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-1-s g ‘OR | C COMPONENTS 1 —
Field of the Invention 2 The present invention relates
gengrally to the correction for msnatches 3 bet ween or anong

tenperature dependent circuit conmponents of an integrated circuit, 4
and nore pAvOdénssséar|y to the -adjustment at the wafer stag!cl’lvmm

correction of 5 certain mismatches between or anong circuit conponents
which are a-part of the 6 same integrated circuit structure and which
for operational purposes are required to ~ be mat ched over a
‘tenperature range. Background of the Invention

There are nmany &&gﬂ ga &g% 0 Eéﬁ
active 11 M#%b EpERaTUREICD «mb&ﬁﬁgﬁﬁrﬁéw Suhi ch
are required to be 12 mat ched during their operation, over a
tenperature range. Where the circuits are 13 constructed of

‘di screte conmponents, if necessary for optimzing system performance, 14
adj ust ment 8 t yiield efthe:Juventionnade during the manufacturing process when

f%gst I yazzggﬂjl ?%et hegﬁl i’%or requ?zrﬂég ?g&n}%%g&% he gg‘?‘ffg?neg{] @%@?‘g%%h
-manuf act ur &d flhﬂ?ﬁ;iﬁlﬁwm:@memwmmﬂmw&écuﬁﬁ .-
< rmce, vy ch 8 POrBLaRY 2 St e 55, sl fo oy conp@lt

'tenperat urgs. Immmmmbim mnipmm £bialpast 6flghet O

‘mechani cal _20 vi bration. | Ienentln these C|rcuts i n |nt rated or
nonol i t hi c5f or rﬁamet'@ﬁgl??d and W "e@%?er nal

circuitry & %ﬁnﬁﬁa ustnents follomnng the
nanufacturlng of t he IC part ut does not overcone the 23 above- not ed
rproblens 84 For exanple, it is well known that the class of

el ectroni cggai Nnpcan uits, known as log-antilog electronic
-multiplierS or WCAS | ed 26 anplifiers), requires

' adj ust mrentOneans (gwmybmmﬂbsigmwmchmrqmﬁﬂcompom; thothnative t o
F(r)rpn})gxﬁt forg@@natches angﬁggt he varl gﬁl,ﬂé tr. ﬁé’i rifghf‘}teﬂuﬁgﬁ EPsPﬁent
is 29 mgnti WWW&W&BWM Whefe3thé ecuitssared t o
David B 13 constructed of discrete components, if necessary for optimizing system performance,
14 adjostments typically must be made during the mamufacturing process when
15 assembling the circuits to insure component matching. This can be costly due to the
16 labor required to make the adjustment for each mamfactured circuit. Often times
17 such adjustments provide correction only at the temperature at which the initial
adjustment is made, which may not be satisfactory for other operational
temperatures. In addition, some settings may be subject to shifts due to mechanical
vibration. Implementing these circuits in integrated or monolithic form often
necessarily requires the provision of external circuitry for providing these
adjustments following the manufacture of the IC part, but does not overcome the
above-noted problems. o

For example, it is well known that the class of electronic gain control
circuits, known as log-antilog electronic multipliers or VCAs (voltage controlled
amplifiers), requires adjustment means (generally referred to as symmetry
adjustment) to compensate for mismatches among the various transistors that
implement the gain-control function. The requirement for such adjustment is
memmned in U.S. Patents Nos. 3,714,462, and 4,403,199 issued to David E.
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Bl ackmer on January 30, 1973 and Septerrber 6, 1983 respectively; 4,234,804
i ssued 2 to Gary Bergstrom on Novenmber 18, 1980; 4,331,931 issued to
Robert W Adans 3 on May 25, 1982; and. 4, 225, 794 and 4,341, 962 i ssued
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+ respectively. This adjustnment has 5 hi storically been made via a

pot enti ononmeter and associ ated fixed resi stgas, arranged 6 to apply an
adj ustabl e potential to one or nore of the Hases of the transistors in the

[7)8.”:5 gal " Coﬂterlloml X rCKUI ﬁm’uimaﬁé%’ﬂﬂgmusml i E% ﬁégmt pO ént i one he

during the 9 tggm; o Nevepiber 08, 19804381, omusmmoheanhmamsuch
e

Befgdﬁbﬁ
nmet hods often vyi correction _poten at
- the terrperatilrg Zm Mﬁ)’cﬂit A882:nand 412297 %ng?ﬁg ‘“ﬁ;@m
~the pOte““OE'EterSeiEHHePg.ildhs 1980P & uiy0 2211083, ssfectively 2 msrmﬁhm

vi bration 13 e nost preval ent noder n exanpl es of such

~ gai n-cont r ol 5ci r chistoricallycbegst made mm.mmwlmhw

“which is well suited t0 t EH!{“EI r s ¥R 1o
transi stors $hat 8 l&t’é‘%& an |aﬁly t%ﬁe same o'?errperature An

~exanpl e of a‘lVCAgasn-adsmum dgircufti 9. Sui:h din/ adjustment method Tisecosi dweodm the, mﬂg 1

. includes an eight tran5|stor cel ht. tran rg.18 V
known. See, Bor chemsslyes W%‘@‘Sﬁ Bgﬁ‘g&éfg bert

~W Adams on jhy i Baaheaiecuiﬂ(boarﬂ sﬁhlﬁﬁ,zsucaw@feagiewe

- C. Buff on July 27, 8 Asfhownln F|g 1, mmingputinfornmatio al ...
(e.g., 21 10 an corrction ipgteatial that is ﬂgt %@%%}%éﬂ‘“’fo
Term nal s Coglpﬁﬁ,gﬂ ,f,gﬂe m&r &Esﬁﬁhgrwsﬂbeegm(m)dueto

- transistor & and e co+£ or olF e primary Iog 23 (jnpn) transi stor
Qerr]. Themollenechmeol‘vipratmn-ry antilog transistors (Jerr] and (Jerr]

- (pnp and 24 npn transi ngﬁés %&Fﬁrﬁﬁwrﬂﬁl'ﬁraﬂtsl&eso
‘as to form dat put temﬂg"{ %{)W%r outpu curir‘ent err One gain :

~control signg isi irombhotithic JCt tzchaology,sehiols is mﬂmmmm&@ 16
‘as Eerr], andtot e negative-sens al n- O%{WE W%%
‘The syrmetr adJu Fiﬂg?ﬂfﬁmm (5 e synmetry port .
'_tsﬂownb thef %?h W leefgmisrshuwnﬁml’rg.rlal I16 Iﬁ connected to
‘the base o e primar er.r ile

control sigrhd input t nﬁg’é“gﬁ”’go %“‘foa ?%pl‘hl mary
log transistg J g ]V@(Hjuﬂrw @xdnipié) SUS. Pategk No. 14,3393 leissuerleto of

connect od a9 d s R ool 25 ? w%ﬁrt} 5. Bueu e b 4198 e Py |

‘Qerr], derdg ang Ghif b suyi27! Q@hﬁm@ﬂmtlaﬂﬁn@hpﬁfmaﬁnﬂ@g.
21 an audio signal) L, is applied to the input terminal 10. Terminal 10 is connected to

22 thcmﬂedorofpﬁmuylog(pnp)mMrQ,andmecoMroftheprhmrylog
23 (upn) transistor Qs. The collectors of primary antilog transistors Q, and Qs (prp and
24 npnuansism:srespecﬁvely)uejoimdatjuncﬁmnsoasmfomomputmmiml
25 14 for output current I,,. One gain control signal is applied to the positive-sense
26 ga.in-controlport16asB,,andtoﬂ1encgaﬁve—sensegainmolportlSasz

27 ThesymmetryadjustsignalE.,..isappliedtothesymmeﬂyponzz. As shown, the
28 posiﬁvewnuolsignﬂh:pmmnallﬁiscomectedmthebaseofthepﬁmarylog-
29 msistor@,whﬂethenegaﬁveconnolignﬂimnwrmimlmiscomemdwthe
30 baseofprimarylogmsistorQ,andpﬁmaryantilogmsistorQ. The emitter of
31 eachprhnaryﬂamiswng.Q‘,Q,andQ,ismnectedwﬂleemiUcrofamspecﬁve
32 secondarymnsismrQ,,Q,.Q,andQ,,witheachsecondaryuansismrbeingofa
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- 3- 1 conduct|V|ty type opp05|te to that of the prinary transistor to
i of—tranststors—
‘Jerr] and err] are tied together, and simlarly the 3 bases and
icol | ectors of transistors Jerr] and (err] are tied together. A voltage
:bi as source 4 V[err] is connected between the bases and coll ectors of
't ransi st or sweoenssgs and Qerr] and the 5 bases and col PeTmsN1Se42
transistors Qerr] and Qerr]. In addition, the bases and collectors 6

of transistors Q7 and JQerr] are connected_to a current source indicated as
I[err]. The 7 I nput termnal 10 is al 35 connected to the I nverting

I nput of operatio aI. lifier with the.non-i rting inpu
connected t'o sy mfé"ﬂﬁt“ﬁb‘te @P’é%m'g“’ ri“3’( ﬁ’é‘“‘ﬂ’g%dtes and

col | ect or s 2of tmbts&ﬁﬁldscdﬂeﬁbfﬂofaﬁdsl%ﬁrq,]and@@muedmgether andﬁmﬂﬂﬂ?&ﬁ‘é
because of _t he | garlthmc rel athnshl bet ween_base to emtter

vol tage V[ &rr] Sransigors &M“@@W-pél‘&mﬂhﬁ%m
‘the Il og trQHSISWr%&M&mm&WWwW&f EﬂrTQtf Qéfipﬁ et or s
nal To th 0

.of the secondar ansistors which is gﬁo portio garithm
of the inpét cuzmmm@meﬂmmeum% addition; the basgs and chilectos

Si'gnal 16" b atebnd C8 ol Ui P Sortered o Bt Btk Mt $0L O

pol ari ti es 7of  bimpht teiminklol nnﬂocmmﬂwmmmnﬂmﬂﬁ,er r]

wi | vary he ratj o, of the output curren to he| ut
current rr]. thh %Lﬁﬂt"l Wlw he

=syrrmetry a@J ustmrthasestam%mhoreafuMdre lah® QN for symﬂetry adj ust ment
arises fromm smatches in t he baseto emtter vol a

col | ector Burrent (I{”eﬁ%hmé’lfl% ogarithmis, frlatioaship, hetwsen o6 {w)taml I og

~transistong in {4 uqhﬁf‘&\g
:Fig. 1 an(} t he VC%gtgr nctlon t’Fer %Eeﬁgl n I err‘fm

"the VCA od2put pmevidena vomge signal at the coll¢ctors Jof | tbetsmnm transistors: whiok: is 25

' zca;plplsl Eaget ggtnhga%mggﬁ \%r{gg%eﬂ al n- conthcolpp‘btor 7el‘h'é]anhfog G&S&E{’gr r']\ IS
. the pot entidal amdvideqlﬁmtpmeunagat,laxeﬁmnmmeamtcgatiﬂmioﬁlhevoltageslgnal
LT o "B S e T oo e
“when 30 16 antilog transistors,! Vagyifi EDwillovaky the rétio 6fuhe outgut e@irerit G, to el iipigtai n;
17 current I,,. The symmetry adjustment signal, E,,,, is applied to the symmetry adjust

18 terminal 22. The requirement for symmetry adjustment arises from mismatches in
19 the base-to-emitter voltage (V,.) - collector current (1) characteristics among the log

20  and antilog transistors in the gain-control circuit. This may be scen by observing
21 Fig. 1 and the VCA transfer function:

IR - RER gt R
Ly Niddes Idn Ly,

23  wherein I, is the VCA output current;

24 I, is the VCA input current; Ey-Ea

25 GismenominalVCActmentgain( ¥r )

26 E,, is the potential applied to the positive-sense gain-control port;

27 E,, is the potential applied to the negative-sense gain-control port;

28 E,yn is the potential applied to the symmetry port;

29 I, is the nominal bias current in the logging and anti-logging transistors when

30 the gain-cantrol circuit is st for unity gain;
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- WD 96/ 15586

PCT/ US95/ 15442 1 Vler+——= [err] +s—the "thermal—voltage", a
constant proportional to the absolute 2 t enperature
(PTAT); and 3 I[err] through I[err] are the respective
saturation currents for the | ogging and anti- 4 | oggi ng
‘transi stors Qyovgisseer ough err]. 5 6 I f all ofpciiesssnsssyi dual
|l og/antilog pairs of transistors (QQerr]/Qerr], Qerr]/Jerr],
Qerr]/Qerr] 7 and Qerr]/Qerr]) are identically matched for their
V[err] - I[err] eharacteristics such that: 9 (2) I[err]=I[err],

[[err] =1[err], I[err], ang?|. rr] =l[err Q,ll andEerI]o s set to
equal E[err] ! t hen equariongl B W‘{‘@F‘: -‘LGP‘E’@ 14
15 whi ch izs the ideal c gmput put current is a linearly
scal ed versign of the 16 I_nput current I n practice, homever t here

exi st m smat cles anong In mlhtlhmm currents for the logging andanti-

wi t hout propgr adjustnent : WQ&] t he out put 18
current will consist of, in t|on 'a sc versi on of the input

current, secdnd 19 har noni ¢ di stortlon and gai n-dependent dc of fset

Nt t ed t i
Conr oduced a8 of rows.: 1R or fdiviguat i3fubifog el ot s SbtS 1QuB iR QR
and 7  eid Q¥QraeTidemticilly matched e dielr¥), © Ij chatictehisticd Such thagiual i ty

audi o applicgtions, as mell as other applications where a faithful scal ed
. 26 replic® of an input signal is desired. 27 It is possible

to properly g ad er Q= etEel ¥nelj B pat e these undesirable 28
conponents in the out pE{ S{ng’lléﬂ [%Jrr]l%rrust e ggj usted such that the

~second termi® In equation (1) goes to zero. Thus, it is desirable that:

.30 31 5 32 .
PCT/ Usos) (15) 2 [eﬁﬁd&mmsﬂmmﬂﬁw.vﬂen?%ﬁéﬁ@l)mto.

-5-

13 3 Ly = Gl

14

15 which is the ideal case in which the output current is a linearly scaled version of the
16 input current. In practice, however, there exist mismatches among the pairs of

17  transistors, such that, without proper adjustment of the potential E,,, the output
18 current will consist of, in addition to a scaled version of the input current, second
19 harmonic distortion anxi gain-dependent dc offset components represented by the
20 second term in equation (1) reproduced as follows:
21 .
n @ [B,E[%== [k .,)
s  \N2'G NIl N
24 These distortion and gain-dependent offset components ‘are undesirable in high-
25 quality andio applications, as well as other. applications where a faithful scaled
26  replica of an input signal is desired. ‘
27 It is possible to properly adjust E,,, to completely eliminate these undesirable
28 components in the output signal. E,, must be adjusted such that the second term
29 in equation (1) goes to zero. Thus, it is desirable that:
30
31

&) eE 3;1‘5 l]:ﬂ = l]gu
32 Lol Ll
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1 Solving for Eferr]: 2 [err] 5 In practice the transistor

mat e Ng_acni evapre Wt noderm € Processes 156 such—that—the
desired E[err] potential is no nore than a fewmllivolts different from?7
E[err] with E[err] typically being in the range of -700 to +400

mLlivolts. ‘Thus, it is 8 convenient to consider the difference between

these two WOSEISS8E s: O 10 (7) [err] 12 as the desPCcouisesdsasst nent
potential. Fromthe foregoing it can be seen that because 13 VT is
proportional to absolute tenperature, the fequired E[err] also nust be 14

‘proportional to absolute tenperature (PTAF. 15 It should be
‘noted that,  the r.cu ed I n deriving the equations above is used 16
for illusthati bﬂ'

The effects of base currents, Early effect, and
non-ideal 47 - Iog conf or mance due to fi nite ohm c base and emtter
resistances in the |ogging and 18 -Iogging transi stors have been

i gnored fo¥ cl 46} ty.EJhe E ehzy in US 19 Patent No. 4,234,804
(Bergstrorg and US Patent : (sBI ackner) to 20 mtigate the
effects of finite ohm c base and emtter resi stances in the | ogging and 21

anti-|oggidg transi Joprastice thecransistor ynagehing-achievableiwith mbdern ICprocessestio be

;Sifﬁrtﬁﬁ?r%fzc.%@eﬁ%%ﬁ%e%%@ ko s i 50 Yol et

circuit depcri lEdwith B gpichlly beingin i radgé bf<7001tot-F4002illivoltse CTRisg UR i§ aught
in US Patet No 4,454 433 (el | a for, mti atlpvgq]the effects of 25
Early eff g’rﬁﬂﬁi&ﬂ’u @m g'&s? potsatialss  For

gai n-contrg)l 26 circuits utilizing a ceII of only four transistors,
such as that described in US Patent 27 m 3,714,462 (Blackmer), it is
easi |y sh¥wn t K& tiE“re%r-e \f%ezvr,]n e sanme 28 formas that of
equati on f?) and that "t he "pei nventi on Ns‘uﬁn{u&l y applicable to 29 such
. circuits. 30 In considering the prior art, as each gain control

circuit inmdammmjmmmmmmmmummmld be

a positivg vol tage, or _a.ne Y | t.age, 32 The, trgnsi stor as
. well as t antk? %? S, @masmﬁl ?Pg:ﬂ ﬁsomt‘sg%

?'224}3282/“5442””““”"““’“‘8? P et any i st chi ng | !
. 0 at a m tching I's necessari
- unpr edi ct¥bl e and rl‘rﬁ!‘ﬂﬁﬁi’?m?ﬁ H&Q g&g‘?"ﬂ pus a0Q¥R 15 as

many circggts whﬂs&aﬁwpﬁ@@e@meﬂ&tﬂﬂa&&m Early effect, and non-ideal

17 log conformance due to finite ohmic base and emitter resistances in the logging and

18 anti-logging transistors have been ignored for clarity. The techniques taught in US
19 Patent No. 4,234,804 (Bergstrom) and US Patent No. 4,403,199 (Blackmer) to
20 mitigate the effects of finite ohmic base and emitter resistances in the logging and
21  anti-logging transistors are entirely compatible with the invention to be described,
22 and in fact serve to bring the behavior of actual gain-control circuits closer to the
23 ideal behavior of the simple circuit described in Fig. 1. The same is true of the
24  technique taught in US Patent No. 4,454,433 (Welland) for mitigating the effects of
25 Early effect mismatch among the log and antilog transistors. For gain-control
26 mmusuﬁlizingacenofonlyfmumistors,mchasthatflesm‘bedinUSPm
27 No. 3,714,462 (Blackmer), it is easily shown that the required E,; is of the same
28 form as that of equation (7) and that the present invention is equally applicable to
29 such circuits.

30 In considering the prior art, as each gain contro} circuit is made it is not
31  necessarily known whether E,, should be a positive voltage, or a negative voltage.
32 The log transistors, as well as the antilog transistors, are matched as closely as
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3 woul d require a negative E[err]. Accordingly, the source of E[err]
not only should 4 I ncl ude the nreans for adjusting the—tevel of Eferr]
in order to correct for V[err] - I[err] 5 m smat ches, but al so for
adjusting the polarity of E[err] so that E[err] can be nade 6 positive
or= negative. The nost common prior art approach for adjusting E[err] to the
7- desiregopghssséty and value is illustrated in Fig. 2. RCI/GBSAS#2 R | s
connect ed between 8 the bases of antilog transistor Qerr] and | og
transistor Jerr], and a resistor R err] is gconnected 9 bet ween t he
base of transistor Jerr] and the w per of potentioneter Rl err] . The

- ends of 10 pot en |onet err, re connected bet otent] rr]
~and V[err], ’(typl b@?‘%tmi%n&h% M“T%Mﬁﬁm%

- vol t ages) tcacre%b&u&sﬁ@ut&hérefo@@m fustihs fiany bmmmxldiﬂ;uueaﬁhme as of
- these conponents are typically chosen such hat the resi s ce rrl] 13
is much | argkr tWﬂM@sﬂ@FMﬁ F@WF‘#‘“& gﬂ w

Rierr] is chpsen dgudtine ?‘g Iﬁw@%ﬁwﬁwr].
the few mllivolt's necessary to co rect lﬂu&;t t he VCA sym*retry

. Further, R e5r] |msmmhmluuyalshcf9eadmﬂsethbwbmmaﬁ 80 thatnE.g 6can be;

- not to add e cessw to ﬁﬂ'&'ﬁ% r].
~Finally, 17 nf?ﬁ%aﬁ%@f% a VWI npedanc %ﬁ%e
source. Undey thwﬁomwmvﬂwhﬂmthyszmmimeamo
(8) [err] 21 22 err].is the t age the w

The net adj u8t nerthe MM mgﬂﬁr |‘B§ ’ﬁ%?“?%% 24
25 [err] Z 27 base of mﬁ‘pouﬂnwnglwmth

between the I&Qnﬁm
E[err] and E[ferr] both set to 0 28 volts soth ‘?ur ent 9a|n of
t he vm|sm|tymm&mmm .-(‘9‘?

- Dosi ti ve- sehpe Ihde 0! BluaPBid o) 16396kt % y@em&ha:ew of
i 30 t he VCA, either |k unctlo?lltevs\’th o)r |nstead of the negatlve sense
. gain controli231 mmusmmmm}s ave typinally ichosen suchcthat-the RER,

- desired val igzas i hmnc'lzi[ﬁi-gre]r B G dediktac® of R,, and thé’%%flﬁ?ﬁﬁk, is ch o

PCT/ US95/ 15
- varied. Thi 44| eadsstriot mmmmmnammwmmmm correctly

Fochni que. i 43 o VB EENVGA Sty HRH K iy ocmﬁnerrbf%ﬂ P‘”ﬁ%’

and Rlerr], 1gppr Oﬁmwmmmmmﬁmmm

can be achleved 5 i.ng a,te e-dependept reS|stor
"Rlerr]. If RAferr]BEeds F’Qg‘?ﬂ %a*"?‘]'mlﬁg&‘ %IWthe

' case) and R[lgrr]'mdﬂgmmmmwry one degree

- R, R
® &, - V,,,[ = &] E,,[ R!+R2]
whetevmisthcvolnseatthcwipetofkg. The net adjustment voltage E
developed across R, will be:

R R, - - R,
OE”, = E,,m - EQ = VW[RI IRZ) Eq,(m -1| = (V“w E,)(Rl "'Rz)

The symmetry adjustment is typically made with E,, and E,, both set t0 0
volts 5o that the current gain of the VCA is unity. As can be seen from equation
(9), if the positive-sense gain control port 16 is then used for adjusting the gain of
30  the VCA, either in conjunction with or instead of the negative-sense gain control
31 port 18, the E,; potential will deviate from the-desired value as the E,, potential is

BRSRBREBREES
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7 centigrade variation fromroomtenperature while R err]'s val ue

rensi NS" T1xed, tnenm g erry —8 ——wtt—vary-approxtmatety—+A—FPFAF—ashion.
O course, it is difficult to ensure that the 9 di screte resistor
stays at exactly the sane tenperature as transistors err] through Qerr].
10 . While integrating the resistors onto the same IC with the transistors
m ght sol vavo hé/Esss6l 1 problem it is difficult with curreotrisssnserhnol ogy
to fabricate integrated resistors 12 with specific, well-controlled
tenperature coefficients. 13 14 Qbj ests of the Invention 15

A prinipal object of the present invention’ " is to reduce or substantiall'y

‘16 ovegcone dv, es scri.bed .,a e in co.nn ion with,.the
prior art. i17 meﬁ %’M%WW %’ mto

adj ust at nhe vether than aiey.f or the 18 ¢correction of m smat ches bet ween
or anong circuit co%w i.ch are art. of 19 t he sanme i ntegrated
circuit stPucture so p‘&w Hging liserete, componegts for Ry, K,,

‘tenperaturg ra Zl%proxlma cﬁﬁﬁnm{m s M acKiev
‘i nvention Fs tgﬂgrow means, On the sanme 22 I nt'egr at e chlrlrsgwt ed
i ncor por at fon absgasmmwmmmmm Rii ng’&mmmmm&

among trandi ot of G " Bpical e Sash bl Imys' il Vi A3 S0 LYY o' iR ©°
5 Still ?not Mer W%mmwwm O -
g;m"nre?ry afl; ustm!ir’]CUI M%&@%ﬁﬂﬂy&? oftéﬁa{fé‘?‘“ t he

two gain cont r Ofisdpereresistb stiys Q,se. 29

Yet anot her object of the present |nvent| n| S to expl 0|t t he use_of

~resistors1030 mmwmmmmmmmm*wmques,
S that tracl;overyguiihG: & ditfioul:Apae mmlw%ﬁbggﬁfw%ﬁmw

adjustnment for a garn control circuit 32 g e

WD 96/ 15548 with specific, well-controlled temperature ients.

PCT/ US95/ 13442 1 And still another object of the present
~invention'Ts to provide an adjustable 2 bi pol ar symmetry adj ust nent
! signal toldne oObjertscoft the Ik pnof a transistor cell of 3 a gain

: control cuit so that th ay i and | eyel nment

- signal 4 “1 can be WM"@X‘&B dﬁ?ﬂﬁ@% ’HﬁWYhe

- gain contnel cmveréomthsd;sadvmgaimmdwmasmﬁml phdmmate the
need to cQ ensatefor any ms ches 6 in the tran sfoII 3

. manuf act udé. Another'o % PERSeRt jiention is &9 adjust af, pﬁ’gg tlon

is provi d‘isa SYéﬂiﬁcﬁ 8fnikatches betwidn i imong ciotifbdingsonsits rﬁ'@ﬁ"pﬁft‘iﬂ*

ccircuit, |ndependent of the absol ute power sSupply 9 used with the
~integrat ed9ci r ctetsame dntegraged eivmit SAIciE, 8o that the,compnoents aes Matpbed over) 8

- power SUPBRY.  temperature range.

Yetanoﬂxetobpctofﬂ:epxuentmvennonlstoexplonmeuseofmsmrs,
fabricated in accordance with IC manufacturing techniques, that track over a wide
31 range of temperatures, in providing symmetry adjustment for a gain control circuit
32 implemented in IC form.

SUBSTITUTE SHEET (RULE 28)

21 And another object of the present invention is to provide means, on the same
22 integrated circuit incorporating a gain-control circuit, for providing proper symmetry
23 adjustment for mismatches in the V,, - I, characteristics between or among transistors
24 independently of temperature variations.

25, Still another object of the present invention is to implement a gain control
26 circuit of the type having two gain control ports so that symmetry adjustment is
27  unaffected by the potential at either of the two gain control ports, thus leaving them
28 both available for use.

29

30



11 12 Sunmmary of the Invention 13 These and ot her objects
of the invention are achteved by an integrated—etrcuit 14 - of the type
having at | east two conponents, each of which operate interdependently 15
as a function of tenperature and at | east one physical paraneter associ ated

wi{h each 16 of the conponents when inplenmented in integrated form The
circuit furtggyeghidgludes 17 conpensati on neans, di sposedPCRUSISAS2
integrated circuit, for generating and applying 18 a bi pol ar

conpensation si gnal to at | east one of the conponents so that the |level and
19 polarity of the bipolar corrpensatlon SQ'gnaI can be adj usted during

t he nmanufacture 20 of the inte &d ci rcwt such Irbe
another, 0 the ppesent %WM‘F&

conponent s iht erdepend’é!'it#'f'}a

i ndependent | WMW@@M&&W&M« he
physi cal par rreter 0 et onents Pr ef er abl thf
integrated 3i rcwgamwmblcmmsp& j!!?“"?ﬁt

circuit for eneratl na E @WW %{;5 chites] Eienip hs an
- i nput signal ntrol skfgna e gain c rol circuit

~ includes at BeaStaWmewgewwnmm anysmismatches he

oper ati onal characterlstlcstf@; t.he tr istors are 27 identical in
order to ninfnz gain control means. In 28

~accordance wpth the progeyé shRHTObjeetof the preset eipventiciris provide & symmettyendjust
' includes neans, 29 di sposed within the I Nt ed fc {?ﬁfor
generating a8bi pommalmgmcpm m&%ﬁt?ﬂ'e? 'b'&?ﬁ’ R een

the two trangi sto W einasmhblé of DRItARE feveB of \ther 1 |
- I[err] chafacte StICS of e transistors so that the transistors'

. operation 320 |pomtsumy i ndependenty of tenperature variations and the

' gain cont rolusi gnal . SUBSTI TUTE SHEET ( RULE
- 26) WD 96/ 15586
PCT/ US95/ 15442 Mmm -9- 1 Brief

2 oxanpl o ofi3a pr or oFbess i ober oiest ot ot leclichod Yyl nf gttt o

. controlled apl i f pethetyfieNavingit leasttno\components; mdfa@mminwrdependenﬂy

transi stors and show ng the need for tra SIStO
Fig. 2 is a ¥chensss funetionplirmperatumrand at Sﬂﬁ%ﬁqﬁnﬁiﬂ 9. 1
~and 6 “i‘gd'f' %WMWMNWMNW&&@

a symetry ust

; si gnal .8 . 3 LS a schematic

'~ di agram of al% i r scoppesaionsgeansdisose¥ Wﬁdf‘g@'@ﬁ 5'9“"%%&9@ ApRIERe o

- providing a mre Eéhﬁﬂeﬂ ﬂgm &4zt oritbf Hie cdnipoiidits oothatahe le¥él and

Lcurrent; l%y tﬁn&’%‘t@{n I'S séﬁhéatmat I c_di agram shovm n ener al

i npl ementatltm of palamspofﬁebmr W"‘Edmeg Wﬁ’“

-symmetry adj Mst  si gr}ﬁ%m t |& tv?b M@QQW operate
nment a |on

~showi ng a det®

one
predictably, eonsxswnﬂyandmdependenﬂyofwmperan:revmamnsanddlﬁerences

between the physical parameter of the two components.
Prefembly,ﬂxemwdcircuitisofthetypethnteompﬁsesagaincomol
circuit for generating an output signal as a function of the product of an input signal
and a gain control signal. The gain control circuit includes at least two transistors
mqniredwbematchedsothnﬂwopmﬁonalchmwﬁsﬁqsofthcmmismrsm
\dentical in order to minimize signal distortion by the gain control means. In
wcordamewﬂhmepnsemmvenﬁon,theinwgmedcircnitﬁumerindudesmeans,
disposedwithintheimegratedciruﬁt,'forgenuating a bipolar signal for providing
symmctryadj\munemutweenthetwomnsismrs_asamncﬁmofanymismatch
betweenthevu-lccharactedsﬁcsofﬂxemnnsistorgsothatth:uansism’ operation
ismatcbdindcpendenﬂyoftempemmrevaﬁaﬁomandthegahwomlsignal.
SUBSTITUTE SHEET (RULE 26)
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14 of the current sources shown in the Fig. 4 embodinment; 15

Fig.s 1% a schenat ¢ uragr anrshow g Tore—tetar-ed—prerentat+on—of the

16 ° Fig. 4 enbodinent: 17 Fig. 7 is a schematic diagram
showi ng a nore detailed inplenentation of the 18 Fig. 6 enmbodi nent and
the preferred enbodi nent; and 19 Fig. 8 is a schematic diagram
of a secondwpserissss ecd enbodi nent of the 20 present i nveoriosss/isen
providing a symretry adjust signal as a function of a 21 conpensati on
current. 22 23 Detailed Description of the Draw ngs 24 In the

‘drawi ngs, the sane letters ad nunbers are“ised to identify the sane 25

or simlar_partg preferred enbodi nent for achieving

.pr oper syrﬂnetr R e L 'J"-"'E'—‘L“? of tenperature variations and
‘gai n-contrpl vol t agegl Fis'd schéhatit! difgrad of a@xardfle of a Priok hrt phinToRABIAGIERNt 2
variable current source Imis connected to the base of 29 .antilog

t ransi st or3Q erof] thervoliage icantrolied smaplifier {VG4)ctype employiog dog-awsilog pairof; r |

shown in Fyg. %nsisto?saﬂ%ﬁl%gm nlahﬁhbﬂs?hxﬁ{: agp banal to V[err]/R
where R is‘a resi stance havin ﬁféharacte I St1Cs ?prlmafily

‘tenperatur® coeffi dig is asghemhiticiagramf die gajreconrol cifdwit sBGwn in Figs dlandng
symetry j ust ot ential r L] . oxi nmat el y; . WO
96/ 15586 agl Wma&&dﬁme%a %mtg&mﬁg% genera ygymmctryadjust

"PCT/ US95/ 19442 signal; -10- 1

4

(10 2 3 if | ' h t th t t of
Sranststor8Gerr]. Fis. 5 d scheripdt ety it firsaotensa epbodmet of te bR 1
- Charact erigti cSnvenfidn WY plovidiig #Symetry adjfilt! Sg@R0 b8 finktibl of A CBmpefisaiba\Wn i N

.Fig. 4. 6 in Fig. 4, a positive current source 30 provides a
positive 3@rrerfurmeEntnto 7 junction 34, while the negative current

source 32q4provi des gy (9 ﬁaﬁi{ﬁrﬁ%ﬂlﬁsﬁﬂnﬁ'g ' lefienta ces
: 30 and 321gre desig?elg’etggdt at the tput o Sﬁwgﬁ‘? p‘r’%?rq?l nal to
;vaJE. _ Thutz(tA wta)ﬁmmdpnmmmym]m&m;er the magni tude 10
. 0 is grgater an..t he. | . 2 Iyt 02 i's
. | ess thaniil the%’ﬁ?wmgg@&c%wwﬁi%
I[err], ap4l as ofahe curbent stiitces showhdty thel Figr 4 embedimenyor ti onal to Verr]/R

.where R |5 a resistancge, havjng characteristics 13, .. .. i mar j.l
. t enper at uﬁa coef fi c?%f“m%%%@wwm%ﬁ# 14

" exanpl e ofga k N4 \éfiibBdi@at;CcuUr rent source for providing a curret
. proportional to 15 _  absolute tepperature is illustrated in Fig.

: 5
In Fig. 58a pair ofFigphis@-sshematic diagram showing s morg detailed implementation of the
- that the 260 i i ves an i nput current
mi?7| . tﬁg.gﬁammmm&%dﬁﬁﬁ p

1 [err], ect or of

16
(0]

3. In this embodiment a variable current source I, is connected to the base of
antilog transistor Q;, replacing the resistor R, and potentiometer R, shown in Fig.
2. The magnitude of I,,, is proportional to V,/R where R is a resistance having
31  characteristics (primarily temperature coefficient) matching those of R,. The
32 resulting symmetry adjustment potential E, will be approximately:

SUBSTITUTE SHEET (RULE 26)

19 Fig. 8 is a schematic diagram of a second preferred embodiment of the
20 present invention for providing a symmetry adjust signal as a function of a
21

22

23 11 e Urawings .
4 In the drawings, the same letters and numbers are used to identify the same
25 or similar parts. .

26 A prefered embodiment for achieving proper symmetry adjustment
27 independent of temperature variations and gain-control voitages is illustrated in Fig.
28

29

30



- 18 transistor (Jerr] provides the output «current I[err]. The collector
and base of transistor {ert1—19 are tied togettrer and to t he base of
transistor Jerr] with the voltage at the juncture 20 bei ng defined as

V3. Transistors Jerr] and (Jerr] are also provided, with the collector and

210 base of transistor Jerr] connected respectively to the base and

i coll ector ofwbosmsssst or 4, 22 with the emtter of tranPCHUISISISI4r 1]

connected through resistor Rto system ground, and 23 the emtter of

transistor (Jerr] connected to systemground. The emtter of transistor 24

Q@ err] is connected to the collector of tralfpsl stor Qerr], and the emtter

of transistor err] is 25 connect o the collector of transistor
Qerr]. Thelvolt €k aE.;-I#eE' rem{ﬁ} emtter 26 of transistor
Qerr], theybase of transistor err] the collector of transistor

Qerr] is defined 27 as V[err], while the voltage at the juncture of

the enitter 30f t ifdgaiismoch Mpﬂt%mm of gransistor Qensi st or Jerr] and

- the coll ect g of tran glfﬁé& kfﬁé ?ﬁ!&i &ﬂ(‘ﬂmﬁ&s%ﬂmﬂ thel9
transi stors qerr] a% an err ave |ﬂé¥1t|ca C aracterlsttlgaés
(i ncluding sat ur phplementsd elC forfh, is shomnamFig. 4nd t hat transi stor qerr] is
simlar, but with em ea A.tines | 3 ee
and i gnori n@ base cur#‘bﬁfgsa{t%mtbw %W‘ﬂ@‘“g‘é‘% %JIM(? %m&%el nspec | on 32
~of Fig. S: iuncu vﬂﬁiehﬁéﬁ@ganvecumntsourceszprowdesanegauvecurrentl}from
(1 [err]

e et 3 et kb el

9 (14 1. p;ogardohﬂr h&&erthenﬁatiimde
[err] 14 15)9 E err]v"fR s 18- )10 t6]V I&t shoul d beﬂ;la%ted

" that the asHunpt o isigreattrAban the mmerﬂiﬁwmr%magmMEo A is
PaeteLS, R {5 i o 0, 6y R i o BRIEL i B st
- ni smat ches mmngabdms Ljpissprepartienabit (VR where R is a resistance having characteristics
' 13 (primarily temperature coefficient) matching those of R, of Fig. 2. One such
14 cxampleofaknownunipolarcurrantsoumeforpmvidingacummpmporﬁonalto
15 absolute temperature is illustrated in Fig. 5.

16 In Fig. 5, a pair of npn transistors Q, and Q, are connected so that the
collector of tramsistor Q, receives an input current I, while the collector of
‘transistor Q, provides the output current I,,. The collector and base of transistor Q,
are tied together and to the base of transistor Q, with the voltage at the juncture
being defined as V,. Transistors Q, and Q, are also provided, with the collector and
base of transistor Q, connected respectively to the base and collector of transistor Q,,
with the emitter of transistor Q, connected through resistor R to system ground, and
the emitter of transistor Q, connected to system ground. The emitter of transistor
Q, is connected to the collector of transistor Q,, and the emitter of transistor Q, is
connected to the collector of transistor Q,. The voltage at the juncture of the emitter
of transistor Q,, the base of transistor Q, and the collector of transistor Q, is defined
as V,, while the voltage at the juncture of the emitter of transistor Q,, the base of
transistor Q, and the collector of transistor Q, is defined as V;. Assuming that
transistors Q,, Q,, and Q, have identical characteristics (including saturation current
30 1) and that transistor Q, is similar, but with emitter area A times larger than the
31 other three, and ignoring base currents, the following can be stated from inspection

32 ofFig.5: SUBSTITUTE SHEET (RULE 26)

BEYRERBRBREREBE &S



20 the effect of slightly altering the value of the constant A 21

A current source such as [hm S=m-tt—rnot—uf+H—the

requi renents 22 of I[err] in Fig. 3 because I[err] nust be
bidivectional or bipolar. That is, it nmust be 23 adjustable to both
positive and negative values of current since the required 24

adj ustment WRWISS¥E| E[err] may be positive or negative. FipcrdssshsMs an

enbodi ment 25 that fulfills all of the requirenents connected to an

ei ght transistor cell gain control 26 jrcuit. 27 Ref erring
to Fig. 6, the current source I ncl udes a posSitive voltage rail V[err] 28
and a negatlr ve 5 V[err he positive voltage rail V[err] is
connect ed througﬂ otieds * K i rr] to the emtter of pnp transistor
Qerr] andzdrrectly to t he emtte d¥ pnp 30 transistor Jerr]. The base

‘col lector &nd b oV, = Hphi r Qerr]. The base of transistor Qerr] and

‘and col | ector of_Jransi storgirr] are connected respectively 31 to the
the 32 4col l ector of transsstor Jerr] are connected to the emtter of

pup transistor err], while L, WO 96/

PCT/ US95/ 18442 (3) ¥, = ¥, +VlnL J V,+V, lnI -12- 1
t he base ofg transrstor Qerr] aknds the coIIec diJ of transistor Qerr] are
connected to the 2 emtter of pap transistor JQerr]. The base and

‘col l ector @f tr Substititing tig first jwo equationsintot thel thiftl yields:t o t he base of
transistor gQJerr], while the coIIector of transistor Qerr] provides

current I[grr] 4 T, e renai portion of curre t sour ce,
i ncl udi ng ®9rans{gyor Ir ( ph re pond to
transrstor%tqerr] aﬁ’ ?-nﬂ, .s%’?@ h & 1] (which

§correspond trans stors Qerr] and Qerr]) and resistor R2 (whi c

. correspondy to aRbickiRg (R ELI]) duplicates the circuit to the extent
described so as to provrde current Iferr], I[err] is formed as the 8
'drfferencézbetween the currents I[err] and I[err]. Aresistor Rerr] is
provi ded litwee %r(d g; df,,,b}ransrstors Qerr] and Qerr]. In
I'this crrcurt toVT & nt 10 t hrough transistors
err] qdﬁr] Q[err] err] (vvhrch cOrresponds to I[err] in the
ccircuit of 7)V approximately 12 13 (17) [err]
i R4 14 15 m&‘rﬁé V?ar resents the base-emtter forward voltage of
“Qerr], Qiér], Qerr] ang Qerr], 16 approxi mately equal to 0.7V. This

e O odd oAb Yol Y et A b s et R R 1

" the effectig of me@nfgwﬁwmmevaﬁmwﬁgﬁum%%omersﬁmlmrﬁ thdter r |
and Qerr] _are 19 thenzé‘\)/ra an anI sis simlar to that above for Fig.
6): 20 2119 (ke Jtshoyld mismatches among the transistors will bave

and a negative voltage rail V... The positive voltage rail V,,, is connected through
resistor R, to the emitter of pnp transistor Qs and directly to the emitter of pnp
transistor Q,s. The base and collector of transistor Qs are connected respectively
31 to the coliector and base of transistor Q,,. The base of transistor Q,; and the
32 collector of transistor Q,s are connected to the emitter of pnp transistor Q,;, while

20 the effect of slightly altering the value of the constant A.

21 A current source such as that shown in Fig. 5 will not fulfill the requirements
2 of 1., in Fig. 3 because L, must be bidirectional or bipolar. That is, it must be
23 adjustable to both positive and negative values of current since the required
24 adjustment potential E.; may be positive or negative. Fig. 6 shows an embodiment
25 that fulfills all of the requirements connected to an eight transistor cell gain control
26 circuit.

27 Referring to Fig. 6,ﬂxecurrentsourceinch1desaposiﬁvevolngerailv,.
28

29

30
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23 (19) [err] 24 25 I[err], is then: 26 27 (20) [err] 29

and, thus, the adjustnent potentiat—Eferr] wll be: 30 31 — (21) [err]
32- WD 96/ 15586

PCT/ US95/ 15442 -13- 1

If resistors Rlerr], Rerr] and Rlerr] are of like types so that they
exhibit sim |woobessper ature 2 coefficients then the ad) petosssiisas
potential will be PTAT as desired, and will be 3 i ndependent of the

potential at either control port to the extent that Early effect in 4
Jerr], and Qerr] may be ignored. The potem" al may be adj usted by

T 0 b T e Pt . by bﬁ‘&g@%ﬁ%w &,

to be less than 1Qehi6T pop uahsiftbr % qwrbdsea?meouwa&cbf ?
t he base resistance of transistor Fig. 7 ovvs a
preferred enbddi nitpthedmse ofransistoeQys, yw@emrﬂfmm provides curpggthiei n

cascode trnisgors Zuﬁﬂﬂm?gohﬁ)ﬁ l&@“’ﬁ?}“&f@bﬂ tich 10
QL3 and QL4 (V\nth%e emtrers o1€°fpp tnBistors rte%'pecg?/ﬁfy

connected 115  tcorrespond &0 transistors Qu andQygs trsusistore(R, amddQ)(which ivorrespond tap f

of "t rani ot or Y &, ARERPR e gp 06d WW&?(WW%@M@ o

Connected to 'Ihe QuépmmthhmanWwam ﬁ‘formedasthe
~respectivel y) casca‘&e transjsts 9 and have added, i n
series 15 irh A mq@ﬁ

Q/, and Qu 16 C&flﬂﬂswmeﬁideé tolﬂimﬁﬁbhﬁﬁkﬁﬁo? f ety thie Sdubdefif

QL1 and Q12, the bases of 17 ans sugi/ and o] connecte to_each othe

and to th coMect Mﬁhm&@ﬂm Qg and Qg (Which gorzesponis te fig inthe cirRYit o) <

Ql, and Q23 ¢ mectplg mw of the current 19 source and resiso
R4 respectwer) e ‘cas tragl sto &, and Q serve to 20 i ncrea
.t output inpRdance of the upper current source, as is well known in the
- 21 art. géansl(%:#)rslf d4F) serve this finction for the lower curt

2

"sre. This & effects of Early efect In the tansistors and
makes the ci l4uit bebave 23 nore ideally with regard to i nence frm

chages in th pot al,at _E . Th 4 LClECUL T, | I esd gnkd hat
.only a si ngl resﬁgltﬂ? @ei;mggr bfﬁf'g‘?;mgegppg‘s%f’géuiéﬁ 6“"
' typicaly adj#6ted dpptomelyeqaa!iwmv.vmmm is shesen, cast metionedabove,cso that
| 17 it is of the same order of magnitude as the desired range of I, and I,, to minimize
the effects of base currents. The collector currents of transistors Q,, and Q,, are

then (via an analysis similar to that above for Rig. 6):
v,
(1’ 1, - R'tm
V.
a9 r1,=-ZIhd
13 RS

I, is them:

R AR

and, thus, the adjustment potential E,4 will be:

ERRNRBRRBBREBGEE

31 (21) E'.4 = E - E - RIIW [RI(R:I RJ) 1’"‘4
32
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26 circuit to a mninmmvalue of RJ12. ThIS y| el ds a range of

adj usfment potenttal of = 28 22 % A —R 29
-2 2 30 Di ode connected transistor Qnis added to

preven the emtter of trnsistor Qu from 31 floating when R3 is open

circuited. It ensures that current 117 will be negligibly small

SUBSTI TUTE Gid9sfis$s®RULE 26) WD 96/ 15886 PCT/USIS/18442

PCT/ US95/ 15442 -14- 1

under these condltlons (essentially equal to the base current of transistor
Qerr]) while not interfering with 4 mal circuit operation. 3

ﬁn al tgrﬂr;g'fﬂg \r/neanﬁg t he Cﬂm%ﬁgces slﬂewn I n E’%Mt’ﬁgﬂg angt ber preferred |

Qerr]-derg] apgeffitiehiithén HeCidilsment pomﬁnrwn! wmqﬂid SRlrkd, ivh?be

counterpart_ conponents of F| g. [ SO as to generate a ‘current: 7

(23) 3 er r independept of me@nml ammr dbhmentethattﬁa;lysm:n

Jerr] alsgfun E’Jtilgﬂl‘ MPNP
trasistors Qrng %ﬁ? %Hg conecd nﬁ@tan stor a g
with restoS5R2 aeattﬁgxzahﬂd/mnyming tdyeoﬁdgrnommﬂ:tghn@esfkmwn i8 the artan

I dentcal cigcuit,as the.cict.forne tr angd and
resistors gl W ds'lﬂf‘f‘awgm%?h@&%mw %

generate a Turr @bding siphifickiicly to thé Bdse resistance of transistor Q.= 17 TranSIO
O and Qu formthe sr

npl est formof a current rror circuit nd ar
fomed as tvid NPN traﬁéggt ﬁq%n@mm’t{% M

~col lector g0 %ﬁé@déﬂaﬁsisﬁ:rb@,emﬁr@uthﬁvé H&n%hé@ﬁi&he@hﬁ%ﬁﬁﬁﬁr@ﬂ

rand its emtter connect ed 21 he negatlve voltage rail VNW NPN

“transi st orldp4 IQSMQ:.&M@MMMW 1 RMW rail

.cnnelc:i Zdbvvl hc'? %W&&g&r Qortfa?n?ﬁghél 1o @ (}mlf% circurt pgr"tlon Hhown

24 in tig Iemwmwtmmwmﬁh andrthe collec@ps of i | e
v dent ¢ ol hos aBfirtar S 864 QR Fomnitidd 15 o o B i orlfpCloure 'l Ry
- can be usetl4 Theespectively). 'Sishilirlys hscode transistors Q,, and Q,, have been added in series
15 with transistors Q,, and Q,, (with the emitters of pnp transistors Qo and Q
16 respectively connected to the collectors of transistor Q,; and Q,;, the bases of
transistors Q,, and Q,, connected to each other and to the collector of transistor Q,,,
and the collectors of transistors Q,, and Q,, connected to the output of the current
source and resistor R, respectively). The cascode transistors Q,, and Q,, serve to
increase the output impedance of the upper cutrent source, as is well known in the
art. Transistors Q,, and Q,, serve this function for the lower current source. This
minimizes the effects of Early effect in the transistors and makes the circuit behave
more ideally with regard to independence from changes in the potential at E_,. The
circuit is also designed so that only a single resistor, R,, need be adjusted. This
resistor is typically adjusted between a maximum value that is essentially an open
circuit to a minimum value of R,/2. 'Ihisyieldsarangeof:adjusnnentpoﬂenﬁalof:

R, R,
@D ZVrind x By = -piVyind

Diode connected transistor Q,, is added to prevent the emitter of transistor Q,s from
floating when R; is open circuited. It ensures that current 1, will be negligibly small

“ERRYRBRYBRRBEE 3
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- 27 replicate current |I,,. This current serves the sane fution

I g. 28 7. 29 -——+ operation. woben-+HA-(which is identical to

|1, by virtue of te current 30 mrror) is less ta 111, |I. will be of a

positive polarity and flowin the direction 31 show in Fig. 8 [If IIlA
- (and 113) is greater than 113, then I. wil be of a negative 32 pol arity
“and flow in teeoamsessite direction fromthat sbown in Fig. Sperisosises

SUBSTI TUTE SHEET (RULE 26) WD 96/ 15586

PCT/ US95/ 15442 -15- 1

In the enbodi nent of Fig. 8, the PTAT curred source is I npl emented W

the same polarit evices, and refere edtoth same reference volta in
this c’asel,o g X‘“Sﬁe#’ﬁ") M&Pﬂﬂﬂ@ P?&‘“”’“"']ﬁlg) gﬁ?(ent

m nor is useg to e ﬁmmeugnpmpolarlty current I[err] so
that the bipolar nature of the correction current I[[err] can be
realized. 6 Anﬂm ﬁmthamwéuﬁ&ﬂt. apd another preferred

i npl enent atipn of Mﬁ P#F7 fg e W
- realization shovvn I'n t there aﬁg occasi ons @QE' %en I't may” be

~preferred. 1 th@mnmwm;omqummmmpﬁamt%mmmlmaa

- 1 C process t ev NPN trani stors exhi bit high common-base current
- gain over de range of operating currents, while the current gain
of the Iater? PNP 11 transistors is typically nuch | ower, and falls off

rapi dly at c#) r currem}sr above 12 a few tens of m croanps. For
this reason né? Iestr B4 | npl ement both 13 PTAT current

sources wt thPN tran5| storS3(the opposite configuration fromthat 14
shown in Fig. Anot her occasi on where the ci rcwt of,

Fig. 8 may pr@%mc&lajﬂvﬁmm%m&i%%

known as "zener méﬁﬁﬁdﬁinrﬁb‘éﬁ qmﬁbe diociezconmet}&i S
_technique i g?/ol v?g crgatl n sel ected connect i onsJ tggf ween c%dr‘riponent s at
- wafer 18 12t esttrapgiston &y gnmwyhm Rs (allghown te thetright iny Kigh 8 foraner

Cipecto e Mt aonbjtle b WW%%%@%W%@W i

" sel ectivel ylthort&chndl-lhv(ahghommwmr 8hso a51to genarateracausrent:t ached to

t he sane re@irence voltage as in Fig. 8 allows the reference 22 vol t age
~node to ser as one end of g, connections to be made, which reduces the
i 23 requi 1ed di@4pred,, AdditE gl |y, since the initial state of all
- sel ected coppections is 24 Rzessentlally an open circuit, Rerr] and
. Rlerr] may open circuits before any trimmng is 25 done Thzs, an

~untrinmred vegsi OMTrahsidtdrs ARY | Wﬁwmlestformcbfmu&ﬂnﬂﬁ:mrcmlawm%t
~time by nmerely omtting the_trimprocedure., Thlin?i I n_con ast to the 27

- circuit in t9g. Aomppastwa, 88 dis; collecter 3
~a probe 28 20 DP3Ynhlttdd 15 Gs dastURd S thél RliEdtor oFittaBikistbEQ,, id iBenhifttr donRtkted

| Otherwi se. 10 the negative voltage rail Vygs. NPN transistor Qs has its emitter connected to
the negative voltage rail Vg, its base connected to the tramsistor Q,, and its
collector connected with the collector of transistor Q,, (of the circuit portion shown
in the left side of Fig. 8) to the symmetry adjust terminal 22. While NPN transistors
Q. and Q,, form a simple current mirror, it will be evident to those skilled in the
art that other types of current mirrors can be used. The current mirror serves to
replicate current I,,. ThismmmﬁemﬁnﬁglﬁWig.
7.

In operation, when I,;, (which is identical to I,, by virtue of the current
mirror) is less than I,,, I, will be of a positive polarity and flow in the direction
31  shownin Fig. 8. If Iy, (and I,)) is greater than I,;, then L, will be of a negative
32  polarity and flow in the opposite direction from that shown in Fig. 8.

33333_3&35&
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29 "The conpensation circuit shomn In Figs. 4-8 provide an easy

way ‘t 0 ad] ust 30U at—thewafer—stage—for—the—cor+ect i on of—eperational

m smatches in circuit conponents 31 which are a part of the sane
integrated circit structure and which for operational 32 pur poses are
required to be matched over a tenperature range. Mre specifically,

WO 96/ 15588v0 96/15586 PCT/US9S/15442

‘PCT/ US95/ 15442 - 16- t he

current soure I[err] provides the neans, ,on to sane integrated circuit 2
I ncorporating a gai n- control circuit, for lﬁl’ow di ng proper symmetry '

adj ust nent _for mat hes in e WV err a.racterlst cs, of
the transiYtors |nd gﬂg?‘gmﬂ' k? [ﬁ%ﬁt@:&ﬁ“&m% with

di scl osed gnbocheRepolirityd8vicss, WY refifteAct LPHB Bime Rfertnce voltdd (h BN e

circuit of the type having two aln control termnals so tha syrmetry 6
adj ust ment3i s uYsed A& thedty. ‘g’l} qugrentdmrmes tgﬂ-"ﬁfé‘sntrol

termnals,g 7 %ﬁgﬂ wmba@] ch
exploits t‘r‘te usﬂeleo re |stor rn'%% a%rl cat g |n accorgance

with readify agilcamberéalizedanuf act uri ng techni ques, that track over

dependent §m?Ltﬁi”‘éﬁﬁﬁ&#@@%ﬁ@%ﬁ@ﬁ%ﬁ%ﬁﬁ%ﬁm w0
i mpl ement e as afbirmomcbmpbmﬂ:ﬁtmemﬂmmshoﬁiﬂmgnwmﬁdmhm\mhe

.conpensati gn ns ha een bed in onnegti,o h the
type of VA& sh BRREER 17 themoe cpmmoayavalabls fonc w&% ls?

i nvention gan Q@ﬂtﬁ%@ Nfﬁnsmﬁ%ﬂ%ﬁén%
manuf actured in ICforrr] and can be used wth ot her ty es of VCAs
such as tM®se smm Fange of opegating guyFens, érhl]satheme@smm nthe MBo, 947

and 4, 8233993. JdhsRfdd is t?ﬁcaﬂgttmﬁMQr fw@ Wction
. of the syrlrtgretry trlrrmn? clrcuity to the base 0 tranS|stor Jerr]
"is but ond2form few olenoamps. o for s reasansisanay beodesirably @\ implement both

rimry B jt’%T%ﬁﬂﬁﬂWt Mﬁﬁ%ﬁ@eﬁtwfﬁ@@ﬁﬂ%?@”

Qerr]) wi4ah icbhntrhdml’:g@ults | f the symetry 21 adj ustment
- appar at us re connegt to the hase tr t
"woul d be %2 ap % Wﬁr‘iﬁqﬁm%&w
' connectedigo t meaioarknﬁ:ﬂis'}m " ik ised 16%0dj
connect ed betvveer] the Jbases of tran5| st or err] and th err]
24 aphl i ed This teshuigue jovelves HGWE% J@ﬁ'ﬁ? t he
 bases of taansnﬁwarm thrctighal kY diodd. This
i connected to the base of transisto err] then err] mnuld agaln 26
' be connecl®d bdeqrirs metallie sonnections; ifr probe Gpe.1o

- E[err] apghied W q.r pI|ed
- to the baggs oféat&ransrstorsﬂgémﬁ an e r?{nﬁ%‘hls IS 1rue ng

of the sy@iet r ysonttes sttached mmmmmmusm 8 allws the reference

gronce cer%%] WWt‘E&el nven ﬁler ern | nvgfvegﬂéﬁt 'S % dtI "

that all _ﬁ&tterre&_ﬁreddlet Mmﬂy.tmah)maﬂmrofpllrmcmnsthe
| ;’i(r:]cgrr}a?nmy ggdravm B% fyﬂ]%eln c%wiz&ﬂﬂl%;%%geﬁ&r&%m%q“ Ve, ar}g not
done. Thus, an untrimmed version of the device may be manufactured with
26 minimum test time by merely omitting the trim procedure. This is in contrast to the
27 circoit in Fig. 7, where in order to provide for selective connection of R,, a probe
28 - pad must be added at Vg, Which may not be required otherwise.
29 The compensation circuits shown in Figs. 4-8 provide an easy way to adjust
30 at the wafer stage for the correction of operational mismatches in circuit components
31  which are a part of the same integrated circuit structure and which for operational
32 purposes are required to be matched over a temperature range. More specifically,
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.- 17- 1 1. (Anended) An integrated circuit conprising: 2

t <l east two conponents, each—of which operate -iHaterdependently as a

. function of 3 tenperature and at | east one physical paraneter associ ated
~With each of said conponents when 4 -inplenented in integrated form 5

' conpensation neans, disposed in said integrated circuit, for generating and
“applying 6 woogmlissst abl e bi pol ar conpensation current topehokRasieone
of said conponents so that 7 the level and polarity of said conpensation
current can be adjusted during the 8 manuf acture of the integrated
circuit such that said two conmponents interd&®fendently operate 9

predi ct abl vy, onS| tently and subst antj al lﬂél ndependent I y of tenperature
variations a mem »c P e tamet BNtegmted; gigmit o

conponents. 14 w
positive current source and g negaélve 1 urrentt @ur%e : g Ejsouilr'tce

“includes at |dast mispaches)in the Msi-sk tharagteristics cofc dndependentty oft he

output transigt or perifird ibiatibes® Wﬁ‘?’% rg.g} fe
out put 14 14 transistor o tﬁ%rnegatlve curr sour 0}

current generdt ed gabw congrhl cirduit of the typt having twingaini Sontrob fermiriald 50 What gymmetry

transistors i an or onal to abs Iute
teporature 165 (SRR e Bl by the difenisd of e ohine e

sai d output t? an&ﬂnlsdeem@dahhﬂrmiuwtbruse W@mﬁ%@mm@o fesistors,

" proportional ﬁol utg eratur and_(c Qﬁ 805|t|ve polarity current
is 18t grea]'E ié@f‘% eﬁﬂi' Jmmm
current is ofga pQfackiover 4 Wide rdf%ﬁﬁnwem% W i's
~less than the negative polarity current when ‘the 20 rrpensa?l on” current
is of a negal®ve ependpat,symmeiry adjustment fors volpage comseolied amplifies mplementei a8 Ui t
~according toygl ai e, wherein said two corrponents 2 are additional
“transistors, wherein said additional transistors operate i nterdependent |y

as a 3 funlilon of aﬂsuwtwaﬁkuﬁemmmm

I nt egrated c cw W %
paraneter is pbase-T10-em F#qﬂgvol‘{eée err 0 C(W@rw@ﬁﬁgé%t

(I[err]0 chalﬁctemmhmcﬁbempmmmwdfmmmmm_
' 15 IC form, and can be used with other types of VCAs, such as those shown in the
16 two Frey patents, US Patent Nos. 4,560,947 and 4,823,093. In addition, it should
17 be noted that the connection of the symmetry trimming circuitry to the base of
18  transistor Q; is but one form of implementation with respect to the VCA circuit

19 shown. nmyjunumnybeeomcwdwmyofthebmoﬁhefmrpﬁmary
20 log or antilog transistors (Qs, Q. Qs, 0r Qo) With identical results. If the symmetry
21 - adjustment apparatus were connected to the base of transistor Q,, then E,, would be
2 applied to the base of transistor Q,. If it were connected to the base of transistor Q,,
23 then R, would be connected between the bases of transistors Q, and Q,, with E,
24 applied to the base of transistor Qs, and E,, applied to the bases of transistors Q, and
25 Q;. Similarly, if it were connected to the base of transistor Q,, then R, would again
26 becommdbemeenﬂubmofmmiswrsQ.uﬂQs,Wiﬂ.lE,appﬁedwthcbase
27 of transistor Q,, and E,, applied to the bases of transistors Q; and Q. This is true
28  of all of the symmetry adjustment techniques described herein.

29 Since certain changes may be made in the above apparatus without departing
30 from the scope of the invention herein involved, it is intended that all matter
31 contained in the above description or shown in the accompanying drawings shall be
32 interpreted in an illustrative and not in a limiting sense.
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4 [err] [err] 1

6. (Amended) An integrated

circurt accordrng to crarmt,

WTeT e mT—Sar o nearrs —for—2—genet
appl yi ng sai d adj ustabte—bipotar—current includes at |east a pa

conpensati on current

5AS B

ion of the emtter area ratio of at

transistors disposed Hmmﬂlumm\lmﬁmd circuit, said adjustahlLe bi'B6LACED
L s *

| east a paiwoeoénsssans

according to claim6, wherein said integrated circuit 2 i ncludes a
resistive el enent coupled to one of said nponents and having a

predeterm ned 3 resistance with a deter
and said neans for

7. (Arended) An i npeniosesssed2i r cuit

is a voltage proportional to absol ute tenper

i'nabl e tenperature coefficient,

; b . adj ustabl e bi pol ar co en Re
current provides samyeﬁgm%rrent as a function of ?WEWII
at

‘wherein V[err]

placed

represents,a resista‘nc .6 having a tenperature coefficient
characteridtic matc ng"t‘?@'ﬁ@ﬂﬁéﬁ‘&fﬁ?’@? ‘ficient of said 7 resistive

el ement, apd A is thelasirhd

8. (Arrende3d) An integrated circuit according to cl

W 0 NN

10

H W N ™ w

[

!%Bfﬁmwm%ﬂ%‘m-
of temperature and at least one physical parameter associated with each of said
components when implemented in integrated form;

compensation means, disposed in said integrated circuit, for genérating and
applying an adjustable bipolar compensation signal to at least one of said components
so that the level and polarity of said compensation signal can be adjusted during the
manufacture of the integrated circuit such that said two components interdependently
operate predictably, consistently and substantially independently of temperature
variations and differences between the physical parameter of said two components.

2. An integrated circuit according to claim 1, wherein said two components
are transistors, wherein said transistors operate. interdependently as a function of
absolute temperature. '

3. An integrated circuit according to claim 2, wherein said physical
parameter is the base-to-emitter voltage (V,,) to collector current (I,) characteristics
of each of said transistors.

4. An integrated circuit according to claim 1, wherein said compensation
means for generating and applying said adjustable bipolar compensation signal
includes means for generating said adjﬁstable bipolar compensation signal as a
function of absolute temperature.

s. AnMemmdchwkmﬁhgmdaﬁn4,Mhsﬁdmfm

~ generating and applying said adjustabie bipolar compensation signal includes means

for generating and applying an adjustable bipolar current.

6. An integrated circuit according to claim S, wherein said means for
generating and applying said adjustable bipolar current includes at least one transistor

SUBSTITUTE SHEET (RULE 26)
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2 3 the | evel and polarity of sai d bi pol arg
a function of the emtter ratios of atteast—alpai+—of } HAS BEEN

transi stors of said positive current source I east a pgir ofREPLACED
transi stors of said negative 6 m“mm \ ‘
9. (Arended) An integrated circui t“ aim 1, wherein said neans

for 2 gener woswasswed appl yi ng sai d afj ust abl e bi pol ar conp eeTAishsea
current includes at |east four 3 transi stors, wherein three of said

transi stors have identical operating charact istics, and said 4 fourth
transistor is identical to each of said thre transi stors but includes an

emtter area tines 5,. la r than.the e ter area of .each. of .the_other
Ihreetranswfo Egasl’°’f‘1 m‘{wmﬁ b ['F {’W i fupgtion of the
according to g| ai @mider arkacsfiatd Gaisidtoreans for 2 generating and applying
sai d adjustabl e bi pol ar conpensation current includes neans for 3

generating said adjustabl e bipolar conpensation current as a functi on of

[err] 4 wherein R en r]ﬁw[ﬁgﬂ]‘hg ﬁhﬁ@
resi st ances, each adj ust uring 5 manuf act ur e Oﬁlgal %# I nt egrat ed

circuit, V[er2] | dncludes| & zepistive clement covpled do ome ofusaid componentsuand Baving 2and
Al the e e gt il nAidabe bt bkt mphrak SRR ondsad means

' 4 for generating a bipolar current provides said compensation current as a function of
%M,whereinvrisavoltagepmpotﬁomltoabsolutemmpem, R represents
a resistance having a temperature coefficient characteristic matching the temperature
coefficient of said resistive element, and A is the emitter area of said transistor.

~ N

8. An integrated circuit according to claim 6, wherein said means for
generating and applying said adjustable bipolar current includes at least two
transistors, one for each polarity of said adjustable bipolar current, wherein the level
and polarity of said bipolar current is a function of the emitter areas of said two
transistors.

WM A W N -

9. An integrated circuit according to claim 5, wherein said means for
generating and applying said adjustable bipolar current includes at least four
transistors, wherein three of said transistors have identical operating characteristics,
and said fourth transistor is identical to each of said three transistors but includes an
emitter area A times larger than the emitter area of each of the other three
transistors.

A s W N -

10. An integrated circuit according to claim 5, wherein said means for
gemraﬁngandapplyingsaidadjuﬂabhbipohrqmminchﬂesmeamforgemﬁng
sudadjustableblpolarctmentasaﬂmcnonof R V;ind, wherein R, and R,
are resistive elements having respective R’R’eachadmmmedurmgthc
manufacture of said integrated circuit, Vy is a voltage proportional to absolute
temperature and A is the emitter area of said transistor.
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-20- 1 14. (Amended) An integrated circuit accord| ng to claim1,

further 1 ncluding neans 2 for imcreasTmgtieoutput—-Ape EN '

sai d pOSI tive current sourc negat i ve current

15. (Amended) An int egr |t according to claim 14, er ej RERLACED
means for 2 ° increasi m,@”g wwm dance of each of said positive
current wo.e618586nd th Frent source mqkmtggymmlr of
cascode transistors. (Arrended) An integrated circuit
according to claim 1, wherel n one of said 2 current sour ces
includes (a) neans for generating a fi rst-®orrent si gnal, and (b) a 3
current m rror for ssneratl ng a second current_ si gnal of an op osi ng

4 polaril ylnres intogzated cirpuit agcording, to §F§Heﬁ wherq_msaldmeans

( Amended) | i{lﬁh ?om E&%"geans
if or generazté\l ng én out%&?&sﬁg“ Pas a nctglbg% of an |nput signal  an

gain contr®l simeans forsgendrating said adjustsblehipolar currenit asi appsitive| cucrent; negatiyai n

.ccontrol trgansis t he
oper ati ona cha%e@'{£WMﬁﬁW@@%§Wg %

i dentical $n orﬂnrmmsmﬁmmgmgmkmvbmmmmld gain control means
and 6 by changes in operating tenperature; and 7 current source
‘nmeans, disposed within said integrated circuit, for generating a bipolar 8

symmetry aglj ust ment 13 Cx @itégrated dbrchip aewumeeto claimS Y I Rhbnéin? SdcSof B O

between said two gain control tran5|stors as a function of any m smatch
bet ween sa#d gapositive currens meags mmmwmmormw%ty

of said bi oI ar ':Pm&ﬁ ﬁ%ag during the manufacture of
t he |ntegrated cw% ¥ @ Oﬁgﬁ two galn control transistors 12
operate predictably, consistently and substantially independently of

whor oi n Safd cur rontiosodtt Pursed il ABechuiig T e 2" Bherel pach of w4 1

negative 1% mﬁeganeecmahmwmemdwitmmmmmnm
transi st or haV| coI ] ector nd, \M‘IEI’EI n the ou rapsi stor of
the positive cd&g Gﬂg@ﬁd{“’f‘g

4 xsldmultoeachofsaidﬂueemnsismrsbutmcludesanemmerareaAumes
5 larger than the emitter area of each of the other three transistors.

1 14. An integrated circuit according to claim 11, further including means for
increasing the output impedance of each of said positive current means and the
3 negative current means.

1 . 15. An integrated circuit according to claim 14, wherein said means for
2 increasing the output impedance of each of szid positive current means and the

3 negative current means includes a pair of cascode transistors.

1 16. An integrated circuit according to-claim 11, wherein one of said current
2 means includes (2) means for generating a current signal, and (b) a current mirror
3 for generating said adjustable bipolar current in response to said current signal.

17. An integrated circuit comprising:
gamcontrolmennsforgencrannganouqmtsxgmlasaﬁmcuonofanmput
signal and a gain control signal, said gain control means including at least two
transistors required to be symmetrically matched ww
SUBSTITUTE SHEET (RULE 26) This Sheet Has Been R ml’
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- -21- 17 transi stor of the negative current source, and (a) current
generated through the coll eetoer-of one 18 of said f it ansi-st-o4s—i5—

. of. a positive polarity and is, proportionat to absol ute tephpiSaSHERE HAS BEEN

- (b) current generated thr r. of the other of sai REPURDED
- transistors is of a negatﬂ'ﬁlﬁWﬂ!ﬁB Pﬂ!@ and i s proportiomat—toabsotute
. tenperattur ewgustis€se) t he pos y current is 21 pcrasesisas2 than
the negative polarity current when the synmetry adjustnent current is of a

positive 22 polarity and the positive polarity current is 1ess than the
negative polarity current when the 23 et ry adjustnent current is
of a negtive polarity. 1 . 18.. An integrated circuit according
to claim 175 wheeharactoristics of-said tansistos arﬁmmor% n
generati ng fir ' 'coﬁﬁ'oﬁmhlﬁﬂ Mngf 'dhd Si gnal ,
and 3 rregns fgisgg erating t eoutpt srgng‘C as an |Iogar|thmc
function of % he gai n means; elisposednwithin said m’mg,tfmmungablpolar 1
20. (Arrende n W
sai d bi pol a W’E@MMH un %% er area
ratio 4 mmsmsaffummnmfshpmsmmnbawemsmdmﬁmorsmmb)lem
integrated gircuit. accqrdi alm 0 er said integrated 2
circuit i n(ﬁhdesuﬁf pelarity; {;‘@"LB %p?‘ﬁ&apo&ﬁ"g tﬁ%&ﬁ"@%@”ﬁ fsgﬁed
gain controfy traﬂﬁéﬁiﬁd&nﬁﬁ@hﬁhthatﬁﬁmm operste prodivtably] consisterityrand
with a tenperature coefficient and said neans for 4 enerati nlg .sald

. bi pol ar syri@et r ysehstantiallyindenendantly of tmpermiuze variationsiapd said gain coppp.

‘ function 5 of [err], wherein V[err] is a voltage proportional to

 absolute tenperature, R represents aéb resi stance_having a tenperature

i aceasding e claim 17 owherein saigd gain control

- coefficient lchar act er 18t iAn integoated ejra
: 2 means includes means for generating a first signal as a logarithmic function of the
3 input signal, and means for generating the output signal as an antilogﬁrithmic
4  function of the gain control signal and the first signal.

[

19. An integrated circuit according to claim 17, wherein said means for
generating a bipolar symmetry adjustment signal includes means for generating a
bipolar current.

W N

20. An integrated circuit according to claim 19, wherein said means for
generating said bipolar current includes at least one tramsistor disposed in said |
integrated circuit, said bipolar current being a function of the emitter area of said
transistor.

oW N e

21. An integrated circuit according to claim 20, wherein said integrated
circuit includes a resistive element coupled to at least one of said transistors and
having a predetermined resistance with a temperature coefficient, and said means for
generating said bipolar current provides said bipolar current as a function of
%M.wbereinV,isavol&geproporﬁonalmabsomnmpmm.Rrepmsems
a resistance having a temperature coefficient characteristic matching the temperature
coefficient of said resistive element, and 4 is the emitter area of said transistor.

NN R W N
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-22- 7 of said resistive elenent, and A |s the emtter area ratio of at

| east one palir of 8 % 22—(Arented—AR=iiegrated
circuit according to claim 20 er ei id means for 2 gedHIRSHABT $ASBEEN

bi pal ar symetry adj usm udes at |east four ranswgprngD
d| sposed 3 in said i uﬂm, ytw .wherein three of sard—trafs+ste+s
have i dent i WQI96/2858¢ at i ng 4 ¢ c¢hamrac tics, and said foupthusysssdastor i s

identical to each of said three transistors but 5 i ncludes an emtter
area Atines larger that the emtter area of each of the other three 6
transi stors. 1 23. (Anmended) An-31nt egrated circuit according to
claim17, erein the | evel and polarity of the 4 bi pol ar

symetry adj ust ment %rMm mnﬂa@#@m gaid, means for of 5

at least ope pagenefy Em% %#]n'ent %WW it ed
circuit accord| ng a| m% erein said means or rating sa| d

bi pol ar sy®me cirowit, ovhereim tthres cof said moha\'geldenmalr@emmg 3

R aﬁémé[ete{%ﬁﬂw b G0 1 o HABepbiHl o bac of ai e pradllile o

each adj us$abl ebﬂmnlu@shhemitmufmo&tnmeshfgesﬂwtﬂi emittert e off each of thewihier
‘Merr] is vol Erogortlonal to absolute tenperature and A is the
emtter arta 6 at |least one pair of transistors 1

i25. (Amended) An integrated circuit according to claim 17, wherein said

fcurrent 2 _ source neans 3 4 further includes neans for summi ng_ said
positive ahd 5 neddti ¢ iBtagrated circuit sceprding to claim 19, wherein said means for

2 generating said bipolar current includes at least two transistors, one for each polarity
of the bipolar current, wherein the level and polarity of the bipolar current is a
function of the emitter areas of said two transistors of said means for generating said
bipolar current.

th & w

24. An integrated circuit according to claim 19, wherein said means for
generating said bipolar current includes means for generating said bipolar current as
a function of [T228. Vyind, wherein R, and R, are resistive elements having
respective resistances,’each adjustable during the manufacture of said integrated
circuit, V, is a voltage proportional to absolute temperature and A is the emitter area
of said transistor.

N U AW N

25. An integrated circuit according to claim 19, wherein szid means for
generating said bipolar current includes positive current means for generating said
compensation current as a positive current; negative current means for generating
said current as a negative current; and means for summing said positive and negative
S  currents.

W N e

26. An integrated circuit according to claim 25, wherein each of said
positive current means and said negative current means includes means for adjusting
3 the corresponding positive and negative currents.

N

1 27. An inegrated circuit according to claim 26, wherein each of said
2 positive and negative current means are disposed in said integrated circuit and

e N 111
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26. (Amended) An integrated-etrcuit according-to-ciaim 25, HISSHEET #MAS BEEN
| east one 2 of said positive current source and said negati \RERZWCERNt

source includes nmeans 3 he correspondi ng poOsSTtTve—of
negative polarity Cu”entHI'l“[mnﬁlnﬁml Hl (Amended) An integrated
ciTcuit accomgdpgyssss cl ai nt 265 vherei f each of said 2 P OSPCT/USS/ASHM2

negative current sources are disposed in said integrated circuit and 3
includes at |east four transistors, wherein,fhree of said transistors have
| dentical operating 4 characteristics, afff said fourth transistor is
~identical to each of, saiqd three transist rs b 5 cl udes tte
areaAtirres:’IardG(i iﬂﬁEf%Me 3&8?\ SP“E’n‘E'"Bt‘f?&%‘P ﬁgn%mi
transistors.q 1 M@Meﬁhfmmmﬁemwmummto

cl ai m 25, furtheroPEncI udi ng neans, 2 di sposed.in s nt egr at ed
circuit, for3incrtesasistars bug @Mﬂ%&ﬁc& 'g?‘ FE"%

_current sogir ce r&&%&w‘&yrrent sour ce.
. (Amended) An integrated circult according to claim 28, wherei n sai d means
for 2 i ncreasing the output inpedance of each of said positive current

! source and the 3 negat r&lﬁm‘é Hﬁ? imﬁjm@aﬁﬁﬂﬂe
: transi stors. P 1 %% “%E&?Ika nended) %n |%teg Qg clrcuit according to

' claim 25, wherei disposedoin said ibtegratecbeircutt, for mcmng:ﬂae omput irupediagice) of rrach F f or

generating a,first, current si gnal Pﬁ‘ﬂ b mrror for
generating = CBHF& gﬁ% a‘B’% JPPBFarity in 4

response to said current si gnal .

1 29. An integrated circuit according to claim 28, wherein said means for
2 increasing the output impedance of each of said positive current means and the
3 negative current means includes a pair of cascode transistors.

1 30. An integrated circuit according to claim 25, wherein one of said current

2 meansimludes-(a)mmsforgmﬁng.ammmﬁgqal,and(b)awmm
3 for generating said adjustable bipolar current in response to said current signal.

[
et Has Been Replaced
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