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Invention Field of the Invention The present invention is relatggpp ?%

i nprovenents in linear variable gain anplifiers. Mre particularly, e
present invention relates to inprovenents in the operating range gain
control of such anplifiers. Il Background Art Linear variable gain
anplifiers are anplifiers which receive a pair of input signals and

anplify the difference between the two signals in an output ﬁmwm“wwmmm
subsequent use. Such arrpllflers are used ’in nmany applicatio

use today. For exa devigces, ar thlde“ty S{dd 16
transmtting andllg\m Rym m 0 systens such as
are used for disk drive read channels. It is desirable to commmmwmmmmmmn
of the linear variable anplifier while achieving a |linear-inAi

control over a wide range of anplifier gains. Controlling the gakdywgmi the
anplifier is acconplished typically through adjusting the bias current. as
the voltage gain of the differential stage of the anplifier is directly
rel atBabkgrouhddftheInmm Vari ous systens have been proposed for

increasing the gain of a linear variable gain anplifier, but the maxi num
bi as mikofe hventiédr t ed by the |owest con=on npde vol tage whi ch 2

¥ The present invention is related to improvements in linear variable gain amplifiers.
More particularly, the present invention relates to improvements in the operating range gain

control of such amplifiets.

Background Art

Linear vatiable gain amplifiers are amplifiers which receive a pair of input signals and
amplify the difference between the twe signals in an output signal for subsequent use. Such
'ampliﬁus are used in many applications in common use today. For example, such ;iuvioes are
used in high-fidelity sound transmitting and receiving systems, as well as in servo systems
such as are used for disk drive read channels.

It is desirable to control the gain of the linear variable ampliﬁér while achieving a
linear-in-dB gain control over & 'wide range of amplifiex gains. Controlling the gain of the
amplifier is accomplished typically through adjusting the bias current, es the voltage gain of
the differential stageof the arnplifier is dircctly related to the bias current.

Various systems have been proposed for increasing the gain of a linear variable gain

amplifier, but the maximum bias cument is limited by the lowest common mode voltage which
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11 APR 1005 does not have the transistors fall into the saturation region.
However, as the supply voltage decreases, the usable bi.as | evely pﬂpﬁ;
smaller. The prior art linear variable gain anplifier systens thus % a
limted operating range, which is undesirable as it Iimts the useful ness
of t deesaophava the trenswisterh fall ihtorthe satirationaégiom dgweiver; asthe stpphevoltagar i abl e gai n
anplifiers is the gain is often difficult to control and change quickly

becauaéhéal%é‘s,@ié&a@lﬁ?ﬁ%l@e&émmhﬁ&ﬂlﬁ%@ﬂeg@h\%ﬁ@ﬂ& hrough a

transistor. "It wou rabl e to have an anp | screte gain

range control ., but .n uch linear variable, .gain anpljfier has been

pr opo%gm?‘srfﬁ\"%]é’d;‘? MMPW‘%&’H’P%W hig '&i@ﬂ%ﬁﬁ“l“%%éﬂ# Hai t,
anplifiers, is that | ow voltage applications frequently have an .

em t t heathplifieer at ed differential stage which ‘makes it difficult to have a
hi gh-accuracy differential anplifier when operating at a | ow vol tage. For

app'iCati'OnﬁomGéﬁﬁimﬂw%f%%ﬁéfﬂW%%&fﬁaénzﬁﬁﬁ%&@ aliPisORRhT Ol system

it would be desirable to have a high acc ariable galn I near

anpl i f.l en, [she i vol t a i s lLow .Prior aft.linear variable

gai n %ﬁﬁ[“#&x g&“@%’t’%ﬁ’@“ﬁ“a@@‘%’f bepsl e gl pchbacslon (B¢ ofbosing of whi ch wil |
be apé)ar.ent to those skilled in the art in view of the foll ow ng

descriigwing threpgh s tagsistar J wonld\be desitable tahaymanamplifienwith disorets gain The present

i nvention overcones the disadvantages and |imtations of the prior art

sYst aiigd @iatreh bt 10 dubki lindah CarfABR galirl ADIFRRHES 9kn Propaded 3R ARk Branpl i fier. 2

| I APR 2005 The present invention has the advantage that, in one

1A “The | ! has the a dnone
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transj stor, i.nto satyration. S a l.inear variahle,gain amlifier system
al | ofequently have an qnyt{m'éegenuateg tial stage Wh?oh matjces xtgcﬁlﬁcult o] bave a Y

high-accuracy differentis) amplifier when operating at a low voltage. For applications which
operate at Jow voltage, such as a servo control system, it would be desira'bl; to have a high
accuracy variable gainl lincar amplifier even when the input voltage is low.

Prior art Linear variable gein amplifier systems have other limitations and
disadvantages which will be apparent to those skilled in the art in view of the following

description of the present invention.

Summary of the Invention

The present invention overcomes the disadvantages end limitations of the prior art

systems for controlling the operating range of a variable gain amplifier.



lhe I nput transistors to remain in the active or |inear - region, 1gawﬂgmthan
driving the transistors into a saturation | evel when the bias'cu
goes high. Such a systemallows a | arger usable range of bias current

|l evel s in the linear variable gain agplifier tem of t.he present
i nvent i on. The Hrewghiavertivabesthe s W&@WWQ@S@W |'{‘%f“3ﬁ“%’f§i§? esent

invention is to provide a greaten' gain range of the anplifier and a
contrgﬁeﬁpﬁﬁe@ temitrey abtaima bighrgaini with a comespanditg kigh bias cutrent withoutay t he
[

same near variable gain anplifier could be operating at one gain and

SW C&%gn%&&'inglsi Vardsfrc? BRb Sdtbrafidn. Bush 4 fifdal Pdriabe ?iﬂ%ﬁl{-ﬂ& systeny &g t hrough
I nternediate galns through a ranping of current thriough a transistor
operating in the linear,range. . n qne enhodi nent .of .t.he resent invention,
o AnibE ATRL aaters 30 RSl 1,0 ST O LBR S DGR BT 3P GG (RIBRSPIFD Lgh ¢ he
use of selectable (binary or digital) control inputs. Be; is. a particular
gai n- intng saturatiortleve] svlen thecbidsraumentrgosschighs \Suck s systam slimvesldrgsppsabled to t he

| inear variable gain anplifier by selecting an effective resistance and

SWi t GlahBloftial culreit 18V inihd Hriedr vetigble FRinl Pﬁﬁm@y&l@ﬂﬂdﬂﬁﬁ%ﬁtthe use of one

or nore-transistors which are turned on. The sane system can be operated at
a dif,fergnt gain range at a different tine by selecting a different control
i nput® ing a different inpedance and therefor a different gain to be
seen by the linear variable gain applifier system ‘qof the present

i hvent i on.ATefiopd gévantags efthe amplilies carenits of @& RESenipYSRtioR s do pRVIHe e g

resi stance across the emtter of the transistor, either individually or in
sel eCgyd &@mempmadwsmm @fselected gain opatidgataaquivkespedsl/ t he
anplitier and thus adjust the gain of the anplifier. 3 1 1 APR 2005 Athird
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differential stage;allow ng use of a high accur a?};‘ggefxbgm;‘?gf&gp[ ifier
in  ramping of current through a transistor operating in the hnear range

present invention, an amplifier with & discrete.gain range selection is provided tlﬁough the use

of selectable (binary or digital) control inputs. That is, a particular gain range can be selected

from among several options and applied to the linear variable gain amplifier by selecting an

cffective resistance and switching that resistance into the amplifier cirouit though the use of

one or more trensistors which are tumed on. Tho same system can be operated at .a different

gain range at a different time by selecting a different control input, causing & different

impedanoce and therefor a different gain to be seen by ths‘-. linear variable gain amplifier system

of the present invention. This gain range may be selected by applying 2 sclected resistance

across the ernitter of the transistor, either individually or in selective combinations to adjust the

effective resistance seen by tho amplifier and thus adjust the gain of the amplifier.



| ow vol tage applications (such as servo disk driver or in the I£
(I'ntermedi ate frequency) or base-band anplifier for wireless r L AP 2005
where the input electrical signal may be quite snmall and needs substanti al
anplification for subsequent use. The present invention is a |linear

vari abl e ghthirdaduintégesnt theringiifiensystemmef oneembosiment of the peesentdnvenbemced
operating range. The enhanced operating range originates from having a

wi dery ﬁ{eﬁﬂqﬂﬂ bie\ghinSRhplifier §RmAIEHIE R hw dolthgp epplichtions. Tiiveystenoist age
operéf%@n W t o%t degradi ng the performance ign o0 other enmbodinent. In a

third variation,.the.. [ ifi s Of l ' l.Lows for binary
(or Mﬂ?‘"—“ﬁ”&’ﬁ‘f?ﬁ‘%ﬂ P@@P‘F‘%éysﬁ%g?‘g‘iﬁg%ghgn@ oreRx:i]F]&déonbi nation, to
select a gain range for the anplifier. Theg operati features, of, the

pr esemittmdzgmetmdg@ffmwsuami mm&@mh@ma%@tml W abl e gain
anplifier systemand can be sel ected and conbi ned as appropriate for a

gi Veﬂo@%iﬁ%é?ﬁ%ﬁoﬂ@ﬁch anervo Bk ideitériop in e JF (Iaterhediatbfisquency)ow i nput and

it wide ope range and anot her application may require sel ectable

gai n_contr al@nge Wik Ny .Ei r ' . L 99‘9? : ol t age

[ nput&‘&?fgr%%ﬁgg{%%%‘%ﬁ#{ggggg% %E@%ﬁ\i}g@ asfﬁlarrp 3|Pt?e| @Péogﬁggdi ments of
the present invention will be apparent to those skilled in the relevant
art iendweesy sobstarial sraplifippiiomfor SEEEBMGN of the preferred enbodi nent,
taken together with the acconpanying drawi ngs and the appended clains. 4 |
|. APR 2083 1Biptc@ént Rpratiomisiadinearivatistde Grimminplifer hichastinproverbscr i bed sone

obj ects and advantages of the present invention, the present invention of

an i é'x%h'ﬁ:ra ,aggi, finded ogaﬁ | Iafgh drigiaad s i on With
t he M@g’ﬁ@@g ravmdngs ?ﬂr? |cﬁg@g. I 1s ﬁaﬁgci rcuir{k schemati c di agram

depl %E!{nrr]x a%h&%%%ﬁ&é‘ Lﬁl?ctx)xlt i a%bgéi}cn];&ra%a E)'eﬁlll.its a lower woltage operation

without degrading the performence in an other embodiment. In a third variation, the amplifier

of the present invention allows for binary (or switch) seleotion of effective resistors, alone or in
combination, to select a gain range for the amplifier.

The operating features of the present invention provide various improvements in the
linear variable gain amplifier system and can be sclected and combined as appropriate for a
given application. Thus, one application may require both & low input and a wide operating
range and another application may require sclectable gain control along wi‘t.h cither a wide
operating range or a Jow voltage input.

Otber objects and advantages of the severa) amplifier embodirents of the present
invention will be apparent to those skilled in the relevant art in view of the following
desoription of the preferred embodiment, taken together with the aceompanying drawings and

the appended claims,



anplifier of the prior art. Fig. 2 is a graph of a typical resppg§@ Q&Ethe
anplifier of Fig. 1. plotting voltage out as a function of the' bi g
currant. Fig. 3 is a circuit schematic di agram of one enbodi nrent of the
present invention; Fig. 4 is a graph of a typical response of the circuit
diagrammed in Fig. 3. plotting voltage out as a function of the bias
current; Fig. 5is acircuit schematic diragram of a second enbodi nent of
the present invention, an alternate design to that shown in Fig. 3; Fig. 6
is circuit schematic diagram of an other enbodi ment of the anplifier of the
present invention Fig. 7 is a circuit schematic diagram of yet another

al ternate enbodi nent of the present invention; 5 11 APR 2005 Fig. 8 is a
circuit schematic diagram of an extension of the anplifier circuit of Fig.
7; Fig. 9is acircuit schematic diagramof a nodification of Fig. 8 and
Fig. 10 is a circuit schematic diagramof a variation of the enbodi nents of
Figs. 8 and 9. Detai'l ed Description of the Preferred. Enbodinent In the
foll owi ng description of the preferred enbodi nents, the best

i npl enentations of practicing the invention presently known to the

Idg\slgphﬂqf l l@n&mr I d i hozgrrege}r:])g ;: C'ltjla:(r:lhlt %g g?w'?xgr ct)gicht s of
the present invention u5|ng several specific enbodinents, but it is not
i'nt ended t Having thusrdéscribed somebjecte ahd advantagss@f tHeqprésent invankienyethé at i on as
shown in any of these enbodinents, especially since those skilled in the
r el eV@rdienfinbentioh lof &f ERASVASmPHEY: oytkhZhd Bidthod ICdSHARASS cdrfhection with
the accompanying drawings in which:
Fig.1 is  oircuit schematio diagram depicting a lincar varizble gain differential
amplifier of the prior art.
Fig. 2 is & graph of & typical respanse of the amplifier of Fig. 1, plotting voltage out as
a function of the bias cumrent.
Fig, 3 is a circuit schemetic diagram of one embodiment of the present invention;
\ Fig. 4 i$ a graph of a typical response of the circuit diagrammed in Fig. 3, j)lotting
voltage out as a function of the bias current;
Fig. 5 is a cirouit schematic diagram of a second embodiment of the present invention,
an alternate design to that shown in Fig, 3;
Fig. 6 is circuit schematic diagram of an other embodiment of the amplifier of the
present invention
Fig. 7 Is a cirouit schematic diagram of yet another elternato embodiment of the present

invention;



t he specific structure and operation shown and described with rﬁSBE’?@pio
these figures. Fig. | illustrates.a linear, variable-gain anplifi cuit
of the prior art. A plus (or positive) input INP is applied-to the base of
a first transistor %1 gnd a mnus Qr negative inpuii INM s applied to the
Ve of a sdilrids 8 cusi schesatiopliagrars obanxtension ot pmplifier qirsrit pf Bigt ficen a  pl us
(or positive) output Voutp and a mnus (or negative) output Voutn at the
col | ect or Fi@f9 it beircuif schématioifegrah of a MbdificationbEFigeR andl transi stor Q2. A
third transistor B is coupled with its emtter resistor R3 to the

emtters gf,t Lihﬁi i] g\tmgfﬁa‘;m : | s as shown
in this F?;l 'rlgqslé, cretg%ll{e%iglﬁga% nmon egaﬁ%‘reogugh I C agégglflgg't al d current
(or hias current) |I | passes. Resistors Rl and R2 are associated with the
first*transistor QL and the 6 11 APR Zoo second transistor @,

respectively, Current 10 passes through the resistors Rl, R2 froma bias
current source lIbias. The gain of the anplifier is a function O bias

current |, passing through the transistor @, through a formula Av=gm R =
l,/Vr'Ra where gmis the transconductance of the transistors, which is
derived to be I,/Vr in bipolar transistors, where |, is the bias current

and VT |s e t.hermal, voltage defined,.by kT/q where k is the Boltzman
consM@J}e&w@c{lﬁ@w&&f&ﬁﬁﬁé@&ﬁé%@g{m%d q is the charge of the
el ectron. To increase the gain Av of the anplifier, the bias current Is

nust be i hethefslkevingdreaiption of the praferfedembbdiments  the best implementationstafd by the
supply voltage and the m ninumcol |l ector voltage of QL and 2 that keeps QL

and < [ %Eh"ﬂ%rgﬁn | : ' . ' iGS\itl e bias current
11 r %ﬁ{l{‘ﬂgplu ecr%a ed vOl tage tgf[ﬂﬂs 1{1/%%&03%@%1_1& lnseqtﬁ%ﬁ? € as the supply
volta oe wer he, maxj.nmum.bi as ,curgent is |so,re ed because the
vol t B’gﬁ“‘g’r‘% : %@?’Vﬁg‘?’ "E’ﬁg‘q"é’ghg’f gr’mf’?ffepéﬁg éﬁ”é\'sge?mﬁﬁ%én%%% nt increases
until the transistors QL and @ fall into _saturatjon region based on the
bi ascapgepteof the presat grvention vsingseventl sposifin gnbadiments; byfit s not intanded teed by t he
| owest out put voltage at Vop ' '
be limiting the present invention to the implementation as shown in any of these embodiments,
especially since those skilled in the relevant art will recognize mauy vatiations and changes to
the speoifio structure and operation shown and described with respect to these figures.

Fig. 1 illustrates a linear, variable-gain amplifier circuit of the prior art, A plus (or
positive) input INP is applied-to the base of a first transistor Q1 and a minus or negative input
INM is applied to the base of a second transistor Q2. ‘The amplified output is taken bstween a
plus (or positivs) output Voutp and 8 minus (or negative) output Voutn at the collectors of the
first transistor Q1 and the second transistar Q2. A third transistor Q3 is coupled with its
emitter resistor R3 to the emitters of the first transistor Q1 and the second transistor Q2 as

shown in this Figure 1, creating a common leg through which a main tail current (or bias

curreat) I1 passes. Resistors R1 and R2 are associated with the first transistor Q1 and the



Lnd Vov, at whi ch does not have the transistors QL and @ fall intld APR 2005
saturation region, which is approximately 2.7 volts fora nmaxi mum i nput

vol tage of about 3.3 volts. Fig. 2 provides a graphical representation of a
typi cal Oéjt put, f?éﬁ.t he anmplifier circuit depicted in Fig. 1. This

gr aphFeand frapsiserdQd, mspentively Lonreent I0poeses Haoughihe resistors Ry R2foma a3  vol ts
and when the current flowi ng through the transistors QL and @ is very

st al | curfemppouwpeciblagg O0), then the germis low (a small signal is shown near

| | approaching zero and Vs is approximately 3.3 volts). As the bias

current | 1l DG ] ' . [fication i kcrease t.hrough the :
| i near 'reg}%@n&iﬂxﬁ?ﬁﬁé?’rﬁéﬁ%% #ﬂognrq?lb*ag c‘%ﬁ%# gﬁ%‘?‘?%ﬁﬁ qtrqng (M) in
this é i APR 2005 1 exanmple as shown in Fig. 2, where the output voltage
Vout §23. %@kifm&&%hﬁﬂﬂrmmma istbe frensepnsuctaneecofdla put vol t age
Vout.,is approximately 2.7 volts, the current 10 through each of the

t r anstratisiztess, Hicknis deriddd 26 Be RV BipeRF GEnsistors, aitiereT, iﬂﬂcbﬁ%ﬁ%&%ﬂ&l further
increases in the bias current 11"are limted by the saturated state of the

t r ansyrsi; ok, EHQ?&ZHI \ BYoll W? SeoRGihe aturation val ue
of app’r oxiérr%‘té{g?agbg?af VO ts%&ﬁ{i |ssl§orre J|é<r)r1\=:'%'?’ir?‘ecig’errewrgkoélgt Esrfi%t?arrped
outpyt and is depicied in Figure 2 a horizontal |ine begjnning between 1
and Mn’tﬁf'ﬁg‘?gtfr‘f’% geof d%fép"ﬁ'ﬂ?-g‘i‘? F\‘i@‘%ﬁ'ﬁﬂ?énﬁﬂé’gg?ﬁmﬂ%%t%n isto
keep the common node output  voltage from decreasing to have a symmetric
shapduszuirent I must be indreaset: Howvever, the wiasinaumo bins cwrehe],of litited bytheut is [inited
while the other side is not. Wen the shape is not symmetric because one

Si de g @nd i ' ' I f the

i " ARy dnd b itk boloHof bengl Q) atG2 LUELADE O acl QBB 1

cla .2 kovide an anplifier.with increased,ran of. operation as

i 11 ek 8 deRicR ek Ao GRRe i i citem 2 150 AP RBRR RS and 5 and

t he %utput of Fig. 4. Fig. 3 is a schematic circuit diagramfor an inproved
anpl iVioree Ang Vieunyi 8%@%#&- ps the supply voltage goes lower, the maximum bias current is

also roduced beoause the voltage drop across the resistor increases as the bigs current

increases until the transistors Q1 and Q2 fall into saturation region based on the bias current
through them. Tbe maxinum bias current I, is limited by the lowest output voltage at Voyre

and Vourn which does not have the transistors Q1 and Q2 fall into saturation region, which is .

* approximately 2.7 volts for a maximum jnput vojtage of about 3.3 volts.
Fig. 2 provides a graphical representation of a typical output for the amplifier circuit

depicted in Fig. 1. This graphical representation assumes that the supply voltage Vs is 3.3
volts and when the currept flowing through the transistors Q1 and Q2 is very stmall
(approaching 0), then the gain is low (a small signal is shown near 11 approaching zero and Vs
is approximately 3.3 volts). As the bias current 11 increases, the signal amplification increases

. through the linear region until the bias current is approximately 1 milliamp (mA) in this



nvention. It includes the variable gain circuit of Fig.. | vvith 3eX 2%5
field effect transistors M, M, M3, Ml and Mb added to sel ecti 6{

provi de increased bias current 11 passing through the transistor @B,

Il ncr eag) ai N Of a r Wt . drivi,n he transjstors QL and
2 in @P gt F%‘g E?&mf; {H“ﬁ%‘t’ﬁ?& MF&Y%ZV@%r@‘@ and Q@
M th the assomated resistors RI k2, with inputs INP and I NMand the

hut pupoinhivbersdbs atpnt vbltage Shout is approximately 2.7 rvolts/he qureAiOatirough &dvh dfase’
anplifier circuit of Fig. 1 are a first field effect transrstor M coupl ed

to prmelmsmoleﬁwozmmwatvd e ¥ satithGord 18 tr%&?[ﬁfoﬁ geond

field effect tranS|stor M2 pr VI di ng curr e tranS|stor Q.

The S S L el ec, 11. APR 2005 transistor M| and the
seconé}rfmgm&gm%{jw T???ﬂf% éﬂ‘% ﬁh’g‘f“éb" HLEEH 5 field
effect transistor M3. A fourth field effect transistor Mi and a field

ef f ecgocs balow &saturation valus of sprapntimetely2. 7 woltso This & sumefimertefarmd nsasior M3 as
shown in Fig, 3. The first field effect transistor ML and the second field

ef f ectluspediaitpitand WdoplondliaFiguid s Fofizaital 8 bbgiitly bhWoth Fhh@ShA r ansi st or

M3, so that e current fl owm ng through Each of "the first and second field
effec ac‘ra?r:@t énl\@ he Cunre flow n t.hrough the third
fiel da bHsec ransi's A”ﬁ% tJﬁnﬁﬂi‘(‘fﬁ fxmtptkegp%g °§°8’6‘@ fed to the
thlrd urgh field effect tra stors MB and M4 vvrth a current 12
passi¥e %?#B‘Bd’[ﬂ" ‘e‘i" ther;thap A clamped gutantwhere prRigh t he
transistor 3 beceuee both transistors QL and B have the sane base drive.
| n Fisige of thet dudput i breited whilei (be other sideris astt  Whi ch determ nes the gain of the
anplifier as described in connection wth Fig. 1. .r shoul d be set such

that the M&%@sﬁdﬁaﬁ%dt@d%@tﬁ@ﬂedaﬁss&n@%tm '3@89 d?ﬁ&‘ﬂ& range as

shown in Fig. 4. The, current I=,( 1n the trans sfor opti mum
curr re tors such, t hat the conmon
rrode%ﬂ% ‘heqﬁgﬁ%{?f@%?“ﬁﬁmﬁ’%&ﬁq@%ﬁ “ﬁﬂm ﬁ“’t%@ﬂﬁ’ﬁ}h\"/%‘?‘d’ge VCC and
the m ninmum al | oned vol th%g at the collector nodes of QL and . Until the
cur r Elamped awémedr with imeaeagedsrange of operation as will bed:scussedm

connection with the embodiment of Fig. 3 and 5 and the output of Fig. 4.

Fig. 3 is & schematic oircuit diagram for an improved amplifier circuit of the present
invention. It inoludes the variable gain circuit of Fig. 1 with several field effect transistors M1,
M2, M3, M4 and M5 added to sclectively provide increased bias current I1 passing through
the transistor Q3, inoreasing the gain of the amplifier without driving the transistors Q1 and
Q2 into saturation, The base amplifier includes the transistors Q1 and Q2 with the associated

resistors R1, R2, with inputs INP and INM and the output taken across the terminals Voutn
and Voutp. Added to the base amplifier cireuit of Fig. 1 are a first field effect transistor M1
coupled to provide additional current IM] into the transistor Q1 and a second field effect

transistor M2 providing current IM2 into the transistor Q2. The gate of the,first field effect



MB stays off and keeps the transistors M and M2 off as M4 can supply the
necessary current to 4, which is 12. Once the current 12 Incrk&SAEPR st
Iref, the difference in current (12 - Iref) has to be supplledfrom as

13 because &‘Rﬁﬂi@m mum current 14 is limted.by Iref by.current mrroring
bet welEahs mgmtmmmboo@&dﬂmmmfeu@m each of

the transistors M and M2 as they are mrrored with M3 and the WL ratio

of Meffectirddaistos M3ios foprth dieldafibet taiitora(14 'atidle fefd difee vHiSHs tical
representation of 13 is 9 11 APR 2005 X3=l2-14 0 when ref 12-1ref

r‘&ei iiva W%‘W"’%ﬂ%ﬂ* Nﬁ*ﬂisﬁ%&n Tm%htgi‘i-ﬁ‘ﬁéﬁesﬁbslfaﬁﬁ?éabéel%m;“ E H
11/2 11 < | - = | 2

when M 85848 efor Seld ftsFiensietor Moo el sige o it fed et i ] ove

t hough each of the collector resistors R and R2, allowing the tail

cur r M3, sothat thexampntfidving MW&W%e@dﬂ&ﬁ@l&teﬁ&@&ahﬂ%mm hr ough

either resistors R1 or R2. Equat ion ( 2) above shows that the b| as current
o AR o 04k e OB b, GRS
| NCT 2525 AR s ddglot IR el tabors S and od it ab' as fevel I
E curent 12 passing through it which replicates the cusment I1 passing through the transistor Q3
because both transistors Q1 and Q3 have the same ba§e drive,
InFig. 3, the current 11 is the current which determines the gain of the amplifier as
described in connection with Fig. 1. Lur should be set such that the voltage swing is placed in
the middle of the operating range as shown in Fig. 4. The current L. in the transistor M is the
opimum current level that is required by resistors R1 and R2 such that the common mode of
the output swing can be placed between the supply voltage VCC and tho minimum allowed
voltage at the collector nodes of Q1 and Q2. Until the current I2 reaches Iref, the transistor
. V! stays off and keeps the trensistors M1 and M2 off as M4 can supply the necessary cunmt
to Q4, which is 12. Onoe the current iz increases past Iref, the diffarence in current A2 - Iref)
has to be supplied from M3 as I3 because the maximurn current I4 is limjted by Iref by current
mirroring between M4 and M5, Onee M3 is tumned on, half of 13 flows threugh each of the
transistors M1 and M2 as they are mirrored with M3 and the W/L ratio of M1 and M2 is
designed (o be half of that in M3,

The mathematical representation of I3 is



Li g. 4 provides a graphical representation of typical output fqr, SQPFZUDS
circuit. of Fig. 3. The output common node voltage foll ows the sane
downward path frombias current |11 of zero (where the output voltage Vout
IS atﬁ,}g _;sﬂpply voltage of 3.3 volts) to a point marked Iref whore the
voltage Turns flat as the bias current increase. The point where the _
vol tage of Vovt turns flat is theoretically equal to the reference current
| r ef Rc 30d Whendhgdiefat a bras—eurrefl) 11, which is where the field effect
transistor MB of Fig, 3 turns on to provide additional current 10 11 APR
2005 t hr IR+fref when [ 2k frefpf fect transistors ML and M2 to add to the current
10 passing through the transistors QL, 2. The addition of the field

effe i i is the variable gain anplifier of
Fi g. ﬁ%@?h@g un gﬂouﬁgﬁgyglfzéf'?%&%&ﬁsncr easing the parasitic :
capacgitance.seen at the outputs Youtp, Voutn. Since the response tine at
the dOFPUE-BMI{ he anplifier is a function of the tine constant of the
anplifier system any increase in the capacitance increases the.response
time ardI}-B)2ces the anplification during the response tinme, an undesirable
effect. In order to reduce the effective capacitance seen at the output and

to ilmw\i?':lggyg%?%gg{‘i er response tine, a cascode stage consisting of

transistors is added in Fig. 5 to the anplifier circuit of Fig.
3. The, usage Qf. transistors | nd Q6 reduces the parasitic capacitance
effegf'bﬂr’fmﬂ%?ﬁeﬁ@é?gw&pswﬂsr%iéi stors M, M2 in the circuit of Fig. 3 by
isolating the outputs Voutp, Voutn fromM and M2. Fig. 6 is an alternate
enbodd #diR Whenddl <lrefl i-fi-er—s@¥t em capabl e of operating at one of a

plurality of gains, where different stages 601, 602 and 603 are provi ded

for thelesff whinell >=<jrecui t and signal inputs provided for selecting the
desired gain range. Collector load resistors RC.1 and RC2 are in conmnon,

Cr any SREPAE b B ARy e R R e ot ke i RD o base.

of

and R2, allowing the tajl current 11 to be greater than twice the bias current 10 flowing through
either resistors R1 or R2. Equation (2) above shows that the bias current through R1 and R2
increases as [1 inoreases until I1 reaches Iref, which is a design value to set the optimum bias

condition in R1 and R2. Once I1 increases past Iref, I0 stays constant and won't change the

St

bias level in R1 and R2,
Fig. 4 provides a graphical representation of typical output for the cireuit of Fig. 3. The
odtput commen mode voltage follows the sa@c downward path from bias current I1 of zero
(where the output voltage Vout is at the supply voltage of 3.3 wolts) toa pc;int marked Iref
where the voltage tumns flat as the bias current inorease. The point where th\e voltage of Vout
turns flat is theoretically equal to the reference eurrent IrefRc and is shown at e bias current I1

Wwhich is where the fie]d effect transistor M3 of Fig, 3 tums on to provide additional ourrent
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transistors @2, 4 and Q. The gain Av of the anplifier of this design can
be approximated by the ratio of the collector resistor RCl di \1i1dARRZﬂQS t he
emtter resistor REla. So, if the collector resistor RCl is 10K ohns and
the emtter resistor is RE1 ais 1K ohnms, then the gain of the anplifier
is dprughithedicld effecttranyistorniviland M2 toadd guthe custent ipassipg thirpegh thene nust
either increase the collector 11 11 APR 2005 resistor RC or decrease the
eni t tiginsisfbd @1,Q02.RE, which is acconplished in the present invention by
switching another digital input on, either with or without switchi.ng the

first digifal i f. | ower resi St kepl aces a._previ.ously

swi t ched O%h%éﬁ%%f?‘gbﬂgfgﬁt%%%ﬁﬁfwi”hg‘ﬁeé\g% °B’§'€%ﬁ%§"‘6f the | ower
emtter [esistance. So, common col|ector resistors RC and conmon out puts
vop, areplifies ef Kigul basthe ynigrtunste side effept of incasesing fheperasiticsapaciiance sse, 603,
each of which is controlled by an input signal von 1. von2. von3,

r espest theocatputs Voutp) Wshti oSinbethe pdsporeé titae MIBE Gltpbtf theablifiapit aV63,
respectively, and is driven by an input current im, iin2 and iin3,

resp el -] ' ' I jchis
CouptEpdsE of e e it of 88 ok Wy by Borea O S bt RbapbE bhorellls™), 5
the stage is o be turned off and. |ow when the stage is to be turned on,

si ncdheyeeRrossme and weguces ﬂwnmgwﬁwwﬁmmemmgwhem«mFa MBL i s
turned on, bringing the base of the transistor Q7 and @ |ow. The stage
602 ieffedt inasden toedide Theoéifective capavitumeseenad thid cutpatiandtotimprove b st age 602
axed its emtter resistors on or off. Simlarly, the stage 603 includes a

MOSF rplifier ﬁﬁﬂnﬂﬁm&wﬁcﬂ%é&néiwﬁg &&ens&t@aqsﬁag )6 i aBM‘Hé FECE:‘Si stors on

or off. Typically, the emt resistors in eac tage woul ffer from

o o eEplBectiRit O 4. hEPled RIS BR QO BERRISTHRAIES o or reza
m ght be 200 ,ohns and the resistor RE3a m ght. be 400 ohns.
capacitance effact of the field effects transistors M1, M2 in the circuit of Fig, 3 by isolating the

outputs Voutp, Voumn from MI and M2,

Fig. 6 is an alternate embodiment of an amplifier system capable of operating at one of
2 plurality of gains, where different stages 601, 602 and 603 are provided for the amplifier
oircuit and signal inputs provided for selecting the desired gain range. Collector load resistors
RC1 and RC2 are in common, shared across the stages, and positive input INP is coupled to
the bage of transistors Q1, Q3 and Q5 while the minus input INM is coupled to the base of
transistars Q2, Q4 and Q6.

The gain Av of the amplifier of this design can be approximated by the ratio of the
oollector resistor RC1 divided by the emitter resistor REla, So, if the collector resistor RC1 is
10K ohms and the emitter resistor is REla is 1K ohms, then the gain of the amplifier is

approximately 10. To increass the gain of the amplifier, one must either increase the collector

11



f two stages are turned on at the same tine, the effect is to Ezvg,t%
esi stance which is the equivalent of having the two emtter resi tRc; I n
arallel, effectively reducing the resistance and increasing the gain of

he aml:lifd ©F e Sl h fect o esi, st.ors ,and RE in parallel is a

f esi strfggrlléztéﬂgp 0(%7%,’“}5&'@ THAGORP 1516 éxihe presentdnaventien r esi st or
alone. And, 12 11 APR 2005 further, additional stages could be turned on,

f ur t héw splghiag aeptherdliginl isput angcither withror mithoutswitcling thedintdgiabfhpae  he gain
of the anplifier. Fig. 7 is another alternate enbodinment of thé amplifier

of t heffplfadewir resiornichlacks 3 PeviRRIRAR Mgglisrua&wg{atkp@fé 8 (nal which i s

emtter-degenerated differéntial "stage provi an o

not ”izﬂﬁ'%’ esR04A ] range of input signals. It is well known that
the anp |?| er .%°€’¥'§F°"?“%Rﬁ"§&% in hyperbolic tangent function form
(Av tank Vin). Tanh function can be approximated to x only if x is vary
smal |, whi gﬁ‘r?é‘é‘?f’?"f’ eetor FeRstefa RE ang commaaroutputs vpp; Yontamecdupldito di f f er ences
is very snall. In order to inprove the linearity of the differential

anpl i plusatity wﬁmmmtagmt,@mmﬁmnafwﬁhﬁ@ﬁn&bmHglfmi' ' gwmlas shown
in the circuit 701 in Fig. 7. The linearity of-thi ar%g"{il I“er 1's 1 nproved,

but s¢dul e ' ' | I kpear i LS necessary. This
non- | ?ch{ezé‘r’cls £y & eﬁ%@%‘?ﬁﬁ #?ﬁebf%a\séc]gsﬁ?@ﬁz I‘{Ida PQ#&I,@{J@FWEWSI&H y in
the difference in.the base-emtter voltages due to the current difference
t hr oA 1§ ﬂ’a"enf‘}yamgwtawrayn{.m@z i9Ad Un3,gespactivelysSa; Hierstige$01 Gacludes @ det ai | ed
description is as follows: The voltage across the two emtter resistors RE

shouliopwgignebynnl wiieheis coupladio thergatet of tiod MOSFETAVE Y, The it il 3041 M

O herwise the anplifier is not linear. In the circuit 7017in.-Fig. 7, when

: Eith Tttt “a““n“s"}"?éﬁo“?’i 57 et e ' BO Rl éﬂa;%%ggng @
' ' . RE' |
e o1 TotebE i Bl ooyl s o NOSFER A8 N . Pirgins o sl oss i n

t he vql.tage .across e two RE's will be |larger. Because of this affect, the
o?theu%nmstor8§ané6 . g

2 low.
The stage 602 includes a MOSFET 62 with an input von2 used to turn the stage 602
and its emitter resistors on or off. Similarly, the stage 603 includes 8 MOSFET 613 and en
input von3 to tum the stage and its input resistors on o off, Typically, the émitter resistors in
each stage would differ from each other to provide different gains when the stages are turned
on individually. Thus, the resistor REla might be 100 ohms, the resistor RE2z might be 200
ohms and the resistor RE3a might be 400 ohms.
Iftwo stages aro turned on at the same timo, the effect is to have the resistance which is
the equivalgnt of having the. two emitter resistors in parallel, effectively reducing the resistance
and increasing the gain of the amplifier, since the effect of resistors RA and RB jn paralle] is a

resistance of (RA'RB)/(RA+RB), resistance which is less thap either resistor alons. And,

12



|ain I's reduced if the input voltage difference is large.) Sinc 2&%
Fase-em’tter vol tage drop for a transistor is VI * In(! 1/19) 0E i s
he saturation current of the transistor, the difference in voltage drops
bet ween the base and emtter of two transistors is a function of the 13 I
APR 2foshdcoadditionmhsiagea bowd botumedenc frtherreducing thesfscthe: dnbtterrgsistaii

respective transi stors Th| s design corrpensat es for the difference in VBE

vol t agea upf%a % Mfgn | NP goes high and |INN goes |ow or vice
versa. Th cein voPt age bet ween the base and emtters (sonetines
call ed an Ilcated ditional stage and

convert ed ﬁrég'gn‘sé?? ?‘agﬁ'%“F H“? m%n% ¢ preceal inveRfionamd current in
the main anplifier stage. So Fig. 7 illustrates a linear variable gain

anpl i faddeesdes thersitustionpvhersqrpeyritt#odegenctated diffdjentid] stage povides Aib@utpdthe mai n
stage is simlar to that shown in other figures. partlcul arly Fig. 1in

havi ndighaf-which 1stﬂcﬁll!§éaihﬁl§u§9$m% ge ?ﬁg/lx?@ﬂn@ﬁt%?g%hﬁtms S" ving at

its base one of the inputls ctor resistor

associ transi t he t s an p are taken
bet wee ﬁﬁa"fg?&.@%g}h reggng b‘aﬁqmﬁﬁ"t{m&?@?‘f@c 'G'Fg‘)ll‘l'g Tonhective
transistor. An emtter resistor RE is associated w t h each transistor and

curr eﬁmﬁ%mamrop;mﬁfesrmxfmmsmm@mhms thattheigapds Ho@ri s a
differential stage which includes transistor Q7 coupled to the positive

| Nput oAV the thput diffefendes v6H sealliihoflier & iiprove dutirensy ol e ldifideial T ansi stor s

@ and QlO are coupled to the transistors Q7 and B,- respectivg{jy vmth
HZEE. Bpfficr 1 TPesitel &g%?éﬁzé}' LIRS Bl Rt R P L
duo 'E%'%t\/?rgrbﬁ?IIZRa g_‘éSrZ & uatlon &g@btﬁﬁegfaggl@r;a%mlwswt:}s egrl_‘gror terra

lincarity is necessary. This non-linearity stems from differences in the transistors, particularly

in the difference in the base-emitter voluigcs due to the cwrrent difference through the
transistors as the input signal is changing. (2 more detailed description is as follows: The
voltage across the two emitter resistors RE should be proMond to the input voltage
dJ:ffermce INP and INM. Otherwise the amplifier is not linear. In the circuit 701 in Fig, 7,
when INP goes higher than INM, the ounent:through transistor Q1 goes higher that the current
in transistor Q2. Henoce, the base-emitter voltage of Q1 is higher than that of Q2, so the
voltage across between the two RE's will be smaller. If the input voltage difference is. even
larger, the loss in the voltage across the two RE’s will be largf;r. Becsuse of this effect, the
gain is reduced if the input voltage difference is large.) Since the base-smitter voltage
deop for a transistor is Vi * In(11/1S) whare IS is the saturation current of the transistor, the

difference in voltage drops between the base and emitter of two transistors is a function of the

13



@. The base-emtter voltage of QL and @ arc V" VI ' In (I)Ql }‘Pﬁg@s
2005 Van a Vr In (1A). Hence, AVsr.,. = Vast - Vow VT - In (1,/

differential stage of Q7 and @B is a replica of QL-Q differential stage,
and hgnce.t he out current of are the sarre as, those through QL
and CBoESEEe sﬁg’s"ﬁhﬁwwmaﬁ%s@ vgh e Tespeess twoeiviomy ToisdengawTi n( 13/ 2)

= VT - if, Ols Hence, Veul9,lo0 Vt9-V15o-VT|n(It/1) From

Equat mmp(:nqataa difference mdiBEgmes between(Q) anth@2 whéri INFegaes highisgidi on (5)
above is applied to the transconductor conposed O @O, ich cancels the

error XD gcg fovi BOVIBe Wdtsdequat i on (4) [see Caprio], and the output current
lu"z from@B-Q@ differential §tage is IM
The difference in voltage between the base and emitters (sometimes called an error
voltage) is replicated in an additional stage and converted to an error current whi;:h is then
subtracted from the ocurrent in the main amplifier stage.
So, Fig. 7 illustrates a linear variable gain amplifier having & main stage 701 and & |
adjusting stage 702. The main stage is similar to that shown in other figures, particularly Fig,
1 in having 2 first transistor Q1 and a sccond transistor Q2, each receiving at its base one of
the inputs INP and INM. A collector resistor RC is assooiated with each transistor and the
outputs von and vop are taken between the collector resistors RC and the collector of the
respective trensistor. An enutta' resistor RE is associated with each transisior and current
source [0 provides ourrent for the stage.
The stage 702 is a differentie] stage which includes transistor Q7 coupled to the
positive input INP and transistor Q8 coupled to the negative input INM. Trensistors Q9 and
Q10 are coupled to the transistors Q7 and Q8, respectively, with transistor Q5 coupled to
transistor Q9 and transistor Q6 coupled to transistor Q10. .

The current output in the Q1-Q2 differential stage is

Lo = (Via - AV ) 2Rg —msenmn(3)

Ip Bquation (3) above, AV is the error term dus to the base-emitter voltage difference in Q1 and

Q2. The basc-cmitter voltage of Q1 and Q2 are

Vis = Vy-In 3)/1s)

14



=V.0,10 / 2R &VYm .7/ 2RE -----..... --(6) In Fig. 7, | is added %@st
From Equations (3) and (6) above, <circuit is L aLl+> NQ -oVaw.
1.2/2RE = Vi. /2Rr. Qutput voltage is the output current of the overall 15

11 AP 20_0; _\i-m{:{;l't'ZRC = RVRc - vi, (7) Hence the error termin Equation
(3) ab Ve R ‘etely renpoved, and the remaincd output is linear to the

i nput voltage. Intuitively, the error voltage existing in QL-Q2 pair is
replié‘gﬁ‘éﬁ at the emitters of @ and Q 10, which is converted into the
equi val ent error current in B-Q pair. The cross connected pair of B and

A redMens=MVeg -pzor existing in Q6-Q stage, and snbtracts the error
current frorWit eilgad—+esi-sioi(g) Re. This cross connected differential stage
conposed o fB-QB is a well-knot circuit. The stacking of transistor pairs

5- (B Thadiffeléntigfsugeof QAIREQSE 39 réeHaRIFD1 T diffMtial i e ARSyst Or s @ and

Q4 will reduce the supply voltage and enable [ow Vvoltage opeprati on.

Howev giirrent 4And Q8 ek NS kale 2 o@%h[@\ibﬂ k! & el Qtnbhe Letlde
differenti al stagze 03] aﬁeqs&as e cﬁg%bgﬁéﬁiﬂ%rﬂ%ﬁgﬂi‘aﬂ st age
Wi t hogfiggfer OF conpensation has error voltage in base-emtter of the

transi stors as descri bed above.

Vige = Vi In (/)
Vize = Vqln (k).
Hence,
Veasgo = Vaes = Vagao

= Vr - In @Q/L).
From Equation (4) above,

Veusao = AVez 2 —(5)

The voltage in Equation (5) above is applied to the transconductor composed of Q3+Q6, which cancels
the error voltu'ge shown in Equation (4) [see Caprio], and the autput current Ly, from Q5-Q6

differential stage is

Lim  =Vawi/2Rg

= AVag12/ 2Rg =mesrsr——e(6)
i«nnl::ft i:' I...u Is added to Y- From Equations (3) and (6) above, the output current of the overall
Le  ®Lu+lue

= (Vi - AVpm2V2Rg + AVari2 / 2 Ry

= Vi/2Rs '
Output voltage is
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Ig. 8 illustrates a variation of the anplifier of Fig. 7. In th
nmbodi nent of this Fig. 8 the anplifier consists of a first sti&eAPQdﬂOSand
second stage 802 simlar to the second stage 702 of Fig. 7 with an
intermedi ate stage 803. T e internediate stage 803 is a repeat of the
secondvstagg Bgﬁzcand reduces the error voltage. This internedi ate stage 803
may be I‘"bpeahé as many tinmes wail the error voltage becones acceptably
smal | and t'bﬁg(klg arity in the output reaches an acceptable level, | 16 11
APR 2005 i T t BBz arTt s fromthe stage 702 (in Fig. 7) in that the
transigtors B and Q4 fromstage 702 have been renoved, with the output of
t he scBeneatheeupyderadn Eguation (3 ahome is aemrplctalyrempyed cand ghe aeranined autpuidoinesritol
provi ding reduction in the error voltage. Wen transistors B and Q4 are
r enovetiepiyollage Fig. 7 enbodinent;, the circuit with only transistors
and @ makes for an error voltage which is reduced fromthe error voltage
of stage 8Uhtuitively, the errior valiape existinigdn QI-Q2 peir id réplicstedad the erlREfQINPOsed of
@B, 4, B, and B requires the supply voltage high. @B and 4 ate renoved

vo 1 agBY Q) RARHE cotpifediic f aflor G Sne I QAR TEHER TS oo er o

voltage c ensgbi on.circuit 802, the error_in 802 can he further reduced.
The ol FRFrOh 23 jand Q4 remayesthagsron pxistingdn Q5Q6 staggy and subtragts thaemwns, | s -
Ayees, ~)/2Re, 8) Idv | << leV "I The circuit of the second stage 802, which
r educ exmrentdrogr tho loadgesisiors Rei Fhis arme ednachted giffefoatiat st gelebmpdi@BoftQ3-Q6 2duce t he
error voltage in second sage $02. The output current LO from QL1-Q12
di f f ervlifinéibn éfedige is 1c - (&W,t -,&acira> Rr. ,..... ..... ..-(9)
The stacking of transistor pairs Q5-Q3 and Q6-Q4 inereases the supply voltage.
Removing trapsistors Q3 and Q4 will reduce the supply voltage and enable Jow voltage
operation. However, removing transistors Q3 and Q4 will cause artor in the differential stage
QS5 and Q6 as deseribed above. Any differential stage without error compensation bas error
voltage in base-emitter of the transistars as described above.

Fig, 8 illustrates a variation of the amplifier of Fig, 7. In the embodiment of this Fig. 8,
the amplifier consists of a first stage 801 and a second stage 802 similar to'the second stage
702 of Fig. 7 with anintermediate stage 803. The intermediate stage 803 is a repeat of the
second stage 802 and reduces the emror voltage. This intermediate stage 803 may be repeated
as ynany times until the exror voltage becomes acoeptably small and the linearity in the output

reaches an acceptable level,

A
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iQ\/asn,rrI "l eVWA 4C JAVW zl Hence, lout - Lou + 16 VU -r' Liu gj @Jﬁ@R
005 (vin - O8511.17,Mb 10) The-internedi ate stage 803 can be repea S

mrany times until the &/Mw termin Equati.on (10) above becones sufficiently
%mall to gat the required linearity. The second stage 802 reduges, the error
vol t age andThestagses éﬁ!ﬁ%ﬁ@@ﬂié@wf’?iﬁ&&-ﬁmm W%@é&a@the error
voltage to an acceptable value. In Fig. 8, the stage 803 is a repetition

of t hefrginatiged02 hewrcthedr Rrtioved; withrtheodtputiofithe seond swmjye 802 pbsing dhreughor

vol tage, producing an output current which is equal to the difference in

the b . i t ﬁ Ridihk ARk QL2 divided by twice

t he eﬁﬁ%t"it&“?@aﬁéﬁcﬁe &? e volf’éage |19§§}eee%hl§ﬂg? this stage is nuch

| ess than the voltage difference of t previ.oys stage $ol which in turn
wns mich | cOlhe Rapsigire Q3 opd Sora PO RPRd 6. Hembeigent e PREat b1 The
current output equals the stun of the currents provided by each of the

t hr ee gilpgansisted QS HIAQ6nskes Kit anwhirvoliagerwhish isrediced Gomihe eaorevaltegs t he
voltage differential between base and emtter of the third stage 803 (for

resi Sttty 3 he by 1988 e ) e oAl 08! 04 5 i O rffiesth a5

the volta erential Tof the third stage approaches zero, means that
the distortjon is,.r ce ccordi ngl thir . 803 ¢ epeat ed
s marf FPRLOIRgS pgh (HFBER AR Frontee o i & Ml e SRSl e SR 3Rl T
small to get the required lipearity. jn,out anpl.ification., As shown in
Equat i @hmakes F’%(B’B(%,‘v 'WPE?E?"B i \Qﬁ?""\'@eﬁm ‘i"ﬁgh’gﬁ?ﬂ'ﬁ‘q KBRS current
conponents, which will cause nore v?ltage droi) in the | ogd esiqslst S Re,
and r egmpersioRsireltERY. the fErain 862 eaade Tster pducesh, b pulput gysred Oﬁ%ar ed

Fi g. Bé supplying the current to the output nodes, the additional current
conpo @isconpensat ed, and the

Luz  =(AVmsiz- AVpese)2Re, , «(8)

[AVeEss << |AViri 4|

The cireuit of the sooond slage 802, which reduces the efror voltags, is repeated as the circuit 803 to

reduce the error voltage in second stage 802. The output cutrent Lo from Q11-Q12 differential stage is

Lt ™ (8Veess- AVimua)2Re, (9)
JAVaen1| << |AVEess <<|AVeg]

Henee,

Tu =L +Jna+ L
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common node vol tage at the output can be restored as shown in Fi \%n’% Hﬂ
current sources can be inplenented with pMOS transistors as sho 'RR S
10, but those can be inplenented 18 11 APR 20M wi th any devi ces that can
formthe current sources such as bipolar pnp transistors and MesF$T' s.
Fig. 9 is an alternate enbodi nent of the anplifier of Fig. 8 where

transi stor &(VakAVigis ¢0)l3 and transistor Q12 includes
a current source 14. These current sources drive the transistors Ql1 and

QL2 W tihe ienfedidid fage 803 &AL ?eg@msd%gi : L nfl ugnce of. ot he stage 803 on
the error correcti ogﬁ. Fig. 1018 a#ﬁg{'@%ndgﬁ]edne Mﬁqﬂﬁ%@%‘mi fier

of Fig ' erein a. Jdransistor M ] is associated with the
transi ﬁcgwé%%@gﬁy%%?{hfgﬂy@%"MZ is associated with the transistor
QL2, with each of fhe ransi stors M | and nl2 driven by a supply

vol tage Vice' W@%&ﬁ%ﬁ@%ﬁ&@%mﬂ@m@m&m@wm@yﬁMu
transistors QI 1 and Q 12 in the internedi ate stage 803. O course, nany

modi f i Beeesserydo siducéithe praswltage tour atceptebleivbiue 1 Fagi 824 3tagh 803 iase ski | | ed
in the relevant art in view of the foregoing description of the preferred

enbodi sgpatiti ;ﬁzrp# ' [ draw ngs. and, t he appended
cl ai ns. F(;.lrontgggﬁgltagfz@gﬁ a W#g?}%%aggﬁ%ﬁg%ﬁﬁﬁﬁggﬁm shown
in Fig | d_be. conbi ne ith the digital inputs of Fig. 6 to provide a
digi t%‘\i“éﬁ%&?@ﬂi b Fﬂi’ég‘}“%“a‘iﬂﬁmqs lggwrbamlemwmhwmfgwanstmhanced

gadi n. Additionalld%a an anplifier with an emtter degenerated differential

st age Q! anddi? divided by twige the emiter wsistod REe Ths wltagd differhtidIof tibfagh i t 2l
control inputs of Fig. 6 or with the Unproved gain anplifier as shown and

descr inned less thmnhe osltage difedehicd gl prédﬂ{};&g} ngﬁ%l ﬁ%%?ri? h‘g‘q %rs%u%gg %t s of the

present invention can be used to adva re aing use of

ot her ﬂﬁnﬁﬁ@%lﬁpe\;%@whﬁ’b&%ﬁﬁﬁ,%ﬂ he current source in Fig. 3 could

be used with o

The current output equals the sum of the cutrents provided by each of the three stages
301, 802 and 803, which equals the input voltage less the voltage differential between base
and emitter of the third stage 803 (for resistors Q11 and Q12) divided by twice the emitter
resistor RE, which, as the voltage differential for the third stage approaches zero, means that
the distortion is reduced accordingly. The third stage 803 can be repeated as many limes as is
necossary unti the error terms gets sufficiently srmall to get the required linearity in output
amplification. As shown in Equation (10) above, the output current is now the sum of three
current components, which will cause more voltage drop in the load resistors Ro, and reduces
the common mode voltage of the outputs VOP and VON compared to Fig. 7. By supplying the
current to the output nodes, the sdditional current component can be compensated, and the
common mode voltage at the output can be restored as shown in Fig, 9. The current sources

can be implemented with pMOS transistors as shown in Fig. 10, but those can be implemented
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19 11" APR 2005 the cascode transistors as shown in Fig. 5. The an’oéPRm
5t ages chosen in Fig. 6 and Fig. 8 are arbitrary and subject to design
choice, as is the size of the elenents (particularly resistors which

et er j.he .gai.n). V\gilﬁ.]the description contenplated certain kinds of

i rcu%ﬁ‘eﬁnﬁgﬂk’@}&ﬁn Caprsetan raaimowpmmmmueMi lled in the
art woul d be aware of other devices which have simlar characteristics and
whi chMssBET'sbe substituted in the circuits shown to achieve a sinilar
result. Accordingly, the foregoing description of the preferred enbodinent
shoul d be Bngigie fltknikts diticBinico bf 418 hinBhif (ARG Rl 83107 the
present i ni\)ggnt ilon and not in |1 g‘t”a#@%%‘ﬁé?&?%ﬁ“&ﬁ%’@& -21 clains
1. A 'ﬂﬁg{ | abl e in Lifi System for providing an out put which
amplifies ?%‘eugﬁ'ﬁ?“@?egﬁéﬂdg‘g;&%@’?& 3 IEemt sawge I Jbessresimentput | t he
anplifier system caonprising: a first transistor which is coupled to the

fir st SQURSS AT Hhe franssfoxs Qi and 120wt ewnifonini cotrentang raines the &fdenésoft he fir st
i nput; a second transistor which is coupled to the second input and

pr ovithe stage 803 emthe wirorddmsidar oporti onal to the second input; a common node
transi stor coupled to the first and second transistors to receive the

current fregg ' 4 r t S ng tr.apsistor .and providing
the anpli flfi rfdggsa{]gma* @?@?ﬁ%@ﬂ’ﬁ@%ﬁﬁ%&%ﬁ Swheseing current
f 1 owi h [ ;

O RI0S Walkior MIT i avsomtated with e tansistor Q1 1 andl a GMOS trausistor M12 is

associated with the transistor Q12, with each of the pMOS transistors M11 and M12 driven by
a supply voltage Veo. This provides & more uniform current supply for the transistors Q11 and

Q12 in the intermediate stage 803,

Of course, many modifications of the present invention will be apparent to those skilled
in the relevant art in view of the foregoing desoription of the preferred embodiment, taken

together with the accompanying drawings and the appended claims. For example, an amnplifier

[N

using & improved gain such as is shown in Fig. 3 could be combined with the digita} inputs of
Fig. 6 to provide a digitally-seleatable, Jinear variable gain amplifier having an enhanced gain.
Additionally, an amplifier with an emitter degencrated differentiel stage as shown in Figs. 7
and 8 could be used with cither the digital contro] inputs of Fig. 6 ar with the improved gain
amplifier as shown and desribed in connestion with Figs. 3 and $. Further, some elements of
the present invention can be used to advantage without the corresponding use of other

elements. For example, the use of the current source in Fig. 3 could be used with or without
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first source of current which is selectively coupled to the fiﬁ;t PR 20
ransi stor and a second source of current which is selectively coupﬁ e(; on
he second transistor, said first and second current sources providing

additional .current to jnpro the gain of the anplifier by providing a

gr eat &€ P5048 g‘B’Fm‘Q‘ﬁ s rwq g %ap@bmﬁswmhom Figs 6end Figi 8second

transistor saturate. 2. An anplifier systemas clainmed in claim1l wherein

the sersarbitrady andsuigjmet to desigrachoict,as idthe bizs of the elamnis (irtidulars rbdissds fi el d

effect transistor coupled to the first transistor. 3. An anplifier system
For, P cionsin s b Wil GRIgkbh BBl s Lueen a first
i nput and a second T nput, tﬁ%arrpdlu!llgé:ms ?%%E%;&nug]&lﬁgfﬁ%%c‘gﬁfirst

t'ransi,stor i Ch {e$. C d.tko the fiyst jpput and which provides current
whi ch®FEeNf g@%‘r‘? F@ﬁaanmbgﬂ@*mwwﬁbw ;Sldéfgé s artyoldhesvere ofi ch i s
coupled to the second input and provides current which is proportional to
t he setberdevicepwhich havelsimili chafmbterigtids and whivh could de stbistinsddsin e GRus €d to t he
first and second transistors which receives the current fromthe first

t r ansgipharto attcveasimftaraeshll ASGRAREID] thefire H{?CH%&?E Lfler system
with a gain which is proportional gl?o bi assoc rren O#P%aﬁgfﬁerhough t he
comm ! " SO of. cugrent. i.ncluding a first field

ef f ect %ran%’#é?%@a%?@ﬁlﬁr}ga?&‘&ﬁ@@ﬁ%‘“ﬁﬁ%?@ﬂ”‘iﬁ%@’?mttransistor and
a‘second field effect transistor which is selectively coupled to the
s'ecor8venign apdplan higutabienthpigdfag additi onal current to inprove the gain of

the anplifier by providing a greater range of curr_erit | evel s before the
first transistor and second transistor saturate, with each
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%f the first and second field effect transistors being driven byijtPRimgl
leld effect transistor to selectively apply current to the first a é
second transistors. 4. An anplifier systoggmas clainmed in claim3 where the
first field effect transistor and the second field effect transistor are
each drivertm?s? source of current coupled to the base of the first and
second fieldI effect transistors. 5. An anplifier systemof the type
described in claim| wherein the source of current provided to the first
and secondltransié(slltors is selectively applied in that the source of
current in‘ engag€di¥Al Vmbﬂbi%zalmampﬁﬂmsminﬁbﬂiv@HiﬁgaﬁBﬁtphflﬁbﬂ{ch @ﬁi@@;s i s
reached. 6. An ameldiftRhes ¥eival) gfﬁr%the t‘}/g@hdescri pbed in claimb5 Wwherein
the threshold for engaging thé Sou cH'PY AriFend inpykithe emplifjarysysideen t he
bi as current ot héamgrsmg:woul d begin to clanp and distort the output,
whereby the range of the anplifier nmay be increased before the output
becones clanped. 7. An anplifier systemof the type described in claiml
wherein the system furd fhe( trad | f different effective
enitter resistors and a swuﬂ%%%gsg@wfgﬁéoye ﬁﬁ}glp(l}t ﬁ?ﬁyhphmwdw of
effective emtt STPRSYRIER ispreporiional tadbe first dipmgt abl e  gain for the
anplifier. 8 An anplifier systemof the type described in claim7 wherein
at | east one of the plurality of effective resistances is coupled through

a MOSFET and the MOSRE®coml tsaxisistir ivdadly isCoorBle@do i - hiRul i ch
can turn the %t%ﬂﬁ'ﬁ -23.t0 02}(13 st at g, tooe%ggéﬂ#%@gr%@géorwd\egsi stor
and to anot her state 'gé(f%’glfé'alttﬁ ¢ $RoRd iaput; esi st or .

a common mode transistor coupled to the first and second transistors to
reccive the current from the first transistor and the second transistor and
providing the amplifier system with 2 gain which is proportional to bias cutrent
flowing through the common mode transistor; and

a first source of curent which is sclectively coupled to the first
transistor and a second source of current which is selectively coupled to the
gecond transistor, said first and second current sources providing additional
current to improve the gain of the emplifier by providing a greater range of
current levels before the first transistor and second transi stor saturate,

2. An amplifier system as claimed in claim 1 wherein the source of current coupled
to the first transistor is a first field e(fect transistor coupled to the first transistor.

3. An amplifier system for providing an output which amplifies the difference
between a first input and a second input, the amplifier system comprising:

2 first transistor which is coupled to the first input and which provides
current which is proportional to the first input;

a second transistor which is coupled to the second input and provides
current which is proportional to the second input;
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9. An anplifier of the type described in claim 1 wherein the arpl APR 265
further includes a systemfor reducing the effect of differences in the
first and second transistors by providéhg a stage which is simlar to the
first and second transistors which provides a correction for the voltage

di fference between th em.tier of .t f.rst and secqnd
transistors. 10. An aﬁap?@'ﬁrlﬁgﬁngdet s’t“’%’ﬁé"’%%@?‘? g@dﬁwﬁaﬁ émna%mgﬁt@% t he
anpl i fier furthewhich reeivde theccusrenat fomithe fisttiamsidibicandona sédony Grahsster 4 and
therefore the tine. co&atanﬁwof the oytput. 11. An anplifier of the type
described in cl AAYIHEs G amnlificr pwstem Jithr4 eain wehigh: is prRBortions] de ibias\amemadi ng
and the tinme corfidwiig tl@éughitBe BothRgh nidde hdfStoragScode set of transistors.

12. A nethod of controlling the operating rande of a common-node anplifier
system havi ng a common node transistor coupled to a first transistor and a

o ovldi g o biaa cur - B soufPRP St SRohBRE s Bedoieia tohleel Fapay oich &5 |
determ nes the gelectively cheplednpd itlid €est I6nkiGT aRd QVksbond fleld iefiett SMsfsts Of
op RG feld oy

current through thﬁi comon node tigansi stors through the first and second
transi stors coupflieh {Soseloctively, coupled o the gerond Hrapsistos fgn arevidiag addidpealt | vel y

coupling a firsiumefRbampé theOws of Y A by Brdv) n%i " Featof kA2 gL or
and a second suppl emint al source’ of current to tthe seco & PrFafss or,
where said firsCUEFH levelsdhefors tha fiesh transistorend iseennddransistar eaturate, avitnaelbendent

curront thr ough ERav e NedsBeull SOPBA web Ol i Aok S AL e S

and second tr antansigtorso selectively apply current (o the first and second transistors.

4 An amplifier system as claimed in claim 3 where the first field effect transistor
and the second field effect transistor are each driven by a source of current
coupled to the base of the first and second field effeet transistors.

5. An amplifier system of the type described in claim 1 wherein the source of
current provided to the first and second transistors is selectively applied in that

the source of current in engaged only after a current threshold on the input
signals is reached.

6. An amplifier system of the type described in claim 5 wherein the threshold for
engeging the source of current is set to engage when the bias current otherwise
would begin to clamp and distort the output, whereby the range of the amplifier
may be increased before the output becomes clamped.

7. An amplifier system of the type described in claim 1 wherein the system further
includes a plurality of different effective emitter resistors and a switch to engage
one or more of the plurality of effective emitter resistors to provide a selectable
gain for the amplifier.

8. An amplifier system of the type described in claim 7 wherein at least one of the

plurality of effective resistances is coupled through a MOSFET and the
MOSFET is selectively coupled to a voltage input which can turn the MOSFET

(RALIBE]O4484. dacredg



L1 APR 2005 -24 13. A nethod of controlling the operating range 1ok ABR 2005
common- node anplifier system having a common node transistor coupled to a
irst transistor and a second transi st%r, each coupled to an input signal,
he met hod conprising: providing a bias current through the conmon node

[ ransi stor whi chy ofe ) -0, of . lifier systeny providing a
first source of %Sgrgﬂ%ﬁﬁéﬂﬁ?ﬁ%{‘g%ﬁ%ﬁgﬁﬁ& gnofher §f%"r£° thet he
first and secondmiftermesistoror s coupled to the first and second i nput

signals; providing a second source of current independent of the first and
second input signals to selectively increase the bias current through the

common node tr Adsamplifierof BRUfypS alebtribled [ : iUt
transi stors; and edgci ng& theu%’g aci tancgﬂscgée}ﬁ gtwt éﬁgﬁl}?%&?ﬁ%t o
anplifier, saidTudss 8isystemdqier redycingethe sffeetiof differenavs lini dhe Girst land sécopd of

i sol ati th ; g X t .. 14, A neth

ml udi ng ¢ he o aiStors b9 Frovifing 33680 HARH L Alar B1hE Fiyaad wgond amstors

capaci tance by Whthaproviges hecosrection faruthe amltageo Biffefenict HoW &S @BHAYE ahdic! udes
the step of pr er} ng@a %%l rdof cgﬁ_g&clie transi stors between the output and
the second cur eithip Bt pad sscop SiQf&ri abl e gain anplifier systemfor
provi di ng an output which anplifies the difference between a first input

and a secggd i nput, the anplifier system conprising: a first transistor
which is &Bupl R iamRliger of the typsodescabre itheleim dr whitxbirs thec amplifier fintheh i s

proportional tointRi@es k' syt ireduce the capacitive loading and therefore the time
constant of the output.

11 An amplifier of the type described in claim 10 wherein the system to reduce the
capacitive loading and the time constant of the output includes a cascode set of
transistors.

12. A method of controlling the operating range of a common-mode amplifier
system having a common mode transistor coupled to a first transistor and &
second transistor, each coupled to an input signal the method comprising:

providing a bias current through the common mode transistor which
determines the gain of the amplifier system;

providing a first source of current through the common mode transistors
through the first and second transistors coupled to the first and second input

signals; and

selectively coupling a first supplemental source of current to the first
transistor and a second supplemental source of current to the second transistor,
where seid first and second supplemental sources of current are independent of
the first and second input signals, to selectively increase the bias current through
the common mode transistor without saturating the first and second transistors.
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11 APR 2005

a second transistor which is coupled to the second i nput and provides
current which is proportional to the: second input; 1 9 APR 2005 25 a
common node transistor coupled to the-Bfrst and second transistors to
receive the current fromthe first transistor and the second transistor and

provi di ng,the anplif.ier stem.w th a gaj.n ch_ g Lonort I as
current flbovm' n?ﬂ%ﬁg?fw ¥ ﬁB%gb{'g E%Hﬁss?fo?s‘;&andmghifolﬁ?ﬁm lﬁie d

ef fect transi st gystene heeing ekomeonphede tensidier Soupted for arfirststransistordandaa second
field effect transistor selectively, coupled to H}eﬁ setﬁérd transi stor for
provi di ng addi t besand transistaryeachgoupisd a0 inpy Sb@#‘fa meped COMPRIEREr py
providing a greater range of current |levels before the first transistor
and second transistor saturate, said first field effect transistor and

sai d second field effpovidingaadisst curreat ¢hrough thencamymen aedectsansistrrr whichhi ch
sel ectively appl,ies ,current, ta . the firs nd second transistors. 16. An
anplifier syst eﬁ?tBWmPWetE‘?ﬂ)‘Bo the 4] %W?c ai m 15 wherein the current
source coupled to the first and second field effect transistor is another
field effect transistor, 17. A nethod, of retﬂ%cigﬂ&&t he error iprgan

anpl i fier system conpprogiding afirst sahrcegfeyment thrqugh fhecomman mode ransisors
transistors, eag uﬁgh Bkt frdh s&gﬁd HRnANErst EqupRiISioOme firftoadl Sétohd idputi nput ,
where the anpliftier system provides an anplified output signal, the steps
of the nethod cegpals;si ng: providing a second stage with transistors
substantially equal to the first and second transistors;

providing a second source of current independent of the first and second
input signals to selectively increase the bias current through the common mode
transistor without saturating the first and second input transistors; and

reducing the capacitance seen at the output of the amplifier, said step of
reducing the capacitance including the step of isolating the output from the

second current source.

14. A method including the step of claim 13 wherein the step of reducing the
capacitance by isolating the second current source from the output includes the
step of providing a pair of cascode transistors between the output and the second

current source.

15. A linear variable gain amplifier system for providing an output which amplifies
the difference between a first input and a second input, the amplifier system

comprising:

a first transistor which is coupled to the first input and which provides
current which is proportional to the first input,

a second transistor which is coupled to the second input and provides
current which is proportional to the: second input;
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11 APR 2005
irectly coupling the transistors of the second stage and the transistors
f the first stage to the input; operg%'hng the transistors of the second
tage to provide a correction signal ich is related to the error signal

of the first and second transistors of the first stage relating to
differences in the ba&ﬁo&ﬁoﬁﬂédfe‘ifanﬁﬁdoi‘@&ﬁﬂwtotth@ﬁf@tﬁﬁdS@Odd trassisiog to
transi stors; and applying the correction signal to the anplified output
signal to reduceeceivieether cumrent fronhghefirst tiapsistoriepdithesgpend trapsigtorsad 760

-26 18. A nethod of.reducing.error iQ. hE A HE cliry
descri bed in cl Bf9% %H\M\‘- ' f’ﬁ&ﬂ&%@&n&%&‘{h&%ﬁ%iﬁ@b&ﬂf% 1{”hi rd ??age
whi ch is sinil afioiwing thfough aeedthnidragodaahsistor; amdt hod i ncl udes the step of

applying a further correction signal fromthe third stage to further
reduce the error in the output signal. 19. A nethod of reducing error in an

anplifier system of tmﬁt}m@&ﬁépﬁmﬁ@bﬂwe@ﬁmma fedub diecfitst trirmistoxtandd
I

I ncl udes nodi fying the rd stage to include at |east one curr.%ntfsource
driving at | east seoend: field sffectowranisistarisslectively coupled to thy segond. raRsistey; for

reducing error in an anpl.j.fier s m s ' | 19
wher ei n t he net REY! %é@“ﬁ%ﬁ@ﬁﬂr@{%s?ﬁ%é%rpggtaﬂggﬁ{%lhﬁﬂg gﬁ?g‘glheast
one pMOS transigpdafr rotigevéféin@ht levalstbefore the dinstitemeistor and [secand; transisiogge.
21. A nethod of reducing the errgr in an anplifier sy | | he
Steps of ol ai memaaEHESE R SHEChBER T G eI e QR ] P gl
provi ding sel eCighe by GThirrdil sbifith SRIES soR0MVlkpplles cumsent e teo it tand s
sel ectively couple tg the first and second transistors and havi ng

di ff erent val uesedond fransiftols. a sel ect abl e gain

16. An amplifier system of the type described in claim 15 wherein the current source
coupled to the first and second field effect transistor is another field effect
transistor.

17. A method of reducing the error in an amplifier system comprising a first stage
including first and second transistors, each of the first and second trans)stors
coupled to an input, where the amplifier system provides an amplified output
signal, the steps of the method comprising:

providing a second stage with transistors substantially equal to the first

and second transistors;

directly coupling the transistors of the second stage and the transistors
of the first stage to the input;

operating the transistors of the second stage to provide a correction
signal which is related to the error signal of the first and second transistors of the
first stage relating to differences in the base to emitter voltage of the first and

second transistors; and

applying the correction signal to the amplified output signal o reduce
the error in the amplified output signal,
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depending on which resistor is selected and eel eecting one Of”thFRZIJOE.
resistors. 22. A nethod of reducing the error in an anplifier system

i ncluding the steps of claim21 wherei2b-the step of selecting one of the
resistors includes the step of coupling a MOSFET transistor to the
resistor and selecting the resistor by turning the MOSFET to conduct. 23.
A nethod of reducing the error in an anplifier systemincluding the steps

of  clai mig2 whay Mol bPredhéife Sfrors i el Biktdh of R thrftdealified ih Biaket IS
the step of selecting nore than one resistor” during t e sane tine peri od
to select a red¥swherem theisgtterni fifthersintludes &hthird estaget whick iofsimiter tecthect ed
resistors. second stage and the method includes the step of applying a further correction

signal from the third stage to further reduce the error in the output signal.

19. A method of reducing error in an amplifier system of the type described in claim
18 wherein the method includes modifying the third stage to include at least one
current source driving at least one transistor in the third stage.

20. A method of reducing error in an amplifier system of the type described in claim
19 wherein the method includes modifying the third stage to include at least one
pMOS transistor driving at least one transistor in the third stage.

2], A method of reducing the error in an amplifier system including the steps of
claim 17 wherein the method further includes the step of providing selectable
cmitter resistors, each of the emitter resistors selectively coupled to the first and
second transistors and having different values to provide a selectable gain
depending on which resistor is selected and seleecting one of the resistors.

22, A method of reducing the error in an amplifier system including the steps of
claim 21 wherein the step of selecting one of the resistors includes the step of
coupling a MOSFET transistor to the resistor and selecting the resistor by
turning the MOSFET to conduct.

23, A method of reducing the error in an amplifier system including the steps of
claim 22 wherein the step of selecting one of the resistors includes the step of
selecting more than one resistor during the same time period to select a
resistance which differs from the resistance of the selected resistors.
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