppesieraf saigrfirsistate svep seid outps signal ol saiditewscont r ol
said first and said second sw tching nmeans thus produci ng conti nuous
osci | | aondusganctGmplifier malchxssaid sccnd reistencomoltglel ed oscil l ator of cl ai m.14,
wherein a DC tuning current is 20 applied to said first and said second
transconductance anplifier to adjust the transconductance gR, of said first
and said second transconductance anplifier. 22 17. The rel axation current
cont r oldarekiResd dREER svitchih@in@irdvbouphaiRhiediNGiddsifpis 8F Lo ik RMENCY fey of
said relaxation current controlled oscillator can be adjusted by varying a
DC t.uni ' .0 S Al LI .Sal L1ran uct ance
tS. &gdﬁﬁg%ﬁ‘ﬂgﬁk kelﬁ?cfis:}u? fivdt aqd fsécroﬁh B déxﬁ'*rqu&ﬁl?l%ﬂrl]E a!‘.ﬁ(() ﬁglgrfqgc(ﬁaslm

anplifier. axation current controlled osci m 14,

wherein said first i tching.means is. coptrolled by t st ate apposi.te . to
onTa T ryelResignil Sppiet ot PRETE et Sesai @Rt Pomadt aid s mebtiive SRR b
oscillator of claim 14, wherein said:second swtching

second comparator, respectively; .

said first and second switching means further coupled between said outputs of said first and said

10 second transconductance amplifier; and

a first network of resistive means coupled to the outputs of said second transconductance

amplifier.

15 15. The relaxation current controlled oscillaior of claim 14, wherein said output of said-ﬂﬂip-ﬂolp
and the inverse of said output of said flip-flop control said first and said second switching

means thus producing continuous oscillations.

16. The relaxation cutrent conirolled oscillaidr of claim 14, wherein a DC tuning current is

20 applied to said first and said second transconductance amplifier to adjust the

transconductance g, of said first and said second transconductance amplifier.



nmeans is controlled by said first state of said flip-flop. 10 20. The

r-el axation current controlled oscillator of claim 14, wherein said voltage
signal at said differential inputs df said integrator is derived froma
second network conprising resistive 'nmeans. 15 21. The rel axation current
controlled oscillator of claim?20, wherein said first and said second
network conprising resistive neans.are coupl ed between a positive voltage
supply and its return side. 22. A relaxation current controlled
oscillator, conprising: 20 an integrator having differential inputs and

out put g7 /gl lak%ﬁoqg&?}em dn?{oﬁ% BldiftoPold iﬁﬁ'ﬂ‘g@ wh 9@@.'lh@Bé?;'(ijl'la‘?%.xaﬁcq'u&?w Lo

i nputs, ‘sald I ntegrator fUr ther conpr: Si ng: a'transconductance anpl 'fi er
having differential inputs and outputs, said 5 capacitive neans in

comuni ca&fisaid relaxsianaursnt gantiled oscallaior eambycashiaied binearyig a DCitheing cumprgr e
the voltage across said capacitive neans is controlled by the output

si gnal s cippHed th said irss mahdhint sexnod tramgebnducearce ahrgidificand 24

s 18. The relaxation current controlled oscillalc;r of claim 14, whercin said First switching means is
controlled by the slate opposite to said ﬁréit.state of said flip-flop.
(j 19. The relaxation current controlled oscillator of claim 14, wherein said second switching;
means is controlled by said first state of s?id flip-flop.
10
20. The relaxation current controlled oscillator of claim 14, wherein said voltage signal at said
diﬁcreﬁtial inputs of saidr integrator is de‘r:iVCd from a second network comprising resistive
means.
o Y
15 21. The relaxation current controlled oscillator of claim 20, wherein said first and said second
j) network comprising resistive means are coppled between a positive voltage supply and its

return side.

!

22. A relaxation current controlled oscillator, comprising:

20

an integrator having differential inputs'and outputs, said integrator integrating a voltage signal

applied at its inputs, said integrator further cémprising:




10 15 transconductance anplifier having a transconductancc g,,,, said
transconductancc anplifier providing at its outputs a signal proportional,
toits inputs , said inputs ol'said ‘transconductance anplifier coupled to
said inputs of said integrator, said output of said transconductance
anplifier coupled to said output of said integrator; and conparator neans
for conparing the output signals. of said transconductance.anplifier, said
conmparator means controlling the state of a Set-Reset type flip-flop based
on said output signal of said transconductance anplifier; a resistive:

net wor k coupltemsdriduetencesanmolsidrihaeing al ffagatia ugpityaelneltputs, sadt urn si de, said
resistive network providing voltage references for said transconductance
anpl i fier; Qahldeiludsice p‘im&mwﬂgamm%nd&qmmc g, ol RaRopdidalgsi stive
networ k and.the 1 nputs o{nsald transconduct ance anplifier, for reversing
the polarity applied tQ said inputs of said 20 transconductance anplifier,
said first @EPHErBIVIHRE AGHRHPYS pssahRIPRLOELIR AS SIS 3 '§avla'5fprq'15 a
second set of switching nmeans seriall'y coupled between said voltage .

ref erences, toasepnductangs anenlitiesoupled ihsaithinpiled seidinieialdrngid epwlo waidt i on.
bet ween the output of said transconductance anplifier and said capacitive
meams, sai d tsasamdustencecdmplvfidrchuplgd esndoutpsipdssidislegmiarhendst ate  of said
flip-flop. 5 23. The relaxation current controlled oscillator of claim 22,
wherein said output of said flip-flop :

capacitive means in communication \fﬁvi'th the outputs of said transconductance arr‘r‘pliﬁcr,
where the voltage across said c#pacitivc means is controlled by the output signals of :;;aid )
transconductance amplifier; |
10
comparator means for comparing the output :signalﬁ of said transconductance.amplifier, said
comparator means controlling the state of a Set-Reset type tlip-tlop based on said output signal
of said transconductance amplifier; l
15 a resi§tive network coupled between a positi.ve voltage supply and its return sidé, said ;t;sistive

network providing voltage references for said transconductance amplifier; - o)

a first set of switching means, coupled between said resistive network and the inputs of said

transcdnductancc amplifier, for reversing thé polarity applied to said inputs of said

20  transconductance amplifier, said first set of switching means responsive to the state of said flip-

flop; and



and the inverse of said output of said flip-flop control said switching
means .t hus ‘produci ng continuous oscillations. to 24. The rel axation current
controlled oscillator of claim?22, wherein a DC tuning current is applied
to said transconductance anplifier to adjust the transconductance gl of
said transconductance anplifier. 25.: The relaxation current controlled
oscill-ator of claim 22, wherein the oscillation frequency fo 15 of said
rel axation current confrolled oscillator can be adjusted by varying a DC
tuning current applied to said transconductance anplifier 26. The

r el axaitseoondset pEswitdomg meliserioky coupdecbbetykerc i Nolme ralveterh saidisgcdidrsst

and sai d 'second set of switching means further conprise a first switching
means,ofSdli@hinimidans ehritedMimgtheransectid beswienahd elpbyolisail transesrsimcoutput  of
said flip-flop. 25 27. The relaxation current controlled oscillator of

cl ai m g8 ShE E;A(]d %gga‘éitLJe%ea%@,dsaﬁ:ﬁé&oé@ﬁQ R swREhin® calk L SHbHROTBARNStAT t her
conprise a second swtching neans,. said second switching neans controlled
by thefouto t of said flip-flop. 5 28. The nethod of providing a relaxation
curreﬁ15394ﬁP3ﬁﬂéd oscillator, conprising the steps of: a) forming an
integrator froma test transconductance anplifier and capacitive neans; b)
codpling the output of said integrator to conparator neans; c¢) applying the

out put of said conparator neans to a :bistable circuit;. 10 d | ying a DC
t uni ng2b (e splexationsuyrgat contrelied am%mfzc@%b Hn i s aE BB e afc o

and the inverse of said output of said ﬂip-iﬂop control said switching means thus producing

) continuous oscillations.

10 24. The relaxation current controlled oscillator of claim 22, wherein a DC tuning current is
applied to said transconductance amplifier to adjust the transconductance g, of said

transconductance amplifier.

B B

25. The relaxation current controlled oscillator of claim 22, wherein the oscillation frequency fo
. ) ) L
15 of said relaxation current controlled oscillator can be adjusted by varying a DC tuning current

) applied to said transconductance amplifier

26. The relaxation current controlled oscillatbr of claim 22, wherein said first and said second set -
of switching mcaﬁs further (;omprisc a first switching means, said first switching means
20 ° controlled by the inverse output of said flip-flop.



anplifier; and e) controlling switching neans via said bistable circuit to
altermate the state of said bistable: circuit thus produci ng continuous
oscillations. 15 29. The nethod of claim 28, wherein said bistable circuit’
has first and conplinentary output signals. 30. The nethod of claim 28,
wherein the input signal to said integrator is produced by a voltage drop
across resistive neans. 20 31. The nethod of -claim 28, wherein the polarity
of said input signal is controlled by said sw tching neans. 26 32. The

met hod of claim 28, wherein the output of said integrator is coupled to

sai d29apRcield4BoBaiént CbrSfldbssifato? BF BEARANSherBin-sudBlirsl AR 3RS fefnPlercl @i m
28, wherein the output of said integriator is coupled to said conparator

means V%ﬁﬁ@#&gﬁ%%@?hﬁ?erg}? Bise, b 3ond 16 RAD AtkaAL. sﬁidgkﬁﬁgwavmg&%h91:1%he

oscillation ard transcon ance anpl i I'S adj usted by
varying the tuni ng_current.. 35. ‘A tine-constant tuning PLL for g. -C
fil terSCW‘MQ&PﬁE"%‘ﬁB%&% fBE’S]OIpr ator, conprising: a PLL used for

bandwi dt h tuni ng of transconductance-capacitor (g,,,-C filters, said PLL

5  28. The method of providing a relaxation current controlicd oscillator, comprising the steps of:

a) forming an integrator from a test transconductance amplifier aﬁd capacitive mcéns; i
b) coupling the output of said integrator to con?lparalor means;
c) applying the output of said comparator mea;ls to a bistable circuit;
10 d) applying a DC tuning current to adjust the transconductance gm of said transconductance
amplifier; and
. €) controlling switching means via said bistablie circuil o alternate the st:.alc of said bistable
' circuit thus producing continuous oscillatioihs.
45 29.The ‘mcthod of claim 28, wherein said bista.blie. circuit has first and complimentary ou.l‘;'ul

signals.

30. The method of claim 28, wherein the input signal to said integrator is produced by a voltage

drop across resistive means.

20

31. The method of claim 28, wherein the bolarity of said input signal is controlled Ey said

switching means.

26




conprising serially coupled a phase detector, a charge punp, a loop filter
a-vol tage-current 5 converter, and a relaxation current controlled
oscillator, where a first input of said phase detector receives a
reference frequency and a second input of said PLL is coupled to the out put
of said relaxation current controlled oscillator, said output of said

rel axation current controlled oscilldator - providing an oscillation
frequencyi f0O; where said relaxation current controlled oscillator is
conpatible with said PLL, said relaxation current controlled oscillator
furthernmore providing !0 nore flexibillity in selection of said reference
frequency and said oscillation frequency fo, said relaxation current
cont,Lo, |II t or,further an.inte haV|n a first
ana 2° T ot s sBia R wherdh e U BLEFR il uelidlbsiic S i nga
vol tage signal applied at its, inputs, said integrator further conprising 5
a tranE@émﬁUéﬁﬁﬁé@“dWﬂbmﬁﬁéﬁ haV|ng a first and a second input and al | east
one output, said transconductance anptiter having a transconductance g,,,,
said transconductance anplifier providing at its output a signal
proportional to its inputs, said inputs of said transconductance anpllfler
gouphethé medidbfichipvi?8, Ghe®di thelod d}ﬂ.@'bﬁ&ﬁﬂ inté@atbr ¥ dipledah s8I @mparator

t ransconduct ance anpllfler coupled to said output of said integrator; and
to

means via said switching means.
’*--)34. The methed of claim 28, wherein the oscillation frequency f of said transconductance

amplifier is adjusted by varying the DC tuning current.
35. A time-constant tuning PLL for g,-C filters \:with time relaxation oscillator, comprising:

a PLL used for bandwidth tuning of transconduct:ahce-capacilor (8m-C) filters, said PLL

comprising serially coupled a phase detector, a charge pump, a loop filter, a voltage-curregt
5  converter, and a relaxation current controlled oscillator, where 2 first input of said phase detector

;:)

" receives a reference frequency and a second input of said PLL is coupled to the output of said

relaxation current con;rolled oscillator, said output of said relaxation current conttolled oscillator
ptoviding an oscillation frequency- fo; where saidl;elaxafion current controlled osci]lﬁator isr
compatible with said PLL, said relaxation curren:t ;:ontrolled oscillator furthermore ﬁrovidi'ﬁg

'0  more flexibility in selection of said refere:zce frequency and -said oscillation frequencyl Jo, said

relaxation current controlled oscillator further comprising:

27




capaC|t|ve means coupl ed to the output of said transconductance anpllfler
where said capacitive neans is charged. up by the output signal of said .
transconductance anplifier; 15 20 first conparator neans for conparing the
out put signal of said transconductance anplifier against a first reference
voltage, said first conparator neans setting a Set-Reset type flip-flop
when sai d output signal of said transconductance anplifier matches said
first reference voltage; second conparator means for conparing the output-
signal of said transconductance anpl.ifier against a second referenbe

vol t age, gRivfegratoshaviasaitpandra seeaifsinpalsidil fgstonedubui. Ridsisteeraipe
flip-flop when said output signal of .said transconductance anplifier

mat ches s ategratopadohafeasigrt epplzdtan ge inpars sdid iistgratd (edeoodmprsinghi ng means
i n communi cation with said inputs of .said 5 transconductance anplifier for
controlling the polarity of said voltage signal applied to said inputs of

sai d transconductance anplifier. . 36.. The tinme-constant tuning PLL of
claim 35, wher Qlifhnde ub R UG- R ink S BRRLIC L Sh PR drlaAR REQNC! ance
anplifier to adjust the transconductance g,,, - sald transconductance 10
anplifier. . )
5 output, said transconductance amphher having a transconductance gy, said
transconductance amplifier providing at its output a signal proportional to its
inputs, said inputs of said transconductance amplifier coupled to said inputs of
said integrator, said output of said transconductance amplifier coupled to said \ )
output of said integrator; and
10
capacitive means coupled to the output of said transconductance amplifier, where
said capacitive means is charged up by the output signal of said transconductance
amplifier;
R
15 first comparator means for comparing the output signal of said transconductance
amplifier against a first reference voltage, said first comparator means setting a Sct-Reset £

type flip-flop when said output signal ot:' said transconductance amplifier matches said

first reference voltage;

20 second comparator means for comparing the output signal of said transconductance

amplifier against a second referente voltage, said second comparator means resetting a




37. The ti me- const ant tuning PLL of claim 35, ;wherein the oscillation
frequehcy f0 of said 15 relaxation current controlled oscillator can be

adj usted by varying a DC tuning current applied to said transconductance
anplifier. 29 -

Set-Reset type flip-flop when said output signal of said transconductance amplifier

matches said second reference vollage; and

first and second switching means in communication with said inputs of said
5 transconductance amplificr for controllihg the polarity of said voltage signal applicd o

said inputs of said transconductance amplifier.

e

) 36. The time-constant tuning PLL of claim 35, wherein a DC tuning current is applied to said
transconductance amplifier to adjust the transconductance g, of said transconductance

10 amplifier.

37. The time-constant tuning PLL of claim 35, :wherein the oscillation frequency fy of said

relaxation current controlled oscillator can be adjusted by varying a DC tuning current
applied to said transconductance amplifier.

15
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