; +, - . e3eUNNAd R R&T62UTY[ BACKGROUND OF THE I NVENTION 1. Field of the

I nvention T [ 'Wn relates to high frequency, variabl e gain,
differenti\mwm“\m s, and nore particularly to the design of a high
frequency, abl e gain CMOS anplifier with a |inear-in-dB gain control
characteristi ¢ npensat ed foPKggﬁB@WP&FeT%@MENW%ati on process
variations. 2. Description of the Related Art Crcuits for high frequency,
vari abl e gailnfeldipfthedpesations) anplifiers were previously designed in bipol ar
technol ogy. Tilf\gveinlraifled b R frBfREhcY R atiable M i fr a}ﬁﬂiiﬁeﬁggn&rﬂorgpirf?é&aﬂ urrent
characteristic of the bipolar device makes the circluit design relatively
easy. Howev torthe doki afladighdiequencyt Yagisblegaéin ¢GOS sroplifiet WithddingandrddBigain @nieol
relatively difficult to use in circuit designs. However, CMOS designs are

nuch pr ef er cRghcRAGRUSRpeHsattd Br tafpeARlre G Fablithtib@ptbdessdbiifions. Ther e are some
CMOS differential anmplifier designs in the literature which address one or

the other a ct. of ting for variations in bias, gain, or
tenperature?' ﬁ'f"pﬁ%"n(gqﬁ%?aeegéﬁll t hose aspects together. Related U. S

Patents referring t. ifferential anmplifier with conpensation are:. U S
Pat ont 6, 256 FRgyiEy Gpage i st Bublgemtes Wi < g broti

mul ti-stage anplifier w rF | inear-in-dB and variable gain control. U S
Patent 6, 12'o8el9ey & Widhtshardapd will-knopp pwasiagnio ofew ciyfentehprsteristiipfthesr ent j al
anplifier with a gain proportional tqo a control voltage in a | ow region of
t he cont r ol bipefrdeyies makefheriguitdssign wlafivebreasy HawevarOS chasgetefipticnarg nej5¢ n
proportional to a control voltage in a high region of the control voltage.
Bot h anpl i f Melkdefigedeangh pig artlatively diffculy toruse ipycicpuit Peigap tHogegn CMOSesignsagraich et
al.) shows a nulti-stage hi gh bandw dth, variable gain anplifier where the
gai n of eachrefredhecause of thendvahtages in faidication Khkre pre semes MO digfatentd! 8@difig3|
(Sahota) describes a multi-stage | ow power, high dynam c range, vari able
gai n anpl i f dsiegps inkhe lierathre whinipdddfessene prtipmdrer as@soflsppEnsating foavrgit®noin ias,U. S.
Pat ent 4,816,772 (Kl otz) discloses a single input, bipolar AGC anplifier
wi th mul ti pk®n,st agesatanbuappt iddessalllthoseapdcr afgether. cont rol vol tage to each
st age. U S. Patent 4,459,555 (Jeff, Jr.) presents a CMOS variable gain
differential anplifier in which the signal level is gain controlled in
response t ORalatedDS! Frkent@dErAgiEro WifeRANH av@itivi With cbiifenthtion #&Ndi tions. U. S

Pat ent 6, 297, 698B1 £Cal | ahan, Jr.) teaches a variable differential gain
anplifier wHer Batenhe239a32hB (Song stk discdagesy-MOS yiriakle gaifpulti-stagpsap s vith U, S,
Patent 6, Z\Z\ﬁmeZﬁﬁ-d(BEBMiiaﬁle g}in Shtrd. Shows bi pol ar variabl e gain single input
anplifier I ch has tenperatur esr digital slope, and offset control.

U.S. Patent 6,127,890 (Shimomura et al.) teaches the use of a first differential amplifier with a gain

proportional to a control voltage in a low region of the control voltage, and a second differential
amplifier with a gain proportional to a control voltage in a high region of the control voltage. Both
amplifiers are bipolar, however.
U.S. Patent 6,011,437 (Sutardja et al.) shows a multi-stage high bandwidth, variable gain amplifier
where the gain of each stage is controlled individually.
U.S. Patent 5,880,631 (Sahota) describes a multi-stage low power, high dynamic range, variable
gain amplifier, where the amplifier proper uses bipolar transistors.
U.S. Patent 4,816,772 (Klotz) discloses a single input, bipolar AGC amplifier with multiple stages

and applies a linearization control voltage to each stage.
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The problemis to design a variable gain anplifier for high frequency
applications in CMOS technol ogy where gain is to be varied with a control
vol tage and where the variation in the gain nmust follow a linear-in-dB
characteristic. The gain characteristic also needs to be conpensated for
tenperature and fabrication process variations. It should be noted that
none of the above cited U S. Patents have been able to address all of the
above cited reHd Patentd 459,589 Jelt dulniesantpatMOSyatiakie gajk difergniial amplifienihi ch
nmeet those requi re%nhiﬁ SU R%/.O:.THE I dEI\I‘I’I ON Ig S a}nlogtiﬁect. of at
Teast one. enbodi meNTeBne VL PES Ao SRIEAON B0 o P B RRRE KR Uyl n
anplifier for highhyRgueney csitlohsations in CMOS technol ogy where gain is
to be varied with a control voltage and where the variation in the gain
must foll ow a Vih&atent 6,29/B51B4 (Galtaban.si.) teaches a vatiahig differentipb painbjnplfier of t he

present invention t rovide. for in . characteristic which is conpensated
for tenperature and”’q"ﬁgaplg?(%ff'!'sorﬁg‘ﬁ%ngég.“V'a? i"B‘t‘ti°8W§f"a}°tr‘ is yet another .
obj ect of the preyafntb2YEMie @Mansk ePhI9%h6\es BPola TRliAdid §ain Wil iUt SFBHkiéC 9ai n
control (AGC). It is still another object of the present inhvention to

provi de an anpl i fi avhichitess¢erbjetatae]| digichplopee ahd bifsskbcordnotd adj usted for any

desired accuracy. It is a further object of the present invention is to
provide a linear-in-dB characteristic which is conpensated for both

t enperature and pr %%fpgob\ggﬁ 12k HODSH a %%{iahg %ﬁ%@yﬁ%ﬁ%{iﬁﬁ%‘&h%& gﬁélic&t%s

present invention ist rovide a ITier chovercones
probl ens due t ¢ tKMOSILENBHgyWRETE SIS0 bENEERI ithth doARY! vokdyeran@hjheettke have

been achi eved by a high frequency CMOS differential anplifier which

conpri ses: variation in the gain must follow a linear-in-dB characteristic. The gain characteristic
also needs to be compensated for temperature and fabrication process variations. |t
should be noted that none of the above cited U.S. Patents have been able to address

all of the above cited requirements. The present invention discloses circuits which meet

those requirements.
SUMMARY OF THE INVENTION

It is an object of at least one embodiment of the present invention to provide a
variable gain amplifier for high frequency applications in CMOS technology where gain
is to be varied with a control voltage and where the variation in the gain must follow a

linear-in-dB characteristic.



a high frequency variable gain anplifier) either direct or capacitor

coupl ed, which may contain nore than two stages, and which anplifies a
first and a second i nput signal Inl and In2) where the gain of the
anplifier depends on a first and a second bias current 18, and |82. A

t enperature sensing ci rcwt whi ch provi des a band-gap plus proportional-to
absol ute-tenperatu de dent current PTAT d a tenperature

i ndependent first a\trlfflgg% el tgcﬁ‘ ee?{E%?"EUY?’%'ﬁ'E qqﬁ%‘ﬁdea{éhﬂg?'ﬁﬁgﬁdﬁ'sm

gai n-sl ope corwehhmmﬁwéfomh@eraw&sﬁa/ﬁsnc%u&d mées@ngna%.oﬁ@cond control
vol tage VcoNr (the DC control age) and VcoM (the anal og common),
respectively, |IReF,, and | PTAT and whi ch produces an internedi ate control
voltage Vcr as a function of tenperature by dig |taII¥ conparing | ReF, and
| Prnr, thereby conﬂb‘ﬁg%fﬁ"mﬁ‘e"fWecé°fcth%1ﬁ‘§§e’?tl‘f'v§1‘tt9ﬂé°B 'E’ﬁé"@&‘PW‘e&UFhrol
characteristic of the high frequency variable gain
anplifier. A g%ﬁ%ﬁc %ﬂgﬁﬁgﬁb‘g rcuit which receives | REFZ and generates a
biasing current 1B which is nodulated to conpensate for the gain of the

hi gh frequency variable gain anplifier using a differential and an
operational anpl i filkie stikangthes objertiof b Pesseriinventinn te Rravidean e lifes wheriedhevc oM

and divides IB | t9 ari.n inst reference voltages
VR, which are Seﬁ gkéc[m?romr%z%%t#ﬁ(g@aenygﬁ%rehn/gﬁ@wo her objects and

advant ages of the present invention will be readily apparent to one skilled
in the art to which the invention pertains froma perusal of the clains,
t he appended dr awi nlis,a famther phiectfobtheprésegt iokentiér ietb prewds & fngapin-di¥ t he

preferred enbodi rrents BRI EF DESCRI PT CNDOE THE DRAW NGS 4
aracterlstlc which is compensated for both temperature and process variations.

It is yet a further object of the present invention is to provide a high frequency

amplifier which overcomes problems due to transistor mismatches.

These and many other objects have been achieved by a high frequency CMOS
differential amplifier which comprises:

a high frequency variable gain amplifier, either direct or capacitor coupled, which
may contain more than two stages, and which amplifies a first and a second input
signal In1 and in2, where the gain of the amplifier depends on a first and a second bias

current lg, and Ig,.



FIG 1 is acircuit diagramof the preferred enbodi nent of the bias contro
circuit of the present invention. FIGs. 2a and 2b are a circuit diagram of
a first preferred enbodi nent of a direct coupled high frequency vari able
gain anplifier of the present invention. FIGs. 3a and 3b are a circuit

di agram of a second preferred enbodi nent of a capacitor coupled high
frequency variable gain anplifier of the present invention. FIG 4 is a

cireurt di agr am of \\lGoRLEI Sl el SIRRUNIRouRlos 8 s8R BarPh9PRBORLEEL! O

circuit of the presen nven a crrcui

preferred enbosbsmfette%e@t&@(mwwaweadsmr&,airm .G, f didicdt te@perbidfe iRdpS RNt
invention. FIG 6 is a block diagramof the preferred enbodi nent of the

present i nvent firskandEpcendrefersnge guregphleaf andhlesrhi gh frequency CMOS
differential anmplifier gain control characteristics with partial
conpensation at three tenperatures. FIG 8 is a graph of the high frequency

CMOSs differential angiid- énb;eercogaetrammmurmcmle@é.@@taeﬁét%ha Q%eé@nﬁ Horw \llolta e
conpensation at three tenperatures. 5 FIG 9 is a graph o %

frequency ClV%VeBNf tﬁh?r R corgtol mﬁpge)fanéwc@a(lm amehg lcmhmch)are&mcmval)sﬂ*,c sanrdn th no
conpensation a e tenperatures.
Brog

FI.G ciycuit diagramof the
preferred embo W'E)'Fh uges ap SeyEiediate ‘E?HtrﬁllvP J ofs ¢ W@Ctt‘?ﬂ@ge nt
I nvention. temperature by digitally comparing lger, and lprar, thereby compensating for a change in
slope of the gain control characteristics with temperature of the high frequency variable

gain amplifier.

A gain compensation circuit which receives I .., and generates a biasing current
I which is modulated to compensate for the gain of the high frequency variable gain

amplifier using a differential and an operational amplifier.

A bias control circuit which receives V. and Vo, and divides i into Iy, and |, by

comparing V¢r against reference voltages Vi, which are generated from V.

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

preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS



In the figures tike parts are identified by like nunerals or letters.
DESCRI PTI ON OF THE PREFERRED EMBCODI MENT A description of the present
invention is given with reference to FIG 6, FIGs. 2a, 2b, 3a, 3b, FIG 1,
FIG 10, FIG 5, and FIG 4. FIG 6 shows the block diagramof the

| i near-in-dB variable gain high frequency CMOS differential anmplifier 60.
It consists of five blocks, nanely the high frequency variable gain
anplifier 20, bias t.r ol i reuit 100
tenperature sensi ngﬁgp‘ I‘%%I r&lgdﬁa ré"ﬂ Pthe%%f%}{?%%%%gglfﬁ%h{(ﬁ% scm&r?' K The
detai | ed circupfthépreémifvehtdn. t he respective bl ocks 20, 10, 100, 50, and 40
are shown in FIGS. 2a, 2b and FIGs. 3a, 3b (a first and a second preferred
enbodinment), FIG 1, FIG 10) FIG 5, and FIG 4, respectlvely V~oM is the

anal og common) and ONT is.the DC control voIt or, the in i ation.
The high frequency TAeS SPaHAPS PE S5 BAVAYS &R By BReUdeRla A Ead | n2
of the high fr ggiighmd afkuye,aaa%@gm.lnbﬁﬂe%ne@praém ingerftigal | abl e
differentially, after anplification, between Qutl and Qut2 of the sane
anplifier. Bias control circuit 6 We now descri be the bias control

circuit 10 of FIG 1, The ut he bias control circuit 10 i s VAT,
whi ch is nothing mi@s t%‘ta"f’ﬁg Eeo"i‘l?'FCHIt dipgramgf@ S@E@Q’Pr?fﬁré‘?c?‘?r@%"d " Al

gal n- sl ope COr el bobibibd bk 18finc| MriabiB Bah'aHIfEbi e pklBARofiRAS! dered as

the control vol° age itse cont clrcult a akes a current
input IB fromthe gam conpensation circui t. The bias control circuit
outputs two currents IB and 182 which have the follow ng relationship 18~ =
mB (1) and 182 - (HG- 4i$)a1<$c@tzqiagm@r0éth¢nnﬂeferre(d\ﬁmt)odme)wt aftpegainislprentormttionor
transi stors Mso are sized such that le, and lez always add up
to Is. The contCF'f:H'tc\/h'\etpé%S?"VB NN compared with reference vol tages VR, VR~
and as it is increased) current is steered between the differential pairs
MI,-M and, therefore, 182 increases with Ie, decreasing. The magnitudes of
the reference vol t ages) istaercoitidiagrain ofiferefetrechersbasiingnt of Zemparatire Sansing
resistors Rs,-RS~ is chosen such that le,, 182 can vary the gain of the
variabl e gai n &P of therPresent inYROMPD n- dB fashi on These are deternined by the
Spice circuit analysis sinulation. Therefore, it is obvious that mis a
fractional nunmber and a non-linear function (simlar to exponential) of the
control voltage VATFIGTEB& 4 BIb&N &g am obiht pedcraairetnbgaifrenedfaisk presont anaitiber

i nput V~-oM with an operational anplifier OA and resistor divider Roo Ro-.
The operation of a simlar general purpose bias control circuit is
expl ained in nore dgfail o

i ncorporated herein tc";/“7r's'e a@'&l/géﬂgﬁfgg%%%ue%gfﬁﬁpﬁed'f%w}lg’rar dmﬁ%mﬁnﬁrr%orllt of
the present i nv@atdc@histids with padihll cofpkigatién @tfthr@é\temp%rmwl ed to a point 7
along the resistor divider Rpo Rp~ to anplify V~oM at the output of QA .
Whi ch point is chosen, and therefore the arrplifi cation to be sel ected,

gg?gp%sngg E)Ce ¢ xgl ,l[J E‘, f8 |sa an gratp gf tg.g igg?reque cy &ﬁ%nc}iééren-[igle an?#i*igr%tainogont%al\’ IS

characteristics with full compensation at three temperatures.



n RO 7+'="'"Vm' COMRO i=0i.e., the output is proportional to V~oM and
the ratio of the sumof the resistance between the connection point and the
out put over the sum of the resistance between the connection point and the
reference voltage (typically ground). Gain conpensation circuit The gain
conpensation circuit 100 of FIG 10 takes in a tenperature independent
current | REFZ. It incorporates a differential transistor pair M\, 4, MW 4 of

th t [ | i fi FIl Gs. 2 2h d FI Gs
1 same 02 2 | X U A0S B S B SR
deternine the Erirct&ridticsSRtn Ho'%oﬁfpeﬁ&ﬂtl@n di thieei@htdratlrekr ansi stor pair such

that ~WI| L)MNL8 ~ m MN14 (W/ MN76 RREF The transconduct ance of M\, 4 or
M,4 in terns of IBis given by ~gm~M\lI4 - 1~~8~"COX~WI| L~M\14 8

conbi ni ng (4) and ‘)ﬁ we can Wi m WMN14 - | B~COX~W | L) MN14 RREF
where K, is a const tmg?9§H°%>F’*agf@m°ﬂwP’eﬁeIWﬂIQ’B‘de'ﬂWLOfEW”W?')%AOere

detail ed expla i corrpensatl on circuit can be found in | ME
pat ent INEZOOOQ%B%PW%"%Q Qﬂ?e of which is incorporated herein by

reference. H gh frequency variable gain anplifrer

In the figures like parts are identified by like numerals or letters.
DESCRIPTION OF THE PREFERRED EMBODIMENT

A description of the present invention s given with reference to FiG. 6, FIGs. 2a,
2b, 3a, 3b, FIG. 1, FIG. 10, FIG. 5, and FIG. 4. FIG. 6 shows the block diagram of the
linear-in-dB variable gain high frequency CMOS differential amplifier 60. It consists of
five blocks, namely the high frequency variable gain amplifier 20, bias control circuit 10,
gain compensation circuit 100, temperature sensing circuit 50, and gain-slope
correction circuit 40. The detailed circuit diagrams for the respective blocks 20, 10,
100, 50, and 40 are shown in FIGs. 2a, 2b and FIGs. 3a, 3b (a first and a second
preferred embodiment), FIG. 1, FIG. 10, FIG. 5, and FIG 4, respectively. V., is the
analog common, and V. is the DC control voltage for the gain variation. The high
frequency AC signal is applied differentially between In1 and In2 of the high frequency
variable gain amplifier 20 and is available differentially, after ampilification, between

Out1 and Out2 of the same amplifier.

Bias control circuit



FIGs. 2a, 2b and FIGs. 3a, 3b show two preferred enbodi nents of the high
frequency variable gain anplifier 20 of this invention wth two stages
each. However, nore stages nay be cascaded if higher gain is required. The
transconduct ances of MA, and MB,) with the help of (1), (2) and (6) is
given by Ki1K2 ~gm) MA1 - m B~COX(IN | L)MAL - (8) RREF K1K3 1- m ~9n) MBi -
~1- mIBI " COX(WI L)MBL - RREF (9) ~W~ L~MNAI where K2 - (~! 1 L~MN94 (10)
9 and K8 = ~~ ~~ ~MB1 (11 ) ~VN94 The voltage of one stage of the
anplifier 20 is gi VA NBY desaipaiteriap conire)gyousdRIof F(Grd) Thednpit tg the Hiaym) MAL R1

7 + (9m) MB1 Rl Using ( . . ~K2K4 - K~K3K4
(13) + Ki K2K5 'Cﬁthﬁ%ﬁ{@@%y%@%‘ ‘%&é‘“@ﬁ%i%?”t%é%gﬂﬁﬁ%déﬁT%Pf%]?d Foif
R-" R and RReftha§din-tibge idBlidnytiteuitind! B8 theltiffebeingethntbe cokdiderkPas itd and KS
all are tenperature and process independent constants. Then) from (13) and

(3) we can see contal velisge gedltfn Toe bign pordrebcitouiy glso trkes A suret inabl lefrepathe gan

anplifier is independent .of. t eratu and ocess but .changes with the
control vol tageCo R?".'saﬁﬂré?"&"'&r X '?f‘ecog{ﬁ‘?'icfr‘éu'\}jg‘h”gsotf” C&ﬁ?rﬁs ghﬂ&q?ziwﬁ&al so has
the sane char aqisQ& tatibibwinyRéigimetigi | ed expl anation of the high frequency

variable gain anplifiers can be found in I ME 2001-003, the disclosure of
whi ch is incorporated herein by reference.

Ig1 = mig (1
and Igo = (1-mjlg (2)
where m=f(Vor) (3)

The current mirror transistors Mg—Mg, in FIG. 1 are sized such that I, and |,
always add up to 1;. The control voltage V., is compared with reference voltages
Vri—Vga a@nd as it is increased, current is steered between the differential pairs M;—M;,
and, therefore, |, increases with |g, decreasing. The magnitudes of the reference
voltages, the current mirror transistor sizes and the resistors Rg,—Rg, is chosen such
that lg,, I, can vary the gain of the variable gain amplifier in linear-in-dB fashion These
are determined by the Spice circuit analysis simulation. Therefore, it is obvious that m
is a fractional number and a non-linear function (similar to exponentiat) of the control
voltage V;. The reference voltages are generated from another input V,,, with an
operational amplifier OA, and resistor divider Ry—R,,,. The operation of a similar
general purpose bias control circuit is explained in more detail in IME2000-021, the
disclosure of which is incorporated herein by reference. However, in the preferred

embodiment of the present invention the negative input of OA, is coupled to a point

7



10 Gai n-slope correction circuif It may seemfrom (13) that the anplifier
20 is fully conpensated. However, this is not so since the paranmeter m has
a tenperature coefficient. If we consider the tenperature characteristics
of IB, we will find that it increases with tenperature to conpensate for
the reduction in nobility Nwith tenperature. Wen this tenperature
dependent current IBis fed to the bias control circuit 10, it introduces a

tenperature depa%attﬁn&ﬁ?\stbrttnﬁepﬂr aget el s i 3t e THELA e ﬂﬁ{’ Qp%msﬁ

results in chan e of tHe Qgain n Yeomet aract ér

t enper at ure, aSch%ElQWﬁn(d fheEJf&e the anipiXicatioh &g sdigdtedl] Gapenid drithe QADEEARM € can
be conpensated by altering the V-ONT with tenperature. This function is
perfornmed by t Hbe design tediraments: ridetautput ofi QA is deterqinedtby dherteemt s VCpNT to VAT
by altering the anplification/attenuati on of an operational anplifier QAZ
W th tenperature as illdstr%ed iin FIG 4. This block takes in two currents
| REF, and | PTAT fromthg tephéfmture sensi ng circuit 50, discussed bel ow.
The forner is a tenperat qr@_ﬂnde Lr&;nt reference current and the latter
linearly increases with ten&t These two currents are conpared using
a series of current conpara /for rred wi th N-channel transistors Mao MAP
and P-channel transistorls Mf® MoP Cascoded transistors are used to increase
t he gains of t hie. dbwp@ipatti@m@pmﬁwm‘éﬁmemd the catigioStheisemivhthe resigancecal si zes

but the sizes of .the P-channel tr Si ncr ase progressively. The
output Ao of a E%Wﬁ%ﬂ'EFSP""egt'?ﬂ dﬁ?ﬁ ?"eé eé“'l‘?l"éﬁ%r’e%ﬂ?rtcér?ﬁ“‘teﬁﬁn MRo.

It can be analy e outputs of the
conpar ators Ao- &A%%S%mg?/v@%}"g%rﬂgis%ﬁegrﬁ%&‘gtagy&%ﬁ%ﬁfé‘)l scnmaans t he
tenperature of the chip has been digitized and the digital data IS

avail able at Ao-Ap. 11  The digital data is decoded using the digital
gates and is used to control the swPeigKesresalp cirffiese switches, with the
hel p of resistors RTO RT~Pt,) alter the feedback ratio of QAz with
tenperature, thus generating VcT from VcoNr The Schmitt trigger inverters
provide imunity agathe@t..nleaﬁ@éﬁsahéh ¢iRkdit $0d &b S10abkdsea RikidRHtGe A0 AP. Ve
describe now in nore detail the gain-slope correction circuit 40 of FIG 4.
The gai n-sl ope wdepe@bhtBUreMNRAl AtiGHorpedgy a Giffsredtiab@drisRSor Phir YL, NN of the
conparators fornmed with p-channel cascoded transistors Mo, I\/b,, M2, to
MpP, and M~ , vaametytwpas;nmevmlegaaminptlﬁmmmml Za;as(aodém;st Bamisﬁtors Mca,
Mc,, M2, to McP, and Mo ‘. Mz~ ch are seri al

coupl ed. The gafeesbask legpds Beté‘ﬁdﬂthéf‘ OBQ@EWéﬂ“Q'tférngf‘éP8?@""@?%"@@'{)‘]“(’6@ py a
current source r stors MP, and MPZ which are
driven by a vol t%g{gg'dﬁé%g'aﬂra%gg{apgéi)&{c?ﬂ%gt reference current | REF, across
resi stor Rxo, which is connected between the drain of MPZ and term nal

| ReF, The gates of the nchannel gped ran istors are supplied by a
current source conprising(g-gh {1 W js MN, and MNZ which are ()
driven by a voltage drop géehera By MR rent | PTAT across resistor
RxB which is connected between the drain of MNZ and term nal | PTAT. The

junction of the Tpe&RAsHoRluCERSE BERY, oM, NnabaRnel, icgsgasied transistor,
| abel ed Ao, A" A2, to Ap, goes nore positive when T he p- channel cascoded

transi stors M" M, ', carries a htﬁhqg—tﬁ;fgpt*than its serially couplgd
n-channel cascoded transi £¢ 1V REoX VA tateder i s coupl ed via Schnttt
triggers and power-up circuitshnverters to the junctions of the p-channel
cascoded and n-channel cascoded transistors (nodes Ao, A, 12 AZ to AP)
and receives those digitized signals fromghe junctions, thus providing
dlgltal | ogi c S|gnal outputs Co, C, CZto CP_,, CP, and ranging from al
‘zeros" to all "ones" The decoder output feeds a feedback ratio circuit
which alters the feedback ratio and thus the anplification-attenuation of
operational anplifier OA2 with tenperature. The feedback ratio circuit
conprises further a series of control swtches, equal in nunber to the
nunber of outputs from said decoder (0 to p equals p+1 ), activated by the
| ogi ¢ signal outputs, where one term nal side of every control switch is
ganged together into one |line and connected to the negative input of OA2.
The positive input of OA2 is coupled to the second control voltage V~oM
The out put of OA2 provides output voltage V~r to the bias control circuit
10. A serially coupled string of resistors Rro, Rr~, Rr2, to Rr~~, RrP,
Rr P+~, thus nunbering one nore than the nunber of |ogic signal outputs of
t he decoder, is coupled between the first control voltage V~oNT and the
out put of OA2, where Rro is connected to the output of QA2. The ot her
termnals of the control switches are coupled to the string of resistors,
such that the first control switch is coupled betmeen the flrst and the

Y 1 e TN 1 o~ I T 1T . . T T - I Y I




FIG 5 forma band-gap reference-cum PTAT current generator. A band-gap
vol tage of approximately 1.2V is available at Ve~. The PTAT current |PTnT
is mrrored out using MP75 MP16 The collector current |~ for a bipolar
transistor is given by. le = 10A exp y8E Vr (16) where to is the reverse
saturation current of the base-emtter junction per unit area, Ais the
emtter area, VBE is the base-emtter voltage, VI =kTlqg is the thernal
voltage, k is the Boltzmann's constant, T is the tenperature in K) and g
~s the el ect r osdmbinihgEyend E) eecéridlitene can obtain the expression of VBE in
terns of |~ as VBE=VT I ~A( 17) O In FIG 5, equal sized mrror

transi stors MP9 - MP, Z together w ized ogscode transistors M9 -
M\, o0 force the currents (tghrr)MNgh=waé‘%;,e\'g' W drlmransistors Q and Q@ to@e
equal . As a result) Vcs of MO and M ~, o are equal®fHowever) it fol | ows
from (17) that fhe VBEs of q,sq'ang’ QZ are not equal because of the
difference i n MAYFK BA (PPGEBDY A and AZ, respectively. Mrror
transistors MP,3 - MPi6 are al so sized equal and identical to M- - M, Z
Therefore, it is obvious t m/t)qmwgurrents through Q and QZ are both _equal
to | PTAT Applying Kirch bff('ms/ [t age Law around the gate-sources of Y

and MN, o and base-emtters of 'g?"”\gﬁg Z and Rte, we have | PTATRAB - (VBE~Q

(VBE~QL (18) Conbinin 17 nd, (1 have 14 . PTATRAB - vT | | PTAT -
VT ~n | PTAT = vT | %~T&F8’K§}'?‘€%P'ai“a%‘ %%?°W9P§a“?BF'f°8{Xs°aP|‘?5}°“O?"1 A

| PTAT - 2 (19) NtA\Batbht INBPOIVE0200(8 distidgdre oh@hiBRE McbipeRitedl hekdih B refefdhcle set
by either RAB or the emtter area ratio A IAZ of Q to @, which is shown

as 10 in FIG 5. The base-enmtter voltage of a bipolar transistor,

negl ecti ng the second and hi gher order terns, can be witten as
9 9 9 Ie-ligh frequency variable ga?n amplifier

FIGs. 2a, 2b and FIGs. 3a, 3b show two preferred embodiments of the high
frequency variable gain amplifier 20 of this invention with two stages each. However,
more stages may be cascaded if higher gain is required. The transconductances of M,,

and Mg,, with the help of (1), (2) and (6) is given by

KiKpdm
(9mImat = \miguCox (W / Liyar = — (8)
REF
(ImIma1 = \(1- MiguCox (W / Ljygy = ————— (9)
Rrer

(W7 L)pnag

where K2 = |77l (10)
W7 L)pniq



veE-u~o-sr (20) where V~ is a constant equal to the silicon band-gap
voltage, T is the tenperature in K and B is another constant. FromFI G 5,
we can wrte V8G - ~VBE~-@B + | PTATRCB Conbining (19), (20), and (21 ) we
can wite (21 ) vVBE = vB - Br + ReB vT ~ ~ (22) RAB ~ A2 It can be seen
from (22) that by appropriately adjusting the ratio of R-e to RAB, i.e.
choosing (R-B/RAB) (klgq)In(A /AZ) =B, it is possible to renove any
tenperature or process depe in_ Ve~ such that VBG = VGO (2s) The
band- gap vol tage VB~ is,_furf (v mByerted into a nearly tenperature

i ndependent cu‘%lfdent 1R Wper ational anplifier OA3 and re§i'3tor
Rpe Vex is 15 applied to 'the idhverti ng termnal of OA3, and Rpe is
connected from.its inverti ng te{)tgi nal fI (ﬁ)ﬂground. The negative feedback
around OA3 t hr BRfYPAgR 4088 5iPge oldpe RitPlifief AP 5 d¥§B &Y es that the voltage at its
inverting termnal will also be equal to VB~ and, therefore) it foll ows
that REF - R G (24) DB é’%ez ddmlemt "1 ReF (ImdmBf 1t hr ough Rpe is spl i [1gynto
two parts | REF, and | RePZ ust g RN, 2+ (gmhfpgRyatio of the tatter”s
aspect ratios. IREF2 is mrrored out in the proper direction using the
cascode m rror ybRy (dYBad (IRq$2)ThAbE whttdh aRl B and RpB must be of the sane type
for good circuit performance. This is also required for a good conparison
of IPTnr and IREr, in the gain-slope correction circuit since the currents
depend on resistors as given i K9 and (24) gsually, the on-chip

resi stors have a slightA} ; 3 reason for usingi3
common band- gap and PTAT ci rcui 5 +3QagJKLReF, and | PTAT tracking
with changes in the characteristics of t¥ie-Btpolar transistors Q -Q3, which
are not so stable ma CMOS process.

where Ky = PR (14)
Rrer
R
and Kg=—1 (15)
Rrer

If R.,, R, and Ry¢¢ are the same type of resistors then K,, K,, K;, K, and K; all are
temperature and process independent constants. Then, from (13) and (3) we can see
that the gain of any one stage of the variable gain ampilifier is independent of
temperature and process but changes with the control voltage V;. Therefore, the

entire variable gain amplifier also has the same characteristic.

More detailed explanation of the high frequency variable gain amplifiers can be

found in IME 2001-003, the disclosure of which is incorporated herein by reference.
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Still referring FIG 5) we describe in nore detail sone aspects of the
tenperature sensing circuit 50. The band-gap reference-cum PTAT current
generator section conprises a current source with transistors MP9 and MP, 0
connected serially. The current source is driven by the voltage drop across
resistor RBB which is serially coupled between the drain of MP,0 and
transistor MN9 of a current source conprising transistors M\9 and M\, 0. The
source of MN9 is coupled via resistor Re,Bto the emtter of bipolar
transistor Q. Transistor Q is tREMAAPPERTELBUFEY f or current mrror
transistors 2 and 16 @B. Transistors MP" to MP,6 are cascoded mrrored
current sources of MP9 and MP, o0, respectively. The drain of MP,2 is coupled
serially via M, o fttandfeeemrtioht @) thét tRR amplifier 2 iifully odmpdnisdted s Howenek akls
serially via resistor R-8 to the emitter of @@B. The junction of MP, 4 and
resi stor Rye ii§nebesingeiheparamelsr en1ag aderapeiatiee-galhcion| Hfapecopsidebrat 1. 2

volt, as nentigned earljer. The drain of M §.provides.the PTAT current
BTt for gai nCOBHATE LT BHeER Al Weol) oot Biefiieae b Chseiire B
converter (TTQomgfkhefordhe felifetior irPr%B?l'it*ﬁﬁv‘ﬁh iéﬂ%fe?étdr@.”ﬁ\}heﬁ!ﬂmi lehipBrat /3, NMOS
transistors MN'-MN, 2, PMOS transistors ,~ MPZO, and resistor REB. The

out put of QA3 dependeicaderttd, it fed tgtheddasabontrol cistuitd Adt intrakicesna temperature

vol t age-to-current converter VTC\% MOS transistors MN' and M\, Z. Their
sources are cofgneadersy 4 he pﬁ@ég{qr Thiplgmreiatursdenspdrncy resyits inshangein thgng

< ihe prime carre R BB R APk S ol bR K o o the.

first bias current I REF, for gain-slope correction circuit 40. The drain of
M\, 2 is coupled via resistor REB to the transistors MP,~ and MP, e, which
form a current sourldés gngpgeinsiopn withiemnsraurgpanbegermpepgated thhaltedraitha Vedn Mp2p
is the source ¢t} C bi L e E2.for i n 10 i fcuit
100, 51 ml at 1 oA NS epley 8 skl bt e o s - e RERECIBRLIAR 6 b2
of the typical cgefts YOI} fo0),, B altering Giel iplificatiomat@nuatioh e ae Bberstnalianipins .

FIG 9 is a graph showng the gain control characteristics wthout any
conpensat i on atOAaMith teppreraiurerss llivetatedin NG| 4 aldis bleastakep in twolcusgedhlrirhandX axi s

is plotted 17 agai nst .the high frequen differential anplifier

Vol Lage gai i Al T R e e aiEOEk, (GRS A6 PR £ s esponse at
acircuit tenp e Rer r hek¥asddali® the bias
control circui '? . 1 &%tgﬁgédﬁbgé‘%%Neié%ncse%ga%m%? &Ogrljﬁégﬁ%%t%%%als nstlead of
'$~and | B2. Fl GemperatamisThebetwdaiRerte hre@ompifed @Singa séries of Bur{ent tdimpdigtorsane
condi tions) but w thout gain-slope correction (partial conpensation). Note
that in this cdemedéthpy-ehanoe)apgstors MMy andPcagnes! transigtopNoiMst ead of VAT
but makes use | B~and |.BZ as usual. FIG agai n, shows t.he set of
curves as FI G eoRt enygse YR polesrt o8 sAfSH of S PR AR £ O

bi as control cidhantid trdfbistak Bavel ifendal sizasblutitRsiied of B P-chbhndl Fafdisterous from
inspection of FIG 9, 7, and 8 that the full conpensation of FIG 8
illustrates a dnejeaseintegiessively nbbeodeutdaicha edpraraier g ligh  Moerardes aRighephi | e

t he i nvention has n particularly s descr.i bed th.refer to
the preferred st fnbe treh ESpnyBIteE BE iR LBIRLE SELBES od m
the art that vahé esfp&BBRITSA D 16WpBoRRSvENRSR BySonEBY hil hedRS haekperdiure
departing fromthe spirit and scope of the invention. 18 CLAI A hi gh
frequency CMOS dfitlief ehirehasi keken digjicéd anglrthe diowah dats isayailableatdo-A.r equency

vari able gain anplifier for providing a differential variable gain
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anplification of a first and a second input signal, where the gain of said
hi gh frequency variable gain anplifier depends on a first and a second bi as
current applied to said high frequency variable gain anplifier, said high
frequency variable gain anplifier conprising at |east two differential
anplifiers; a tenperature sensing circuit for providing a band-gap plus
proportional to absolute tenperature (PTAT) dependent current generator,

and a tenperature ilhadjsipidatais degosed dsing We digiel gates ape iscused torgoptiel they

gai n- sl ope cor i Gireui receivi L ng, a s d. cont r ol

vol tage, said %@ﬁ%&ggfﬁ%e?ﬁﬁ é%@ﬁ&?n?ﬁ}%?QQP?E%%?gﬁﬁgv?ﬁwwéﬁ%ﬂﬁ%ﬁﬂgﬁv%

t enper at ur e PT/tiodepandRNempLraif8 th@ fénBiaBsi N, Moman,,|.NtTRE Sehhitrygeont r ol

voltage as a function of tenperature by conparing said tenperature

i ndependent f i Fyerterapevidp Famenily pgainstaleertal laoietpxdts adhe adevs Acvr ent |

t her eby conpensating for a change in slope of the gain control

characteristics with tenperature of said high frequency vari able gain

anplifier, a gain oQEBEsHHBS h6WinGhére ditail treIgalnefide\doRtEctidA ot ROPEF L 4T €

i ndependent second reference current, and a biasing current which is

nmodi fi ed t o corMhegainishpe cempbomcamErgionmepssetep@ndeofoprrennt comparatoas | abl e

gain anplifier; and a bias control circuit for receiving said internediate

control vol t agdormedinith pechang! easaedes] trapgistosddy Mndiadp Mobiasd Mag Muir Ment  and

producing said first and said second bias current by conparing sai d

i nt er medi at e cdmMppland olahanye! capapdrsitransistorsdvie dMu Vs, algdd,, abd Mc, M., THe,, CMOS

differential anplifier of claiml, wherein the gain of said high frequency

vari abl e gai n aer .fwhish arg sériathepmintidnThe fateeofer pichareebnadequed barssist@s  The

CMOS differential anplifier of claim1, wherein said high frequency

vari abl e gai n @sypplied bycosyyentwyrcegomprising mphpnaeldapgistersdlsh prd Muntwhish

anplifier, each having an input X and input. Y and out put node and node

B, where said pUTeRk oy Adolasran gstpraipdhy ik reforpn e ee RET BESRRDL i 11 er

i's coupled to g, WieHis cdhidetcdnbidden thdsrbinf IR, andeshffl i€l The ¢RI thedi. d

i nput X and saldmlnput Y of said second differential anplifier is

di rect - coupl ed dhennshrabcodrdidraBsistots ssabubpfietiey Pcwfentwiuttefcomptising f-Ereneelt | al

anplifier, respectjvelﬁ, where said node B and said node A of said second
Ui

differential arfinoBiREYMiant Bupaich 16 CAYPRY S RiadRAIPR Sensepter ORI A oBlut 2,
respectivel y, sal hdddstadfith,S@hth RESAMHLRERMA Ahin 8B L fmirapiet her

providing a vari'abl e gain at 8ard outputs out 2“ased on §tgnal s
applied to sai driejmdtion dfithe p-ahghn¥i dadcodeaiafd hich&inebdadcsied trasstaidbeled A,

differential anmplifier each further conprising:
A,, A, to A, goes more positive when the p-channel cascoded transistors My, M,
carries a higher current than its serially coupled n-channel cascoded transistors M,

MCI.-

A decoder is coupled via Schmitt triggers and power-up circuits/inverters to the

junctions of the p-channel cascoded and n-channel cascoded transistors (nodes A, A,,
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a first and a second differential anplifier stage coupled together, each
havi ng an input Gl and an input & and said node A and said node B, said
nodes A coupl ed together and said nodes B coupl ed together, where said
input Gl and said input G of said first differential anplifier stage are
coupled to said input X and said input Y, respectively, where said input GL
and said input & of said second differential anplifier stage is coupled to
sai d input Y amd, tod xhndngisivexdhosedigiticdd sighals, fravihg jnictics, thuspddiifg aigepnd
differential anpli fler stage together providing a variable gain at said
node A and sai dodifoRignaboutpids Eo Corldp &nalCs: angppnaing frog albrerosripall ‘oresind sai d
input VY, said first and said second differential anplifier stage each
further conprising: a first differential transistor pair conprising a first
and a second transi Shedecodatiottplii fesds Pfeddisark ehtid fQUNdVHidhaiteisIhdfeedtack ratio
comuni cation with a first and a second current 20 source, respectively,
said first and @dmwé@%@n@llféa}\orl@ﬁ@m@@m @f@p@mwabﬁméhfeb%%adlthltefrnnesqturm as

current; anda er.en trapsistor ng a third and a
fourth transi st [g’ g”ta ??u&u%ﬁ%n%rggapuphﬁrﬁﬁ@ L@i"g‘lr’% t‘iﬁ}‘? ge@Hﬁ'ﬂ?u cation
with a third andinfef @Uhd hurﬁwrB%mp@QH&ﬁ@a.drd@@da%?»gw%lexsua@atq écmartéh @wd sai d
fourth current source controlled by said second bias current

di fferential artpé logicesignefoutputs, whdre onk arminal Sde of ehery Iooritmdaqmmhasygamged abI e

gain anplifier conprises: a first and a second differential anplifier, each
havi ng an i nputtogetBgidnta ang isand ponpegted i ateadte 'WUM@%JQQBOS'W%P%" &fai d
input X and sai f en C ed to
an input Vinl aﬁﬁé @Q\'%pléju@ tvsgéfgnér %an%' g!t%lge?le{FOM er eﬁ%@}){j&ﬁ%%m '833 o%'#ag}t sai d
i nput Y of sai d«ostegw‘mg t@lmﬁfbaseamtroabnroanrpbl Aiseiially SowpRRiestirig®T resRipd RY, RA, sai d
node B and said node A of said first differential anplifier, respectl vel Y,
where said nodeRE té?nBTpsaRd» Ruoetethis pembeling oge soraithan feawekes dilodisriignet i er i s
COUpl ed to an ‘If&eC%Q%; g%o@[i‘l'éﬂ%tﬁ%ﬁttae ﬁ(s?cs ﬁ'glt\)ol a?eXl S%hcﬁjthtelo[n pB and

sai d second d|f eren i er FOVi ‘Al'e gaina
said outputs OJ&fJomdm@étr% taa;amdacwa tstr@r@tp%tam«kz eﬂwetdm&@érﬁhnla@@ﬂﬂ@ Inl and
In2, said first and said second differential anplifier each further
conprising: a féanyp! switahes aseeninted i the siriea of @EiS@rﬁanmtb’ﬂ thst figgfesontonl pitst is

t th h h i Gl and d d
node B sai d- notueleA beBitsn te s gad ferseding ety froabdRe. ButisrEt bbbk her
e e sai d | nbuly G A0EAbABRY. 158 BlastAlladEhod LI SARL | b ahLL |

stage are coupl ed 10 sa sald I nput Y, respecti Vel

said i nput Gl aa@ .maled\ehte@wtth%saﬁsss:algdtesecond di ffer enti al arrpl ifier stage
is coupled to said input Y and said input X, respectively, said first and
said second differential anplifier stage together providing a variable gain
at said node A and 21 sai d node s applied to said input
X and said input Y, said first andgg'gg%g@%c%ﬁaﬁ{lig?%r ential anplifier stage
each further conprising: a first differential transistor pair conprising a
first and a second transistor, the source of said first and said second
transi stor in comunihedemranatwietsansndg gincdit SGefflent gerieratesrthreg ghdients: sty leewr r ent

troll ed d fi t b ff tial
PP stor ot v S8 ks ey e g e B e e aE S e ep i e of

said third and sgidht iiRibRadds B Wk tdrborANEL B, CALL M, AL R CB-GERANA., in
current mirror, said second current nirror controll&d Dy said secSnd®vi as
current. 5. The CMOS differenti al anplifier of cIa|n11 mhereln sai d bias
control circuit conprises: a biasing cuRBent source controlled by said

bi asing current) said biasing current source coupled between said voltage
supply and said biasing current input, where the gate of said biasing
current source is coupled to the gates of a plurality of current mrror
pairs and a bias current mrror; a plurality of bias control differential
anplifiers, each conprising a pair of MOS



transi stors, sources of said pair of MOS transistors coupled via said
current mrror pairs, respectively, to a voltage supply, bias control

resi stive means coupl ed between the sources of each pair of said MOS
transi stors such that current fromany part of either current mrror pair
can flow through either transistor of said MOS transistor pair, the gates
of the first MOS transistor of each pair coupled to said internediate
control voltage, the drains of said first MOS transistor of each pair
coupl ed to saiRIGf$ fosh albiaad-gapiref@aiceduptP TANEUricat gohiehtdd ADaddlgaEvtitadd ¢ff OF ,
the drains of said second MOS transistor of each pair coupled to said
second bi as cAPPEXIMAtep LY isawajiahig atoer T RSN CUiiep! lbhi 18 MIFRIRT o1 Usingosi ti ve
and a negative,i nput, said positive input of said first operational
anplifier coung"é’bl B said second control voltage, the 22 output and said
negative input of said first operational anplifier coupled together to
provi de feedback; and a plurality of voltage reference resistive neans
coupl ed in series begoplestorcurientds tonabipslaphpnpisiaids YRR byut put of said first
operational anplifier, where the nupber of said voltage reference resistive
means is one nore than the, nunmbelpgeff said bias control differential
anplifiers, where the j’an:c{og\cﬁ‘i‘p fi,the first and the second voltage (16)
reference resistive neans is co p_ITe to the gate of said second MOS

transi stor of WhREe s the reysrse sgiurglierscyrreqt el tag Base emifRs JunctionPer YRERPdM 8f t he

d dth [ I I Sty ' d h
Gai o of sai d SLeaRerARe PEROEPALSHiRRRE L S TERIR BRI, )

and conti nui NotheiBBiMErNG dohdthnt\Wh ke fefipeiatti€ in “BNatf g ishike Qlbdrop @ndrhe

nt h- pl us- one vol tage reference resistive neans is coupled to the gate of

sai d second MIBopy@RkWeeanrobtsin thaexpressigngf Veoh teuns of kapsi st ors, sai d

junctions of said voltage reference resistive neans providing reference

voltages to their respe\?ti v& t,ral@slstor gates. 6. The bias control circuit
i

of claim5, wherein thevaaF NSAip between said first and said setldhd
bias current is expressed by t equations: IB~ =me and IB2 = (1-mIB

where: m=f (VAT) : 1B~.is5 said first bias current, 1B2 is said
second bi as. cur r et oS sUAARR v dAREEP e Shne OP RSOl 5T 7 The
bi as control ciichid trdfsisfdrMD -, WHRE RictulBRs Hrdh Me BipGarltfaRgsbs i had of
each of said current mrror pairs are chosen such that said first and said
second bi as cufy, erlie efjuab s sagsidd, ¥, S M, Bndid . nare equaleHowever, it follows from

(17) that the Vges of Q, and Q, are not equal because of the difference in their emitter

sizes, A, and A,, respectively. Mirror transistors Mg,, - M, are also sized equal and

identical to Mg - Mp,,. Therefore, it is obvious that the currents through Q, and Q, are

both equal to l.4r- Applying Kirchhoff's Voltage Law around the gate-sources of M,

and M,,, and base-emitters of Q, and Q, and R, we have

IoratRas = (Veg) g - (Vee) oy (18)

Combining (17) and (18) we have
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8. The bias control circuit of claim5, wherein the size of the transistors
of each of said current mrror pairs, the magnitude of said reference
vol tages, and said bias control resistive nmeans are chosen such that said
first and said second bias current can vary the gain of said high frequency
vari able gain anplifier in hnearin-dB fashion. 9. The CMOS differenti al
anplifier of-claiml, wherein said gain-slope correction circuit conprises:
a gai n-slope correction conpar at or ed 1o copparing said,enperature
i ndependent first refergneegRgucnen “RIATH| s g th ] current and
digitizing the conparison, said gaijnkfi.ope cofrlgdiijon ‘copParnat or further
conprising: a series of current conparators forned with p-channel cascoded
and n channel e&seaidedfdlbasgiast ors serially coupled, where the gates of
sai d p-channel cascoded transistors are driven by a voltage drop generated
by said first reference current pgrdss a first gain-slope correction
resistive means, and where th&/ of said n-channel cascoded transistors
are driven by a voltage/2£PQ ed by said PTAT current across @uﬁecond
gai n-sl ope correction ré I'sti veRggans, a junction of said p-channel
cascoded and n-channel cascoded transi stor going nore positive when said
p- channel cascoded iticaR B8 n6fe@that Be\Rdgnaud GINS); canibé Saby bR R & tseesrhiadd v
coupl ed n-channel cascoded transistor; a decoder coupred to the junctions
of sai d p-chanaweh raiedsifd etiQalod,nehichisshownas e §1G.15aldk base-emitter voltagsei vi ng
digitized signals fromsaid junctjons thus, prqvidin igital |ogic signal
out puts rangi na}qpugﬂ?ré[qnsm?épgglectpg%dq sleco'lfjn%gcj‘,'ghfﬁor erje emﬂrfﬁﬁf‘iaﬁ
circuit for altering thﬁbfgngqpégratio and t hus the 20
anpl i ficationattenuatiomPof §%econd operational anplifier with (20)
tenperature, said feedback ratio circuit further conprising: a series of
control swi t chaberedguigla Gopstantpaual te hetsiisombandaar yeitaget s the temperatiss
decoder, activated hy. said | ogi.c signa tputs, where one term nal of al
of said controlk§“F?%ﬁ%§mﬁgwﬁgﬂ8@dFﬁ?@EFﬁ§rﬁ?ﬁ¥Bw%%e | ine, said second
operational anplifier fgr regeiving,at ids negative input said gang
Together line, and for ?@%é‘i %ﬁéc%ltg I’f”f"géﬁ@si tive input said second 3%1% r ol
voltage; and a serially coupled string of tenperature control resistive
means, nunber i SgMbinngd9)e(20hand (Aiewagameriteof | ogi ¢ signal outputs of said
decoder, coupled between said first control voltage and the output of said
second operational anplifier, where figathe rmnal of said first

I 6H“the second t enper at Uf®

control switch is coupl ngﬁeY@aaeﬁﬁthTiyr’

control resistive means, where the othéB’terni #adl of said second control
switch is coupled between the second and the third tenReraiure cont rol
resistive means, anbcPegeen fiem (23)kat Sy aepropriaiely atistiog the satig of RettoBomt r ol
switch is coupl.ed -l : - r ol
resistive msanégiﬁl?&%ﬁ@%gﬁﬁggﬁég@g)r rg'é{ T gﬁ&ﬁ;{@&%&%&%ﬁéﬁ% aé,grg\%er ein
sai d n-channel pazeoaaRnisran®i Bl 8uchthave identical sizes. 11. The

gai n-sl ope correction circuit of claim9, wherein said p-channel cascoded
transi stors have progredgpwely,increasing sizes. 25 12. The gai n- s®pe
correction circuit of claim9, wherein the junctions of said n channel
cascode and p-chann C I -0y - [vely | ow
in voltage as the tg%%gfggﬁpgo%?gﬂﬁ%égﬁﬁ%{?%ﬁa é??éﬁ??éﬂﬁﬁgégggés_ 13. The
CMOS di f f er ent iindepangdnt Edresnt IRf; usingitha cperatibel ainplifieaOA, dreimpsistat Ry, e Vgaansi ng
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circuit conprises: a band-gap reference-cum PTAT current generator for
generating a tenperature independent band-gap voltage node of about 1.2
volt, and for providing said PTAT dependent current which increases
linearly with tenperature; a tenperature-to-current converter (TTC) for
converting said band-gap voltage into a nearly tenperature independent
prime current reference IREF, and for splitting said prinme current
reference iR-F into said first and said second reference current, said TTC
further conpri sighed todhé hor-Evermfy taining o OANBhd RL 85 chimetBg rammegatiing and a
positive input, and an output, the positive input of said third operational
anpl i fier couplegginaldo gepuad. 1THe negptiveliegrbgetaroeid Qthieugiegaterpelres ¢fiMst and a

d I =1t 0- L ' f
Sara Tirst anavemrt B AESS B0V ATE EPeliRRe R Bt Vs athut of

sai d third opeftdistaal fofoWalthdti er, the source said first and said second
VTCC coupled to the negative input of said third operational anplifier to
provi de feedback, the sourceVgaid first and said second VICC additionally
in conmuni cation with alrReefegence potential via a prime reference ré¥stive
means, where the drain of sal @8first VICC MOS transistor provides said
prime current reference | REF, and where the drain of said second VICC MOS
transistor is the current source for said second bias current. 14. The CMOS
di fferential anpli flihercunént &t flomind, threheh Bjgns spdit idtogero padlpg earsidfefarsingi r cui t
conprises: 26 . a gain conpensation differential anplifier conprising a

di fferential | yMwrHngddh pithe, Bite SASPRE rtios ¢ ke ISNAEEOREH QHIIR BEAHFOPSF  sai d
MOS transi stor i Vi . resi st i ang t [ iaskng
current input, dF %éet'ors'g%ﬁ@@%%?mg%?‘éﬂ%"f@%?i{ésslégorrg%ﬁ‘i’ rﬁcﬁag'fjﬁgﬁig'f] %gl]%tso her into

a junction;, a @ sanROPREPBEFIOdiicUitPerfeiMianS@UTKISIs @BdpéditetMdr B gode drai n and
gate to said second reference current for driving a first, a second, and a
third gai n comsemsaisedaf lewr aneiricr 11 thegain-dorgpoaestion cisquitpincathgitsrens i al | y

coupled to a gain c ensation. resi stV ans, .t f ar.m vol t age
G vider, whor o 8B npRana sPahOR GBI B Denth ME oMM AR NREETY

and where sai d sGgit fenfFEE 8hdraABndee Tihe réasen R ARG b SofMURbatl-§p sdaiPdafri r st
gai n conpensation current mrror, the voltage drop across said gain

conpensat i on r @¥putis teeenseigiieobovar lngr Yrasking wBlichanges indee eharadraisigatobtheof
and a negat | ve TRAREEBYIRP B gho AR Moot 00t B CHOSHEGral n and Lhe ot her
input is coupled to the other drain of said MOS transistor pair;
Still referring FIG. 5, we describe in more detail some aspects of the temperature

sensing circuit 50. The band-gap reference-cum-PTAT current generator section

comprises a current source with transistors Mg, and M,,,, connected serially. The

current source is driven by the voltage drop across resistor Rgg which is serially coupled

between the drain of M,,, and transistor M, of a current source comprising transistors

My, and My,,. The source of M, is coupled via resistor R,g to the emitter of bipolar

transistor Q,. Transistor Q, is the current source for current mirror transistors Q, and
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a control PMOS transistor coupled between said voltage supply and said
function of said MOS transistor pair, where the gate of said control PMOS
transistor is coupled to the output of said fourth operational anplifier;
sai d second gain conpensation current mrror coupled to said junction of
said MOS transistor pair, where the tail current) equal to said biasing
current, flow r@y. duinsisford Mg, MY, Ces cascodsal rdirfe8 curem sowtex of pi), and M,.,,,

di m ni shed by the conpensation current flow ng out of the drain of said

. : g f :
PMOS t r ansi st orfsPeRiYeYc JRE AN 9f My dirquplst senially viedfwmdh thefinitlerof Qe t Thsn of
process variati ¢ @and.. sal I s i t r ks oupl ed
R R A R R S
frequency CMOS ahdfréstyt@rR;, 8lnoadaw|d whiet proddsyy banidrgp vaitage obaliuugih2fvolegsency
variable gain amplifier for_providing a differential variable gam
anpl i fication drendiongdealiesnfhedraiaobMers Pipyides Yo dHAT cutip drentMed3hi n of sai d
hi gh frequency I . I lifier depends on a first and a second bi as
current applied¥$%k§%%§n%ﬁgﬁ1ﬁggquency variable gain anplifier, said high
frequency variable gain anplifier conprising at |east two differential
anplifiers) where the gain of said high frequency variable gain anplifier
i s i ndependent of t ErplerReiatuse-ineurgpiservester GG sactien at Gt S E9rPRISRE f or

recei ving an internediate. cont l,ta segon rol. . voltage, and a
bi asi g sur  ent RERIENY GBI b8 ohnbB s BE ks ne sy SRR st e e “by
conparing sai d j{i8sisBikR At The ORputF OXY sl RUBIed &thd Bhted 6f iRStANG 8 s¥@hkiages,
where said reference volﬁages are generated by said bias control circuit

from sai d seconwltegmtoraniremabbagter ¥TGCAMOS tsansisioes My, anbi,arfileir bowces ape
gai n-slope correctjon circuit for receiving a first control voltage, said
second control WPFQQ%t,heQeQaé'H‘E)E‘P%%%@ iR faethack ap f"arr%sl‘sé‘?'%%@ %urrent,
and a propor i ofdher bebrPRak! el GBRIRLIHGLELAL), ICRBBAAE Bhrréii IdhciEloand
produci ng said inter iate control voltage as a functi on of tenperature by
conparing said fgapHEieadrbin@f M spnshairde df thesrstibek euesrt €. Grgeintsiopad sai d
PTAT dependent current, thereby conpensating for a change in slope of the
gai n control chegreestiasygirsyit 405 Thetdin efiher in covRledfia raister Riad thertegsiatasMe
vari able gain a ,fier aji d | cor tion ¢jircuit, fu .
conprising: a gg@n@%’f'@'ﬁﬂec hi%"r“raec i Bﬁsoggtrgrﬁ(grcé‘p%% "ﬂ's’%’a%ts aﬁ%krpﬁ’é‘r irrﬁngg}%é'gioa
tenperature i ndgpeRdRSSouidd thé séRhEbIRBBEEMULL S Rdr géintcOmpaisdtidnldréudapendent
current and digitizing the conparison, said gain-slope correction
conparator further conprising: a series of current conparators fornmed with
p- channel cascoded and n-channel cascgde transi stors serially coupled)
where the gates of 28 said p-channePURRBEERH Sy ansi stors are driven by a
vol tage drop generated by said first reference current across a first
gai n-sl ope correction resistive neans, and where the gates of said
n- channel cascoded tR@NgIFss. @ andFIS. dshovesimiation yrapiisadd ehedypigal gaimesraoed by
sai d PTAT current across a second gai n-slope correction resistive means, a
function of sai ghyaeerstseyndeadtyaeteordiéPrs- channel cascoded transi stor going
nore positive when j -ch I oded i . rv.e i gher

%—Efgld? {% a (%%)pr}‘r% wﬁg ?ﬁa aq%%eﬁ:o“rgﬁ%a%étgrlsitfc\gw}{ho { %hr)}:'

current than its seri casco ransis a decoder
coupl ed to the jcympérsatich Ahl Saietk the chaN)itagascQraslvei @n et anagplotiss coded
transistors for receiving digitized signals fromsaid junctions thus
providing digital logic signhal outputs ranging fromall "zeros" to al
"ones"; a feedback ratio circuit for alléring the feedback ratio and thus
the anplification-attenuation of a second operational anplifier with
tenperature, said feedback ratio circuit further conprising: a serves of
control switches, equal in nunber to the nunber of outputs fromsaid
decoder, activated by said | ogic signal outputs, where one term nal of al
of said control switches is ganged together into one line; said second
operational anplifier for receiving at its negative input said ganged
together line, and for receiving at its positive input said second control
vol tage; a serially coupled string of tenperature control resistive neans,
nunberi ng one nore than the nunber of |ogic signal outputs of said decoder,
coupl ed between said first control voltage and the output of said second
operational anplifier) where the other termnal of said first control
switch is coupled between the first and the second tenperature control 29



resi stive nmeans, where the other termnal of said second control switch is
coupl ed between the second and the third tenperature control resistive
means, and so on, till the other termnal of said |last control switch is
coupl ed between the next-to-last and | ast tenperature control resistive
means; a tenperature sensing circuit for providing said band-gap plus
proportional to absolute tenperature (PTAT) dependent current generator,
and sai d t enpegainstitie highltpmedentMOSIdiferamtidl mtitimdoltagegrinicie dBunrteny; and a
gai n conpensati on Ci rey it f rec Vi n said te rature independent second
reference cur Kt )Cuﬁ’r‘?ﬁ P'Up{l)f‘ be PERet HE pf’%ﬂlc’ff%'gctbz‘r’cgrrect
the tenperat ura%p%9@$§speaws|gdﬁwm9&a§emrovaa’cu@m @k&% rfﬁé\gtfeg(faf 16. The
gai n-sl ope correction circul clarm 15, wherein sai d f Ghannel cascoded
transistors haus, ardﬂﬂgﬁzmwteﬂloﬂﬁandl@z ABe7 gadiws-tisd sepee s pf @ctds@n FeB.rocui t - of

claim15, wherein said p-channel cascoded transi stors have progressively
i ncreasi ng si ZW¥h thfg‘am?l’?gncb%ﬂ"ﬁ)-@it&’ﬁ%"‘ﬁg?‘P sl BW'eGF‘?%ﬁBP?‘a'cﬂo”@F%ﬁaﬁ?'TS

wher el n Lhe | Uask A Ak o5/ Biac BARRFRRFAAR A0 B Flieanaly Saseode

transi stors go one-by-one progressive ow i n vol t8de as t enrperature

of the functi anatescisé otifahdilfcisaBess FIGLQ agdinehéwdibe darhé ectanturads /npl i fier
of claim 15, wherein sard high frequency variable gain anplifier conprises:
a first and a HEcBrivt showsdhahuty @lmpéﬁﬁltﬁﬁ ¢haractesiglien (Ileankigsontioliciigitt10X and an

I nput Y 30 takes in V7, and igqand Ig,). It is obvious from inspection of FIG. 9, 7, and 8 that the

full compensation of FIG. 8 illustrates a significantly improved gain control

characteristics.

While the invention has been particularly shown and described with reference to
the preferred embodiments thereof, it will be understood by those skilled in the art that
various changes in form and details may be made without departing from the spirit and

scope of the invention,
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and output node A and node B, where said input X and said input Y of said
first differential anplifier is coupled to an input Vinl and an input Vin2,
respectively, where said input X and said input Y of said second
differential anmplifier is direct-coupled to said node B and said node A of
said first differential anplifier, respectively, where said node B and said
node A of said second differ erﬁqhéﬁ's arrpl i f| er is coupled to an output Voutl

and an out put Vout res ecti v e&lé gfa h and sai.d second differential
anpl i fier togelher Pﬁ'gCYaC e Teét'ﬂém‘? 2 CCRPE St put s Vout 1 and
Vout 2 based on si gamliger fRupércy dadablesgirtlampipict for bfb\ﬂdmg':lﬁldlffbﬂeﬁﬁ’a)l v&fbR dainr st and
sai d second dlff er each furt a.first and a
second differ eﬂ'?‘ h’? fng?"{? ﬁed:@"‘ig'ﬁﬂtl Sé?i‘a[] B'é%rfﬁ'g)%a"e%[c?ﬁ'dﬁ‘w fRgUel®Yi nput

Gl and an inpuﬁarﬁﬁle@ﬁd avglifieriependa oardirs aind areck®d Bias sarreht andeetoﬂsafmu@{ ed
t oget her and sai d pled to LN aid
nput G2 of salEETPCERaRE Pab BTPIEr RS 1ok Sals e P o

i nput X and sabdeastpud difigredtab@egiicisel y, where said input Gl and said input
& of said second differential anplifier stage is coupled to said input Y
and said input X respectively, said first and said second differential
anplifier stage togﬂednaeramremindhggrrcant\irarrinadaii@ Qlzend-gap plsuabd)pnmdmltb and said

Firet hnd sai d SN RTERERGP s atonsrar o P o ttyABE R Ritbiire ompr i i ng:

a first differ adepaldehtfion ahs bedondd fiferencequiriestt ng a first and a second
transistor, said first and said second transistor in comunication with a
first and a second current source, respectively, said first and said second

current source contd gid-Sisbdor@atidh drtistbr .ebaﬁng:alﬁ@fmrd a SR66hdPcohRE1QBIthge,
differential transistor pair conprisin hird and a fourth transistor,

said third and Sé'ﬁlt?inﬂ%?}F‘FH"d(ePﬁ'rfgq“E'ﬁ%tr’e eFF"E%ﬁ"r’f{ﬁ‘i‘f gk sagtiemperatue K r d and a

fourth current d@@éﬂdem,curr&amebrddaé.ug aﬁatéﬁnématédommdv&agéias‘mrn&tr@ncwr rent
source controll ed %/t said second bias curren

differential afpPREFiEe byCoRPAINH S te%%?\é‘f%"é%eﬂd%f E{ﬁ‘ rFﬁeé‘-’tﬁ‘ﬁ%ﬁ‘ériﬁ”ﬂ?q abl e

gai n anplifier saamInTSRpend@nl duneht, ﬁeebbacsramdnr@lf&fmngd inlslopadt thé &R, each
having an input X and an [nput Y and node B, where said

ou
i nput X and sa.ca"‘r%B’eﬂfasrefﬁ'css%thder'P?féiuf%&ﬁﬁ@&éqﬁ&freare"&mflaP\e&a"‘i%“R‘Jt'ﬁrpr ed to
an input Vinl and an input Vin2, respectively, where said input X and said

i nput Y of said second di fferentl al anplifier is capacitor-coupled to said
node B and sai d nod®93n semressation;cireyt fag ’FF%Y‘%?"’V%‘F"‘B%?”W'f‘%‘?pe"?"é’éb‘e’@f‘ vely,

where sai d nodeereAbélcisirtintl aR®d Biabing tudetit dhiek wanshifdl id erebitthel anplifier is
coupled to an output Qutl and an output Qut2 respectlvely, said first and

sai d second di fF'@P?Jﬂ‘#‘feéﬁm%P?ang?nqy@ééﬂ'%é@”ab're@@l“di"rﬁ’@ e 8pdr i abl e gai n at
said outputs Qutl and Qut2 based on signals applied to said inputs Inl and
In2, said first and said second differential anplifier each further
conprising: a fir stahﬁﬁl C@t@é@@‘hﬁfoﬁfﬁcﬁ@m@ﬁ@iﬂéﬂw&\ﬁﬁﬁﬁew@m‘ witage seiduperand

t oget her, each i I ade sal ’ sai d
node B, said no ﬂM& %@gﬁkgﬁ%wﬁggngﬁgngg#ﬁuﬁﬁﬁ%@ﬁg§%@g8lggg% d%Fﬁ

where said i nputur@lt tuwdmsariir@ siajvigotern@@iatd candroldvoftagesigaidstiréfereane iuﬂtlage&rrpl i f| er
stage are coupled to said input X and said input Y, respectively, where
said input Gl and said input & of said second differential anplifier stage
is coupled to said input Y and said input X) respectively) said first and
said second differential anplifier stage together providing a variable gain
at said node A and said node B, based op,signals applied to said input X
and said input Y, said first and said second differential anplifier stage
each further conprising: a first differential transistor pair conprising a
first and a second transistor, the source of said first and said second
transistor in comunication with a first current mrror, said first current
source controlled by said first bias current; and a second differenti al
transi stor pair conprising a third and a fourth transistor, the source of
said third and said fourth transistor in communication with a second
current mrror, said second current mrror controlled by said second bias
current. 32 21. The CMOS differential anplifier of claim15) wherein said
bias control circuit conprises: a biasing current source controlled by said
bi asing current, said biasing current source coupled between said voltage
supply and said biasing current input, where the gate of said biasing
current source is coupled to the gates of a plurality of current mrror
pairs and a bias current mrror; a plurality of bias control differential
anplifiers, each conprising a pair of MOS transistors, sources of said pair
of NCS transrstors coupled vra sald current nlrror palrs respectlvely, to

. o o o o



a plurality of voltage reference resistive neans coupled in series between
a reference supply and the output of said first operational anmplifier,
where the nunmber of said voltage reference resistive neans is one nore than
t he nunber of said bias control differential amplifiers, where the junction
of the first and the second voltage reference resistive neans is coupled to
the gate of said second MOS transistor of the first pair of MOS

transistors, wherethhemMooWidromiaPimpiiier SeEANd, wideih iR gam drdaiM @lghage
reference resistive neans is coupled to the ate of sald secong

transi stor of the $&aREY }%‘?P'egém a"&ﬂ'fmnﬁ?p&ﬁg?"é%tﬁgmeréhﬂe %‘E‘rﬁf?‘?‘?ﬁ? ng
simlarly till where the junction of the nth and the nth-plus-one voltage
reference resistive neans i s coupled to the gate of said second MOS
transistor of fhe AtA %%d’ﬁ?re%&a’f‘l"gﬁsﬁ’fﬁw ; Wheteip spid highifrsauensy vasiablg

vol t age reference rggmla'ﬁ{p\m@c&ﬁmspr ovi di ng ref erence voltages to their
respective transistor gates. The bias control circuit of claim2l,
wherein the rel ati GrisHiapd Bé?‘iﬁ@%ﬁ'ﬁ§éﬂ”éla'ﬁmp§?e’a??&h§8Y“39 ALpRH X A28 Pt ¥ent i s

expressed by theq ApRInb@NA and RodeB,MHBreédiit hfid xCarkdkaigit WResKd it = f  (VAT)

where: IBS is said first bias current, I1B2 is said second bias current, VAT
is said inter nétfeental @agRifiepts couriediganinput Yind apd 48 inphYing resppstively.cvhsre i ai m

21, wherein thgaigiing@t Xand Lt ihpiRtYSdfShRscdHd Mt@ﬁanﬁﬂmé} iCdlfeb€dpIB o O
pairs are chosen such that said first and said second bias current always

equal s sai d bi §3f RgdeBapdsaid node A afipaidfiret diftesntialampdiiar dgsrectivelye Vagrersaid |

wherein the sizgqdh aﬁ&‘?a:& RGeS &tsgﬁi%e%noe&#é?erﬂfal &ﬁbli@ler@%&@% té‘brﬁ 6[9;5utpa' rs,
t he magni tude of said reference voltages, and said bias control resistive

nmeans are chos&RfuY3eH ap RElputaou?, quPg‘ft'V%.'Vlcha@aﬂ"ﬂ agd syt geqsnd giffeigptiabamplfigh vary
e Pon 5, "SRl S g TR i ok Bl 0
t enper at ure sedgpligg tagaid inputs Vin1 and V|n2 sa|d first and said second differential amplifier

each further comprising:

a first and a second differential amplifier stage coupled together, each having an
input G1 and an input G2 and said node A and said node B, said nodes A coupled
together and said nodes B coupled together, where said input G1 and said input G2 of
said first differential amplifier stage are coupled to said input X and said input Y,
respectively, where said input G1 and said input G2 of said second differential amplifier
stage is coupled to said input Y and said input X, respectively, said first and said
second differential amplifier stage together providing a vanable gain at said node A and
said node B, based on signals applied to said input X and said input Y, said first and
said second differential amplifier stage each further comprising:

a first differential transistor pair comprising a first and a second transistor, said

first and said second transistor in communication with a first and a second current
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circuit conprises: a band-gap reference-cum PTAT current generator for
generating a tenperature independent band-gap voltage node of about 1.2
volt, and for providing said PTAT dependent current which increases
linearly with tenperature; a tenperature-to-current converter (TTC) for
converting said band-gap voltage into a nearly tenperature independent
prime current reference IREF, and for splitting said prinme current

r ef er ence | REFoumeoesgsictively, sait fitgshehdswaidsesendbnudrentesfogice tortralied beswid firstai d TTC
further conpri Jsr&ieﬁt- thjrd operational anplifier having a negative and a
positive i nputt§ dandut put, the positive input of said third operational
anplifier coupl ed &esewmaf differeptial rransisiarradgapmptdingaybird actba faurtt trandisterst and a
second vol t age; - NG st s of
Sai d i1t and kanEY Ak OB Rl Tl WRFLEh o o (RS COTRES

sai d third opesostceoigapectyall. iseid #ird apd gaid danrtb suselit goyree eantralipd bysad ssexrdnd
VTCC coupl ed tg.d hgepeoative input of said third operational anplifier to
provi de feedback, the source said first and said second VICC additionally
in conmunication with a reference potential via a prine reference resistive
means, where the digd Bvefs diftdbhtial AidiindrIFEialdOB WHeAhS isid Abh REQhEERisRL d
prime current reference |REF) and where the drain of sald second VICC MOS
transistor is the eo@namwtfiesgemprisesior said second bias current. 26. The CMOS
differential anplifig (g I ' ' ' jrcuit
conprises: a gain %cf)'ﬁrépgﬁés%tg %%Hggﬁf? q‘eg{r{%%@g[ér%%%ﬁ%g% "@3%?@?%8@“”

di fferenti al | yararoutmgeddebdnd nadedd, sthere saa ingut ¥zot sdiDput dotsait fost of sai d

VO TN o o Rt RSP ot Ty AR BRI |
a junction; a gadinpatotirehsaid input Yool saig sécomd differentia) apiptifitr si dapaditbscatiplad ro and
oo o 2 e AR B A e e Yool 5L vl 2557
node B and said node A of said second differential amplifier is coupled to an output
Out1 and an output Out2, respectively, said first and said second differential amplifier
together providing a varnable gain at said outputs Out1 and Out2 based on signals
applied to said inputs In1 and In2, said first and said second differential amplifier each
further comprising:
a first and a second differential amplifier stage coupled together, each having an
input G1 and an input G2 and said node A and said node B, said nodes A coupled
together and said nodes B coupled together, where said input G1 and said input G2 of
said first differential ampilifier stage are coupled to said input X and said input Y,
respectively, where said input G1 and said input G2 of said second differential amplifier
stage is coupled to said input Y and said input X, respectively, said first and said

second differential ampilifier stage together providing a variable gain at said node A and
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a gate resistive neans serially coupled to a gain conpensation resistive
means, thus formng a voltage divider, where said gate resistive neans is
coupled to a voltage supply) and where said gain conpensation resistive
nmeans is coupled to said first gain conpensation current mrror, the

vol tage drop across said gain conpensation resistive neans providing the

i nput voltage to the gates of said MOS transistor pair; a fourth
operational anplifigrg havi sitjive and.a ive. i t,. re, one
input is couplr%ﬁ(5 P%a%oBriebg rd;‘ﬁ‘nslﬂl%rﬁg %ph' eng ﬁ%'? '"lpH{)l)g ﬁ‘%%ﬁ%‘h@ﬂéaé"ﬁﬁ@f ¥ ot her
drai n of said $iBsdcoaddiffeteotial paplifier stagoedchdlrtieMngdrismpsi st or coupl ed

bet ween said volta lv..and said junction of said MOS fransjstor pair,
where the gate of gg}rsg%c%gﬁt\ﬁ}'%ltra ' Q%"é’ﬁ?f"s'ﬁ"bqra ﬁrgtsacng%pﬁeg%f\c{t(r)a"ts'ﬁeé’r'g'lﬁ put of
sai d fourth opsswetd afisaid fiestphd $didsecosdiransint® imcbngeunicationping filsi airestur r ent
mrror coupled e sagdﬁlrftuncti on of Srﬁi ﬁldlf\{iDS ltdrlasq%iastcg)rre ,aaina, where the tail
current, equaI"WbrS%% fgg?ﬁao%ﬁ??% %Yo ﬁé oat “oT €% our ces of said
MOS transi st or pai radesordi diffenérgibtchnbigtor hair coppeing athirand arfowethttrahbiotad, ihg: out

of the drain of _said P ransi sto thus controlling said biasing current
25 & Tuncti on STt et aeandi g a ot hpa Gl AP s R e
current m rror mivoupdaitsdcondsain@ntiteigat congoliedy tsaid fsesmd dhids@urrét. oper at i onal
anplifier. 27. A high frequency CMOS differential anplifier, conprising: a
hi gh frequency variable gain anplifier for providing a differential

vari abl e gai n &anpl i ThecGO® diffefential mplifier aidhira 1swheraid shid pists contgn aitcuitwher e t he
gain of said high fre%ueng:y variable gain anplifier depends on a first and
a second bias curr " ﬁf)eﬁl ied to said high frequency variable gain
anplifier, said highbifgigptueRatsoureicattaiedysaidibdiig @itresDagid biasingcuadent east

v el oo TRl b Sobe B il SPsblGRLS A '

control circui lyafef shi@ ®Rkvg BPrenfsdundesis BBEPIcte tHeQjatds @ff a plukdlieOR curdens @G @AM
control voltage,. and, a biasing current and producing said first and said
second bi as cuerE?ﬁ“doilb'E%ﬂﬁ?P?'ﬁﬁméai d intermedi ate control voltage agai nst
reference vol t ages, a pleiitg osifagiconebidiffsietiavmhdlifeg s Sseaah eorg@izdgat il obMosai d
bias control circuit fromsaid .(?ecor}g\ﬁggt rol voltage and a first )
operational anpiaPiFiars,; SIS ohsay BHe° RRSIELS EQUPEH VIR SRIY CUPE RPN PGy
first control veddeagely, ®al ditsRCsupply A dofifrol Yelistiad@ear® doBpIPE bétiveérEthe

i ndependent first reference current, and a pr %porti onal_to absolrget_g
tenperat ure ( PERY¥CCRRIRAGHBAE ofSAIdMAP tapdstys suihdhat sudent fomank Pat aleihete

control vol t ageuaentanifroiatricaR A6 thrRIFA IR tasidWr of AW MOarsRiod paietReer at ur e
i ndependent first reference current and said PTAT degendent current,

t her eby conpensissifythedirstQ uangistar Af each pair spurtadde gaif MtgRiplg control

charact eri sti csyonhde tHeQfM R tisHid Sirsd MO shsRiog bt dakcR faipEstipled as sAdhret 1A N
anplifier, said galn-slope correction circuit further conprising. a

gai n- sl ope cor reFeNdrPuY aphigrsaldias syaantigreroths drainspf saif geqoBApEIFansistor

i ndependent fir&leakih&if RUFIEd f¥aicFdtlcomd Bikks Gmert ifpLAT dependent current and
digitizing the conparison, said gamslope correction conparator further
conprising: a seri e8 fitst opanatioaplitamplifigs b Bositye #ad 2 RRgAive inpriapriéPosti8 coded
and n-channel cigisgafey hisARRLEbA Smpfiet Blpld IO4R S5bond BB IdiSad)tes Of
sai d p-channel cascoded transistors are driven by a voltage drop generated
by said first reference current across a fast gai n-slope correction

resi stive neans, and where the gates of said n-channel cascoded transistors
are driven by a voltage drop generated lpp said PTAT current across a second
gai n-sl ope correction resistive neans, a junction 37 of sai d p-channel
cascoded and n-channel cascoded transi stor going nore positive when said

p- channel cascoded transistor carries a higher current than its serially
coupl ed n-channel cascoded transistor; a decoder coupled to the junctions
of said p-channel cascoded and n-channel cascoded transistors for receiving
digitized signals fromsaid junctions thus providing digital |ogic signal
outputs ranging fromall "zeros"™ to all "ones"; a feedback ratio circuit
for altering the feedback ratio and thus the anplification-attenuation of a
second operational anplifier with tenperature, said feedback ratio circuit
further conprising: a series of control switches, equal in nunber to the
nunber of outputs from said decoder, activated by said | ogic signal

out puts, where one termnal of all of said control switches is ganged
together into one line;



sai d second operational anplifier for receiving at its negative input said
ganged together line, and for receiving at its positive input said second
control voltage; a serially coupled stung of tenperature control resistive
means, nunbering one nore than the nunber of |ogic signal outputs of said
decoder, coupled between said first control voltage and the output of said
second operational anplifier, where the other termnal of said first
control switch is coupled between the first and the second tenperature
control resi st ioutpuhaaisjd negetive infub ofcaitlitsttoperatiosd! amplifieacaliped tagetheciont r ol
switch is couple second and the third tenperature control
resistive mealrcl)sDr v.&g&g&%@.& ? the other term nal oppsal d last control
switch is coupl ed baphed of m&tag%ﬁeﬁerelmelrasisttivandaahamumeémpmﬁas betgegomt r ol

resistive nean Eeémg i

band- gap pl us ;S)rr o%%rc? f‘?ﬂ’ﬁ) I tgﬁeg%dgé Bf%%% rga{t'g':‘getaTE@fﬁ‘Whg}gtg% [?Qgﬁrrent
generator, and saidvefipasrraterance rasistiysoneanstis one woredhan the penberobsaid haas:e:ntrol
current, saidt tﬁféfﬁepﬁpérQWePegg[hg'Jngwn ot frliGind SR REbR Még[eareg?erﬁgé gap
ref erence-cum PTAT curr generat o generating a tenperature

i ndependent barrdsisfivp meahs isgeuplertie thﬁgaieotﬁaldlse@om)MOS twansistboof ttparfwstipdir nf said
{erper at ur e- t o- P eyt B FRRGRoUALERENY Al b ETBEOBIE L o)t age
into a nearly tresiplyemeansisicadripibiedemgate of spid mpmdaMDSrt@hestemféhq REM paird f or
splitting said pr ' i o second
ref erence curreér:tt'\}ld@tr&%Ilf i I?ﬁtap %’ﬁ'@@ﬂgg'r’#ﬁ'%g‘f"%%% lﬁ??} ch o&ehre Z,[ﬂﬂ%;ﬁfa}hg

anpl i fi er havi ngh-plusegatoltage eaiefeacepesistive weeanssLioupledhts tlamgajeubfma«td setdrel
Doy o A0S Bl ARBEPIROE ARl LS GGHR SlaboRBR0, - 2 V'
(VTCC) MOS t r ansfes¢roe resistinemgansasowdingrefetierfce veltagas th thai (ésmom”tchn‘smec MOS
transi st or coupl d to the output of said third operational anplifier, the
source said fir$“and said second VTCC coupled to the negative input of
said third operational anplifier to prow de feedback the source said first
and said second VT diti i on efere

potential via a prloig E@?g?rgrﬁgﬂrc '&%fncé éhe ﬁ@‘&%ﬁ’&%ﬁ%ﬁ?}gﬁ’rﬁ g
first VICC MOS transmatsecronplbmsmdtemtsauxdrepsedrtq toelequakidnst ef erence | R~F, and
where the drain of said second_VICC MOS transistor is the current source
for said second bias current Btandd

and Ig2 = (1-m)lg
where: m= f(Ver)
where:

1p4 is said first bias current,
Igo is said second bias current,

V¢t is said intermediate control voltage.
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a gain conpensation circuit for receiving said tenperature independent
second reference current, and said biasing current which is nodified by
said tenperature 39 i ndependent second reference current. 28. The

gai n-sl ope correction circuit of claim27, wherein said n-channel cascoded
transi stors have identical sizes. 29. The gain-slope correction circuit of
claim 27, wherein said p-channel cascoded transistors have progressively

i ncreasi ng sizes. 30. The gain-slope correction circuit of claim 27,

wher ei n the j uhcti dhebie$ ceniotcinguihelimiaiin Scwhereid ¢heasind ¢f theHteamnietdrsod sadioe

transi stors go one-py- [ SSJ i.n..valt . rature
of the functional 8?¥8g| éHWﬁgkgﬁiéégk%Tkgwﬁgn%ﬁﬁgfﬁ???@?@% %ﬁbggﬁglifier
of claim 27, wherecwrerhildays efvalsrseigibéasing ouaentabl e gain anplifier conpri ses:
a first and a second differential anplifier, each having an input X and an
i nput Y and out put node A and node B, where said input X and said input Y
of said first 8iffdhehtasabtnt@hgicut peslaiing, wberpindiok sice efthd tramgistors of tacinef an

i nput Vin2, respect.p; WA Sandinfh hAd iq.1 Y, SAl:
second differenti a%blé%%l?'yl er r$g§%:ﬂ%erlg%3%%%%58{%@5?51?%%%% ' asr??iﬂg% d
node A of said firsentdil fesishermneats asgmphosen such that spie dist ansl said sehenddiasai d node
B and said node A i i i | ifjer i 0 an
out put Vout1l and aﬁLgﬁﬁﬁﬁ%é%%ﬁ@%?“f&%%é@@%§§%§%g£g¥%b§ﬁ?@%ngﬁﬁﬂggﬁaggecond
di fferential anpli fin-¢Bfasbiget her providing a variable gain at said outputs
Vout 1 and Vout 2 based on signals applied to said inputs Vinl and Vin2, said
first and said second differential anplifier each further conprising: a
first and a se8ond TilefCMOditferahtiah ablifler efrclaih dgeharein phid dainstpet haerscti@ach
havi ng an i nput G&cﬁqﬁ(%ﬁ,p%gut & and said node A and said node B, said
nodes A coupl ed togef e Sai d nodes B coupl ed together, where said
input G 1 and sai d a ggpuslofeXookctibd comparatbr isaddd canpdring eait! temhpesatioki f i er st age
are coupl ed to.said input and sai d .i.nput spegctj vel ere said
Mput i and skrarT el R e bul B T RRRRRL Gl oV B Pei B
coupl ed to sai dompgisbn, Sadn@insdope donpetion Xompastpefntthacebiprisiey: d first and said
second differential anplifier stagp tqgf heF RI v%dinﬂ1a yari%ble ain at
said node A and said nod&'8> OhELEL Y %ﬂgcg Sﬁﬁﬂ?%ﬁ GRS PR ™ X and
said i nput Y, said dhansd cassddesidranisistecsosedalyicbliged whe@! theaggitd dfisex psthagesl each
further conprising' a first differential tragnsistor pair.conprising a first
and a second t raneiGrered Eangitre Bl aHyRibu s L BGe HoRae PPane PEFRE 31

conmruni cati on W t h rafefénics tureantl a@osseclirsithatislsperdorre@ioh ejstiveerap@s! andedhere sai d
first and said secqu curr nt sqg%cq contr£kled Q¥ S%Ld first bias current;
and a second di f f er' 8REFET Ot PHEFANBF CAEGOReLIRASISION g AHvaHY 2ol L% our t h
transi stor, said thiandraticbysaidd® TIAQUoutrbnttacaiss b Séahd igainpedoiresadn esiswet h a
third and a fourth current sour ce.. reggec ivek% siidhthird and said fourth
current source contTEF%ed/UB5HOLST tRid BEBAIMeLasEodet] APL Ahanss! cappsietnos

differ enlt! ?I anpl i ftrwsistol g@h?@nme&i)sitivdﬂﬁh@i @icﬁ;ﬁb?nﬁl@bsdoﬂ@ﬂllmn&;olr y:?:faésaebl e )
gain anplifier conprises: a first and a secon ifferential anplifier, eac
having an input X aMehesquiysibihanys a?f@ﬂbﬁﬂ”ﬁl‘?ﬁ nrfhaRnehcashefedS@asEO: wher e sai d

input X and said input ¥ gefodepbdlipleditstheQdclicis dnsdidp-cRadkl das&ddell anfupl ed to
an input Vinl and an input Vin2, respectively, where said input X and said

i nput Y of said secgiinelicpscedechirangistosnior feceidig fligitizadrignplsdlomewithuraionso sai d
node B and sai d nod S @l i ol i L,ji -1 raspectively,
where said node B aﬁaéggplgﬁﬁlggg&ggﬁs@g?%&é\g%%hgh%ﬁ@gyeiﬁﬁ%‘oagrrp |gfi er is
coupled to an output Qutl and an output Qut2, respectively, said first and
said second differential anplifier together providing a variable gain at
said outputs Qutl and Qut2 based on signals applied to said inputs Inl and
In2, said first and said second differential anplifier each further
conprising: 41



a first and a second differential anplifier stage coupled together, each
havi ng an input Gl and an input & and said node A and said node B, said
nodes A coupl ed together and said nodes B coupl ed together, where said
input G1 and said input G of said first differential anplifier stage ace
coupled to said input X and said input Y, respectively, where said input GL
and said input & of said second differential anplifier stage is coupled to

said input Y and saipd jnput, X, respectively, said first and said second
differential anpl i?%eéf’e’%@?é@’@ ‘%“8@@@2@'&"59 g\‘?i’%‘?“?@"“a{a' ?'ldéB‘t‘setﬂ‘aai“H"fﬁ?“%‘ai d
node A and saiflteAGsiion Bf a berond opstatidngnarhgifiéivathit@dpdratumasdid feabtck Xatiend sai d
input Y, said fi r_stt and sai.d second differential anplifier stage each
further conpriYieHHUtBErcOMRISING f f ey ential transi stor pair conprising a first
and a second transi st Ora,s_e'ﬁélﬁof_&iﬁlr:]lfdle\]:vﬁﬁhes,aiqdalﬁri mﬁbe@mihsahrdbesgcfegnﬁns
transistor in co ni cation with.a first current mrror) sai irs urrent
source control | egnﬁ?“s‘?a'lddief?‘igétacﬁ‘faé&d leﬁa}dj?ﬁ'? S'%’?‘?Jioﬁp‘ét@cy%fﬁﬁe Yerergiheh al
transi stor pair coapéfisaidii@ntolisiitchds aghnged @Ysthér itito ansiikt or, the source of
said third and said fourth transistor in co ni cation with a second
current mirror, said sGBEECRIPERIOTA PRBITEEBAECONNG ! ByeGsivE PUER bi as
current 33. The CMghndédhdgeuRiine?bndfBptdctiviag atls pokiBvdingiA saivesont Boan d bi as
control circuit conprises: a biasing current source controlled by said
bi asi ng current, s¥P#98i3%ing current source coupl ed between said vol t age
supply and sai d bi asi N sudaNyeddupled Biihg oMbB@pé&ratuRecopfblCesitive meghdi asi ng
current source is coupled to the gates of a Iural%ig of current mrror

of! ¢

pairs and a bias cOFPRINGANEMAe than fle pumbef of tofic §i9 Bt Plgiddfleredsrent i al

anplifiers, each cepipldcbedech $adf first@bntMPRoitah@asd Bt Qlut cTexit eesond@f sai d pair
of MOS transistors coupled via said current mrror F‘alrs, respectively) to

a vol tage supply, BPgatiEhepRiifier whereths herdeAunat gigiddistisettipbaictife sour ces

of each pair of saicgudddbdti@dhths iRl Sndxhé BedoR@ienfpefat®8 torftloPi@bisiy nikahg, of
either current mrror pair can flow through either transistor of said MOS

transi stor pair, tH&emehe ofgtiganipgl of said pecoaq canptal pHitghisicovried atweendhe pai r

coupl ed to said i ntgediRGnaR thrdichPlralité L&) rebibBfe Mcah8 an@ko SAItH 1fd st MOS
transi stor of each pair coupled to said first bias current input and to

sai d bias current rAther sminghRf said dgsheonye! wilehiscapRiptitairesntPa ARG 18s apf each
pair coupled to saight&pgRRAuBicoSrdt HslsB médgut ; a first operational
anplifier having a positive and a negative input, said positive input of
said first operational anplifier coupled to said second control voltage,
the output and spai drHRERLINHR doRBtion Bcuidk Haifrl 3§, Whe RMEREH-GRAhel 3BRbLIL] €T
coupl ed together to provide feedback; and a plurality of voltage reference
resistive means coufsingigtorsrhaye jdepticabsizateen a ref erence supply and the out put
of said first operational anplifier, where the nunber of said voltage
reference resistive neans is one nore than the nunber of said bias control

differential aridli fTherggin-sigperaerreetion jciiewditof gaimod. wheeeiry sajdsp-chanpelcagcoded ond

vol tage reference rgeskstty, ki ol he gate of said second MOS
transi stor of the ftﬁgﬁ&%saﬁﬁg?@%&%'fg‘h!%:agﬁ%%'ge,s'vvhere the junction of the
second and the third voltage reference resistive nmeans is coupled to the
gate of said second MOS transistor of the second pair of MOS transistors,
and continuing simlarly till where the junction of the nth and the

nt h- pl us- one voltage reference resistive nmeans is coupled to the gate of
said second MOS transistor of the nth pair of MOS transistors, said
functions of said voltage reference registive means providing reference

vol tages to their respective transistor gates. 34. The bias control circuit
of claim 33, wherein the relationship between said first and said second
bias current is expressed by the equations: IB~=nmB and IB2 = (1-mIB
where: m=f (VAT) where:



43 lg~ is said first bias current) 1B2 is said second

bias current, VcT

is said internediate control voltage. 35. The bias control circuit of claim

33, wherein the size of the transistors of each of said
pairs are chosen such that said first and said second bi
equal s said biasing current. 36. The bias control circui
wherein the size of the transistors of each of said curr

th i tud id f id
moans are ohosdf SR SERAPEAPUES o) SC LR & VaBED BrEent

the gain of said hrogbmfen ?U@dmd\pladhaabélea@au@tr&mrﬂmrﬁ g@bn
fashion. 37. The CIY()S erential a
conpensation circui'tWt r?h?qesaéshe empsia f%Birrﬁ%ﬁg‘&?qnaﬁc"av'ﬁ

conprising a differentially arranged MOS transistor pair,

current mrror
as current al ways
t of claim 33,
ent mrror pairs,
contrE .resistive
- can vary

d-by-bid RadreRneR

wherein said gain

TeREY-al anplifier
each MOS

t i st f d t I led via a | qad i sti
Lo 5ai 8 bi asi ndCour VBN ARt aRellr SRt ke Bre PRt e

joined together intdrcaitdampeiséson; a gai n conpensation cur
with its drain and ai d seco%%ﬁef er nce urrent

first, a second, an%g%o{'%ﬂ}?Pf rﬁﬁ?e )

rent source coupl ed

f d
B S ARt otne g § bipppded

resistive meanmc&aen@ht t;andgap velthgé aode Qjaabautdcﬂmmnsatfbomowmsg sdid PRATTRANS,
thus formng a yvol tdaﬂ q1e wher e . sai.d gnare resl stive nmeans is coupl ed
depen tcurrentw ich’ mcreases Ilnearlyw emperature,

to a voltage

a temperature-to-current converter (TTC) for converting said band-gap voltage

into a nearly temperature independent prime current reference Ig

gr. and for splitting

said prime current reference Iggg into said first and said second reference current, said

TTC further comprising:

a third operational amplifier having a negative and a positive input, and an

output, the positive input of said third operational amplifier coupled to said 1.2 volt

bandgap voltage node; and

a first and a second voltage-to-current converter (VTCC) MOS transistor , the

gates of said first and said second VTCC MOS transistor coupled to the output of said

third operational amplifier, the source said first and said second VTCC coupled to the

negative input of said third operational amplifier to provide feedback, the source said

first and said second VTCC additionally in communication with a

reference potential via

a prime reference resistive means, where the drain of said first VTCC MOS transistor

provides said prime current reference Igge, and where the drain of said second VTCC

MOS transistor is the current source for said second bias current.

14. The CMOS differential amplifier of claim 1, wherein said gain compensation

circuit comprises:
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supply, and where said gain conpensation resistive neans is coupled to said
frrst gam conpensation current mrror, the voltage drop across said gain
conpensation resistive 44 means providing the input voltage to the gates
of said MOS transistor pair; a fourth operational anplifier having a
positive and a negative input, where one input is coupled to one drain and
the other input is coupled to the other drain of said MOS transistor pair;

a control PMOS transj.st : S A - nd said
Functi on of sai d NERoTTAREFRHEbFdrRRhIGERpRR) fontitshUumbaRyl Bbodl" s
transi stor is boftandistoopaiheadutipsitrapisteadfdailMOS hamsister phir omplledadad lohd er ;
sai d second gain. ¢o LO ent mrr.o oupl ed 1. Ld jupction of
said MOS transis sg\fe pg{lﬂfs% \%"\%}&;P‘(eé% %8urfe§mnp%tut?\?eﬂ r, esecgﬁa'ﬁ §f0§ g%és('ic‘p%ipa'éi ng
current, flow joipedddgetifer inkeea mioctivops of said MOS transistor pair is

di m ni shed by the conpensation current flow ng,out. of the drain_of said
PNDS transi stor, t RATCREnref St bpseeCeupi 3 piran o ga i fadh oot
process vari at semsd refednsadudrettfor diivipgiarfirst engeensh bhd A thidrga@ompensaten coupl ed
to said negativye in%?lr; of said fourth operational anmplifier. 45

A2 A AL ARSKBETRITOR A A 1. Ashl . Ah. AU A

. A { . AASE. AU@ AA. Al gate iBistiveYndeny sdvallpicdupieio Adaik{compaiSatigkiessive ridang)

- AN3. As9. A As U’ttﬁjzs'féaf'm%' aﬁ}cdtt'aa‘g% c'iAi\'/iE?'gé v'e\%@ 'SéQI‘d gg%lr?esli\é\{hféJ means is coupled to a voltage
supply, and where said gain compensation resistive means is coupled to said first gain
compensation current mirror, the voltage drop across said gain compensation resistive
means providing the input voltage to the gates of said MOS transistor pair;

a fourth operational amplifier having a positive and a negative input, where one
input is coupled to one drain and the other input is coupled to the other drain of said
MOS transistor pair;

a control PMOS transistor coupled between said voltage supply and said junction
of said MOS transistor pair, where the gate of said control PMOS transistor is coupled
to the output of said fourth operational amplifier;

said second gain compensation current mirror coupled to said junction of said
MOS transistor pair, where the tail current, equal to said biasing current, flowing out of
the sources of said MOS transistor pair 1s diminished by the compensation current
flowing out of the drain of said PMOS transistor, thus controlling said biasing current as
a function of process variations; and

said third gain compensation current mirror coupled to said negative input of said

fourth operational amplifier.

15. A high frequency CMOS differential amplifier, comprising:
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*n{ <AalL5| wr mhc cal ca cal ca] ca]}1 ca] cal ca] ca] ca)] ca]calca]calc
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a] ca] ca] ca] ca] cra]eear}%ea] f@at]rea}e@a? ewfes @%p#agqnt current, thereby

compensating for a change in slope of the galn control characteristics with temperature
of said high frequency variable gain amplifier, said gain-siope correction circuit further
comprising:

a gain-slope correction comparator used to comparing said temperature
independent first reference current with said PTAT dependent current and
digitizing the comparison, said gain-slope correction comparator further
comprising:

a series of current comparators formed with p-channel cascoded

and n-channel cascoded transistors serially coupled, where the gates of
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cascoded transistors are driven by a voltage drop generated by said PTAT
current across a second gain-siope correction resistive means, a junction
of said p-channel cascoded and n-channel cascoded transistor going
more positive when said p-channel cascoded transistor carries a higher
current than its serially coupled n-channel cascoded transistor;

a decoder coupled to the junctions of said p-channel cascoded and
n-channel cascoded transistors for receiving digitized signals from said

junctions thus providing digital logic signal outputs ranging from all “zeros”
to all “ones”;

a feedback ratio circuit for altering the feedback ratio and thus the
amplification-attenuation of a second operational amplifier with temperature, said
feedback ratio circuit further comprising:

a series of control switches, equal in number to the number of
outputs from said decoder, activated by said logic signal outputs, where
one terminal of all of said control switches is ganged together into one
line;

said second operational amplifier for receiving at its negative input
said ganged together line, and for receiving at its positive input said
second control voltage;

a serially coupled string of temperature control resistive means,
numbering one more than the number of logic signal outputs of éaid
decoder, coupled between said first control voltage and the output of said
second operational amplifier, where the other terminal of said first control

switch is coupled between the first and the second temperature control
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coupled between the next-to-last and last temperature control resistive

means;

a temperature sensing circuit for providing said band-gap plus proportional to
absolute temperature (PTAT) dependent current generator, and said temperature

independent first and second reference current; and

a gain compensation circuit for receiving said temperature independent second
reference current, and said biasing current, which 1s modified to correct the

temperature/process dependency of said variable gain amplifier.

16. The gain-slope correction circuit of claim 15, wherein said n-channel cascoded

transistors have identical sizes.

17.  The gain-slope correction circuit of claim 15, wherein said p-channel cascoded

transistors have progressively increasing sizes.

18.  The gain-slope correction circuit of claim 15, wherein the junctions of said n-
channel cascode and p-channel cascode transistors go one-by-one progressively

low in voltage as the temperature of the functional circuits increases.

19. The CMOS differential amplifier of claim 15, wherein said high frequency variable

gain amplifier comprises:

a first and a second differential amplifier, each having an input X and an input Y
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and output node A and node B, where said input X and said input Y of said first
differential amplifier is coupled to an input Vin1 and an input Vin2, respectively, where
said input X and said input Y of said second differential amplifier is direct-coupled to
said node B and said node A of said first differential amplifier, respectively, where said
node B and said node A of said second differential amplifier is coupled to an output
Vout1 and an output Vout2, respectively, said first and said second differential amplifier
together providing a variable gain at said outputs Vout1 and Vout2 based on signals
applied to said inputs Vin1 and Vin2, said first and said second differential amplifier
each further comprising' .

a first and a second differential amplifier stage coupled together, each having an
input G1 and an input G2 and said node A and said node B, said nodes A coupled
together and said nodes B coupled together, where said input G1 and said input G2 of
said first differential amplifier stage are coupled to said input X and said input Y,
respectively, where said input G1 and said input G2 of said second differential amplifier
stage is coupled to said input Y and said input X, respectively, said first and said
second differential amplifier stage together providing a variable gain at said node A and
said node B, based on signals applied to said input X and said input Y, said first and
said second differential amplifier stage each further comprising:

a first differential transistor pair comprising a first and a second transistor, said
first and said second transistor in communication with a first and a second current
source, respectively, said first and said second current source controlled by said first
bias current; and

a second differential transistor pair comprising a third and a fourth transistor,
said third and said fourth transistor in communication with a third and a fourth current

source, respectively, said third and said fourth current source controlled by said second
bias current.
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1 z<t AAALY: a first and a second differential amplifier, each having an input X and an input Y
and output node A and node B, where said input X and said input Y of said first
differential amplifier is coupled to an input Vin1 and an input Vin2, respectively, where
said input X and said input Y of said second differential amplifier is capacitor-coupled to
said node B and said node A of said first differential amplif{er, respectively, where said
node B and said node A of said second differential amplifier is coupled to an output
Out1 and an output Out2, respectively, said first and said second differential amplifier
together providing a variable gain at said outputs Out1 and Out2 based on signals
applied to said inputs In1 and In2, said first and said second differential amplifier each
further comprising:

a first and a second differential amplifier stage coupled together, each having an
input G1 and an input G2 and said node A and said node B, said nodes A coupled
together and said nodes B coupled together, where said input G1 and said input G2 of
said first differential amplifier stage are coupled to said input X and said input Y,
respectively, where said input G1 and said input G2 of said second differential amphfier
stage is coupled to said input Y and said nput X, respectively, said first and said
second differential amplifier stage together providing a variable gain at said node A and
said node B, based on signals applied to said input X and said input Y, said first and
said second differential amplifier stage each further comprnsing:

a first differential transistor pair comprising a first and a second transistor, the
source of said first and said second transistor in communication with a first current
mirror, said first current source controlled by said first bias current; and

a second differential transistor pair comprising a third and a fourth transistor, the
source of said third and said fourth transistor in communication with a second current

mirror, said second current mirror controlled by said second bias current.
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a biasing current source controlled by said biasing current, said biasing current
source coupled between said voltage supply and said biasing current input, where the
gate of said biasing current source is coupled to the gates of a plurality of current mirror
pairs and a bias current mirror;

a plurality of bias control differential amplifiers, each comprising a pair of MOS
transistors, sources of said pair of MOS transistors coupled via said current mirror pairs,
respectively, to a voltage supply, bias control resistive means coupled between the
sources of each pair of said MOS transistors such that current from any part of either
current mirror pair can flow through either transistor of said MOS transistor parr, the
gates of the first MOS transistor of each pair coupled to said intermediate control
voltage, the drains of said first MOS transistor of each pair coupled to said first bias
current input and to said bias current mirror, the drains of said second MOS transistor
of each pair coupled to said second bias current input;

a first operational amplifier having a positive and a negative input, said positive
input of said first operational amplifier coupled to said second control voltage, the
output and said negative input of said first operational amplifier coupled together to
provide feedback; and

a plurality of voltage reference resistive means coupled in series between a
reference supply and the output of said first operational amplifier, where the number of
said voltage reference resistive means is one more than the number of said bias control
differential amplifiers, where the junction of the first and the second voltage reference
resistive means is coupled to the gate of said second MOS transistor of the first pair of
MOS transistors, where the junction of the second and the third voltage reference

resistive means is coupled to the gate of said second MOS transistor of the second pair
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nth-plus-one voltage reference resistive means is coupled to the gate of said second
MOS transistor of the nth pair of MOS transistors, said junctions of said voltage

reference resistive means providing reference voltages to their respective transistor

gates.

22.  The bias control circuit of claim 21, wherein the relationship between said first

and said second bias current is expressed by the equations:

g1 = mig
and IBZ = (1—m)|B
where: m= f(Ver)

where;
Ig4 is said first bias current,
Ig, is said second bias current,

V¢ is said intermediate control voltage

23.  The bias control circuit of claim 21, wherein the size of the transistors of each of
said current mirror pairs are chosen such that said first and said second bias

current always equals said biasing current.

24.  The bias control circuit of claim 21, wherein the size of the transistors of each of
said current mirror pairs, the magnitude of said reference voltages, and said bias
control resistive means are chosen such that said first and said second bias
current can vary the gain of said high frequency variable gain ampiifier in linear-
in-dB fashion.

25. The CMOS differential amplifier of claim 15, wherein said temperature sensing
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a band-gap reference-cum-PTAT current generator for generating a temperature
independent band-gap voltage node of about 1.2 volt, and for providing said PTAT
dependent current which increases linearly with temperature;

a temperature-to-current converter (TTC) for converting said band-gap voltage
into a nearly temperature independent prime current reference Igep, and for splitting
said prime current reference Iggr into said first and said second reference current, said
TTC further comprising:

a third operational amplifier having a negative and a positive input, and an
output, the positive input of said third operational amplifier coupled to said 1 2 volt
bandgap voltage node; and

a first and a second voltage-to-current converter (VTCC) MOS transistor , the
gates of said first and said second VTCC MOS transistor coupled to the output of said
third operational amplifier, the source said first and said second VTCC coupled to the
negative input of said third operational amplifier to provide feedback, the source said
first and said second VTCC additionally in communication with a reference potential via
a prime reference resistive means, where the drain of said first VTICC MOS transistor
provides said prime current reference Iggg, and where the drain of said second VICC

MOS transistor is the current source for said second bias current.

26. The CMOS differential amplifier of claim 15, wherein said gain compensation
circuit comprises:
a gain compensation differential amplifier comprising a differentially arranged
MOS transistor pair, each MOS transistor of said MOS transistor pair coupled via a load

resistive means to said biasing current input, the sources of said MOS transistor pair

joined together into a junction;

a gain compensation current source coupled with its drain and gate to said

35



10t 1" 310%&' ()- 10g 10g 10g010%g& ()- , 10%@& ()-s3+10%& () -

10%9& () -fgrs<vvxxxwx9. C 109010%& ()-$

109%& () -! SF109NN&' () -! ySF10%&' () -!ySF10%&' ()-! 310%& ()-xxxly)z {|{]| dBC
10!t 310%z& ()-!p3109%& ()-!" 10%z& ()-@ 10%z& ()-@10%& ()-@ 10

10| | : =>?@rg\= 1010% u& ()- 10z 10z

10z010% & ()-!'l1 F10%z& ()-zl F10% & ()-z! 3109%& ()-edEg\ =

10fL!:10% u& ()-10% u& ()-[Z210% u& ()- <10% u& ()-L

10% u& () - 10% 8&&dn)iSietbhclEgrantliof drivind QoirstRa §9conid, AU Jainy@nibaféatdn () - 3

0, 0, ! - 0, ! - " 0, ! - |
610% u& () L$AQ%u& ()-3 "10% u& ()-n+{Y7 10!

a gate resistive means serially coupled to a gain compensation resistive means,
thus forming a voltage divider, where said gate resistive means is coupled to a voltage
supply, and where said gain compensation resistive means is coupled to said first gain
compensation current mirror, the voltage drop across said gain compensation resistive
means providing the input voltage to the gates of said MOS transistor pair;

a fourth operational amplifier having a positive and a negative input, where one
input is coupled to one drain and the other input is coupled to the other drain of said
MOS transistor pair;

a control PMOS transistor coupled between said voltage supply and said junction
of said MOS transistor pair, where the gate of said control PMOS transistor is coupled
to the output of said fourth operational amplifier;

said second gain compensation current mirror coupled to said junction of said
MOS transistor pair, where the tail current, equal to said biasing current, fiowing out of
the sources of said MOS transistor pair is diminished by the compensation current
flowing out of the drain of said PMOS transistor, thus controlling said biasing current as

a function of process variations; and

said third gain compensation current mirror coupled to said negative input of said
fourth operational amplifier.

27. A high frequency CMOS differential amplifier, comprising:

a high frequency variable gain amplifier for providing a differential variable gain
amplification of a first and a second input signal, where the gain of said high frequency
variable gain amplfier depends on a first and a second bias current applied to said high
frequency variable gain amplifier, said high frequency variable gain amplifier comprising

at least two differential amplifiers, where the gain of said high frequency variable gain
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a bias control circuit for receiving an intermediate control voltage, a second
control voltage, and a biasing current and producing said first and said second bias
current by comparing said intermediate control voltage against reference voltages,
where said reference voltages are generated by said bias contro! circut from sad

second control voltage and a first operational amplifier;

a gain-slope correction circuit for receiving a first control voltage, said second
control voltage, a temperature independent first reference current, and a proportional to
absolute temperature (PTAT) dependent current and producing said ntermediate
control voltage as a function of temperature by comparing said temperature
independent first reference current and said PTAT dependent current, thereby
compensating for a change in slope of the gain control characteristics with temperature
of said high frequency variable gain amplifier, said gain-slope correction circuit further
comprising.

a gain-slope correction comparator used to comparing said temperature
independent first reference current with said PTAT dependent current and
digitizing the comparison, said gan-slope correction comparator further
comprising:

a series of current comparators formed with p-channel cascoded
and n-channel cascoded transistors serially coupled, where the gates of
said p-channel cascoded transistors are driven by a voltage drop
generated by said first reference current across a first gain-siope
correction resistive means, and where the gates of said n-channel
cascoded transistors are driven by a voltage drop generated by said PTAT

current across a second gain-slope correction resistive means, a junction
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current than its serially coupled n-channel cascoded transistor;

a decoder coupled to the junctions of said p-channel cascoded and
n-channel cascoded transistors for receiving digitized signals from said
junctions thus providing digital logic signal outputs ranging from all “zeros”
to all “ones”;

a feedback ratio circuit for altering the feedback ratio and thus the
amplification-attenuation of a second operational amplifier with temperature, said
feedback ratio circuit further comprising:

a series of control switches, equal in number to the number of
outputs from said decoder, activated by said logic signal outputs, where
one terminal of all of said control switches is ganged together into one
line;

said second operational amplifier for receiving at its negative input
said ganged together line, and for receiving at its positive input said
second control voltage;

a serially coupled string of temperature control resistive means,
numbering one more than the number of logic signal outputs of said
decoder, coupled between said first control voltage and the output of said
second operational amplifier, where the other terminal of sad first control
switch is coupled between the first and the second temperature contro}
resistive means, where the other terminal of said second control switch is
coupled between the second and the third temperature control resistive
means, and so on, till the other terminal of said last control switch Is
coupled between the next-to-last and last temperature control resistive

means;
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a temperature sensing circuit for providing said band-gap plus proportional to
absolute temperature (PTAT) dependent current generator, and a temperature
independent first and second reference current, said temperature sensing circuit further
comprising:

a band-gap reference-cum-PTAT current generator for generating a
temperature independent band-gap voltage node of about 1.2 volt, and for
providing said PTAT dependent current which increases linearly with
temperature;

a temperature-to-current converter (TTC) for converting said band-gap
voltage into a nearly temperature independent prime current reference Igeg, and
for splitting said prime current reference Igge into said first and said second
reference current, said TTC further comprising:

a third operational amplifier having a negative and a positive input, and an
output, the positive input of said third operational amplifier coupled to said 1 2
volt bandgap voltage node;

a first and a second voltage-to-current converter (VTCC) MOS transistor ,
the gates of said first and said second VTCC MOS transistor coupled to the
output of said third operational amplifier, the source said first and said second
VTCC coupled to the negative input of said third operational amplifier to provide
feedback, the source said first and said second VTCC additionally in
communication with a reference potential via a prime reference resistive means,
where the drain of said first VTCC MOS transistor provides said prime current
reference Iggr, and where the drain of said second VTCC MOS transistor is the

current source for said second bias current, and

a gain compensation circuit for receiving said temperature independent second

reference current, and said biasing current which is modified by said temperature
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independent second reference current.

28.  The gain-slope correction circuit of claim 27, wherein said n-channel cascoded

transistors have identical sizes.

29.  The gain-slope correction circuit of claim 27, wherein said p-channel cascoded

transistors have progressively increasing sizes.

30. The gain-slope correction circuit of claim 27, wherein the junctions of said n-
channel cascode and p-channel cascode transistors go one-by-one progressively

low in voltage as the temperature of the functional circuits increases.

31. The CMOS differential amplifier of claim 27, wherein said high frequency variable
gain amplifier comprises:

a first and a second differential ampilifier, each having an input X and an input Y
and output node A and node B, where said input X and said input Y of said first
differential amplifier is coupled to an input Vin1 and an input Vin2, respectively, where
said input X and said input Y of said second differential amplifier is direct-coupled to
said node B and said node A of said first differential amplifier, respectively, where said
node B and said node A of said second differential ampiifier is coupled to an output
Vout1 and an output Vout2, respectively, said first and said second differential amplifier
together providing a variable gain at said outputs Vout1 and Vout2 based on signals
applied to said inputs Vin1 and Vin2, said first and said second differential amplifier
each further comprising:

a first and a second differential amplifier stage coupled together, each having an
input G1 and an input G2 and said node A and said node B, said nodes A coupled

together and said nodes B coupled together, where said input G1 and said input G2 of
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said first differential amplifier stage are coupled to said input X and said input Y,
respectively, where said input G1 and said input G2 of said second differential amplifier
stage is coupled to said input Y and said input X, respectively, said first and said
second differential amplifier stage together providing a variable gain at said node A and
said node B, based on signals applied to said input X and said input Y, said first and
said second differential amplifier stage each further comprising

a first differential transistor pair comprising a first and a second transistor, said
first and said second transistor in communication with a first and a second current
source, respectively, said first and said second current source controlled by said first
bias current; and

a second differential transistor pair comprising a third and a fourth transistor,

said third and said fourth transistor in communication with a third and a fourth current

source, respectively, said third and said fourth current source controlled by said second

bias current.

32. The CMOS differential amplifier of claim 27, wherein said high frequency variable
gain amplifier comprises:

a first and a second differential amplifier, each having an input X and an input Y
and output node A and node B, where said input X and said input Y of said first
differential amplifier is coupled to an input Vin1 and an input Vin2, respectively, where
said input X and said input Y of said second differential amplifier is capacitor-coupled to
said node B and said node A of said first differential amplifier, respectively, where said
node B and said node A of said second differential amplifier is coupled to an output
Out1 and an output Out2, respectively, said first and said second differential amplifier
together providing a variable gain at said outputs Out1 and Out2 based on signals

applied to said inputs In1 and In2, said first and said second differential amplifier each
further comprising:
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, each having an
input G1 and an input G2 and said node A and said node B, said nodes A coupled

together and said nodes B coupled together, where said input G1 and said input G2 of
said first differential amplifier stage are coupled to said input X and said input Y,
respectively, where said input G1 and said input G2 of said second differential amplifier
stage is coupled to said input Y and said input X, respectively, said first and said
second differential amplifier stage together providing a variable gain at said node A and
said node B, based on signals applied to said input X and said input Y, said first and
said second differential amplifier stage each further comprising:

a first differential transistor pair comprising a first and a second transistor, the
source of said first and said second transistor in communication with a first current
mirror, said first current source controlled by said first bias current; and

a second differential transistor pair comprising a third and a fourth transistor, the
source of said third and said fourth transistor in communicatton with a second current

mirror, said second current mirror controlled by said second bias current

33.  The CMOS differential amplifier of claim 27, wherein said bias control circuit
comprises:

a biasing current source controlled by said biasing current, said biasing current
source coupled between said voltage supply and said biasing current input, where the
gate of said biasing cusrent source is coupled to the gates of a plurality of current mirror
pairs and a bias current mirror;

a plurality of bias control differential amplifiers, each comprising a pair of MOS
transistors, sources of said pair of MOS transistors coupled via said current mirror pairs,
respectively, to a voltage supply, bias control resistive means coupled between the
sources of each pair of said MOS transistors such that current from any part of either

current mirror pair can flow through either transistor of said MOS transistor pair, the
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gates of the first MOS transistor of each pair coupled to said intermediate control
voltage, the drains of said first MOS transistor of each pair coupled to said first bias
current input and to said bias current mirror, the drains of said second MOS transistor
of each pair coupled to said second bias current input;

a first operational amplifier having a positive and a negative input, said positive
input of said first operational amplifier coupled to said second control voltage, the
output and said negative input of said first operational amplifier coupled together to
provide feedback; and

a plurality of voltage reference resistive means coupled in series between a
reference supply and the output of said first operational amplifier, where the number of
said voltage reference resistive means is one more than the number of said bias contro!
differential amplifiers, where the junction of the first and the second voltage reference
resistive means is coupled to the gate of said second MOS transistor of the first pair of
MOS transistors, where the junction of the second and the third voltage reference
resistive means is coupled to the gate of said second MOS transistor of the second pair
of MOS transistors, and continuing similarly till where the junction of the nth and the
nth-plus-one voltage reference resistive means is coupled to the gate of said second
MOS transistor of the nth pair of MOS transistors, said junctions of said voltage

reference resistive means providing reference voitages to their respective transistor

gates.

34.  The bias control circuit of claim 33, wherein the relationship between said first

and said second bias current is expressed by the equations:

|B1 = mlB
and IBZ = (1"m)|8
where: m = f(Vey)

where:
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B2 IS sald second bias current,

V7 is said intermediate control voltage.

35. The bias control circuit of claim 33, wherein the size of the transistors of each of
said current mirror pairs are chosen such that said first and said second bias

current always equals said biasing current.

36. The bias control circuit of claim 33, wherein the size of the transistors of each of
said current mirror pairs, the magnitude of said reference voltages, and said bias
control resistive means are chosen such that said first and said second bias

current can vary the gain of said high frequency variable gain amplifier in linear-
in-dB fashion.

37. The CMOS differential amplifier of claim 27, wherein said gain compensation
circuit comprises:

a gain compensation differential amplifier comprising a differentially arranged
MOS transistor pair, each MOS transistor of said MOS transistor pair coupled via a load
resistive means to said biasing current input, the sources of said MOS transistor pawr
joined together into a junction;

a gain compensation current source coupled with its drain and gate to said
second reference current for driving a first, a second, and a third gain compensation
current mirror,;

a gate resistive means serially coupled to a gain compensation resistive means,
thus forming a voltage divider, where said gate resistive means is coupled to a voltage
supply, and where said gain compensation resistive means is coupled to said first gain

compensation current mirror, the voltage drop across said gain compensation resistive
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a control PMOS transistor coupled between said voltage supply and said junction
of said MOS transistor pair, where the gate of said control PMOS transistor Is coupled
to the output of said fourth operational amplifier;

said second gain compensation current mirror coupled to said junction of said
MOS transistor pair, where the tail current, equal to said biasing current, flowing out of
the sources of said MOS transistor pair is diminished by the compensation current
flowing out of the drain of said PMOS transistor, thus controlling said biasing current as
a function of process variations; and

said third gain compensation current mirror coupled to said negative input of said

fourth operational amplifier.
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